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FOREWORD 

This is the ninth In a series of semiannual technical progress reports on fusion reactor 
materials. This report combines research and development activities which were previously 
reported separately in the following technical progress reports: 
• Alloy Development for Irradiation Performance 
• Damage Analysis and Fundamental Studies 
• Special Purpose Materials 
These activities are concerned principally with the effects of the neutronic and chemical 

environment on the properties and performance of reactor materials; together they form one 
element of the overall materials program being conducted in support of the Magnetic Fusion 
Energy Program of the U.S. Department of Energy. The other major element of the program 
is concerned with the interactions between reactor materials and the plasma and Is reported 
separately. 

The Fusion reactor Materials Program Is a national effort Involving several national 
laboratories, universities, and industries. The purpose of this series of reports is to 
provide a working technical record for the use of the program participants, and to provide 
a means of communicating the efforts of materials scientists to the rest of the fusion com
munity, both nationally and worldwide. 

This report has been compiled and edited under the guidance of A. F. Roweliffe and 
Frances Scarboro, Oak Ridge National Laboratory. Their efforts, and the efforts of 
the many persons who made technical contributions, are gratefully acknowledged. 
F. W. Wiffen, Reactor Technologies Branch, has responsibility within DOE for the programs 
reported on In this document. 

R. Price. Chief 
Reactor Technologies Branch 
Office of Fusion Energy 
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IRRADIATION FACILITIES. TEST MATRICES. ANO EXPERIMENTAL METHCOS 

1.1 AN EVALUATION Of THE LOS ALAMOS SPALLATION RADIATION EFFECTS FACILITY (LASREF) FOR FUSION APPLICATIONS 
(Pacific Northwest Laboratory) 

The appropriate role, both short-tern and long-tent, of the Los Alaaos Spallation Radiation Effects Facil ity 
(LASREF) In the U.S. Fusion Materials Program was reviewed by a peer group In June 1990. This report presents the 
LASREF review committee's findings and recommendations. 

1.2 DEVELOPMENT OF DISC COMPACT TENSION SPECIMENS ANO TEST TECHNIQUES FOR HFIR IRRADIATIONS (University of California-SB and 
Oak Ridge National Laboratory) j 

Near t e n Irradiations of candidate alloys being planned for the High Flux Isotope Reactor (HFIR) in support of ITER 
and Isotope tailoring experiments necessitate the use of relatively saall fracture toughness specimens, e .g . , down to 
12.5 am In diameter. The speci«ens wi l l also contain substantial aaounts of helium. This work Involved the applica
tion of electrcpotentlal drop techniques to determine J-resfstance curves for this purpose In HT-9 specteem with 
dlaaeters of 40, 25, and 12.5 mm at temperatures ranging froa 20*C to 100'C; In addition, the ef'ects of side grooving 
were examined. Good agreement between j-reslstance curves determined by the electropotential drop and by Rultiple 
specimen techniques was obtained for a l l specimen geometries, sizes, and temperatures. 

1.3 DESIGN FABRICATION, ANO OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION CAPSULES (Oak Ridge National laboratory 
and Midwest Technical, :nc.) 13 

Design and fabrication of four HFIR-MFE RB* capsules (60, 200, 330, and 400*C) to accommodate specimens previously 
Irradiated in spectrally tailored experiments In the ORR are proceeding satisfactori ly. These capsule designs incorporate 
provisions for removal, examination, and re-encapsulitlon of specimens at an Intermediate exposure level of 16 displacements 
per atom (opa) en route to a target exposure level of 24 dpa. With the exception of the 60*C capsule, where the test speci
mens are in direct contact with the reactor cooling water, the specimen temperatures (monitored by 21 thermocouples) are 
controlled by varying the thermal conductance of a small gap region between the specimen holder and the containment tube. 

1.4 APPLICATION OF BALL PUNCH TESTS TO EVALUATING FRACTURE MOOE TRANSIT'ON IN FERRITIC STEELS (University Of 
California-SB) 15 

An Investigation was made of the applicabil ity or a ball punch test to evaluating the fracture mode transition In fe r r l t l c 
steel specimens equivalent to transmission electron microscopy (TEM) discs. Both static and dynamic test conditions! «are exa-
einwd in specimens with and without several Intentional defects. High displacement rat is (>4 am/1) resulted In aolabatlc heating 
of the speciren during testing. Smooth specimens were found to provide more reproducible and useful data than speclaens 
containing holes and grooves. A good correlation was found between the absorbed energy beyond maximum load and fracture 
mode transition, with the latter charactei ized by either fracture appearance or Charpy impact energy. 

1.5 DEVELOPMENT OF PRESSURIZED TUBE SPECIMEN FOR CREEP TESTING OF BERYLLIUM (Lawrence Llvermore National Laboratory. 
Westlnghouse Savannah River Company, and Pacific Northwest Laboratory) 20 

The abil i ty to fabricate a pressurized tube specimen from beryllium was successfully demonstrated. The specimen 
failed at a mldwall hocp stress of about 32 ksi In a burst test at 500*C. 

2. DOSIMETRY. DAMAGE PARAMETERS. AND ACTIVATION CALCULATIONS 29 

2.1 NEUTRON DOSIMETRY FOR THE M0TA-1F EXPERIMENT IN FFTF (Paclf.c Northwest Laboratory) 31 

Neutrcn fluence and spectral measurements are reported for the MOTA-1F experiment In the Fast Flux Test Faci l i ty 
(FFTF). The Irradiation was conducted from November 18, 1967. to January 8, 1969, for a total e/posure of 335.4 EITO. 
The aa/lmum f!„ence was 12.7 x 1 0 " n/cm1, 9.56 w 10" above 0.1 McV producing 39.1 dpa in iron. Neutron energy 
spectra were adjusted at three positions and gradients were measured at nine other locations. 

3. MATERIAL', ENOINffRlNG *N0 DESIGN REQUIREMENTS 37 

No contributions. 

4. FUNDAMENTA: MF'.HAfll'.AI BEHAVIOR 31 

No rontrU, ! . ' ! ' n - , 
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5. RAOIATION EFFECTS: MECHANISTIC STUOIES. THEORY. A» MODELING 41 

5.1 MOLECULAR DYNAMICS OF COLLISION CASCADES WITH COMPOSITE PAIR/MANY-BOOY POTENTIALS (University o» California. 
Los Angeles) 43 

An empirical, composite Interatoalc potential Is developed to describe Interaction of energetic particles by pair 
potentials at high energies and many-body potentials at low energies. Molecular-dynamics studies of low-energy col
l ision cascades are performed. The displacement threshold surface In copper is Investigated and compared to experi
mental data. Our coaputer simulations show good agreement with the experimental results of King and Benedek at 10 K. 

5.2 INFLUENCE OF COLD WORK ANO PHOSPHORUS CONTENT ON NEUTRON-INDUCED SWELLING OF Fe-Cr-Nl ALLOYS (Pacific Northwest 
Laboratory) M 

Phosphorus additions can either Increase or decrease void swellinj of Fe-Cr-N1 alloys, depending on Irradiation tem
perature, phosphorus level and cold work level. The role of cold work Is not always to suppress swelling In Fe-Cr-Nl-P 
alloys, however, particularly at relatively higher Irradiation temperatures, where cold forking often Increases swelling 
substantially. 

5.3 HELIUM MEASUREMENTS FOR THE MFE-4 SPECTRAL TAILORING EXPERIMENT (Pacific Northwest laboratory and Bockwel' 
International) „ 

Measurements of helium concntratlon have b«en made on Fe-I5.1Cr-34.5Nf specimens Irradiated at 330. 400, 500. and 
600'C after Irradiation In ORR to displacement levels ranging from 12.6 to 13.8 dpa. The measurements compare well to 
previously calculated values, being 4 to 8X lowur. Miner differences In helium content were also observed between 
specimens from capsules that were assumed to have possessed Identical spectral environments. 

5.* THE INFLUENCE OF HELIUM ON MECHANICAL PROPERTIES OF MODEL AUSTENITIC ALLOYS. DETERMINED USING 5 9 N I IS0TOPIC TAILORING ANO 
FAST REACTOR IRSA0IATION (Pacific Northwest Laooratory and Rockwell International) 6 1 

Tensile testing and microscopy continue on specimens removed from the f i r s t , second, and third discharges of the 5 9 N1 
Isotoplc doping experiment. The results to date Indicate that hel1um/dpa ratios typical of fusion reactors (4 to 19 
appm/dpa) do not lead to significant changes in the yield strength of model Fe-Cr-N1 alloys. Measurements of helium 
generated !n undoped specimens from the secor.d and third discharges show that tr.a heltum/ctoa ratio Increases durlno 
irradiation In F*TF due to the production of 5 9 N 1 . In specimens doped with 5 9 N1 prior to Irradiation, the hellum/dpa 
ratio can Increase, decrease or remain the same during the second Irradiation Interval. This behavior occurs because 
the cross sections for the proAjction and burnout of 5 9 N1 are very sensitive ¿o core location and the nature of 
neighboring components. 

5.5 CORRELATION OF MECHANICAL PROPERTY CHANGES IN NEUTRON IRRADIATED PRESSURE VESSEL STEELS ON THE BASIS OF SPECTRAL 
EFFECTS (Pacific Northwest Laboratory) 69 

Comparisons are made of tensile data on specimens v.f A212B and A3028 pressure vessel stetls Irradiated at low 
temperatures (40-90'C) and to low doses (<0.1 dpa) wlt-n 14 MeV 0-T fusion neutrons In the Rotating Target Neutron 
Source (RTNS-II), with fission reactor neutrons 1n the Omega West Reactor (OWR) and the Oak Ridge Research Reactor 
(ORB), and «un the highly thermal spectrum at the pressure vessel surveillance positions of the High Flux Isotope 
Reactor (HFIR). For each neutron spectrum, damage crass section; are determined for several defect production 
functions derived from atomistic computer simulations of collision cascades. 01iplacer»ents per ator '%*) and 
the numbers of freely migrating defects are tested as damage correlation parameters for the te-islle r.ata. The data 
from RTNS-II, OWR and C*R correlate fa ir ly well when compared on trie ba-.ls of dpa, but the data from HFIR -,h w that 
only about one-sixth as many dpa are needed to produce the same radiation-Induced yield stress changes as In the 
other neutron spectra. In the HFIR surve11lar.ee position a significant fraction of the displacements Is produced by 
recoils resulting from tr.«r«a1 neutron captures. Having energies of about 400 «V, these recoils are much more 
ef f l r lent per untt energy at producing freely migrating defects than the high energy recoils responsible for most 
•J the displacements In tne other neutron sptctra considered. A significantly better correlation of data from HFIR 
* t th those from the other spectra Is achieved »hen the property changes are compared on the basis of the production 
of freely migrating sel f - Interst i t ia l defects. This parameter may better represent the defects p a r t i c i p a n t In the 
radiation strengthening process In this temperature and fluence regime. 

5.6 LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT: IRRADIATIONS AT 473 K IN OMEGA WEST REACTOR (Pacific Northwest laboratory) . . VI 

Tensile tests nave teen performed on specimens from the last set of Omega West Reactor (0WB) Irradiations 
performed as part of the Low E/posure Spectral Effects Experiment (I.ESFX). Tensile data are reported. 
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5.7 NEW INSIGHTS ON THE MECHANISMS CONTROLLING THE NICKEL DEPENDENCE OF SWELLING fll IRRADIATED Fe-Cr-N1 ALLOYS (Hashlngton 
State University and Pacific Northwest Laboratory) 81 

In a previous report the interst i t ia l and vacancy biases for an edge dislocation In i binary alloy were examined 
assuming the exlster: . of a-, e ^ . l b r l u - Cnttr.1l atmosphere around the l ine defect. Th. Larch, and Cahn treatment of 

e ^ r . l a x a t i c n due to a solute aUospher. was ..ployed with the Wolfer and Ashkln format ion for the bias o an edge 
dislocation to compete the bias as a function of nickel concentration In the F.-NI system. Using .he minimum cr i t ical 
void radius concept, the concentration-dependent bias was shown to offer a plausible explanation for the • " ' • " • ' » 
swelling observed at Intermediate nickel levels and the gradual Increase In swelling at higher nickel eve ls^ In this 
report a «or. real ist ic description of t h . «-posit ion dependence of v a c a * , diffusion has also been included, an 
addition which leproves the model substantially. 

5.8 THE INFLUENCE OF NICKEL CONTENT ON MICROSTRUCTURES OF Fe-Cr-N1 AUSTENITIC ALLOYS IRRADIATED WITH NICKEL IONS 
(Kyushu University and Pacific Northwest Laboratory) 87 

Ion-lrradlated Fe-lSCr-XNI (X • 20, 35. 45. 60, 75) ternary a'loys and a 15Cr-85NI binary alloy were exaained after 
boabarckent at 675'C and coapared to earlier observations aade on these saae alloys after irradiation In EBR-II at 510 
or 533'C. The response of the ion-Irradiated alcrostructures f . p .ke l content appears to be very consistent with that 
of neutron irradiation even though there a r . four orders of magnitud, difference In displacement r a i and over 200*C 
difference In teaperature. I t appears that the transition ;o higher rates of swelling during both types of Irradiation 
is related to the operation ot soae aechanlsa that is not directly associated with void nucleatlon. 

t . DEVELOPMENT OF STRUCTURAL ALLOYS 95 

6.1 Ferrlt ic Stainless Steels 95 

6.1.1 IMPACT BEHAVIOR OF 9Cr-lMoVM> ANO 12Cr-lMoVW STEELS IRRAOIATEO IN HFIR (Oak Ridge National Laboratory) 97 

Charpy lapact specimens of 9Cr-lMoVNb and 12Cr-lMoVW steels and these steels with 21 N1 (9Cr-lMoVNb-2N1 and 12Cr-
1M0VW-2H1) were Irradiated In the High Flux Isotope Reactor (HFIR) at 300*C up to 34 opa and at 400*C to 42 opa. 
Nlck.t was added to the standard composition to study the effect of transmutation heltua formed by reaction of " H I with 
thermal neutrons In the alxed-spectrua of HFIR. Helium levels approaching 400 appa were achieved In the steels containing 
2t N1. Irradiation caused large increases in the DBTT of a l l four steels. A saturation In t h . shift in OBTT with 
increasing fluence that was observed In fast reactor Irradiations does not apply to specimens irradiated In HFIR. 
Shifts In DBTT of over 300'C were observed at 40C"C for 9Cr-lMoVNb-2NI and I2Cr-lMoVW-2N1; shlftsof over 200'C were 
observed for the standard steels. For al l steels, the Increase was greater at 400'C than at 300*C. The shifts 
are the 'argest ever recorded for this type of steel and are attributed to the higher helium concentrations. 

6.1.2 THE DEVELOPMENT OF FERRITIC STCELS FOR F„ST INOUCED-RAOIOACTIVITY DECAY (Oak Ridge National Laboratory) 106 

Irradiation of f e r r l t i c steels with neutrons at temperatures up to -450*C causes a loss of toughness. This can be 
measured In a Charpy Impact test , where an increase In the ducti le-bri t t le transition temperature (DBTT) and a decrease 
In t h . upper-shelf energy is *served after Irradiation. Reduced-activation Cr-W steels with chromium concentrations 
varying f-om 2.25 to 121 w.rt Irradiated at 365'C to -7 dpa In t h . Fast Flux T.sc Facil i ty. Steels with 2.25% Cr and 
a combination of 21 M and 0.151 V were I ts - severely affected by irradiation than steels with vanadium and no tungsten, 
tungsten and no vanadium, or with 11 W and 0.251 V. Two Jtee is with 91 Cr showed the most resistance to a loss of 
toughness. A 91 Cr steel with 21 W and 0.251 V showed an Increase In DBTT of 68*C. This same composition with an 
addition of 0.071 Ta developed an Increase In DBTT of only 4*C. These values compare to Increases of over 100'C 
for the rest of the steels. 

4.1.3 C0WASI50N OF THE EFFECTS OF LONG-TERM THERMAL AGING ANO HFIR IRRA0IATION ON THE MICROSTRUCTURAL EVOLUTION OF 
9Cr-lMoVNb STEEL (Oak Ridge National Laboratory) 113 

Beth thermal aging at 482 704'C for up to 25,000 h and HFIR Irradiation at M0-600*C for up to 39 dpa produce substan
tial changes 1n the as-tempered mkrostructure of 9Cr-lMoVNb martensttlc/ferrlt le steel. However, the changes In tne 
dlj'ocatlon/subgraln boundary and the precipitate structures caused by thermal aging or nejtron Irradiation are quite 
different 1n nature. Ourlng thermal aging, the as-tempered lath/subgraln boundary and car'alde precipitate structures 
retain stable below 650'C, but coarsen and recover somewhat at 650-704'C. The formation of abundant Intergranular 
liiti ptiase, Intra-lath dislocation networks, and fine dispersions of VC needles ¡re thermal aging effects that art 
sup>ertmposed upon the as-tempered microstructure at 482-593'C. HFIR Irradiation produces dense dispersions of very small 
' lytacf -dot" dislocation ¡oops i t 300'C and produces helium bubbles and voids at 400. "C. At 30O-5OO'C, there Is considerable 
recovery of the as-tempered lath/subgraln boundary structure and the mlcrosfructural/mlrroromposltlonal Instacltlty of the 
«'.tempered ca-blde precipítate-, during Irradiation. By contrast, the as tempered . ' fu ture remains essentially 
unchanged during Irradiation at f,00"C. Comparison of thermally aged with Irradiate:) •¡•••rial Suggests that trie lr>-.t.ihll 
Hies of trie as-tempered lath/sutvjraln boundary and prerlplt.ate structures at lower Irradiation temperature-, are 
-adlat'on-Induced effects, whereas the ah-.enre of both la/es phase and fine vr. needles during irradiation Is a r . r 1 ' i ' ' n 
refai de>) thermal effect. 
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6.1.4 MICROSTRUCTURE AHO PROPERTIES OF WELDED W. V. ANO Ta MOOIF1ED FERRITiC HEELS WITH FAST INDUCED-RADIOACTIVITY CECAY 
(Auturn University) 133 

Sheet specimens of W, V. Ta aodifled lo* actlvatton fer r t t lc steels were welded using the gas tungsten arc welding 
(GTAN) process. Autogenous bead-on-plate welds were produced on simples of 2KCr'.', 2KCr-lMV, 2HCr-2w, 2ltCr-Z*V. 5Cr-2HV. 
9Cr-2WV. 9Cr-2WVTa. and 12Cr-2WV. Sound autoojnous welds were obtained 'n al l low activation 2tt Cr balnltic stee's and 
the 5t Cr wrtensttlc steel. Bend tests of the welds yielded Insuff i c le i t toughness at the fusion zone In the low 
activation 9 and 121 Cr aartensHIc steels. A post-weld hea. treatment 1s recoamended for the 9 and 12% Cr 'cw activa
tion steels to restore toughness. 

6.2 Austen!tic Stainless Steels 143 

6.2.1 IRRADIATION EFFECTS OF GRAIN BOUNDARY CHEMISTRY OF MANGANESE STABILIZED MARTENSITIC ITEELS (Murora.1 Institute of 
Technology and Pacific Northwest Laboratory) 145 

The effect of neutron Irradiation (10 dpa at 638 K, FFTF/MOTA) on solute segregation to the -jra'.n bPundarU. In 
reduced-activation 9Cr-lW-2Mn and 12Cr-lW-6Mn aartenslttc steels was Investigated using Auger electron spectroscopy (AES). 
The AES spectrui obtained fro» the grain boundaries In both aartenstttc steels was influenced by neu-rcn Irradiation. 
Neutron Irradiation caused Barked Increases In the amount of Intergranular segregation of St in Xr and Mn In l.'Cr steel, 
respectively, wtille no significant Increase In S and/or P segregations were found 1.< either steel. Large sh l fu 1n DBTT 
to high temperature caused by neutron Irradiation observed 1n these two aartensl t l : steels are tntrrpi etsd In teres of 
site competition between C and SI resulting fro» 1rrad1at1on-1-juced/enhanced segregation of SI In 9Cr stesl and 
weakening of grain boundary strength by Irradiation-induced/enhanced segregation of Mn In 12Cr steels, respectively. 

6 . 2 . : SWELLING BEHAVIOR OF AUSTENITIC STAINLESS STEELS IRRADIATED AT 400'C IN ORR MFE-7J CAPSULE BY SPECWULY 1AROREC NEUTRONS 
(Japan Atóale Enerjy Research Establishment and Oak Ridge National Laboratory) 152 

Several Japanese austenltlc stainless steels. Including specimens taken from the elect ' . . i b»aa (Efl> welds, have been 
Irrad'ated 1n the Oak Ridge Research Reactor (ORR) In special spectrally tailored e-pe.-lmer.ts. Vr,e f i rs t batch of specimens 
have been retrieved at the daaage level of 7.4 opa and hellua level of 102 appm 1n > type 316 stairless steel, and 130 appa 
He In JPCA with 16 wt X N1. This Irradiation produced significant al loy-tc-al loy differences In swelling ai. 400T. One 
low-carbon steel and an experleental ternary alley have shown higher values of swelling. Irraoiatfon In HFIR of the same 
set of alloys caused very high levels of void swelling only at 500*C and above. Metallurgical efforts to suppress such 
swelling ( I . e . . cold working and/or Increased carbon level) were effective at this t-^paraturt -a ge. The present results 
suggest that appropriate care also needs to be taken for the fusion application c' ti is kind of alloy at lower lemnarati.-es 
l ike 400*C. Welds In this experiment showed no Measurable degradation In swelling resistance compared to their base m-.tals. 

6.2.3 DETERMINATION OF CREEP-SWELLING COUPLING COEFFICIENTS FOR IRRAOIATEO STAINLESS STEELS (University of California-
Berkeley, Pacific Northwest Laboratory, and Westlnghouse Hanford Company) lf,0 

Irradiation creep data at ~400*C were analyzed for twe 201 cold-worked tltanluni-.wdii red type 316 stainless steels. 
One of these steels was the fusion prime candidate alloy designated PCA. The analyst> was b^sed on the assuanttcn that 
the B ( • OS creep aodel applies tc these steels at this temperature. This assumption ¿as found to be valid. A ereeo-
swelllng coupling coefficient cf D = 0.6 x 10" 1 MPa"1 was found for both steels, which Is In excellent agrei sent with 
the results of earlier studies conducted using annealed AISI 304L and also 1CI and 2u7 cold-worked AIS: 315 stitntcss 
steels. There appears to be some enhancement of swelling by stress, leading to an apptrent but Misleading nonlinear!»/ 
of creep with respect to stress. The dependence of the creep-swelling coupling ccef fk 'ent on Irradtat'on temperature 
for temperatures greater than 400'C has iot yet been established. 

6.3 Refractory Metal Alloys 157 

6.3.1 FFTF/MOTA IRRADIATION OF RFFRACT0RY ALLOYS UN0ER CONSIDERATION AS PLASMA FACING COMPONENT (Pacific Northwest 
Laboratory) lf,9 

A refractory alloy irradiation series involving four discharges of the Materials ftp»m Tfc'.c Assembly (MO'x ;B rhrci¡s¡r, 
MOTA-1E) has been completed. This experiment contains pure Mo, Mo-41Re, TZM, arid Nb-l/r. ir.-adlatlon terns eraVrp' In 
this e»perl*ent ranged froa 404 to 730*C with neutron exposures yielding 8.7 to 110.8 dp?. Measurement of der.iUy changes 
and disk bend testing are planned to be<jln shortly. 



6.3.2 SWELLING DEPENDENCE OF NEUTRON-IRRADIATED VANAOILM ALLOYS ON TEMPERATUHE. NEUTRON FLUENCE. AND THERMOMECHANtCAL 
TREATMENT (Argonne National Laboratory and Tohoku University) 172 

Swelling of vanadium alloys *as determined after Irradiation a? 420 and 600'C to neutron fluences ranging fro» 
0.3 x 1 0 2 ' neutrons/a' (17 dpa) to 1.9 x 1 0 " natrons/» 1 (114 <S?a). Binary and ternary vanadium alloys with Cr. 
Tl . Mo. W. Ni, Fe, Zr, and SI additions were Irradiated in either the fully annealed, part ial ly annealed, or 105 
cold-worked condition. Upon irradiation at 600*C. the swelling of vanadlua to which Cr had been added was greatly 
ev.-ic.-Hated, whereas the swelling cf vanadlua to which T1. Mo, W, ard NI (3-20I) had been added was not significantly 
affected. Swelling of V-Cr alloys upon Irradiation at 600"C was substantially reduced (<0.1I per afea) by the addition 
of Ti (1-15X). Uoon Irradiation at 420*C. the swelling of the vanadlua alloys was <0.21 per dpa. Partial annealtng 
or 101 cold-working ha¿ nn significant effect on swelling of tne alloys. 

6.4 Copper Alloys 177 

6.4.1 MECHANICAL PROPERTY CHANGES AM) MICRlSTRUCTURES OF DISPERSION-STRENGTHENED COPPER ALLOYS AFTER NEUTRON IRRADIATION 
AT 411. 414. ANO 529*C (Unlv-rslty of I l l inois and Pacific Northwest Laboratory) 179 

Dispersion strengthened copper tlloys have shewn promise for certain high heat flux applications In both near tere 
and long t e n fusion devices. This study exaalnes mechanical properties changes and mlcrostructural evolution In several 
oxide dispersion strengthened alloys which were subjected to high levels of Irradiation-Induced displacement damage. 
Irradiations «ere carried out In FFTF to 34 and 50 dpa at 411-414'C and 32 dpa at 529'C. The alloys Include siveral oxide 
dispersion-strengthened alloys based on the Cu-Al systea. as well as ones basad on the Cu-Cr and Cu-Hf systems. Of 
this group, certain of the Cu-Al alloys, those produced by an Internal oxidation technique to contain alumina weight 
fractions of 0.15 to 0.251 outperformed the other alloys In a l l respects. These alloys, designated CuAllS. CuA120 
and CuA125, were found to be resistant to void swelling up to 50 dpa at 414*C. and to retain their superior mechanical 
and physical properties after extended Irradiation. The major factor which controls the stabi l i ty during Irradiation 
was found to be the dlspersold volume fraction and distribution. The other alloys examined were less resistant to 
radiation-Induced properties changes for a variety of reasons. Some of these Include dlspersold redistribution by bal l is t ic 
resolution, effects of retained dissolved oxygen, and nonunlformlty of dispersion distribution. The effect of laser welding 
was also examined. This Joining technique was found to be unacceptable since i t destroys the dlspersold distribution and 
thereby the resistance of the alloys to radiation-Induced damage. 

6.4.2 BRAZING Cf COPPER-ALUMINA ALLOYS (Auburn University) 196 

An Induction braze has been developed to Join copper-alumina alloys. This brazing technique Is proposed to replace 
current furnace brazing methods that have yielded poor results because of silver Ingresslon along the fine grain boundaries 
of the copper-alumina alloys. The Induction braze (because of the short braze time) severely restricts silver Ingresslon 
aiong the grain boundaries of the alloy. Tensile tests of Induction brazed lap Joints fa l l In the base material rather than 
tiie braze Indicating good braze properties. 

6.4.3 A BRIEF REVIEW OF CAVITY SWELLING AH0 HARDENING IN IRRAOIATEO COPPER ANO COPPER ALLOYS (Oak Ridge National Laboratory) . 201 

The literature on radiation-Induced swelling and hardening In copper and Its alloys Is reviewed. Void formation does 
not occur during irradiation of copper unless suitable Impurity atoms such as oxygen or helium are present. Void formation 
occjrs for neutron irradiation temperatures of 180 to 550'C, with pea» swelling occurring u -320'C for irradiation at a 
damage rate of 2 x 10" 7 dpa/s. The post-transient swelling rate has been measured to be ~0.il/dpa at temperatures near 
400"C. Dispersion-strengthened copper has been found to be very resistant to void swelling due to the high sink density 
associated with the dispersion-stabilized dislocation structure. Irradiation of copper at temperatures below 400'C gen
erally causes an increase in strength due to the formation of defect clusters which Inhibit dislocation motion. The 
radiation hardening can be adequately described by Seeger's dispersed barrier model, with a barrier strength for small defect 
clusters of a ~ 0.2. The radiation hardening apparently saturates for fluences greater than ~ 1 0 " n/m1 ("O.l dpa) during 
irradiation at room temperature due to a saturation of the defect cluster density. Grain boundaries can modify the 
hardening behavior by blocking the transmission of dis'ocatton slip bands, leading to a radiation-modified Hall-Patch 
relation between yield strength and grain size. Radiation-enhanced recrystalKzatlon can lead to softening of cold-
worked copper alloys at temperatures above 300'C. 

http://~0.il/
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Environmental Effects on Structural A'loys 

ELECTROCHEMICAL ANC MICROSTRUCTL'RAL CHARACTERIZAT13N OF AN AUSTENITIC STAINLESS STEEL IRRADIATED BY HEAVY IONS AT 5IVC 
(Oak Ridge National Laboratory and Japan Atóale _nergy Rerearch Institute) 

The electrochemical and microstructura' behavior cf a solution-annealed. hea»y-1cn-irrad:ated. austeMtlc stainless 
steel, designated LSIA. have been Investigated at 5I5*C after ceses of 1 . 10. »"d 30 displacements per atom (dpa). 
Cnanges In electrochemical properties due to radiation Induced segregation in thin radiation-affected layers of the 
material were detected b» trie electrochemical pctentioklnetic reactivation (EPR) technique using transmission electron 
microscopy (TEM) eisk specimens. At all doses, the Flade potential and reactivation charge were greater than those 
measured for thermally aged control specimens. Flade potentials Increased »1th Increasing dpa while the reactivation 
charge «lid not increase beyond 10 dpa. Grain face etching, similar to that found on EPR-tested neutron-Irradiated 
austenitlc stainless steels, «as observed on al l specimens after testing. Grain boundaries were etched after doses of 
10 and 30 dpa. The extent of grain face etching increased «1th increasing dose. Duplicate heavy-1 on-Irradtated speci
mens «ere also examined oy high resolution ani.ytlcal electron microscopy (AEM). The 1-dpa specimen showed only a high 
density of small faulted dislocations (-10 nm). and no grain boundary precipitation «as observed ncr «as any grain 
boundary segregation detected AEM confirmed chromium depletion at grain bc-jndarles as measured by EPR for the 10-
and 30-dpa specimens. Depletion «Idths of approximately 10 nm and grain boundary chromium compositions of less than 
'.OX by weight rere found. Molybdenum «as also depleted near the boundary, whereas n ckel, silicon, and Iron «ere enriched 
for the 10- and 3C-dpa Irradiations. Precipitation of G and eta phases and larger c'lslocatlon loops (-C0 nm) were 
observed In f e '.0- and 30-dpa specimens. 

ENVIRONMENTAL EFFECTS ON AQUEOUS STRESS CORROSION Cr CANDIDATE AUSTENITIC STEELS FOR ITER STRUCTURAL APPLICATIONS 
(Argonne National Laboratory) 

Susceptibility of Types 316 NG, 316. and 304 stainless steel to SCC «a: '"«est 1 gated at several temperatures 
between SO and 150 C In slow-strain-rate-tests (SSRTs) tn oxy-»nated water that simulates Important parameters anticipated 
In first-wall/blanket systems. The water chemistry was based on a computer code that yielded the nominal concentra
tions of molecular radiolyttc species produced in an aqueous environment under conditions l ikely to be found tn the 
ITER. To be conservative, r<owever, the SSRTs were performed 1n a less benign, more oxidizing reference environment. 
Predominantly ductile fracture was observed in crevice specimens of Type 316 stainless steel (SS) strained to fa i lure 
In 3 reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat-treated to yield sensitiza
tion values of 2. 3. or 20 C/cm' by electrochemical potentlokinetlc reactivatirn "-'•'••• , i^enstrated f i t degree of sensitiza 
Hon had a dramatic effect on Intergranular SCC (IGSCC) susceptibility. Type 3C-J A •.:;*:; i mens sensitized to the highest 
value exhibited shorter fai lure times, lower maximum stresses, and lower reduction In area values than did less-sensitized 
Type> 304 SS or Type 316 NG SS specimens. Scanning electron microscopy showed minimal evidence of SCC in the Type 316 
NC and solution-annealed Type 316 SS but clear evidence of IGSCC In moderately sensitized (EPR • 20 C/crn') Type 304 SS 
specimens 1n these environments. Ranking for resistance to SCC In simulated ITER water by electron microscopy and SSRT 
parameters (e .g . . total elongation, ultimate strength, and reduction 1n area) is : 304 SS (EPR • 20 < 2 C/cm1) < 316 NG S?. 

SEGREGATION IN THERMALLY AGE0 TYPE 304L ALLOYS FOR THE ICG-IASCC ROUNO ROBIN (Oak Ridge National Laboratory) 

Grain boundary segregation in thermally aged type 304 stainless steels has been Investigated by X-ray microanalysis. 
In one commercial alloy sensitized at luw temperature, narrow (<10 nm) zones depleted of chromium, si l icon, and molyb
denum nave been observed along with enrichment of phosphorjs and nickel. For high purity alloys doped with either sulfur 
or phosphorus, no significant segregation of either Impurity was detected. In a second commercial alloy which exhibited 
no grain boundary precipitation, segregation of phosphorus, chromium, and molybdenum to boundaries «as observed along 
with a corresponding depletion of Iron. The occurrence of phosphorus segregation In the two commercial alloys and absence 
1n the h1gh-pur(ty. phosphorus-doped alloys seems to indicate some synergism of phosphorus segregation with either chromium 
or carbon segregation or with the precipitation of M,,C, at the grain boundaries. 

MEASUREMENT OF RADIATION-INDUCED SEGREGATION IN *',TRON-IRRA0IATE0 AUSTENITIC STAINLESS STEELS (Oak Ridge National 
Laboratory and Japan Atomic Energy Re-earcr Institute) 

X-ray microanalysis of RIS to grain boundaries and large dislocation loops In neutron-irradiated U'jPCA has Indicated 
enrichment of silicon and nickel ano depletion of chromium and Iron, (««ever, there are numerous artifact-, which can lead 
to erroneous result' and mult be recognized and avoided. Some of these effects Include surface film-,, preferert'al etcitng, 
overlapping RIS profiles from different defects, as well as the mere obvious hole count and 'nduced radloactwt t / of 
neutron-Irradiated material. For Irradiated CP83e. silicon, nickel, and Iron are enriched a», Boun&arle-., »ttr<n: «arganese 
replaces chromium as the strongly depleted element. Preliminary mea-.urements cf RIS profiles at grain Boundaries t / 
parallel electron energy loss spectroscopy (PEELS) are di scu-.-.ed. Tne relative advantages and at',ad/arti-;e-, of Vf, and 
PEELS for such measurements are con.tdered. 
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6.5.5 RADIATION-INDUCED GRAIN BOUNDARY SEGREGATION ANO SENSITIZATION OF A NEUTRON-IRRADIATED AUSTENITtC STAINLESS STEEL (Oak 
Ridge National Laboratory and Japan Atomic Energy Research Institute) 244 

Analytical electron «icroscopy and electrochemical pctenticfcinetlc reactivation (EPR) testing were applied LO tne 
radiatlon-'nduced segregation (RIS) and sensitization of a titanlum-modlf led austenltlc stainless steel Irradiated to 
9 dpa at 420*C 1n the Materials Open Test Assembly (MOTA) of the ?ast Flux Test Facility (FFTF). The EPR testing of 
both solution annealed (SA) and 251 cold-worked (CM) «ateríais Indicated a s1gni' ;cant increase In tne reactivation 
charge ( P a ) . Both optical and scanning electron microscopy of the spec 1«en sur'ace afte ' EPR testing Indicated preferen
t i a l attack at grain boundaries, Indicative of sensitization. In addition, localized attack of the «atrlx was observed. 
Though precipitates were occasionally present on grain boundaries, they were not chromium-rich H,,C«, but nickel- and 
silicon-enriched G phase. Faulted loops, fina Y precipitates, and Isolated cavities were observed In the aatr lx . 
X-ray Microanalysis Indicated significant RIS at high-angle boundaries In both «ateríais. Depletion of chroaiua 
to apparent levels of 10 at . I was observed In the Irradiated SA material. The boundaries were enriched in nickel, 
si l icon, and titanium (up to 28, 6, and 1 at. X. respectively) and depleted of iron and molybdenum (as low as 
54 and 0.7 a t . I , respectively). The width of the segregation zone was very narrow (<6 m). Stellar grain boundary 
RIS was observed In the cold-worked «ater ial . There was also evidence for boundary Migration in the cold-worked «atería! 
(boundary facetting and asymmetric composition profi les). Voids and faulted dislocation loops In the SA «aterial also 
exhibited similar RIS. 

6.5.6 DEVELOPMENT OF CERAMIC COATINGS FOR LIQUID METAL BLANKET APPLICATIONS (National Chung Hslng University and Argonne 
National Laboratory) 252 

Based on a preliminary survey of «ore than 15 oxides and nitrides, four «ateríais (CaO, MgO, Y ,0 , , end BNj 
were Identified as candidates for Insulator coating development. Additionally, Cr ,0 j , V X 0. and (V,T1)XN were Included 
for study because of their chealcal stability In l iquid lithium and their potential as corrosion inhibitors. These 
ceraalc compounds were fabricated by a variety of techniques and exposed to flowing l i thlua at 400*C to assess cheal
cal compatibility. Preparation technologies Included hot-press-sintering of MgO, CaO. and Y,0 , ; diffusion coating of 
Cr ,0 , ; oxidation of vanadium; and reactive sputtering of BN. Aaong the three hot-pressed-slntered «ateríais, only 
Y,0, displayed acceptable corrosion resistance when exposed to high purity l i thlua. A f e r r i t i c substrate alloy (HT-9, 
coated with a 1-Ua-thlck BN layer) was iaaersed in flowing llthlua at 400*C for 1 h. after which i ts physical stabi l i ty 
and chealcal compatibility were determined to be unacceptable. Chroalzed V-20T1 and oxidized V-20T1 Immersed In flowing 
lithium at 410*C for 100 h showed greater potential for further development than did the BN Insulator coating. Prelim
inary work has begun in the development of in-situ-formed Insulator coatings. The f i r s t step has been to examine the 
characteristics of (V.Ti) x N reaction product layers formed after exposure of V-T1 specimens to flowing lithium. 
Work is also in progress to test a self-regenerating Ca0'V,0,-type insulator coating on a vanadlua substrate. 

7. SOLID BREEDING MATERIALS 261 

7.1 LITHIUM MASS TRANSPORT IN CERAMIC BREEDER MATERIALS (Argonne National Laboratory) 263 

The transport of l i thlua by vaporization of LIOH(g) from lithium ceraalcs. particularly L1,0(s), poses a constraint 
on the maximum operating temperature of the blanket. Experimental measurements have shown that, depending on tempera
ture, moisture pressure, and proximity of structural steels, the lithium transport process Is complex. For conditions 
wherein the Ll,0(s) Is "free standing," the lithium vaporization Is controlled by the L1,0/H,0 system thermodynamics that 
are already well established. Simply stated lithium transport as LIOH(g), increas. , with Increasing tempe.ature and 
higher partial pressures of moisture. In the proximity of stainless steel, there Is an added chemical potential 
driving force due to formation of L1,Cr0,, HFeO, and L1N10]. The transport of LtOH(g) to the stainless steel Is driven 
by the concentration gradient of L10H(g) from that at the L1,0(s) surface and that at the steel surface. This gas-solid 
reaction «ay become Important for blanket designs where the structural steel is very close to the L1]0(s) ceramic. 

7.2 («SORPTION CHARACTERISTICS OF THE L1A10,-H,0(g) SYSTEM (Argonne National laboratory) 268 

The energetics and kinetics of »he evolution of H,0(g) and H,(g) from LIA10, are being studied by the temperature 
programmed Resorption technique. The concentrations of H,, H,0, N,, and 0, In a helium stream during a temperature ramp 
are measured simultaneously with a mass spectrometer. The amount of H, adsorptlon/desorptton is small compared to the 
amount of M,0 adsorption/desorptlon. After prolonged treatment with helium containing 990 ppm H, at 400*C, H,0 evolution 
Into the l.e-H, stream was observed during 473 to 1023 K (200 to 750*C) ramps at rates of 2 or 5.6 K/aln. The different peak 
shapes reflecting this process were deconvoluted to show that they tr» composites of only 2 or 3 reproducible processes. Tha 
ar.tlvatlon energies and pre-exponentlal terms were evaluated. Tha different behavior originates In the differences among 
different surfa i sites for adsorption. Tha Interpretation of higher temperatura peaks [above 673 K (650'C)] must s t i l l 
consider the possibility of contributions from interactions with the steel walls. 
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TRITIUM RELEASE FROM LITHIUM CERAMICS (Argcnne Natio.al laborator . CEA/CEN. ENEA/CRE. and Karlsruhe) 274 

Recent tn-plle tritium extraction experiments fro» lithium ceramics have Investigated the effects of temperature. 
•ater ía! aicrostructure. purge gas composition, and t r i t iua generation rate on the ktnet'cs of t r i t lu» release. Tr>e 
relationship between the t r i t iua release characteristics and saaple alcrostructure indicates desorptlon is the doatnant 
aechanlsa controlling t r t t lua release for the conditions Investigated. Literature results Indicate that this descrption 
step aay be second order and the activation energy of desorptlon Bay vary significantly with surface coverage. The changes 
In inventory with variations in the key paraaeters aentioned above were investigated to deteraine the applicability of these 
reports to In-pile t r i t iua release. The results suggest t r i t lua release Is f i rs t order, and that the desorption activation 
energy is dependent on the surface coverage. 

IN-SITU TRITIUM RECOVERY FRCN L1,0 IRRADIATED IN FAST NEUTRON FLUX - 8EATRIX-II INITIAL RESULTS (Japan Atóale Energy 
Research Institute. Pacific Northwest Laboratory, and Chalk River laboratories) 279 

The BEATRIX-II experiaent in FFTF Is an In-sltu t r i t iua recovery experiment to evaluate the t r i t iua release charac
ter ist ics of LijO and i ts stability under fast neutron irradiation to extended burnups. This experiaent Includes two 
speclaens: a thin annular ring specimen capable of teaperature transients and a larger temperature gradient speciaen. 
During t i t* f i r s t 85 days of the operating cycle of the reactor, the t r i t iua recovery rate of a teaperature transient 
capsule was examined as a funct.jn of teaperature. gas flow rate, gas composition and burnup. Teaperature changes In 
the ranga froa 500 to 650*C resulted in decreasing t r i t i u a Inventory «1th Increasing temperature. Lower gas flow rates 
resulted In slightly lower t r i t iua release rates while gas composition changes affect» ' the t r i t i u a release rate signif
icantly, «ore than either flow rate or temperature changes. Three different sweep gases were used: He-0.1X H,. 
He-0.01X H,, and pure He. Decreas ng the mount of hydrogen In the sweep gas decreased the steady-state release rate 
by as auch as a factor of two. 

CERAMICS 

IEA HORKSHO? ON IN-SITU MEASUREMENT OF ELECTRICAL PROPERTIES OF IRRADIATED CERAMICS (Los Alaaos National 
Laboratory) 

This International Energy Agency workshop was held in Los Alaaos. NM June 27-29, 1990. In attendance were 
14 participants representing fusion ceraaics prograas tn Spain, the U.K., Japan and the U.S. The workshop was divided 
into four sessions: Background, Current In-SItu Work, Plans rnd Goals for Future Work, and Recoaaenatlons. Informal 
discussion sessions on various subjects were also Included in the workshop. ^Studies of 1n-s1tu electrical properties 
have accelerated since the last gathering of this group, with recent findings demonstrating that dielectric breakdown 
as wi l l as enhanced conductivity can be induced by concurrent Irradiation. Based on present knowledge, recoaaendattons 
were Bade to designers of NET ind ITER on Batertals selection and anticipated performance, as wall as on design-related 
considerations. 

IN-SITU MEASUREMENT OF RADIATION INDUCED CONDUCTIVITY IN CERAMICS (Los Alaaos National Laboratory) 

Tnls report describes our experimental plan anc schedule for measuring the radiation induced conductivity (RIC) 
in ceraaics while being Irradiated with 3 MeV protons. In the In i t ia l experiments, dielectric constant and loss wi l l 
be measured In pure and in T',-doped sapphire. The aeasureaents will be Bade at rooa teaperature, at frequencies 
between 100 Hz and 10 Htt, with and without an applied DC bias, and as a function or radiation flux and fluence. 
The Ion Beaa Materials Laboratory (IBMl) ion source - t Los Alamos will be used with beam currents up to 1 micro-ampere. 
We expect in i t ia l results to be available for the next semi-annual Progress Report. 

MILLIMETEH-WAVE TESTING OF ISOTOPICALLT ENRICHED ALUMINA (Los Alaaos National Laboratory and Oak Ridge 
National Laboratory) 

In a special fusion-neutron irradiation simulation experiment. , 7 0 has been substituted for " o in 99.51 alumina 
to be neutron-irradiated in the High Flux Isotope Reactor (HFIR) at Oak Ridge for raising the potentially deleterious 
helium gas yield to levels closer to those expected froa the neutrons of dtuterlua-trltlum (D-T) fusion reactions. 
Earlier, we reported values of complex dielectric constant k* measured at los Alamos at millimeter-wave (HMW) 
frequencies for conventional (unenrlched) 99. i t alumina test specimens. These specimens were made under the sa«.e 
conditions applying to the present report of k # measured for , T0-enr1ched -pectmens based on the same alumina system. 
The present ilumina has lower dielectric losses than that reported In the earlier work. Furthermore, we corroborate 
the ear l ier finding that k # is a sensitive nondestructive measure of the qualtty of alualna being considered for 
rf-window u.» -- and the overall quality of hlgh-purtty ceraaics In general. 



8.4. WORKSHOP ON CERAMIC MATRIX COMPOSITE MATERIALS FOR STRUCTURAL APPLICATIONS IN FUSION REACTORS (Pacific Northwest 

Laboratory and University of California-SB) """ 

Trie workshop to assess the potential application of cera«ic eat rU composites (CMCs) for structural applicaticns 
in fusion reactors «as held on May 21-22. 1990. at University of California. Santa Barbara. Participants included 
individuals familiar with materials and design requirements in fusion reactors, ceraalc composite processing ana 
properties and radtation effects. 

Clear advantages for the use of CMCs ( I . e . , SIC/SIC) are high-temperature operation, which would allow a hign-
¿fftciency Ranklne cycle, and low activation, limitations to their use are material costs, fabrication complexity 
and costs, lacle of famil iarity with these materials In design, and the lack of data on radiation stabi l i ty at relevant 
temperatures and fluences. Fusion-relevant feasibil i ty Issues were identified. 

8.5 DEVELOPMENT OF THU-SECTION PUSH-OUT TECHNIQUE FOR USE IN MEASURING RA0IATION-INOUCED MODIFICATION OF 
COMPOSITE INTERFACES (Rensselaer Polytechnic Institute and Oak Ridge National Laboratory) 306 

A technique for measuring the interfacial properties for extremely thin composite sections is presented. The data 
shown is for a single composite section of 22 U* thickness. By employing a Nanolndenter microhardness tester, composite 
fibers were Individually loaded and the debond and frlctlonal sliding strength measured. I t is shown that such a technique 
can discriminate between the debond and frlctlonal components of the tnterfacial bond. The technique presented is a 
substantial Improvement over previous techniques In both thickness of composite section, f iber loading accuracy, and 
percentage of fiber fai lures. Though the data presented is only for a single section, the results are typical of other 
sections tested. A statistical analysis of the data suggests that a Welbull treatment Is more appropriate to interfacial 
data than the comnonly used normal distribution. 

8.6 MEASUREMENT OF DIELECTRIC PROPERTIES IN ALUMINA UNDER IONIZING AND DISPLACIVE IRRAOIATION CONDITIONS (Oak Ridge 
National Laboratory) 317 

Several experiments have been completed In which the dielectric properties of alumina have been measured In the 
presence of ionizing and dlsplaclve Irradiation. Spent fuel elements from the High Flux Isotope Reactor (HFIR) at the 
Oak Ridge National Laboratory were used to provide an Intense source of Ionizing Irradiation for some of the measure
ments. The TRICA reactor at the University of I l l ino is was used to provide an Irradiation f i e ld that produced 
both Ionization and atomic displacements. The results of these In situ measurements Indicate that the dielectric 
properties of alumina are more severely degraded by dlsplaclve Irradiation than was Indicated by earl ier , post-
Irradiation measurements. 

8.7 DISLOCATION LOOP FORMATION IN ION-IRRADIATED POLYCRYSTALLINE SPINEL ANO ALUMINA (Oak Ridge National Laboratory) 323 

The mtcrostructure of magnesium alumínate spinel (MgAl,0,) and alumina (Al ,0 , ) has been examined with transmission 
electron microscopy following Ion Irradiation to damage levels of 0.1 to 5 keV/atom (1 to 50 dpa) at room temperature and 
650'C. The ion irradiation produced Interst i t ia l dislocation loops of types a/4<I10>fno} and a/4<110>{l)l] in spinel along 
with a very low density of a / 6 < l l l > { l l l } loops. Dislocation loops of types a/3[0001](0001) and a/3<U00>' l iooj were ten
tatively identified in alumina. The loop size Increased and the density decreased gradually with Increasing flcence In 
spinel Irradiated at 650'C. with the net result that the concentration of tnterst l t lals contained In the loops remained 
nearly constant at - 0 . 1 at. t . Defect-free regions were observed adjacent to grain boundaries and the irradiated surface 
in spinel Irradiated at 650'C. The denuded zone width was very small for spinel Irradiated at 25'C and A1,0, Irradiated 
at 6S0'C. For a given irradiation teaperature, the loops In spinel were larger and of much lower density than the loops 
in A l ,0 , . 

8.8 TECHNIQUE FOR PREPARING CROSS-SECTION TRANSMISSION ELECTRON MICROSCOPE SPECIMENS FROM I0N-IRRA0IATED CERAMICS (Oak 
Ridge National Laboratory) 334 

The general techniques necessary to produce a high-quality cross-section ceramic specimen for transmission electron 
microscope observation »r» outlined. A particularly Important point is that the width of the glued region between faces 
of the ceramic specimen must be <0.2 Um to prevent loss of the near-surface region during ion mill ing. A recently 
developed vise for gluing ceracic cross-:ect1on specimens Is described, and some examples of the effect of glue thickness 
on :pee1men quality are shown. 



1. IRRADIATION FACILITIES, TEST MATRICES, 
AND EXPERIMENTAL METHOOS 



AN EVALUATION OF THE LOS ALAMOS SPALLATION RADIATION EFFECTS FACILITY (LASREF) FOR FUSION APPLICATIONS -
D. G. Doran (Pac i f ic Northwest Laboratory ) ( , ) 

OBJECTIVE 

To evaluate the appropriate role, both short-term and long-term, of the Los Alamos Spallation Radiation 
Effects Facility (LASREF) in the U.S. Fusion Materials Program. 

PROGRESS AND STATUS 

Evaluation Committee 

The makeup or the evaluation committee was as follows: 

Bejbers 

D. G. Doran, PNL, chairman 

F. A. Garner, PNL, radiation effects in metals and alloys, and chair of the Program Advisory Committee 
for Materials Science at LAMPF 

L. R. Greenwood, PNL, neutron environment characterization 

M. W. Guiñan, LLNL, cryogenic radiation experimentation 

G. E. Lucas, UCSB, radiation effects on mechanic.1 properties and specimen miniaturization 

A. F. Rowcliffe, DRNL, radiation effects in alloy development 

Advisors 

F. W. Clinard, LANL, radiation effects in ceramics and diagnostics 

R. Prael, LANL, high energy transport codes, viz. LAHET 

W. F. Sommer, LANL, LASREF description and operation 

F. W. Wiffen, DOE/OFE, fusion materials programs oversight 

Facility Overview 

The Los Alamos Heson Physics Facility (LAMPF) is an 800-MeV, nominally 1-mA (usually 0.6 to 0.8 mA), linear 
proton .ccelerator with many experimental stations appended to it. When the residual proton beam is finally 
dissipated in the beam stop, neutrons are produced by spallation, fission, and evaporation. LASREF was 
designed to permit materials to be neutron-irradiated in the near vicinity of the beam stop, subject, of 
course, to the operation of LAMPF. A unique feature of the facility is the large irradiation volume, 
accessible via vertical "inserts" that can be tailored for specific experiments, including instrumentation 
if desired. The minimum irradiation temperature, without refrigeration, Is about 40*C. Ancillary 
capabilities include remote handling equipment and hot cells. 

Findings (abbreviated from full report) 

1. The operation of LAMPF was budget limited to 2500 hours in FY90 and current projections suggest it may 
be limited to only 1900 hours in FY91. However, the U.S. Department of Energy (DOE) anticipates perhaps 
3000 hours in FY92, according to J. N. Bradbury, the acting leader of the MP Division. This is still short 
of Bradbury's "reasonable goal" of 4000 hours (last achieved in FY84). 

2. The proton beam is pulsed with both coarse and fine structure. Each 0.5 to 0.8-msec pulse recurring at 
120 Hz (8.3-m«ec period) contains 0.3-nsec pulses at about 200 MHz (5-nsec period). 

(a) Pacific Northwest Laboratory operated for U.„. Department of Energy by Battelle Memorial Institute 
under Contract DE-AC06-76RLO 1830. 
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The fine structure is of no concern for materials irradiations. The coarse structure off-time of 8 msec, 
however, may be of the same order as the vacancy lifetime at high temperatures in some materials with high 
sink densities, and is orders of magnitude larger than interstitial lifetimes. The inability to achieve 
equilibrium defect concentrations may affect the microstructural evoluticn, which in turn may affect 
dimensional stability, mechanical properties, and the establishment of the gradients that drive grain 
boundary segregation. Consideration of possible effects of pulsing should precede any LASREF irradiation. 
The pulsed nature of the beam could possibly be used to advantage in ceramic insulators by providing some 
information on charge carrier lifetimes. 
In addition to the intrinsic pulsing, the beam experiences random interruptions at the following typical 
rates: 30 "fast protects" (i.e., with automatic restart) of several seconds duration ant' 1 to 3 interrupts 
of perhaps 20 minutes each per 24 hours. 
3. A characteristic of the neutron energy spectra produced by a spallation neutron source is a "high-
energy tail" extending, with rapidly decreasing intensity, to hundreds of MeV. The precise shape of the 
spectrum depends on the location along the beam direction (the highest energy neutrons are produced in the 
forward direction), on the material of the beam stop (raising the atomic number increases the yield while 
softening the spectra), and the material surrounding the beam stop. Measurements near the position of 
maximum flux have shown that, with the current copper target, about 5% of the neutrons are above 20 MeV. 
This percentage can be decreased by several means, but these neutrons, which account for perhaps 15% of the 
displacements, produce most of the helium so are necessary if fusion-relevant heliura/dpa ratios are to be 
obtained. 
The high-energy tail will produce displacement cascades and transmutation reactions that are not 
characteristic of a fusion reactor. Both modeling and experiment suggest that observable effects of 
displacement phenomena in metals and alloys are unlikely, although this remains to be demonstrated conclus
ively. Atypical transmutation reactions, and factors of two uncertainties in their calculated rates, are 
not believed to be an important concern because attainable fluences are so low. 
A third effect of a high-energy tail is to increase the proportion of ionizing events, which could be a 
consideration in interpreting radi at i on-induced conductivity measurements in LASREF. 
The full report contains an appendix which discusses the characterization of the LASREF neutron environment. 
4. The maximum displacement damage rate attainable in the current configuration is about 0.3 dpa (iron) per 
year if operated at 4000 hours per year. This rate drops radially approximately as 1/r2 and much less 
rapidly along the beam direction. 
5. LASREF is unique in providing a large experimental volume that can be exploited for in situ 
measurements, in having the potential for cryogenic irradiations, and in having a high ratio of neutrons to 
gammas (total heating is less than 1 W/g in iron). This large volume--12 vertical inserts, each having a 
volume of 12 x 25 x 50 cm'--is accessible only when LAMPF is down, although a smili diameter (about 11 mm) 
rabbit tube has been used for brief irradiations during accelerator operation a furnace has been designed 
to fit this tube). A larger "rabbit," about 7 x 10 x 10 cm3, has been designed for a proposed experiment. 
6. An experiment at LASREF that requires ? new insert and furnace is estimated to cost about $100K on a 
full cost recovery basis. The neutrons are free at the present time, and installation of an experiment 
should cause no interference with accelerator operation. 
7. Potential upgrades of LASREF have been scoped but not developed in detail. Calculations indicate that 
the peak flux could be increased a factor of five to about 1.5 dpa (iron)/yr at 4000 hours per year by 
reducing the beam stop diameter and replacing the copper stop with a tungsten alloy. The estimated cost of 
such an upgrade, lasting \'h to 2 years, is about S600K. An additional estimated expense of S150K to modify 
the isotope oroduction stringers at LAMPF might raise the damage rate another factor of two. 
The operating cost of LAS.'EF for a sustained program of irradiations is estimated to be about J800K per year 
for staff and S80K per year for hardware, assuming four inserts are used per year. 
The fiux (in the MeV range and below) could also be increased through use of a neutron multiplier and/or 
neutron reflector. This option has not been scoped, but the damage race might be raised by another factor 
of two or three. 
8. There is no sustained mission for LASREF in the metals and alloys segment of the fusion materials 
program; the damage rateo ira too low even with a significant upgrade, and there is a question of pulse 
effects at elevated irradiation temperatures. If damage rates were raised to 3 to 5 dpa/yr, useful 
mechanical property data might be obtained in the 40 to 300'C temperature range; however, a research program 
to evaluate effect', of the high energy tail would have to precede rifavy program use. 



9. There is a potential mission for LASREF in meeting the critical need of the CIT and ITER projects for 
testing magnet materials and ceramic insulators, and for more general studies of special purpose materials. 
The large irradiation volume makes possible instrumented in situ measurements on materials and, most 
importantly, on components and subassemblies. Electronic noise at LASREF is high but should be 
controllable. 
For CIT, studies of the shear strength of organic insulators are needed to a dose of 1000 MGy over the 
temperature range of 77 K to 300 K. Since there is experimental evidence that neutrons are more damaging 
than gammas per unit energy deposition, neutron exposures of 300 to 1000 NGy, which should easily be reached 
at LASREF, are required. The high neutron/gamma ratio at LASREF is important for assessing neutron versus 
gamma damage. The establishment of a liquid nitrogen capability at LASREF looks relative'y straightforward. 
This would permit testing of RF windows at ITER-relevant temperatures as well as magnet materials. 
For ITER, doses of only 30 NGy are required for organic insulators, but shear testing under a compressive 
load is needed at 4 K. In addition, studies of composite superconductors (i.e., superconductor, matrix, and 
stabilizer) are needed to firmly establish exposure limits of candidate commercial materials. This work is 
probably feasible at LASREF. 
Any upgrade in flux would expand the types of materials that could be tested and would permit in situ tests 
at more realistic fluxes. 
(The full report contains further discussion of in situ testing and details on CIT/ITER needs for 
irradiation testing of magnet materials.) 
10. There has been some use of LASREF by foreign laboratories. Interest in future experiments has been 
expressed from a laboratory in the Peoples Republic of China (in situ mechanical testing), Tohoku university 
(in situ creep) and KfA Jülich (JET/NET). The Japanese (Nonbusho) program might indeed find LASREF 
irradiations an appropriate bridge between their earlier RTNS-II irradiation program and the current FFTF 
program. 
11. The potential for having an FMIT-like, accelerator-based neutron source in the U.S. in 1995-6 should 
not influence any actions regarding LASREF. 

Recommendations to OFE 
1. Formulate a decision quickly regarding significant use of LASREF or the opportunity to take advantage of 
the rather extensive capabilities developed there may be lost. 
2. Do not establish a sustained program for alloy development for fusion applications at LASREF at this 
time. The current damage rates are too low and pulse effects may Introduce uncertainties at elevated 
irradiation temperatures. To take advantage of a significant upgrade would require not only funding of the 
upgrade and the LANL staff to support it, but also of a research program to evaluate spectral and pulsing 
effects. While the large irradiation volume and near-room temperature capability are attractive, they do 
not justify a diversion of funds from current reactor irradiation programs. 
3. Define, in conjunction with LASREF personnel, a potential LASREF irradiation program designed to meet 
CIT/ITER needs for In situ testing of insulators, magnet components, and diagnostics (see Appendices 4 and 5 
of full report). Funding should come frcm these projects. 

3.1 Determine feasibility of developing a 77 K capability and estimate cost (rough estimate by Los 
Alamos is S100K) and schedule. 

3.2 Determine feasibility of developing a 4 K capability and estimate cost and schedule, unless the 
Office of Basic Energy Sciences (OBES) plans to operate the cryogenic facility in the Bulk 
Shielding Reactor (BSR) at Oak Ridge. In the latter case, assurance of sufficient Irradiation time 
for fusion experiments is needed. 

3.3 Determine cost effectiveness of proposed LASREF upgrades in light of CIT/ITER needs. 
3.4 Estimate operating costs for various scenarios. 

4. Evaluate analytically the potential for increasing the peak flux through the use of a neutron multiplier 
and/or reflector. The cost should be low if the large amount of Cray time required is made available at the 
National Energy Research Supercomputer Center (NERSC) at Livernore. (Significant flux upgrades, with the 
exception of decreasing the diameter of the beam stop, will soften the spectra; helium/dpa ratios lower than 
fusion reactor first wall values are likely, though not so low as encountered in fission reactors.) 
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A decision on whether to proceed uith a preliainary design and cost estiaate for iapleaenting this approach 
would be dependent on its calculated benefits and the need as perceived in Recoaaendation 3 
5. Exaaine the potential for international participation- Nonbusho, NET/ITER teaa laboratories--in LASREF 
facility developaent and utilization. 
6. Modify and further test the LAHET (high-energy transport) code if significant use of LASREF :s contea-
plated. (A suggested approach is given in Appendix 3 of the full report. Soae Measurements will be aade 
shortly of heliua concentrations in LASREF-irradiated speciaens; these will provide a preliainary check of 
calculated transautation rates.) In addition, expanded calculations will be needed of the spatial 
dependence of daaage rates. 

FUTURE WORK 
The work of the coaiittee has been coapleted and its report ("Report of the LASREF Evaluation Coaaittee", 
PW1-SA-18584, July 1990) given wide distribution. Further copies are available fro* the chairman. 
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DEVELOPMENT OF DISC COMPACT TENSION SPECIMENS AND TEST TECHNIQUES FOR HFIR IRRADIATIONS. 
C. Elliott, M Enmark. G. E. Lucas. G. R. Odette (University of California. Santa Barbara) and A. Rowcliffe (Oak Ridge National 
Laboratory) 

OBJECTIVE 

The objective of this work is to dev-i-p techniques for evaluating fracture toughness from specimens compatible with the HFIR 
irradiation environment 

SUMMARY 

Near term irradiations of candidate alloys being planned for thcIUghRuxIsotopr Reactor (HFR) in suppon of ITER and isotope 
tailoring experiments ncrrvñtatr die use of relatively small fracture toughness specimens, eg. down to 1Z5 mm in diameter. The 
specimens will also contain substantial «mounts of helium. This work involved the application of ekcaopotemial drop techniques to 
detemnneJ-iesistaiicretrves for this purpose m HT-9 so 

20 °C to -100°C; in addition, the effects of side grooving were examined. Good agreement between J-rcsistance curves determined by 
die etoctropotenrial drop and by multiple specimen techniques were obtained for all specimwi gr*mnmi~*. ««•< »nH ntnpw^mi^ 

PROGRESS AND STATUS 

Introduction 

Irradiations in the High Flux Isotope Reactor (HFIR) are being planned for several purposes. One is to develop data pertinent to 
anticipated operating conditions for the International Experimental Tctamak Reactor (TIER), where irradiation iem^ 
60-350°C are needed.[ 1] The other is to systeinatx^y detenrane the effect 
mechanical properties of teniae and austenmc steels using isotope tailoring.[2J In both cases it is desirable to obtain fracture toughness 
data on irradiated material. However, because of iiradiation volume and/or material constraims, ñ ú anticipated ÜW fracture toughne^ 
data will have to be obtained from J-rcsistar.ce (J-R) curves developed from single specimens having diameters as mall as 12J mm. 
Huang and co-workers [3-5] have developed electropotentíal drop techniques for obtaining fracture toughness fiom small specimens. 
Our effort was undertaken to evaluate some subsequent improvements to die electroporential drop technique for specimen geometries of 
interest to HFIR irradiations, and to examine possible ways of lead attachment to specimens anticipated to contain significant amounts of 
helium. 

Experiments 

Tests to date have been performed on specimens taken from the ESR heat of HT-9. Compact tension (CT) specimens with the geometry 
shown in Figure 1 were fabricated from 16 mm thick plate in die stress relieved condition, for which rracrostructures have previously 
been "xamined [6.7]. As tabulated, three sizes were machined, having thicknesses of 12.8 mm. 8 mm and 4 mm. In addition, two 
initial notch depths were fabricated, with crack length to specimen width ratios (a/w) nominally 0.3 and 0.5. For the a/w - 0.5 
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Dimensions (in mm) 

D a W a/W B C 
40.0 13.6 30.0 0.45 12.8 21.0 
40.0 7.5 30.0 0.25 12.8 15.0 
25.0 7.9 18.8 0.42 8.0 12.5 
25.0 4.7 18.8 0.25 8.0 9.4 
12.5 3.0 9.4 0.32 4.0 5.5 
12.5 2.3 9.4 0.25 4.0 4.8 

Figure I. Disc compact specimen geometry, and tabulated specimen dimensions. 

http://J-rcsistar.ce
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specimens, several specimens were side grooved 2 0 * (= B-B</B) with a 45° notch and a root radies of 0.25 mm. Small nubs were 
machined onto the faces of each disc compact ension specimen for the purpose of attaching the voltage measurement leads accurately 
and. hence, measuring potentials reproducibiy. [8| Finally, for purposes of comparison. 12 mm thick square compart tension specimens 
with the geometry given in ASTM Standard E399 were fabricated with an a/w of 0.5. Direct current leads were attached to the top and 
bottom of each specimen by screws. Voltage leads made of 0.25 mm diameter 410 steel wire were spot welded to the nubs on the 
specimen faces. The selection of lead wire was chosen to approximate the composition of HT-9 and hence redice thermoelecthc emf 
contributions to the voltage &gbal.(9) The highest sensitivity to crack length changes, and lowest sensitivity to lead location and crack 
shape was found for leads attached to opposite sides of the specimen across the crack plane; this is in agreement with previously 
reported results.(9] As discussed below, separate reference potential drop measurement leads were found to be unnecessary. Previous 
experience with austenibc stainless steels suggests that difficulties may be encountered in welding Vrads to steels containing a few appm 
helium; consequcv'.y, various welding techniques are currently being investigated using steels doped with helium via the tritium trick. 

All specimens were pre-cracked and tested on a closed-loop, servohydraulic load frame. The specimens were attached to the load frame 
by pin and clevis grips; and the load train was electrically insulated fromthentachinebyceramicwashers.IX!currentsof 10.5and3 A 
were applied from a stable current source to thr 12.8 mm. 8 nan and 4 mm thick specin .as, respectively. Each specimen was fatigue 
pre-cracked at ambient temperarure at a AK of approximately 24 MPav'm to the desired initial crack length (eider a/w -0.3 or 0.5). 
Following pre-cracking specimens were tested at ambient temperature by monotonic loading under displacement-control conditions ata 
displacement rate of 5 |im/s to a final desired crack length, and specimens were t e s ^ at low tenipeiatuics by submersion in an aknhol 
bath during similar monotone loading at a rate of 2.5 um/s. Crack lengths were momwred both by optical measurements of surface 
CTacks at ambient tenperanm; and by potential drop rnrasurernents» 

measures of crack extension as discussed below. Load-ram displacement and potential-ran displacement data were recorded on a 
compwerKed data acquisition system. Because the voltage leads hindered attachment of a clip gage, ram dispiacemem was converted to 
specimen load-h.* displacement through a calibration of system compliance. Following testing, unbroken specimens were heat tinted in 
air, fatigued and then fractured at liquid nitrogen temperatures. The initial notch length (a¡). fatígue-precrack (a¿) and final crack lengdi 
(ar) were measured from die fracture surface. Nine point averages of crack lengdi were obtained for the smooth specimens, and 18 point 
averages for die side-grooved specimens because of die larger variation of crack length with position as discussed below. 

Multiple specimen J-Aa curves were obtained, when possible, from fractographically measured values of average crack length change 

Aa, and Jic was determined using die procedures outlined in ASTM Standard E8I3. In addition, a variety of potential drop-crack length 

calibrations were considered and evaluated as described below. Once calibrated, the potential drop data were used along with die load-

dispiacement dan to evalúa» J-Ar curves, and hence Jc . from single specimens by methods recommended by Hacken et al.[ 10) In both 

cases, die tearing modulus T was determined from T = dJ/da (E/Oo2), where E is the elastic modulus and OQ the yield strength, and dJ/da 

die slope of the J-Aa curve used to determine JJC-

Eau¡& 

The crack shapes evolved in very different ways in die smooth and side-grooved specimens. As illustrated in Figure 2, die cracks in the 
smooth specimens showed some tunneling. Tunneling was more pronounced under monotonic loading than fatigue, and slightly greater 
in the largest specimens. However, in die side-grooved specimens, die tunneling profile was inverted, with die crack growing much 
more rapidly at die surface of die side-groove than in UK interior. 

Distinct from Edg* (mm) 

Figure 2. Comparison of crack shape geometries for smooth and side-grooved specimens with a/w » 0.5. Data shown here are for 
12.8 mm thick specimens. 
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The a/w = 0.3 specimens showed anomalously high JJC and tearing modulus data, indicative of arm bending.| 111 Consequently, these 
specimens were only used to extend die calibration curve between crack lengths and potential drops over a wider range of initial crack 
lengths. We examined several differed approaches to calibrating potential drop measurements with crack length. Early workers 
developed calibrations between potentials normalized by a reference potential (U0> and crack lengths normalized by either ininal crack 
lengths or specimen dimensions. For example, Ritchie (8) and others [12] have used the product of the specimen width and voltage 
gradient in an uncracked region of die specimen for l i» whereas Hucng (3-5) and others (12,13) have used the initial value of potential 
drop for LV However, die former method requires an additional set of leads and measurements, while die latter can lead to calibration 
curves that are sensitive to crack and specimen geometry. Indeed, we found that normalization against initial values of potential and 
v nek length gave calibration curves which were very sensitive to specimen geometry (especially smooth versus side-grooved 
specimens), and slightly sensitive to crack geometry (especially fatigue pre-cracked versus blunted). More recently it has been 
suggested that using a potential drop at a fixed value of crack lengdi to widdi ratio (a/w) for U D results in a calibration curve diat is less 
sensitive to material and geometry.[9,10) Accordingly, we found dial die potential dau were collapsed when die crack lengdi was 
normalirai by specimen widdi and die potential drop data were normalized against die potential drop at an a/w = 0.5 for a particular 
specimen geometry (ie, size and eidier grooved or ungrooved). This is shown in figure 3. This calibration was used to evaluate single 

speciiren J-Aa curves. 

3 
3 

U 2 0 3 0 4 0 5 0 6 

a/W 

Rgure3. Potential drop normalized by values at a/w=.5 versus crack length to specimen width ratio. The fit to the dau is shown as the 
solid line. 

Representative single specimen J-Aa curves are shown for several specimen geometries in Figure 4. The end point dau in Fig. 4 were 
obtained from fractographic measurements of Aa. The procedure outlined by Hacken e t al. [ 10] fues the end points (ao and ar) to the 
direcdy measured values, and hence die values of Aa determined from potential drop measurements agree exacdy here. This procedure 
also calculates J incrementally from load-displacement dau and values of a between a,, and a, calculated from potential drop, and hence 
the end point values of J differ slightly in some cases. The largest source of uncertainty in the procedure is in establishing die point of 
crack initiation. However, where comparisons could be made, fractographic indications of initiation were in agreement witii predictions 
based on potential drop measurements. Although to date diere are insufficient dau to compare single specimen J-Aa curves to multiple 
specimen curves for all die specimen geometries we investigated, where comparisons could be made there was reasonably good 
agreement. This is shown :n Table 1. 

The dependence of Jic and T on specimen size and side grooving is also shown in Table 1. The values of JJC for the 12 mm thick 
specimens were in reasonable agreement with die values obtained from multiple specimen tests on die square CT specimen (220 kJAn2). 
This is larger than the value of JK - 95 kJ/m2 for HT-9 reported by Huang and Wire (3), but the particular heat treatment investigated 
here results in a somewhat lower yield strength and higher ductility, so that a higher JJC is not unexpected. There appears to be a 
systematic decrease in Jic widi specimen size in die smooth specimens and it is somewhat aggravated in the side-grooved specimens. 
Because of the relatively large toughness and low flow stress or of die material examined, die minimum thickness required to meet die 
ASTM validity criteria for Jic (ie, B > 25 Jic/<Jf) is approximately 9 mm, which is larger dun die two smallest specimen sizes, smooth 
and side-grooved. Although diere have been arguments to suggest that Jic should increase widi decreasing size below die minimum 
thickness, the opposite has been observed in a number of insrancis, particularly when the test material has high toughness relative to 
strength. (15,16) On the other hand, side grooving decreases the tearing modulus, but diere appears to be less of a systematic 
dependence of T on specimen size. 
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Figure 4. Representative J-Aa curves obtained from potential drop data for the a) 12.8 mm and b) 4 mm thick specimens. 

Tabic 1 
Comparison of Potential Drop and 
Multi-Specimen Data 

B SG? JicikJ/m 2) 1 r B SG? 
• D ' MS2 PD> MS 2 

1 2mm No 262 239 376 406 1 2mm 
Yes 249 277 225 221 

8mm No 180 165 377 397 8mm 
Yes 1 13 326 

4mm No 158 113' 439 555 4mm 
Yes 77 299 

'Potential Drop Test 
2Multi-Specimen Test 
3 Based on Limited Data 
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In any event, the relatively good agreement between potential drop and multispecimen data and die insensitivity of die calibration curve to 
specimen and crack geometry suggest these techniques will be applicable to irradiated specimens. This is supported by results from low 
temperature testing which are shown in figure 5. Here, Jic values obtained from the three specimen sizes are plotted as a function of test 
temperature along with data obtained from large specimens. These large specimen data were converted from valid K(ASTME399) data 
ty J|C = Krfed-v 2 ) . The validity lines for 4 mm, 8 mm. and !2 mm duck specimens are also superirnposedflJata below rhese lines 
meet the ASTM size craeriz.). As can be seen at die lower temperatures where Jic is reduced ardobincieased relative to die values of 
die material at ambient temperature, die Jic data matches well wirh values determined using ASTM standard E399 and specimens meet 
E813 size requirements for all speciuien sizes. 
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Figure 5. Low temperature test results for all specimen sizes. 

SUMMARY AND CONCLUSIONS 

We have investigated the applicability of electropotential drop techniques to obtaining J-Aa curves from single specimens compatible in 
volume and geometry with HFIR irradiation volumes. Both smooth and side-grooved specimens were examined. When the crack 
length was normalized against specimen width and the potential was n o n ^ ú e d against a refere»* rxaential obtai i^ 
ratio of a/w = 0.5 for a given specimen geometry, the data were collapsed for the range of specimen geometries investigated. J-Aa 
ciirves obtained from potential dropdata were in good agreement with nwltisrjecirnen data. A systematic decrease in Jic with specimen 
thickness was observed for both side-grooved and smooth specimens. The tearing modulus was reduced by side grooving but was less 
dependent on specimen size. Smaller values of Jjc and larger values of flow stress obtained at lower test temperatures resulted in 
satisfaction of the ASTM size criteria for obtaining fracture toughness information for even the smallest specimens. Similar material 
property changes anticipated in irradiated materials should permit the use of smaller specimens in HFIR irradiations. 

FUTURE WORK 

Work will continue on both ferritic and austenitic steels, with an emphasis on identifying viable techniques for lead attachment in 
specimens containing helium. 
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DESIGN, FABRICATION. AND OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION 
CAPSULES - A. W. Longest, D. W. Heatherly, E. D. Clemmer (Oak Ridge National Laboratory), and J. E Coram (Midwest 
Technical, Inc.). 

OBJECTIVE 

The objective of this work is to design, fabricate, and operate irradiation capsules for irradiating magnetic fusion energy 
(MFE) first-wall materials in the High Flux Isotope Reactor (HFIR) removable beryllium (RB*) positions. Japanese and VS. 
MFE specimens are being transferred to RB* positions following irradiation to 7.5 dpa at temperatures of 60, 200, 330, and 
400°C in Oak Ridge Research Reactor (ORR) experiments ORR-MFE-oJ and -7J. 

SUMMARY 

Design and fabrication of four HFIR-MFE RB* capsules (60,200,330, and 400K^ to acconunodate specmxns previously 
irradiated in spectrally tailored experiments in the ORR are proceeding satisfactorily. These capsule designs incorporate 
provisions for removal, examination, and re-encapsulation of specimens at an intermediate exposure level of 16 displacements 
per atom (dpa) en roue to a target exposure level of 24 dpa. With the exception of the 60°C capsule, where the test specimens 
are in direct contact with the reactor cooling water, the specimen temperatures (monitored by 21 thermocouples) are controlled 
by varying the thermal conductance of a small gap region between the specimen holder and the containment tube. 

Irradiation of the 60 and 330*C capsules was successfully started upon return of the HFIR to full power operation on 
Jury 17,1990. As of September 30,1990, these two capsules had completed 1 1/2 cycles of their planned 14-cycle irradiation 
to a damage level of 16 dpa. Fabrication of parts for the other two (200 and 400°C capsules) is nearing completion. Assembly 
of the 200 and 400°C capsules is scheduled for completion by the end of FY 1991; operation of these two capsules will follow 
the first two (60 and 330°C). 

Capsule design and preparation of fabrication drawings for re-encapsulation of the MFE specimens after 16 dpa into 
two dual-temperature capsules (60/200 and 330/400°C) are scheduled to be completed in FY 1991. 

PROGRESS AND STATUS 

imreductipn 

A series of spectrally tailored irradiation capsules are being designed, fabricated, and operated as part of the U-S/Japan 
collaborative program for testing MFE first-wall materials in mixed-spectrum fission reactors. The test specimens are being 
irradiated in the new RB* facility1 of the HFIR. 

The first four HFIR-MFE RB* capsules were designed to accommodate Japanese and VS. specimens previously 
irradiated to 7.5 dpa at temperatures of 60, 200, 330, and 400°C in the ORR in spectrally tailored experiments ORR-MFE-6J 
and -7J. Details of these ORR experiments, including descriptions of the test matrix, mechanical property specimens, and 
techniques of spectral tailoring, have been reported elsewhere." 

The first four HFIR-MFE RB* capsules will be irradiated in pairs (first the 60 and 330*C capsules, then the 200 and 
400*C capsules) to a damage level of 16 dpa. After these four irradiations, the test specimens will be ¡r /loved, examined, and 
approximately one-half of them re-encapsulated into two dual-temperature capsules (60/200 and 330/4O0°C) for irradiation to 
24 dpa. Hafnium liners are being used to tailor the neutron spectrum to closely match the helium production-to-atom 
displacement ratio (14 appm/dpa) expected in a fusion reactor first wall. 

60°C Capsule 

The 60*C capsule, designated HFIR-MFE-60J-1, is an uninstrumented capsule with the test specimens in contact with 
tne reactor cooling water. Capsule design, assembly, and details of the specimen loading were described previously.4 

Irradiation of this capsule began July 17. 1990, at the start of HFIR cycle 289. A* of September 30, 1990, 1 1/2 cycles 
of its planned 14-cycle irradiation to a damage level of 16 dpa had been completed. Specimen operating temperatures in this 
capsule are predicted to *»• within I0°C of 60°C 
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330°C Capsule 

The 330°C capsule, designated HFIR-MFE-330J-1. is an instrumented and singly contained capsule where the specimen 
temperatures are monitored by 21 thermocouples and controlled by adjusting the thermal conductance of a small gas gap region 
between the specimen holder outer sleeve and the containment tube. This capsule is cot: led with 49°C :eactor cooling water 
flowing downward over the containment tube surface. Capsule design, assembly, and details of the specimen loading were 
described previously." 

Irradiation of this capsule began on July 17. 1990. at the start of HFIR cycle 289. As of September 30, 1990.1 1/2 cycles 
of its planned 14-cyclc irradiation to a damage levei of 16 dpa had been completed. Measured temperatures from the 21 ther
mocouples in the aluminum alloy specimen holder indicate that specimen operating temperatures are within 25°C of 33<FG 
which satisfies the temperature criterion for these experiments. 

200 and 400-C Capsules 

The 200 and 400°C capsule designs were described previously7 and are basically the same as that of the 330°C capsule. 
The main differences in the three capsule designs are associated with (1) the number and spacing of the specimen holder slots 
and holes to accommodate the different specimen loadings, (2) the width of the temperature control gas gap region between 
the specimen holder outer sleeve and containment tube to obtain the desired specimen temperatures, and (3) the test piece 
included in the aluminum plug and holder above the test specimen holder to obtain extra information. 

Fabricat^n of parts for both capsules is neanng completion. Assembly of the capsules is scheduled for completion by 
the end of FY 1991 Operation of these two capsules will follow the first two (60 and 330°C). 

HFIR-MFE RD- Facilities 

Facility preparations required for operation of the HFIR-MFE RB* capsules were completed during the report period. 
Preparations completed included final checkout of Materials Irradiation Facility No.3 (MIF-3), which is being used for the 
HFIR-MFE-330J-1 capsule: connection of the instrumented 330°C capsule to the MIF-3 facility; and installation of a storage 
rack for HFIR RB* capsules at the west end of the HFIR pool. 

FUTURE WORK 

Assembly of the 200 and 400°C capsules is scheduled to be completed in FY 1991. 

Capsule design and preparation of fabrication drawings for re-encapsulation of specimens after 16 dpa into two dual-
trmperature capsules (60/200 and 330/4OO°C) are scheduled to be completed in FY 1991. 
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APPLICATION OF BALL PUNCH TESTS TO EVALUATING FRACTURE MODE TRANSITION IN FERRITIC STEELS. 
J. McNaney, G. E. Lucas. G. R. Odette (University of California, Santa Barbara) 

OBJECTIVE 

The purpose of this study was to examine ball punch test techniques for determining fracture mode transition behavior in ferribc steel 
specimens as small as TEM discs. 

SUMMARY 

An investigation was made of the applicability of a ball punch test to evaluating the fracture mode transition in ferriúc steel specimens 
equivalent to transmission electron microscopy flfcM) discs. Bom static and dynamic test conditions were examined in specimens with 
and without several intentional defects. High displacement rates (> 4 mm/s) resulted in adiabatk: heating of die specimen during testing. 
Smooth specimens were found to provide more reproducible and useful data than speciiriensamtaininghoks and grooves. A good 
correlation was found between the absorbed energy beyond maximum load and fracture mode transition, with die latter characterized by 
either fracture appearance or Charpy impact energy. 

PROGRESS AND STATUS 

Introduction 

A variety of techniques have been examined for extracting mechanical properties from specimens with relatively small volumes for die 
purpose of optimizing irradiation volumes available to fusion reactor materials development efforts.! 1 ] For this purpose, several studies 
have examined ball punch tests applied to transmission electron microscopy (TEM) disc geometries to evaluate strength and ductility 
parameters, and in some instances fracture mode transitkm.[2-7] In this study, we were particularly interested in using die ball punch 
test to characterize fracture mode transition in ferritic steels. Fracture mode transition is a phenomena that may be potentially limiting to 
ferritic steels in fusion reactor environments,[8] and we have a number of irradiation experiments either planned or completed which 
include TEM-disc-type specimens of ferritic steels. However, most of the ball punch tests reported in die literature to date have been 
conducted under slow strain rate conditions on smooth specimens. We wanted to investigate the applicability of the technique under both 
static and dynamic conditions on specimens containing a number of different intentional defects, and to identify the most important test 
parameters for characterizing fracture mode transition. 

Experiment 

Tests were performed on specimens taken from five ferritic steels, two of which were in two different metallurgical conditions. The 
steels and their nominal compositions are listed in Table 1. The A302B plate, A508 forging, and Linde 80 weld were low alloy, pressure 
vessel steels with a tempered bainite microstructure.[9] The A508 material was in the as-forged condition as well as re-austenitized at 
1038 °C fot 1 h.[10] In addition, die Linde 80 weld was available in both unirradiated and irradiated conditions. The irradiated material 
had been exposed to a neutron flux of 3.6 x 1 0 1 2 n/cm2-* to a fluence of 2.6 x 1 0 1 9 n/cm 2 at a temperature of 305 °C.[9] The HT-9 
was cken from die stress-relieved condition of the ESR heat, and had a tempered martensitic structure.! 11 ] The HSLA steel was an 
ASTM A710 class of steel with a polygonal ferrite structure.! 12] These steels were selected to provide a range of mechanical properties 
and microstructures. In addition, mechanical property and fracture mode transition data were available for these steels from previous 
studies.[9,10,12,18J 

Table i 

MAJOR CONSTITUENTS OF ALLOYS 
(weight %) 

Alloy C Cu Ni Mn Si Cr Mo V Nb 

0.02 --
0.04 

0.28 --

A302B 0.23 0.20 0.17 1.47 0.26 0.05 0.52 
WELD 0.12 0.40 060 1.36 0.51 0.04 0.44 
A508 0.22 0.02 0.63 0.64 0.28 0.34 0.58 
HSLA 0.01 1.18 0.97 0.60 0.28 0.73 0.18 
HT-9 0.20 0.07 0.51 0.51 0.17 12.1 1.04 
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Specimens were fabricated from each material by sectioning coupons from available material, lapping die coupons to the desired 
thickness and punching 3 mm diameter disc specimens from die lapped coupons. The coupons were lapped to thicknesses between 0.25 
to 0.28 mm, except the Linde 80 weld, which was already available as lapped coupons 0.45-0.53 mm thick. In punching the discs, the 
coupons were clamped between the punch and follower rod with a force of 150 N. The resulting specimens were flat with a thickness 
variation 'tss than \% across the disc. 

The effects of two intentional defects were examined in some detail. Concentric through holes were machined into specimens with a 
0.2 mm diameter carbide drill. In addition, annular troughs were machined into specimen surfaces with a hardened steel trepanning tool. 
The resulting concentric troughs were 1 mm in diameter, with a trapezoidal cross section 0.13 mm in nominal widdi at the base, 0.2 mm 
at the top and 0.1 mm deep. It was anticipated that such defects would concentrate elastic stresses by as much as a factor of 2.( 13 ] 

Specimens were tested on bod. a screw-driven instrumented load frame (for static and intermediate rate tests) and on a drop tower (for 
dynamic tests). In each case, die specimens were deformed widiin a punch fixture placed within a temperature bath. The punch fixture 
is shown in Figure 1. It consisted of an upper and lower die which clamped die specimen in a recess in die lower die. The specimen 
temperature was monitored by a thermocouple placed within 1 mm of die specimen circumference. A hardened steel punch tipped with a 
1 mm diameter ball was used to deform the specimen into a shouldered recess 2 mm in diameter. For temperatures of 75 K and 298 K 
down to 140 K. a liquid nitroeen-oreanic solvent bath was used to immerse die entire punch fixture. For temperatures between 75 K and 
140 K, a concentric dual bath was used. The outer barh was filled with liquid nitrogen. The inner bath was maintained dry (to avoid 
icing of the fixnire) with forced, pre-cookd nitrogen gas. This cooled die specimen down to about 75 K. The desired specimen 
temperature was achieved by adjusting current through heating tape imbedded in die specimen fixture. Specimen temperatures were 
maintained to within +1 °C during the course of a test in either environment. Load on the specimen was monitored as a function of 
punch displacement dnoughout each test. Following testing, selected specimens were examined by scanning electron microscopy. 

Figure 1. Schematic illustration of die ball punch fixture 

Results 

Materials varied in their reproducibility in load-displacement behavior, with HT-9 and the HSLA steel showing the best and A302B the 
worst A typical set of load-displacement curves as a function of test temperature are shown for 'he HSLA steel in Figure 2. At ambient 
temperature, die load-displacement curve is characteristic of a ductile metal, showing a) an initially linear-elastic regime followed by b) a 
deviation from linearity, c) an inflection in die rising load-displacement curve, d) a maximum and e) a sudden drop in load. These have 
been interpreted as a) an initially elastic response, b) die formation and spread of yield zones to form a plastic hinge at die specimen 
center, c) work hardening ¡>nd the transition from bending to membrane stretching, d) localized necking and e) fracture, 
respectively.[3,17) At ambient temperature it is clear that failure occurs by ductile fracture at die circumference of the contact area were 
plastic strains are maximum.! 14,15) As the test temperature decreases, the effective flow stress of die material, and hence the \o;A for a 
given punch displacement, increases; however, the punch displacement at maximum load and at failure decreases. At the lowev 
temperatures, die specimen fractures at the maximum load largely by cleavage. However, it is important to note (hat even at these low 
temperatures both (he load-displacement curves and the SEM micrographs showed evidence of yielding and substantial plastic 
deformation prior to fracture. The increase and decrease in maximum load with decreasing temperature is ar alogous to the behavior of 
maximum load in instrumented Charpy testing of fenitic steels! 19) 
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Figure 2. Load -displacement curves as a function of test temperature for the HSLA steel. 

We analyzed the data several ways for each material to correlate changes it. the fracture mode with changes in the load-displacement 
curve. This included examining total displacement to failure, displacement to maximum load, and plastic energy absorbed in deforming 
the specimen up to the maximum load and beyond the maximum load. Each of these shows a transition from relatively low values at low 
temperatures to higher values at temperatures approaching ambient The most dramatic "transition," however, was evidenced by the 
energy absorbed beyond maximum load (AE). An -xample is given in Figure 3 for the A508 steel. With decreasing test temperature, a 
very steep transition to AE = 0 occurs when cleavage fracture becomes predominant 

Increasing deformation rate and intentional defects were found to degrade the utility of ths ball punch data for monitoring fracture mode 
transition. Tests performed under dynamic conditions (ie, displacement rates of about 4 - 200 mm/s) were found to change the fracture 
mode at 75 K from cleavage to ductile fracture in the steels examined. Simple calculations indicated that heating from plastic deformation 
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Figure 3 Absorbed energy beyond maximum load as a function of test temperature for the A508 steel. 
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was sufficiently adiabatic under dynamic conditions to elevate the specimen temperature above the transition. The effect of a concentric 
hole was to indeed promote fracture, presumably by stress intensification: however, once initiated, cracks grew radially. At low 
temperatures, the stress field falls off in the radial direction.! 14) and hence the cracks grew stably. This produced load-displacement 
curves with no obvious features corresponding to fracture, even w hen the fracture mode was cleavage. Finally, the presence of an 
annular trough also promoted fracture and lead to rapid crack propagation around the trough circumference, thus producing a marked 
drop in the load-displacement curve. However, differences between load-displacement curves obtained at high and low test temperatures 
were less pronounced in specimens containing troughs than those without. Consequently, the optimum test conditions for monitoring 
fracture mode transition in these small disc specimens appear to be smooth specimens tested under static conditions. To ensure optimum 
data resolution and temperature control, subsequent tests were conducted at displacement rates of 0.04 mm/s. 

Several approaches were taken toward identifying transition temperatures in the ball punch data that were correctable to Charpy V-notch 
(CVN) data. The correlation leading to the best fit was found to be between the 41 J transition temperature (T41) in a CVN test and 
temperuures (TSP) at AE = 4.5 and 9 mJ for the 0.25 mm and 0.5 mm thick specimens, respectively. This correlation is shown in 
Figure 4. The slope of the curve for both the 0.25 mm thick specimens and uie 0.5 mm thick specimens is 0.189 °C/°C. Accordingly, 
for the A508 steel re-austenitization induced a 150 °C shift in T41, and a corresponding 33 °C change in TSP was observed; and in the 
Linde 80 weld, irradiation induced an estimated shift of 144 °C in T 4 I [ 18], and a change of 29 °C in TSP was measured. 

As can be seen in Figure 4, TSP for the 0.5 mm thick specimens lies below that for the 0.25 mm thick specimens. A possible 
reason for this is as follows. It has been argued that the applied tensile stress should exceed some critical value Or* for cleavage initiation 
in smooth and blunt notch specimens.[8) Values of Of* have been previously measured for the steels investigated here and range from 
1800 MPa to 2400 MPa.[ 10J A number of analytical and numerical calculations of the stress and strain distribution in a sheet specimen 
undergoing hemispherical punching indicate the maximum stresses achieved during punching are of the order 0.7tc, where K is defined in 
the constitutive relation o = KE".[ 14-16) From previous analyses of tensile and instrumented Charpy data on these steels,[9-12) upper 
estimates of values of K at temperatures corresponding to AE = 0 are of the order 2000 MPa, and hence, maximum calculated stresses at 
cleavage fracture would be in the range of 1400 MPa to 1600 MPa. This suggests that some stress intensification occurs, probably due 
to local necking, with stress intensification factors of the order 1.2 - 1.4. Indeed, this is consistent with the significant plastic 
deformation and surface roughening observed to occur prior to cleavage fracture in our tests. Moreover, it is expected that for a given 
amount of local necking, the stress intensification would be smaller in the thicker specimens, thus requiring a lower test temperature to 
achieve conditions for cleavage fracture.Moreover, this small degree of stress intensification relative to stress intensification factors of 
about 2.2 in Charpy testing! 19] is consistent with the smaller changes in transition temperature (by about 5 times) exhibited in the disc 
specimen test compared to CVN tests. That is, increasing stress intensification (M) should increase the slope of the temperature 
dependent yield stress (Oy) relation at the point where Moy = of, and hence, increase the change in the temperature at which this equality 
is satisfied for the changes in either o y or or*. 
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Figure 4 Correlation between the 41 J transition temperature in CVN specimens and the temperature at 4.5 nJ and ') mJ of absorbed 
energy beyond maximum load in the ball punch tesis on 0.25 mm and 0.5 mm thick specimens, respectively. 
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CONCLUSIONS 

We have investigated several test páramelas pertinent to obtaining fracture mode transition information on ferritJc sted disc 
specimens from a ball punch lest It was found that dynamic testing of such small specimens leads to adiabatk heating, and hence testing 
was limited to stark rates. While small concentric holes indeed promote crack initiation, die cracks grow stably into a falling radial stress 
field, and fracture mode transition is not obvious from load displacement data. Annular troughs also promote fracture, but die 
differences in load-displacement behavior between ductife ftacnire and ck^vage fracture regimes are reduced. Hence, the bulk of die 
testing was performed on smooth specimens. It was found dot test temperatures at values of absorbed energy AE = 4.5 mJ for 
025 mm thick specimens and 9 mJ for 0.5 mm specimens correlate well widi die 41J transition temperature in CVN tests, and hence 
changes ui transition temperature induced by ddierdieniial conditioning or irradiation could be monitored by ball punch techniques. 
However, die ball punch test is less sensitive to changes in transition temperature than die conventional CVN test 

FUTURE WORK 

The test is being considered for several irradiation experiments. 
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Ü£¥ElO«©fr Of PRESSURIZED Tl«€ SPFCIMFN FOR CREEP TESTING Of BERYLLIUM - W. S. Neef, R. W. Hoir (Lawrence 
Livermore National Laboratory), E. K. Opperman (Westinghouse Savannah River Company), and H. L. Hamilton 
(Pacific Northwest Laboratory) 

PURPOSE 

The purpose of this work was to demonstrate that creep tests could be performed on beryllium in the same 
pressurized tube geometry as is commonly used in the FFTF/HOTA. 

SUMMARY 

The ability to fabricate a pressurized tube specimen from beryllium was successfully demonstrated. The 
specimen failed at a midwall hoop stress of about 32 ksi in a burst test at 500*C. 

PROGRESS AND STATUS 

Introduction 

Host of the proposed ITER blanket designs call for the use of beryllium as a neutron multiplier to Increase 
the tritium breeding ability of the blanket. In addition to its excellent neutron multiplication 
characteristics, it is also a low activation material with high thermal conductivity. The main issues 
related to the use of beryllium focus on thermal and ti ittm transport, mechanical performance, and 
compatibility.111 As a nonstructural material that will probably rely on stainless steel for Its support, 
the most important performance questions concern deformation, stress on structural components and thermally 
induced cracking. Due to the previous use of beryllium In both the fission reactor and aerospace programs, 
a significant data base exists for the thermal, mechanical, physical and Irradiation behavior of beryllium, 
primarily in the form of relatively dense «ateríal containing 1 to 2 weight percent BeO. Lower density 
forms of beryllium are proposed, however, for ITER blanket designs. 

The baseline physical properties of beryllium are fairly well understood.i,] Mechanical properties, 
however, are rather sensitive to microstructural variations as well as impurities, both of which are 
dependent on fabrication techniques. While beryllium will not be a structural component in the blanket, it 
is nonetheless important to identify conditions of differential thermal expansion, swelling and creep where 
the material will crack. Only minimal data are available on the effects of radiation on the properties of 
beryllium in the temperature range of interest. In particular, irradiation creep needs to be determined to 
predict the stress relief arising from stresses generated by differential swelling and by contact between 
beryllium and steel. 

Creep data on beryllium are virtually non-existent, particularly under neutron Irradiation. One of the most 
successful means of generating irradiation creep data has been through the use of pressurized tubes in the 
FFTF/NOTA. The current effort was designed to demonstrate not only that such specimens could be 
successfully fabricated from beryllium but also that burst tests on such specimens would provide valid data, 
i.e., that failures would occur in the main body of the tube rather than In association with the end 
hardware attachments. 

Experimental Procedure 

Pressurized tube specimens comprise a tube and two end caps, one of which has a small machined hole which is 
closed with a laser weld after specimen pressurization. The end caps are typically made of the same 
material as the tube and are welded to the tube by an electron beam process. Welding in this case was 
viewed as undesirable due to the likelihood of enhanced susceptibility to radiation damage in the 
recrystallized zone occurring in the weld joint. Brazing was considered unacceptable because no suitable 
braze material is compatible with the sodium coolant In FFTF. A diffusion bonding technique was therefore 
developed to enable the end caps to be attached to the beryllium tube.'2' The bonds were leak checked to 
verify the integrity of the bonding technique and a pressure test was performed to demonstrate the strength 
of the bonds. While a number of the specimens were actually fabricated, ultimately only one leak-tight 
specimen was obtained. 

Result? and Discussion 

Brush Wellman provided the beryllium used for specimen fabrication. It was made to Lawrence Livermore 
National Laboratory specification MEL 1319, which Is similar to Brush Wellman specification S-65. It 
contains -IX BeO and has an average grain size (i.e., was fabricated from an average powder size) of -12 pm. 
Nominal room temperature values of yield strength.and fracture toughness are 35 ksi (minimum) and 
10 ksi(ln)'', respectively (241 MPa and II MPafm)'*). 



?1 

Drawings of the specimen components are shown In Figure la. The beryl H U B tube and end caps were aachined 
fro» solid rod stock to very tight tolerances to ensure a successful diffusion bond. The thermal expansion 
characteristics employed are given in Figure 2. The tube specimen was noainally 0.1800 ± 0.0005 inches 
(4.572 ± 0.0127 m) in diameter with a wall thickness of 0.0145 inches (0.3683 mm). The wall thickness was 
reduced slightly (0.0005 inches, or 0.0127 am) at the ends to create a ledge on which the end caps rested. 
The end caps were straightforward plugs, i.e., similar to the standard end cap but without grooves for 
radiography, etc. The coaponents were diffusion bonded at 1100*C for one hour in a vacuus chamber that 
aeasured 10"6 to 10"7 torr at rooa temperature. 
The first bonding atteapt eaployed a aolybdenua fixture split at its center plane and bolted together. The 
thin fila of release agent between the two halves of the fixture led to a slight loss of axial syaaetry 
within the fixture and resulted in saall leaks in the finished speciaen at positions located 90* froa the 
split line of the fixture. 
The second atteapt successfully eaployed both beryl H U B rings and molybdenum backup rings, as shown In 
Figure lb. The berylliua rings were placed on the outside of the specimen to facilitate the bonding 
process, as shown in Figure lb, while the aolybdenua backup rings were used to hold the assembly together. 
No atteapt was aade to prevent the berylliua ring froa bonding to the outside of the beryl H U B tube; while 
the ring was left in place for the current demonstration, it was to be aachined away for any creep tests 
placed in the FFTF/HOTA. The molybdenum rings were allowed to fall off the assembly as 1t cooled froa the 
diffusion bonding teaperature. 
The molybdenum rings were 0.25 inch (6.35 m ) thick and measured 1.0 inch In outer diaaeter by 0.50 Inch 
inner diaaeter (25.4 x 12.7 aa). The berylliua rings were 0.25 inch thick, 0.50 inch in outer diaaeter, and 
0.18 inch inside diaaeter (6.35 x 12.7 x 4.57 aa). No drawings exist for these coaponents; rather, the 
rings were aachined to fit the tube so the noainal diametral clearance was 0.001 inch (0.025 am) at both the 
0.18 and 0.50 inch (4.57 and 12.7 ma) diaaeters. 
A Cu-Ni tube was brazed with Q-SIL (28X copper, balance silver) to the fill plug to pressurize the speciaen 
for this demonstration as shown in Figure lb. Titanium hydride powder was mixed in a 30:1 ratio with a 
lacquer-based carrier and painted on the surfaces to be brazed to enhance the wetting of the beryllium by 
the braze. Brazing a fill tube was chosen In this case Instead of using the standard laser-welded fill hole 
to facilitate leak testing of the assembly with heliua prior to the burst test. The speciaen was soaked at 
760*C for five ainutes prior to brazing, which was perforaed at temperatures that ranged froa 780 to 810*C 
in a vacuum chamber that measured 10'6 to 3 x 10'7 torr at room temperature. If the wetting agent had not 
been used, much higher temperatures would have been required. The speciaen was allowed to cool overnight 
after brazing the pressurlzatlon tube into place. Several views of the finished assembly are shown in 
Figure 3. 
The burst test was performed at 500*C in air after stabilizing at the test temperature for about four hours. 
The pressurizing medium was helium. The pressure was Increased two times per minute, as shown in Figure 4, 
at an average rate of about 0.775 ksl/mlnute (5.3 NPa/mfnute) until failure occurred at an Internal pressure 
of 6.52 ksi (45 MPa), corresponding to a midwall stress of about 32 ksl (220 MPa). [ z ] The tube ruptured 
with -3X ductility. 
The ruptured tube is pictured in Figure 5. The burst was a small rupture In the middle of the tube, shown 
at higher magnification under a scanning electron microscope in Figure 6. Figure 7 shows a view Inside the 
crack at the location indicated by the arrow in Figure 6. An optical metallograph is shown in Figure 8 of 
the diffusion bonds between the tube and both the end plug and ring, taken at the end of tho tube. 
Figure 8 demonstrates that the bond between the tube and the end cap was quite good, with no visible gaps in 
the metallographic section. A large amount of porosity Is evident on the surface of the tube In Figure 6. 
The same porosity is visible in Figure 8, where It is clear that the pores on the outer walls of the tube 
have opened up significantly, presumably during the burst test. The fracture surface shown In Figure 7 
appears to show a reasonable amount of localized deformation, most likely a result of shearing individual 
grains until the pores link up. 

CONCLUSIONS 
Pressurized tubes can be fabricated from beryllium with beryllium end plugs. Failure in a pressure ramp 
test at 500"C occurred at a stress of 32 ks' (220 MPa). 

FUTURE WORK 
Specimen fabrication should be further refined to provide pressurized tubes without beryllium rings on the 
ends. The parameters for welding of the laser fill hole should be developed. 
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Figure la. Components of berylliua pressurized tube specimen: beryllium tube, bottoa plug and top f i l l 
plug. Dimensions given in Inches. 
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Figure 3. Pressurized tube of beryl Hue after removal of aolybdenuR backup rings, showing beryl H U B rings 
attached to ends of spec1«en. 
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Figure 4. Pressure raaps data for burst test at 500-C. 



27 

Figure 5. Rupture tested specimen of beryllii 
showing failure location Figure 6. Scanning electron aicrograph of crack 

in berylHum burst test tube. 

Figure 7. Scanning electron mictograph of inside 
of crack at location shown by arrow in previous 
figure. 

Figure 8. Optical metallograph showing porosity, 
bond between beryllium ring and berrylllum tube 
(left arrow), and bond between berylliuni tube and 
beryllium end cap (right arrow). 
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NEUTRON DOSIMETRY FOR THE HOTA-1F EXPERIMENT IN FFTF - L. R. Greenwood and L. S. Kellogg, Pacific Northwest 
Laboratory'1' 

OBJECTIVE 
To provide dosimetry and daaage analysis for fusion Materials irradiation experiments. 

SUMMARY 
Neutron fluence and spectral measurements are reported for the MOTA-IF experiment in the Fast Flux Test 
Facility (FFTF). The irradiation was conducted from November 18, 1987, to January 8, 1989, for a total 
exposure of 335.4 EFPD. The maximum fluence was 12.7 x 10" n/crn2, 9.56 x 10 2 2 above 0.1 MeV producing 39.1 
dpa in iron. Neutron energy spectra were adjusted at three positions and gradients were measured at nine 
other locations. 

PROGRESS AND STATUS 
Twelve dosimetry capsules were positioned at different axial locations in the MOTA-IF assembly. Each stain
less steel capsule measured about 2.1 cm long by 0.48 cm o.d. snd contained dosimetry wires for either spec
tral or gradient measurements. The three spectral capsules contained Fe, Ti, Ni, Cu, 0.1X Co-Al alloy, 
0.13X Sc in MgO, 0.825X 2 3 5U in V, 0.936X Z3*Pu in HgO, and "% oxide monitors; the gradient capsules 
contained Fe and 0.1X Co-Al alloy wires. The Co, Sc, U, Pu, an-1 Np materials were separately encapsulated 
in V. 
Following irradiation, each dosimetry capsule was opened in a hot cell and each individual monitor was Iden
tified and mounted for gamma analysis. The measured activities were then converted to saturated activities 
by correcting for the sample weight, atomic weight, isotopic abundance, gamma absorption, reactor power 
history, and fission yield, as needed. Neutron self-shielding effects were not significant since the Co, 
Sc, U, and Pu were dilute alloys and the FFTF neutron spectrum has few neutrons at lower neutron energies. 
Neutron bumup effects were found to be quite significant for the fission monitors and a small correction 
was necessary for the MCo(n,g) reaction. In the case of ^Co, this correction can be applied using an 
iterative procedure since the reaction itself Is the sole source of the bumup. Hence, the bumup must be 
at least as great as predicted by the measured value, namely exp(-st), where s is the reaction rate and t 
the total exposure time. Having corrected the reaction rate, the procedure can thus be repeated until it 
co«.verges. This iterative approach works quite well except for very lengthy exposures where we go beyond 
the equilibrium activity. The procedure also includes the bumup of the product isotope (e.g., M C o ) . If 
we can determine the approximate ratio of the burnup reaction rate of the product Isotope to that of the 
target isotope, then we can simply maintain this ratio during the iterative procedure. This approach is 
generally sufficient since the net corrections are not so sensitive to the reaction rates for the product 
isotope. In the case of the 59Co(n,g) reaction, the maximum burnup effect was 2.8X. 

Neutron burnup effects were found to be much larger and more difficult for the fission reactions. In all 
three cases, the fission reaction is not the sole source of the burnu»> since the (n,gamma) cross section 
must also be included. Unfortunately, we have no measure of the (n,gamma) reaction rate. However, we can 
readily calculate the rates using calculated neutron spectra. At each spectral location, neutron spectra 
were provided by R. Simons (Westinghouse Hanford) based on the cycle 9A irradiation.1 These spectra were 
used with the STAY'SL computer code2 to determine reaction rates for both the fission and gamma reaction. 
Since the absolute measured fission rates were not known, we assumed that the ratios of gamma to fission 
were the same as the calculations and determined the total burnup cross sections from the measured fission 
rates. Corrections were done separately for each fission product In order to account for the separate decay 
and burnup rates for each product Isotope. The results were then averaged to obtain a first order correc
tion to the burnup effects. An iterative procedure was used to determine a second order correction, which 
was found to be sufficient. The burnup corrections were thus determined to be between 10 and 25X. It 
should be noted that although metal fuel was used in the IF irradiation, the 9A calculations were based on 
the previous oxide fuel loadings. The effects of thee changes are unknown. 
In the case or " 7Np, there 1s also concern that we c»n breed 2 3 8Pu, which will then also contribute to the 
fission yields. Using the calculated reaction rates derived from the calculated neutron soectra, we esti
mate that this effect may be as large as 4X. However, 1f the 2 3 8Pu fission yields are similar to those from 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial Institute 
under Contract C.L-AC06-76RLO 183„. 



" 7Np, then there may be only a small difference in the true fission rates for 2 3 7Np. It is also possible 
that (gamma,n) effects are present; however, past experiments have shown that this effect is not sig
nificant at in-core positions. 
The corrected reaction rates are listed in Tables 1 and 2. The values have an estiaated absolute uncer
tainty of about 5%, although there is an additional uncertainty of about 5% for the fission reactions due to 
problems in determining the burnup rates. These rates appear to be in reasonable agreenent with previous 
measurements3-4 except for the fission reactions. Neither of the previous experiments nade any attempt to 
determine neutron burnup corrections for the fission reactions. Hence, our values are about 20-30% higher 
than previous measurements, allowing for differences in reactor power and core changes. As noted previ
ously, the present results are for metal fuel, whereas both previous experiments were for oxide fuels. 
The measured activities were used as input to the STAY'SL computer code to adjust the neutron spectra 
calculated for cycle 9A. STAY'SL performs a generalized least-squares adjustment of all measured and 
calculated values including the measured activities, calculated spectra, and neutron cross sections. Neu
tron cross sections and their uncertainties were generally taken from ENDF/B-V, although new data were 
available from ENDF/B-VI for the < 6Ti(n,p) and ^Cufn.a) reactions. The adjusted neutron fluence values are 
listed in Table 3. The neutron spectral adjustments for the three positions are shown in Figures 1-3 where 
the solid line is the calculated spectrum and the dotted line the adjusted spectrum. In all three cases, 
there were significant spectral adjustments. In general, the adjusted spectra reduce the flux at lower 
neutron energies but increase the flux from about 0.1 up to several NeV. The fast neutron flux is thus 
higher than previously reported, mainly due to the bumup effects for the fission detectors. 
Damage calculations were also performed for the three spectral positions using the SPECTER computer code.5 

Dpa and helium rates for Fe are shown in Table 3. Damage parameters for other elements or compounds are 
also available. 

Table 1 
Activity Measurements at Spectral Positions (values in atom/atom-s at 291 MW) 

H66 M67 «68 
Material Reaction -59.4 cm -2.6 cm +66.3 cm 

54Fe(n,p)"Mn 3.21E-12 2.72E-11 1.06E-12 
"Fe(n,g)»Fe 3.17E-11 3.50E-11 1.72E-11 
4ni(n,p)«Sc 3.55E-13 7. 92E-12 1.14E-13 
«Sc(n,g)46Sc 9.05E-11 1.15E-10 4.61E-11 
«Nf(n,p)"Co 4.34E-12 4.05E-11 1.48E-12 
Co(n.g) Co 1.41E-09 2.15E-I0 8.13E-10 

"Cu(n,a)"Co 1.76E-14 1.75E-13 5.54E-15 
«Ni(n,x)"Co 8.89E-15 8.17E-14 3.13E-15 
«Ni(n,p)MCo 7.81E-14 6.96E-13 2.67E-14 

o

5U(n,f) 7.58E-09 8.18E-09 3.19E-09 
n 9 Pu(n,f ) 5.99E-09 8.16E-09 3.32E-09 
2 3 7Np(n,f) 5.65E-10 2.02E-09 1.75E-10 

Table 2 
Activity Gradients for FFTF M0TA-1F (values in atom/atom-s at 291 MW) 
Capsule Ht„ cm 

-67. C 

MFefn.D)5«Mn 

1.317E-12 

«Fefn.aP'Fe 5 9Coin.a)MCo 

69 

Ht„ cm 

-67. C 

MFefn.D)5«Mn 

1.317E-12 3.264E-11 1.785E-09 
66 -59.4 3.213E-12 3.168E-11 1.442E-09 
70 -47.1 1.068E-11 3.295E-11 9.688E-10 
71 -39.0 1.854E-1I 2.758E-11 4.196E-10 
72 -23.2 2.783E-11 3.172E-11 2.452E-10 
67 -2.7 2.719E-11 3.497E-11 2.153E-10 
.3 15.7 2.205E-11 3.147E-11 2.201E-10 
74 24.1 1.850E-11 2.833E-11 1.877E-10 
58 66.3 1.062E-12 1.719E-11 8.237E-10 
75 74.8 5.103E-13 1.314E-11 6.624E-10 
76 108.0 4.015E-14 5.000E-12 2.751E-10 
77 122.3 1.626M4 3.607E-12 1.927E-10 



Table 3 
Neutron Fluences and Damage Parameters (M0TA-1F, 335.4 EFPO, 291 NW) 
(Uncertainties in * included in Darentheses) 

Position 
66 

67 

68 

Ht. cm 
-59.4 

-2.6 

+66.3 

Neutron Fluence xlO" n/cm2 

TQtfll 
5.62 
(29) 

12.7 
(13) 

2.16 
(28) 

>Q.l HeV 
3.24 
(34) 

9.56 
(18) 

1.27 
(35) 

>l H*Y 
0.295 
(22) 

1.74 
(17) 

0.096 
(21) 

Damage in Fe 

11.3 

39.1 

4.22 

te. 3PPP 
0.32 

3.07 

0.102 
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10"810"710'*10* 10"410*310'210"110° 101 102 

NEUTRON ENERGY,MeV 
Figure 1. Calculated (solid line) and STAY'SL-adjusted (dotted line) neutron energy soectrum for capsule 67 
at -2.6 cm in the FFTF MOTA-IF assembly. 

The flux and damage gradients at other positions can be found from the activity gradient data in Table 2, 
which is shown in Figure 4. Note that the M F e and "Cojn.g) reactions peak outside of the core since they 
are sensitive to the lower energy neutrons. The unusual behavior of the Co reaction is due to resonance 
effects. 
The fluence above 0,1 MeV was determined from the activity for the MFe(n,p) reaction. The spectral -
averaged cross section was determined at each of the three spectral positions. Since the spectral changes 
are quite large, we assumed a linear dependence of the spectral-averaged cross section on the height. The 
fluence above 0.1 MeV was then determined by dividing the MFe(n,p) activity by the calculated spectral-
averaged cross sections. The resultant fast flu»nces are shown 1n Figure 5. Similarly, the MFe(n,g) and 
j9Co(n,g) reactions were used to determine the fluence below 0.1 MeV and the total fluence gradients are 
also shown in Figure 5. Opa in Fe was then determined assuming a fixed ratio of dpa to fluence above 
0.1 MeV; the dpa gradients are also shown 1n Figure 5. These procedures are only approximate since we only 
had three spe:tral measurements. Additional spectral monitors have been Included with future runs 1n cycles 
11 and 12 so that we can determine the fluence and damage gradients more precisely. 
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Figure 2. Calculated (solid line) and STAY'SL-adjusted (dotted line) neutron energy spectrum for capsule 66 
at -59.4 cm in the FFTF MOTA-IF assembly. 

10% 

> -

CO 
< x 
r-

10* J 

101 4J 

10 , 3 i 

10 .12 

10' .11 

10 

10T 

.10 

M68 +66.3 cm. 

nitm i mm mini; iimn i mm mini; i innn iinm niiin'iiniii 
io' 8 io' 7 io' e io*5 io' 4 io' 3 io' 2 i o ' io° io' ior 

NEUTRON ENERGY,MeV 
Figure 3. Calculated (solid line) and STAY'SL-adjusted (dotted line) neutron energy spectrum for capsule 68 
at +66.3 cm in the FFTF MOTA-IF assembly. 
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Figure 4. Activity gradients are shown as a function of height for the MFe(n,p), MFe(n,g), and MCo(n,g) 
reactions. 

FUTURE WORK 
Dosimetry is now being fabricated for the M0TA-2B In FFTF for Irradiation with cycle 12 starting In about 
Nay 1991. More comprehensive dosimetry will be available from cycle 11, which contains 12 spectral and 21 
flux gradient sets. These samples should be received In about June 1991. We are also providing dosimetry 
for the MFE-RB-200J1, -400J1, and JP-17, 18, and 19 experiments In the High Flux Isotopes Reactor at Oak 
Ridge National Laboratory. 
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Figure 5. Fast (> 0.1 NeV) and total neutron fluences and Fe (dpa) and He (appm) gradients are shown as a 
function of height In the MOTA-IF assembly. 
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MOLECULAR DYNAMICS OF COLLISION CASCADES WITH COMPOSITE PAIR/MANY-BODY POTENTIALS - S. P. Chou and 
N. N. Ghoniea (University of California, Los Angeles) 

OBJECTIVE 
The displacement damage threshold and the size of void-defect recombination volume «re two important 

parameters for a fundamental understanding of radiation effects. This work is aimed at a new molecular-
dynamics code, CASC-MD, for low-energy ion collisions in solids. A composite oair/many-body potential is 
developed and used for simulations of low-energy collision cascades in copper. Good agreement is obtained 
with experimental data at 10 K. 

SUMMARY 
An empirical, composite interatomic potential is developed to describe interaction of energetic 

particles by pair potentials at high energies and many-body potentials at low energies. Molecular-dynamics 
studies of low-energy collision cascades are performed. The displacement threshold surface in copper is 
investigated and compared to experimental data. Our computer simulations show good agreement with the 
experimental results of King and Benedek at 10 K. 

PROGRESS AND STATUS 
1. Introduction 

Pair-interaction potentials for the description of collision-cascade dynamics have been widely used to 
investigate the transport of ions in solids and the generation of atomic displacements. Satisfactory results 
have been achieved by using numerical simulation techniques such as the Monte Carlo and molecular dynamics 
(MO) methods [1-14]. Displacement threshold energies, however, are generally in the range of few times the 
lattice binding energy. Therefore, many-body effects are expected to be important in the sub- to tens-of-eV 
range where pair potentials do not provide an accurate description of atomic interactions. Furthermore, the 
many-body interaction of atoas at low energy can affect the morphology of the collision cascade because its 
range of influence is greater than that of pure pair potentials. Therefore, in order to accurately treat 
cascade dynamics, it is necessary to develop a more realistic treatment of atomic interactions at low 
energies. A simple many-body potential based on the embedded atom method (EAM) is used in this work. 

At high incident-ion energies, the interaction between the incident ion and a stationary one is pri
marily that of a pair-interaction type. As the kinetic energy decreases, the effects of the surrounding 
lattice become more significant and the interaction must contain many-body (local) contributions. 

The EAM approach has been successfully applied to a variety of problems where the solid is very near its 
equilibrium configuration. However, the method is not ab initio, but rather can be viewed as a phenomeno-
logical approach that is based on density functional theory. The Hohenberg-Kohn theorem [19] states that the 
total energy E[p(r)] is a functional of the electron density p(r). The exact form of the functional depen
dence is not unique, and empirical approaches must be followed to determine constants associated with the 
assumed form. Although simpler approaches to the determination of the embedding functional and associated 
constants have recently been reported in the literature [20,21], we will use the EAM approach as originally 
developed by Daw and Baskes [15,16] and the approximations of Foiles [17]. It is recognized that the many-
body contributions to the potential are reasonably well represented by the EAM. However, the atomic dis
placement process requires further knowledge of the potential at atomic separation distances that are shorter 
than the range of EAM applicability. In Section 2, we describe an empirical method to determine a suitable 
composite potential for copper that covers all ranges of interatomic distances. The computational method is 
then described in Section 3. Results of cascade simulation in copper are given in Section 4, and conclusions 
follow in Section 5. 

2 Composite Potential 
In order to treat the atomic interaction in a continuous manner, a potential that preserves the nature 

of established interatomic potentials at the two energy extremes must be used. In our approach, Ziegler's 
pair potential [22] is selected to describe the atomic interactions at the high-energy end and an approxi
mation to the EAM many-body potential at the low-energy end. For the transition region, a cubic-spline 
potential is used which allows continuity of this composite potential throughout the entire energy range. 
The high-energy pair potential is represented by Ziegler et a ) . [22] tn the form 

#Z<*.J> ' Z i F J C 2 f c ke-Mij/ao , ( 

k-1 



where Z{ and Zj are the atoaic numbers of the interacting particles i and j, respectively, and R y is the 
separation distance between the»; e is the electron charge; C|< and b|< are constants; and an. is the screening 
length [22]. 

The approximate aany-body EAM potential is derived by Foiles [17], based on the EAM framework originally 
developed by Oaw et al. [15,16], and it has the fora 

taM(Rij) • #ijCij) * 2 ^ A #fj(Rij) <* ̂ f ' 1 t*?j(Rij)]2 . (2) 

where Fj is the eabedding function for atoa i, ifjfRjj) is the average local electron-density contribution 
froa atoa j on atoa i at a separation distance of R,j, #jj is the core-core pair repulsive potential 
between interacting atoas i and j, and > a is the total average local background electron density froa all of 
the neighboring atoas on atoa i. 

A transitional cubic-spline potential which bridges the Ziegler and EAM potentials is assuaed as 

3 

(3) #s(Rij) - ̂ dtRJfj , 

k-0 

where d* are splining constants. This assuaed spline potential satisfies the following constraints: 

#ZtRu)lRfj-ri • •s(Rij)ÍR 1 J-r 1 . 

*EAH(Rij)lRij-r2 " «S(
Rij)lR 1j-r 2 • 

*Z(*ij), *s(«ij), 
dRfj iRij-ri • 3R,j IRij-n • 

*EAn( Rij), 3#s(«ij), 
aRij l Rij- r2 " ¿Rij 'RijT2 

The interatoaic potential and force are thus continuous functions of the interatoaic separation distance. 
The values of rj and r 2 are chosen so as to reduce drastic force variations when a particle aoves froa one 
potential regiae to another. This is very critical because the force for the cubic-spline potential is only 
piece-wise continuous. A proper selection of r\ and r 2 can reduce the degree of discontinuity in force deri
vatives at these paranetric distances. The interaction of two lattice atoas at a separation r is coapletely 
described by the coaposite potential of the fora: 

#( Rij) • #z(*fj) . 0 < R tj < ri , 

- *s( Rij) - rl * Rij Í r2 > 

- *EAH(R1j) • r2 1 Rij * rc . 

where r c is the cutoff distance - 5.0 A) for the low-energy «any-body potential. It Is worth Mentioning 
that this spline potential is flexible enough for extensions to other coabinations of high-energy pair 
potentials and of low-energy aany-body potentials. Possible candidates for high-energy pair interactions are 
the Moliere and Kr-C potentials [22]. The distances rj and r 2 are chosen to be 1.5 A and 2.0 A, respective
ly. The spline potential is not only a function of the Interatoaic separation, but is also a function of the 
total average local electron density. For instance, in sputtering simulations, near-;urface atoas sit In 
different total average local electron densities than atoas in the bulk because of thei' neighboring atoa 
configurations. 

Table ' gives a typical set of fitting parameters, d^. for equilibria lattice atom; :? bulk copper. 
The total average local electron density, p*, is 0.0276 A" 3. The local electron density for copper with an 
FCC structure Is based on the quantum mechanical wave functions of Cleaenti and Roetti [23], and the 
eabedding function for copper is derived froa the work of Foiles et al. [18J. 

Figure 1 shows plots of the composite potential as a function of the Interatoaic separation and at 
total average local electron densities of 0.02, 0.0276, and 0.03 A" 3. 



Table 1. Spline-Potent i al 
Parameters for Equilibrium 
Local Electron Density 

Index, k <*k 

0 60.559 
1 119.58 
2 -162.68 
3 61.414 O a. 
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3. Computational Method 

Fig. 1. Composite pair/many-body potential for copper as a function 
of the interatomic separation. The potential is shown for total 
average local electron density, p, of 0.02, 0.0276, 0.03 A-3. 

Because of computational constraints (e.g., the computer memory size and its speed, computing cost, and 
the desired turnaround time), the MO technique can only simulate a small ensemble of atoms. It is important, 
therefore, to develop appropriate boundary conditions so that simulation results are nearly size-Independent. 
The energy introduced by the primary knock-on atom (PKA) must be accurately dissipated in the form of atomic 
displacements and at the computational cell boundaries. If rigid boundaries are used, reflective energy 
exchange with the rigid boundaries is likely to influence subsequent dynamics. 

A new HD computer code, CASC-ND, has been developed to study low-energy collision cascades. With this 
code, appropriate energy dissipation to below - 1 eV is ensured in the following ways: 

1. The computational cell size is varied to show that the collisional phase of the cascade dynamics is 
accurately represented. 

2. Two extra atonic planes are added to the computational box in the form of special viscoelastic 
"boundary" atoms; thus atoms up to third nearest neighbors are included. Atoms on the third extra 
plane are beyond the cutoff range of the EAH potential and therefore are not necessary. 

The boundary atoms experience an incomplete configuration of neighboring atoms. To avoid the relaxation 
of boundary atoms from their equilibrium positions, a balancing external force must be introduced. A spring 
constant is also introduced which allows boundary atoms to oscillate around their equilibrium positions. 
This spring constant k (a detailed derivation is given in the appendix) is given by 

EHo 
Nr (4) 

where Z is the modulus of elasticity (Young's modulus), Mo. IS the lattice constant, and N c is the number of atoms in a unit cell. The equations of motion (EOMs) for boundary atoms are given by: 

**1 3 (5) 

(6) 

where X< and Uf are the current position and velocity of particle 1, 0jj is the potential for particle j on 
i, X(» is the equilibrium position, and F D is the net balancing force A damping constant, it, Is selected so 
that the damping time constant Is greater than the cascade propagati. me across the computational box. 
The main function of this fictitious force is to reduce the cascade em. gy reflection from cell boundaries. 

The EOMs are integrated using Euler and leapfrog methods [24,25], The time step is chosen to be small 
enough so that within each integration step, Interatomic forces and potentials are near constant for all 
particles In the system. This allows atoms in the Ziegler potential regime to move a small fraction of the 
screening length for each time step. The time step is therefore dynamically computed throughout the whole 
cascade simulation. A consequence of the use of dynamic time steps is that both the Euler and leapfrog 
methods ere accurate only to first order. 



4. Results 

Figure 2 shows atoaic trajectories at different tiaes after the initiation of a 60-eV Cu PKA in copper 
along the [110] direction in a (001) plane at 300 K. The initial and ending positions of lattice atoas are 
•arted by open circles. Their trajectories in between are connected using line segaents. In this figure we 
do not show boundary atoas for clarity of deaonstration. The figure shows that the length of the linear 
replaceaent collision sequence (RCS) reaches its final value after - 0.15 ps. A linear replaceaent chain of 
10.5 displaced atoas, the equivalent of a net displaceaent of about 25 A along the [110] direction, is pro
duced. The initial speed of the PKA is 135 A/ps. The average kinetic energy available for the RCS is about 
half of the initial PKA energy. The average speed is about 95 A/ps. I f the subsequent slowing down of the 
RCS is considered, i t is clear that the propagation speed of the RCS is faster than can be explained by the 
speed derived froa the kinetic energy alone. 
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F1g. 2. Cascade trajectories at various times after the initiation of a 60-ev Cu PKA 
in copper at 300 K (t - 0.03, 0.14, 0.29, 0.50 ps for, respectively, a, b, c, d). 

Figure 3 shows the total energy for the saw» 60-eV cascade as a function of time. The total energy of 
the system starts at about 160 eV, which includes 60 eV of PKA energy; the balance represents the thermal 
energy content of the system of particles. The energies displayed in Fig. 3 are divided Into kinetic and 
potential components to show the exchange of these components as the cascade slows down. The total system 
energy remains constant until boundary effects become significant at about 0.3 ps. Beyond that time, a 
fraction of the cascade energy Is dissipated In boundary regions. It is also shown that the exchange of 
potential and kinetic energies occurs on a time scale of about 0.05 ps. 
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Figure 4 shows the RCS and the elastic (sound) wave as functions of time. Also included is the expected 
position of the PKA, if we assume that its energy is not dissipated in the cascade and that it is free 
streaming at the initial speed. The propagation of the RCS clearly indicates that in near-displacement-
threshold interactions, focused collision sequences subside very fast (on a time scale of about O.i ps). The 
speed of cascade-energy propagation is much faster than the average thermal phonon (sound) speed. The 
elastic wave speed, v s, is calculated for isotropic copper using the relationship [26], 

v s - (E/p) 1/ 2 (7) 

where E is the modulus of elasticity and p is the specific density for copper. The speed of cascade-energy 
propagation is also faster than the speed of higher order knock-on atoms. The collective motion of partici
pating atoms in a linear RCS through the simultaneous potential field is responsible for this propagation 
speed. The many-body interaction helps in this collective motion because of its long-range nature. 

Figure 5 shows the total cascade kinetic energies for all of the atoms in the simulation system (includ
ing boundary atoms) and for .he itoms in the computational cell only (excluding boundary atoms) for the same 
60-eV cascade. It can be seen that boundary atoms are net influenced by the existence of a collision cascade 
until the end of the collisional phase. Therefore, the total system energy remains unchanged until the cas
cade energy reaches the boundary. The total system energy for the computational cell decreases because a 
fraction of the energy is channeled into the boundary atoms. This behavior also ensures that there is no 
energy reflection to interfere with the cascade dynamics and indicates that the selected size of the 
computational cell is adequate. 

Figure 6 shows the maximum kinetic energy associated with any of the recoils in two computational cell 
sizes (545 and 1301 atoms) for the same 60-eV collision cascade. Both simulations show that the duration of 
the collisional phase is approximately 0.15 ps. The kinetic energy of any of the atoms, at the end of this 
collisional phase, is well below the energy necessary to cause an atomic displacement. Figure 7 shows the 
cascade kinetic energy for two computational cell sizes. The cascade kinetic energy for the larger computa
tional cell is summed over atoms which correspond to those in the smaller computational cell. At 300 K, the 
initial thermal energy content in the small computational cell is about 20 eV. Near thermalization is 
achieved at the end of the kinetic phase. 

In Fig. 8, we compare the results of our calculations to the experimental measurements of King and 
Benedek [12] on copper at 10 K. Our simulations indicate that while the displacement threshold energy is 
around 20 eV for copper, substantially larger energy is needed to displace copper atoms along the [111] and 
between the [110] and [100] directions. Our calculations are quite consistent with the experiments of King 
and Benedek [12], who used a defect resistivity value of - 2.8 x 10"* ohm-cm to obtain the displacement 
threshold surface. 
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Fig. 4. Comparison of RCS propagation with those 
of an elastic (sound) wave and the initial PKA. 
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Fig. 8. Comparison between calculated displacement 
threshold energies along different directions at 10 K, 
and experimental data of King and Benedek [12]. 
A defect resistivity value - 2.8 x 10" 4 0-cm is used 
in obtaining the experimental data. 

5. Conclusions 

This study of the collisional phase of low-energy cascade evolution shows the following: (1) Th*. devel
opment of a replacement collision sequence (RCS), which leads to a stable Frenkel pair, is completed in about 
0.1 ps. (2) The initial propagation of an RCS is much faster than the elastic (sound) wave in copper and is 
even faster than the Initial PKA speed, showing that cascades propagate through collective atomic motions. 
(3) The close agreement of our MO results with the experimental data on the displacement threshold surface 
indicates the usefulness of this composite potential for the simulation of low-energy ion-solid Interactions 



Appendix 

The spring constant k is derived as follows. The uniaxial stress-strain relation is given by: 

a = Ee , 

where a is the stress, E is the modulus of elasticity, and € is the strain, given by a = F/A and e » 6M/H, 
where F is the force, A is the area where the force is exerted, H is the length, and 6M is the elongation. 
Considering a slab of unit area, and a length of a lattice constant Mg, we can rewrite the first equation as 

F = E(ÍM/M0) 

The total number f'a of atoms contained if. this slab is: 

"o 

1 x M 0 

H 6 
Nc = M 2 ' 

where N c is the number of atoms in a unit cell. The last two equations yield the force per atom f as 

EM0£M 
kóM 

The "equivalent" spring constant is then given by 

EHQ 
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FUTURE WORK 

The methodology used In this work will be extended to the study of collision cascade Interaction In 
ceramic composite materials such as SiC. 



INFLUENCE OF COLD WORK AND PHOSPHORUS CONTtNT ON NEUTRON-INDUCED SWELLING OF Fe-Cr-Ni ALLOYS - F. A. Gamer 
(Pacific Northwest Laboratory) u l 

OBJECTIVE 
The overall objective of this effort wai Lu determine the origin of the sensitivity of void swelling and 
microstructural evolution in irradiated metals to environmental and material variables. A more specific 
objective was to assist in the interpretation of the results of the S 9Ni doping experiment designed to study 
the separate and synergistic effects of helium and other variables. Two of these variables are cold working 
and phosphorus content. 

SUMMARY 
Phosphorus additions can either increase or decrease void swelling of Fe-Cr-Ni alloys, depending on irra
diation temperature, phosphorus level and cold work level. The role of cold work is not always to suppress 
swelling in Fe-Cr-Ni-P alloys, however, particularly at relatively higher irradiation temperatures, where 
cold working often increases swelling substantially. 

INTRODUCTION 
Frequently one can generalize the action of a particular variable on a given physical process in terms of 
its most often observed behavior, which would indicate a single major role for that variable. For example, 
it is well established that the addition of either phosphorus or silicon generally suppresses the onset of 
void swelling in austenitic alloys. Recently, however, it has been shown that under some conditions the 
addition of relatively low levels ;f either solute can substantially increase swelling in simple Fe-Cr-Ni 
alloys, i i 2 ) as shown in Figures 1 and 2. This complex behavior is thought to indicate that two or more 
competing mechanisms involving these elements are operating to control swelling and that in some cases the 
competition is dominated by a secondary or tertiary mechanism. 
As reviewed in reference 1, phosphorus forms precipitates at relatively high temperatures and concentration 
levels and strongly interacts with both vacancies and interstitials at all temperatures. Phosphorus also 
acts to maintain dislocations induced by cold working, although this latter possibility has not been 
explored previously in simple austenitic alloys. A search was therefore initiated for previously irradiated 
specimens that would allow study of the interactive effects of phosphorus and cold work. 
The most extensive set of such specimens was found in the 59Ni-doping helium effects experiments conducted 
in FFTF on Fe-15Cr-25Ni and Fe-15Cr-25Ni-0.O4P (wt%). ( 3~ 5 ) Unfortunately, the major influence of phosphorus 
in increasing swelling lies in the range below 0.04% and at temperatures below ~500°C. In this temperature 
range of the S 9Ni experiment, density data have been measured only for the first discharge at 5.2 dpa, which 
is below the threshold of significant swelling. Higher exposure data are now being accumulated. 
In another experiment, however, four nominally identical Fe-15Cr-25Ni alloys, varying primarily in phos
phorus content, were irradiated as TEM disks in the FFTF fast reactor to doses in excess of 30 dpa at 420, 
520 and 600°C (±5*C) in both the annealed and 30% cold worked conditions. The compositions of these alloys 
in Table i, are identical to those that were irradiated in EBR-II and shown in Figure 1. Immersion density 
measurements were performed on two identical specimens at each condition. 
One of the alloys in this experiment, E1C4 (Fe-15Cr-25Ni-0.O55P), was also irradiated as TEM disks in EBR-II 
in the AA-XIV experiment to 14 dpa at 425, 500 and 600°C. In this experiment the alloys were irradiated in 
each of the annealed (975'C/lOm/WQ), 30% cold worked, and the cold worked and aged (650*C/10m/WQ) 
conditions. Immersion density measurements were performed on one specimen each of every combination of 
starting condition and irradiation temperature. 

REsgus 
Swelling values for the FFTF irradiation were calculated from density change data and are shown in Figure 3. 
Each data point, with one exception, represents the average of two separate but identical disks, whose den
sities agree within the +0.16% established as the convergence criterion for this measurement technique. The 
exception was the cold worked alloy E33 (lowest phosphorus level) at 420^, where some variability was 
observed. 



SWELLING 
% 

O 0.02 0.04 0.0S 0.01 0.10 0.12 
WEIGHT PERCENT PHOSPHOROUS 

FI6URE 1. Influence of Phosphorus on Neutron-Induced Swelling In EBR-II (AA-IX experiment) of Fe-25N1-15Cr 
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FIGURE 2. Influence of SiHcon on Neutron-Induced Swelling in EBR-II (AA-IX experiment) of Fe-25Nl-I5Cr at 
Various Combinations of Temperature and Fluence i ! i 



TABLE 1. Phosphorus-Modified Alloys Irradiated in FFTF-MOTA to >30 dpa 
E33 Fe-25.8Mi-14.8Cr (s 0.005P) 
E103 Fe-24.lNi-14.7Cr-0.013P 
E104 Fe-25.0Ni-15.2Cr-0.055P 
E105 Fe-24.7Ni-15.3Cr-0.10P 

420°C, 36.6 dpa 520°C, 34.7 dpa 

• CoM Worked 

600°C, ,31.8 dpa 

J I J L 
0.04 0.08 0 044 0.04 0M 0 

Phosphorus, wt% 

FIGURE 3. Swelling of Phosphorus-Modified Fe-15Cr-25N1 Alloys Observed in FFTF 

0.08 

At 420*C and 36.6 dpa the swelling behavior observed in FFTF in both the annealed and cold worked specimens 
mirrors that seen in the same alloys when irradiated in the annealed condition in EBR-II at 399 and 427*C, 
illustrating once again the various outcomes of the competition of those mechanisms associated with phos
phorus. Cold working reduces swelling at 420*C, in agreement with the general observation of cold work's 
influence. The swelling falls quickly at higher temperatures in the annealed low phosphorus alloy, as was 
also observed in EBR-II. The curves for annealed materials at 520 and 600*C also exhibit the same depen
dence on phosphorus content as those observed in EBR-II. 
There were several unusual features observed in these data, however. First, the cold worked condition 
swelled more than the annealed condition at 520 and 600*C. Second, and possibly even more Important, the 
reversal in swelling behavior with cold work was observed even in the lowest phosphorus alloy E33. Third, 
in the cold worked condition alloy E33 swelled more at 600*C and 31.8 dpa than at 520*C and 34.7 dpa, as 
illustrated in Figure 4. This behavior with temperature was unexpected and indicates that the interactions 
of cold work with both phosphorus and temperature are more complex than previously envisioned. 
The density change data of alloy E104 from the EBR-II AA-XIV experiment are shown in Table 2. The decrease 
of swelling with cold work at 420'C is consistent with the behavior observed 1n FFTF. The influence of 
increasing temperature at this low dose level does not yield the increase In swelling observed in FFTF, 
however. 

DISCUSSION 
The effects cf cold working on complex alloys have been studied in many investigations, but only a few 
studies have explored the effects of cold working on single Fe-Cr-Ni ternary alloys. In one recent study 
conducted at very high helium/dpa ratios in ORR, Fe-25Ni-15Cr suffered a reduction in swelling from 1.04 to 
0.29% upon 30% cold working and irradiation at 500'C to 13.6 dpa 'f,) Swelling at other irradiation tempera
tures in this experiment was too low to observe the influence of cold work. Similar behavior was observed 
in Fe-35Ni-15Cr at 500"C, falling from 0.55 to -0.11% with cold work. 

http://Fe-25.8Mi-14.8Cr
http://Fe-24.lNi-14.7Cr-0.013P
http://Fe-25.0Ni-15.2Cr-0.055P
http://Fe-24.7Ni-15.3Cr-0.10P
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FIGURE 4. Data from Figure 3 Replotted to Emphasize the Effect of Temperature on Swelling 

TABLE 2. Swelling (in X) of Alloy E104 (Fe-15Cr-25N1-0.055P) in the AA-XIV Experiment Irradiated in EBR-II to 14 dpa 

Temperature. «C Annealed Cold Worked Cold HorKgd, ami Aged, 

420 
500 
600 

1.79 
-0.21 
-0.03 

0.28 
-0.28 
HA'»» 

-0.36 
NA"> 
NA<*> 

(a) NA • not available. 

The 59Ni-doping ¿xper1r«nt at 495°C and 14 dpa showed a reduction in swelling with cold work In Fe-15Cr-
25N1 in the undoped condition and essentially no difference in the doped condition, which experienced a 
higher helium/dpa ratio. ( 5 ) At 600*C and 8.8 dpa this experiment did not produce sufficient swelling In 
Fe-15Cr-25N1 to assess the impact of cold work.'4' However, there did appear to be a slight enhancement of 
swelling in both the cold worked and annealed undoped conditions with phosphorus addition at 600*C, in 
agreement with the present study. 

The previously published E8R-II studies from the AA-VII experiment" 7' all involved the irradiation of ter
nary Fe-Cr-Nf alloys in the annealed condition. In one experiment designated AA-Xil, however, both the 
annealed and 30% cold worked conditions of alloy E20 (Fe-24.4N1-14.9Cr with ¿0.005 P) were Irradiated side-
by- side in EBR-II at 425 and 540'C to 18.5 and 24.5 dpa, respectively.(8) The E20 alloy and the E33 alloy 
of the current study are quite similar alloys prepared by the same vendor ac the same time. 

Note in Table 3 that the E20 alloy in EBR-II behaved the same as the E33 alloy in FFTF, showing a reduction 
in swelling with cold work at 425'C and an increase in swelling at 540-C. Figure 5 compares the behavior of 
E20 in this and the earlier experiment. Note also that there is some variability in the response of the 
cold worked alloy. Such variability is frequently observed in cold worked alloys. 

Table 3 also shows some previously unpublished results of another irradiation of the E20 alloy in the AA-XIV 
experiment. At 14 dpa cold working decreases swelling at 425 and 500"C but increases it at 600*C, once 
again demonstrating the reversal In the influence of cold work at higher temperatures. 

http://Fe-24.4N1-14.9Cr


TABLE 3. Swelling Observed In Alloy E20 (Fe-24.4Ni-14.9Cr) in the AA-XI and AA-XIV Experiments in EBR-II 

*C, and 
Experiment 

Displacement 
Level, doa 

18.5 
18.5 

Alloy 
Condition 
annealed 
30% CW 

Swelling, 
% 

425 AA-XI 
425 AA-XI 

Displacement 
Level, doa 

18.5 
18.5 

Alloy 
Condition 
annealed 
30% CW 

12.8"' 
3.8"» 

540 AA-XI 
540 AA-XI 

24.5 
24.5 

annealed 
30% CW 

1.14"' 
4.81"" 
3.61«b» 

425 AA-XIV 
425 AA-XIV 

14.0 
14.0 

annealed 
30X CW 

9.69"' 
2.85"' 

500 AA-XIV 
500 AA-XIV 

14.0 
14.0 

annealed 
30% CW 

1.80"' 
-0.01"' 

600 AA-XIV 
600 AA-XIV 

14.0 
14.0 

annealed 
30% CW 

0.35"» 
2.56"' 

(a) Average swelling of four identical specimens 
exhibiting very small differences in density. 

(b) Separate measurements on two nominally 
identical specimens. 

(c) Measurement on one specimen only. 
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FIGURE 5. Swelling of Alloy E20 (Fe-24.4Ni-14.9Cr) In Two Separate EBR-II Experiments. Note in the two 
right hand figures that the influence of cold work reverses between 425 and 540*C in the AA-XI 
experiment.(8) 

The action of cold work in enhancing swelling at higher temperatures may be similar to that observed 
recently in pure nickel, ( 9 ) as shown in Figure 6. Microscopy studies now in progress show that the effect 
of cold work on the swelling of nickel at 500 and 600*C is to make It easier to establish (and maintain at 
higher temperatures) a saturation density of dislocations early in the irradiation, a condition which pro
motes early void nucleatlon. Swelling tends to saturate In pure nickel later in the irradiation because the 
dislocation density drops sharply once void swelling begins. Swelling of cold worked materials at high 
exposure therefore exhibits very little dependence on temperature. 
Another comparison of the influence of cold work is shown in Table 4, which Indicates that in FFTF 
Fe-7.5Cr-35N1 exhibited the expected behavior at 420 and 520*C but that large Increases In swelling were 
observed at 600°C. The variability of swelling when enhanced by cold work is again highlighted by the fact 

http://Fe-24.4Ni-14.9Cr
http://Fe-24.4Ni-14.9Cr
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FIGURE 6. Swelling of 99.99X Nickel Irradiated to 14 dpa in the EBR-II AA-XIV Experiment.(9) The cold 
worked and cold worked and aged conditions do not exhibit the strong temperature dependence seen in the 
annealed steel. 

TABLE 4. Swelling Observed in Alloy E37 (Fe-7.5Cr-35Ni) in FFTF('» 
Temperature, 

•C 
Displacement Level, dpa 

9 
9 

Alloy 
Condition 
annealed 
30% CW 

Swelling, 
% 

420 
420 

Displacement Level, dpa 
9 
9 

Alloy 
Condition 
annealed 
30% CW 

-0.16 
-0.26 

420 
420 

46.5 
46.5 

annealed 
30% CW 

0.09 
-0.09 

420 
420 

70 
70 

annealed 
30% CW 

0.09 
0.09 

520 
520 

14 
14 

annealed 
30% CW 

0.16 
0.00 

520 
520 

49.6 
49.6 

annealed 
30% CW 

0.30 
-0.36 

520 
520 

75 
75 

annealed 
30% CW 

0.02 
-0.14 

600 
600 

14 
14 

annealed 
30% CW 

-0.01 
NM^' 

600 
600 

35 
35 

annealed 
30% CW 

0.20 
2.50 

600 
600 

60 
60 

annealed 
30% CW 

0.12 
1.78 

(a) Measurements on one specimen each. 
(b) NM • not measured. 



that swelling was increased relative to that of the annealed condition at 600'C at both 35 and 60 dpa, but 
was less at 60 dpa. It is not felt that swelling actually decreased on the average between 35 and 60 dpa; 
«•ather, it is believed that the enhancement process is very sensitive to uncontrolled variables :* the 
experiment, often varying between nominally identical specimens irradiated in the same specimen packet. 
The Fe-I5Cr-25Ni alloy has been used as a standard material in a variety of irradiation studies conducted in 
the U.S. fusion and breeder reactor programs. One study not mentioned previously involved the use of this 
alloy in a correlation experiment between charged particle and neutron irradiations. i : : In that study the 
softness of this material was highlighted, indicating the ease with which dislocations were introduced dur
ing specimen preparation and also the difficulty of maintaining then near specimen surfaces. Therefore, 
there may be some merit to the comparison between the behavior of nickel and Fe-15Cr-25Ni with respect to 
the influence of cold work at higher irradiation temperatures. Since phosphorus has been shown in type 316 
stainless steel to assist in maintaining during irradiation the dislocation densities induced by cold 
work,-' this may account for the strong increase in swelling at relatively high phosphorus levels observed 
in Figures 3 and 4, especially at higher temperatures where dislocations are more mobile. 
Another series of icn irradiation studies by Lee and Kansur also highlighted the action of phosphorus to 
maintain dislocation densities.:ii--*; In their first study it was shown that two alloys (Fe-13.7Cr-15Ni 
both with and without 0.05 wtX phosphorus) both swelled at comparable levels when irradiated in the annealed 
condition to -90 dpa at 675°C with nickel ions. : i 3 ) This is in agreement with the neutron studies, since the 
phosphorus-related peak in swelling was found to exist between these two phosphorus levels. Three other 
phosphorus-modified alloys with silicon, titanium and carbon additions were each found to exhibit less swel
ling in the annealed condition when subjected to a variety of irradiation sequences, some of which involved 
helium coinjection. The compositions of these alloys are listed in Table 5. 
In the second of these studies,14 the latter three alloys were irradiated at 675°C in the cold worked condi
tion, but with higher levels of helium coinjection. Figure 7 compares the swelling of these alloys in the 
annealed and cold worked conditions, each data set taken from separate publications.^2 M ) Although it is 
not possible to make a comparison involving only a single variable due to the variations in helium injection 

TABLE 5. Ion-Irradiated Alloys Studied by Lee and Hansur r.3.i«) 

Alloy 
BIO 
Bll 
B12 

Composition 
Fe-13.64Cr-15.15Ni-0.050P 
Fe-13.63C4-15.20Ni-0.049P-0.18Ti-0.041C 
Fe-13.58Cr-15.15Ni-0.049P-0.17Ti-0.044C-0.83Si 

2.0 

Swelling 

1.0 

Annealed 

Alloy 

Cold 

Cold-Worked Annealed 

Alloy B11 

Cold-Worked 

20 40 60 80 100 0 2 0 4 0 6 0 

Total Displacement Level, dpa 

120 

FIGURE 7. Comparison of Ion-Induced Swelling of Various Phosphorus-Modified Alloys Irradiated at 0/5"C, 
Showing That Cold Working Generally Increases Swell ing i ; , , : 4 ; 

http://Fe-13.64Cr-15.15Ni-0.050P
http://Fe-13.63C4-15.20Ni-0.049P-0.18Ti-0.041C
http://Fe-13.58Cr-15.15Ni-0.049P-0.17Ti-0.044C-0.83Si


schedules, Lee and Nansur noted their expectation that both cold working and higher cavity densities induced 
by helium injection should depress swelling. Note in Figure 7 that if the differences in helium are ignored 
the opposite result is obtained: the cold worked condition of each alloy swells more than the annealed 
condition. This appears to confirm the conclusion of the current study concerning the interactive roles of 
cold work and phosphorus en void swelling. 

CONCLUSIONS 
Phosphorus additions can either increase or decrease void swelling of Fe-Cr-Ni alloys, depending on irra
diation temperature, phosphorus level and the cold work level of the alloy. The role of cold work is not 
always to suppress swelling, however, particularly at relatively higher irradiation temperatures where swel
ling actually increases upon cold working. The dividing point where cold working reverses its role on swel
ling appears to lie between 520 and 540°C for displacement rates typical of fast reactor irradiation. 

FUTURE WORK 
This effort will continue, focusing on microscopy examination on specimens irradiated in either FFTF or 
EBR-II. 
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HELIUM MEASUREMENTS FOR THE MFE-4 SPECTRAL TAILORING EXPERIMENT - F. A. Gamer (Pacific Northwest 
Laboratory)'*' and B. M. Oliver (Rockwell International) 
OBJECTIVE 
The objective of this effort is to determine the role of helium on aicrostructural development and changes 
in Mechanical properties of model Fe-Cr-Ni alloys. 

SUMMARY 
Measurements of helium concentration have been made on Fe-15.1Cr-34.5Ni specimens irradiated at 330, 400, 
500 and 600*C after irradiation in ORR to displacement levels ranging from 12.6 to 13.8 dpa. The 
measurements compare well to previously calculated values, being 4 to 8% lower. Minor differences in helium 
content were also observed between specimens from capsules that were assumed to have possessed identical 
spectral environments. 

PROGRESS AND STATUS 
Introduction 
In a companion report on 59Ni isotopic doping, it is shown that three simple Fe-Cr-Ni alloys irradiated in 
FFTF do not exhibit a significant difference in mechanical properties when exposed to both breeder-relevant 
and fusion-relevant helium/dpa ratios'". In another experiment conducted in ORR at much larger helium 
generation rates, however, a significant increase in yield strength was observed (see Figure 1) relative to 
that of a similar experiment in EBR-II. ( 2- 3 ) In ORR these and several other Fe-Cr-Ni alloys were exposed to 
environments whose calculated He/dpa ratios ranged from 27 to 58 appm/dpa. This range reflects not only the 
neutron spectra but also the variation in nickel content (20 to 45 wt%). These values were calculated using 
dosimetry calculations and measurements provided in reference 4 for individual elements. 

800 
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a 3* 500 (0 > < 400 

| 300 1 200 
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FIGURE 1. Comparison of Radiation-Induced Changes in Yield Strengths of Fe-15Cr-XN1 and Fe-YCr-35N1 Alloys 
Irradiated in the AO-1 Experiment in EBR-II and the MFE-4 Experiment in ORR2. 

(a) Pacific Northwest Laboratory Is operated for the U.S. Department of Energy by Battelle Memorial 
Instltue under Contract DE-AC06-76RL0 1830. 



Table 1 lists the displacement and helium levels reported earlier for the ORR portion of this experiment. 
Note that it was assumed that the 330 and 400*C irradiation sequences proceeded in the same spectral 
environment and also that the 500 and 600*C sequences were irradiated together. Detailed microstructural 
analyses of the ORR and EBR-II specimens are now in progress; the early results indicate that the larger 
than fusion-relevant levels of helium in the ORR experiment caused an extensive refinement of the micro-
structure, leading to suppression of swelling at the two lower irradiation temperatures and significant 
increases in hardening at all four irradiation temperatures. 

Table 1 
Calculated Displacement and Helium Levels'*' for the NFE-4 Experiment in ORR ( 2- 3 ! 

330 and 40Q-C 500 and 600-C 
Composition, wt* dj&_ He. aoom dja_ He. annm 

Fe-19.7Mi-14.7Cr 13.4 371 12.2 332 
Fe-24.4Ni-14.9Cr 13.6 463 12.4 414 
Fe-30.1Ni-15.1Cr 13.8 555 12.6 495 
Fe-34.5Ni-15.1Cr 14.0 647 12.7 573 
Fe-45.3Ni-15.0Cr 14.3 832 13.1 740 

(a) These values were calculated for the maximum flux position 
using dosimetry calculations and measurements provided in 
reference 4 for individual elements. Note that the dpa 
levels increase with nickel content, reflecting the 
contributions of the M F e recoil atom during helium production. 

Further analysis requires confirmation of the calculated helium levels. Using standardized procedures at 
Rockwell International,(5-51 measurements were made on Fe-34.5Ni-15.1Cr specimens from each of the four 
irradiation temperatures. The specimens for analysis were cut from the gauge section of previously tested 
and broken tensile specimens. 
Results 
Table 2 lists the measured values of helium concentration for Fe-34.5Ni-15.1Cr at each irradiation tempera
ture. When compared to the previously calculated values for the maximum flux position it is obvious that 
some sm?n differences in neutron spectra and flux exist between the specimen locations in the 330 and 400*C 
capsules and also between the specimen locations in the 500 and 600°C capsules as well. The measured values 
are uniformly lower (4-8%) than the calculated values for all four of the irradiation capsules. These 
relatively small differences in concentration reflect the impact of small differences in position between 
the maximum flux position and that of the gauge sections of the tensile specimens. 

CONCLUSIONS 
Slight differences in helium generation rate occurred in the various canisters used in the NFE-4 spectral 
tailoring experiment. The helium concentrations measured for Fe-34.5Ni-15.1Cr are lower but within 4 to 8% 
of the previously reported values calculated from dosimetry results. These differences arose from slight 
differences in position between the specimens and the maximum flux position. 

FUTURE WORK 
This effort will continue, focusing on completion of the microscopy effort and on prediction of strength 
increases from measured microstructural densities. 

http://Fe-19.7Mi-14.7Cr
http://Fe-24.4Ni-14.9Cr
http://Fe-45.3Ni-15.0Cr


Table 2 
Helium Concentration in the Gauge Section of Fe-34.5Ni-15.1Cr Tensile Specimens 

Temperature 
•C 

Specimen 
Mass"' 
{•q) 

1.230 
2.089 

«He 
Measured 

(10 I 5 atomsl 

7.913 
13.30 

Helium Concentration 
(aDDm)<b> 

Soecimen 
Temperature 

•C 

Specimen 
Mass"' 
{•q) 

1.230 
2.089 

«He 
Measured 

(10 I 5 atomsl 

7.913 
13.30 

Measured 

600.1 
593.9 

Averaaele> 

597 
±4 

Calculated1 0 1 

JNOO-A 
-B 

330 

Specimen 
Mass"' 
{•q) 

1.230 
2.089 

«He 
Measured 

(10 I 5 atomsl 

7.913 
13.30 

Measured 

600.1 
593.9 

Averaaele> 

597 
±4 

647 

JN09-A 
-B 

400 1.736 
2.610 

11.47 
16.95 

616.3 
605.8 

611 
±7 

647 

JN13-A 
-B 

500 1.548 
2.157 

8.818 
12.38 

531.4 
535.4 

533 
±3 

573 

JN19-A 
-B 

600 1.461 
1.196 

8.722 
7.011 

556.9 
546.8 

552 
±7 

573 

(a) Mass uncertainty is ±0.001 mg. 
(b) Measured helium concentration in atomic parts per million (10~6 atom fraction) 

with respect to the calculated number of atoms in the specimen. 
(c) Mean and la standard deviation of duplicate analyses. 
(d) From Table 1. 
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THE INFLUENCE OF HELIUM ON MECHANICAL PROPERTIES OF MODEL AUSTENITIC ALLOYS, DETERMINED USING «Ni ISOTOPIC 
TAILORING AND FAST REACTOR IRRADIATION - N. L. Hamilton and F. A. Gamer, Pacific Northwest Laboratory;1" 
B. M. Oliver, Rockwell International. 

OBJECTIVE 
The objective of this effort is to study the separate and synergistic effects of helium and other important 
variables on the evolution of microstructure and macroscopic properties during irradiation of structural 
metals. 

SUMMARY 
Tensile testing and microscopy continue on specimens removed from the first, second and third discharges of 
the MNi isotopic doping experiment. The results to date indicate that helium/dpa ratios typical of fusion 
reactors (4 to 19 appm/dpa} do not lead to significant changes in the yield strength of model Fe-Cr-Ni 
alloys. Measurements of helium generat-jd in undoped specimens from the second and third discharges show 
that the helium/dpa ratio increases ouring irradiation in FFTF due to the production of "Hi. In specimens 
doocd with ^Ni prior to irradiation, the helium/dpa ratio can increase, decrease or rem*.in the same during 
the second irradiation interval. This behavior occurs because the cross sections for the production and 
burnout of MNi are very sensitive to core location and the nature of neighboring components. 

PROGRESS AND STATUS 
Introduction 
Until recently it has been impossible to conduct experiments in which spectrum-related parameters such as 
helium/dpa ratio were varied without also accepting variations in other important parameters such as 
displacement rate and temperature history. A technique currently being used, however, allows the study of 
the influence of helium alone on density change, microstructural evolution and mechanical properties. This 
technique utilizes isotopic tailoring to vary the helium production rate without introducing changes in 
neutron spectrum or displacement rate.1-2 By producing alloys whose only difference is the presence or 
absence of 5 9Ni, an isotope that does not occur naturally, and irradiating doped and undoped specimens side 
by side in the appropriate reactor spectra, it is possible to generate substantial variations in He/dpa 
ratio without varying any other important parameter. 
A particular advantage of isotopic doping experiments is that one need not be concerned with the details of 
temperature history, which is now frown to heavily influence the outcome of some fission-fusion correlation 
experiments.3 Since both doped and «jr.dopcd specimens are irradiated side by side, the primary variable is 
only t>e helium/dpa ratio. The production 'ate of helium in doped specimens is also nearly constant 
throughout the experiment, providing that no changes occur in the neutron environment. 
This report addresses the tensile data obtained from a subset of the specimens irradiated in a larger 
experiment currently being conducted in the Fast Flux Test Facility (FFTF) utilizing the Materials Open Test 
Assembly (MOTA). A previous report addressed the results of the first discharge of this experiment from 
FFTF; this report includes the first results of the second and third discharges* The results of helium 
measurements from the second and third discharges are also presented in this report. 
Experimental Petails 
The alloys employed in this study were nominally Fe-15Cr-25N1, Fe-15Cr-25Ni-0.04P and Fe-15Cr-45N1 (wt%) in 
both the cold worked and annealed conditions. These alloys were chosen to complement those in several 
earlier studies, one In the Experimental Breeder Reactor-II (EBR-II), designated the AD-1 experiment,5'6 and 
another conducted in the Oak Ridge Research (ORR) Reactor, designated MFE-4.6 The acquisition of the 5 9Ni, 
the production of the MNi-doped tensile specimens and their irradiation conditions are described in 
Reference 1. Microscopy disks were also prepared and irradiated; the results of examination of the first 
discharge of these specimens are described in detail in References 7 and 8. The miniature tensile specimens 
measured 5.1, 1.0 mm and 0.25 inn in gauge length, width and thickness, respectively. They were tested at 
room temperature at a strain rate of 4.7 x 1 0 4 sec ' in a horizontal test frame described In Reference 9. 
Yield strengths were determined at 0.2% offset. In some cases more than one tensile specimen was tested, 
but the majority of tests to date have involved only a single test specimen. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battel1e Memorial 
Institute under Contract DE-AC06-76RLO. 



Results of Tensile Tests 
Figure 1 presents a schematic representation cf the various irradiation sequences of the 5 9Ni experiment, 
each defined by their irradiation temperature and their location in FFTF-HOTA. Tensile tests have been 
completed on unirradiated specimens of all three alloys in both the annealed and 20% cold worked conditions. 
Three tensile tests on unirradiated specimens were conducted for each undoped alloy in both the cold worked 
and the annealed conditions. Since the availability of doped specimens was rather limited, only one was 
tested for each combination of doped alloy and thermomechanical starting condition. Figure 2 shows that the 
range of yield strengths in the undoped specimens is not large and that the single doped specimen in each 
condition did not exhibit any significant difference in behavior. Also shown in Figure 2 are the yield 
strengths exhibited by the larger specimens of the unirradiated annealed alloys irradiated in the AD-1 and 
HFE-4 experiment,6 demonstrating excellent agreement among the three experiments. 
Tests on several subsets of irradiated specimens have also been completed. These subsets are the first two 
discharges at both 365 and 495*C (i.e., after MOTA-ID and MOTA-IE) and a single discharge at 600°C (after 
MOTA-ID). The 600*C sequence was not continued to higher radiation exposure due to a large overteaperature 
event in H0TA-1D, reaching 806*C for fifty minutes. The 495*C sequence also suffered an overtemperature, 
reaching 629°C for fifty minutes, but was continued in the irradiation sequence along with a replacement 
sequence at 495°C to explore the impact of the temperature excursion on the experiment. The sequence at 
365°C did not experience a temperature excursion. 
Figures 3-5 show the yield strengths measured at room temperature of specimens irradiated at nominal 
temperatures o f 365, 195 and 600°C. The width of the error bars at zero dpa corresponds to the variation 
seen in Figure 2 and provides a basis for determining whether variations observed between doped and undoped 
specimens are significant compared to the scatter associated with the measurement technique. 
The most significant features of the data shown in Figures 3-5 are, first, the relative unimportance of 
isotopic doping at all three temperatures in determining the yield strength, and second, the convergence at 
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Figure I. Schematic representation of irradiation sequences for the 'Ni isotopic tailoring experiment. 
"495 C(R)" and "490C(R)" refer to the replacement sequencer, inserted for the original sequences at. 495 and 
490 f. 
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Figure 2. Yield strength data on unirradiated specimens from the FFTF/MOTA 5 9Ni experiment and two related 
experiments conducted in other reactors 
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Figure 3. Influence of thermomechanical starting state and isotopic doping on yield strength of three 
alloys irradiated at 365°C. Open and closed symbols denote cold worked and annealed alloys, respectively; 
circles denote MN1-doped specimens; squares denote undoped alloys 
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figure 5. Influence of thermomechanical starting state and Isotopic doping on yield strength of three 
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365 and 600CC of both annealed and cold worked specimens to strength levels that depend only on irradiation 
temperature. A similar convergence has been observed previously in 316 stainless steel over a wide range of 
irradiation temperatures, with convergence levels sensitive to both temperature and displacement rate.1" 
At 4951 only annealed tensile specimens were irradiated and therefore it is not possible to determine 
whether convergence occurs at this temperature. TEM disks were irradiated at 495°C in both the annealed and 
cold worked conditions, however, and convergent microstructures appear to have developed. 7 6 There is one 
unusual feature at 495CC that was not observed previously in 316 stainless steel, however, in that the yield 
strength first increased and then later decreased somewhat, implying that the saturation level was initially 
overshot and the strength later relaxed toward the saturation level. Such behavior might arise fro* early 
nucleation of a high density of Frank loops, which later unfault to form a somewhat lower density of network 
dislocations. It might also result from void number densities that are initially rather high but later 
reduced by coalescence. An example of the latter possibility has been observed previously in Fe-15Cr-20Ni 
during ion-irradiation.:I The relative independence of the tensile behavior of annealed specimens on helium 
content tends not to support softening behavior dominated by void coalescence, however. On the other hand, 
microstructural data compiled from microscopy observations of specimens from the first discharge show that 
the line length of loops at 495°C in both the cold worked and annealed specimens is comparable to the line 
length of network distributions.7 This suggests that further unfaulting of loops might lead to the possi
bility of softening. Microscopy is now in progress on the second discharge and should confirm whether the 
preceding speculations are correct. 
Results of Helium Measurements 
Helium levels were measured, using standard techniques,12-13 at Rockwell International on cold worked 
Fe-15Cr-25Ni specimens from all irradiation temperatures in the second and third discharges (i.e., after 
MOTA-IE and -IF, respectively) and on cold worked Fe-15Cr-45Ni specimens at 365 and 490°C in the second dis
charge. Helium production was not measured in the latter alloy for the first discharge (MOTA ID); instead, 
helium levels for Fe-15Cr-45Ni in the first discharge were calculated from composition ratios and measure
ments made on Fe-15Cr-25Ni. 
Tables 1-3 present the helium concentrations obtained on two samples cut from each specimen from the second 
two discharges of the S 9Ni doping experiments. Note that the measurements made on specimens removed from 
three of the second discharge groups (at 365, 495 and 465°C) and both of the third discharge groups 
1495'C(R) and 490°C(R)] represent the average helium levels for irradiation during two MOTA irradiation 
cycles (ID and IE or IE and IF). Since the first and second sets of specimens discharged at each tempera
ture were originally irradiated side by side it is possible to calculate the average helium formation rate 
that occurred in the second NOTA irradiation cycle only. These values are shown in parentheses in Table 2. 
As shown in Table 2, the helium generation rates in both undoped and doped Fe-15Cr-25Ni specimens at 365*C 
(below the core) increased substantially in MOTA-IE compared to the rates observed in M0TA-1D. No change in 
position occurred between the two irradiation cycles, although some changes were made in the surrounding 
components. The average helium generation rates observed in Fe-15Cr-25Ni and Fe-15Cr-45Ni after the second 
discharge at 365°C exhibited the expected dependence on nickel content, (1.24 and 16.5 appm/dpa predicted 
vs. 1,20 and 16.7 measured for Fe-15Cr-45Ni) which tends to confirm the validity of helium/dpa ratios calcu
lated previously for Fe-15Cr-45Ni in the first discharge. As we shall see later, however, this conclusion 
applies fully only to situations where the 25N1 and 45Ni specimens remain closely side by side throughout 
the full Irradiation sequence. 
In the original 495'C irradiation sequence in level 1, smaller but significant increases in helium genera
tion rates were observed in both undoped and doped specimens relative to the increases observed at 365*C 
below core. These specimens were moved from the 1D4 position in MOTA-ID to the 1A4 position in MOTA-IE with 
no significant consequence on the helium production rate of the undoped specimens. 
The replacement irradiation sequence at 495'C started in position 1A4 in MOTA-IE, along with the second 
irradiation cycle of the original 495'C series, and continued in position 1C3 in MOTA-IF. In the undoped 
replacement specimen, cumulative helium/dpa ratios of 0.44 and 0.57 appm/dpa were reached in the first and 
second segments. These are higher than the 0.35 (position 1D4) and 0.47 values (positions 1D4 and then 1A4) 
reached in the original series. This implies that in level 1 some spectral variation occurred between 1D4 
of MOTA-ID and 1C3 of M0TA-1F. When the 495'C replacement series was moved to po.ltlon 1C3 in MOTA-IF for 
its second irradiation cycle, however, this caused a substantial decrease in the helium production rate for 
the doped specimens. This probably reflects changes in the spectrum due to neighboring experiments. The 
production rate for the undoped specimens increased, however, reflecting the continued build-up of M N 1 , a 
process that would continue in all reactor positions. 
In the 490°C replacement sequence, the helium production rate rose between MOTA IE and MOTA IF for both the 
undoped and doped specimens. No change in position occurred during this Irradiation sequence. Both the 
original and replacement sequences proceeded in position 6E2, which is an above-core position possessing a 
large axial gradient in neutron flux and apparently significant changes in the details of the spectrum that 
affect the burnout and production of M N i . 



Heliua Concentrat ion in Cold Worked 
Table 1 
TEH Disks from Isotopic Tai loring Experiaent 

Temperature Nickel 

25 

Doped 
With 
"HI 
No 

opa 
10.3 

Specimen 
Mass1*' 
(•q) 
1.937 
2.966 

4He Measured 
Í101* atoas) 

1.493 
2.263 

Helium Concentration 
iaDoa)'"» 

{•CI 
Nickel 

25 

Doped 
With 
"HI 
No 

opa 
10.3 

Specimen 
Mass1*' 
(•q) 
1.937 
2.966 

4He Measured 
Í101* atoas) 

1.493 
2.263 

Measured 
7.157 
7.084 

Averaaelc' 
365 

Nickel 

25 

Doped 
With 
"HI 
No 

opa 
10.3 

Specimen 
Mass1*' 
(•q) 
1.937 
2.966 

4He Measured 
Í101* atoas) 

1.493 
2.263 

Measured 
7.157 
7.084 

7.12 
±0.05 

365 25 Yes 10.3 2.744 
3.186 

48.86 
56.34 

165.3 
164.2 

165 
±1 

365 45 No 10.3 2.562 
3.024 

3.375 
4.015 

12.35 
12.44 

12.4 
±0.1 

365 45 Yes 10.3 1.996 
3.339 

36.48 
61.24 

171.3 
171.9 

172 
±1 

495 25 No 28.9 1.733 
3.410 

2.546 
5.016 

13.64 
13.66 

13.7 
±0.1 

495 25 Yes 28.9 2.482 
3.316 

36.22 
48.46 

135.5 
135.7 

136 
±1 

495(H) C d ) 25 No 14.7 2.644 
3.374 

1.834 
2.385 

6.441 
6.563 

6.50 
±0.09 

495(R) 25 Yes 14.» 3.174 
3.554 

23.82 
26.28 

69.68 
68.66 

69.2 
±0.7 

*C'3\*) 25 No 29.4 2 087 
2.360 

3.797 
4.247 

16.89 
16.71 

16.8 
±0.1 

495(R) 25 Yes 29.4 2.826 
2.983 

36.49 
38.66 

119.9 
120.3 

120 
±1 

490(R) 25 No 2.13 2.881 
4.212 

0.1383 
0.1974 

0.4457 
0.4352 

0.440 
±0.007 

490(R) 25 Yes 2.13 2.861 
3.643 

6.691 
8.386 

21.71 
21.37 

21.5 
±0.2 

490(R) 45 No 2.13 2.709 
3.241 

0.1865 
0.2197 

0.6452 0.640 
±0.007 

490(R) 45 Yes 2.13 2.785 
3.555 

7.296 
8.959 

24.55 
23.62 

24.1 
±0.7 

490(R) 25 No 4.15 2.348 
3.797 

0.3590 
0.5808 

1.420 
1.420 

1.42 
±0.00 

490(R) 25 Yes 4.15 2.735 
3.177 

15.87 
19.28 

57.27 
56.35 

56.8 
±0.7 

465 25 No 0.28 2.825 
3.129 

0.02223 
0.02438 

0.07306 
0.07235 

0.0727 
±0.0005 

465 25 Yes 0.28 2.780 
2.746 

5.201 
5.134 

17.37 
17.36 

17.4 
±0.1 

fa) Mass uncertainty is ±0.001 mg. Two samples were cut from each original TEM specimen. 
(b) Measured helium concentration in atomic parts per million (10 6 atom fraction) with 

respect to the calculated number of atoms in the specimen. 
(c) Mean and \a standard deviation of duplicate analyses. 
(d) R denotes replacement series. 



Table 2 
Heliu» Generation Rates Determined in Fe-15Cr-25Ni 

Temperature MOTA-ID NOTA-IE NOTA-IF 
fCl yndoped Doped 

0.30 13.9 
Undooed 
0.69 ( , ) 

(1.26) ( b ) 

Doped 
16.0 ( , ) 

(19.1) 

Undooed Dooed 
365 

yndoped Doped 
0.30 13.9 

Undooed 
0.69 ( , ) 

(1.26) ( b ) 

Doped 
16.0 ( , ) 

(19.1) 
no 

discharge 
495 0.35 4.69 0.47 ( , ) 

(0.59) 
4.71<*> 
(4.73) 

no 
discharge 

495(R) ( c l not 
irradiated 

0.44 4.71 0.57'*» 4 . 0 8 w 

(0.70) (3.45) 
600 0.40 4.4 not 

irradiated 
not 

irradiated 
490 0.28 19.8 not 

irradiated 
not 

irradiated 
490(R) ( c ) not 

irradiated 
0.21 10.1 0.34 1" 1 3 . 7 W 

(0.46) (17.2) 
465 0.14 54.3 0.26 ( , ) 

(0.40) 
62.1 ( , ) 

(71.1) 
no 

discharge 

(a) He/dpa level given is average for two cycle irradiation sequence. 
(b) Helium/dpa levels in parentheses represent average values 

calculated for second NOTA cycle only. 
(c) R denotes replacement series. 

Table 3 
Cumulative Helium Generation Rates Determined in Fe-15Cr-45Ni 
After Discharge from NOTA-IE 
Temperature aoom/doa Neutron damaae (dpa) 

ff.1 iinstflBsd QfiBfid. 
1.20 16.7 

N0TA-1D NOTA-IE Total 
365 

iinstflBsd QfiBfid. 
1.20 16.7 6.1 4.2 10.3 

490R 0.30 11.3 0.01 2.13 2.13 

Several consequences of changes in the neutron environment can be seen in the two irradiation sequences at 
490*C. First, the helium/dpa ratios for both specimen types in the replacement sequence are somewhat lower 
than that of the original sequence, probably reflecting differences in the loading of nearby components dur
ing the operation of MOTA-ID and MOTA-IE. Second, based on the measured NOTA-IE production rates In undoped 
Fe-15Cr-25Ni, we would expect the production rate in undoped Fe-15Cr-45N1 to be 0.38 appm/dpa, whereas only 
0.30 appm/dpa was measured. The difference between helium levels in the 25N1 and 45N1 doped specimens is 
also somewhat larger than expected. These observations imply that the 45N1 specimens, which were in a 
separate packet from the 25N1 specimens, experienced a slightly different spectral environment, even though 
they were in the same basket. This In turn suggests that radial gradients in spectral parameters must also 
exist and that the specimens may not have been closely side by side. 
The 465'C low fluence sequence was conducted in above core position 8F1 in both MOTA-ID and NOTA-IE. In 
this case the production rates of both the doped and undoped specimens Increased. Note that the production 
rates in the doped specimens are quite large, 54 and 71 appm/dpa in Fe-l5Cr-25N1 in MOTA-10 and NOTA-IE, 
respectively. 
Review of the data in Tables 1 and 2 leads to the following overall conclusions: 1) helium production in 
undoped specimens containing only natural nickel Is greatest for irradiation within the core; 2) significant 
increases in helium production rate occur with increasing exposure in undoped specimens regardless of loca
tion with respect to the core. The percentage increases are greatest for Irradiations outside the core. 
3) helium production rates in specimens doped with ',9Nf dopant prior to Irradiation tend to Increase also, 
but are much more sensitive to changes In neutron spectrum arising from changes In position or changes in 



neighboring coaponents. In soae cases the heliua production rate can actually decrease even though undoped 
speciaens in the saae reactor position experience increases in heliua production. This difference is due to 
the fact that 59Ni production varies roughly as the second power of the dpa level, while the burn-out of ^Ni 
is roughly linear with dpa. 1 4 Both reactions are separately but strongly sensitive to fine details of the 
neutron spectra. 
Status of Other Types of Exaaination 
Electron aicroscopy has been perforaed by Prof. J. F. Stubbins (NORCUS assignee at PNL fro* the University 
of Illinois) on all twelve speciaen conditions of the second discharge at 365*C. Data analysis is now in 
progress. Density change aeasureaents are in progress on TEH speciaens froa N0TA-1E at 365*C, 4?5*C (ori
ginal) and 495*C (replacement) and the second discharge of the 495-C (replaceaent) froa MOTA-IF. 
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FUTURE WORK 
This effort will continue, concentrating on microscopy and additional tensile testing. 
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CORRELATION OF MECHANICAL PROPERTY CHANGES IN NEUTRON IRRADIATED PRESSURE VESSE' STEELS ON THE BASIS OF 
SPECTRAL EFFECTS - H. L. Heinisch (Pacific Northwest Laboratory)(,) 

PURPOSE 
To investigate the effects of the neutron spectrum on mechanical property changes in metals. 

SUMMARY 
Comparisons are made of tensile data on specimens of A212B and A302B pressure vessel steels irradiated at 
low temperatures (40-90*C) and to low doses (< 0.1 dpa) with 14 MeV D-T fusion neutrons in the Rotating 
Target Neutron Source (RTNS-II), with fission reactor neutrons in the Omega (test Reactor (OUR) and the Oak 
Ridge Research Reactor (ORR), and with the highly thermal spectrum at the pressure vessel surveillance 
positions of the High Flux Isotope Reactor (HFIR). For each neutron spectrum, damage cross sections are 
determined for several defect production functions derived from atomistic computer simulations of collision 
cascades. Displacements per atom (dpa) and the numbers of freely migrating defects are tested as damage 
correlation parameters for the tensile data. The data from RTNS-II, OUR and ORR correlate fairly well when 
compared on the basis of dpa, but the data from HFIR show that only about one sixth as many dpa are needed 
to produce the same radiation-induced yield stress changes as In the other neutron spectra. In the HFIR 
surveillance position a significant fraction of the displacements 1s produced by recoils resulting from 
thermal neutron captures. Having energies of about 400 eV, these recoils are much more efficient per unit 
energy at producing freely migrating defects than the high energy recoils responsible for most of the dis
placements in the other neutron spectra considered. A significantly better correlation of data from HFIR 
with those from the other spectra is achieved when the property changes are compared on the basis of the 
production of freely migrating self-interstitial defects. This parameter may better represent the defects 
participating in the radiation strengthening process in this temperature and fluence regime. 
PROGRESS AND STATUS 
Introduction 
A critical issue in the development and testing of nuclear materials is the prediction of the radiation-
induced changes in properties of a material under one set of Irradiation conditions from Information 
obtained under a different set of irradiation conditions. A good example of the importance of this is the 
recent discovery1 that pressure vessel steel in surveillance positions of the High Flux Isotope Reactor 
(HFIR), irradiated in a very soft spectrum at very low flux, has embrittled much faster than predicted from 
design data obtained at higher fluxes with harder spectra. This has raised concerns2 that light water reac
tor vessel supports may be subject to a similar underestimate of their embrittlement. The'HFIR embrittle-
ment data were compared to the materials test data on the basis of displacements per atom (dpa), a damage 
parameter that is widely used and has been found to account for differences in neutron spectra extremely 
well in most cases. 
A common reasonable assumption when data cannot be correlated on the basis of dpa (assuming material vari
ables and temperatures are constant) has been that differences in the magnitude of the neutron flux, which 
virtually always accompany spectral differences, are responsible. In this paper, however, spectral effects 
beyond dpa will be considered. HFIR surveillance data will be compared with test data from other spectra 
using damage parameters based on the production of freely migrating point defects. 
Radiation effects data correlation and extrapolation are also important issues in the development of mate
rials for fusion reactors. So far, direct comparisons of fission and fusion neutron damage have been pos
sible only at extremely low doses (< 0.1 dpa) relative to expected service conditions. In recent direct 
coupansons, 3 irradiations of metals and alloys were performed with 14-MeV D-T neutrons at the Rotating Tar
get Neutron Source (RTNS-II) and with pool type reactor neutrons at the Omega West Reactor (ONR). A302B 
pressure vessel steel was included among the alloys in that experiment. A212B, the HFIR pressure vessel 
steel, was also included in OWR irradiations, and its irradiation hardening was compared with that of 
A302B.4 

A320B and A212B have very similar compositions, especially with respect to the elements suspected of 
affecting embrittlement. The compositional differences are discussed in Ref. 4, where 1t is shown that 
A212B and A302B steels displayed the same fluence dependence of Irradiation hardening when Irradiated in 
OWR. At fluences low enough that Impurity type and concentration are not affected by transmutations, it is 
reasonable to assume that A212B will harden the same as A302B in any neutron spectrum. By making this 
assumption in the present study, the data base for low-dose radiat i on-induced yield stress changes of A302B 
and A212B Is effectively broadened to include four very different neutron spectra (see Table 1). 
fa) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 

Institute under Contract DE-AC06-76RL0 1830. 



Table 1 
Characteristics of Neutron Spectra 

HFIR<«> 0RR ( 6 ) Off i ( c ) RTH5-n { d ) 

1.2xlO M 2 .2x lO w 1.9xl014 1.0x10" 

0.96 0.72 0.42 0.0 

0.022 0.11 0.32 1.0 

0.015 0.055 0.17 1.0 

3 . 9 x 1 0 " 1.8x10" 5.7X10-8 3xl0- 9 to 
3x10-" 

Total Flux (n/cm7s) 
Thermal Flux Fraction 

(E < 0.414 eV) 

Flux Fraction (E > 0.1 HeV) 
Flux Fraction (E > 1.0 NeV) 
Damage Rate in Iron (dpa/s) 

(a) Surveillance position, key 7, location 7, at pressure vessel. 
(b) Location P8, outside core. 
(c) In core. 
(d) Peak flux; fluxes in RTNS-II vary with distance from the source. 

In this report the rad1 ation-induced changes in yield stress occurring in all four neutron spectra will be 
compared on the basis of several damage parameters, including defect production functions derived from 
atomistic modeling results. In making these comparisons it is assumed that any differences in behavior due 
to the differences in irradiation temperatures (90*C and 50*C) are small. 
The Neutron Spectra 
Data discussed here are for materials irradiated in RTNS-II, OUR, the surveillance positions in HFIR, and in 
an out-of-core position in the Oak Ridge Research Reactor (ORR). Characteristics of the four neutron spec
tra used in the computations are listed in Table 1. The variation in neutron spectra is quite extreme: the 
HFIR pressure vessel surveillance flux is dominated by thermal neutrons, while the RTNS-II flux consists 
entirely of 14 NeV neutrons. 
The damage rates in dpa/s in iron vary over 5 orders of magnitude. In RTNS-II the magnitude of the neutron 
flux decreases with distance from the source, so doses varying by about a factor of 100 were achieved by 
placing specimens at increasing distances from the source during the same run. Damage rates in RTNS-II var
ied from 3 x 10'" to 3 x 10'9 dpa/s, placing the damage rates in RTNS-II between those of HFIR and the other 
reactors. In an earlier comparison of the tensile data from thnse irradiations,4 it was found that there 
was no apparent effect of damage rate for the OUR, ORR and RTNS-I? irradiated material. Thus, if the 
"accelerated embrlttlement" of the HFIR surveillance material is due to a rate effect, then this effect Is 
important only at extremely low fluxes. 
Damage Correlation Parameters 
Perhaps the earliest attempts to account for the effects of the spectrum of neutron energies were to compare 
property changes on the basis of the measured fast neutron fluence (commonly E > 1 MeV or E > 0.1 NeV). 
This damage parameter, still in wide use, requires only limited knowledge of the neutron spectrum and relies 
on the fact that, generally, most of the defects are produced by the higher energy neutrons. Of course, 
comparisons on the basis of fast neutrons are strictly valid only if the high energy portions of the spectra 
involved have the same shape. 
In specific cases a significant fraction of the defects can be produced by other than the higher energy 
neutrons. For example, thermal neutron capture by an iron atom results in a recoil atom of about 400 eV, 
which produces displacement damage in iron or steels. Thus, in a highly thermal neutron spectrum, the fast 
neutron fluence gives a poor representation of the displacement damage in iron. 
Dpa was developed as a spectrum-sensitive exposure index and has been used «s a highly successful correla
tion parameter. Dpa 1s superior to fast neutron fluence because it takes into account the spectral shape 
and includes some measure of the response of the material. Dpa Is calculated measure of the average number 
of times an atom of the material can be displaced durir.g an irradiation, and it takes into account the frac
tion of recoil energy lost to inelastic processes that cannot produce displacement damage. To obtain dpa 
values, the displacement cross section must be known for the given neutron spectrum and material.^ 
Calculation of the dpa cross section for a given material requires a neutron spectrum, a set of neutron 



reaction cross sections, a model of the kinematics of the reactions that produce primary atomic recoils, a 
model for the dissipation of the primary recoil energy as electronic excitation and daaage energy, and a 
model for the conversion of damage energy into dpa. Displacement per atom cross sections for iron are 
routinely reported with dosimetry information, and they can be calculated for most elements in the specified 
neutron spectrum using a computer code such as SPECTER.6 

Dpa is a calculated measure of the potential to create po.it defects. It is not generally equal to, nor 
necessarily even proportional to, the number of residual point defects. The actual number of radiation-
induced point defects present in a «ateríal at any time depends on the number of defects initially produced 
by each recoil atom and on defect interactions that occur after the displacement events (which depend on the 
spatial distribution of defects, crystal structure, material composition, time, temperature, and the mate
rial's radiation and deformation history). 
The fraction of initially displaced atoms that become residual defects varies with primary recoil energy 
because the nature of collision cascades is energy dependent. Within a collision cascade created by a high 
energy recoil, a significant fraction of the hundreds of initially produced point defect pairs recombines as 
the locally high energy density in the cascade region dissipates in about 10" 1 1 s (cascade quenching). At 
this point the measured number of residual defect pairs (at low temperatures where defects are immobile) 
resulting from a cascade is about 30-40% of the number of calculated dpa for the cascade.7-8 Host of the 
residual defects form into clusters (the stability of which depends on the crystal temperature). During 
continued local annealing for a short time within the cascade region, additional clustering and recombina
tion takes place, while a small fraction of the residual defects escapes the cascade region, becoming freely 
migrating defects.9 

This picture of defect production in collision cascades has evolved over the past 25 years, aided especially 
by atomic-level computer simulations. Early derivations of damage functions that reflect the numbers of 
residual defects observed in computer simulations were performed by Doran et al., 1 1- 1 1-" who developed damage 
functions for residual defects/dpa and freely migrating vacancies/dpa for iron. Heinisch, et al. 3 , 9 per
formed significantly improved simulations for copper and produced the functions for freely migrating defects 
used in the present paper. 1 3 

Above a threshold recoil energy (about 50 keV in iron) cascades tend to form multiple, separated damage 
regions or subcascades.14 As a result, the fractions of initially produced defects that recombine or become 
freely migrating defects are constant with energy above the threshold recoil energy for subcascade forma
tion. At the other end of the energy scale, low energy recoils create only a few defect pairs. The energy 
density in these cascades is not high enough to drive significant correlated recombination or clustering, so 
during short-term annealing nearly all the point defects produced become freely migrating defects. Thus, 
the efficiency of production of freely migrating defects relative to calculated dpa values is a function of 
recoil, energy, becorr.ng constant at higher energies. 
Figure 1 shows the production of freely Migrating defects and displacements as a function of recoil energy 
in copper. The curves for freely migrating interstitlals and vacancies are the functions determined from 
atomistic computer simulations of displacement cascades,13 and they are given In terms of the expression for 
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FIGURE 1. The numbers of calculated displacements, freely migrating vacancies and freely migrating self-
Interstltlals per recoil as a function of recoil energy. The free defect values are calculated with 
functions from atomistic computer modeling, Ref. 6. 
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total residual defects extracted by Simons7 from resistivity measurements. It was determined in the model
ing that short-term annealing in the cascade region at room temperature reduces the number of residual point 
defects by 22% at all energies. The displacement curve is calculated using the familiar NRT expression.:s 

Dpa can be an effective damage correlation parameter only if the mechanism responsible for the property 
change of interest is proportional to dpa. This proportionality is influenced by the temperature and by the 
rate of damage production as well a* by the neutron energy spectrum. Since environments with different 
neutron spectra usually have different damage rates, spectral and rate effects are very difficult to isolate 
from each other. The failure of mechanical property change data to correlate on the basis of fast fluence 
or dpa has often been attributed to rate effects. For example, the initial comparison1 of HFIR pressure 
vessel surveillance Charpy data with reference data at higher damage rates was made on the basis of fast 
neutron fluence. The 'accelerated embrittlement" of the HFIR pressure vessel steel was attributed to 
unspecified rate effects. Comparison of the HFIR data with recent low fluence tests by Nanstad et al. 1 6 in 
ORR showed the same accelerated embrittlement in both tensile and Charpy tests when compared on the basis of 
fast fluence (and dpa obtained from the fast fluence}. They concluded that the results could be explained 
by either rate effects or spectral effects, but not unambiguously, since the effects are concurrent and 
inseparable in this case. 
Failure of these data to correlate on the basis of dpa should not be surprising. At low doses property 
changes are likely to be sensitive to the total number of residual point defects, the numbers of freely 
migrating defects, or the numbers of defect clusters contained in collapsed displacement cascades. All of 
these quantities vary with the recoil energy and are proportional to dpa only at high recoil energies. 
Computations 
In the absence of comparable information for iron, the damage correlation functions for copper reported in 
Reference 13 were used, with modifications, for the pressure vessel steels. The magnitudes of surviving 
defect fractions are expected to be somewhat different for iron and copper since the point defect distri
butions initially produced by collision cascades in iron are somewhat more diffuse than those in copper.14 

In iron a smaller fraction of defect pairs recombines as the cascade region cools. To account for this, 
parameter values in the expression for total residual defects were modified according to Simons' prescrip
tion7 to reflect more appropriate values for iron. The recoil-energy-dependent damage functions that 
describe the partitioning of the residual defects. Parameters for these functions were taken to be the same 
for iron as for copper. Thus, at high energies, residual defects are 40% of the calculated dpa, freely 
migrating interstitials are 5.6% and freely migrating vacancies are 1.4%. 
The functions of copper in Reference 13 were based on short-term annealing of individual cascades through 
Stage III recovery (approximately room temperature, where vacancies and di vacancies are mobile. In iron 
(and pressure vessel steels) vacancies are not mobile at the irradiation temperatures considered here, so 
the freely migrating vacancies should really be considered as "potentially freely migrating vacancies." 
Greenwood's SPECTER computer code6 was used to generate the primary recoil spectra for iron into which the 
damage correlation functions were folded. For most cases for which the code was developed, thermal neutrons 
have been thought to have little effect. Thus, in calculating some quantities, including the recoil 
spectra, the code omits the contributions due to thermal neutron captures. They can easily be added 
manually, at least to the level of precision necessary for the present investigation. The neutron spectra 
for ORR and HFIR had 56 energy groups, with a single energ> group below 0.414 eV. Calculations utilizing 
the recoil spectra are estimated to lead to variations on the order of 20-30% in calculating the defect 
production cross sections. The extreme cases of neutron spictra here are so different that such differences 
are negligible for our purposes. 
Results 
Irradiation temperatures for HFIR and ORR were 49aC and 43'C respectively, while the RTNS-II and OMR 
irradiations were at 90°C. All the tensile tests were done at room temperature on flat miniature tensile 
specimens. The specimens used at ORNL for HFIR and ORR were somewhat larger than those for the RTNS-II and 
OWR tests done at PNL. The ORNL specimens with a gauge width of 1.5 mm and thickness of 0.75 mm have a 
cross sectional area about four times larger than the PNL specimens at 1.02 mm gauge width and 0.25 mm 
thickness. While the specimen size, fabrication techniques and testing procedures may affect the measured 
values of the yield stress in the two situations, the measured changes ir. yield stress due to irradiation 
hardening have been found to be the same for both types of specimens. 
Defect production cross sections were calculated for dpa, residual defects per atom at 4K (rdpa), freely 
migrating interstitials per atom (fmipa) and freely migrating vacancies per atom (fmvpa). The calculated 
values are in Table 2. 



Table 2 
Spectral Averaged Defect Production Cross Sections for Iron 

Cross Sections, b 
Neutron 
Spectrum dpa rdpa fmipa fmvoa 
RTNS-II 2900 1200 170 42 
0WR 250 110 19 8 
ORR 77 36 11 7 
HFIR 30 17 8 7 

In Figure 2 the radi ation-induced yield stress changes at room temperature in A302B and A212B pressure 
vessel steels are plotted as a function of fast neutron fluence (E > 1 NeV) in the various irradiation 
environments. Each point is the result of an individual test. The hand-drawn curve is simply to aid visual 
organization. It is reproduced in the same position relative to the 0NR data in Figures 2-4. 
While the general trend of radiation hardening is observed in the data for all spectra in Figure 2, the data 
are not well-correlated. In particular, in HFIR the fast fluence necessary to produce a yield stress change 
of 50 NPa is less by about an order of magnitude than that In the other spectra, reflecting the "accelerated 
embrittlement* in the HFIR surveillance tests.1 

In Figure 3 the data are replotted as a function of calculated dpa. For all but HFIR, the data grouping is 
much tighter, being within a factor of 2 in dpa. 
Figure 4 shows the yield stress data replotted as a function of fmipa using the calculated defect production 
function shown in Figure 1. On the basis of fmipa the HFIR data are correlated to within a factor of two of 
the OWR, ORR and RTNS-II data. Relative to the comparison in Figure 3, the HFIR data have been shifted 
toward the RTNS-II data by a factor of 4.5. 
Plots for rdpa and fmvpa are not shown. Using rdpa, the HFIR data *hift toward RTNS-II by a factor of 1.4, 
only a slight difference from dpa. Using fmvpa, the HFIR data shift by a factor of 16, resulting in an 
over-correcti on, i.e., implying there is less hardening in HFIR than in other spectra. 
Pi?cussipn 
Of the damage functions examined in this paper, fmipa produces the best correlation of the yield stress 
changes of HFIR pressure vessel steel with those in different neutron spectra (Figure 4). Since the Charpy 
test data and tensile test data exhibit a similar dependence on fluence,1 the same correlation will occur 
for embrlttlement when fmipa is used as a damage parameter. 
The dramatic improvement toward correlation of the HFIR data when fmipa Is used as a damage parameter is a 
result of the 96X thermal neutron spectrum at the HFIR surveillance positions, combined with the Increased 
efficiency -f freely migrating defects per dpa at low energies. Thermal neutron captures in Iron produce 
recoils with an average energy of 395 eV, enough to make about 4 displacements per recoil. Of the displaced 
atoms, an average of 2.4 displaced atoms per recoil become freely migrating interstltials (according to the 
model shown in Figure 1). In contrast, the average recoil from 14 MeV neutrons, about 200 keV, produces on 
average about 1100 displacements but only 63 freely migrating Interstltials. Even fewer vacancies 
potentially escape the cascades, but they are not expected to be sufficiently mobile below 100*C to be 
considered as freely migrating defects. 

The hardening centers responsible for the increases in yield stress and embrlttlement of A212B Irradiated In 
HFIR and ORR are too small to be Imaged by transmission electron microscopy.1 A survey of post-Irradiation 
annealing studies on A212B1 showed recovery beginning about 300*C. Thus, at irradiation temperatures below 
100'C small clusters are expected to be relatively stable. 
Hardening centers can consist of defect clusters formed both Immediately within cascades and by diffusion of 
the freely migrating defects. The freely migrating defects can recombine, go to existing sinks, form 
clusters or form complexes with interstitial Impurities. Assuming that vacancy migration 1s negligible, 
Interstitial-impurity complexes may be the most effective hardening centers. This is consistent with the 
much Improved correlation of the HFIR tensile data on the basis of freely migrating Interstltials. 
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The RTNS-II and OWR data correlate well on the basis of dpa (Figure 2), but less well on the basis of fmipa 
(Figure 3J. In these much harder spectra the defect clusters formed directly within cascades probably pro
vide a greater contribution to the yield stress changes at low temperatures and doses than the small number 
of freely migrating defects. Thus, it may be inappropriate to compare radiation hardening data from all 
four spectra on the same basis, since the contributions of various hardening mechanisms are probably dif
ferent. Perhaps a better damage correlation parameter for comparing the data from all four spectra would be 
an appropriately weighted combination of freely migrating interstitials and clusters produced directly in 
cascades. 

A marked improvement in correlation of the HFIR and ORR embrittlement data was also achieved by Nansur and 
Farrell,17 who compared the data empirically as a function of thermal neutron fluence. That correlation was 
achieved because in these spectra most of the freely migrating defects are produced by the low energy 
recoils from thermal neutron captures. 

Inferences of freely migrating defect fractions from experimental measurements may be very useful for devel
oping damage correlation functions. Wiedersich18 has devised a simple empirical function to describe the 
energy dependence of concentrations of freely migrating defects extracted from solute segregation experi
ments. 1 9 Cascades were produced by ion bombardment at much higher temperatures than the neutron irradia
tions dealt with here. Yiedersicn's function and the function used here have the same general 
characteristics: a large fraction of the residual defects from low energy recoils are freely migrating, but 
a very small fraction of defects from high energy cascades are freely migrating. The primary difference 
between the empirical and the modeling-derived functions is in the value of the fraction at high energies. 
Computer simulations9 gave limiting values for the fractions of freely migrating defects for individual, 
isolated cascades in Cu. About 3% (relative to calculated dpa) of the interstitials always escaped the 
cascades regardless of the parameter settings for clustering and recombination. Interpretations of the 
solute segregation experiments19 imply that less than IX of interstitials are freely migrating. Continued 
investigation is needed to develop this approach for damage correlation, but the concept of diminished free 
defect production at high energies is definitely well-established. 

A single, easily calculated spectral correlation parameter, applicable in all neutron spectra, seems 
unlikely. Dpa works well if the spectra are not radically different. If secondary aspects of defect 
production in cascades, such as fmipa, are to be used as damage parameters, then their relationships to the 
mechanisms of mechanical property changes under various irradiation conditions must be appreciated. At the 
very least, researchers and test engineers should be aware that dpa is not always an appropriate damage 
correlation parameter for spectral effects. 
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LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT: IRRADIATIONS AT 473 K IN OMEGA WEST REACTOR - H. L. Heinisch and 
M. L. Hamilton (Pacific Northwest Laboratory)(,) 

PURPOSE 

The purpose of this work is t. determine the effect of the neutron spectrum on radiation induced changes in 
mechanical properties of metals 

SUMMARY 

Tensile tests have been performed on specimens from the last set of Onega West Reactor (OWR) irradiations 
performed as part of the Low Exposure Spectral Effects Experiment (LESEX). Tensile data are reported. 

PROGRESS AND STATUS 

Introduction 

The LESEX experiment was designed to allow direct comparisons of the damage caused by both fission and 
fusion neutrons on the tensile properties and raicrestructures of metals and alloys. 1 2 During the lifetime 
of the Rotating Target Neutron Source (RTNS-II), miniature tensile specimens and TEN disks of pure copper, 
316 stainless steel, A302B pressure vessel steel and various copper alloys were irradiated with 14 MeV d-t 
fusion neutrons to doses ranging from 0.0003 to 0.04 dpa at temperatures of 25, 90, 150, 200, 290, and 
450°C. Companion irradiations with fission reactor neutrons to comparable doses in these materials were 
performed at OWR at temperatures of 90, 200 and 290°C. 

Tensile tests and microscopy were performed previously on specimens irradiated in bot!. environments at 90 
and 290°C.Z The final OWR irradiations were performed rt 2O0'C to three fluence levels. Mechanical 
difficulties with the OWR irradiation vehicle, including the burn-out of the electrical resistance heating 
coils, precluded its use for further irradiations, and it was decommissioned. 

Experimental Procedures and Results 

Tensile tests were recently pf<formed at room temperature on the specimens irradiated at 200*C in OWR using 
the same procedures as '¡i ¡.he previous tests.1 The results are given in Table 1. 

As is shown in the table, the thickness measurements on each batch of specimens were generally quite consis
tent, varying by less than 0.025 mm from specimen to specimen. The exceptions to this are the A302B 
specimens, which were punched from slices of bar that varied in thickness much more than the rolled sheet 
typically used for punched specimens. In addition, the two Cu5Ni specimens irradiated in capsule 014 (PX68 
and PX71) appeared to be slightly thinner than those irradiated in capsules 012 and 013. No explanation is 
readily available for this observation. 

A number of specimens exhibited a relatively sharp 'yield point' relative to the remainder of the tests, 
where 'yield point' is used here to refer to a fairly sharp turn-over in the load-displacement trace at the 
end of the initial elastic loading, followed by a brief plateau at approximately constant load before the 
m c e typical increase in load observed with increasing strain. All of the SA316 specimens irradiated in 
both OWR and RTNS-II have exhibited this phenomenon, the effect becoming stronger with increasing dose. The 
duration of the plateau in terms of strain ranged from roughly 0.2 to 1%. The SA316 specimens Irradiated in 
014 actually exhibited a small (-3.5 MPa) yield drop rather than just a plateau. Other SA316 specimens in 
this experiment have exhibited yield drops as well, especially at the higher doses and higher irradiation 
temperatures. The Cu5Ni specimens irradiated in 013 and 014, i.e., to the two higher dose levels, also 
exhibited yield points. The fact that the Cu5Ni specimens exhibited the yield point plateau at only the 
higher dose levels, coupled with the transition in the SA316 from a plateau to a drop in load, suggests that 
the phenomenon is real, that it is a result of microstructural changes induced by neutron radiation, and 
that it is probably similar in nature to the yield drops traditionally produced by the pinning of 
dislocations by interstitial atmospheres. 

Piscgssion 

Figure 1 shows a comparison of the yield strength data from RTNS-II and OWR for solution annealed 316 
stainless fteel as a function of displacements per atoni (dpa). Individual data pyints are shown only for 
the current tests. Trend lines are shown for 200"C along with those for 90"C and 290"C for comparison. At 

U} picific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract 0F-AC06-76RIO 1830. 



Table 1. 
Roo» Temperature Tensile Data on Spec i wens Irradiated in OWR at 200*C 

Specimen Capsule Fluence, 
U0E18 n/c«z) 

0.0 

Thickness YS UTS UE TE 
Alloy ID IP 

Fluence, 
U0E18 n/c«z) 

0.0 

Im) (MPa) 

48±4 
("Pa) 
205*11 

1SL iSL 
Cu 

IP 
Fluence, 

U0E18 n/c«z) 
0.0 

Im) (MPa) 

48±4 
("Pa) 
205*11 

1SL 
C59 012 8.5 0.257 126 204 18.8 23.2 
C60 012 8.5 0.244 134 223 23.3 27.1 
C64 013 37.8 0.234 185 244 16.2 21.3 
C65 013 37.8 0.241 170 225 16.2 20.0 
C70 014 82.8 0.236 197 236 13.4 17.1 
C73 014 82.8 0.236 193 238 10.9 14.0 

SA316 0.0 220 ±11 574*20 
A58 012 8.5 0.295 303 616 46.7 54.5 
A59 012 8.5 0.274 319 629 54.6 62.4 
A63 013 37.8 0.277 398 687 42.9 53.6 
A64 013 37.8 0.297 336 625 39.5 NA 
A68 014 82.8 0.297 446 681 36.1 42.6 
A69 014 82.8 0.302 449 696 39.6 50.5 

A302B 0.0 4952:4 645±10 
E63 012 8.5 0.274 557 645 3.8 7.6 
P64 012 8.5 0.244 512 571 4.6 6.5 
E68 013 37.8 0.373 650 705 2.5 4.1 
P6S 013 37.8 0.338 652 729 4.0 7.0 
P55 014 82.8 0.241 732 756 0.5 0.9 

A212B 0.0 428s 10 565 ±6 
H19 012 8.5 0.277 455 519 3.3 4.7 
H20 012 8.5 0.277 350 417 3.0 4.5 
H31 014 82.8 0.244 471 525 3.5 4.7 
H32 014 82.8 0.274 409 435 1.9 3.0 

Cu5A1 0.0 50 i 6 219*15 
SX49 012 8.5 0.249 103 229 25.7 30.8 
SX50 012 8.5 0.244 110 244 31.6 33.3 
SX56 013 37.8 0.239 124 244 26.5 31.7 
SX61 013 37.8 0.236 137 246 22.4 26.1 
SX68 014 82.8 0.226 125 214 13.7 16.5 
SX71 014 82.8 0.213 137 239 14.1 16.5 

CuSHn 0.0 66*2 235*8 
CX62 012 8.5 0.241 133 270 22.9 25.6 
CX64 012 8.5 0.236 131 269 20.9 23.8 
CX68 013 37.8 0.231 146 273 20.1 22.5 
CX69 013 37.8 0.236 145 283 22.5 25.9 
CX73 014 82.8 0.2*6 140 270 22.6 24.6 
CX74 014 82.8 0.241 139 268 20.7 23.9 

CuSNt 0.0 50*4 219*2 
PX55 012 8.5 0.246 134 231 22.2 27.8 
PX56 012 8.5 0.234 108 237 22.5 25.7 
PX62 013 37.8 0.241 173 245 20.4 26.4 
PX66 013 37.8 0.241 191 251 18.0 24.6 
PX68 014 82.8 0.201 225 278 15.0 18.1 
PX71 014 82.8 0.198 203 240 13.1 16.8 

CuA125 0.0 417*16 456*lb 
JX21 012 8.5 0.274 545 571 0.6 4.4 
JX22 012 8.5 0.254 509 575 0.7 3.3 
JX29 013 37.8 0.257 543 566 0.6 3.6 
JX38 013 37.8 0.259 531 547 0.6 2.7 
JX63 014 82.8 0.259 540 566 0.6 2.5 
JX70 014 82.8 0.257 541 547 0.6 2.6 



Figure 1. The changes in 0.2% offset yield stress of solution annealed 316 stainless steel irradiated at 
90, 200 and 290°C in RTNS-II and OWR as a function of dpa. Individual data points are shown for only the 
200*C irradiation in OWR. 

90°C the yield strength change data fro» RTNS-II and OWR correlate well on the basis of dpa, while at 290 
and 200*C irradiation in OWR produces «ore hardening per dpa than in RTNS-II. The trend line for 20O*C in 
OWR is placed midway between the two data points at each exposure. Considering the scatter in the data, the 
difference in hardening in OWR and RTNS-II below 10'* dpa implied by the trend lines say not b» real. When 
the microstructures of spec isens from RTNS-II and OWR at 90 and 290*C were examined by TEH,3 it was deter
mined that the very small clusters of point defects that were observed could account for the radiation 
induced hardening, independent of irradiation temperature. It was suggested that these clusters nucleated 
in OWR at temperatures below the target irradiation temperature during the daily ascent to power. This 
effect would be expected to be small at 90°C, and indeed, no difference in the OWR and RTNS-II data was 
observed. The temperature history effect, however, may well be responsible for the differences at 20O*C. 
Such a mechanism is consistent with the observed variation in the threshold for the divergence in hardening, 
i.e., -10'" dpa at 200"C and -4 x 10 ' dpa at 290*C. Examination of the microstructures of the SA316 TEN 
specimens irradiated jt 200*C will provide additional information for understanding this behavior. 
Detailed analysis of the yield stress data on copper, the copper alloys and the pressure vessel steels is in 
progress. Some preliminary information on trends in the data are reported below. 
At 200*C the yield stress changes of A302B pressure vessel steel irradiated in RTNS-II and OWR correlate 
well when compared on the basis of dpa. This was also observed at 90*C and 290*C.' The yield stresses for 
A212 pressure vessel steel are anomalously low. At 90*C A302 and A212 were found to behave the same.4 An 
assortment of difficulties were encountered during the testing of the A212 specimens irradiated at 20O*C. 
Fortunately, several more irradiated specimens are available for testing. 
Yield stress changes of pure copper irradiated in RTNS-II and OWR at 200*C do not correlate on the basis of 
dpa. A factor of 10 less dose in dpa is needed in OWR to produce the same yield stress change as in 
RTNS-II. This is quite different from the factor of 2 more dpa needed to produce the same effect at 90*C.' 
At 290°C the data from the two spectra were found to correlate with dpa.1 These results may be a further 
indication of temperature history effects in the OWR irradiations. 
The binary copper alloys in OWR show a variety of temperature sensitivities. Cu5Mn shows essentially no 
difference in yield stress with increasing dose at 200"C, while Cu5Al shows a slight Increase with dose. At 
90°C these alloys display yield stress changes similar to that of pure copper. Cu5N1 displayed about the 
same changes in yield stress at 200°C as at 90'C, indicating very little temperature dependence in this 
fluence and temperature range. 

CONCLUSIONS 
The yield stress data for the 200"C OWR irradiations of the Low Exposure Spectral Effects Experiment show 
very interesting differences from what woJd be expected based on projections from the earlier data at 90#C 
and 290-C. At least some of the apparent inconsistencies mlgni be related to temperature history effects we 



«n 

suspect were occurring during the daily ascent to power of the OWR. Since the various Materials have 
respon ed in different ways to the temperature history, at least on the basis of tensile property changes, 
the data may be quite useful in sorting out the operation of specific mechanisms involved in the effects. 
Characterization of the microstru:tures using TEM will provide additional information to consider in the 
analysis. 

FUTURE WORK 
Microstructural analyses and further tensile data analyses will be done on the materials irradiated at 
200-C. 
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NEW INSIGHTS ON THE MECHANISMS CONTROLLING THE NICKEL DEPENDENCE OF SWELLING IN IRRADIATED Fe-Cr-Ni ALLOYS -
J. J. Hoyt, Washington State University and F. A. Garner, Pacific Northwest Laboratoryii! 

OBJECTIVE 
The object of this effort is to determine the origins of radi at ion-induced changes in structural «aterráis. 

SUMMARY 
In a previous report1 the interstitial and vacancy biases for an edge dislocation in a binary alloy were 
examined, assuming the existence of an equilibrium Cottrell atmosphere around the line defect. The Larche' 
and Cahn treatment of stress relaxation due to a solute atmosphere was employed with the Wolfer and Ashkin 
formulation for the bias of an edge dislocation to compute the bias as a function of nickel concentration in 
the Fe-Ni system. Using the minimum critical void radius concept, the concentration-dependent bias was 
shown to offer a plausible explanation for the minimum in swelling observed at intermediate nickel levels 
and the gradual increase in swelling at higher nickel levels. In this report, a more realistic description 
of the composition dependence of vacancy diffusion has also been included, an addition which improves the 
model substantially. 

PROGRESS AND STATUS 
Introduction 
The swelling behavior of irradiated metals is strongly dependent on composition. For example, in Fe-Cr-Ni 
alloys the swelling at relatively high temperatures decreases strongly with nickel until some intermediate 
level of 40-60% nickel is reached.2 Thereafter, increases in nickel result in a more gradual increase in 
swelling. The strong decreases observed in swelling of austenitic alloys can be partially explained by the 
effect of various solute additions (Ni,Si,P) on vacancy diffusivity.3'7 However, at present, no mechanism 
has been advanced for the slow upturn at higher nickel levels. 
Although many studies have investigated the concentration dependence of various material parameters, few 
have considered the effect of compositional variations on microstructural bias factors. The interaction of 
a point defect, interstitial or vacancy, with the stress field of a given defect sink determines the bias 
toward one point defect over the other. Since the stress field is altered in the presence of a solute 
species, one would intuitively expect the bias to be dependent on its concentration. 
Consider a binary alloy in which the solute atoms are oversized; i.e., the lattice parameter of the solute 
in the pure state is larger than that of the host species in its pure state. To reduce the total strain 
energy of a dislocation, the solute will tend to segregate on the tensile side and be repelled from the 
compressive side. In equilibrium a Cottrell atmosphere is established. Although this effect has long been 
known, it was only recently shown that the change in the stress field around a dislocation could be com
puted for concentrated solutions. We examine here the effect this change in stress field has on bias 
factors for edge dislocations in Fe-Ni alloys. 
Marwick8 computed the bias for a free surface due to solute redistribution by numerically solving the 
diffusion equations for solute, vacancy and interstitial species. The Marwick scheme is the preferred 
method of computing bias factors, but for a general distribution of defect sinks with non-homogeneous stress 
fields, the numerical solutions to the diffusion equations become quite intractable. We shall take a 
simpler approach and compute an initial bias by estimating the change in the stress field around an edge 
dislocation due to a Cottrell atmosphere. The emphasis on the word initial arises from the knowledge that 
sinks often become further enriched in various solutes via radiation-induced segregation. 
Theoretical Background 
Larche' and Cahn9 have developed a general theory for the thermochemical equilibrium of solids under 
nonhydrostatk stress. A Cottrell atmosphere is one application of the theory and it was shown that the 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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stress field with the solute atmosphere present is given by the stress field for a pure Material but with 
the various elastic constants replaced by the open-field elastic constants. These constants, denoted by *, 
are given by 

(la) 

(lb) 

(lc) 

where linear elasticity has been assured. The paraaeters E, * and v are, respectively, the elastic and bulk 
aoduli and Poisson's ratio. The quantity 17 is the fractional change in the lattice paraaeter (a) with 
coaposition (c); i.e., 

,-}(£> W 
Finally, x is given as ( f ) ' 1 , where f" is the second derivative of the free energy with coaposition. All 
paraaeters are evaluated at the average concentration. 

To aodel in an approximate way the Fe-Ni systea, the various material paraaeters need to be evaluated. In 
general, E, « and v are dependent on the average concentration, but for siaplicity we assuae they are con
stant. The values eaployed for the subsequent coaputations are the saae as eaployed in an earlier study and 
represent conditions typical of fast reactor irradiation.10 The fractional change in lattice paraaeter is 
found by assuming a linear dependence vs. the concentration of Ni; i.e., Vegard's law. Lattice paraaeters 
of pure Ni and pure Fe are readily obtained. 

To estimate x. * w>de1 for the free energy of mixing in Fe-Ni must be assumed. (Since we are ultimately 
concerned with the second derivative, the free energy and free energy of mixing can be used interchange
ably.) The simplest nontrivial free energy model is the regular solution approximation with a free energy 
of mixing of the form 

f - «c(l - c) + RT(c In c + (1 - c)ln(l - c)) (3) 

where c is the Ni concentration, R is the gas constant and w is an interaction parameter. The first term on 
the right of Equation 3 is the temperature-independent enthalpy of mixing, ¿H. By adjusting u to fit the 
experimentally measured ¿H, a better approximation to AH is established. 

Figure 1 shows the enthalpy of mixing data for Fe-Ni measured by Kubaschewski et al. 1 1 and the assumed model 
used in the calculations (« - 8510 J/mol). The assumed tM vs. c model is a reasonable approximation up to 
the Invar concentration but is rather poor at higher Ni levels. Nevertheless, for the first evaluation we 
expect the results to be qualitatively correct. 

Usii.n a perturbation technique for non-linear diffusion equations, Holfer and Ashkin12 derived the bias of 
an eoV dislocation. In the absence of applied stress the bias is 

Z... " ] * (IT* 2 -) / i l 6 » 2 1 n ( a , ] <4> 

where R and a are outer and inner cutoff radii respectively, measured In units of the Burgers vector and k 
is the Boltzmann's constant. The subscript 1 or v refers to interstitial or vacancy. The quantity Bo, y is 
given by 

Bo, y - v, K (1 - 2 „)/2« (1 - *) (5) 

where v, y is the difference between the defect volume and atomic volume. 

Equation 5 was derived assuming a stress field around a dislocation In an coapositionally homogeneous alloy. 
We now examine the change in Z when the stress field relaxation is due to a solute atmosphere. Thus, Equa
tions 1-3 are employed in conjunction with Equations 4 and 5 to arrive at the initial bias as a function of 
average NI concentration. 

Figure 2 shows the ratio of Z over Z y vs. concentration of Ni (C N )) at various temperatures. The curves »re 
symmetric ¿bout C„, • 0.5, a direct consequence of employing the regular solution approximation. The mag
nitude of the change in Z,/Zy Is only a few percent, but this small change can have a large effect on the 
swelling behavior.""14 Note that the change of Z,/Z is more pronounced at lower temperatures. Recall, 
however, that the bias is only one factor which controls void nucleation and growth. 
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for Illustration Purposes. 

The interactive effect of a concentration-dependent bias factor and other relevant parameters on swelling behavior can be exa«ined using the concept of a minimum critical radius, R,,.. For a void to grow it wist nucleate as a vacancy cluster and reach a critical size. Below this critical size, a cavity will spontaneously decrease in size unless stabilized by gas atoas. 
The bubble to void conversion idea was first discussed by Sears 1 3, and later developed by Odette and Stoller14 and Coghlan and Mansur.15 It was also employed by Coghlan and Garner 1 0 to exaaine the effect of HI concentration on R in simple austenitic alloys. The latter study focused on the effect of compositional changes in vacancy'diffusivlty on the «inlaw critical radius. The equations Involved in the computation of R are lenathy and the reader is referred to reference 13 for details. The various Material and kinetic parameters "needed are identical to those of reference 10. In the following it is assuaed that the systea bias is equal to the bias of an edge dislocation; i.e., that the ratio of void bias for an Interstitial to that of a vacancy is unity. This may not be completely accurate but it is a common assumption and simplifies the calculation. 
Figure 3 shows the critical radius of Fe-N1 alloys vs. C„( at 475'C. Again due to the symmetric form chosen for the free energy, a peak is observed at C - 0.5 with an approximately 10% increase in R over that of the pure metals. Figure 3 suggests that the swelling behavior of Fe-Ni would also be symmetric. However, this conclusion neglects changes in vacancy diffusivlty, the importance of which has been stressed In earlier papers.* ' In particular, It was shown that changes in the pre-exponential factor DP with Mi content are very important. As shown in Figure 4 0 ° Is a moderately strong function of nickel content in Fe-NI alloys, peaking at intermediate nickel levels. 
Esmailzadeh and Kumar5 define the effective vacancy diffusion coefficient as 

D v f f - D F e , v C F e + D N1,v C N1 ( 6 ) 

where C Is the concentration and Dft v 1s the tracer diffusion coefficient normalized by the equilibrium 
concentration of vacancies; i.e., C*y

a - exp (-AH^/kT). 
Thuj, 

°tff " [ D o { F e ) CFe + D o ( N , ) C N 1 ] e x p (-AHn/kT> ( 7 ) 

where the term in brackets Is 0J. 
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The quantities D* for Fe and Ni in Fe-Ni binaries are given by Ruzikova', Million and Kucera ( I 6 ) and were 
used to calculate D° in Figure 4. The parabolic fit also shown in 4 was used with the sub-regular solution 
model for the enthalpy of mixing to calculate the bias factors for an edge dislocation (Figure S) and the 
resulting minimum critical radius (Figures 6 and 7). In the sub-regular model the Interaction parameter w 
is assumed to be concentration dependent. In Figure 1 a sub-regular model fit was obtained by assuming that 
u varied linearly with nickel concentrations. 
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The change in R with nickel content 1s also a function of temperature and increases strongly at higher 
temperatures. Noíe that the asymetric maxima in Figures 6 and 7 offer a plausible explanation for the 
observed gradual upturn in swelling at high Ni levels. A similar conclusion cannot be drawn by considering 
solely the impact of changes in \f. 
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Figure 8 shows a plot of R^ vs. teaperature for various nickel levels. These curves show that R is not 
very sensitive to nickel or teaperature at relatively low temperatures, but is a steep function of teapera
ture at higher temperatures while being moderately sensitive to nickel, all in agreement with experimental 
observations . 
Discussion 
It must be stressed that the composition-dependent bias presented in this work refers to an initial M a s . 
The Larche' and Cahn formal ism for the solute atmosphere around an edge dislocation refers to a system in 
thermal equilibrium. During irradiation, a material cannot be considered in equilibrium, and dynamic 
factors such as the inverse Kirkendall effect or solute drag become important. In the Fe-Mi-Cr system, 
nickel always segregates at microstructural sinks. It would be unjustified to extend the above ideas to the 
steady-state swelling behavior at late times without incorporating the time dependence of C_. at the sinks. 
Wolfer and coworkers have shown that segregation of nickel at sinks changes their bias. 1 7 1 1 , 

CONCLUSIONS 
Changes with composition of the pre-exponential coefficient for vacancy diffusion have previously been 
invoked to explain the rapid decrease in swelling with Ni additions in irradiated steels. However, this 
factor alone cannot explain the gradual increase in swelling with Ni content for C >0.5. It has been 
shown that the combined effect of a concentration-dependent bias factor and changes fn D° offers one 
possible explanation for the swelling behavior in Fe-Ni. The change in bias was assumed"to arise from the 
existence of a Cottrell atmosphere of nickel atoms around the dislocations. 

FUTURE WORK 
This effort will continue, exploring the interaction between the Cottrell atmosphere effect and other 
composition-dependent operating mechanisms. 
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THE INFLUENCE OF NICKEL CONTENT ON HICROSTRUCTURES OF Fe-Cr-Ni AUSTENITIC ALLOYS IRRADIATED WITH NICKEL IONS 
- T. Muroga and N. Yoshida. Kyushu University, F. A. Garner, Pacific Northwest Laboratory'*' 
OBJECTIVE 
The objective of this effort is to identify the mechanisms involved ir the radi ati on-induced evolution of 
microstructure in materials intended for fusion applications. The results of this study are useful in 
interpreting the results of several other ongoing experiments involving either spectral or isotopic tailor
ing to study the effects of helium on microstructural evolution. 

SUMMARY 
Ion-irradiated Fe-15Cr-XNi (X • 20, 35, 45, 60, 75) ternary alloys and a 15Cr-85Ni binary alloy were exam
ined after bombardment at 675°C and compared to earlier observations made on these same alloys after irra
diation in EBR-II at 510 or 538*C. The response of the ion-irradiated microstructures to nickel content 
appears to be very consistent with that of neutron irradiation even though there are four orders of Magni
tude difference in displacement rate and over 200°C difference in temperature. It appears that the transi
tion to higher rates of swelling during both types of irradiation is related to the operation of some 
mechanism that is not directly associated with void nucleatio.t. 

PROGRESS ANO STATUS 
Introduction 
In an earlier report, the microstructures were examined for a series of Fe-15Cr-XNi (X - 15, 19, 21, 30, 35, 
45, 75J ternary alloys and a 15Cr-85Ni binary alloy after irradiation in the EBR-II reactor at 510 and 
538°C. -: At 510'C it was obvious that void nucleation was complete prior to the onset of steady-state 
swelling at all nickel levels, implying that some process other than void nucleation determines when the 
relatively rapid void growth associated with steady-state swelling occurs. At both 510 and 538*C a pro
tracted loop dominance at intermediate nickel levels w*s observed in the dislocation microstructure along 
with a relatively low void density, suggesting a reduced bias toward preferential interstitial absorption as 
a possible mechanism to produce lower swelling in this nickel range. The void densities also closely mir
rored the total swelling behavior as a function of nickel content. Figures 1-4 show the relationships 
observed between loop and void densities, swelling, dislocation density and matrix nickel content. 
It was decided to test the generality of such observations over a broad range of irradiation conditions. 
The first results of some other neutron irradiation studies are presented elsewhere.121 A more rigorous 
test of the generality of these microstructural relationships was provided by microscopy observations of a 
series of specimens which were ion bombarded at much higher displacement rates, then thinned and observed by 
Johnston, Rosolowski, Turkalo and Lauritzen.'3i These specimens were found to be in excellent condition 
more than 15 years after their original examination. 
Experimental Details 
The materials examined in this study were Fe-15Cr-XNi (X - 20, 35, 45, 60, 75) ternary alloys and a 15Cr-
85Ni binary alloy. These alloys were prepared separately by Johnston and coworkers and thus are nominally 
but not fully identical to those used in the neutron studies. The irradiations were performed with either 
4 or 5 MeV Ni* ions at 675°C reaching 30 to 190 dpa at a displacement rate of about 2xl0~? dpa/s. Prior to 
irradiation, 20 appm of helium had been preinjected to depths where the microscopy was to be performed. The 
regions of the specimen examined by TEN were 700 to 850 nm from the Ion-incident surface of the specimen. 
Due to depth-dependent changes in displacement rate characteristic of heavy Ion bombardment, variations in 
depth of the foil from the incident surface resulted 1n variations In total dose. The alloys and Irradia
tion conditions examined are listed in Table 1. The microstructure and microchemistry of these specimens 
were examined with a JEM-2000FX TEM equipped with an EOS system. 

RESULTS AND DISCUSSION 
Since ion milling was performed by Johnston and coworkers at the final stage of specimen preparation, high 
densities of small dots were observed in all specimens. Stereoscopic observations were carried out to 
distinguish between heavy ion-induced microstructure inside the specimen and near-surface defect clusters 
induced by Ion milling. Micrographs of the damage structures will be presented in another report. i s ) 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 1830. 



Table 1 

Alloys (Fe-15Cr-XNi or 15Cr-85Ni) and Heavy Io: Irradiation Conditions. 
The irradiation temperature is 675°C. 

Ni level 
(wt%) 

20 35 35 35 45 45 45 60 75 85 

Ni* ion energy 
(HeV) 

5 4 4 5 4 5 4 5 5 5 

Dose 30 20 53 110 58 120 190 111 116 115 
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Figure 1. Dependence of mlcrostructural parameters on nickel content at 510*C and ¿.6 x 10 2 t n/m2 

(E > 0.1 MeV).'1' 

Figure 5 shows the measured mlcrostructural parameters as a function of nickel content. Although c.ly lower 
dose mlrrostructures were available for 20N1 and 35N1 allc:, the results concerning the nickel dependence 
are qualitatively similar to those shown In Figures 1 and except that both void density and swelling for 
the 85N1 binary alloy are higher than those of the 75N1 ternary alloy. Garner'8' hai shown that irradiation 
of 85N1-15Cr with either Ions or neutrons yields different results, depending on whether the irradiation is 
performed above or below 550*C, the order-disorder transition temperature for this alloy. Thus one would 
expect some difference In behavior for neutron Irradiations conducted at 510'C or 538'C and 1on Irradiations 
conducted at 675*C. 

Figure 6 shows the dose dependence of both swelling and void density for the 35 and 45N1 ternary alloys. 
The swelling under the accelerated irradiation conditions of 1on bombardment at higher temperature indeed 
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Figure 2. Dependence of microst-uctural parameters on nickel content at 538*C and 2.6 x 10 2 6 n/m2 (E > 
0.1 M e V ) . , n Swelling data obtained by immersion density by Garner and Kumar'4' are also shown. 

appears to obey the kinetics of transient and post-tranrlent rapid increase observed In neutron irradiation 
at lower displacement rate and temperature. Figure 6 also shows that the change in void density Is small 
during the transition between these two regimes, similar to the behavior of the neutron-Irradiated specimens 
shown in Figure 3. 
Profiles of nickel concentration across voids of about 100 nm in diameter ?re presented In Figure 7 for a 
variety of nickel levels. The enrichment of nickel at voids 1s most prominent for lower nickel alloys. 
Figure 8 shows, for the 45N1 ternary alloy, the dose oependence of swelling as well as the dose dependence 
of nickel concentration at void surfaces and In the matrix. The nickel depletion In the matrix coincides 
with the onset of rapid swelling, once again consistent with the behavior of the neutron irradiated 30N1 
ternary alloy shown in Figure 4. 

CONCLUSION 
The nickel-dependent microstructural response of Fe-Cr-N1 alloys Irradiated under very different conditions 
appears to be quite consistent. It appears that void densities tend to saturate at nickel dependent levels 
rather early in the irradiation. The transition to higher rates of swelling seems to require the later 
operation of some other mechanism not directly associated with void nucleation. 
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FUTURE WORK 

These results will be combined with the early neutron results and some theoretical analysis. These will 
then be published in the proceedings of the 15th ASTM Symposium on Effects of Radiation on Materlals.'4' 
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IMPACT BEHAVIOR OF 9Cr-lMoVNb AND I2Cr-lKoVW STEELS IRRADIATED IN HFIR — R. L. Klueh and D. ¿. Alexander 
(Oak Ridge National Laboratory) 

OBJECTIVE 

The goal is the evaluation of the impact behavior of irradiated ferritic steels and to relate the 
changes to irradiation damage and transmutation helium. 

SUMMARY 

Charpy impact specimens of 9Cr-lMoVNb and 12Cr-lMoVW steels and these steels with 21 Ni (9Cr-lMoVNb-
2Ni and 12Cr-lMoVW-2Ni) were i r rad ia ted in the High Flux Isotope Reactor (HFIR) at 300°C up to 34 dpa and 
at 4O0°C to 42 dpa. Nickel was added to the standard composition to study the ef fect of transmutation 
helium formed by reaction of 5 8 N i with thermal neutrons in **:? mixed-spectrum of HFIR. Helium levels 
approaching 400 appm were achieved in the steels containli.-; 21 N i . I r rad ia t ion caused large increases in 
the DBTT of a l l four s t e e l s . A saturation in the sh i f t in DBTT with increasing fluence that was observed 
in fast reactor i r rad ia t ions does not apply to specimens i r rad ia ted in HFIR. Shif ts in DBTT of over 300°C 
were observed at 400SC for 9Cr-lMoVNb-2Ni end 12Cr-lMoVW-2Ni; shi f ts of over 200°C were observed for the 
standard s tee ls . For a l l s tee ls , the increase was greater a t 400°C than at 300°C. The shi f ts are the 
largest ever recorded for th is type of steel and are a t t r ibuted to the higher helium concentrations. 

PROGRESS AND STATUS 

Introduction 

Because f e r r l t l c / m a r t e n s l t l c steels are re la t ive ly immune to void swel l ing, they are being considered 
as possible structural materials for the f i r s t wall and blanket structure of future fusion reactors. A 
major concern involves the ef fect of i r rad ia t ion on impact propert ies. I r radiat ion can cause a large 
increase in the d u c t i l e - b r i t t l e t ransi t ion temperature (DBTT) and a decrease in the upper-shelf energy 
(USE). Even i f the DBTT i s below room temperature before i r r a d i a t i o n , i t can be well above room tem
perature after ¡ r r id ia t ion . 1 " 7 

A steel in a fusion reactor f i rst wall will experience displacement damage from the high-energy 
neutrons from the fusion reaction. In addition, large amounts of transmutation helium will form in the 
material. To study the effect of simultaneously produced displacement dasage and transmutation helium, 
nickel has been added to 9Cr-lMoVNb and 12Cr-lMoVW steels. 8 When these nickel-doped steels are i r ra
diated in a mixed-spectrum reactor such as KFIR, displacement damage is produced by the fast neutrons in 
the spectrum, and helium is produced by a two-step transmutation reaction of S 8N1 with the thermal neutrons 
in the spectrum. For a ferr i t ic steel containing 2% Ni, the He/dpa ratio produced during irradiation in 
HFIR is similar to that produced in a tokamak reactor. This technique has been used to examine the effect 
of helium on tensile properties of specimens irradiated at 50, 300, 400, and 500°C, 8 ' 9 and on the impact 
properties of Charpy specimens irradiated at 50°C.6 

Previously, we presented data for the standard 9Cr-lMoVNb and 12Cr-lMoVW steels irradiated at 300 and 
400°C in HFIR up to 42 dpa (ref. 7). The shifts In DBTT observed after irradiation at 400°C were the 
largest ever observed for these steels. In this report, impact properties for nickel-doped 9Cr-lMoVNb and 
12Cr-lMoVW steels irradiated in HFIR at 300 and 400°C will be presented, and the results will be compared 
with results from the irradiations of the undoped steels. 7 

Experimental Procedure 

Specimens were obtained from 25-kg electroslag-remelted (ESR) heats of standard 9Cr-lMoVNb (heat XA 
3590) and standard 12Cr-lMoVW (heat XAA 3587) compositions that were prepared by Combustion Engineering, 
Inc., Chattanooga, Tennessee. Similar compositions with 2% Ni added were also prepared by ESR; these 
heats have been designated 9Cr-lMoVNb-2N1 (heat XA 3591) and 12Cr-lMoVW-2N1 (heat XAA 3589). Chemical 
compositions are given 1n Table 1. 
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Composition of 9Cr-lMoVHb and 
12Cr-lNoW Steel 

Concentrat ion,a wt X 
9Cr-ox*i b 

(XAA 3S9C 
-INoVNb 12Cr.-lMoVW 

Element 
9Cr-ox*i b 

(XAA 3S9C 
2X Hi 

1) (MA 3591) 
OX Hi b 2X Ni 

9Cr-ox*i b 

(XAA 3S9C 
2X Hi 

1) (MA 3591) (XA 3587) (XA 3589) 

C 0.09 0.064 0.21 0.20 
Mn 0.36 0.3f Ú.50 0.49 
P 0.008 0.008 0.011 0.011 
S 0.004 0.004 0.004 0.004 
SI 0.08 0.08 0.18 0.14 
N1 0.11 2.17 0.43 2.27 
Cr 8.62 8.57 11.99 11.71 
No 0.98 0.98 0.93 1.02 
V 0.209 0.222 0.27 0.31 
Nb 0.063 0.066 0.018 0.015 
T1 0.002 0.002 0.003 0.003 
Co 0.013 0.015 0.017 0.021 
Cu 0.03 0.04 0.05 0.05 
Al 0.013 0.015 0.030 0.028 
B <0.001 <0.001 <0.001 <0.001 
W 0.01 0.01 0.54 0.54 
As <0.001 <0.001 <0.001 <0.002 
Sn 0.003 0.003 0.002 0.002 
Zr <0.001 <0.001 <0.001 <0.001 
N 0.050 0.053 0.020 0.017 
0 0.007 0.006 0.005 0.007 

Table 1 . Composition of 9Cr-lNoVNb and Charpy impact specimens Mere obtained from 
hot-rolled plate in the normal i zed-and-tempered 
condition. The normalizing treatment for the 
9Cr steels was 0.5 h at 1040°C and for the 12Cr 
steels 0.5 h at 1050°C, after which they were 
air cooled. The 9Cr-lNoVNb steel was tempered 
1 h at 760°C; the 12Cr-lNoVW steel was tempered 
2.5 h at 7809C. The 9Cr-lHoVNb-2Ni and 12Cr-
lHoVW-2Ni steels were tempered 5 h at 700°C. 
Tempered martensi te microstructures were 
obtained by such heat treatments. Details on 
heat treatment and microstructure have been 
published."»*8 

Miniature Charpy V-notch specimens were 
machined from the heat-treated plate in the 
longitudinal (LT) orientation. The subslze 
specimens were essentially one-half the standard 
size; they measured 5 by 5 by 25.4 mm and con
tained a 0.76-mt-deep 30° V-r.otch with a 0.05-
to -0.08-mj-root radius. Such miniature speci
mens show a transition from ductile to br i t t le 
fracture similar to that found in full-sized 
Charpy specimens, although over a different 
temperature range. 1 0 » 1 1 

Two capsules, each containing 16 specimen*, 
of the nickel-doped and undoped 9Cr-lMoVNb a.-u 
12Cr-lMoVW steel specimens, were irradiated in 
HFIR at the nominal irradiation temperatures of 
300 and 400°C. One capsule contained the 9Cr-
lMoVNb series, and the other contained the 12Cr-
lNoVW series. For irradiation, specimens were 
enclosed in stainless steel holders, and the 
holders were placed inside aluminum sleeves. To 
achieve the desired temperature, the outer 
diameters of the steel specimen holders were 

adjusted to compensate for the variation In nuclear heating rate along the length of the capsule. Nuclear 
heating of the specimens and stainless steel holders provides enough heat to raise the sample temperatures 
to the desired values. A thermal gradient exists from the Interior to exterior surface of the specimens, 
but this has been calculated to be less than 45°C. Three flux monitors were loaded Into each capsule, and 
these were analyzed to determine the fluences achieved. 

The capsules were Irradiated in HFIR peripheral target positions for 20 cycles co a maximum total 
fluence of 20.2 * 10 2 6 n/m2 and a maximum fast fluence of 5.6 * 10 2 6 n/m2 (E > 0.11 MeV). At the capsule 
ml dplane, a displacement-damage level of approximately 42 dpa was obtained. However, the fluence 
decreases with distance from the mldplane, and the displacement-damage levels at the ends of the capsules 
were approximately 20 dpa. Displacement-damage levels for specimens between the mldplane and the ends 
varied between these l imits. Similarly, helium levels also varied, depending on the position of the spec
imens In the capsule and the amount of nickel present in the alloys. Up to ~390 appm He was present In 
the steels with 2% N1. 

Tests were carried out 1n a pendulum-type impact machine specially modified to accommodate subslze 
specimens.11 To obtain the DBTT and upper-shelf energy (USE), Impact energy-temperature curves were 
generated by f i t t ing the data with a hyperbolic tangent function. 

Because of space limitations In the Irradiation capsules, a limited number of Irradiated specimens 
were available (five each for the 9Cr-lMoVNb and 12Cr lMoVW steels, but only three specimens each for 
these steels to which 2X N1 had been added). The major objective of these studies was the detrrmlnatlon 
of the shift In DBTT. Consequently, the USE often had to be estimated. The DBTT was calculated for the 
energy corresponding to one half of the USE and at fixed energy levels of 5.5 and 9.2 J (analogous to the 
41 and 68 J often used for full-size Charpy specimens).11 

aBalance iron. 
Standard steel with no nickel added. 

Results 
Charpy Impact results for the .peciroens Irradiated in HFIR are given In Table ?. Also given are the 

displacement-damage levels and helium concentrations for each set of specimens. Because the new results 
on the nickel-doped steels are to be compared with the results for the standard steels Irradiated in the 
same, capsules hut previously published,7 the results for the standard steels are also given in the table. 
As seen, the specimens irradiated at 400"C had damage levels of 38 to 4? dpa, while those irradiated at 
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Table 2 . Impact Properties of Cr-Ho Steels Irradiated in HFIR 

Conditions Transition Temperature (°C) AOBTT3 

(°C) 
USE 
(J) 

Temperature 
(°C) 

Displacement 
(dpa) 

He 
(appm) 1/2 USE 5.5J 9.2J 

AOBTT3 

(°C) 
USE 
(J) 

12Cr-lNoVW (Heat XAA 3587) 

Control 
300 
400 

0 
20-34 
38-42 

0 -18 -58 
51-90 87 86 
99-111 224 226 

12Cr-lNoVH-2Ni (Heat XAA 3589) 

-35 
87 105 

242 
26 
15 
8 

Control 
300 
400 

0 
20-31 
38-42 

0 -32 -57 
184-284 130 132 
353-391 296 323 

9Cr-lHoVNb (Heat XA 3590) 

-25 
153 162 

328 

17 
1 0h 6 b 

Control 
300 
400 

0 
20-34 
37-42 

0 -29 -49 
16-27 138 136 
30-34 175 174 

9Cr-lMoVNb-2Ni (Heat XA 3591) 

-37 
138 
182 

25 
167 
204 

20 
12 

Control 
300 
400 

0 
20-31 
38-42 

0 -77 -115 
184-284 141 149 
353-391 271 

-90 24 
218 
348 * 

«Calculated from 1/2 USE OBTT. 
^Estimated because of the small number of specimens. 

300SC we~e only 20 to 34 dpa. Helium concentrations varied considerably, depending on the amount of 
nickel in the steel and the fluence. Because the standard 9Cr-lHoVNb steel contained only about O.IX N1 
compared to the 0.5X in the standard 12Cr-lNoVW (Table 1) , the 9Cr-lMoVNb contained less helium than the 
12Cr-lMoVW after a similar Irradiation. 

Figures 1 through 4 show the Charpy 
curves for each steel before and after i rra
diation; AOBTT values determined using the 
OBTT determined as one-half USE are shown 
in Table 2. Increases in OBTT of owr 
lOO'C occurred at 300°C and over 200°C 
at 400°C for all four steels. The 
largest change for each steel occurred 
after irradiation at 400°C, and a 
larger change occurred for the nickel- = 

doped steels (the ones with the higher 
helium levels) than the undoped steels. 

From Figs. 2 and 4, the dif
ficulty is evident in estimating a 
USE from only three test specimens 
for 9Cr-lMoVNb-2N1 and 12Cr-lr1oVW-2N1 
steels, especially at 4009C. I t 1s 
also dif f icult to estimate the OBTT 
at 400'C. Errors 1n the estimate In 
OBTT at 400°C would appear to be such 
as to lead to a lower value than 
might result were more specimens 
available. Nevertheless, the curves 
were f i t ted by the hyperbolic tangent 
function and were used to estimate a 
DBTT, which 1s given In Table 2. 
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Fig. 1. Charpy Impact properties of 12Cr-lMoVW steel In the 
unirradiated condition and after Irradiation to 20-34 dpa (51-90 
appm He' at 300*C and tc 38-42 dpa (99-111 appm He) at 400'C in 
HFIR. 
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Fig. 2. Charpy Impact properties of 12Cr-lHoVW-2Ni steel In the unirradiated condition and after 
irradiation to 20-31 dpa (184-284 appa He) at 300T and to 38-42 dpa (353-391 appa He) at 400°C in HFIR. 
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Fig. 3. Charpy impact properties of 9Cr-lMoVNb steel in the unirradiated condition and after irra
diation to 20-34 dpa (16-27 appm He) at 300*C and to 37-42 dpa (30-34 appm He) at 400'C In HFIR. 
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F1g. 4. Charpy Impact properties of 9Cr-lMoVNb-2N1 steel in the unirradiated condition and after 
irradiation to 20-31 dpa (184-284 appm He) at 300°C and to 38-42 dpa (353-391 appm He) at 400°C in HFIR. 

Discussion 

The objective in Irradiating the nickel-doped and undoped 9Cr-MoVNb and 12Cr-HoVH steels in HFIR was 
the determination of the effect of helium on properties. Transmutation helium is generated by an (n,o) 
reaction between 5 8N1 and thermal neutrons in the HFIR spectrum. From previous work on the nickel-doped 
steels, i t was tentatively concluded that helium may Intensify the effect of Irradiation on the shift in 
DBTT when irradiated at 50°C.6 That experiment, like the present one, suffered from the limited number of 
specimens that were irradiated. A similar conclusion that helium affected the results was reached when 
the standard steels were irradiated In HFIR"'7 and compared with results obtained after irradiation 1n 
fast reactors. 5 

For any test condition. Table 2 shows that the nickel-doped steels always had a larger ADBTT than the 
standard steel. A possible conclusion from this observation is that helium caused the difference. 
Because of the limited amount of data, such a conclusion can only be considered tentative; nevertheless, 
i t is worthwhile to examine the results in light of all data that bear on such a conclusion. 

The most important question concerning the Irradiation of the nickel-doped and undoped steels is: 
What Is the effect of helium and what is the effect of nickel? Previous work addressed this question by 
examining the unirradiated nrfcrostructures and the mlcrostructures after irradiation to -39 dpa in HFIR, 
where substantial helium formed, and to 47 dpa In FFTF, where l i t t l e helium formed. 1 2 That study showed 
no major differences In the evolution of the mlcrostructures In the different reactors, with the exception 
of the formation of voids and bubbles In the HFIR-irradlated steels. The formation of these cavities was 
attributed to helium. 

Differences 1n thermal aging behavior of the steels with and without nickel additions caused by 
elevated-temperature exposure during Irradiation are not expected to significantly affect the DBTT. Aging 
for up to 2500 h at 400°C had no effect on the Impact properties of any of the steels.'•• 5 Also, normallzed-
and-tempered 9Cr-lMoVNb and l2Cr-lMoVW-2N1 steel specimens from the heats used In the present experiment 
were aged for 13,000 h at 300 and 400°C with only a relatively minor effect on the DBTT and USE (Fig. 5 ) . 

Charpy impact specimens of these same heats of 12Cr-lMoVW and 12Cr-lMoVW-2N1 steels were previously 
Irradiated at 390°C to 12 dpa 1n EBR-II, where < 3 appm He was generated.5 Shifts in DBTT of 122 and 90°C 
were observed for the 12Cr-lMoVW and 12Cr-lMoVW-2N1, respectively. The similarity of the shift In DBTT In 
12Cr-lMoVW and 12Cr-lMoVW-2N1 when Irradiated 1n EBR-II was Interpreted to mean that nickel did not signif
icantly affect the properties and therefore should not affect them when Irradiated In HFIR.S However, 
when the ADBTTs determined after Irradiation at 390°C 1n EBR-II ire compared with those observed after 
Irradiation at 400T In HFIR, It 1s obvious the ADBTT for both steels Irradiated In HFIR 1s considerably 
greater (242°C for 12Cr-lMovW and 348°C for 12Cr-lMoVW-2N1). Either th» higher Huenc* or the higher 
helium concentration produced in the HFIft experiment caused the larger ADBTT. 



102 

9Cr-1MoVNb (HEAT XAA 3590) 
40 

35 -

30 -

~ 25 
- > 
O 20 
or 
Ul 
UJ IS 

Kt 

s 

0 

(a) 

X T 

i X 
\r*~ 

0 

•O NORMALIZED AND TEMPERED 
A A6ED 13.000 h at 300°C 
V A6ED 13.000 h at 400°C -

_L _L 
-200 -KM) 0 KM) 

TEMPERATURE (°C) 
200 300 

!2Cr- IMoVW-2Ni (HEAT XA 3589 ) 

(b) 

0 100 
TEMPERATURE i°C) 

200 300 

Fig. 5. Charpy Impact properties for (a) 9Cr-lMoVNb and (b) 12Cr-lMoVW-2Nl steels in the normalIzed-•nd-tempered condition and after aging for 13,000 h at 300 and 400*C. 



103 

Nickel was shown by Odette and Lucas13 to have an embrittling effect (measured as an increase in the 
DBTT) on pressure vessel steels irradiated in light-water reactors to fluences of -1-3 * 10 2 2 n/m2 (note 
the fluence is more than three orders of magnitude :ess than the fluences used in the present experiment). 
These authors concluded that nickel acts synergistically with copper for high copper contents, but acts 
independently at low contents (<0.1X Cu). Although the exact mechan!sm for embrittlement is unknown, i t 
is believed to be caused by "irradiation-induced fine-scale microstructural features." 1 3 For copper-
bearing steel, 1 nm copper-rich precipitates (containing nickel when nickel is present in the steel) were 
established by small-angle neutron scattering. Low-copper steels also contain irradiation-induced 
defects, although their precise character is as yet undetermined.13 

Such embrittlement caused by nickel is not believed to cause the effects observed in the present 
experiment. First , i f nickel caused the effect, similar effects would be expected for irradiations in 
EBR-II (fast reactor) and HFIR (mixed-spectrum reactor) when irradiated to similar fast fluences. Second, 
the effect in the pressure-vessel steels occurs with the formation of defects so small they cannot be 
observed by TEN, but only by small-angle scattering. 1 1 When the steels used in the present experiments 
are irradiated at 400°C in both fast reactors and mixed-spectrum reactors, dislocation loops are generated 
and precipitate reactions occur . I 2 > 1 < > However, the only significant difference in microstructure ever 
detected when microstructures were compared for steels irradiated in a fast reactor and a mixed-spectrum 
reactor is that the cavity concentration is greater in steels irradiated in the mixed-spectrum reactor, an 
observation that has been attributed to helium. 1 2 

The possibility of a transmutation reaction in HFIR, other than the (n,a) reaction with 5 8 N i to form 
helium, was considered. Two reactions that occur in HFIR but not in the fast reactors are (n,y) reac
tions with 5 0 Cr to produce 5 I V and 55Mn to form 5 6 Fe . There is also an (n,p) reaction with 5 < ,Fe to fjrm 
5*Mn. However, the results of any such reactions on properties should be the same for steels with and 
without nickel additions, because with the exception of the nickel, compositions are identical in the 
undoped and doped steels. 

The nickel-doped steels were also used to study the effect of helium on tensile behavior, and i t was 
concluded that helium affected the strength after irradiation in HFIR at 50 (ref . IS) and 400°C (refs. 9,16). 
These conclusions followed from comparing the effect of irradiation on the steels with different nickel 
content, although the conclusion on the 400°C tests was reached by also comparing the results from irra
diation In HFIR at 400°C (ref. 9) to specimens irradiated in EBR-II at 390°C (ref. 16), where essentially 
no helium was produced. I t should be pointed out, however, that the effect on tensile properties at t r ib
uted to helium did not appear to be as large as the effect on the impact behavior observed in the present 
investigation. 

Results from the present studies on the 9Cr-lMoVNb and 12Cr-lMoVW steels irradiated at 400°C are 
significantly different from those obtained by Hu and Gelles 2 on different heats of these steels i r ra 
diated at 390°C in EBR-II (the EBR-II-irradiated steels contained l i t t l e helium). After 9Cr-lNoVNb steel 
was irradiated to 13 and 26 dpa, Hu and Gelles found a ADBTT of 52 and 54°C, respectively. The change 
observed for 9Cr-lMoVNb after -40 dpa in the present experiment was 204?C. Likewise, for the 12Cr-lMoVW 
steel, Hu and Gelles 2 found ADBTTs of 124 and 144°C after 13 and 26 dpa, respectively, compared with 242°C 
found in the present study. 

These EBR-II data indicate that a saturation 1n AOBTT occurred by 13 dpa for 9Cr-lHoVNb and 12Cr-
lMoVW steels. 2 Likewise, recent results for 12Cr-lMoVW irradiated in FFTF at 365°C indicated a saturation 
in ADBTT occurred in 10 dpa (ref . 17). That saturation does not apply for the steels irradiated in HFIR. 
This comparison between HFIR and EBR-II irradiations also suggests that fluence or helium concentration 
are responsible for the differences in the shift in OBTT. 

With respect to a saturation In ADBTT In HFIR, irradiations to higher dpa levels are required to 
determine i f saturation occurs. Irradiation of another heat of 12Cr-lMoVW steel in HFIR to 4-9 dpa and 25 
appm helium1* resulted in a ADBTT of 195°C at 400°C, Indicating that some increase occurred at the higher 
dpa and helium concentration used in the present experiment. 

According to results in Table 2 for the HFIR irradiations, the ADBTT was always larger after i rra
diation at 400'C than at 300°C. This was true for both the 9Cr-lMoVNb and 12Cr-lMoVW steels, with and 
without the nickel additions. However, the irradiation fluences for the specimens Irradiated at 300°C 
were less than those Irradiated at 400aC (an average displacement damage of about 25 dpa occurred at 300°C 
compared to 40 dpa at 400"C). Linear extrapolation of the ADBTT data at 300°C to the higher fluence Indi
cates that the shift would s t i l l be considerably less at 300°C than 400oC for the 12Cr-lMoVW and J2Cr-
1MOVW-2N1. The shift for the 9Cr-lMoVNb-2N1 Is calculated to be similar at the two temperatures, and it 
would be slightly greater at 300°C for the 9Cr-lMoVNb. 

Previous results led to the conclusion that the ADBTT for 12Cr-lMoVW steel went through a maximum 
with irradiation temperature around 400°C (refs. 4,6) . Such a conclusion was based on a combination of 
data obtained from EBR-II and HFIR.1*»6 Because of differences in the behavior of steels 1n the two reac
tors, the use of the two types of data to reach such a conclusion is questionable. Based on HFIR data only, 
a maximum may occur for 12Cr-lMoVW at 40CC. Thit tentative conclusion is based on the extrapolation of the 
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300 and 400°C data of Table 2 discussed above and data at 4-9 dpa that indicated that the shift at 400°C 
exceeded that at 300°C and the shift at 3O0°C exceeded that at 50°C (refs. 4 ,6) . More data from HFIR are 
required to verify this observation and to determine i f a similar maximum occurs in the 9Cr-lMoVNb steel. 
Indications from the present exoeriment indicate the possibility of a broad peak around 300 to 400°C for 
9Cr-lMoVNb. 

One explanation for a maximum is that i t is caused by the irradiation-induced dislocation and precip
itation structure that results when the steel f» irradiated near 400°C (refs. 12,14). This structure 
could have a maximum effect near 400°C, because at lower temperatures precipitate formation is inhibited 
by unfavorable kinetics and at higher temperatures softening occurs because of precipitate coarsening. 
This implies that the helium effect on ADBTT is superimposed on the effect due to the precipitate and 
dislocation structure. 

The microstructures of the steels with and without the nickel additions irradiated in HFIR to 37-39 
dpa at 300, 400. 500, and 600°C have been examined.12 Irradiation of the 9Cr and 12Cr steels at 300 to 
5O0°C produced a der.se dislocation structure, which achieved its maximum density at 400°C. The largest 
amount of precipitate was observed at 400°C. There was a difference in the 9Cr and 12Cr steels in that 
subgrain coarsening occurred in the 9Cr-lMoVNb and 9Cr-lMoVNb-2Ni steels irradiated at 300 to 500°C. This 
coarsening was accompanied by the dissolution of some ' f the finer PC precipitates. Subgrain coarsening 
and dissolution was not observed for the 12Cr-lMoVw ana 12Cr-lNoVW-2Ni steels at 300 and 400°C. Such 
microstructural changes would be expected to exacerbate the loss of toughness, and that change along with 
the effect of helium superimposed on these changes could cause the observed maximum. In the microstrue 
tural studies for the specimens irradiated to 37-39 dpa at 300 to 600"C, a maximum in void swelling was 
observed at 400aC (ref. 12) Swelling was found to be enhanced by the presence of helium. 1 2 

I f helium is the cause of the larce AOBTT for the steel irradiated in HFIR, the relative effect on 
the AOBTTs for the standard 9Cr-lMoVNb and 12Cr-lMbVW steels at f i rst appears incongruous. Although the 
9Cr-lMoVNb steel contained considerably less helium (16-27 appm) than the 12Cr-lNoVW (51-90 appm), the 
ADBTT of the 9Cr-llioVNb after irradiation at 300'C exceeded that for the 12Cr-lMo»W. The ADBTT for the 
12Cr-lMoW exceeded that for gCr-lMoVfto after irradiation at 400°C, but the difference (33°C) was quite 
small, considering that the 12Cr-lMoVW contained about three times as much helium after irradiation at 
this temperature. 

These observations on the possible relative effect of helium in 9Cr-lMoVNb and 12Cr-lMoVW steels with 
and without nickel added are in agreement with the swelling observations for these steels. After i r ra
diation to 37-39 dpa in HFIR to form ~32 appm He in 9Cr-lMoVNb and 87 appm He in 12Cr-lMoVW, swelling was 
noticeably greater in 9Cr-lMoVM> than 12Cr-lMoVW (0.19Í vs. 0 . 0 7 t ) . 1 2 ' 1 9 Helium was concluded to enhance 
swelling in both steels. An explanation for both the enhanced swelling and shift in DBTT for the 9Cr 
steels may again be the difference in microstructures formed in the two steels during Irradiation. 
Subgrain coarsening would be expected to raise t h e DBTT. Such coarsening» which involves the movement of 
dislocations, might also result in the agglomeration of helium, which could then enhance swelling. 
Subgrain coarsening may be connected to the precipitate dissolution observed in the 9Cr steels; 1 * perhaps 
1t does not occur as readily in the 12Cr steels, because they have a higher carbon concentration. 

Mechanisms by which helium affects strength, and thus toughness, have been speculated upon.9 When 
helium is in an interst i t ial position, it can readily diffuse through an a l loy . 2 0 However, the Interstl-
M * 1 se1ium can become immobilized when trapped by a vacancy into a substitutional position. At tem
peratures <100,C, detrapping can occur either directly or by irradiation (by a neutron collision or by the 
knock-on process). 2 1 At somewhat higher temperatures, detrapping can Involve replacement by a self 
in terst i t ia l . Helium-vacancy clusters can form when the helium and vacancies are mobile. There are 
also Indications thai helium r.fines the scale of loop nucleation and prolongs loop stability to high 
fluences. 2 2 

I t is expected that helium in Interstit ial positions could cause an increase in strength, as could 
the refinement of the scale of loop nucleation. If the helium effect 1s primarily associated with the 
loop structure and the promotion of a higher loop saturation concentration, then a strength saturation 
should occur at higher displacement-damage levels. The effect of Interstitial helium would perhaps con
tinue with increasing fluence and be more persistent, although saturation should again occur. Helium-
vacancy clusters will form as the helium concentration builds up. At some point, no new clusters will 
form, and the newly generated helium will be incorporated in existing clusters and cause them to grow. 

Finally, ar\ Inconsistency is observed when the data for l?r,r-!W.-,VW steel specimens irradiated i t 
300''C in HFIR to 4-9 dpa frt>f. 4) am conpared to those irradiited to 20-34 dpa. Although different heats 
of steel were invo'/ed, the .'.08TT for the steel irradiated to the lower dpa had the highest OBTT. 
Although we cannot rule out the possibility that the ,'.[)RTT goes through ¡¡ maximum with 'luence at 300' r., 
this is not expected. 'Jata 'or the 300'r, tests fo r bo>.n o' .nese he,»ts of steel displayed considerable 
scat ter in the jpper snel f a r i d . Perhaps t h i s V i t t e r -.ouple'i * í t n tne l i m i t e d number of sperfi iens 
ava i lab le mule an acrurat» determinat ion >t* the )P,TI imposs ib le . The 400' r . ' lata .jppear to be cons i s ten t , 
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CONCLUSIONS 

Charpy impact studies were conducted on specimens of 9Cr-lMoVNb, 9Cr-lMoVNb-2Ni, 12Cr-lMoVW, and 
12Cr-lMoVW-2Ni steels irradiated at 300 and 400°C in HFIR to displacement-damage levels of up to 42 dpa. 
Because of the nickel present in the s tee ls , i r rad ia t ion in HFIR produced up to 390 appm He. The ADBTT 
values of 204 and 242°C observed for 9Cr-lMoVNb and 12Cr-lMoVW s tee ls , respectively, a f ter i r rad ia t ion at 
400°C in HFIR were the largest values ever observed for these s tee ls . They were considerably larger than 
any shi f t observed af ter i r radiat ion in a fast reactor, where a saturation value of ADBTT ~54°C was observed 
for 9Cr-lMoVNb and ~144°C for 12Cr-lMoVW after ~13 dpa. I t was concluded that th is difference for i r r a 
diation in the two reactors was ei ther due to the larger displacement-damage level reached in the HFIR 
experiment, or else i t was due to the large amount of helium generated in these specimens. The l a t t e r 
conclusion is preferred based on the observations. I r rad ia t ion in HFIR to a s t i l l - l a r g e r displacement -
damage level is required to determine i f a saturation of ADBTT occurs under radiation conditions in th is 
reactor. 

Regardless of whether the effect of helium is accepted, the sh i f t in DBTT af ter i r rad ia t ion at 400°C 
of 204 and 242°C for the 9Cr-lMoVNb and 12Cr-lMoVW stee ls , respect ively, are the largest shi f ts ever 
observed for these s tee ls . I f the ADBTT of the steels with 2% Ni are representative of these steels i r r a 
diated to He/dpa rat ios typical of those expected in a fusion reactor, then a ADBTT approaching 350°C is 
much larger than any increase ever expected for these s tee ls . Therefore, before these steels are con
sidered for use as a f i r s t - w a l l mater ia l , th is poss ib i l i ty of helium af fect ing toughness must be more 
fu l l y investigated and understood. 
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THE DEVELOPHENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY — R. 
(Oak Ridge National Laboratory) 

L. Klueh and D. J . Alexander 

OBJECTIVE 

Induced radioactivity in the first-wall and blanket-structure materials of a fusion reactor will make 
these components highly radioactive after their service lifetime, leading to difficult radioactive waste-
management problems. One way to minimize the disposal problem is to use structural materials in which 
radioactive isotopes induced by irradiation decay quickly to levels that allow simplified disposal tech
niques. We are assessing the feasibility of developing such fern tic steels. 

SUMMARY 
Irradiation of ferritic steels with neutrons at temperatures up to ~450°C causes a loss of toughness. 

This can be measured in a Charpy impact test, where an increase in the ductile-brittle transition tempera
ture (DBTT) and a decrease in the upper-shelf energy is observed after irradiation. Reduced-act i vati on 
Cr-W steels with chromium concentrations varying from 2.25 to 12X were irradiated at 365°C to -7 dpa in 
the Fast Flux Test Facility. Steels with 2.25X Cr and a combination of 2X W and 0.25X V were less 
severely affected by irradiation than steels with vanadium and no tungsten, tungsten and no vanadium, or 
with It W and 0.251 V. Two steels with 9X Cr showed the most resistance to a loss of toughness. A 9X Cr 
steel with 2% W and' 0.25% V showed an increase in DBTT of 68°C. This same composition with an addition of 
0.07X Ta developed an increase in DBTT of only 4°C. These values compare to increases of over 100°C for 
the rest of the steels. 

PROGRESS AND STATUS 
Introduction 

A program is in progress to develop reduced-activation or fast induced radioactivity decay (FIRD) 
ferritic steels that can be more readily disposed of or recycled than conventional alloys.1 Such alloys 
cannot use molybdenum and niobium, which are present in the compositions of the conventional Cr-Mo steels 
presently of interest for fusion reactor applications (2V4Cr-lMo, 9Cr-lMoVNb, and 12Cr-lMoVW). Composi
tions for proposed experimental steels were based on variations of the compositions of the Cr-Mo steels, 
with tungsten proposed as a replacement for molybdenum, and vanadium, titanium, and tantalum as replace
ments for niobium. Various experimental alloys were preopsed as a way of determining the effect of dif
ferent alloying elements on properties; these compositions are given in Table 1, along with the 
des 1 gnat i oí for each alloy. 

Table 1. Proposed nominal compositions for 
fast induced-radioactivity decay steel 

development program 
Nomina 1 Chemical Composition,3 

Alloy (vrt X) 
Cr W V Ta C 

2.25CrV 2.25 0.25 0.1 
2.25Cr-lWV 2.25 1 0.25 0.1 
2.25Cr-2W 2.25 2 0.1 
2.25Cr-2WV 2.25 2 0.25 0.1 
5Cr-2WV 5 2 0.25 0.1 
9Cr-2WV 9 2 0.25 0.1 
9Cr-2WVTa 9 2 J.25 0.12 0.1 
l?Cr-2WV 12 2 0.25 0.1 

aBalance iron. 

A range of chromium compositions from -2.25 to 12X 
(all compositions are in weight percent) was proposed.1 

As a maximum level for tungsten, an atom-for-atom replace
ment of molybdenum by tungsten was chosen; this required 
2 wt X W, since the atomic weight of tungsten is approxi
mately twice that of molybdenum. A 0.25X V content was 
used to obtain a favorable vanadium/carbon ratio for car
bide formation; a significantly higher vanadium concentra
tion above that necessary to tie up the carbon would make 
it difficult to dissolve the vanadium during the normaliza
tion treatment, thus decreasing the hardenabillty. Experi
mental alloys with 0, 1, and 2X W were proposed to determine 
the effect of tungsten, and an alloy with tungsten and no 
vanadium and one with vanadium and no tungsten were sug
gested to determine the effect of these elements on proper
ties. 1 Tantalum was added to a 9Cr-2WV steel to get a 
iteel analogous to the 9Cr-lMoVNb steel. A carbon level 
Of 0.1-0.15X was proposed for all steels to help ensure 
weldablllty. Of the Cr-Mo steels presently 1n the fusion-
reactor materials program, only the 12Cr-lMoVW steel has 
more carbon. That steel contains 0.2XC, which along with 
0.5X N1 Is used to eliminate delta-ferrlte In this high-
chromium al loy. 

We previously reported on the m|crostructure,'' tempering and tensile behavior,1 and Charpy impact 
behavior" of these experimental Cr-W steels In the unirradiated condition. We also reported on the effect 

As a generic designation, fie new class of steels will be referred to as Cr-W steels. (The only excep
tion Is the 2l/4CrV steel, which contains no turgs'ten.) This follows the procedure used for the Cr-Mo stools, 
after which these steels tr* patterned, even though both types of steel may contain other alloying elements 
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of irradiation at 365°C in the Fast Flux Test Facility (FFTF) on the hardening behavior of the steels as 
measured in tensile tests. 5 In this report, the effect of irradiation at 365°C in FFTF on impact behavior 
is presented. For fus i on-reactor applications, impact behavior is extremely important, because neutron 
irradiation causes an increase ir, the ductile-britt le transition temperature Í0BTT) and a decrease in 
upper-shelf energy (USE) of ferr i t ic steels. Developing steels that show only small changes in these 
parameters is of utmost importance i f ferr i t ic steels are to be useful as structural materials for fusion 
reactors. 

¿xperimental Procedure 

Eight heats of steel similar to those given in Table 1 were prepared by Combustion Engineering, Inc., 
Chattanooga, Tennessee. Melt compositions are given in Table 2. These are the same steels used in the 
previous studies. 2" 5 In addition to the nominal compositions of Cr, V, M, C, and Ta desired, the concen
trations of other elements such as Mn, P, Si , etc . , were adjusted to levels typical of commercial 
practice. 

Table 2. Composition of fast induced-radioactivity decay ferr i t ic steels 

Chemical Composition,3 wt t 

Element 2.25Cr- 2.25U-1W- 2.25Cr-2W- 5Cr-2W- 9Cr-2W- 9Cr-2W- 12Cr-2V-
0.25V 0.25V 2.25Cr-2H 0.25V 0.25V 0.25V 0.25VTa 0.25V 

(heat 3785) (heat 3786) (heat 3787) (heat 3788) (heat 3789) (heat 3790) (heat 3791) (heat 3792) 

c 0.11 0.10 0.11 0.11 0.13 0.12 0.10 0.10 
Mn 0.40 0.34 0.39 0.42 0.47 3.51 0.43 0.46 
P 0.015 0.015 0.016 0.016 0.015 0.014 0.015 0.014 
S 0.006 0.006 0.005 0.006 0.005 0.005 0.005 0.005 
Si 0.17 0.13 0,15 0.20 0.25 0.25 0.23 0.24 
Ni 0.01 0.01 <0.01 <0.01 
Cr 2.36 2.30 2.48 2.42 5.00 8.73 8.72 11.49 
Mo 0.01 <0.01 <0.01 
V 0.25 0.25 0.009 0.24 0.25 J.24 0.23 0.23 
Nb <0.01 <0.01 <0.01 
Ta <0.01 <0.01 <0.01 0.075 
Ti <0.01 <0.01 <0.01 
Co 0.005 0.006 0.008 
Cu 0.02 0.025 0.03 
Al 0.02 0.02 0.02 0.021 0.03 0.03 0.03 0.028 
B <0.001 <0.001 0.001 
W 0.93 1.99 1.98 2.07 2.09 2.09 2.12 

aBa1ance iron. 

All heats were air melted and then electroslag reme 1 ted (ESR) to obtain about 18 kg of usable 
material. The ESR ingot was hot rolled to 15.9-mm-thlck plate that was heat treated and used for making 
the Impact specimens. 

A normalizing and tempering heat treatment was used. The 2.25Cr-2W steel was normalized by annealing 
1 h at 900°C and air cooling. The other seven heats were annealed 1 h at 1050°C and air cooled; the 
higher temperature was used for these steels to assure than any vanadium carbide present was dissolved 
during the austenltlzatfon. The 2V4OV, 21/4Cr-lWV, and 21/4Cr-2W were tempered 1 h at 700°C, and the other 
five heats were tempered 1 h at 750°C. 

Irradiation of the six Charpy specimens from each heat was In the FFTF 1n the below-core specimen 
canister of the Materials Open Test Assembly (MOTA). This 1s a sodium "weeper" that operates at ~365°C, 
which Is slightly above the coolant ambient temperature. Because specimens were at slightly different 
positions In the canister, not all specimens received the same fluence. All of the 2l/4Cr steels were irra
diated to about 1.98 * 10 2 6 n/m2, -7.3 dpa. The 5Cr-2WV and 9Cr-2Wtf ste»ls were Irradiated to about 
2.05 * 10 2 6 n/m2, -7.6 dpa, and the 9Cr-2WVTa and 12Cr-2WV steels were Irradiated to about 1.82 * 10 2 6 

n/m2, -6.7 dpa. Less than 1 appm He was formed during Irradiation. 

Subslze Charpy specimens were irradiated and tested. These were essentially one-third the standard 
size and measured 3.3 ron by 3.3 m by 25.4 mm and contained a 0.51-mm-deep 30° V-notch with a 0.05- to 
0.08-mm-root radius. All specimens were taken from the normalIzed-and-tempered 15.9-mm-thlck plate along 
the rolling direction with the notch running transverse to the rolling direction (L - T orientation). 
Surface material was machined equally from both sides of the plate to allow for two rows of specimens to 
be machined from the center of the plat*1. 
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Details on the test procedure for the subslze Charpy specimens have been |Miblished.e Each individual 
Charpy data set was fitted to a hyperbolic tangent function for obtaining the transition temperature and 
upper-shelf energy. 

Results 

Results fro* the Charpy impact tests on the irradiated and control specimens are given in Table 3. 
This table gives the USE and the DBTT for each of the eight steels in the unirradiated condition and after 
irradiation at 365°C; the shift in DBTT (ADBTT) is also given. The DBTT was determined at an energy that 
is half the difference between the upper- and lower-shelf energies. 8ecouse the lower-shelf energy is 
only a few tenths of a joule, the value determined by this Method is essentially the sane as that deter
mined at half the upper shelf energy, a value which is often used. 

Table 3. Impact properties of Cr-W steels 
irradiated in FFTF at 365°C 

Upper-She 1 f 
Alloy Specimen DBTT1' ADBTT Energy 

Designation Condition* (°C) (°C) (J) 

2.25CrV NAT 14 10 
I 250 236 4.2 

2.25Cr-W NAT -28 1 1 . 8 
I 192 220 5.6 

2.25Cr-2W NAT -19 9.2 
I 140 159 4.6 

2.25Cr-2HV NAT 4 9.1 
I HI 115 5.2 

5Cr-2WV NAT -70 9.2 
I 33 103 6.5 

9Cr-2WV NAT -60 8.4 
I 8 68 6.4 

9Cr-2WVTa NAT -88 1 1 . 2 
I -84 4 8.6 

12Cr-2MV NAT -18 8.3 
I 156 174 5.9 

Figure 1 shows the Charpy curves for the 2ty|Cr 
steels. All four of these steels show a large 
increase in DBTT and large decrease in USE. The 
shift appears to be affected by the composition. 
Although there was a difference between the DBTT 
after irradiation for the 2ty|CrV steel, the one 
without tungsten [Fig. 1 (a) ] , and the 2ty|Cr-lWV 
steel, which only contained 1% W [Fig. 1(b)] , 
there was l i t t l e difference in the ADBTT for these 
two steels. Irradiation had a similar effect on 
the reduction of USE for these two steels. The 
steel without vanadium, the ZV+Cr-ZH, showed a 
significantly smaller shift in D8TT [Fig. 1(c)] 
than the other two steels. Finally, the 21/4^-2»V 
steel, which contained a combination of 21 w and 
0.25% V, showed the least shift [Fig. 1(d)] of the 
2l/4Cr steels. 

In Fig. 2, the Charpy curves for the high-
chromium steels are shown. These steels also show 
a variation in ADBTT, with the 12Cr-2WV steel [Fig. 
2(d)] showing the largest shift , followed by the 
5Cr-2WV steel [Fig. 2 (a ) ] . The 9Cr-2WV steel 
[Fig. 2(b)] shows a s t i l l smaller shift- Finally, 
irradiation of the 9Cr-2WVTa steel resulted In a 
ADBTT of only 4°C [F1g. 2 (c ) ] , even though the only 
difference between the 9Cr-2WVTa and the 9Cr-2WV 
steel is that the former contains 0.07% Ta. 

Discussion 

Optical microstructures of these eight steels when normal ized-and-tempered as 15.9-nm-thlck plate were 
previously discussed.2 The microstructure of the 2V4CrV contained 30 to 35% tempered bainlte, with the 
remainder being polygonal or prooutectoid ferr i te . The 2l/4Cr-lWV steel contained »55% tempered bainlte 
and 45% polygonal ferr i te . Less ferr i te was observed in the 21/40-2W and 21/4Cr-2WV steels: the 21/4Cr-2H 
steel was essentially 1001 bainlte and the 21/40-2WV steel contained 15-201 polygonal f e r r i t e . 2 The 
5Cr-2WV, 9Cr-2WV, and 9Cr-2WVTa steels were 1001 tendered martenslte.2 However, the 12Cr-2WV steel con
tained approximately 251 delta-ferr i te, with the balance being martensite. The only major difference 
observed in the martens He of these latter four steels by optical microscopy was that the 9Cr-2WVTa had a 
much finer prior austenlte grain size than the other three steels. 2 

Since the shift in DBTT is expected to be related to the hardening caused by radiation, I t Is of 
Interest to consider the effect of Irradiation on the tensile behavior. Specimens of the steels were ten
sile tested after Irradiation to ~7 dpa (ref. 5 ) . (Note that In this case the steels were heat treated In 
the tensile specimen geometry, and because of the thinner sections, all the 2V4Cr steels were 1001 
bainlte.) All steels hardened during Irradiation. Observations on the Cr-W steels Indicated that steels 
containing 2V4I Cr and a combination of vanadium and tungsten hardened less than those to which only vana
dium or tungsten were added. For the steels containing 2.25, 5, 9, and 121 Cr and the combination of 21 W 
and 0.251 V, the steel with 121 Cr hardened the most, while the other three steels hardened significantly 
less. These three steels showed similar amounts of hardening. The 9Cr-2WVTa steel hardened the least of 
al l of the reduced-activation steels. The results on the Cr-W steels were compared to the 9Cr-lMoVNb and 
12r.r-lMoVw steels, which were similarly Irradiated. I t was found that analogous steels hardened similar 
amounts: the 9Cr-2WVTa and 9Cr-lMoVNb steels showed similar amounts of hardening, as did the 12Cr-2WV and 
the 12Cr-lMoVW steels. 5 
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Pig. 1. Charpy Impact curves of the normalIzed-and-tempered steel and for the steel after It was 
Irradiated to -1 dpa at 365°C for (a) 2l/4CrV, (b) 21/4Cr-lWV, (c) 21/4Cr-2W, and (d) 2l/4Cr-2WV steels. 

From the observations on the Charpy tests on the 2V4Cr steels, there would also appear to be an effect 
of composition on the shift In DBTT. That Is, ft appears that the combination of tungsten and vanadium 
has a larger effect than vanadium alone, and 2f H has a larger effect than If W In combination with 0.25% 
V. Finally, a combination of 2% W and 0.251 V appears to have an advantage over a steel with only 
tungsten or with a combination of only If W and vanadium. 

Although these conclusions fo'low from the results In Table 3, their validity 1s unclear, because of 
the difference In the microstructures of the different 2l/4Cr steels. The steels contain different amounts 
of polygonal ferrlte, and we previously showed that the amount of ferrlte In a mostly balnltlc mlcrostruc-
ture can adversely affect the toughness 1n the unirradiated condition: as the amount of polygonal ferrlte 
decreases, the OBTT decreases and the USE Increases.7 Not only 1s the amount of polygonal ferrlte a fac
tor, but It has also been shown that the type of balnlt» formed can affect toughness.' 

Another complication In the comparison of the ?V4Cr steels Is that th» 21/4Cr-2WV steel was tempered at 
750»C, compared to 7nO°C for the other 2V4Cr steels. Nevertheless, £he comparison of these steels with 
2V4Cr-2HV has validity, because even tfter this higher tempering temperature, the strength of the 2V4Cr-2WV 
Is either slightly greater or equivalent to the strengths of th*» three steels tempered at 700°C (r^f. 3). 
Furthermore, If the other three 2V4Cr steels were tempered at 750°C, the strengths developed would be too 
low for these steels to be of Interest for fusion applications. 
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Fig. 2. Charpy Impact curves of the normalized-and-tempered steel and for the steel after I t was 
Irradiated to -7 dpa at 365°C for (a) 5Cr-2W, (b) 9Cr-2¥V, (c) 9Cr-2WVTa, and (d) 12Cr-2WV steels. 

Consider now the four high-chromium steels and the 2VaCr-2WV steel. These steels were al l normalized 
and tempered similarly, and the 2V4Cr-2WV steel 1$ the strongest of the eight steels — slightly stronger 
than 9Cr-?WVTa (r^f. 3 ) . For the four steels that contained only tungsten and vanadium, the 12Cr-2WV 
steel showed the largest ADBTT. This Is In qualitative agreement with the observations on the hardening 
due to irradiation.' The 2l/»Cr-2WV and 5Cr-2WV steels showed similar shifts in OBTT, but the shift for the 
9Cr-2WV steel was significantly less. Finally, although the ADBTT of the 9Cr-2WV steel was relatively 
small, the addition of the small amount of tantalum had a marked effect In reducing the ADBTT. This 
observation that the toughness of the 9Cr-2wVTa Is least affected by irradiation also agrees with the 
observation on the effect of irradiation on tensile properties, where this steel showed the least amount 
of hardening when irradiated. 5 

The reason for the apparent effect of tantalum is unclear. Optical microscopy indicated that the 
prior austenite grain size of the 9Cr-?WVTa was less than that of the <K>-2WV stee l . 2 This smaller grain 
size could be caused by undissolved TaC restricting the grain g'^wth of the austenite during normalization. 
Because of the variable nature of the microstructures. i t was diff icult to quantify large difference in 
the lath structure of the martensite of the two steels using transmission electron microscopy (TEM): 
qualitatively, the average lath size of the 9Cr-2WVTa steel appears to be significantly less than that of 
the 9Cr-2WV. Precipitates in both steels were a combination of M 2 3 C 6 and MC, and slightly more precioi-
tate formed in the 9Cr-2WV ste«1. 2 The MC in the 9Cr-2WV was vanadium-rich while the MC in the 9Cr-2WVTa 
was a combination of vanadium-rich and tantalum-rich partid»";. 2 In the unirradiated condition, the 
9Cr-2WVTa steel hid a slightly higher strength' and slightly lower OBTT (Tablo 3) (rof. 4 ) , which could 
possibly be attributed to the smaller prior austenite grain size and/or the smaller lath size. 



Prior austenite grain size and lath size offer an explanation for the reduced effect of i r rad ia t ion 
on hardening in the 9Cr-2WVTa s t e e l . Such boundaries act as sinks for defects (vacancies <*nd i n t e r s t t -
c ia ls ) generated by i r r a d i a t i o n . These defects cause the hardening, which, in tu rn , cause the shi f t in 
DBTT. A decrease in the lath size and prior austenite grain size results in a larger amount of boundary 
area avai lable to act as a defect sink, thus reducing the defect concentration in the l a t t i c e . Fewer 
defects result in less hardening and a smaller ADBTT. The observation of such a small increase in DBTT 
for the 9Cr-2W~a steel indicates that i t may be possible to develop steels that resist a loss of tough
ness when i r radiated — at least for i r rad ia t ion in a fast reactor. 

In a orevious experiment, th i rd -s ize specimens of l2Cr-l*oVW and 2V4O-IM0 steels were also i r radiated 
at 365 0C. Increases in DBTT of 151 and 1733C were observed for 12Cr-lMoVM and 2V4Cr-lKo, respect ive ly , 8 

much larger than the sh i f t for 9Cr-2WVTa. Previous work has shown that the ADBTT for h a l f - s i z e Charpy 
specimens of 9Cr-lMbVNb steel i r radiated in EBR-II to 13 dpa at 390°C was less than that for 12Cr-IMoVW 
s t e e l . 7 A ADBTT of 52°C was observed for <X>-lMoVNb. compared with 124°C for 12Cr-l*oVW s t e e l . I r r a d i a 
t ion to 26 dpa showed l i t t l e further increase in DBTT, which indicated that a saturation had occurred by 
13 dpa. Assuming saturation is being approached for the 9Cr-2WVTa (specimens are presently being i r r a 
diated to determine sa tura t ion) , th is makes the sl ight change observed at 365°C for this steel especially 
s ign i f icant , since ADBTT increases with decreasing i r rad ia t ion temperature when irradiated in a fast reac
tor such as EBR-?I 9 and FFTF. 8 

Cannon e t . a l 1 0 and G e l l e s 1 1 reported on Charpy impact tests of six reduced act ivat ion steels i r r a 
diated in FFTF to 10 dpa at 365°C. These steels had the following nominal compositions: 2Cr-1.5V-0.1C, 
7.5Cr-2W0.15C. 9Cr - lV -0 . lC . 9Cr-lW-0.1C, l2Cr-6Hn-lV-0.1C. and 12Cr-6Mn-lW-0.1C. Although there are 
signif icant differences between these steels and those of the present invest igat ion, there were some simi
l a r i t i e s . The 7.5Cr-2W and 9Cr-lW steels showed the least change in properties upon i r rad ia t ion with 
shi f ts in DBTT of 24 and 32 a C, respectively. The 9Cr-lV steel developed J ADBTT of 62°C. while the 2Cr 
and 12Cr steels had ADBTT values in excess of 200°C. 

when the observations from the previous e x p e r i m e n t s 1 0 ' 1 1 are combined with those of the present 
invest igat ion, i t appears that a chromium concentration of around 7-9X is favorable to minimize ADBTT. 
Results from the present investigation indicate that tantalum affects that behavior, whereas the results 
of Cannon e t . a l 1 0 indicate that tungsten in the absence of vanadium is important, while high vanadium 
concentration in the absence of tungsten has a detrimental e f fect on 9t Cr s tee ls . Note that these la t te r 
steels in the work of Cannon e t . al are s igni f icant ly d i f ferent from those of the present experiment due 
to the much higher vanadium concentration used. Such a large vanadium concentration would make i t extre
mely d i f f i c u l t to dissolve a l l the vanadium carbide when these steels are heat t rea ted . This could affect 
the size of carbides present in the steel and subsequently af fact the toughness. 

The res j l t s of the present and past investigations should not be used to rule out the possib i l i ty of 
using a low-chromium steel for fusion appl icat ions, especially since the 2V4Cr-2WV steel was the strongest 
of the eight heats in Table 1 ( r e f . 1 ) . This is especially true i f tantalum could not be used in FIRD 
stee ls . Tantalum is allowed under the Nuclear Regulatory Commission regulation 10CFR61, for which FIRD 
al loying elements have been determined. However, tantalum develops radioactive isotopes that have an 
extremely high ac t i v i t y immediately after i r r a d i a t i o n , ar.d i t may be eliminated for safety reasons. 
Without tantalum, the 9Cr steels are substantial ly weaker than 2V4Cr-2WV s t e e l . 2 

I t has been shown that the DBTT and USE of 2V4Cr-2WV steel before i r radiat ion can be substantial ly 
improved when i t Is heat treated to obtain an a l l oa ln i t lc microstructure. s Such a heat treatment lowered 
the DBT1 to «52"C from 4°C and increased the USE to 11 J from 9 J ( r e f . 5 ) . As shown for 2V4Cr-lMo s t e e l , 8 

i t is possible to achieve good unirradiated and irradiated toughness on a low-chromium s t e e l . Before 
i r r a d i a t i o n , ?V4Cr-lMo steel had a 06TT of -107'C. After i r r a d i a t i o n , the OBTT was s t i l l lower than that 
for 12Cr-lMoVW steel specimens irradiated s imi lar ly in FFTF, even though the la t ter steel had a lower 
ADBTT. Furthermore, after i r radiat ion the USE of the 2l/4Cr-lMo steel remained higher than that for 
12Cr-lMoVW steel before i r r a d i a t i o n . , Thus, i t appears that i f a steel can be developed with a suf
f i c i en t l y lew DH7T and high USE before i r r a d i a t i o n , the saturation value of ADBTT may not ne too high 
after I r radiat ion for the steel to be of use. Just as tantalum appears to have a signif icant ef fect on 
producing radiation resistance for a 9Cr s t e e l , i t may be possible to use composition var iat ion to achieve 
greater radiation resistance in a low chromium s tee l . 

F i n a l l y , there is s t i l l a question of how . írge the saturation ADBTT might be In a fusion reactor - -
as opposed to a fast reactor of the type used in the present studies. In a fusion reactor, large amounts 
of transmutation helium wi l l form in conjunction with displacement damage. Experiments to simulate the 
effect of the simultaneous formation of displacement damage and helium have been attempted. This was done 
by i r radiat ing QCr-lMoVNb and lPCr-lMoVW steels with and without nickel additions In the High Flux 
Isotope Reactor (HFI») . Thermal neutrons from the mixed spectrum of HFIR form helium in a two-step reac
tion with , H N 1 , while the fast neutrons in the spectrum form displacement damage (displacement damage 
without signif icant amounts of helium is formed in a 'asf reactor such as FFÍF or FBR- I I ) . Such studies 
have indicated that helium affects toughness. 1' 1 For the gr.r-lMoVNh s t e e l , i r radiat ion to 11 and ?f> dpa 
' ' • i appm He) at W X in FHR-If resulted in shif ts In DRTT of S? and S4 C i r e f . <i). However, i r radiat ion 
to 40 dpa at 400'C in HF[«, where IS appm Me was generated, resulted in a AORTT of ?04 C ( re f . 1?). Thus, 
the saturation in '.DHff observed for the fast reactor i r radiat ion doe', no' apply. A similar efferf was 
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observed for 12Cr-lMoVH steel after irradiation to 13 and 26 dpa, where a saturation value of 144aC was 
observed in EBR-II at 390°C (ref. 9 ) , but a value 242°C was observed after irradiating in HFIR at 400°C to 
40 dpa and 110 appm He (ref. 12}. At present, the difference in behavior in the two reactors has been 
attributed to the helium. 1 2 A similar helium effect would then be expected to occur in a fusion reactor. 
There is no reason to believe the FIRD alloys should be different from the conventional ferr i t ic steels. 

SUMMARY AND CONCLUSION 

Miniature Charpy specimens from eight reduced-act i vation Cr-W ferr i t ic steels were irradiated to 
-7 dpa in FFTF at 365°C. Alloys containing 21 U and 0.251 V with chromium levels of 2.25, 5, 9, and 121 
(designated 2l/4Cr-2WV, 5Cr-2WV, 9Cr-2KV, and 12Cr-2WV) were irradiated. A 9Cr-2MV steel with 0.071 Ta 
(9Cr-2WVTa) and 2V4Cr steels with 0.251 V and 0 and 11 U (2l/4CrV, and 21/4Cr-lWV) and with 21 U and no vana
dium (2lMCr-2M) were also irradiated. Irradiation resulted in an increase in the OBTT and a decrease in 
USE. From observations on the 2V4CrV, 2l/4Cr-lWV, 2l/4Cr2W, and 2V4Cr-2W, i t was concluded that vanadium may 
exacerbate the shift in the absence of 21 W. These conclusions were complicated by differences in the 
overall microstructure (amount of bainite and polygonal ferr i te) of the steels and differences in tem
pering conditions. Since toughness of the low-chromium steels can be affected by the amounts of bainite 
and polygonal ferrite in the microstructure, i t may be possible to promote improved irradiation resistance 
i f the microstructures of the steels are entirely bainite. For the high-chromium steels, the 12Cr-2WV 
steel showed the largest change in properties, fallowed by the 5Cr-2WV steel. The 9Cr steels showed the 
least change, with the 9Cr-:WTa showing only a 4°C increase in DBTT, indicating that tantalum had a 
favorable effect on the properties. The results are encouraging in that they indicate that the effect of 
irradiation on toughness can be favorably affected by changing the composition. 
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COMPARISON OF THE EFFECTS OF LONG-TERM THERMAL AGING ANO HFIR IRRADIATION ON THE 
MICROSTRUCTURAL EVOLUTION OF 9CM MoVNb STEEL - P.J. Maziasz and R.L Klueh (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this work is comparison of reactor-initiated and long-ternithemialyage^ 
steel to distinguish displacement damage effects from those due to elevated-temperature exposure alone. 

SUMMARY 

Both thermal aging at 482-704°C for up to 25.000 h and HFIR ¡rradation at 300-600°C for up to 39 dpa produce 
substantial changes in the as-tempered microstructure of 9Cr-1 MoVNb rnartensitic/Territic steel. However, the changes in 
the dislocation/subgrain boundary and the precipitate structures caused by thermal aging or neutron irradiation are quite 
different in nature. During thermal aging, the as - tended lath/subgrain boundary arid c a r t t d e p r e d ^ ^ 
stable below 650°C. but coarsen and recover somewhat at 650-704X. The formation of abundant intergranular Laves 
phase, intra-lath dislocation networks, and fhe dispersions of VC needtes are thermal aging effects that are superimposed 
upon the as-tempered microstructure at 482-593°C. HFIR irradiation produce!: dense dispersions of very smal "black-dot" 
dislocations loops at300°C and produces helium bubbles and voids at •Of/'C. At 300-500°C, there is considerable recovery 
of the as-tempered lath/subgrain boundary structure and microstructurai/miaocompositional instabity of the as-tempered 
carbide precipitates during irradiation. By contrast, the as-tempered microstructure remains essentiaffy unchanged during 
irradiation at 600°C. Comparison of thermally aged with irradiated material suggests triat the instabities of the as-tempered 
lath/subgrain boundary and precipitate structures at lower irradiation temperatures are radiation-induced effects, whereas 
the absence of both Laves phase and fine VC needles during irradiation is a radiation-retarded thermal effect 

PROGRESS AND STATUS 

Introduction 

Since the early 1970s, there has been increased worldwide interest in the use of 9-12 Cr martensMc/ferritic steel as 
aitematives to austenitic stainless steels for elevated temperature applications up to about 600°C in both nuclear and fossil 
energy systems." The 9Cr-1 MoVNb steel was developed jointly by the Oak Ridge National Laboratory (Oak Ridge, TN) 
and Combustion Engineering (Chattanooga, TN) in response to the mandate in 1974 by the U.S. Liquid Metal Fast Breeder 
Reactor (LMFBR) Materials Program for a better steam generator material.'". Also designated T-91, this steel offers better 
tensile and creep strength at 600*0 relative to standard 9Cr-1 Mo (F9) or other modified 9Cr steels (i.e.. 9Cr-2MoVNb or EM-
12) with better impact properties at tower temperatures.' Because the martensitic/ferritic class of steels also demonstrate 
outstanding resistance to radiation-induced void swelling,"0 these steels have also been considered for in-core LMFBR 
applications. Void swelling resistance plus good thermal conductivity and low thermal expansion have made 9Cr-1 MoVNb 
an attractive candidate first-wall material for Magnetic Fusion Reactor (MFR) applications as well." " 

Many of the mechanical properties limitations that occur during long-term thermal aging or neutron irradiation of 9Cr 
martensitic/ferritic steels can be related to changes in the as-tempered microstructure caused by such exposure. Long-term 
aging of 9CM Mo steel produces embrittJement by increasing the ductile-to-brittle transition temperature (DBTT), which can 
be related to Laves phase precipitation along grain boundaries.'*" Radiation-induced increases of DBTT in 9-12Cr steels 
appear caused by matrix hardening related to a variety of fine, radiation-produced microstructural defects.'*" 

The purpose of this paper is to characterize the microstructural evolution of 9Cr-1 MoVNb steel after irradiation in HFIR 
at 300-600°C to 37-39 dpa (about 10,000 h) and after long-term thermal aging at 482-704°C for 10,000 and 25.000 h. 
Particular emphasis is given to characterization of the precipitate component of the microstructure using analytical electron 
microscopy (AEM). The comparison of the long-term aging data with reactor-irradiation data allows radiation-induced 
microstructural changes to be separated from those that are radiation-enhanced, -modified or -retarded thermal effects. 
Correct phenomenoiogical assessment combined with microstructure-properties correlations in future work can provide 
insight to guide further optimization of 9Cr-l MoVNb steels for either nuclear or non-nuclear applications. 

EXPERIMENTAL 

The compositions of two heats (30176 and 30394) of 9Cr-l MoVNb steel produced by Carpenter Technology 
(CarTech) and one heat (XA 3590) produced by Combustion Engineering (CE. Chattanooga, TN). which were investigated 
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in this work, are given in Table 1. The major difference is that heats 30176 and XA 3590 both contain less Si than heat 
30394. but al fafl within the T-91 specification.' All of the steels were finished in a normalized (0.5 h at 1040°C. He quenched 
to room temperature) and tempered (1 h at 760°C) condition. Tensile, creep and Charpy-impact specimens were fabricated 
from plate-stock of heats 30176 and 30394 and aged stress-free at 482. 538. 593. 650 and 706°C for 10.000 and 25.000 
h. Material of heat XA 3590 was first processed into 0.25-mm-thick sheet stock from which standard 3-mm-diam transmis
sion electron microscopy (TEM) disks were punched. These disks were then also normalized and tempered prior to 
irradiation in the IFIR-CTR-30 experiment. Disks were irradiated at temperatures of 300, 400. 500 and 600°C to fluences 
of fast and thermal neutrons that produced 36.5 to 38.5 dpa and 30-32 at. ppm He in about 10,000 h. 

TEM disks were punched from slices cut from thermafr/ aged tensile (shoulder) or Charpy-impact specimens. 
Precipitates were etectrolytically extracted onto carbon films from the TEM disks prior to etectropofehmg. and suspended 
on either copper, beryllium or carbon-coated nylon grids for analysis using x-ray energy dispersive spectroscopy (XEDS). 
The remainder of the shoe was used for bulk electrolytic extraction of precipitates to quantitatively measure the weight 

fraction of residue. Only extraction replica and thin-foil specimens 
could be made from the highly radioactive HFIR-irradiated TEM 
disks. 

Thin-foil specimens were examined using a JEM 100C TEM 
equipped with an AMG objective lens pole piece to minimize 
ferromagnetic displacements and stjgmatism of the electron beam. 
Phase identification and quantitative micTocompositional analysis of 
both individual particles and large areas* with thousands of particles 
(broad-beam analysis) on the replica specimens were performed 
using a Philips EM400T/FEG (100 kV, field-emission gun, with <10 
nm probe size) AEM with an EOAX 9100 analysis unit and a JEM 
2000FX (200 kV. LaB, gun) AEM with a TN-5500 Series II analysis 
unit. Only the normalized composition of metallic elements heavier 
than Ai were analyzed using XEDS. More details concerning analysis 
techniques can be found elsewhere."" 

RESULTS 

As-Tempered Microstructure of 9CMMoVNb 

The as-tempered microstructure of both heats of 9Cr-1 MoVNb 
martensrtic/ferrrtic steel consisted of small mtragranular lath-shaped 
ferrrte subgrains within larger grains from prior austenrte (Fig. 1a). 

Tempering produced about 1.4-1.8 wt.% precipitation" (Table 2), distributed as mainly coarse M„C, and some finer MC 
particles along grain and lath/subgrain boundaries (Fig. 1b). XEDS analysis of individual precipitate particles extracted onto 
carbon replica films showed Cr-rich M„C, and V- and Nb-nch MC phases (Fig. 1b). Quantitative broad beam XEDS analysis 
indicated that 85-90 vol.% of the extracted precipitates were M„C, and 10-15% were MC. with most of the MC particles 
being VC. The as-tempered lath/subgrains contained dislocation networks, with densities that varied from 1-7 x 10" m' 
in larger subgrains to less in smaller ones. The lath/subgrain boundaries were also planar honeycomb arrays of dislocations 
with a much higher density. 

Microstructural Evolution of 9Cr-l MoVNb Purina Thermal Aging 

Microstructurai changes were observed in the 9CM MoVNb steel at all aging temperatures in the range of 482-704°C 
after 25,000 h. The data can easily be separated into two temperature regimes of quite different aging effects. At the lower 
temperatures of 482-593°C, there was little change in the as-tempered lath/boundary and carbide precipitate structures, 
while at 650 and 704rC, there was detectable recovery and coarsening of the lath/subgrain boundary structure, and 
coarsening of the as-tempered carbide precipitates A considerable amount of new precipitation and an increase in the 
concentration or dislocation networks were observed within subgrains in the lower temperature regime, while no new 
precipitate phases were observed at 650 and 704 C in the lower Si heat of steel (Table 2) 

Dislocation density within many subgrains increased during aging at 538"C for 25,000 h relative to the as-tempered 
^serial (Fig. 2a and 2b) By contrast, aging for 25.000 h at 650"C produced almost no change in microstructure relative 
to as-tempered material (Fig 2c) Aging for 25,000 h at 704 C caused recovery and coarsening of the as-tempered lath 
subgram structure into larger, equiaxed subgrains fcf Figs 1a and 3) Quantitative data on the weight percent of extracted 

Table 1. Compositions of Comiere la 1 
Heats of 9Cr-lMoVNb 

Heat Designation 
30176 30394 XA 3590° 
Alloy Composition3 wt % 

Cr 8.6 8.6 8.6 
No 0.9 1.0 1.0 
V 0.21 0.20 0.21 
Nb 0.072 0.073 0.063 
Mn 0.37 0.46 0.36 
Ni 0.09 0.09 0.1 
Si 0.11 0.4 0.08 
C 0.081 0.084 0.09 
Cu 0.04 0.04 
W <0.01 0.05 0.01 
P 0.01 0.01 
N 0.0055 0.053 0.05 

aBalance iron. b0.002 T1. 
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Fig. 1 The microstructure produced in 9Cr-1 MoVNb steel (heat 30176) after tempering for 1 h at 760°C. a ) TEM of 
a thin-foil specimen, and b.) TEM of precipitates extracted onto a carbon replica film (with histograms of phase compositions 
from quantitative XEDS analysis). 
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Fig. 2. TEM of the lath/subgrain boundary and matrix dislocation «tructurea of 9Cr-lMoVNb (heat 30170) steel in a i 
the as-tempered condition and after aging for 25,000h at b.) 538*C and c.) SSCrC. 
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Table 2. Precipitation OaU on Thereatly Aged 9Cr-MtoVNb Specimens 

Aging Conditions 
Bulk Phases Observed 

Spec leen Teaper- Precipitan on Extraction 
Designa ature T IM Extraction ftpllcas via XEDS* 

tion CO (h) ( « t X ) 

Heat 30176 («• 1 wt XS1) 

T-20 As-toapered ( I h • 760'C) 1.713 M,,C, • VC • MbC 
24047 462 25.000 2.087 M,jC, + Laves • VC 

• MbC • Cr,(X)? 
T-214 538 10.000 2.027 H,,C, * Laves • VC 
T-344 538 25.000 2.358 M,,C, • Laves • VC • 

S O M f ine Fe-Cr phase 
T-362 593 25.000 2.247 MtjCt • Laves • VC + 

MbC 
T-246 650 10.000 1.748 M,,C, « VC * MbC 
T-378 650 25,000 1.810 NXJC, • VC • MbC 
T-394 704 25,000 1.786 NjjC, • VC • MbC 

Heat 30394 (0 .4 wt % S I ) 

T-19 As-taapered (1 h t 760*C) 1.833 H,,C, • VC • MbC 
23985 482 25.000 3.137 HJJC, • Laves • VC • 

MbC 
T-19 As-taepered ( l k l 760*C) 1.833 H,,C, • VC • MbC 

23985 482 25.000 3.137 MjjCf * Laves • VC • 
MbC 

T-616 538 25.000 3.183 NxjC ( • Laves • VC • 
MbC • see» f ine Fe-Cr 
phase 

T-313 650 10.000 1.802 M„C, • VC • MbC 
T-584 650 25,000 2.729 MJJC, • Laves • VC • 

MbC 

*Phase Identified by characteristic spectra froa Individual par
ticle analysis; relative phasa fraction determined fro* broad-beaa XEOS 
of «any particles. Order represents decreasing phase fraction. 

ORNI*-PHOTO 5 0 3 9 - 9 0 

Fig. 3. TEM of the latti/subgrain structure of 9Cr-1MoVNb (heat 30176) steel after aging for 25,000h at 704oC. 
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p^dpitation from Table 2 are plotted in Fig. 4a. The amount of precipitation showed a significant increase at the lower 
aging temperatures. 

Both thin-foil TEM and quantitative AEM analysis on extraction replicas revealed abundant Laves phase formation 
(Fejvlo type) during aging. Quantitative data from XEDS broad-bearn and individual particle analyses on extraction replicas 
are given in Tables 3 and 4. respectively. Laves phase is highly enriched in molybdenum, and contains much more 
molybdenum than the carbide phases. Therefore. Laves phase is best detected by monitoring the molybdenum content 
of the broad-beam XEDS spectra. Correlation of broad-beam molybdenum content (so plotted as a function of aging 
temperature in Fig. 4b) with he weight fraction of precipitate demonstrates that the increase in precipitation during aging 
was due mainly to the formation of Laves phase. 

Below 600*0. significantly more Laves phase was found in the heat of 9Cr-lMoVNb with more silicon (heat 30394) 
than in the lower silicon heat (heat 30176) (Fig. 4a). The Laves phase composition did not show significant temperature 
dependence in either heat of steel. However, the Laves phase composition is lower in molybdenum and higher in silicon 
in the high silicon heat of steel (Table 4). No Laves phase was observed in the lower silicon heat of steel at 65C°C after 
25.000 h. By contrast, while no Laves phase was observed in the higher silicon steel after 10.000 h at 650°C, a large 
amount of Lav JS precipitated after 25.000 h. 

Laves pnase was microstructuraUy distributed as thin films along grain and subgrain boundaries at 482 and 538*C 
(Figs. 5 and 6). Laves phase formed as coarser particles at 593 and/or 650°C. In the higher silicon heat of steel. Laves 
phase often formed as massive, globular particles that engulfed coarse boundary carbide particles at 482 and 538°C (Fig. 
6b). and as boundary films. 

Fine VC needles were also produced by aging at 482-593°C for 25.000 h in both heats of steel, but not at 650°C and 
above. Fine needles were also detected in the low-silicon heat of steel after 10,000 h at 538*0. The fine VC precipitates 
were distributed uniformly within larger lath/subgrains. but were heterogeneousiy distributed on a coarser scale because 
groups or packets of cells would have them while others would not. They were detectable only with higher-magnification 
TEM, both in thin-foil and on extraction replica specimens, as shown in Fig. 7, because they made virtually no contribution 
to the weight fraction of extracted precipitate or the XEDS broad-beam spectra. Compositonalty, they were very similar 
to the larger VC precipitates, although often they had slightly more chromium and less vanadium (Table 5). 

The major changes produced by aging at 650°C and above were structure recovery and precipitate coarsening, 
particularly at 704°C after 25.000 h (F:g. 3). Although the total weight fraction of precipitate remains about equal to that 
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Fig. 4, Plots of a.) weight fraction (wt.%) of precipitate extracted from bulk specimens and b.) the molybdenum 
concentration from quantitative broad-beam XEDS analysis of precipitates on extraction replicas, both from specimens of 
the two heats of 9Cr-lMcVNb steel after various aging treatments 
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Table 3. Broad-Beaa Compositional Averaging via XEDS of Precipitates Extracted onto Replicas froa Aged 9Cr-UtoVM> Steel 

Agtng Conditions 
Al l 

ature " Time Phases 

Al l oy Composition,- a i . X 
ature " Time Phases SI P T1 V Cr Mn Fe N1 Nb Ho 
CC) (h) 

Heat 30176 

As-teepered M»C, • VC + HbC 4.0 0.5 0.1 8.3 54.5 0.2 25 0.2 3.0 «•5C2] 6 

482 25.000 Hj.C. • Laves + VC • NbC + Cr,(X)? O.S 0.9 0.1 8.2 54.2 0.1 24.8 0.1 4.1 7-0C2] 
538 10.000 *i>C, • laves + VC 2.7 2.3 0.1 7.0 48.0 1.5 27.4 0.4 1.8 9-0C2] 
538 25,300 K»C. + Laves • VC • f t te Fe-Cr phase 2.4 1.3 0.1 6.6 45.6 0.6 29.3 0.1 1.8 12.3[2] 
593 25,000 *!>C. • Laves • VC • NbC 3.7 2.1 0.1 5.5 44.7 0.5 27.5 0.1 2.1 13.7T21 
650 10.000 M„C, • vc • * c 4.5 1.4 0.2 6.6 63.2 1.2 17.0 0.3 2.3 4.4C2] 
650 25.000 H„C. + VC • NbC 4.3 0.7 0.1 8.8 61.5 0.4 16.1 0.2 2.9 5.3[2] 
704 25.000 H,,C, • VC +*C 1.5 

Heat 30394 

0.1 11.0 59.2 1.4 16.2 0.6 5.6 4.4[3] 

As-teepered MJJC, * VC • NbC 2.8 1.3 7.5 56.4 1.3 24.5 0.1 1.3 4.5C2]«> 
482 25.000 M„C. • Laves t VC t NbC 3.8 1.2 0.1 9.4 39.6 0.6 27.4 0.2 3.9 13.8[2] 
538 25,000 M„C. • Laves • VC • NbC • see* f ine Fe-Cr 5.6 2.0 0.1 4.9 39.5 0.8 30.8 1.3 15.0C2] 
650 10,000 H»C, • VC • NbC 1.3 1.6 0.2 8.5 59.7 1.3 17.9 0.4 3.8 5.4[2] 
650 25.000 H»C« • Lave* • VC • MbC 5.5 1.6 0.1 4.7 41.6 0.6 28.9 0.1 1.3 15.7[2] 

3Noraa1ized, averaged composition for el went s heavier than aluminum. 
bThe number of spectra obtained froa different areas of the replica for the average broad-beam composition. 

Table 4. XEOS Composition of the Laves Phase Extracted on Replicas fro» 
Aged 9Cr-lHoVNb Steel 

Composition5 (at. * ) 
Aging Conditions 

Tempera 
ture 
CC) 

Tine 
(n) 

Comments' 

462 25,000 Larg.r.2] 

538 10,000 Large[3] 

538 25,000 Large[3j 

593 25,000 Large[2] 

538 
650 

25,000 
25,000 

L«rge[3J 
Large[4j 

St T1 Cr Mn Fe N1 Kb Ho 

Heat 30176 

2.4 4.6 0.1 0.1 17.8 1.0 39.0 0.3 0.2 34.5 

7.6 5.2 0.1 0.4 12.8 1.4 43.4 0.4 0.3 28.3 

7.1 2.8 0.2 0.6 13.2 0.9 43.0 0.2 0.3 31.8 

8.2 3.4 0.2 0.1 9.6 0.6 45.1 0.2 0.3 32.3 

Heat 30394 

13.4 3.6 2.2 13.5 0.8 38.3 0.1 0.5 27.0 
11.5 3.2 0.1 0.3 12.8 0.6 42.6 0.7 0.7 28.1 

'Large particles are usually greater than 200 nn In size (numbers 1n brackets Indicate 
the number of Individual particle spectra analyzed). 

^Normalized, averaged composition for elements heavier than aluminum. 

produced during tempering, both TEM and AEM analysis of extraction replicas indicated coarsening of the carbide 
precipitates, particularly the MC particles." Broad-beam analysis at 704°C indicates an increase in the relative volume 
fraction of MC to M„C, phases compared to the as-tempered material (more V and Nb, Table 3). While neither carbide 
phase showed any significant compositional change when they were stable at lower aging temperatures, both showed 
detectable compositional changes when they become unstable at 650-704°C. The M„C, phase (average as-tempered 
composition » f,2% Cr-29%Fe-5.5%Mo-l% V, with detectable Si, Nb and Mn as well) contained slightly more chromium and 
less iron at 650 and "/C4°C. The VC particles become richer in niobium at the expense of chromium and vanadium at 704"C 
relative to the as-tempered condition (Table 5), and the fraction of mixed V- and Nb-rich MC particles also appeared to 
increase. 
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5040-90 

E29 

Fig. 5. Precipitation of Laves phase as films along grain boundaries in 9Cr-1MoVNb (heat 30394) steel aged for 
25,000h at 538°C, as shown with TEM in a.) bright-field, b.) precipitate dark-field and c.) selected area diffraction (SAO) 
modes. 
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Fig. 6. Comparison of differences in the amount and distribution of Laves phase in different heats of 9Cr-; MoVNb 
steel during aging at 538°C for 2S,000h. a.) heat 30176 (0.1 wt.% Si) and b.) heat 30394 (0.4 wt.% SO. Both specimens are 
extraction replicas. 

Mjcrost/uctwai Evflutlon of PCHMoVNb gyring Hf IR Irradiaron 

Microstructural changes due to irradiation of the low-silicon heat of 9Cr-1 MoVNb in HFIR to 37-39 dpa (about 10,000 
h) were observed primarily at 300-500*0; irradiation at 600*0 produced almost no change relative to the as-tempered 
microstructure. Radiation-induced dislocation loop and void formation were confined to very narrow ranges of temperature. 
Tiny "black-dor dislocation loop damage was observed only at 300*0 (Fig. 8), while helium bubbles and voids were only 
observed to form at 400*0 (Fig. 9). By contrast, changes in matrix dislocation concentration, lath/subgrain boundary 
structure, and carbide distribution and composition occurred as continuous functions of irradiation temperature from 300 
to 500*0. 

The matrix dislocation density of the 9Cr-1 MoVNb steel irradiated in HFIR followed a normal temperature dependence, 
with the highest dislocation concentration (a mixture of loops plus network) at 300*C (Fig. 8d), less at 400 and 500*0 
(network only)(Figs. 9a and 10), and the lowest concentration at 600*0 (Fig. 11). Quantitative measurements of dislocation 
concentration showed the network after irradiation at 400*0 falling consistently to the higher side of the wide range observed 
in as-tempered material (6 x 10" and <1-7 x 10" m', respectively).** The concentration of dislocation networks after HFIR 
irradiation at 500 and 600*0 was very similar to that found in the as-tempered condition. 
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OMU-MniD 9041-90 

Fig. 7. Fino MC precipitation formed during aging of SCMMoVNb stool at 538*0 for 25,000h. a.) bright-field, b.) 
precipitate dark-field and c.) SAD TEM analysis from a tWn-fWspeamenofr»at30176arK*d.)T^ 
specimen of heat 30394. 

While the radiation-produced dislocation density followed a norrrial temperature dependence, recovory and cco^ 
ing of the as-tempered latn/subgrain boundary structure was observed to follow an inverse ternperalure dependence during 
HFIR irradiation at 300-500*0. Recovery of the cellular subgrain structure was greatest at 300*C (Fig. 8) and least at 500*0, 
and at 600*0 there was no discernible difference between HFIR-irradiated and as-tempered material (Figs. 8b and 11). 
Evidence for recovery of the subgrain structure is best ¿een from comparison of lower and higher magnification TEM of 
an as-tempered specimen with one irradiated in HFIR at 300*0 in Fig. 3. At higher magnification, the small cell boundaries, 
which often consist of dense honeycomb networks, were a dominant microstructural feature in as-tempered material, but 
were almost completely absent after HFIR irracation at 300*C (cf. Fig. 80 and 8d). Many large regions of matrix were also 
free of subgrain structure after irradiation at 400*C (Fig. 9a)." After irradiation at 500*0 most of the initial subgrain boundary 
structure remained (Fig. 10), but subgrain size was slightly coarser than found in either as-tempered material or material 
irradiated at 600*C. One subtle hint that irradiation at 500*0 had altered the structure is the fact that man, carbide 
precipitate particles were not associated with boundaries, as war, trie case in as-tempered material. At lower magnification, 
it can be seen that coarser packet boundaries established during tempering and prior austenite grain boundaries (both 
usually heavily decorated with carbide precipitates) were still visible after irradiation at 300°C (Fig. 8a and 8c). 
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Tabla 5. XECS Coaposltlcn of MC Individual Partí e l « Extracted on Eepllcas froa 
Aged 9Cr-lMoVNb St M l 

Aging Conditions 

-eopera-
ture Tlee 
CC) • (h) 

Phases 
and 

Concents* 

Composition5 (a t . ») 

SI Tl Cr m Fe N1 M> Mo 

Heat 30176 

As-tenpertd 

C82 25.000 

538 10.000 

538 25.000 

593 25.000 

650 10.000 

650 25.000 

704 25,000 

As-teapered 

538 25.000 

650 10.000 

Saall VC [ 5 ] 
larger ttC[l] 
Saall NbC[2] 

1.4 0.1 0.1 

g.b.c VC [3] 0.5 

Larger aatrix VC£1] 1.2 

Very fine VC [3] 5.4 

Larger aatrlx NbC[I] 

Larger aatrlx MC[l] 

Sswll VC[5] 

Larger VC[4] 
Very f ine VC[1] 

Larger VC[2] 
SealI VC[1] 
larger NbCflJ 

Saall VC [ 3 ] 

Larger VC[5] 

S M I I VC[9] 

S M I I NbC[2] 

larger VC [2] 

S M I I VC[4] 

Larger MC[3J 

S M I I MC[3] 

Larger NbC[I] 

S M I I VC[1] 

S M I I MbCfl] 

S M I I VC[6] 

largar VCÍ2] 
S M I I VC[2] 

650 25.000 SMII VC[5] 

8.1 

1.3 
2.8 

1.1 
0.5 
1.7 
1.8 
3.6 

74.0 16.9 
12.2 2.2 
15.3 3.3 

0.8 
0.6 
1.5 
5.9 
3.0 

0.1 

0.2 

0.3 

65.8 
68.2 
59.0 
16.4 
51.6 

19.3 
16.1 
23.6 

3.4 
12.8 

0.6 
0.2 

0.1 

3.3 0.8 0.2 
3.6 1.0 0.2 
1.8 1.5 0.3 

72.0 
73.8 
14.8 

2.5 0.8 

1.1 
0.8 
6.5 

0.1 
0.1 
0.1 

0.1 

0.5 0.5 0.2 68.0 20.8 

68.4 22.4 
52.5 23.1 

12.5 
14.1 
3.0 

Heat 30394 

1.0 

0.1 
0.1 
0.2 

75.8 14.6 

67.2 16.2 
75.1 13.5 
14.0 2.7 

0.7 66.4 6.6 
0.7 70.7 12.1 
0.5 48.S 5.5 
0.4 49.2 5.2 
0.4 8.1 1.7 

1.2 2.1 0.9 75.3 14.2 
6.4 2.0 15.2 3.0 

77.6 15.3 

1.4 2.8 0.1 71.2 8.9 
3.1 3.4 0.1 64.2 10.0 

0.5 
0.4 
0.5 

3.6 
4.6 
2.8 
0.6 
1.1 

6.3 0.6 
84.7 0.5 
80.2 0.6 

0.1 
O.I 
0.1 
O.I 

7.1 
8.7 
3.9 

72.5 
26.9 

3.1 
9.3 

0.7 
0.5 
0.6 

0.3 

1.3 
0.6 
0.4 

0.7 
0.9 
0.5 
0.5 
0.6 

0.1 
0.5 

O.l 
0.1 

4.3 
2.7 

2.7 
0.7 
3.5 
0.8 
4.2 

2.3 4.6 3.7 3.6 

0.5 
0.6 
0.7 
0.6 
0.9 

23.6 
14.0 
42..» 

41.8 
84.0 

3.2 1.8 0.1 70.3 15.0 0.1 0.9 

1.0 
4.0 

9.8 0.6 
1 5.8 0.8 
1 77.6 0.3 

5.1 0.8 

12.1 0.7 

6.6 0.6 
76.6 0.7 

0.2 
0.6 
0.3 
0.6 
0.4 

5.6 0.7 
71.6 1.4 

5.5 0.3 

0.4 14.4 0.9 
0.7 0.1 16.S 1.9 

7.5 0.9 

•Largar particles ara graatar than -SO to 60 na In size, S M I I particles are lass than «30 to 
40 na In size, and vary fino part idas aro usually rods, ~S-na-th1ck, 40- to 100-na-long (tubwt 
In brackets Indicate the nuaber of Individual pa r t ido spectra analyzed). 

bNorMl1zod, averaged coaposltlon for elaaents heavier than alualnua. c g . b . • grain boundary. 



Fig 8 TEM of the lath/subgram boundary and matrix dislocation structures of 9Cr-1 MoVNb (heat XA 3590) steel a ) 
and b ) as-tempered, and c ) and d.) after HFIR irradiation at 300 C to about 37 dpa. at both lower (a.c) and higher (b.d) 
magnifications 

HFIR irrad.ation produced no n&w precipitate pnases m the 9Cr-iMo\JNo steel (Tapie 6; There were, however. 
changes m the as-tempered carbide structure tnat were parallel to the recovery and coarsening of the lathsubgram 
boundary structure particularly m terms of temperature dependence Microstructurally. mere appeared to be dissolution 
o* many of the smaiier M C. particles during irradiation at 300 and 400 C (Figs 8d and 9a). which were associated with 
the lath subgram boundary structure m the as-tempered condition Most of the coarser M„C, particles decorating packet 
boundaries or pnor austemte gram boundaries appeared unaffected by the irradiation, even at 300 C (Fig 8c) Partial 
dissolution of M C. carbides exhibited the same inverse temperature dependence during irradiation as found for recovery 
and coarsening of the latn subgram boundary structure Dissolution of small M ,C, particles was most noticeable at 300 
and 400 C. but did not appear to Pe occurring at 500 and 600 C Despite these changes m precipitate microstructure, 
XEDS studies of extraction replicas indicated no change of the M C, phase composition during irradiation over the 
temperature 'ange of 300-600 C 

Whiie the fine MC component of tne precipitate structure «.r, too difficult to observe consistently by TFM of the 
complex microstruotjre of the irradiated fnm fon specimens significant rmcrostructurai a n f ) microcompositional changes 
caused by irradiation were observed ü^ AFM analysis of these partioies on extraction replica specimens Previously. 
Quantitative data snowed that MC particle Si/es ranged from i / to f>0 nm m the as-tempered material, with more particles 
at the smaller end of me w e range '" By r ompanson the MC particle s./es ranged from 30 to 1?0 nm after HFIR irradiation 
at 400 C wi?n more particles at trie larger side of the si/e r^nge \< <• MC coarsening also nnd art inverse temperature 
dependence because ma/imum effects of 'sirj.ation were observed ,>f 'C'O and 400 C. while thc r f //as no detectable e'feot 
of irradiation if f / / j C 
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ORML-FBOTO 5 0 4 3 - 9 0 

Fig. 9. TEM of larger voids and finer helium bubbles formed in 9Cr-1 MoVNb (heat XA 3590) steel after HFIR irradiation 
at 400*C to about 37 dpa, at lower (a) and higher (b) magnifications. 

Irradiation dramatically changed the V and Cr concentrations of the MC phase particles in the 9Cr-1 MoVNb steel, 
and this effect also had a strong, inverse temperature dependence. The pronounced increase in Cr at the expense of V 
that occurs in MC particles during HFIR irradiation at 400*0 is shown clearly in Fig. 12. Irradiation appears to stronpV affect 
only the V and Cr concentrations. This effect of irradiation on MC composition is similar for both V-rich or mired V- and 
Nb-rtch particles (Fig. 12). Both Table 7 and Fig. 13 show that the effect of irradiation on Cr and V content of MC particles 
was very stong at 300-500*0, but then becomes weaker at 600*C. The radiation-induced Cr-enrichment was maximum at 
400*C and more temperature sensitive than V-deptetion, which was greatest at 400-500*C. Cleartv the MC composition 
during irradiation at 600*C moved much closer to the MC composition observed during thermal aging, although an effect 
of irradiation was still noticeable. 
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ORNL-PHOTO 5 0 4 6 - 9 0 

0.1 urn 

Fig. 10. TEM the iath/subgrain boundary, distocation and precipitate structures of 9Cr-1MoVNb (heat XA 3590) steel 
after HFIR irradiation at 500*0 to about 39 dpa. 

ORNIs-PHOTO 5 0 4 2 - 9 0 

Fig. 11. TEM the lath/subgrain boundary, dislocation and precipitate structures of 9Cr-1MoVNb (heat XA 3590) steel 
after HFIR irradiation at 600°C to about 39 dpa. 
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Rg. 12. Histograms of MC phase composition from quantitative XEOS analysis of precipitate particles on extraction 
repicas from 9Cr-1 MoVNb (heat XA 3590) steel in the as-tempered condition and after HFIR irradiation at 400°C to about 
37dpa 

The XEOS broad beam compositions of 
extracted precipitates showed tttJe difference after 
irradiation, except for irradiation at 300°C (Table 6). 
Given the MC phase composition produced during 
irradiation, analysis of the broad-beam data for relative 
phase fractions suggested a sight increase in the 
amount of MC relative to M^C. at 300°C (17 and 83%, 
respectively). The amounts of MC relative to M„C, in 
specimens irradiated at 400-600"C were simiar to that 
found in the as-tempered steel (10-12 and 88-90%. 
respectively). Bulk extraction measurements could not 
be performed on radioactive material, so quantitative 
changes in the total amount of precipitation could not 
be observed. 

f* 
Aged 
25.000 h 

I 

Aged 
25,000 h 

J_ J. 

tempered 300 400 500 600 700 800 
TEMPERATURE (*C) 

Fig. 13. A plot of the average chromium and vanadium 
concentrations of MC particles as functions of exposure tem
perature, obtained from quantitative XEDS analysis of 
extraction replicas made from 9CM MoVNb (heat XA 3590) steel 
specimens which had been thermally aged or irradiated in HFIR. 

DISCUSSION 

The data on 9Cr-1 MoVNb steel indicate that the 
microstnjcturai and microcornpositional changes 
produced by HFIR irradiation and by thermal aging are 
quite different. However, it should ateo be obvious that 
the mechanisms driving such changes are also 
different in each exposure environment. The 
rrocrostructural differences between thermally aged and 
HFIR irradiated 9Cr-l MoVNb steel can be summarized 
as follows: a.) the as-tempered subgrain boundary and 
precipitate structures are stable during aging at 600"C 
and below, but unstable during HFIR irradiation at 300-
500*0; b) Laves phase forms abundantly during aging 
below 600°C, but not at all during HFIR irradiation; c.) 
additional fine VC needles form during aging at 593°C 
and below, but not during HFIR irradiation; d.) the MC 
phase undergoes radical compositional changes 
during irradiation at 300-500°C that are not observed 
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Tabla 6. Broad-8eaa Coapcsltlonal Avaraglng via XEOS of Pracipitatas 
Extractad onto Replicas froa HFIR-Irradiatad 9Cr-lMoVW> Staal 

Aging Conditions 
Coapesltlon* (at . %) 

Taapara- Phasas 
tura Dosa SI TI V Cr Hn Fa Ni tt> Ho 
C O (dpa) 

As-teapered H„C, • MC[2]° 0.9 0.4 9.7 53.3 0.1 26.5 0.4 3.4 4.8 

300 36.5 M„C, • HCf.3] 2.0 0.1 10.S 53.8 0.6 25.6 0.1 2.6 3.6 

400 36.5 M„C, • NCCS] 1.9 0.06 5.7 61.7 0.7 23.2 0.5 2.6 3.6 

500 38.5 H,,C, • MCC2] 2.8 0.3 5.8 58.6 0.1 22.1 2.0 3.2 4.6 

600 38.5 M„C, • HCC3] 1.4 0.3 6.9 60.7 3.9 22.6 0.1 1.1 3.1 

*NorMl1zad, avaragad coaposltlon for alaaants haavlar than aliarinua. 

"Tha nabar of saparaU spactra obUlnad froa dlffarant araas of tha replica for tha avaraga 
broad-baaa coaposltlon. «Hone datactad. 

Tabla 7. XEDS Coaposltlon of Individual MC Part idas Extracted onto 
Replicas froa HFIR-Irradlated 9Cr-lHoVNb Steel 

Coaposltlon* (at. X) 
Aging Conditions 

Tenpera- Consents' 
ture Dose SI TI V Cr Fe NI Nb Ho 
C C ) (dpa) 

As-Taapered S a a l l 0 VC[6] C 1.6 0.6 64.0 16.6 1.6 nd d 1.3 5.2 
Snail NbC[.21 2.3 2.3 33.5 9.2 1.1 0.1 50.5 1.3 

300 36.5 S M I I VC[4] 1.5 0.4 42.3 36.8 8.9 0.08 8.0 1.0 
Saall NbC[3] 2.2 0.2 11.4 17.2 10.0 0.3 53.9 3.1 

400 36.5 Saall VC[9] 3.2 0.5 35.0 46.5 5.5 0.4 7.4 1.4 
Saall NbC[2] 0.4 1.2 8.8 34.2 4.5 0.8 46.1 3.S 

500 38.5 Saall VC[9] 2.5 0.7 33.9 41.9 10.0 1.0 7.5 1.5 
Saall NbC[2] 2.6 1.1 9.8 27.5 7.4 0.8 46.3 3.1 

600 38.5 Saall MC[8] 2.1 0.4 53.6 27.9 7.0 nd 6 7.3 1.4 

*Noraa11zad, avaragad coaposltlon for alaaants heavier than alualnua. 

Par t ic les ara less than 50 to 60 na In dlaaetar. 

cThe nuaber of separata spectra obtained froa different particles for the 
avaraga phase coaposltlon. 

°None detected. 
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during aging at any temperature; e.) more dislocations are produced within the lath/subgrains during long-term thermal 
aging at 483-593°C than are produced during HFIR irradiation at 400-600°C. The radiation-induced loops at 300°C and 
cavities at 400°C are. of course, also important differences between aged and neutron-irradiated material. However, these 
microstructural features are the expected by-products of interstitial point-defects or helium atoms (from transmutation 
reactions) produced by neutron irradiation, and will not be discussed further here. Helium effects on bubble and void 
formation in 9 and 12 Cr steels irradiated in HFIR and FFTF have been extensively discussed elsewhere.*' 

The instability of the as-tempered carbide precipitate and subgrain boundary structures and the compositional 
changes of the MC phase during HFIR irradiation at 300-500°C appear to be coupled microstructural phenomena The 
inverse temperature oeperKjen<» suggests that these» 
effects. Both the as-tempered MC particle distribution and subgrain boundary structure coarsen during long-term aging, 
but only at the highest temperatures. Both the degree C coarsening during lower-temperature irradiation and the 
associated dissolution of M^C, particles and compositional changes of MC phase during coarsening (more Cr instead of 
less) also consistently point to phenomena that are radurtion-induced and essentialynori-themial in nature. Moreover, there 
is a consistent correlation between changes of precipitate and subgrain boundary structures during aging and during 
irradiation. This would imply that the precipitates pin the boundaries so that subgrain boundaries cannot migrate unless 
the precipitates first become unstable, m fact, 12Cr-1MoWV steel similarly irradiated in HFIR at 300-500°C shows stabity 
of both the as-tempered subgrain and carbide structures.*" an opposite effect of irradiation relative to the 9Cr-1MoVNb 
steel, but consistent with precipitates preventing boundary migration. Thus, initial instabity of the as-tempered carbides 
(M„C, in particular) in the 9Cr-lMoVNb steel appears to be a root cause for the other microstructural changes observed 
during irradiation at 300-500°C. 

In contrast to the radebon-induced aspects of microstructural evolution directly observed in 9Cr-lMoVNb steel 
irradiated in HFIR at 300-500°C. the noticeable absence of both fine VC and coarser Laves phase precipitation suggests 
that irradiation has retarded these thermal phenomena. However, the failure ofihese dominant thermal precipitates to occur 
during irradiation can also be related indirectly to the instability of as-tempered carbides during irradiation. The last 
observation that seems intuitively strange is the increase in matrix dislocation concentration r. aged compared to irracfated 
material. However, even this result can be explained in part by loop nucleaton that is very strorigly dependent on tempera
ture combined with thermal dislocation network recovery processes occuring at an enhanced rate during irradiation of the 
9Cr-lMoVNb steel. 

Microstructural evolution during irradiation is generally caused by several mechanisms acting in concert, including: 
a.) cascade damage and point-defect production, b.) annihilation, accumulation and/or migration of radiation-produced point 
defects, and c.) radiation-induced segregation (RIS) and radiation-enhanced diffusion, both of which are caused by the 
fluxes of radiation-produced point defects. Microstructural changes during thermal aging are usually driven by solute 
supersaturation and diffusion, and dislocation/boundary structure recovery processes. 

It seems reasonable that the as-tempered microstructure established at high temperatures should be resistant to 
recovery during long-term aging at lower temperatures. The formation of fine VC carbides during aging below 600°C 
apparently indicates that the decrease in the carbon solubility with decreasing aging temperature produces a new carbon 
supersaturation (relative to that relieved by tempering), which then triggers additional carbide oredpitation. The fine 
distribution of VC needles is consistent with nucleation on the increased number of dislocations available at the lower aging 
temperatures. The formation of Laves phase as films along grain boundaries or as crusts around carbide particles would 
indicate that localized carbon depletion triggers the formation of this carbon-free intermetailic phase."" The increase in 
the amount of Laves phase in the higher silicon heat of 9Cr-1MoVNb steel is consistent with silicon acting as a catalyst for 
the formation of that phase."" 

Processes involving radiation-produced point defect are almost certainly the cause of the radiation-induced 
microstructural changes observed in 9Cr-1MoVNb steel, although several different mechanisms may be involved. While 
cascade-dissolution of precipitate particles cannot be ruled out. dissolution of coarser M„C ( while smaller MC particles 
survive would not suggest that this is the dominant mechanism. While RIS of chromium seems to be involved in the 
radiation-induced chromium enrichment of the MC phase/"" 0 it would not consistently explain the dissolution of Cr-rich 
M„C, particles. One simple explanation for initial carbide dissolution during irradiation could involve the supersaturation 
of vacancies and their interaction with carbon atoms in the matrix. Binding of carbon atoms to the excess vacancies 
produced during irradiation would cause an apparent increase in the solubility of the matrix for carbon, similar to the case 
proposed recently for austenrtic stainless steels.10 Increased solubility without changing the instantaneous matrix carbon 
content would create a transient decrease in carbon activity which could then cause partial dissolution of pre-existing 
carbide particles, as is observed. The other aspects of the microstructural evolution in irradiated 9Cr-lMoVNb steel seem 
to support this simple mechanism. If depletion of carbon in the matrix below some critical concentration is a necessary 
condition for Laves phase precipitation, then any increase in the matrix carbon content due to the carbon atom-vacancy 
interaction would help to explain why Laves phase does not form during irradiation at 300-500"C Carbide dissolution is 
certainly also a contributing factor to the instability of the subgrain boundary structure observed during irradiation, although 



130 

biased absorption of radatoon-produced point defects (i.e.. interstitiaJs to compensate for the varancy supersaturabon) 
would ultimately drive continued boundary migration. The inverse temperature dependence of al of these coupled 
nrócatruohjralphenomeria is certainty consisted 
as the rnechanism implies. In summary, explanations based on changes the residual carbon contem of the matrix at 600°C 
and below, and differences during thermal aging and HFIR irradiation, help to provide a consistent inter pretion of 
microstructural behavior in aged or irradiated 9Cr-1MoVNb steel. 

Rrcfy. two more questions should be answered: a.) are the microstructural data presented here consistent with 
simlar data on comparable aged or irradiated rnartensitic/ferritic steels? b.) do these data or mechanistic insights have 
impfcaiiof£ on the potential for further improvement of 9CM MoVNb steel through aloy development? With regard to 
stress-free thermal aging, microstructural data on the same two heate of 9CrOMovTto investigated in this wc<k have been 
presented for 5000 h at 593 and 704°C. in conjunction with fatigue stud«s at the same temperatures.''* Little change was 
observed in the as-tempered microstructure at 593°C. but subgrain structure and carbide coarsening was observed at 
704°C, consistent with our data. Laves phase forms abundantly during aging of 9Cr-1Mo steels at 500-550°C for 20.000 
h [13], and its formation along grain and subgrain boundaries has been related to impact embritUement at lower 
temperatures [14.15]. Laves phase tends to form at higher aging temperatures in modified 12Cr-1 Mo steels (600°C in FV 
448 (12CMMoVNb) and CRM-12 (12Cr-1MoV) [33], 500-700°C in l2CMMoVW [34]). and even more abundantly in similar 
steels with more rrwlybdenum (53tV600°C in JMFS (10Cr-2MoVNb) [35].55O650°Cm 13Cr-2MoNbV [18]). Laves can even 
form after only 1 h at 730°C in a modrfied 10Cr-6Mn steel [36]. There is very little aging data at temperatures below 500°C 
or for times beyond 20.000 h. Although some fine VC needles have been observed to form during tempering in CRM-12 
[33]. our data on the abundant, fine formation of VC needles during aging at lower temperatures appears to be unique. 

With regard to irradiated steels, the HFIR data on precipitation in 9Cr-1MoVNb steel irradiated at 30fJ-600°C is also 
unique. Direct comparison of the same heats of 9 and 12Cr steels irradiated in HFIR and in FFTF (an LMFB'l) at 400°C 
indicates there is little difference in the precipitate microstructure produced in either reactor. Consistent with our results. 
Laves phase has generally not been observed in most 9-12Cr steels irradiated in LMFSR's below 600°C (EM-10 (9Cr-1Mo) 
and EM-12 (9Cr-2MoVNb) [10], HT-9 [8,24.27]. FV 448 [33] or 13Cr-2MoNbV [18]). laves phase has been observed at 
615°C in CRM-12 (with radiation-produced composition modification) [33], and at 650°C in EM-12 [8] during LMFBR 
irradiation. Only Suzuki et al. [36] found Laves phase below 600°C, in the 10Cr-2MoVNb steel irradiated in HFIR at 500°C 
to 34 and 57 dpa. In this case, however, the Laves phase composition was highly modified by RIS during irradiation relative 
to the thermal phase composition. Our observations of instability of the as-tempered microstructure and the radiation-
produced compositional modification of the MC phase in 9CMMoVNb irradiated at 3O0-5O0°C appear to be new findings. 

With regard to further alloy development, new applications of 9Cr-lMoVNb today as either a core material in new 
modular, inherently-safe advanced reactors," or as the first-wall material in a MFR, or as boiler tubing in fossil power plants' 
all go beyond those for which this steel was initially developed and optimized.*" Furthermore, there is considerable effort 
in the United States"" and in Japan*** to develop steels that have reduced kxig-term radioactivity after exposure in a fusion 
reactor, but are metallurgicaHy equivalent to conventional 7-9Cr martensitic steels (i.e., 9Cr-2WVTa or 8Cr-2vWTa). For non-
nuclear, hi£.wemperature applications of 9Cr-l MoVNb, loss of tensile strength, and creep-rupture and fatigue resistance 
above 550°C appear related to microstructural instability. Laves phase precipitation after long-term exposure at 450-550*0 
can cause ¡r. «pact embrittJement at lower temperatures and may also lead to structure recovery and softening due to 
molybdenum depletion. Alloying to further stabilize the carbide precipitate structure (particularly the MC carbides) could 
improve the high-temperature strength, while both minor compositional variations (lower Si, more C or B*") or changes 
in tempering conditions (higher tempering temperatures and/or shorter times for more residual carbon in the matrix) could 
reduce Laves phase precipitation during aging. A major concern for the application of 9-12Cr martensitic/ferrrtic steels in 
fusion reactors is the increase in their DBTT caused by irradiation at lower temperatures (<450-500°C).4 4* Although such 
hardening-induced embrittlement may ultimately be related to point-defect and dislocation types of radiation damage in 
these steels, radiation-induced coarsening of the as-tempered structure does not help; better unirradiated toughness 
properties are often related to finer rather than coarser grain/subgrain structures. Stability of the as-tempered carbide 
during irradiation may be related to alloying changes that either produce more precipitation during tempering or alter the 
mixture of carbide phases or their compositions (i.e., M„C/MC ratio, VC/NbC ratio, V/Cr ratio in MC phase) for better 
resistance to dissolution. The microstructural differences observed between aged and neutron-irradiated specimens of 9Cr-
1 MoVNb steel suggest that different optimization strategies will be needed for nuclear and non-nuclear applications. 
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CONCLUSIONS 

1. Microstructural evolution in 9CMMoVNb steel was significantlv different during long-term thermai aging as 
compared to HFIR irrsdiation at 600°C and below. 

2. During thermal aging for up to 25.000h. the as-tempered microstructure remained stable at 482-593% and 
coarsened at 650 and 704°C. 

3. Thermal aging produced abundant amounts of coarse Laves phase and fine VC needles at 482-593°C. TheWgner 
silicon heat of steel contained more Laves phase. 

4. HFIR irradiation to 37-39 dps produced "Wack-dot" dislocation loops only at 30XTXÍ, and detectable helium bubbles 
and voids only at 400°C. No new precipitate phases were observed at 300-600°C. 

5. The lath/subgrain boundary structure after irradiation at 300 and 4 0 0 ^ was conaderabty coarser than that found 
in as-tempered condition, whereas the subgraJn structure after irradiatkxi at 600X was siniiar to the as-tempered structure. 

6. Some dissolution of M^C, particles and coarsening of MC particles was observed after irradiation at 3OO-500°C, 
but not at 600°C. Substantial modifications of the MC phase composition fncreased <>, decreased V) were also observed 
300-500BC. 
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MICROSTRUCTURE AND PROPERTIES OF WELDED W. V. and Ta MODIFIED FERRITIC STEELS WITH FAST 
INDUCED-RADIOACTIVITY DECAY - C A WANG and B. A CHIN (Auburn University). 

OBJECTIVE 

The objective of this study is to characterize the microstructures and mechanical properties of welded W, V, and Ta 
modified low activation ferritic steels for fusion reactor structural applications. 

SUMMARY 

Sheet specimens of W, V, Ta modified low activation ferritic steels were welded using the gas tungsten arc welding 
(GTAW) process. Autogenous bead-on-plate welds were produced on samples of 2*CrV, 2^Cr-lWV, 2%Cr-2W, 2*Cr-2WV, 
5Cf-2WV, 9Cr-2WV, 9Cr-2WVTa and 12Cr-2WV. Sound autogenous welds were obtained in all low activation 1\% Cr bainitic 
steels and the 5% Cr martensitic steel. Bend tests of the welds yielded insufficient toughness at the fusion zone in the low 
activation 9 and 12% Cr martensitic steels. A post-weld heat treatment is recommended for the 9 and 12% Cr low activation 
steels to restore toughness. 

FROGRESS AND STATUS 

Introduction 

A series of ferritic steels patterned on the chromium-molybdenum alloys, 2\Cr-lMo, 9Cr-lMoVNb and 12Cr-lMoW/, 
were tested for weldability. The modified steels possess a fast induced-radioactivity decay rate and hence they are sometimes 
referred to as low activation steels. These steels are being developed as candidates for the first wall and blanket structures of 
fusion reactors. The use of these materials will minimize long-term radioactive hazards associated with disposal after service. 
In these low activation alloys, elements which become activated during irradiation with long half lives (Mo and Nb) are replaced. 
The major changes include the replacement of molybdenum with tungsten, the addition of vanadium in 2\% Cr steels, and the 
replacement of niobium in the 9% Cr steel with tantalum.1-2 These .¿placement elements radically modify both the mechanical 
properties and weldability of the alloys. In this study, the effect of the alloy modifications on the microstructure and the 
mechanical properties of the welds is investigated. Bainitic steels (2\Cr%) usually exhibit good weldability, while the martensitic 
steels (5, 9 and 12 Cr%) are susceptible to embrittlement in the heat affected zone (HAZ).' The objective of this study was 
to characterize the welded microstructures and mechanical properties of these low activation alloys. Autogenous bead-on-plate 
welds were produced using the gas tungsten arc welding (GTAW) process to explore the weldability of the steels. 

Experimental Procedures 

Eight heats of low activation ferritic steels, patterned after commercial chromium-molybdenum steels (prepared by 
Combustion Engineering, Inc.), were investigated in this study. The nominal chemical compositions are shown in Table 1. The 
as-received steels were heated at 700"C in an argon atmosphere followed by hot rolling to the final thickness of 0.76 mm. The 
as-rolled materials were heat-treated prior to testing and welding to obtain properties of a standard reference condition. All 
heats except heat 3787 were austenitizeri at 1050°C for 0.5 h, then water quenched. Heat 3787 was heated at 900°C for 0.S h 
then quenched. Higher austenitization treatments were used for all steels, except heat 3787, to ensure that the vanadium 
carbides present were dissolved.44 Tempering was performed for 1 h at 700°C for all heats. Autogenous bead-on-plate welds 
were produced using the GTAW process to evaluate the weldability of all low activation steels. Welds were produced in a 
protective argon atmosphere under a fully constrained condition. This restraint simulates anticipated conditions that will be 
encountered in the maintenance and repair of structural components. The welding conditions used were 10 V-dc, 38 A at a 
torch speed of 4.6 mm/s. The W electrode size was 1/16 in. diameter which resulted in a heat input of 82.6 J/itim, This heat 
input produced a full penetration weld with a 2.5 mm wide fusion zone perpendicular to the rolling direction. 

Microstructures were observed using an optical microscope associated with an image analysis system to measure the 
ferrite volume fractions present. In order to ascertain microstructure-property relationships, traverse diamond pyramid 
microhardness (dph) measurements were made across the weld regions. A diamond pyramid indenter was used with a load 
of 50 g for a duration of 12 s. The specimen weld reinforcements were mechanically ground to be flush with the surface of the 
base metal and then electropolished prior to subsequent testing. The three-point guide-bend test was used as one index to 
evaluate weld integrity. Specimens used in this test had dimensions of i. .76 mm x 8 mm x 43 mm. As-electropolished specimens 
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Table 1. Chemical Composition of 
Low Activation Ferrltlc Steels 

Chemical Composition,8• 0 wt X 
Alloys Cr W V Ta C Mn S1 
3785 2.36 0.25 0.11 0.40 0.17 
3786 2.30 0.93 0.25 0.10 0.34 0.13 
3787 2.48 1.99 0.009 0.11 0.39 0.15 
3788 2.42 1.98 0.24 0.11 0.42 0.20 
3789 5.00 2.07 0.25 0.13 0.47 0.25 
3790 8.73 2.09 0.24 0.12 0.51 0.25 
3791 8.72 2.09 0.23 0.075 0.10 0.43 0.23 
3792 11.49 2.12 0.23 0.10 0.46 0.24 

a P - 0.014-0.016, S - 0.005-0.006, 
Co - 0.005-0.006, Cu - 0.02-0.03, N - 0.02-0.03, 
N1 < 0.01, Mo < 0.01, Nb <0.01, T1 < 0.01, B < 0.001. 

"Balance Iron. 

Results 

were etched to aid in identifying the fracture location. 
The initial three-point bend was made at a speed of 
0.508 mm/min over a 25 mm span distance to produce a 
100° angle at the fusion zone. The final 180° bend was 
performed with a 1.5 mm thick space bar placed in 
between the two ends of the specimen. Testing was 
performed until th*i specimen broke into two pieces or 
laterally contacted the space bar (i.e., a 180° bend). 

Tensile test specimens were cut perpendicular to 
the weld bead and had a reduced gage section of 12.7 
mm length by 3.175 mm width by 0.76 mm thickness. In 
this study, tensile tests were performed at a speed of 
0.508 mm/min which resulted in a strain rate of 6.67 x 
10 4 s'. All tests were conducted at room temperature. 
The fracture surface examinations were carried out with 
a scanning electron microscope (SEM) to investigate the 
fracture mechanisms of the weld bend tested specimens. 
All the observations were conducted at a 15 kV 
accelerating voltage. 

The metallography examinations show that the as-welded microstructure consists of three distinct regions: fusion zone, 
heat-affected zone, and unchanged base metal. Experimental results reveal that all the steels are free of cracks and readily 
weldable. Microhardness measurements for each heat across the weld with corresponding microstructures are presented in Figs. 
1-8. Optical micrographs show that 2HCr steels are basically bainitic steels with different amounts of proeutectoid polygonal 
ferrite in the base maal depending on the chemical composition. 2*Cr-V steel contains 8-12% polygonal ferrite with the rest 
being bainite, while 2^Cr-lWV steel consists of 5-10% ferrite. With an increase in tungsten content, 2^Cr-2WV steel has a 
lower ferrite content of 3-8%. Without the vanadium addition, 2^Cr-2W steel is fully bainite and possesses a finer grain 
structure as compared to the other 2^Cr steels. The 5 and 9% Cr steels consist of a completely martensitic structure. A dual 
phase structure is observed in 12 Cr-2WV consisting of 12-17% delta ferrite and martensite. Table 2 lists the microstructures 
observed in the base metal for all the steels. 
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Table 2. Nlcrostructure of Low Activation Ferrlt ic Steels 

2MCr-V 
2MCr-lW 
2KCr-2W 
2MCr-2UV 
5Cr-2WV 
9Cr-2WV 
9Cr-2WVTa 
12Cr-2WV 

8-121 polygonal ferr l te + balnlte 
5-10% polygonal ferr l te • balnlte 
Fully balnlte structure 
3-6% polygonal ferr l te • balnlte 
Fully martenslte structure 
Fully martenslte structure 
ful ly martenslte structure 
12-17» 6 ferrlte • martenslte 

Table 3. Results o-/ We:-1 Bend Test 

2KCr-V Satisfactory 
2»Cr-lWV Satisfactory 
2KCr-2V Satisfactory 
2VXr-?W Satisfactory 
SCr-2WV Satisfactory 
9Cr-2WV Failed at fusion zone 
9Cr-2WVTa Failed at fusion zone 
12Cr-2WV Failed at fusion zone 

Experimental results of weld bend soundness tests 
are shown in Table 3. The specimens were free of 
cracks for all control steels under quenched and 
tempered conditions. The 2\ and 5% ^r welded steels 
exhibited adequate toughness in both initial and final 
bending tests. This is satisfactory. The welded 9% Cr 
steels show adequate ductility in initial bend test but 
failed at the fusion zone during the final bend test 
sequence. As expected, the welded 12% Cr steel has 
poor properties in weld bend respome. All 12 Cr-2WV 
steel samples failed at the fusion une di ring either the 
initial three point bend or the flic! ISO" bend. Figure 9 
shows the load-deflection curve for one of the 12 Cr-
2WV steels which failed in the initial three point bend 
test The material failed at a deflection of between 1.6 
to 2.0 mm. This result suggests that the toughness and 
ductility are very low for the 12 Cr-2WV steel weld. 
Brittle failures were observed in the 9-12% Cr steel 
fracture surfaces as shown in Fig. 10. Both 9% Cr steels 
arc dominated by brittle cleavage fracture with a small 
amount of dimple rupture at the rim around the fracture 
facets. A transgranular fracture mode was observed in 
the fracture surfaces of 12 Cr-2VW steel. 



139 

ORNL-DWG 90-1536? 
->—r 

DEFLECTION (HH) 
Fig. 9. Load deflection curve for the 

12Cr-2VW steel during three-point bending. 

Results of tensile tests are shown in Table 4. The 2*Cr-
2VW steel have both the highest ultimate tensile strength and 
0.2% offset yield stress of the 1\% Cr steels for both control 
and as welded conditions. The lowest value of strength was 
found in 2^Cr-2W. This is consistent with microharaness 
observations. The 2*Cr-lWV steel shows a slightly lower 
strength than 2*Cr-2WV but a much greater strength than 
2*Cr-V steel. To quantify ductility, uniform elongation was 
used instead of the total elongation. Highly localized 
deformation and stretching are often observed after a major 
crack initiates. The highest uniform elongation is found in 
2%Cr-V steel while 2*Cr-2WV $tee> appears to have the lowest 
ductility of the 1\% Cr steels. Failures occurred either in the 
base metal or heat-affected zone (HAZ)/base metal interface 
for all l\°h Cr steels. 

The 9 Cr-2WVTa steel has the highest tensile strength of 
all heats for both the control and welded conditions. This steel 
also possesses a relatively high uniform elongation. The 5 Cr-
2WV steel shows the lowest values of both strength and 
elongation for the S-12% Cr steels. Even though the 12 
Cr-2WV steel has only slightly lower strength than the 9 Cr-
2WV steels, it shows the highest ductility in uniform elongation 
of the S-12% Cr steels. Base meul failures were observed for 
all the 5-12% Cr steels in tensile tests. It was found that the 
mechanical properties of these low activation ferritic steels were 
degraded after gas tungsten arc welding. The area under the 
stress-strain curve, a measure of toughness, also decreased for 
all heats of the 5-12 Cr steels after welding while the Young's 
modulus remains the same. 

PiKVHJPn 

Experimental results show that the welds in all steels 
tested were free of defects. The low carbon content in all steels 
tested contributes to this excellent weldability. Steels with a 
higher carbon-equivalent will have greater hardenability and 

Fig. 10. SEM fracture surface photographs 
after bending test for (a) 9Cr-2WV steel (b) 9Cr-
2WVTa steel, and (c) 12Cr-2VW steel. 

therefore be more susceptible to HAZ cracking due to 
martensitic transformations. Results from GTA welding 
are satisfactory for all steels in this study, especially for 
the 12 Cr-2WV steel. The commercial 12 Cr-Mo steels 
crack extensively in the HAZ when no preheating is 
provided.' This low susceptibility to HAZ cracking is 
believed to be a result of the delta ferrite present in the 
microstructure of the modified alloys. 

The alloying additions were found to have a 
significant effect on the base metal microstructure of 
1\% Cr steels. The 2\% Cr steels are typically 
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composed of a bainitic structure. Without tungsten 
additions, 2%Cr-V steel contains 8-12% proeutectoid 
polygonal ferrite. As tungsten is added, 2? ̂ Cr-1 WV has 
5-10% polygonal fertile and 3-8% ferrite is observed in 
the 2%Cr-2WV steel. No polygonal ferrite was observed 
in the 2*Cr-2W steel. This result suggests that the 
addition of tungsten reduces the formation of polygonal 
ferrite. Nevertheless, it was experimentally found that 
the 2^Cr-2WV steel contained polygonal ferrite. This 
phenomenon probably resulted from vanadium carbides 
present in the steel not completely dissolving during 
austenitization. Vanadium carbide ties up carbon that 
would normally be in solution and hence decreases the 
harde liability.̂ 1* 

A martensitic structure is observed in the 3-12% 
Cr steels. This result implies that chromium effectively 
promotes manensite formation instead of bainite. The 
5-9% Cr steels are fully martensite whereas the 12 Cr-
2WV steel contains 12-17% 6-ferrite. The reason for 
the ferrite presence is insufficient austenite-stabflizing 
elements such as carbon, nickel and manganese. Both 
ferrite and austenite exist in the microstructure at the 

austenitizing temperature due to insufficient austenite forming elements. Austenite transforms to martensite upon cooling 
whereas ferrite remains as it is. This ferrite is referred to as deJta-ferrite.,liU Unfortunately, carUm a restricted to 0.1% to 
ensure sound welding while nickel is not favored from a low activation point of view. Therefore, composition modification with 
manganese is one of the remaining choices to promote a fully martensitic structure in the 12% Cr steeLw On the other hand, 
it is known that chromium and tungsten, ferrite-stabilizers, tend to promote delta-ferrite formation. 

In the 9 Cr-2WVTa steel, a finer martensitic structure is found than in the other 9 Cr steels. This is attributed to the 
addition of tantalum which considerably decreases the prior austenite grain size. Tantalum behaves similar to niobium in the 
commercial 9 Cr-Mo steels. Tantalum exists in 9 Cr-2WVTa steel in the form of carbide precipitates with a high melting point 
During the austenitization process, tantalum carbide precipitates dissolve slowly or even remain in the solid form and act as 
pinning particles to confine grain growth. Therefore, a finer structure is obtained after solidification. 

Since hardness of martensite is not sensitive to the cooling rate," a comparison can be made to investigate the effect 
of chromium on hardenability. By comparing all the steels, it is obvious that chromium contributes greatly to hardenability. 
The higher the Cr content, the higher the hardness. The tower hardness in the heat-affected zone for 12 Cr-2WV steel 
compared to others is a result of the presence of delta ferrite. The scattering of microhardness values at the fusion zone is also 
attributed to the ferrite presence. Tantalum additions in the 9% Cr steels do not have much influence on the hardness but does 
significantly reduce the grain size by the carbide-pinning process. The high microhardness of the fusion and heat-affected zones 
is attributed to untempered manensite. A very high dislocation density is a result of nonequilibrium solidification during fast 
cooling from high temperatures. With tempering, dislocations are recovered which alleviates the hardness and brittleness to 
some extent. 

Results from the weld bend tests show that all 2*% Cr steels have excellent ductility in the welds. No failure was 
observed in these steels. The microstructure of these steels consists of a bainite structure which has high strength and excellent 
toughness. Similar properties were obtained for the 5 0-2WV steel despite its martensite structure. I» was found that the 5% 
Cr steel shows an intermediate toughness between 2k and 9% Cr content steels. This is attributed to the medium hardenability 
of the 5% Cr steel. The failures observed in the 9% Cr steels are inherent in welds of materials with a miirtensitic structure. 
The constituent» in the fusion rone consist of untempered martensite and polygonal ferrite. The untempered martensite is hard 
and brittle in nature. The ductility is relatively low in the as-welded condition. Carbide precipitates will form when steels are 
subjected to the tempering process and thus will toughen the material. 

Fusion zone failures in initial three point bend tests show that the 12 Q-2WV steels display poor ductility in the weld 
region. Two reasons can be given for the deterioration of the 12% Cr steel. First, the high Cr content effectively increases the 
hardenability. The jld is cooled at a very high cooling rate from the melting point. The untempered martensite is hard and 
brittle and deformation is restricted. Second, the presence of delta ferrite reduces the toughness substantially." Anderko et 
al. also concluded that elements which suppressed the formation of delta ferrite produced kiwer DBTT than elements, such 
as Cr, that promote delta ferrite formation.'* The nonuniformity in structure and strength easily leads to crack formation. 
Fracture surfaces of the weld bend test specimens show that brittle fracture is predominant in the 9% Cr steels with a 

Table 4. Results of Row-Tenperature Tensile Test for 
Low Activation rerrltlc Steels 

Strength, MPa Elonoatl on, % 
Steel 

UTS 0.2% YS Uní for* Total 
2KCr-V Control 516 428 7.2 18.0 

Weld 443 326 6.5 15.0 
acr-iwv Control 719 550 7.2 14.5 

Weld 686 524 5.8 9.8 
2MCr-2V Control 441 368 7.0 17.8 

Weld 403 330 6.9 17.6 
acr-arv Control 727 588 6.6 12.4 

Weld 719 567 5.7 9.4 
5Cr-2W Control 806 535 7.1 13.5 

Weld 783 526 5.4 8.8 
9Cr-2WV Control 842 595 7.2 12.2 

Weld 786 572 5.7 10.5 
9Cr-2WVTa Control 874 615 8.1 13.6 

Weld 864 586 6.7 11.4 
12Cr-2W Control 832 578 9.4 13.2 

Weld 802 556 6.4 11.2 
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transgranular cleavage mode. Some dimple rupture can be seen near the rim of the brittle cleavage facets in both steel fracture 
surfaces. This dimple structure is referred to as the ductile fracture mode. This is probably where the soft ferrite phase is 
located. The brittle fracture mode in 12 Cr-2WV steel is attributed to its high hardenability and the presence of delta ferrite 
as discussed above. 

Without vanadium addition, tempered 2 ¡»Cr-2W steel appears to have the lowest strength but possesses excellent ductility. 
Locally extensive deformation is observed during tensile tests after cracks initiate in the 2^Cr-2W steel as seen in the total 
elongation data. Tempered 2*Cr-V steel has a strength greater than 2*Cr-2W steel. Extensive elongation is abo observed for 
the 2%Cr-V steeL This difference in strength suggests the V has a greater effect on improving the tensile properties than W 
does. 

Tensile property results indicate that a large additive effect occurs in steels containing both W and V.* The combined 
use of W and V in these steeb results in high tensile strength, accompanied by excellent ductility. The 2*Cr-lVW steel has 
a much greater tensile strength than both the 2*Cr-V and 2%Cr-2W steels but the tensile strength is slightly lower than the 
2%Cr-2WV steel. Observations reveal that coarser carbide precipitates are found in 2*Cr-V steel and increases in W content 
decrease the size of carbide precipitates.17 The transformation temperature is effectively decreased by W additions and 
tht refore finer precipitates are observed. Finely dispersed precipitates significantly impede the dislocation motion and increase 
the strength. However, the addition of W or V alone does not give satisfactory strength. The steel with tungsten additions, 
2%Cr-2W, has a coarser carbide precipitate distribution than that of steeb without tungsten, 2^Cr-V, or steeb containing V, 
2*Cf-2WV. This explains why the lowest suength is found in 2*Cr-2W steel and shows the remarkable additive effect of W 
andV. 

The effect of chromium content on the tensile properties can be obtained by comparing the steeb containing 2% W and 
0.25% V. The tensile test results show that strength increases with increasing chromium content However, a different result 
is presented by Klueh et al. They concluded that chromium had a nonlinear strengthening effect on these steeb and showed 
a minimum strength in 5 Cr-2WV steel due to the coarser carbide distribution.* The lower strength in the 12 Cr-2WV steel 
is attributed to the large amount of delta ferrite present in the microstmcture. The presence of delta ferrite increases the 
nonuniformity of steel and hence the instability in deformation. However, the ductility remains adequate because of the soft 
fem'te. With tantalum additions, the grain size of 9 Cr-2WVTa is effectively reduced by the precipitate pinning process and 
strength, therefore, is increased. 

• 
Conclusions 

From the results of this study, the following conclusions were drawn: 

1. Sound autogenous welds can be achieved by conventional gas tungsten arc welding in 2H and 5% Cr low activation 
ferritic steeb. 

2. Post-weld heat treatment is necessary in the 9-12% Cr low activation steeb to restore toughness. 
3. Chromium, vanadium and tungsten additions strengthen all steeb tested. V and W show significant additive effects. 
4. Tantalum effectively refines the grain size and strengthens the steel presumably by a precipitate-pinning process. 
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IRRADIATION EFFECTS Of GRAIN BOUNDARY CHEMISTRY OF MANGANESE STABILIZED HARTENSITIC STEELS - A. Kimura 
(Huroran Institute of Technology), L. A. Chariot, 0. S. Gelles, D. R. Baer and R. H. Jones (Pacific 
Northwest Laboratory*1') 

OBJECTIVE 
The objective of this work is to investigate the effects of irradiation on the grain boundary cheaistry of 
Mn stabilized reduced activation martensitic steels which exhibit irradiation-induced embrittlement and 
transition fro» transgranular cleavage to intergranular fracture. 

SUMMARY 
The effect of neutron irradiation (10 dpa at 638K, FFTF/MOTA) on solute segregation to the grain boun. aries 
in reduced-activation 9Cr-lV-2Mn and 12Cr-lN-6Mn martensitic steels was investigated using Auger electron 
spectroscopy (AES). The AES spectrum obtained fro» the grain boundaries in both martensitic steels was 
influenced by neutron irradiation. Neutron irradiation caused Marked increases in the aaount of inter-
granular segregation of Si in 9Cr and Mn in 12Cr steel, respectively, while no significant increase in 
S and/or P segregations were found in either steel. Large shifts in DBTT to high temperatures caused by 
neutron irradiation observed in these two martensitic steels are interpreted in tenas of site competition 
between C and Si resulting fro» irradiation-induced/enhanced segregation of Si in 9Cr steel and weakening of 
grain boundary strength by irradiation-induced/enhanced segregation of Nn in 12Cr steels, respectively. 

PROGRESS AND STATUS 
Introduction 
Martensitic steels are being considered as structural materials for fusion first wall application in part 
because of better swelling and creep resistance properties than austenitic steels in the temperature range 
between 400 to 600*C. However, the low temperature toughness of martensitic steels such as 9Cr-lW-2Mn steel 
and 12Cr-lW-6Mn steel showed marked increases in ductile-brittle transition temperature (DBTT) following 
neutron irradiation up to only about 10 dpa in FFTF/MOTA.1 Although it has been reported that the increase 
in DBTT was directly related to the amount of Mn in steels (namely, an increase in Mn concentration caused 
the proportional increase in irradiation induced shifts in DBTT2) the mechanism is still unclear. A trans
mission electron microscopy (TEM) study of manganese-stabilized 12Cr-lMo martensitic steel irradiated up to 
10 dpa at 800K in FFTF/MOTA suggested that chi-phase at grain boundaries might cause the intergranular 
enbrittlement.3 However, the cause of preferential formation of chi-phase at grain boundaries is still 
unknown. In his AES study, Kameda reported that neutron Irradiation caused the Intergranular segregation of 
S and/or P in iron.4 

The report describes the results of AES work showing the irradiation-induced changes In grain boundary chem
istry and proposes the mechanism of Irradiation-induced Intergranular embrittlement of Mn-stabilized reduced 
activation martensitic steels. 
Experimenta,? Detail? 
The materials used were reduced-activation 9Cr-lW-2Mn (L8-V02268-WHC/PNL) and 12Cr-lW-6Mn (L9-V02269-NHC/ 
PNL) martensitic steels. Notched plate specimens (12 x 2.5 x 5 mm 3) were broken at temperatures ranging 
from 110 to 150K in the vacuum (3 x 10'" Torr) chamber of the AES. both before and after Irradiation in 
FFTF/MOTA to a nominal fluence of 3 x 1 0 M n/cr or 10 dpa at 638K, . In order to obtain an intergranular 
fracture surface on unirradiated specimens, specimens were cathodlcally charged with hydrogen5 at room 
temperature for 16 hr in IN sulfuric acid solution doped with a small amount of arsenic trioxide. To 
prevent escape of hydrogen, the hydrogen-charged specimens were kept in liquid nitrogen until AES tests were 
carried out. AES analyses were performed on selected areas of Individual grain facets on the fractured 
surface with a primary beam size of 0.1 tm operated at 3 keV and 10 keV. Auger signal peak heights of 
severa! elements such as Si-92, P-120, S-152, Mn-589, Mn-636 and Fe-703 were measured by setting a window in 
a specific energy range for each element. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 J830. 
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Results and Discussion 
Scanning electron Micrographs on the fracture surface of irradiated (a and c) and unirradiated but hydrogen-
charged (b and d) 9Cr and 12Cr steel are shown in Figures 1 and 2 respectively. Although both Materials 
fracture in the transgranular cleavage node before irradiation,6 both neutron irradiation and hydrogen 
charging promoted intergranular cracking, which allows the grain boundary chemistry to be compared for both 
the unirradiated and irradiated conditions. Typical examples of Auger spectra obtained from smooth grain 
boundary facets in unirradiated and irradiated 9Cr and 12Cr steel are shown in Figures 3 and 4, respec
tively. As clearly shown in these figures, a narked enrichment of Si in 9Cr steel and Hn in 12Cr steel was 
induced by neutron irradiation, while no significant increase in P and/or S segregation was observed. The 
nitrogen peak in the Auger spectrum of irradiated 12Cr steel comes from the adhesive used to keep the two 
halves of the sample attached ftllowing fracture in the AES. No adhesive was used for 9 Cr steel. Results 
were obtained on selected area Ai'S analyses for segregated Si, P, S and Hn on individual grain boundary 
facets of these two materials. l*ie histograms plotted from 20-32 data points (individual grain boundary 
facets) represent the variation of solute segregation from facet to facet. In both materials, little 
significant effect of irradiation on segregation behavior of P and S was observed. However, the Si 
histogram in 9Cr steel (Figure 5) and the Mn histogram in 12Cr steel (Fig-ire 6) were influenced markedly by 
neutron irradiation; irradiation induced/enhanced intergranular segregation of Si in 9Cr steel and Hn in 
12Cr steel is apparent. However, no direct evidence was obtained from AES data as to whether Si and Hn were 
in the elemental form at the grain boundaries. 
The following mechanisms are considered: 1) segregation of Si in elemental form decreases the grain 
boundary strength; 2) segregation of Si in elemental for» enhances formation of Laves phase, which may cause 
intergranular embrittlement; 3) Si compounds such as Si0 2 at grain boundaries cause the eabrittlement. 

Figure 1. Scanning electron photographs of fracture surfaces of neutron-irradiated (a and c) and 
unirradiated but hydrogen charged (b and d) 12Cr-lW-6Mn steel. The squares in c and d define selected area 
analysis /ones. 
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Figure 2. Scanning electron photographs of fracture surfaces of neutron-Irradiated (a and c) and 
unirradiated but hydrogen charged (b and d) 9Cr-lM-2Hn steel. 

It is well known that an Increase In Si concentration in steel causes a shift of DBTT to high temperature 
brittle transgranular cleavage fracture. This shift has been interpreted In terms of an increase in the 
general yield stress caused by solid solution hardening by Si. More recently, It has been revealed that an 
addition of Si caused the enhancement of intergranular segregation of boron and carbon by repulsive inter
action, resulting in a change in fracture mode from inte-granulir cracking to transgranular cleavage 
fracture.6 Thus, the effect of Si in solid solution on the inturgranular fracture toughness Is beneficial 
rather than detrimental. However, it is also expected that Si at grain boundaries results in a decrease in 
carbon segregation at the grain boundary (site competition) an J causes intergranular cracking. It has been 
reported that Laves phase (Fe2M) was observed in both Irradiated and unirradiated 8-9Cr-W steels.7'9 The 
nucleation rate of Laves phase in 9Cr-lHo steel {feJHo) was reported to be markedly influenced by an addi
tion of Si; Laves phase nucleated two orders of magnitude faster in 0.7S1 steel than in 0.01S1 steel. 
Although it is unknown whether Si interacts in the same manner with W as with Mo, it is possible that Si 
segregation enhances the preferential formation of Laves phase at grain boundaries. However, no significant 
increase in the segregation of W was observed in th: irradiated specimen. According to the previous TEM 
observation, some SiO, particles were observed in irradiated 9O-0.5V containing 0.3S1 steel. As the steel 
used in this work contains O.ISi, it is expected that the Si peaks observed on the gnin boundaries in 
irradiated 9Cr-lW steel came from the SiO, particles. However, the Si peak usually shifts to lower energy 
(less than 80 eV) when Si is present in the form of S10,. So it is not likely that Si is present as S10,. 
Thus, only the site competition mechanism is likely in 9Cr-lW-2Mn steel. 
An increase in Mn segregation in elemental form may explain the 1rradlatí on-induced increase in DBTT of 
12Cr-IW-6Mn steel. The addition of Mn has been reported to have two effects with regard to temper embrit-
tlement. One effect is due to its interaction with phosphorus: 1) Mn accelerates the diffusion of P to the 
boundaries" and 2) P segregation promotes Mn segregation.1'- Another Is due to Mn Itself, which is a potent 
element for intsrgranular embrittlement.12 In this study, little increase in P segregation was observed in 
the irradiated 12Cr steel, suggesting that Mn by Itself Is a potent embrittling element. Another 



148 

1 
I 

Pe 

O -I 1 1 1 1 1 1 1 1 1 1 1 1 ' i 1 1 1 1 1 1 1-

30.0 130.0 230.0 330.0 430.0 538.0 C38.0 730.0 030.0 930.0 1030.0 
KDCTKÜOGY. cV 

1 

Figure 3. Typical Auger spectra of unirradiated (top) and irradiated (bottom) 9Cr-lW-2Mn steel. 

possibility is that segregated Mn enhances the formation of chi-phase at the grain boundaries,3 which may 
cause intergranuiar embrittlement. 

CONCLUSION 
The mechanism of neutron irradiation-induced embrittlement accompanied by the transition in the fracture 
mode from transgranular cleavage to Intergranuiar clacking was Investigated by means of the chemical 
analysis on the Intergranuiar fracture surfaces using high spatial resolution AES. AES analysis for grain 
boundary chemistry of both irradiated and unirradiated specimens revealed that Irradiation (10 dpa) 
Induced/enhanced intergranu'iar S1 and Mn segregation in 9Cr-lW-2Mn and 12Cr-lW-6Mn steel. It Is proposed 
that Intergranuiar segregation of Si decreases C segregation at grain boundaries by site competition 
mechanism (repulsive interaction), resulting in the intergranular embrittlement of 9Cr-lW-2Mn steel. In 
12Cr-lW-6Mn steel, It is proposed that the segregation of Mn reduced the grain boundary strength in 
elemental form and/or by formation of ch1-phase preferentially at grain boundaries. 
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Figure 4. Typical Auger spectra of unirradiated (top) and irradiated (bottom) 12Cr-lW-6Mn steel. 

FUTURE MORK 
In order to clarify the effects of Mn additions on the grain boundary toughness In 12Cr steel, further AES 
and x-ray photoeiectron spectroscopy work should be performed on the materials doped with different 
concentrations of Mil. 
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Figure 5. Distribution of intergranular segregation of Si in unirradiated and Irradiated 9Cr-lM-2Hn steel. 

L9-HH 

0.9-
0.8-
0.7-

6.
B.

 

0.6-

% 0.5-
5 0.4-

f ••3-
¿ 0.2-

0.1-

0.200 

Peak Height Ratio, Mn/Fe 
Uhirradiated S Irradiated 

Figure 6. Distribution of intergranular segregation of Hn in unirradiated and irradiated 12Cr-lW-6Mn steel. 
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SHELLING BEHAVIOR OF AUSTENITIC STAINLESS STEELS IRRADIATED AT 400°C IN ORR MFE-7J CAPSULE BY SPECTRALLY 
TAILORED NEUTRONS — T. Sawal [Japan Atomic Energy Research Establishment (JAERI)], H. Kanazawa (JAERI), 
P. J . Maziasz (Oak Ridge National Laboratory), and A. Hishinuma (JAERI) 

OBJECTIVE 

The objective of this work is to evaluate the swelling susceptibility of various Japanese austenitic 
stainless steels, including weld specimens, in an irradiation environment with a fusion-relevant He:dpa 
ratio. 

SUMMARY 

Several Japanese austenit ic stainless s tee ls , including specimens taken from the electron beam (EB) 
welds, have been Irradiated in the Oak Ridge Research Reactor (ORR) in special spectral ly ta i lo red exper i 
ments. The f i r s t batch of specimens have been retr ieved at the damage level of 7.4 dpa and helium level of 
102 appm in a type 316 stainless s t e e l , and 130 appm He in JPCA with 16 wt t N i . This i r rad ia t ion produced 
signif icant a l loy - to -a l loy differences in swelling at 4O0°C. One low-carbon steel and an experimental t e r 
nary al loy have shown higher values of swel l ing. I r rad ia t ion in HFIR of the same set of alloys caused very 
high levels of void swelling only at 500°C and above. Metal lurgical e f for ts to suppress such swelling 
( i . e . , cold working and/or increased carbon leve l ) were e f fect ive at th is temperature range. The present 
results suggest that appropriate care also needs to be taken for the fusion application of th is kind of 
a l loy at lower temperatures l i ke 400°C. Welds in th is experiment showed no measurable degradation in 
swelling resistance compared to t h e i r base metals. 

PROGRESS AND STATUS 

Introduction 

Austenitic stainless steels are one of the most promising candidates for use as structural materials 
for fusion reactors. The re la t ive ly high suscept ib i l i ty to void swelling i s , however, among the problems 
anticipated in i t s fusion appl icat ion. Because of the lack of fusion-relevant i r rad ia t ion data, swelling 
behavior of austenit ic stainless steels has been studied using various kinds of i r rad ia t ion f a c i l i t i e s . The 
advantage of mixed-spectrum f ission reactors for I r r a d i a t i o n of austenit ic stainless steel I s that neutrons 
can simultaneously produce helium and displacement, similar to the ef fect that 14 MeV fusion neutrons w i l l 
have on a l l types of mater ia l . In mixed-spectrum f iss ion reactors, the two-step transmutation of 5 8 N i by 
thermal neutrons 1 is employed to generate helium. Helium Is generated from 5 9 N1 which is only avai lable 
from the neutron absorption of S 8 N 1 . Therefore, helium production rate Is re la t ive ly low at the i n i t i a l 
stage of i r radiat ion as th? amount of 5 9 N1 builds up from transmutation reactions. Beyond a certain dose, 
5 9 N1 Is abundant and hellun- generation becomes quite high. Spectral t a i l o r i n g Is a method of control l ing 
this natural nonlinearity 1i He:dpa rat ios and keeping the He:dpa ra t io approximately l inear and close to a 
fusion-relevant lev. 1 durlr.g the course of the i r r a d i a t i o n . The ra t io of thermal and fast neutrons Is 
changed during I r rad ia t ion by Introducing material around the experiment subassembly that absorbs thermal 
neutrons, thus hardening the neutron energy spectrum. 

Although there Is good evidence that the co-generated helium affects the nrfcrostructural evolution under 
I r r a d i a t i o n , the quanti tat ive effect of constant i r rad ia t ion near the fusion He:dpa on void swelling has 
been only recently demonstrated. 2 At low He:dpa r a t i o s , void swelling Is Increased by helium assisting void 
nucleatlon, while when the He:dpa ra t io Is too high, void swelling decreases because too many helium bubbles 
act as the dominant point defect s i n k s . 3 , 1 > 

ORR I r radiat ion using spectrally ta i lored neutrons is one of the three I r rad ia t ion programs being con
ducted by the U.S./Japan collaborative research program between ORNL and JAERI. Japanese specimens loaded 
into ORR capules have two major character is t ics . F i r s t , they have a wide variety of heats of austenit ic 
stainless steels with varying composition. They Include JPCA, 316R, 316W, C, K, and HP heats of austenit ic 
stainless steels or a l loys . JPCA, 316R, C, and K al loys were Included in the previous HFIR phase I I r r a 
diat ion experiments of the collaborative program. Second, the Japanese ORR matrix Includes welded speci
mens, which are also a major objective of the Japanese test matrix 1n the HFIR phase I I I r rad ia t ion program. 
The post i r rad ia t ion examination (PIE) of welds of JPCA and 316W has been already completed and repor ted . 5 

Further detai ls on specimen loading and objectives are given elsewhere. 6 

This Is a report on the transmission electron microscopy (TEM) of the f i r s t specimens retrieved from 
spectral t a i l o r i n g ORR experiment. Duplicate specimens irradiated In ORR wi l l be further I r radiated In the 
spectral ly ta i lored HFIR RB* posit ions. 
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Experimental procedure 

Metallurgical Variables 

Transmission electron microscopy disks of six different austenitic stainless steels were included in 
the 0RR-MFE-7J capsule. They are JPCA, 316W, 316R, C, K heats of steel and the HP alloy. Chemical com
positions of materials used are given in Table 1 . thermal and mechanical treatment in Table 2. JPCA is a 
Japanese version of the primary candidate alloy for fusion application with slightly higher B and P levels 
than the U.S. counterpart, and is expected to be highly swelling resistant. 316R is a standard type 316 
steel. Two low-carbon stainless steels, C and K, are Ti and/or Nb modified exploratory alloys selected for 
water-cooled systems, with special consideration given to their corrosion resistance in water. 316W is 
slightly modified for swelling resistance and welded specimens were included; HP is an experimental high-
purity alloy. Specimens are also made from the EB weld portions of JPCA and 316W material. Details of these 
weld and specimen preparation are given elsewhere.7 TEH specimens were loaded into tubes and the entire 
loading matrix of this experiment is already reported with a detailed description of their objectives. 6 

Table 1. Chemical compositions of used materials 

C Si Hn P S Ni Cr Ho Kb Ti B N 

JPCA 0.06 0.50 1.77 0.027 0.005 15.6 14.2 2.3 -- 0.24 .0031 .0038 
316R 0.06 0.61 1.80 0.028 0.003 13.5 16.8 2.5 - 0.005 -
316W 0.06 0.75 1.5 0.020 0.004 16.4 13.9 2.3 0.06 0.08 -- .0084 
C 0.02 0.51 1.56 0.017 0.007 15.6 15.4 2.4 0.08 0.25 -- .0018 
l 0.0¿ 0.48 1.46 0.015 0.005 17.6 18.0 2.6 ~ 0.29 -- .004 
HP .005 .005 -- -- — 11.8 17.1 -- - -- - .020 

Table 2. Thermomechanical treatments of used materials 

JPCA PS2 1100 CSA C CS1 1100 CSA 
PCI PS2 • luí CW CC1 CS1 • 20X CW 

316R SSI 1050 CSA E ESI 1050 CSA 
SCI SSI + 20Z CW EC1 ESI + 20X CW 

316V SH 1050 C SA HP HPl 1200 CSA 

Irradiation Parameters 

Irradiation of the 0RR-MFE-6J/7J experiments began in April 1985, with the corepiece f i l led with water. 
The accumulated irradiation with this core configuration was 389.8 full-power-days (FPD) at 30 MH (ref. 8 ) . 
On December 6, 1986, the Irradiation spectrum was tailored by replacing the hollow aluminum core piece with 
a solid aluminum one. This phase of the experiment was terminated on March 26, 1987, accumulating total 
irradiation of 474.7 FPD at 30 MW (ref. 9). The average dpa rate was 5.91 dpa per full-power year by the 
ini t ia l softer spectrum and 7.16 dpa per full-power year by the harder one. 9 The total damage level was 
estimated to be 8.0 dpa (ref. 9) by neutronics analysis, and the actual analysis of dosimetry wires showed a 
slightly lower value of 7.4 dpa at th¿ location of maximum neutron fluence (close to the middle of the 
experiment). 1 0 Dosimetry Indicated that type 316 stainless steel with 12 to 13 wt t Ni contained about 70 
appro He, and that JPCA with about 16 wt X Ni contained about 130 appm He. 

PIE and Specimen Status 

Two TEM disk tubes were retrieved from the 400°C portion of 0RR-MFE-7J capsule at this Irradiation 
level, tubes J7 and J9. Immersion densitometry11 was f i rst carried out for selected disks, with some 
control (unirradiated) disks. For the f irst time 1n this collabo rat1on, one of the Japanese assignees 
(H. Kanazawa) observed the measurements and carefully monitored the condition of the densitometer. 
Measurement was rerun whenever the densitometer showed less stabil i ty. 

To prepare irradiated TEM foi ls , disks were electropollshed using a modified Tenupol jet polishing 
system. The polishing conditions are given 1n Table 3. Seventeen Irradiated disks have been electro-
polished so far, and Identification numbers for these are listed in Table 4. This table also includes a 
qualitative description of their polishing conditions and film numbers. As shown In Table 4, one specimen 
(0813 of SA-JPCA) remains to be examined. An analytical electron microscope (AEM), JEM-2000FX, operated at 
200 *V was used for the mlcrostructural observation. Most radioactive specimens are routinely examined In a 
single t i l t holder for easier loading and less radiation exposure to the researcher; while this does limit 
selection of diffracting conditions for Imaging, usually (ju¡ or g ? nn orientations are easy to obtain. 
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Table 3. Electropollshing condi
tions for the Tenupol 

Table 4. List of electropollshed specimens 

instenitic sttialess steels 

Electrolyte 

Temperature 
Voltage 
Current 
Flow Rate 

CH,CH20H (7 vol) 
* H2S0i, (1 vol) 

-15°C 
-14 V 
140 mA 
1 

Two «ore TEN tubes Irradiated at 
330°C were also retrieved fro* the 
0RR-MFE-7J experiment. They were 
tubes Jl and J3. The swelling at 330°C 
is expected to be less than at 400°C, 
and i t could be s t i l l less than the 
detection Un i t of the Precision 
Densitometer [0.1X (ref. 12)]. 
These specimens are currently being 
examined by TEH. Several specimens 
from both 400°C and 330°C are being 
used for Electrochemical Potentio-
kinetic Reactivation (EPR) t e s t s . 1 3 

These activities are currently in 
progress, so results are not 
included in this report. 

áiLor C0I0ITI0J liRE ID} POLISH • EGi t 

JPCi St 1100 C PSZ 0111 
OB13 

A J1647S-S? JPCi 

PS2 • CH 20X PC3 0F12 
OF13 

X 

e 
BO Btft. 
J1694I-72 

c Si 1100 C CS1 0G13 0 J16439-7T c 

SA • CV 20X CC1 OH11 0 J1SS5S-72 

1 Si I0S0 C ISI 0T12 e JI639S-738 1 

Si • CV 20X IC1 OJ12 A J16488-S03 

31SR Si 1050 C SSI 0114 e J1S1T2-221 31SR 

Si * Ct 20X SCI 0111 e J1SZ34-S2 

HP Si 1200 C BPI TX22 0 J1SJ48-97 

" 0113 is polished, but has sot bean exaaisad yet. 

Weld joints of austenitic stainless steels 

Results 
J18W base actal SHI RQ0S O J15S11-SS 

J1S923-40 
J18W 

•eld aetal SV4 RSSS 
RS57 

A 
A 

J1S839-S3 
J1526S-S0 

JPCi base aetal PHI RT10 O J15476-S01 JPCi 

•eld aetal PK4 ROSS 
ÍU60 

A 
A 

J15S64-82 
J1S419-74 

Th¿ inmersión densitometry data 
are given in Table 5. The swelling 
values of base metals are summarized 
in Fig. 1. Cold work (CW) has effec
tively suppressed void swelling In 
all alloys relative to the solution 
annealed (SA) condition. In the SA 
condition, the base metals showed 
differences in their swelling 
resistance related to differences in 
alloy composition. The highest 
swelling value of 0.7X was obtained for the HP alloy, while JPCA showed good swelling resistance even in the 
SA condition. The two base metals used In the weld effects experiment were sufficiently resistant to 
swelling that no measurable swelling was detected by densitometry. Moreover, the welding did not degrade 
their swelling resistance within the detection limits of the densitometry data. 

Mlcrostructural observations were consistent with the densitometry results. Few fine cavities were 
observed In CH materials, which produces very little measurable swelling. In six SA alloys, however, cavity 
formation was different, as shown In Fig. 2. The size distributions of these cavities are given in Fig. 3, 
showing a typical bi-modal distribution. The cavity statistics of the SA alloys are shown In Fig. 4, with 
those after HFIR Irradiation to 33 dpa at 400°C (refs. 14,15). The averaged swelling values of Immersion 
densitometry are also Included in this figure. The swelling values of TEM and Immersion densitometry show 
quantitatively good agreement. In the case of SA JPCA and SA 316W, where Immersion densitometry could not 
detect measurable swelling, the swelling values obtained from TEM were less than 0.1X, below the detection 
limit of the densitometer. The highest swelling values were observed for HP and K alloys. The swelling 
behavior and TEM disks of these alloys varied so much that the ratio of highest and lowest swelling values 
exceeds 10. 

Precipitates of MC type were also observed In titanium-containing alloys (JPCA, 316W, C, K ) , using 
Moire' fringes obtained with dynamical contrast imaging conditions (F1g. 5). MC precipitates were observed 
both 1n SA material and CW material, but the specimen of CW alloy K was not suitable for MC Imaging. 
Although no quantitative analysis of MC precipitates was done. 1t could be easily seen in the micrographs 
that alloy C contained much more precipitation than either PCA or alloy K. 

Mlcrostructural observation of weld specimens'' did not show any degradation of swelling resistance in 
JPCA or 316W relativo to the base metal behavior. Th> cavity formation In weld metals was quite similar to 
their base metals, and no heterogeneous cavity formation was observed. The cellular dislocation/subcell 
structure present in the as-welded metal remained after irradiation. 
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Table 5. Results of Imersion dens i tow try 

Sise tetáis o f tt»:«: .-.it i :*ieless unit 

ALLCT H. ID K. OES ! f. ¡D • C. DE\ AV.C S i £ " 

PS1 OA13 
0A12 

7.8057 
7.9039 

Al 7 7.9166 
7.9178 

7.9172 0.15 
0.17 

PS2 OB12 
0814 

7.9224 
7.9132 

0BI1 7.9159 7.9159 -0.C8 
0.C3 

PS3 0C12 
OCIS 

7.9187 
7.9175 

C17 7.9186 
7.8171 

7.9179 0.02 
O.01 

PCI 0D12 
0D14 

7.9178 
7.9257 

D29 7.9157 
ilSSK 

7.9157 -0.03 

PCS 0F11 

oris 
7.9150 
7.9184 

F29 7.9144 
7.9142 
7.9162 

7.9149 
-0.04 

PA1 0111 
0114 

7.9160 
7.9128 

•29 7.9206 
7.9262 

7.9234 

SSI 0115 
0113 

7.8788 
7.8781 

0111 7.8877 
7.8897 

7.8887 

SCI 0L14 
0L15 

7.8899 
7.8957 

129 7.8966 
7.8940 

7.8953 
-0.01 

CS1 0G13 
0G1S 

7.9044 
7.8996 

0CX1 7.8125 
7.9163 

7.9144 

CC1 0H11 
ORIS 

7.9308 
7.9268 

H12 7.9140 
7.9203 

7.9172 -0.17 

IS1 0T12 
0T13 

7.8647 
7.8681 

T30 7.9037 
7.9111 

7.9074 

IC1 0J12 
0J14 

7.9047 
7.9035 

J15 7.9000 
7.9016 

7.9008 -O.OS 

III TZ12 
Till 

7.8753 
7.8715 

TI96 7.901S 
7.8952 

7.8984 

HP1 TI22 
7123 
TI25 

7.8396 
7.8607 
7.8347 

Till 7.9032 
7.9013 

7.9023 

Keld joints of n r . n i i u c « t t m l t n t tet ls 

ALLOY j H. ID H. OE» CID C.DEI AV. C SKÍLL 

SV1 RQ09 
RQ10 

7.6792 
7.8769 

RS22 7.8806 
7.8866 

7.8836 0.06 
0.09 

SV2 R056 
RQ60 

7.6847 
7.8862 

RQX1 7.8873 
7.8878 

7.8876 0.04 
0.02 

SH3 RS06 
RS07 

7.8829 
7.1895 

RS21 7.8886 
7.8828 

7.8857 0.04 
-0.05 

SH4 RS59 
RS61 

7.8671 
7.8715 

RUX1 7.8877 
7.8932 

7.8905 0.04 
0.24 

PHI 8706 
RT07 
RT03 

7.9215 
7.9168 
7.9182 

RT22 7.9203 
7.9131 

7.9167 -0.06 
0.00 
-0.02 

0.07 
0.06 

PH2 RT57 
RT59 

7.9159 
7.9171 

RTX1 7.9216 7.9216 

-0.06 
0.00 
-0.02 

0.07 
0.06 

PH3 

PV4 

RU06 
RU07 

RU58 
RU59 

7.9213 
7.9138 

7.9215 
IflSSI* 

RU24 

R'J74 

7.9196 
7.9218 

7.9157 
7.9237 

7.9207 

7.9197 

-0.01 
0.09 

0.02 
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Flg. 1. Void swelling of various austenltic stainless steels Measured by Unerslon densitometry. 
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Fig. 2. Cavity microstructure of solution annealed alloys and cavity swelling by microscopy. 
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Fig. 5. MC precipitates in titanium-containing alloys 
Specimen of CW 316W was not irradiated and the specimen of 
CW K was not suitable for MC imaging. 

DISCUSSION 

As shown in Fig. 4, the swelling 
behavior of SA materials observed in 
immersion densitometry and microstructjral 
observation coincides very well. Marked 
alloy-to-alloy differences in swellinr, 
behavior were clearly distinguished. 
During HFIR irradiation of the same set of 
alloys, the temperature dependence of 
swelling behavior shows that a substantial 
alloy-to-alloy difference is only observed 
at 500°C or higher temperature. 1^" 1 6 The 
quantitative cavity data of two alloys 
(JPCA, 316R) irradiated in HFIR at 
400°C 1' ,« 1 5 are included in Fig. 4. Cavity 
data for C and K alleys have not yet been 
quantified, but the micrographs show no 
significant degradation in their swelling 
resistance compared with JPCA or 316R. 1 6 

The He:dpa ratio behavior is quite differ
ent during HFIR and during spectrally 
tailored ORR irradiation. During HFIR 
irradiation, the He:dpa becomes very high 
in austenitic stainless steels only after 
the first few dpa. At 33 dpa, the lowest 
dose of this U.S.-Japan HFIR phase I irra

diation, the amount of generated helium in JPCA reaches 2500 appm, and thus the final He:dpa ratio was 75 
appm/dpa. At 400 3C, this causes nucleation of many fine helium bubbles which then provide a very high sink 
strength for recombination of both vacancies and interstitials. As shown in Fig. 4, the cavity number den
sity after HFIR irradiation is much higher than that found after ORR irradiation. The microstructural evo
lution of HFIR irradiation was dominated by the helium bubbles acting as neutral sinks so that the void 
swelling of various alloys was suppressed. 2~ t t Nevertheless, the relative swelling resistance shown in the 
present ORR experiment is the same as observed during HFIR irradiation at 500 and 600°C. 

Although SA alloys irradiated in ORR showed different values of swelling, their cavities have similar 
bi-modal size distributions (Fig. 3). The average size of bias-driven voids (the larger portion of the 
distribution) tends to increase as the swelling resistance decreases. The nominal average diameter of cavi
ties given in Fig. 4 does not adequately reflect this because there are so many small bubbles. As for the 
cavity number density, the difference is smaller than that observed in cavity size. Two niobium-containing 
alloys, 316W and C, showed slightly lower values of cavity number density, while the HP alloy showed more 
cavities. The alloy-to-alloy difference of swelling behavior is, however, mainly due to the difference in 
cavity size distribution, which would reflect changes in the critical cavity size. 

In this experiment, some alloys included titanium as the swelling inhibitor. Titanium is expected to 
form MC precipitates along dislocations, preventing the preferential absorption of interstitial atoms by 
dislocations. These titanium-containing alloys, however, showed different levels of swelling resistance. 
JPCA showed the best swelling resistance, as expected, while one of the low-carbon alloys, K, showed poor 
swelling resistance. Because alloy K and another low-carbon alloy, C, both showed relatively poor swelling 
resistance, it could be concluded that carbon is an important element for suppressing void swelling at these 
irradiation conditions. Fine MC precipitates were observed in all titanium-contain,ng alloys (JPCA, 316W, 
C, and K), but the amount had no relationship with their carbon content nor their swelling resistance. 
Moir»' fringe technique, employed to image tiny MC particles, has a high-resolution catibility, but still 
requires a particle size sufficient to form at least two fringes In a particle. Smaller particles, un
detectable by TEM, could still be present and change the strain field around a dislocation, and thus contri
bute to the effect on the overall bias factor of the system. 

According to the first spectrally tailored experiment in ORR (MFE-4A/4B), the swelling of SA-USPCA 
after 13 dpa reaches 0.35% at 400°C (ref. 2). Assuming the similar irradiation response 1n both U.S. and 
Japanese PCAs, the dose dependence of swelling would be accelerated. This is consistent with the 
established swelling behavior of neutron-irradiated austenitic stainless steel that a low-swelling 
transient period is followed by an acceleration to a regime of near-linear swelling." Another effect could 
superimpose upon this dose dependence - the delay of helium generation. Even in this spectrally tailored 
experiment, the Initial generation rate of helium Is relatively low. For example, the helium generation In 
type 316 stainless steel Irradiated in this experiment is estimated to be only 31 appm at the damage level 1 7 

of 3.7 dpa. This He:dpa ratio of 8.4 Is almost a factor of 2 less than the value of 13.8 achieved at higher 
dose (» 102 appm/7.4 dpa). This could also affect the initial nucleation of cavities and could have delayed 
the cavity evolution. At the current damage level, one low-carbon steel, K, showed an unexpectedly high 
swelling rate value (0.08%/dpa). It Is possible that this rate would be even higher at a higher damage 
level from the above consideration. 
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The weld metal specimens showed no heterogeneous cavity format ion, 5 although the ce l lura l microstruc-
ture foraed during so l id i f i ca t ion of weld regained unchanged in the i rradiated specimens. The same welded 
specimens did show heterogeneous void formation a f te r electron i r r a d i a t i o n . 7 In the case of electron i r r a 
d i a t i o n , such differences in cavity evolution suggest that nvcleation is also d i f ferent re la t ive to neutron 
i r r a d i a t i o n , where helium is avai lable to s tab i l i ze cavity embryo. Further analysis w i l l be given elsewhere. 5 

CONCLUSIONS 
Austenltic stainless steels were i r radiated in the 0RR-HFE-7J capsule at 4O0°C to 7.4 dpa, with co-

generated helium and dpa at fusion-relevant He:dpa r a t i o s . Immersion densitometry and nrfcrostructural 
observation revealed the following: 

1 . CW materials showed good swelling resistance, but there was s igni f icant a l loy - to -a l loy var iat ion of 
swelling behavior in SA mater ia ls . 

2 . In SA mater ia ls , the re la t ive ranking of various al loys with regard to swelling resistance observed 
in ORR i r rad ia t ion at 400°C was the same as observed during HFIR i r rad ia t ion at 500°C or above. 

3. Samples with higher swelling showed a bi-modal size distribution and the difference of swelling 
resistance reflected the average size of larger blas-diven voids. The difference of cavity number density 
plays a minor role in explaining the relative difference in swelling resistance in these alloys. Critical 
cavity size and void growth rates are more important factors. 

4 . NC precipitates were observed in a l l of the t i tanium-containing a l loys , but the amount of detec
table MC precipitates had no relat ionship to t h e i r carbon content nor t h e i r swelling resistance. 

5. Low-carbon steels showed re la t i ve ly higher swelling In the SA condit ion, even when they contained 
t i tanium as a sol id-solut ion swelling i n h i b i t o r . Carbon 1s obviously another important element to suppress 
swel l ing. 

6. Swelling resistance Is s t i l l an important factor to be considered for fuston application of auste
n l t i c stainless steel at 400°C. 

7. Melding did not degrade the swell ing resistance In any of the al loys i r radiated in these low-dose 
experiments. 
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DETERMINATION OF CREEP-SWELLING COUPLING COEFFICIENTS FOR IRRADIATED STAINLESS STEELS - M. B. Teloczko, 
Univ. of California at Berkeley, F. A. Garner, Pacific Northwest Laboratory,'*' and C. R. Eiholzer, 
Mrstinghouse Harford Company 

OBJECTIVE 

The objective of this effort is to provide irradiation creep data and design correlations for application to 
fusion reactor design. 
SUMMARY 
Irradiation creep data at '"H'C were analyzed for two 20» cold-worked titanium-modified type 316 stainless 
steels. One of these steels was the fusion prime candidate alloy designated PCA. The analysis was based on 
the assumption that the B Q + OS creep model applies to these steels at this temperature. This assumption 
was found to be valid. A creep-swelling cnpling coefficient of D - 0.6 x 10"2 NPa'1 was found for both 
steels, which is in excellent agreement with the results of earlier studies conducted using annealed AISI 
304L and also 10» and 20% cold-worked AISI 316 stainless steels. There appears to be some enhancement of 
swelling by stress, leading to an apparent but misleading nonlinearity of creep with respect to stress. The 
dependence of the creep-swelling coupling coefficient on irradiation temperature for temperatures greater 
than 400*C has not yet been established. 

PROGRESS AND STATUS 

Introduction 
In a number of recent reports the creep-swelling relationship has been investigated for annealed AISI 
304L ( 1 ) and various thermonechanical treatments of AISI 316 stainless steel.'*"8' These studies were con
ducted in EBR-II and showed a remarkable consistency in results, indicating that Irradiation creep at most 
temperatures of interest could be described as consisting of several minor contributions (precipitation-
related dimensional changes and transient relaxation of cold-work-induced dislocations) and two major con
tributions. ( 6 ) The major contributions were associated with the creep compliance, B o, a quantity unrelated to void swelling, and a swelling-driven creep component. While swelling itself Is very sensitive to a large 
variety of material and environmental variables, the instantaneous creep rate appears to be proportional 
only to the applied stress and the instantaneous swelling rate. As discussed in other publications,'7'9' the 
instantaneojs creep rate can therefore be written in the form 

B - 't/i - B + OS, (1) 
O 

providing that the material Is annealed and does not develop any significant phase-related straAt>> or den
sity changes. Ir. this equation, t/5 is the effective strain rate per unit stress, ó Is the effective 
stress (73/2 o^), B 0 is the creep compliance, D is the creep-swelling coupling coefficient and S is the instantaneous volumetric swelling rate. 
Experimental Detail? 
In this study the fusion prime candidate alloy [designated PCA (heat K280)] and another titanium-modified 
type 316 steel [designated 09 (heat 83508)] were irradiated In FFTF/HOTA. For PCA, 2.24-cm-long helium-
pressurized tubes were used with outer and inner diameters of 4.57 m and 4.17 mm, respectively. The 09 
tubes were somewhat larger, with a length of 2.82 cm, and 5.84 and 5.08 mm outer and inner diameters. The 
compositions of these steels are shown In Table 1. The specimens were removed periodically from the reactor 
and their diameters measured at five equidistant positions using a noncontacting laser system.'1" The three 
middle measurements were averaged to calculate Lhe diametral strain. During any one irradiation interval 
the temperature Is actively controlled within ±5*C. The 09 tubes were placed in positions in NOTA that 
operated at slightly higher (>20'C) temperatures and neutron fluxes than experienced by the PCA tubes. For 
each set of tubes there were small cycle-to-cycle variations In temperature that arose as the tubes were 
placed at somewhat different reactor levels during each NOTA reconstituíion (see Table 2). 
Result? and Discussion 
Figure 1 shows the total diametral strain for six nominally Identical PCA tubes Irradiated side-by-slde for 
six irradiation cycles at -400*C. These tubes varied only In their Internal gas pressure, which yielded 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 1830. 



Table 1 
Composition (wtX) of Stainless Steels Used in this Study 

PCA 
09 

PCA 
D9 

_ES_ 

BAL 
BAL 

0.025 
0.003 

Ni 

16.63 
15.77 

0.04 
0.01 

_£r_ 
14.31 
13.70 

Nb 

0.02 

JJQ_ 

1.95 
1.65 

Ti 

0.31 
0.34 

Hn 

1.83 
2.03 

_&a_ 

0.04 
<0.01 

Si 

0.52 
0.80 

Cu 

0.02 
<0.01 

0.048 
0.039 

Al 

0.05 
<0.01 

0.014 
<0.005 

0.001 
0.0005 

Ta 

<0.01 

0.008 
0.004 

_Zr_ 

<0.01 

PXA 

Table 2 
Temperatures of Individual Irradiation Sequences 

MOTA-1A H0TA-1B M0TA-1C MOTA-ID MOTA-IE MOTA-IF 

Tcflosrsturc *C 
Neutron fluénce, n cm 2 (E>0.1 MeV) 
Cumulative dpa 

B2 

Temperature, *C 
Neutron fluence, n cm'2 (E>0.1 MeV) 
Cumulative dpa 

405 
4.6x10" 
20.4 

427 
6.0x10" 
27.8 

401 
6.6x10" 
29.3 

431 
9.2x10" 
42.6 

396 
11.9x10" 

50.2 

420 
16.7x10" 

77.2 

386 
15.4x10" 

65.3 

404 
21.9x10" 
101.2 

384 
19.2x10" 

81.1 

386 
24.8x10" 
106.8 

hoop stresses ranging from 0 to 200 MPa. Note that these data are plotted versus the estimated neutron 
exposures expressed in units of dpa. An earlier report contained these data as a function of neutron flu
ence for energies greater than 0.1 MeV. ( n | Both the neutron fluence and dpa values have been upgraded 
recently and are reported in Table 2. 

The diameter changes of the zero stress tube represents primarily the contribution of void swelling, but 
there may also be some secondary contribution from precipitation-related strains. The strains of the 
stressed tubes include additional contributions from irradiation creep and possibly the stress-enhanced 
portion of swelling. 

Figure 2 shows the total diametral strains for a similar set of 09 tubes that were Irradiated at somewhat 
higher fluxes and temperatures (~420*C). Although the total neutron exposure is nearly the same, only four 
irradiation cycles were completed compared to the six completed for the PCA tubes. The 09 tube at 200 MPa 
failed in the last irradiation cycle, and therefore only three cycles are shown for this stress level. 

In order for the creep data to fit the B 0 + 0$ model, it 1? necessary for creep to be proportional to the 
first power of stress and to increase directly in proportion to the instantaneous swelling rate. If we cal
culate the mldwall creep strains and divide them by the stress level, the validity of these assumptions can 
be checked. First, as shown in Figure 3, the creep strains are separated by subtracting the zero stress 
swelling strains. Figure 4 presents a comparison uf the stress-normalized midwall strains for e-ch steel, 
and Figure 5 presents a comparison of the range of the normalized creep strains and the stress-free swell
ing. The latter figure shows that each of the steels exhibits accelerated creep rates that coincide with 
the onset of accelerated swelling, while Figure 4 shows that the stress-normalized creep strains appear not 
to be completely linear with applied stress. However, this appearance may be misleading, with the slight 
but steady increase in normalized creep strain arising from a somewhat incorrect assumption that swelling is 
not affected by stress. In general, increasing the stress levels progressively shortens the incubation 
period of swelling in cold-worked austenitic steels. ( 1 ? u ) It appears that there is a small but persistent 
effect of stress on the swelling incubation period and also that the effect of stress occurs relatively late 
in the Irradiation. 

The PCA alloy at the lower displacement rate and irradiation temperature is clearly swelling and creeping at 
rates comparable to that of the 09 alloy, but the onset of accelerated strain rates occurs with a delay of 
-10 dpa relative to that of 09. This delay cannot be attributed to compositional differences alone, but 
probably arises from both compositional and environmental differences (displacement rate and temperature). 
It may also reflect some differences in production methods associated with the two tubes sizes. 
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I 
c 

Figure 1. Total diametral strains observed in 
pressurized tubes of 20% cold worked PCA irradiated 
at ~400"C in FFTF/MOTA. 

Figure 2. Total diametral strains observed in 
pressurized tubes of 20% cold worked D9 irradiated 
at -420-C in FFTF/MOTA. 

rigure 3. Comparison of midwall strain? observed in (a) PCA and (b) D9 pressurized tubes. The curve-fits 
shown are those used in the creep analysis. 
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Figure 4. Stress-normalized midwall strains observed in (a) PCA and (b) D9 pressurized tubes. Gradual 
increases in the normalized strain with increasing stress level is thought to occur as a consequence of 
stress-enhanced swelling. 

Figure 5. Comparison of (a) range of normalized strains with the stress-free swelling strains for both 
steels. The curve fits used in the analysis for stress-free swelling are also shown. 
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If both the saall effect of stress on swelling and the possibility of precipitation-related strains are 
ignored, one can calculate a first order estimate of the B Q and D coefficients, using a least-squares fitting procedure. The first step is to fit the stress-free linear swelling strain (SL) curve with an equation of the for* 

Jlog (b + e " ) 
(1 • b) e"1 (2) 

were x is the dose in dpa, a is the steady-state swelling strain rate, b is the incubation parameter and c 
is a parameter controlling the rate of curvature between the incubation and steady-state regimes. 
The second step is to fit each creep strain curve in Figure 3 with an equation of the for» 

< - q x + ̂  log fb + e-"> 
(1 + b) e^ (3) 

Note that it is assumed that the incubation and curvature parameters are identical for both creep and 
swelling. This is a reasonable assumption if the B + DS model is correct. The degree of fit to the creep 
strain curves in Figure 3 appears to confirm the validity of this assumption. 
Upon integrating equation (1) with respect to X 

where 
mi 

l/á - B x • OS + K, 
O 

ere S - 3S L for small S . The parameter K - 0, since <(0) - 0 and S(0) dwall strain and hoop stress, aH, equation (4) becomes 
</»H « 3/4 [Bo + DS]. 

Substituting equations (2) and (3) into equation (4) yields 

(4) 
0. When expressed in terms of 

fl^-^log 
a Co 

(t> * ?") 
(1 + b) e" 4 V + 4c , o g 

(b • e c') 
(1 + b) e"' 

Solving for Bo and D gives 

- %*- and D 
3*H it 

(5) 

(6) 

(7) 

The least-squares fitting routines used to determine q, r, a, b and c starts from an initial graphical esti
mate of these values. Table 3 shows that the first-order estimates of B and 0 are -3 x 10"6 MPa'1 dpa'1 and 
-0.6 x 10'2 MPa'1 for the D9 alloy. For the PCA alloy, the coefficients were found to be -2 x 1 0 s MPa'1 

dpa 1 and -0.6 x 10'2 MPa 1. The value of 0.6 x 10'2 MPa'1 for 0 agrees with that observed in 304 and 316 
stainless steels at -400°C, but the B values found here are somewhat higher than the usually assumed value 

Table 3 
Calculated Values of Creep Coefficients 

Stress MPaAoa- 1 

2.1 x 1 0 6 

D 
Allov Level, MPa 

30 
MPaAoa- 1 

2.1 x 1 0 6 

MPa 1 

PCA 
Level, MPa 

30 
MPaAoa- 1 

2.1 x 1 0 6 0.50 x 1 0 2 

60 2.2 x 10'6 0.57 x 10"2 

100 2.3 x 1 0 6 0.64 x 10'2 

140 2.4 x 10'6 0.60 x 10"2 

200 2.4 x 10 ' 0.64 x 1 0 2 

D9 30 3.1 x 10 •'' 0.46 x 10 2 

60 2.8 y 10 f' 0.63 x 10 2 

100 3.3 x 10 '' 0.57 x 10 ? 

200 3.7 x 10* 0.75 x 10 ? 



165 

of -1 x 10'6 HPa'1 dpa'1. The larger values of B found here are thought to be a possible consequence of 
ignoring the effect of stress on swelling. It fs therefore significant that the largest value of B g was found in the 09 steel, which possesses the shortest Incubation period and the largest effect of stress, both 
of which would tend to yield overestimates of B o. 
Analysis of Data at Higher Teaperatures 
Irradiation creep and theraal creep data are available for both of these steels at teaperatures above 400*C. 
A preliminary analysis shows, however, that it aay be difficult to extract aeanlngful values of B and D 
froa these data. An overteaperature event in H0TA-1D resulted in a prograaaatic decision to terainate the 
irradiation of aany of the high-teaperature tubes. At the lower fluence levels, swelling strains are often 
too low to provide measurable D§ contributions. Also, aany of the high-teaperature speciaens failed dur
ing the overteaperature event. In addition, theraal creep becoaes a large contributor to the strain at the 
higher teaperatures and tends to obscure the OS contribution to total strain. 
An atteapt is currently being aade to extract an estiaate of B o and D froa other high-teaperature data sets that involved higher swelling levels. 

CONCLUSIONS 
Based on the results of this and other studies on various austenltic stainless steels irradiated at -4O0*C 
in either EBR-II or FFTF, It appears that the B 0 • OS aodel of irradiation creep Is valid for application as a design equation. This aodel can be applied to both PCA and austenltic steels In general, providing the 
effect of stress on swelling is relatively saall and occurs relatively late with respect to the onset of 
rapid swelling. At 400'C the value of 0 In the 300 series of steels appears to be -0.6 x 10'2 HPa"1, rela
tively independent of both composition and theraoaechanlcal condition. Unfortunately, the data available on 
the two titaniua-aodified steels at higher Irradiation teaperatures are insufficient at present to establish 
the dependence of the creep-swelling coefficient at higher teaperatures. 
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FFTF/HOTA IRRADIATION OF REFRACTORY ALLOYS UNDER CONSIDERATION AS PLASMA FACING COMPONENTS - F. A. Garner, 
Pacif ic Northwest Laboratory'*' 

OBJECTIVE 

The objective of this effort is to provide data on the radiation response of refractory alloys being con
sidered for short-tern applications such as the ITER project and also for long-tern fusion goals. 

SUMMARY 

A refractory alloy irradiation series involving four discharges of the Materials Open Test Assembly (MOTA-
1B through NOTA-IE) has been completed. This experiment contains pure No, Mo-41Re, TZM and Nb-lZr. 
Irradiation temperatures in this experiment ranged fro» 404 to 730*C with neutron exposures yielding 8.7 to 
110.8 dpa. Measurement of density changes and disk bend testing are planned to begin shortly. 

PROGRESS ANO STATUS 

Introduction 

Dispersion-strengthened copper and several refractory alloys are now under consideration as possible 
candidates for applications as plasma facing structural components for the ITER project. The refractory 
alloys are Mo-(5-10)Re, Mo-(41-50)Re, and Nb-lZr. For ITER applications, the fluences currently envisioned 
are fairly low (-3 dpa) at terperatures of 50-700*C. Long-term applications might require much higher 
exposure levels, depending on the level of emphasis placed on low activation. Neither Nb, Mo, or Cu cur
rently qualify as low activation materials. 

A refractory alloy irradiation sequence involving four discharges from MOTA-IB, 1C, 10, and IE has been com
pleted. It contains pure Mo, Mo-4IRe and Nb-lZr, each in two different heat treatments (see Table 1). All 
specimens are in the form of TEM disks. There are two specimens of each alloy in each packet. In most 
cases there are two identical packets for each set of irradiation conditions. Thus in most cases there are 
four specimens for each set of alloy and irradiation condition. The refractory alloy TZM was also included 
in a small subset of packages. Only one dose level at each irradiation temperature is available for TZM. 
The dose levels for TZM range from 52.6 to 61.5 dpa, with the exception of the 431*C series, which reached 
110.8 dpa. 
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(a) All alloys except TZM were irradiated in packets containing 
subsets of specimens designated either group A or B. Group C 
(TZM) was irradiated along with some subsets of group B. See 
Table 2, column 2 for details. 

(b) HTA • solution annealed 
HTB - 20» cold worked. 

(a) Pacific Northwest Laboratory )s operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 1830. 
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The irradiations, with one exception in M0TA-1D, were conducted with active temperature control to ±5*C. 
(An overtemperature event of approximatly 1-h duration occurred in NOTA-ID, with varying impact on the 
packet temperature. depending on the target temperature of each specimen packet.) The irradiation and 
specimen matrix are shown in Table 2. 

Those specimens retrieved from the MOTA-IB discharge received doses ranging from 8.7 to 15.0 dpa and Mill 
provide a conservative estimate of the behavior required for the -3 dpa ITER application. Oata at higher 
dpa levels can be used not only for long-term fusion goals, but also to extrapolate back to fluence levels 
below the 8.7 to 15.0 dpa range, i.e., those relevant to the ITER project. 

Table 2 
Irradiation Conditions for Refractory Alloy Experii ent in FFTF-NOTA 

H0TA-1B HOTA-IC *>TA-ID HpTA-lf, 
Tempera Tempera - Tempera Tempera Total 

Packet Contents'** ture. «C dpa ( b l tur?, *C dp_a_ ture. -C doa ture. «C doa dpa 

MAEZ A 431 15.0 .. -_ .. .. ._ 15.0 
NAEZ A 431 15.0 420 35.3 -- -- -- -- 50.3 
N6EZ B 431 14.1 420 33.1 -- -- -- -- 47.2 
P6EZ B 431 13.8 420 32.2 404 24.0 -- -- 70.0 
R6EZ B 431 13.8 420 32.2 404 23.3 414 32.8 102.1 
M6EZ B,C 431 14.5 420 33.9 404 24.5 414 32.8 105.7 
PAEZ A 431 15.0 420 35.3 404 25.5 414 35.0 110.8 
RAEZ A 4J1 15.0 420 35.3 404 25.5 414 35.0 110.8 

MAE1 A 471 11.4 _. .. _. __ __ __ 11.4 
NAE1 A 471 11.4 470 26.8 -- -- -- -- 38.2 
N6E1 B 471 9.6 470 22.6 -- -- -- -- 32.2 
P6E1 B 471 8.7 470 20.3 470 14.7 -- -- 43.7 
R6E1 B 471 8.7 470 20.3 470 14.7 -- -- 43.7 
M6E1 B.C 471 10.4 470 24.5 470 17.7 -- -- 52.6 
PAE1 A 471 11.4 470 26.8 470 19.4 -- -- 57.6 
RAE1 A 471 11.4 470 26.8 470 19.4 -- -- 57.6 

NAE7 A 569 11.5 _. __ __ 11.5 
NAE7 A 569 11.5 550 27.0 -- -- -- -- 38.5 
N6E7 B 569 12.2 550 28.6 -- -- -- -- 40.8 
P6E7 B 569 12.7 550 29.7 549 21.5 -- -- 63.9 
R6E7 B 569 13.1 550 30.8 549 22.3 -- -- 66.2 
H6E7 B,C 569 12.2 550 28.6 549 20.7 -- -- 61.5 
PAE7 A 569 11.5 550 27.0 549 19.6 -- -- 58.1 
RAE7 A 569 11.5 550 27.0 549 19.6 -- -- 58.1 

NAE5 A 645 11.5 .. 11.5 
NAE5 A 645 11.5 652 27.0 -- -- -- -- 38.5 
N6E5 B 645 12.2 652 28.6 -- -- -- -- 40.8 
P6E5 B 645 12.7 652 29.7 650 21.5 -- -- 63.9 
R6E5 B 645 12.7 652 30.8 650 22.3 -- -- 65.8 
M6E5 B,C 645 12.2 652 28.6 650 20.7 -- -- 61.5 
PAE5 A 645 11.5 652 27.0 650 19.6 -- -- 58.1 
F.AE5 A 645 11.5 652 27.0 650 19.6 -- -- 58.1 

NAE6 A 722 11.5 11.5 
NAE6 A 722 11.5 730 27.0 -- -- -- -- 38.5 
N6E6 B 722 12.2 730 28.6 -- -- -. -- 40.8 
P6E6 B 722 12.7 730 29.7 730 21.5 -• -- 63.9 
R6E6 B 722 13.1 730 30.8 730 22.3 -- -- 66.2 
M6E6 B.C 722 12.2 730 28.6 730 20.7 .. -- 61.5 
PAE6 A 722 11.5 730 27.0 730 ¡9.5 -- .- 58.1 
RAE6 A 722 11.5 730 27.0 730 19.6 58.1 

(a) Group A contains Mo (HTB) and Nb-lZr (HTB). Group B contains Mo-41Re (both HTA and HTB) and Mo (HTA) 
and Nb-lZr (HTA). Group C contains only TZM (HTA). 

(b) dpa values calculated for stainless steel. 
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Post-Irradiation Exaaination 
Speciaen packets from MOTA-IB, -1C, and -IE are currently available in the fusion hot cell for reaoval and 
sorting of speciaens. Speciaen packets froa NOTA-10 have been requested for transfer froa long-tera storage 
to the fusion hot cell. Density change aeasureaents have been scheduled, with priority placed on the lower 
fluence ITER-reievant speciaens. Disk bend tests are also under consideration to exaaine the possibility of 
radiation-induced enbrittleaent. 

FUTURE WORK 
This effort will continue focusing on post-irradiation exaaination of existing speciaens and on the 
possibility of including ainitensi'.e speciaens in NOTA during cycle 12 of FFTF. 



SWELLING DEPENDENCE OF NEUTRON-IRRADIATED VANADIUM ALLOYS ON TEMPERATURE. 
NEUTRON FLUENCE, AND THERMOMECHANICAL TREATMENT - B. A. Loomis (Argonne National 
Laboratory), K. Abe (Tohoku University), L. J. Nowicki (Argonne National Laboratory), H. Chung (Argonne 
National Laboratory), and D. L. Smith (Argonne National Laboratory) 

OBJECTIVE 

The objective of this research is to determine the composition of a vanadium-base alloy with the optimal 
combination of swelling resistance, corrosion resistance, and mechanical properties in the environment of a 
magnetic fusion reactor. 

SUMMARY 

Swelling of vanadium alloys was determined after irradiation at 420 and 600°C to neutron fluences ranging 
from 0.3 x 10 2 7 neutrons/m2 (17 dpa) to 1.9 x 10 2 7 neutrons/m2 (114 dpa). Binary and ternary vanadium alloys with 
Cr, Ti, Mo, W, Ni, Fe, Zr, and Si additions were irradiated in either the fully annealed, partially annealed, or 10% 
cold-worked condition. Upon irradiation at 600°C, the swelling of vanadium to which Cr had been added was 
greatly exacerbated, whereas the swelling of vanadium to which Ti, Mo, W, and Ni (3-20%) had been added was 
not significantly affected. Swelling of V-Cr alloys upon irradiation at 600°C was substantially reduced (<0.1% per 
dpa) by the addition of Ti (1-15%). Upon irradiation at 420°C, the swelling of the vanadium alloys was <0.2% per 
dpa. Partial annealing or 10% cold-working had no significant effect on swelling of the alloys. 

PROGRESS AND STATUS 

Introduction 

The swelling of vanadium-base alloys with Cr, Ti, Mo, W, Ni, Fe, Zr, and Si additions on neutron irradiation 
at 420 and 600°C to 77-84 dpa in the Materials Open Test Assembly (MOTA) of the Fast Flux Test Facüity (FFTF) 
has been reported by Loomis and Smith.1-3 These swelling results, obtained from determinations of the density of 
the unirradiated and irradiated materials, have shown that the swelling of vanadium alloys upon neutron 
irradiation can be effectively minimized by the presence of >3% Ti in the alloy. In this report, we present (1) some 
additional data on the swelling (density change) of unalloyed vanadium and binary and ternary vanadium-base 
alloys with Cr, Ti, Mo, W, Ni, Fe, Zr, and Si additions that were irradiated at 420 and 600°C to damage levels 
ranging up to 114 dpa in the FFTF-MOTA and (2) microstructures of alloys observed by transmission electron 
microscopy (TEM) after irradiation at 420°C to 114 dpa and 600°C to 84 dpa. 

MATERIALS AND PROCEDURES 

Vanadium alloys with the compositions listed in Table 1 were obtained in the form of 50% cold-worked 
sheets. Disk-shaped specimens ~3.0 mm in diameter and -0.3 mm thick were obtained from the cold-worked 
sheets for the swelling determinations. The cold-worked specimens were annealed at either 1125,950, or 850CC 
for 1 h in an ion-pumped vacuum system with a typical pressure of 1.3 x 10 - 6 Pa. Specimens annealed at 1125°C 
had an average recrystallized grain diameter of 0.020 mm. In this paper, specimens that were annealed at 950 
and 850°C are termed "partially annealed." In addition to the annealed and partially annealed specimens, 
annealed specimens with 10% cold-work were also prepared. The specimens were irradiated in the FFTF-
MOTA. They were contained in sealed, Li7-filled, TZM Mo capsules during irradiation to prevent contamination 
by oxygen, nitrogen, and carbon impurities in the Na coolant of the FFTF. The specimens were irradiated at 420, 
520, and 600°C to neutron fluences (E >0.1 MeV) ranging from 0.3 x 10 2 7 neutrons/m2 (17 dpa) to 1.9 x 10 2 7 

neutrons/m2 (114 dpa) during Cycles 7-10 of the FFTF-MOTA. The irradiated specimens were removed from the 
Li-filled TZM Mo capsules by immersion of the opened capsules in liquid ammonia and subsequent immersion of 
the specimens in a mixture of 50% ethanol and 50% methanol. 

The swelling, S, of an irradiated specimen was obtained from a determination of the density of an unirra
diated specimen, D a n n . and the density of an irradiated specimen, D¡ r r, by immersion in carbon tetrachloride, 
i.e., S * (Dtnn-DirrVDjiT. Specimen density was determined with a precision of ±0.1% from three to six separate 
determinations on each specimen. 



Table 1. Composition of Vanadium and Vanadium Alloys Used in this Study* 

Nominal Alloy 
Composition Concentration (ppm) 

ANLID (wt.%) 0 N C Si Al 

BL-1 V-4Mo 230 73 90 110 <100 
BL-2 V-9W 300 150 120 59 <100 
BL-3 V-12NÍ 490 280 500 406 <100 
BL-4 V-10Cr 530 76 240 <50 1190 
BL-5 B-14Cr 330 83 200 <50 2740 
BL-10 V-15Ti-7.5Cr 1110 250 400 400 30 
B U I V-5Ti 1820 530 470 220 115 
BL-12 V-lOTi 1670 390 450 245 <100 
BL-13 V-14Ti 1580 370 440 206 <100 
BL-15 V-18TÍ 830 160 380 480 33 
BL-16 V-20TÍ 390 530 210 480 — 
BL-20 V 570 110 120 325 <10O 
BL-24 V-15Cr-5Ti 1190 380 500 390 40 
BL-25 V-14Cr-0.3Ti 390 64 120 <50 3270 
BL-26 V-14Cr-lTi 580 86 140 <50 3090 
BL-27 V-3Ti-lSi 210 310 310 2500 160 
BL-28 Vanstar-7c 275 540 740 - — 
BL-34 V-9Ti 990 180 420 290 <100 
BL-35 V-10Cr 340 45 120 <50 1450 
BL-36 V 810 86 250 <50 <100 
BL-42 V-3Ti-lSi 580 190 140 5400 290 
BL-43 V-10Cr-5Ti 230 31 100 340 140 

•Chemical analyses of these materials were performed by the Analytical 
Department of the Teledyne Wah Chang Albany Company, Albany, OR. 

Complete composition of these materials is presented in Ref. 6. 
<V-9Cr-3Fe-lZr. 

Irradiated specimens were prepared for TEM by electrochemical thinning to perforation in a solution of 14% 
sulfuric acid-72% methanol-13% butyl cellosolve at -5°C. Microstmctures were examined with a JEOL 100CX 
electron microscope operating at 100 KeV. 

EXPERIMENTAL RESULTS 

Density Change (Swelling) Data 

The dependence of density change (i.e., swelling) on Ti concentration of vanadium-base alloys after irradi
ation at 420°C to 114 dpa and at 600*C to 77-84 dpa is shown in Figs. 1 and 2, respectively. Of the alloys, V-3Ti-lSi 
alloy showed the highest swelling upon irradiation at 420°C to 114 dpa. Even so, swelling of all the alloys at 420°C 
to 114 dpa was <0.02% per dpa (Fig. 1). The addition of 0.3% Ti to the V-14Cr alloy reduced swelling of this alloy 
from 39% to 14% upon irradiation at 600°C to 84 dpa (Fig. 2). An increase of Ti concentration to 5% reduced 
swelling of the V-14Cr alloy further to <10%. The data presented in Figs. 1 and 2 suggest that swelling of V-Ti 
and V-Cr-Ti alloys is relatively independent of Ti concentration in the range of 3-20%. 

Addition of either 9% W, 4% Mo, or 12% Ni to vanadium slightly decreased the swelling of vanadium on 
irradiation at 420°C to 114 dpa and at 600°C to 84 dpa. The Vanstar-7 alloy exhibited 7-10% swelling upon 
irradiation at 600°C to 77 dpa. 

The dependence of swelling of vanadium and V-Ti alloys on irradiation damage (dpa) at 420°C is shown in 
Fig. 3. These results show that vanadium and V-3Ti-lSi exhibit maximum swelling (-3%) at 60-80 dpa, whereas 
swelling of V-(5-20/Ti alloys is relatively independent of irradiation damage. 
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The dependence of swelling of V-Cr-Ti alloys on irradiation damage at 420°C is shown in Fig. 4. These 
results show that pon irradiation at 420°C, V-Cr binary alloys exhibit maximum swelling at -30 dpa, whereas 
V-15Cr-(l-5)Ti alloys exhibit maximum swelling at 60-80 dpa. 

The dependence of swelling of V15Ti-7.5Cr, V-15Cr-5Ti. V-10Cr-5Ti, V-3Ti-lSi, and V-20TÍ alloys on 
irradiation damage at 600°C is shown in Fig. 5 (from Ref. 3). Swelling data obtained by TEM of the irradiated 
alloys are also shown in Fig. 5. On the basis of these data, the swelling of V-15Ti-7.5Cr, V-15Cr-5Ti, V-10Cr-5Ti, 
V-3Ti-lSi, and V-20TÍ alloys upon irradiation at 600°C to 84 dpa is 0.10,0.03, 0.03,0.01, and 0.01% per dpa, 
respectively. 



Fig. 5. Dependence of swelling of vanadium alloys 
at 600°C on irradiation damage. 
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Swelling of the partially annealed and 10% cold-worked V-Ti and V-Ti-Cr alloys does not significantly differ 
from the swelling of annealed alloys. 

TEM Microstructures 

The microstructures obtained by TEM for unalloyed V, V-lOCr, V-3Ti-lSi, V-20Ti, V-15Cr-lTi, and V-15Cr-
5Ti after irradiation at 420°C to 114 dpa are shown in Fig. 6. The swelling values determined by TEM agree well 
with the swelling (density change) data presented in Fig. 1, i.e., swelling of V-3Ti-lSi > V > V-10Cr > V-20TÍ > 
V-15Cr-lTi > V-15Cr-5Ti. For comparison, the microstructures obtained by TEM of V-15Cr-5Ti, V-15Ti-7.6Cr, 
V-20TÍ, V-3TÍ-1S after irradiation at 600°C to 84 dpa (from Ref. 3) are shown in Fig. 7. 

CONCLUSIONS 

Swelling of V-Cr-Ti alloys upon neutron irradiation at 600°C is strongly dependent on Ti concentration. 
V-Cr-Ti alloys with >3% Ti exhibit greater resistance to irradiation-induced swelling. Swelling of V-Ti and V-Cr-
Ti alloys is nearly independent of Ti concentration in the range of 3-20% Ti. Swelling of V-15Ti-7.6Cr, V-15Cr-STi, 
V-10Cr-5Ti, V-3Ti-lSi, and V-20TÍ alloys upon neutron irradiation at 600°C to 84 dpa is 0.10,0.03,0.03,0.01, and 
0.01% per dpa, respectively. Swelling of the vanadium alloys on irradiation at 420°C to 114 dpa is <0.02% per dpa. 

Partial annealing and 10% cold-work have no significant effect on swelling of the vanadium alloys. 

FUTURE WORK 

The swelling, precipitate composition, and precipitate crystallographic structure for vanadium-base alloys 
after irradiation at 420,520, and 600°C to 21-114 dpa will be determined by TEM, Energy Dispersive X-ray 
Spectroscopy, and Electron Energy Loss Spectroscopy. 
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MECHANICAL PROPERTY CHANGES AND HICROSTRUCTURES OF DISPERSION-STRENGTHENED COPPER ALLOYS AFTER NEUTRON 
IRRADIATION AT 411, 414, AND 529-C - K. 3. Anderson (University of Illinois, F. A. Garner, H. L. Hamilton 
(Pacific Northwest Laboratory), I a ) and J. F. Stubbins (University cf Illinois) 

OBJECTIVE 
The objective of this effort is to identify suitable copper alloys for high heat flux applications in fusion 
reactors. 

SUMMARY 
Dispersion strengthened copper alloys have shown promise for certain high heat flux applications in both 
near term and long term fusion devices. This study examines mechanical properties changes and microstruc-
tural evolution in several oxide dispersion strengthened alloys which were subjected to high levels of 
irradiation-induced displacement damage. Irradiations were carried out In FFTF to 34 and 50 dpa at 
411-414'C and 32 dpa at 529*C. 
The alloys include several oxide dispersion-strengthened alloys based on the Cu-Al system, as well as ones 
based on the Cu-Cr and Cu-Hf systems. Of this group, certain of the Cu-Al alloys, those produced by an 
internal oxidation technique to contain alumina weight fractions of 0.15 to 0.25X outperformed the other 
alloys in all respects. These alloys, designated CuAU5, CuA120, and CuA125, were found to be resistant to 
void swelling up to 50 dpa at 414*C, and to retain their superior mechanical and physical properties after 
extended irradiation. The major factor which controls the stability during irradiation was found to be the 
dispersoid volume fraction and distribution. 
The other alloys examined were less resistant to radiation-induced properties changes for a variety of rea
sons. Some of these include dispersoid redistribution by ballistic resolution, effects of retained dis
solved oxygen, and nonuniformity of dispersion distribution. The effect of laser welding K U S also examined. 
This joining technique was found to be unacceptable since it destroys the dispersoid distribution and 
thereby the resistance of the alloys to radi ati on-induced damage. 

PROGRESS AND S P T J S 
Introduction 
Severe radiation and thernul environments are foreseen in advanced nuclear reactor applications. These 
conditions require the development of new radiation resistant materials which are also immune to thermally 
induced problems, such as thermal shock, thermal fatigue, Irradiation and thermal creep, and thermally 
induced static stresses. Many of these problems can be minimized by using high strength materials with high 
thermal conductivity. Copper-base alloys appear to fill this need. A significant nurber of scoping studies 
hav? identified one specific class of copper alloys as showing exceptional potential for use in these 
demanding nuclear applications: oxide-dispersed copper alloys. 1' 1 6 

This study evaluates a wide variety of oxide-dispersed alloys and identifies the factors that Influence 
their npcrostructure and mechanical property changes during Irradiation. This evaluation, coupled with con
ductivity measurements, provides the basis for judging the suitability of specific oxide-dispersed alloys 
for fi'Sic.i applications. 

Experimental Procedure 
Zone-refined, Marz-grade copper and four different types of oxide-dispersed copper alloys were neutron irra
diated in sealed helium-filled capsules in the Materials Open Test Assembly of the Fast Flux Test Facility 
to 34 displacements per atom (dpa) at 414°C, 50 dpa at 411°C, and 32 dpa at 529°C, Table 1. Irradiation 
temperatures were actively controlled to ±5°C. Two alloys were Irradiated In the laser-welded condition In 
order to determine the viability of this fabrication technique in nuclear service. Thermal aging was also 
performed at 420'C or 521"C for 1026 hours to assess alloy thermal stability. 
The four types of oxide-dispersed alloys examined are shown, along with their composition and final proc
essing condition, in Table 2. These alloys include three commercially available copper alloys strengthened 
by varying quantities of aluminum oxide (CuAl 15, CuA120, aid CuAl25), one alloy strengthened by chromium 
oxide (CuCr), one alloy strengthened by hafnium oxide (CuHf), and two castable oxide-dispersed alloys. The 
grain sizes of these alloys prior to irradiation are provider in Tabic 3. More specific information 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 1830. 
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TABLE 1 

Spe cimen Irradi. it i on Condi tions 

Allov 

NOTA IE 
Material 

Code 

RO 

NOTA ID 
411'C 
59 ¿Pi 
d/t<b> 

NOTA 10 
414-C 
?4 dp* 

d/t 

529*C ( a ) 

32 doa 

Marz Cu 

NOTA IE 
Material 

Code 

RO 

NOTA ID 
411'C 
59 ¿Pi 
d/t<b> 

NOTA 10 
414-C 
?4 dp* 

d/t d<c> 

CuA1Z5 R4 d/t -- --

CuA125 (welded) 3N d/t -- --

CuA120 UX d/t d/t d/t 

CuA115 +B VO d d/t d 

00S-1 3F d/t -- --

ODS-1 (welded) 3H d/t -- --

00S-4 3* d/t -- --

CuCr 3A d/t -- --

CuHf 3B d/t 

50 minutes and (a) Qvertemperature of 201°C for 
2 undertemperatures. 

(b) d/t - TEN discs + tensiles. 
(c) d • TEN discs. 

d/t 

50 minutes and 

TABLE 2 

Composition and Final Processing Conditions of Copper Alloys 

Aliov £pjl£ Composition iwt%) Final Processing Cond1tion ( < ) ( b ) 

Narz Cu RO 99.999% Ce Annealed 

CuA125 R4 0.25% Al as Alumina, bal. Cu 50% CM 
CuA125 3N 0.25% Al as Alumina, bal. O 50% CW + welded 
CuA120 UX 0.20% Al as Alumina, bal. C 20% CW 
CuA115+B VO 0.15% Al as Alumina, Annealed 

< 200 ppm Boron, bal. Cu 

CuCr 3A 3.5% Cr Oxide, bal. Cu 20% CW, 1/2 hr 450*C, Air Cooled 
CuHf 3B 1.1% Hf Oxide, bal. Cu 20% CW, 1/2 hr 450*C, Air Cooled 

ODS-1 3F 0.25% Mg, 1% Alumina, bal. Cu 40% CW 
00S-1 3H 0.25% Mg, 1% Alumina, bal. Cu 40% CW t welded 
OOS-4 3M 0.5% Mg, 1% Alumina, bal. Cu 40% CW 

(a) All heat treatments in argon. 
(b) CW -cold worked. 
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Grain Size in Plane of Rolling Direct ion 

taterui 
Material 

Coft 
Average Grain 

Diameter (microns) 
Approximate 

AST", Gr«1n Size 

Harz Cu (RO) 120 3 

CuA125 
CuA125 welded 
CuA120 
CuA115+B 

(R4) 
(3*) 
(ÜX) 
(TO) 

elongated 0.6 x 2.4 
elongated 0.6 x 2.4 
elongated 0.45 x 3.0 
elongated 0.5 x 3.0 

MHO 
NN 
NN 
NN 

CuCr 
CuHf 

(3A) 
(3B) 

1.0 - 11.5JJJ 
1.0 - 11.5< b ) 

NN 
NN 

OOS-1 
OOS-1 welded 
OOS-4 

(3F) 
(3H) 
(3H) 

210 
210 
100 

2 
2 
1 

(a) Not Meaningful. 
(b) Exhibited highly deforced, randomly shaped grains that could 

not be adequately characterized. Approximate size 1.0 to 
11.5 •icrons. 

regarding the sources and processing of these alloys is given elsewhere.17 All spec1 wens in this study were 
in the for» of 3 n TEN discs and Miniature tensile specimens, the dimensions of which are given 
elsewhere 1 8 1 9 

The tensile properties of unirradiated, thermally aged, and irradiated miniature tensile specimens were 
determined at room temperature using a precision horizontal tensile testing frame.1' The 0.2X offset yield 
strength, ultimate tensile strength, fracture strength, uniform elongation, and total elongation were deter
mined. Specimen thicknesses were Measured with a micrometer prior to testing. All testing was performed at 
room temperature (24*C) at a crosshead velocity of 2.413 x 10'* m/sec (9.5 x 10 5 in./sec), which corre
sponds to a strain rate of 4.7 x 10"4 sec'1. 
Fractograohy was performed with a JE0L JSN 35C scanning electron microscope (SEN). A JE0L 840 SEN with a 
Link Systems energy-dispersive x-ray spectroscopy (EOS) and image analysis system was also used. Fracture 
surfaces required examination soon after tensile testing due to rapid formation of an oxide layer that 
obscured detail at magnifications over approximately 1000X. Examination of the bulk microstructure was 
carried out with a JEOL JEN 100CX transmission electron microscope (TEN) operated at 100 kV. 
Estau.il 

The results of room temperature tensile tests are given in Table 4. The yield and ultimate tensile 
strengths generally showed the same behavior with respect to specimen condition. The trends in the yield 
and ultimate tensile strengths, and uniform and total elongations, are compared in Figure 1 for alloys 
irradiated at 411*C to 50 dpa. Oata for Narz copper are included for comparison. 
Tensile properties were sensitive to several types of microstructural changes during irradiation and, to a 
lesser extent, changes during thermal ajing. The alloy dimensional stability under irradiation, primarily 
influenced by void swelling, is shown in Figure 2. That and other microstructural changes are discussed 
subsequently. 
Discussion 
The discussion of alloy performance is best grouped into four classes: copper-alumina alloys, the CuCr 
alloy, the CuHf alloy, and castable copper OOS alloys. It is clear, however, that the performance of all of 
these materials is linked to dispersoid stability under irradiation and to the level of retained cold work. 

http://Estau.il
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TAPIE 4 

Average Tensile Properties froa Copper and Copper Alloy Miniature Speciwns 

Material Alloy VacU (0-2% effati) Uliiatne Teasilc F r a c t a i e Ua i fo ra i Tatal Naa ikcr 
Coat S i rcag ia S t tcag lk S i r c a g i a Elaagai ioa E la rga i ioa o f 

Spcciaicat 
MPa fkai l M»a <k«n M»a (kai l f « l f « ) 

K> M a n Ca 
Uair radia ica 74.7 (10 .1) 170.4 (24 .7) 4 J ( 0 . 4 ) 23.2 29 J) 
Aged 4 2 0 * C 1026 as 70 3 (10 .2) 170.4 (24 .7) 2.1 ( 0 . 3 ) 14.7 20 .1 
ín . 34 apa. 4 M * C 44.0 ( f . 3 ) 116 1 (14.1) 103.4 (15 .0 ) 9.7 10.1 
lit. 30 «fa. 4 I I * C 4 3 0 (9 .1 ) 131.2 (19.0) 119.7 (17 .4) 14.7 I S O 

VO CaAI IS 
Uairraaiata» 274.4 (39 .1) 339.1 (52.1) 244.2 (30 .4 ) 12.4 I J J 
Afta- 4 2 0 * C 1026 a n . 301.7 (43 .1) 391.4 (54.1) 304.3 (44 .4 ) 13.4 11.3 
In . 34 apa. 4 M ° C 2*3.1 (42 .1) 37*. 1 (34 .0) 302.4 (43 .9 ) 12.1 I S J 

I K CaAI20 
Uair ra4 ia ic4 473.2 ( M . f ) 499.1 (72.3) 405.1 ( S l . l ) 1.3 3.4 
Aged 4 2 0 * C I02é an . 423.7 («1.3) 444.7 (44.5) 317.1 (54 .1 ) 3 5 5.9 
Acta S2I«C. 102» k n . 3*2.9 (S7.0) 423.9 (41 1 ) 354.1 ( S l . l ) 5.4 •J 
I n . 34 apa. 4 M * C 3 7 7 J (J4 .7) 411.3 (59 .4) 345.6 (30 .1 ) 7.9 9.9 
In . JO apa. 4 l l « C 37». 1 (S4.3) 3M.5 (57.5) 353.4 (31 .2 ) I I . 1 14.1 
In . 32 «pa. S29"C 3M.4 (54.3) 440.9 (43.9) 371.4 (54 .9) 10.4 14.7 

R4 C.AI2J 
Uaicraaiaica 301.0 (72.7) 554 1 (10.7) 442.7 (47 .1) 1.5 4.3 
A(e4 4 2 0 * C 102* an. 472.7 ( M . 4 ) 501.4 (72.1) 42 i .4 (41 .7) 4.3 t .4 
In . 30 apa 4 l l « C 441.2 (46 .9) 4 1 1 0 (49.1) 414.2 (40 .1 ) 1.3 11.5 

3N CcAI23 Laaef Wdacd 
U a K f a a i i l c a 143.0 (21 .0) 203.1 (29.4) 14.6 ( 2 . 1 ) 1.4 13.» 
Age* 420<>C. 1026 bn. 70.1 (10 .3) 202.1 (29 3 ) 95.0 (13 .1 ) 27.4 30.9 
I n 30 dp*. 41 l"C 72.9 (10.4) 142.9 (20.7) 139.7 (20 .3) 13.0 13.1 

3A CaC» 
Uairradiaicd 131.1 (23 .0 ) 299.7 (43.5) 219.9 (31 .9 ) 22.0 30.7 
Aged 4 2 0 * C > 0 U am. I4S.9 ( 2 I . Í ) 294.9 (42.1) 202,0 (29 .4) 22.4 33.0 
In . 30 apa. 4 I I » C 143.0 (23.4) 300.0 (44.7) 295.1 (42.0) 10.1 19.1 

3» CaHf 
U a i r r i d i a l t d 371.1 (34.1) 441.4 (44.9) 317.0 (44 .0) 4.2 1.7 
Afeé- 420»C. 102» an. 134.0 (22 .3 ) 310.0 ( 4 5 J » 204.9 (29 .7) 20.9 2S.4 
In . 30 apa. 4 I I * C (aaa«r>326.l (47 .4 ) 

(loor«r)305.4 (44.3) 
320.5 (44.5) 251.1 (34 .4 ) 16.3 20.5 

3F ODS-I 
Uairradiaiad 312.0 (43.3) 344.4 (30.0) 177.9 (25 .1 ) 0.1 3.7 
Aged 420»C. 102» an . 42.2 (9 .0 ) 211.1 (31.4) 75.7 (11.0) 33.1 39.1 
In . 30 apa. 4 I I * C 17.0 (12 .4) 151.5 (22.0) 92.1 (13 .4) 1.4 9.3 

3H OOS-I Uacf WeWca 
Uairradiaiad 190.» (27.4) 221.9 (33.2) 132.9 (19.3) 1.5 3.5 
A f t a *VPC. I02é an. 143.3 (20 .1) 224.4 (32.5) 77.3 (11 .2) 2.3 4.7 
I n JOdpa. 4 M ° C 123.) (17 .9) 1259 M ! 1 1 1104 ( | 7 . H 0 4 0.4 

3M OOS-4 
U a i r r a d i a u d 271.3 ( 4 0 4 ) 3526 (51.1) 214.1 (31 .2) 0 1 3.1 
Aged 420»C. 1026 hn. 532 (4.0) 227.1 (32.9) 150.4 (21.1) 37.1 40.9 
In. 30 dp». 4 I I » C 79 3 (11.5) 162.9 (23.6) 45.1 (6 .5 ) H .3 145 
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Figure 3. Swelling in copper-aluaina alloys irradiated at 411 to 414*C as a function of dose. 
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Figure 4. Swelling In copper-alumina alloys irradiated to 50 dpa at 411*C as a function of alumina volt 
fraction. 
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Figure 5. TEN Micrographs of CuA115, (a) unirradiated and (b and c) irradiated to 50 dpa at 411*C. Total 
recrystallization following irradiation is evident In (b), and the developaent of daaage structure in areas 
of low dispersion density is seen in (c). 

Copper-Aluüina Alloys 
The three copper-alumina alloys in this study, CuA115, CuA120, and CuA125, were produced using powder met
allurgical, internal oxidation techniques by SCN Metal Products, Inc. under the trade name of Glldcop.2" 
Their Universal Numbering System designations are C15715, C15720, and C1572S. The alloys were produced from 
Cu powder containing small amounts of aluminum in solid solution. The powder was subjected to an elevated 
temperature oxidizing atmosphere where the aluminum was preferentially oxidized. The powder was then con
solidated by rolling at elevated temperature between thin sheets of OFHC copper. The copper cladding, which 
served to reduce wear of the rolls and extrusion dies, was removed by sanding. The respective volume frac
tions of alumina in CuA1l5, CuA120, and CuA125 are 0.7%, 1.0%, and 1.3%. Althoi>gh the difference In alumina 
content is not the only variation between these alloys, it Is by far the most Important. 
The aluminum oxide phase was determined by electron diffraction to be primarily gamma alumina, in agreement 
with the work of Ltvak et al. 1' Particle diameters ranged from 2 nm to 1 \m with an average of approxi
mately 7 nm. This average particle size Is close to the 12 nm particle size that provides maximum theoret
ical strengthening for alumina In copper.21 Electron diffraction also revealed the presence of a 
significant quantity of Cu20 In the matrix, as would be expected from this alloy production technique. A 
trace quantity of alpha aluminum oxide and a relatively non-stolchiometric aluminum oxide were also observed 
in isolated regions of TEH foils. The oxide dispersions are not completely uniform; however the uniformity 
is the best available from commercial practice. The fine dispersion of gamma alumina not only serves to 
provide substantial Orowan strengthening, but also provides excellent retention of cold work at elevated 
temperature.21 

The volumetric swelling of all three copper-alumina alloys was low, as shown in Figure 3. The swelling 
level was found to decrease with increasing volume fraction of alumina (Figure 4). While the three alloys 
had different levels of cold work, the amount of cold work has a minimal influence on swelling In these 
alloys. This was established from annealed, 20%, and 80% cold worked CuA120 irradiated to 34 dpa at 414*C, 
which swelled -0.22, 0.31, and 0.20%, respectively. 
A careful TEN through-focus series on several CuA115, CuA120, and CuA125 specimens Irradiated to 50 dpa 
revealed no void formation. However, in limited regions of foils where a low dlspersold density was pre
sent, a minimal yet distinct damage structure was observed. An example of this damage structure In CuAl15 
irradiated to 50 dpa Is shown In Figure 5. Frank loops ranging 1n size from 4.0 to 12 nm In diameter were 
present. Both of these structures are often considered to be precursors to void formation. A small 
quantity of helium bubbles measuring 3.2 to 20 nm in diameter with an average diameter of 4.0 nm were also 
seen. No neutron irradiation study has found void formation 1n copper-2 umfna alloys; however, a high 
damage level ion Irradiation study of CuAl60 by SpHznagel and Davis showed limited void formation In 
regions of low dlspersold density. n The helium bubbles are probably due to a "B (n,a) 7L1 thermal neutron 
reaction with the 200 ppm (max) boron redlining in this CuAl15 alloy following deoxidatlon." If this is 
the case, the boron must have been in solid solution rather than particulate form, since halos of helium and 
lithium, which form around boron-containing particles, were not observed." " 
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The room temperature tensile properties of these alloys in the unirradiated condition agree relatively well 
with those in the published industrial literature.a SEN fractography on broken tensile specimens, 
Figure 6, revealed the failure mechanism to be microvoid coalescence. Alumina particles of all sizes were 
observed to be sites for microvoid nucleation. 
Room temperature tensile properties o* these alloys following irradiation are dependent primarily on the 
amount of retained cold work. CuAU5, which was irradiated in the annealed condition, shows very small 
changes in the tensile properties following irradiation. However, recrystallization was observed following 
irradiation to 50 dpa at 411*C. Prior to irradiation, grains were elongated with an average grain size of 
0.5 x 3.0 pm. Recrystallization during irradiation produced larger, more equiaxed grains measuring 
1.4 x 2.5 tim on average. Despite recrystallization, significant decreases in Hall-Petch strengthening are 
not expected due to the small magnitude of this change and the decreased sensitivity of Hall-Petch 
strengthening at small grain sizes. In addition, the Hall-Petch strengthening for FCC metals is not as 
substantial as in BCC and HCP metals due to the larger number of slip systems and low critical stresses. 
The tensile failure morphology was microvoid coalescence, with fracture surfaces nearly identical in 
appearance to the fracture surfaces of unirradiated specimens, Figure 6. 

Figure 6. SEM fractographs of tensile failure surfaces for the CuAl alloys, (a,c,e) unirradiated and 
(b,d,f) Irradiated. CuAl15 (a,b) was Irradiated to 34 dpa at 414*C (b); CuAl20 (c,d) was 
Irradiated to 50 dpa at 411'C (d); and CuAl25 (e.f) was Irradiated to 50 dpa at 411*C (f). 
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The 20% cold worked CuA120 exhibited significant reductions in strength and large increases in elongation 
for both the thermally aged and irradiated conditions. TEN examination of specimens irradiated to 50 dpa at 
41 IT. revealed complete recovery and recrystallization. The average grain size prior tc irradiation was 
0.45 x 3.0 fim. Following irradiation to 50 dpa at 41 PC, grains were equiaxed with an average grain diaa-
eter of 0.7 fim. The failure morphology of both unirradiated and irradiated miniature tensile specimens was 
by microvoid coalescence, though fewer large alumina particles were found on the irradiated alloy fracture 
surfaces, Figure 6. The only prior neutron irradiation studies of this alloy showed no significant mechan
ical property or microstructure changes following irradiation.713 However those studies examined substan
tially lower damage levels, 3 and 15 dpa. 

CuA125 was irradiated in the 50% cold worked condition to 50 dpa at 411*C. TEN examination of irradiated 
specimens showed the alloy to be approximately 40% recrystallized. Prior to irradiation, this heavily cold 
worked alloy had an average grain size of 0.6 x 2.5 ¡m. During irradiation, recovery and recrystallization 
produced regions with equiaxed grains with 1.0 fim average diameter. Recrystallized areas contained a lower 
density of alumina particles than the unrecrystallized, slightly polygonized areas. These microstructural 
changes resulted in decreased strengths and increased elongations. However, the changes were not as large 
as in the fully recrystallized CuA120 alloy. The tensile fracture surfaces, Figure 6, show a microvoid 
coalescence failure morphology. A decrease in the quantity of large alumina particles on the irradiated 
alloy fracture surfaces was observed, similar to CuA120. 

Previous neutron irradiation studies of CuA125 involved tensile testing of specimens irradiated to 16 dpa at 
430*C.1'3 This work revealed decreased strengths and increased elongations in agreement with the results 
here. However, no recovery or recrystallization and only minimal microstructural changes were observed by 
TEM examination. It is possible that recovery and recrystallization may have been present, but not revealed 
by limited sampling volume during TEN examination. 

There is substar.tial evidence for ballistic redistribution (recoil dissolution) of the alumina dispersion in 
these alloys by neutron irradiation. This evidence arises from three sources: immersion density measure
ments, SEN examination of fracture surfaces, and electron diffraction patterns. Neutron-induced recoil 
dissolution of particles, at its simplest, is a process where the atoms composing a particle are ballis-
tically ejected by impinging neutrons. v - z i Ballistic dissolution of the alumina dispersion was first con
sidered after noting the densification of CuA125 at 50 dpa. Commonly, densification is due to phase changes 
or phase modifications. In this simple, fully dense alloy, one change that could provide densification is 
dissolution of alumina. SEN fractography of CuA120 and CuA125 tensile specimens revealed a reduced quantity 
of large alumina particles following irradiation. (Only a very few large alumina particles were observec i» 
the CuA115 alloy prior to irradiation; therefore, no definitive statement can be made about dissolution in 
this alloy.) Densification may also arise from the formation of solid transmutants, primarily nickel and 
zinc. This possibility is being explored. 

The best evidence for ballistic redistribution is taken from the electron diffraction patterns of CuA120 and 
CuA125 before and after irradiation. The characteristic ring patterns from the fine dispersion of particles 
in the unirradiated material decreased substantially in intensity following irradiation. In addition, the 
ring resolution became less distinct, suggesting radiation damage of the dispersoid itself. Figure 7 shows 
a larger alumina particle in CuAl15 for both the unirradiated and Irradiated to 50 dpa at 411*C conditions, 
where a distinct damage structure in the irradiated alumina particle can be seen. 

None of the previous neutron irradiation studies involving copper-alumina alloys have noted ballistic dis
solution of the alumina dispersion. However, high energy ion Irradiation of CuAl60 at 250 and 500*C to20 
dpa did cause dissolution and amorphlzation of the alumina particles.22-28 Such recoil dissolution of 
particles has also been predicted theoretically.29-31 

The dissolution phenomenon may have severe consequences. At higher damage levels, the alloy may become more 
susceptible to volumetric swelling by void formation due to both a decreasing amount of alumina and an 
increase in dissolved oxygen. This will also affect electrical and thermal conductivity. Furthermore, 
strength levels may suffer both due to the loss of particulate strength and the concomitant inability to 
retain cold work. 

User welding was found to be an ineffective joining method for alumina-dispersed copper alloys. Laser butt 
welding of CuAl25 substantially reduced the quantity of alumina In the weld section. This loss of disper
sion caused irradiation-induced swelling and tensile property changes similar to those of Narz copper. 
The overall swelling of CuAl25 laser-welded TEN discs was approximately 9% due to void formation solely in 
the weld region. Unirradiated tensile strengths of welded specimens were slightly greater than for pure 
copper, but with nearly Identical fracture surfaces. Following irradiation, similar results were found, 
however, the grain structure was columnar along the direction of welding and not equiaxed. 
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Figure 7. Large alumina particles in CuA115, (a) unirradiated and (b) Irradiated to 50 dpa at 411*C. 

Copper-Chromium Oxide 

The copper-chromium oxide alloy was produced by hot extrusion of a mixture of OFHC copper and chromium oxide 
powders. TEM and SEM examination revealed a range of chromium oxide particle sizes from 0.012 to 0.7 ¡m in 
diameter, with an average diameter of 0.05 pm. Electron diffraction also indicated the presence of a small 
quantity of Cu 20 in the matrix. Fractography of unirradiated tensile specimens revealed several large, 
irregularly shaped inclusions. The appearance and electrical charging of these inclusions during SEN exam
ination suqgests that they are ceramic. Hlndowless EDS chemical analysis showed varying quantities of cal
cium, magnesium, aluminum, and oxygen. These elements are the same as those commonly found in ceramic 
refractories, indicating that these inclusions were possibly pieces of ceramic furnace lining or slag in the 
original OFHC copper powder. 

The volumetric swelling of this alloy was approximately 6% following Irradiation to 50 dpa at 411*C, pri
marily due to void formation and dissolution of the refractory Inclusions. SEN tensile fractography follow
ing irradiation revealed both voids and the presence of other cavities containing only trace remnants of the 
refractory Inclusions, Figure 8. 

As in the case of the copper-alumina alloys, evidence of ballistic redistribution of the oxide dispersion 
was found. TEM examination of unirradiated material revealed large, relatively spherical chromium oxide 
particles, Figure 9. Following Irradiation, these large particles were seen to be redistributed into 
smaller, less distinct particles with sizes ranging to below 2 nm in diameter, Figure 9. The redistribution 
of the oxide dispersion 1n this alloy is more prominent than in the copper-alumina alloys, probably due to 
the lower thermodynamic stability of chromium oxide compared to aluminum oxide. 
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Figure 8. SEM fractographs of CuCr tensile fracture surfaces, (a,b) unirradiated and (c,d) irradiated to 
50 dpa at 411*C. The influence of large inclusions on the fracture morphology can be noted. 

Prior to irradiation, this alloy exhibited a moderate tensile strength and an elongation comparable to that 
of zone-refined copper. The failure morphology was transgranular by microvoid coalescence. Figure 8. The 
yield and ultimate strengths of this alloy changed only slightly following irradiation to 50 dpa at 411*C, 
even though TEH examination revealed substantial microstructural evolution. This is due to the competing 
influences of several strengthening mechanisms. The initial 20% cold work was completely recovered during 
irradiation. Recrystallization produced a grain size that was too large to be measured using TEN; high 
radioactivity precluded optical mp-^jroment. The reduction in cold work and grain size strengthening were 
offset by increased Orowan strengthening from a finer, redlspersed particulate distribution and a slight 
contribution from voids. Figure 9. 

The reduced total elongation in the irradiated alloy is a direct consequence of a limited reduction of area 
promoted by voids and cavities. Just as in zone-refined copper, voids acted as sites for failure by micro-
void coalescence, reducing the ability of this alloy to undergo localized deformation. Cavities, which were 
previously occupied by inclusions, also acted as sites for crack nucleation and propagation, Figure 8. 
Copper-Hafnium Oxide 
The copper-hafnium oxide alloy was produced by a hot extrusion of a mixture of OFHC copper and hafnium oxide 
powders. SEM examination revealed large rounded hafnia particles ranging In diameter from 0.05 to 0.65 ym 
with an average of 0.25 tm. TEN bright and dark field imaging also revealed many smaller, less distinct 
hafnia particles, as small as 2.5 nm in diameter. A small quantity of Cu 20 was seen and many small unidentified particles also were manifested in the diffraction pattern as widely scattered spots. 
Volumetric swelling of 0.15% was measured by density change following irradiation to 50 dpa. However, TEM 
examination found no signs of voids. Helium bubbles, Frank loops, and other precursors to void formation 
also were not observed. 
TEM examination revealed extensive redistribution of the dispersion, again most probably by a ballistic 
mechanism. This was evidenced by a reduced quantity of the large, rounded hafnfa particles as well as many 
smaller polygonal particles which were not present prior to irradiation. These particles measured an aver
age of 0.1 ym in diameter *nd are shown in Figure 10. A significant quantity of new particles, averaging 
5 nm in diameter, of the same structure as the larger polygonal particles are also seen. SAO indicated that 
these particles are most probably monoclinic Hf0 ?. 



Figure 9. TEM micrographs of CuCr, (a) unirradiated and (b,c) irradiated to 50 dpa at 411 *C. 
irradiated material is shown 1n a bright field (b) and dark field (c) pair. The 

This alloy exhibited good tensile strength and reasonable elongation In the unirradiated condition. The 
failure morphology was transgranular by mlcrovold coalescence, Figure 11. Thermal aging for 1026 hours at 
420°C promoted a substantial reduction 1n tensile strength and Increase 1 r. elongation, probably due to 
recovery of cold work. 
The influence of the redistribution of the oxide dispersion was dramatically illustrated In the tensile 
properties of this alloy following Irradiation to 50 dpa at 411'C. A prominent yield point drop was obser
ved. This yield point phenomenon, commonplace In ferritic steels arid other BCC metals, Is highly unusual in 
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Figure 10. TEH micrographs of CuHf Irradiated to 50 dpa at 411*C. A bright field (a) and dark field 
(b) pair Is shown where two distinct particle distributions can be seen. 

FCC metals. Figure 12 shows tensile curves for this alloy In the unirradiated, thermally aged, and Irradi
ated conditions. The Irradiation-Induced yield point Is of approximately nf the same magnitude as the ulti
mate tensile strength of this Alloy. Following this yield drop, the tenslie curve was wavy, becoming 
smoother at higher strains. 
In addition to extensive redistribution of the oxide dispersion, TEN examination revealed total recovery and 
recrystallizatlon during irradiation. Pinning of a low density of dislocations by redistributed hafnium Is 
directly responsible for the unique 'ensile properties. There is some doubt a> to the form of the redis
tributed hafnium. There 1s a large size difference (23%) between copper and hifnium.31 Thus, despite argu
ments for the lack of a shear component 1n the substitutional atom strain field and a consequent inability 
to pin screw dislocations, 1t may be that the large size difference would nevertheless cause such an effect 
mere. Alternatively, dislocations may act as sites for preferential hafnium oxide reformation during irrad
iation, effectively pinning them with small hafnia particles. It was not possible to distinguish between 
these possibilities by TEM examination techniques. 
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Figure 11. SEM fractographs of tensile fracture surfaces of CuHf, (a,b) unirradiated and (c.d) irradiated 
to 50 dpa at 411-C. 

400 

e(7.) 

Figure 12. Tensile curves of CuHf in the unirradiated, thermally aged, and Irradiated to 50 dpa at 411°C 
conditions. The upper and lower yield phenomenon in the irradiated condition is notable 
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Fractography revealed no apparent change of failure mechanism following irradiation. Failure was seen to 
occur by transgranular aicrovoid coalescence, as also shown in Figure 11. 
Castable OPS Copper Alloys 
These alloys were cast fro* a Kit composed of a fine dispersion of copper-coated colloidal oxide particles 
added to magnesium-bearing OFHC copper. Hagnesiun should promote effective incorporation and retention of 
the dispersed oxide during casting. Or.a goal of the alloy design was to create a castable oxide-dispersed 
alloy that could also be welded. 
These alloys showed extreaely poor swelling resistance following irradiation to 50 dpa at 411*C: 10.75% for 
OOS-4 and 29.4% for OOS-l The swelling level of OOS-l was the sane as pure copper under these irradiation 
conditions. 
The unirradiated alloys exhibited Minimi uniform tensile elongations due to aicroporosity, Figure 13. The 
•icroporosity was in the f o m of planar arrays of bubbles along cold rolling directions. Laser-welded OOS-l 
had spherical «icroporosity in the aelted and undeforaed weld region. Thermal aging at 420*C for 1026 hours 
promoted substantial decreases in strength and increases in elongations, verifying the poor thermal sta
bility of these alloys. 
Poor tensile properties following Irradiation were due not only to poor theraal stability but also to sub
stantial void formation. The failure aorphology was identical to that observed in irradiated copper: 
transgranular by sicrovoid coalescence with surfaces often lying parallel to but not on the grain bound
aries, Figure 13. w 

The poor irradiation performance of these alloys is aost probably attributable to a supersaturation of dis
solved oxygen introduced during the casting process. However, It was not possible to obtain a aeasureaent 
of the aatrix oxygen concentration independent of the dispersed oxide to verify this postulate. Neverthe
less, the aicroporosity found on fracture surfaces of unirradiated material supports this conclusion. Sev
eral researchers have shown that dissolved oxygen is highly efficient in promoting void foraatlon in cop
p e r , u ' 1 6 3 : such as found here. Studies of electrolytic tough pitch copper irradiated in EBR-II to 13.S dpa 
at 400*C found swelling of 34% or -2.5%/dpa.14'16 These results indicate that stringent oxygen-free casting 
practices must be observed when producing not only these alloys, but possibly other copper alloys. With 
such practice, it is possible that these castable OOS alloys would possess acceptable radiation resistance. 

CONCLUSIONS 
Zone-refined copper and several oxide-dispersed copper alloys were neutron irradiated to 34 dpa at 414*C, 
50 dpa at 411*C, and 32 dpa at 529*C and a wide range of irradiation response was observed. The aost 
important conclusions from this study are as follows: 
1. lhe chemical composition of the dispersed oxide has a significant influence on the radiation 

resistance of oxide-dispersed alloys. Aluminum oxide-dispersed alloys were auch more stable than 
either chromium or hafnium oxide-dispersed alloys. A highly unusual yield point phenomenon was 
observed in hafnium oxide-dispersed copper due to extensive redistribution of the oxide dispersion 
during irradiation. 

2. All oxide-dispersed alloys showed soae dissolution and restructuring of the dispersion by ballistic 
recoil during Irradiation. 

3. The radiation resistance of aluminum oxide-dispersed alloys (CuAll5, CuA120, and CuA125) was found to 
be directly dependent on the amount of dispersed oxide in the matrix. Volumetric swelling decreased 
as the amount of dispersed oxide Increased, though it was small in all cases. No voids were found in 
these alloys. 

4. The tensile properties of the aluminum oxide-dispersed alloys (CuAl15, CuA120, and CuA125) following 
irradiation were dependent on the amount of retained cold work, which was also related to the alumina 
content. 

5. CuAl25 was found to be the most radiation-resistant alloy in terms of swelling, tensile properties, 
and conductivity." It appears to be the best copper alloy for elevated temperature, neutron 
environment exposure. 

6. Laser welding was found to be an ineffective joining method for oxide-dispersed alloys. A substan 
tlal loss of the dispersion in the weld region led to Irradiation performance nearly identical to the 
poor performance observed in pure copper. 
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Figure 13. SEN fractographs of the tensile fracture surfaces of the OOS-1 alloy, (a.b) unirradiated and 
(c,d) Irradiated to SO dpa at 411*C. The strong Influence of the void structure on the tensile fracture 
behavior Is clearly evident In the Irradiated Material. 

7. Oxygen contamination during casting Mist be prevented for copper alloys In nuclear service since 
oxygen promotes extensive radiation-Induced void formation. Dissolved oxygen M y becoie a concern 
even 1n the presence cf oxide particles If ballistic dissolution places significant amounts of oxygen 
Into solution. 

FUTURE WORK 
Analysis of specimens Irradiated to 100 and 150 dpa will be performed. 
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BRAZING OF COPPER-ALUMINA ALLOYS - B. A. Chin, C. K. Lee and R. C. W i l c o x , Auburn U n i v e r s i t y , 
Auburn, AL 36S49. 

OBJECTIVE 

The objective of the research is the development of an induction bracing process for GLIDCOP 
Al-15 using a silver-based brazing alloy. This objective centers on minimizing the time 
required at elevated temperatures during the brazing process in creer to eliminate the 
problems of furnace brazing. 

SUMMARY 
An induction braze '.ias been developed to join copper-alumina alloys. This brazing technique 
is proposed to replace current, furnace brewing methods that have yielded poor results because 
of silver ingress.on along the fine grain boundaries of the copper-flumina alloys. The 
induction braze (because of the short braze time) severely restricts silver ingress ion along 
the grain boundaries of the alloy. Tensile tests of induction brazed *af joints fail in the 
base material rather than the braze indicating good braze properties. 

PROGRESS AND STATUS 
Introduction 
The GLIDCOP Al-15 alloy (CDA alloy 15715) for use in tokamak fusion reactors. This choice 
was made because of the alloy's high heat carrying capacity, high electrical conductivity, 
and the ability to retain a cold worked structure at elevated temperatures. Specific uses 
of the alloy are as a structural material in diverter and limiter assemblies and as magnets. 
However, the successful use of this alloy depends on the ability to join the alloy during 
fabrication without destroying its properties such as the high heat carrying capacity, and 
electrical conductivity. Thus, a brazing process that does not alter the alloy's structure 
or properties is highly desirable for the design of these devices and their successful 
application in tokamak reactors. 

The development of an induction brazing process for GLIDCOP Al-15, a cold «forked copper-0.15 
aluminum alloy, will eliminate 3 major problems associated with furnace brazing of GLIDCOP 
Al-15: 

1. Plating the joining surfaces prior to brazing if a material (braze alloy) is used. 
2. Using an inert cover gas or a vacuum pump to prevent excessive oxidation. 
3. Lowering of the yield and ultimate tensile strength by approximately 20% due to 

recovery of the matrix. 
Experimental Procedure 
Brazed joints will be produced by using a 50 Kw induction furnace with ar. wal shaped helical 
coil. The samples will be electrically insulated from the coil by means of a quartz tube. 
Very fine copper wire is to be wound about the joint that is to be brazed to hold the 0,076 
ma thick BAg-5 brazing alloy in place and to keep the two metal strips straight. A range cf 
braze times and power settings for consistent brazing have been developed. 
Microhardness measurements will be made both lengthwise and across the brazed section. 
Measurements will be made at a nuiwber of places in the brazed section and at 1 mm intervals 
from che brazed region into the base metal. 
Rectangular strips of constant crosc-sectional area are to be machined into tensile specimens 
from a brazed single overlap joint. A pin loaded single-lap shear test specimen (Figure 1) 
according to the AMERICAN WELDING SOCIETY STANDARD is to be used for evaluating the strength 
of brazed joints in shear. Additional mechanical testing will be done using miniature 
tensile specimens (Figure 2). Strain data for the miniature specimens will be obtained using 
a LASER*IKE 162-100 Laser Scanner with a LASERMIKE 1010 Processor. The processor will be 
interfaced with a plotter. 

Fatigue specimens of constant cross-sectional area will be produced by butt brazing thick 
plates. Miniature fatigue specimens will then be machined from this butt joint. 
Transmission electron microscopy size (3 mm diameter) fatigue specimens also will be made. 
These later specimens will be used for determination of the effects of stress cycling on the 
structure of the alloy. 
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Figure 1. 

Description - Modified Standard 
& - gage length 12.2 n 
W - width 3.2 am 
T - thickness 0.7 mm 
R - radius of fillet, sin 3.2 m 
L - overall length, «in 48.8 ma 
B - length of reduced 

section, »in 13.7 m 
C - length of grip section, Bin 17.2 mm 
E - width of grip section approx 7.6 mm 
D - diaaeter of hole for pin 3.2 mm 
F - edge distance from 

pin, approx 6.4 mm 
A - joint overlap 7.1 mm 
AWS Standard Pin Loaded Single-Lap Shear Test 
Specimen 

Description - Miniature 
G - gage length 5.1 mm 
W - width 1.0 mm 
T - thickness , o.7 mm 
R - radius of fillet, min 1,6 mm 
L - overall length, rain 12.7 mm 
E - width of grip section approx 2.5 mm 
A - joint overlap 2.0 - 2.8 mm 

Figure 2. Miniature Tensile Specimen Dimensions 

w 1̂ / 

~y _ i 

I f -—e 
t 
T 



198 

Recent Results 

Preliminary results of induction brazing of GLIDCOP Al-15 using the BAg-5 alloy have been 
obtained by varying the heating tine and power used. The best brazing results were obtained 
using a power settina of 45 to 50 for the pin-loaded specimens and a setting of 55 for the 
miniature samples. The greater power requirements of the miniature samples was the result 
of fabrication of a large specimen from which the miniatures were machined. The minimum 
brazing time required to produce mechanically sound joints was 4 to 5 seconds using a 50 Kw 
induction furnace and a tightly wound oval-shaped helical coil. Both the miniature and the 
pin loaded specimens required this amount of brazing time. For times less than 4 seconds, 
the filler metal did not completely melt resulting in incomplete bonding. At a brazing time 
of 6 seconds the base copper alloy had a tendency to distort (wrinkle). The alloy started 
to melt in 7 to 8 seconds. 

Table 1 shows some typical values of yield strength for pin loaded samples along with the 
overlap length and the furnace power settings. For the pin-loaded specimens with an overlap 
of slightly over 6.4 mm, the yield strength was generally of the sabe order as that of the 
unbrazed material. This would indicate that little degradation of the alloy occurred during 
induction brazing under the given conditions. 

Table 1. Yields strength of induction brazed pin-loaded GLIDCOP 
Al-15 joints. (Braze time - 4 seconds). 

Yield Strength Overlap length Power Setting 

CMEaJ 1KB) funitless) 
328 6.91 55 
228 7.72 55 
313 6.86 50 
324 7.85 50 
365 7.24 45 
316 6.73 45 

ORNL yield strength data at room temperature for unbrazed 
GLIDCOP Al-15 

315 
325 
345 

Calculations were performed to study the extent of diffusion of silver from the brazing alloy 
into the GLIDCOP Al-15 base material. Such calculations could help to determine the possible 
damage caused by diffusion of silver to both the microstructure and properties of the joint 
as a result of induction brazing. The following assumptions were made in these calculations. 

1. Silver content in the braze filler (BAg-5) was 45% 
2. Solvent: copper 

Impurity: silver 
Diffusion coefficient of silver in copper: 0.63 cra2/sec [1] 
Activation energy for volume diffusion: 46.5 Kcal/mole. 
Activation energy for surface and grain boundary diffusion was assumed to be 

one-half of that for volume diffusion: 23.3 Kcal/mole. 
The resulting data on the diffusion of silver into copper are listed in Table 2. 

Table 2. Amount of silver diffused into copper as a function 
temperature and depth of penetration. 

Depth of Percentage of Silver Present 
Penetration Temperature 
¿Ato. cjaBfiex_ifflBJ 1273'K . U73*K 1073*K 

Vol une Diffusion 
0.02 5 0.0 0.0 0.0 
0.0025 5.4 0.0 0.0 

Si.rf';;*-- -ind Grain Boundary Diffusion 
0 02 5 10 !6 3 2 
_¿_Q02-, ... . 45. 45 ...4.5 
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To verify these calculations, EOX analysis was performed on various types of joints and on 
the filler material. The filler alloy BAg-5 has a nominal composition of 45 Ag, 30 Cu and 
25 Zn by weight. EOX analysis showed a composition of 44.3 Ag, 30.2 Cu and 25.1 Zn. Several 
furnace brazed lap joint specimens were produced for comparison with the induction brazed 
samples. The Standard. Ticusil Cycle [2] was used for furnace brazing. This cycle was chosen 
because the composition of the Ticusil filler alloy is 68.8 Ag, 26.7 Cu and 4.5 Ti which is 
the closest to the BAg-5 composition. The furnace brazing cycle used was as follows: 

1. 25*K per minute to 1088*K, hold at 1088*K for 20 minutes 
2. 5*K per minute to 1143*K, hold for 5 minutes 
3. Cool at 2.5*K per minute to room temperature. 

EOX analysis of the furnace brazed joint using the BAg-5 filler alloy shoved two major 
results. First, the zinc in the filler material decreased from 25% to 1.7% or less. Second, 
a measurable amount of silver was found at about 0.37 mm below the external surface of the 
lap joint (Fig. 3) indicating considerable diffusion of the filler material into the copper 
alloy. The thickness of the copper was only 0.76 mm. 
Induction butt joints and lap joints did not have such change in composition of the filler 
material during brazing. A decrease in zinc from 25 to 21% did occur in butt joints for an 
increase in brazing time of 5 to 14 seconds. The longer time permitted a higher temperature 
to be reached. Lap joints suffered a greater decrease in zinc to about 10.5% for a 4 second 
braze. The loss of zinc during brazing is time-temperature dependent. The lap joints are 
heated to a higher temperature than the butt joints because of the smaller mass of material 
to be heated. A loss of about 50% of the silver during induction brazing also was noted. 
However, this might be the result of thinner joints and thus picking up more copper from the 
base alloy during the EDX analysis. 
Examination of the microstructure of the brazed lap joints indicated that the brazing 
procedure produced virtually no diffusion zone at the copper-silver interface (Figure 4). 
Also, no indication of recrystallization was found in the GLIDCOP alloy after brazing. The 
size of microhardness indentations showed little or no difference along the length of the 
alloy after brazing or between the alloy and the brazing alloy. 
Twelve miniature tensile specimens with brazed joints have been made and six have been 
tensile tested (Table 3). Miniature samples were made by machining small specimens from a 
larger overlap joint. Machining was tedious and time consuming. The brazing operation 
produced inconsistent samples because the filler metal thickness could not be controlled in 
the large overlap. The filler metal had a tendency to melt and run with gravity producing 
a thicicness variation. Some of the filler tended to be extruded from the joints and bonded 
to the Glidcop outside of the overlap. This produced locally thickened sections. This local 
thickening will be difficult to correct when dealing with specimens of such dimensions. In 

Fig. 3. SEM photomicrographs of a Fig. 4. SEM photomicrographs of a 
furnace brazed joint showing the pin-loaded brazed joint showing the 
amount of diffusion of the brazing joint at the center, 
alloy with the joint at the center. 
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Table 3. Miniature tensile specimen joint dimensions 

Width Overlap Overlap Filler Yield Tensile Fracture 
Thick Length Thick Strength Relative 
ness ness to 

fn) (m) 
1.57 

(m) (n) MPA MPA Brazed Area 
0.94 (m) 

1.57 2.16 0.20 
0.89 1-35 2.79 0.03 
1.12 1.40 2.67 0.08 
1.09 1.35 2.67 0.03 270 316 outside 
1.12 1.52 2.03 0.20 
1.14 1.50 2.03 0.18 192 266 outside but 

w/cracking in 
brazed region 

0.99 1.35 2.67 0.03 153 198 outside 
1.02 1.42 2.03 0.10 
0.98 1.42 2.54 0.10 
1.08 1.37 2.41 0.05 260 307 outside 
1.02 1.57 2.16 0.05 300 300 inside 
1.02 1.60 2.16 0.08 230 288 inside 

addition, since the sheet thickness of the Glidcop alloy remains the sane, the change in 
thickness of the filler setal would now be large relative to the width of the joint. These 
specimens contained varying overlap lengths and joint thicknesses. 
The snail size of these Miniature specimens nade fabrication nore difficult than for that of 
th«- larger specimens. Also, the bending nonent due to eccentric loading during tensile 
testing is nore significant with the niniature specimens than with the other samples. This 
probably resulted in incorrect strain measurements obtained during tensile testing of the six 
niniature specinen in Table 3. In addition, small «perfections are relatively larger 
conpared to the sample dimensions and all measurements must be nade with greater precision. 
Discussion 
The initial results indicate that a satisfactory induction brazing process using BAg-5 can 
be achieved. The 4 to 5 seconds brazing cycle provides a sound bond between the filler and 
the Glidcop alloy without the use of a wetting agent (flux). Additionally, very little 
oxidation occurred even though neither a flux or a protective atmosphere were used. Mininal 
secondary cleaning will be required. 
The average yield strength of the pin-loaded specimens was 329.2 MPa with an average 
deviation of 14.3 MPa. (The room tenperature average yield strength from ORNL data of 
unbrazed Glidcop was 325 MPa). No significant loss in yield strength was incurred during the 
brazing process. The 228 MPa value was discarded because of premature failure resulting fron 
inproper joint fabrication. 
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A BRIEF REVIEW OF CAVITY SWELLING AND HARDENING IN IRRADIATED COPPER AND COPPER ALLOYS -
S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this report is to assess the current understanding of radratwn effects in copper and copper dtoys. 

SUMMARY 

Theiteratureonradetiori4rKlucedswes^ void formation does 
not occur during irradbtion of copper unless suitable impurity atoms such as oxygen or heium are presenL Void formation 
occurs for neutron ¡rradBbon temperatures of 180 to 560*0. with peak sweang occurring at ~320*C for irradntion at a 
damage rate of 2 x io 'dpa/s . The post-transtertsweing rate has been measured to be -05%/dpa at temperatures near 
*00*C. Dispersion-sttenglhBi « J copper has been found to be ven/ resista it to void swoang due to trw high sir* densty 
associgted wüti the dsperston-stabized dBlocabon structure. 

Irradalion of copoar at temperatures below 4 0 ^ 
defect clusters which inrtb* dabcation motion. The radátion hardening can be adequately described by Seeger's 
Dispersed barrier model, with a barrier strength for smaJ defect clusters of a « 0.2. The racfatjon hardening apparently 
saturates for faences greater than - 1 0 * rVhr(-0.1 dpa) during irradiaiion at room temperature due to a saturation of the 
defect cluster density. Grain boundaries can mooiry the hardening beravwby bloc^^tnetrartsmissoi of oiskxation 
sip bands, leading to a racSatiorvmooifled Hal^etch retóion between yiekJ stength a i d gran size. Radiation-enhanced 
recrystafcation can lead to softening of cold-worked copper aloys at temperatures above 300°C. 

PROGRESS AND STATUS 

Introduction 

Copper and its aloys have been the subject of numerous radiation damage studfes. dating back to the 1950s." 
Most of these studies were fundamental in nature and employed tow damage levels. A large amount of our present 
m me» standing of the properties of point defects in metals, along with more appied aspects such as cfapersed barrier 
strengthening in metals (radiation hardening), can be attributed to tríese earV copper irraxiation studies. Radátion effects 
in copper are also of technological interest because te high tnermaJ arid electrical c ^ ^ 
such as fusion reactors. 

This report reviews the current state of knowledge on radiation-induced sweing and hardening in copper and its 
alloys. The extensive ¡terature on radiation-modified solute segregation and precipitation" w i not be addressed directly. 
The effects of irradiation on the electrical properties of copper are also we« studied,'* but w i not be covered here. There 
have been numerous fundamental studies on radiation hardening conducted on copper and its aloys. This paper w i 
concentrate on irradiation-induced changes in the tensile properties. Very ftfJe is known about the effects of irradiaiion on 
creep*'' or fatigue of copper. 

There have bean relatively few investigations on the performance of copper and copper aloys in high neutron 
irradiation environments. Figure 1 summarizes the temperatures and doses investigated for copper irradiated to neutron 
damage lévele greater than 1 displacement per atom (dpa) (refs. 8-20). It is worth noting that essentially al of these high 
fluence studies have been performed within the last five years. The most extensive investigation of copper at high damage 
levels waa conducted by Brager and Gamer and coworkers,'*" where tha microstructure, density changes, electrical 
resistivity, and tana*» properties of copper and a range of solid solution, precipitation- strengthened, and dispersion-
strangthened copper alloys were measured at temperatures >400*C. The temperatura dependence of void swelling and 
defect duster formation over tha temperature range of 182 tryouQhSOTOhM been determined ty 
There is a strong need for higher fluence data at irradiation tempe» atures <.350*C, where moat of the applications occur 
for copper in high irradiation environments. 

VOID SWELUNG IN COPPER AND COPPER ALLOYS 

It waa noticed shortly after tha discovery of vqid swelling in irradiated metals by Cawthorna arKl F u » ^ 
gases, in particular oxygen and helium, could exert a significant influence on void formation."^ 
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Oxygen effects on void formation 

A series of neutron, ion and electron 
irradiation experiments by a group of French 
scientists*"* demonstrated that preimpianted or 
residual impurity oxygen could have a dramatic 
effect on void swettng in copper. Void 
formation was not observed in "degassed* 
copper fois subjected to i o n * 4 or electron* 
irradiation at 450°C. and void ameatng sturJes 
on oxygen preimpianted specimens showed 
that the surface energy could be reduced to 
nearly naff of the pure copper value for oxygen 
contents of -1GC wt ppm (ref. 27). 

Several recent studies have confirmed 
and quantified the influence of smal 
concentiatioos of oxygen on void formation in 
copper.*" m a high fluence ion irradabon 
study." void formation was not observed in 
Ngh-puity, low-oxygen copper over the broad 
temperature range of 100 through 50O*C. 
Figure 2 shows the tow-magrrffication 
microstructures of some of the imxfated copper 
specimens from this study. Conversely, ion 
irradiation of copper containing 360 appm O 
(introduced by armeaing high-purity copper in 
inert gas containing a trace amount of impurity 
oxygen) resulted in copious void formation at 
375and475°C." Figure 3 shows an example of 
the void formation observed in ion irradated 
oxygen-bearing copper. Trieoretical analyses** 
have found that the void is generafy not 
thermodynamics»/ stable in pure copper in 
comparison with the vacancy loop or stacking 
fault tetrahedron (SFT). A model based on 
oxygen chemisorption on void nuclei surfaces 

(which causes a reduction in surface energy and hence can stabilize void formation) is in reasonable agreement with 
experimental observations on the effect of oxygen on void formation." Figure 4 shows a quantitative comparison of the 
predicted and observed effect of oxygen on void formation (open symbols indicate void formation was observed, and Med 
symbols indicate no void formation occurred). 

The charged particle studies have proved to be important for understanding the importance of impurity atoms on 
void formation. It is dear that impurities such as oxygen need to be controfted in order to minimize the propetwity of copper 
for void swelling. The strong role of impurity oxygen has also been recently demonstrated in a neutron irradiation 
experiment" on electrolytic tough pitch (ETP) copper, which was of nominally high purity but contained about 300 wt ppm 
O (1200 appm O). The oxygen-bearing ETP copper swelled at a rate that was four times larger than that of oxygen-free 
copper (34% vs. 8% swelling after 13.5 dpa at 4O0°C). 
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Fig. 1. Summary of high dose neutron irradiation experiments 
on copper and copper aloys. 

Helium effects on void formation 

There have been several experimental studies on the effects of helium on cavity formation in copper,*""""' but 
further information is needed at fusion-relevant conditions (-7 appm He/dpa). Most of these studies either oreinjected 
neeum"""** 4' or produced helium via thermal reactor irradiation of boron-doped copper using very large He/dpa ratios"** 
Both methods are unsatisfactory for determining the effect of helium in fusion reactor environments. Figure 5 shows an 
example of substantial cavity swelling that occurrod during simultaneous irradiation of copper with helium and heavy ion 
beams.*1 Void formation was not observed in specimens that were not exposed to the helium beam. According to 
experimental results and theoretical calculations, the amount of helium needed to stabdizo cavity formation in pure oxygen-
free copper is very smalf-on the order of <1 appm He (rets. 26,42). 
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Fig. 3. Cross-section microstructure of copper 
containing 360 appm O following 3.6 MeV Fe*' ion irradia-Rg. 2. Cross section microstructure of pure copper ,. , . . , . ,_ . _ , « _ - »^ 

following 14-MeVCu'* ion ¡radiation to a peak damagetevel » ^ j ° a ^ o^age levrt of 17 dpa at 475«C.- The 
of 40 dpa at 100 through 40trC- The original surface lies ^ ^ a g e range was about 1.3 Mrn. The very small arcular 
to the left in a» of the micrographs, and the measured ton ^ ^ ^ ^ ^ a t u r ^ are óue to surtacecortamna-
damage range was about 3.5 M m. tjon of the TEM fort. 
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Fig. 4. Comparison of predicted" and observed***" void formation in oxygen-bearing copper. Filled symbols 
indicate no void formation was observed, and open symbols indicate voids were observed. Arrows indicate the possibility 
of higher or lower oxygen concentrations due to uncertainties in the oxygen measurement. 
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Fig. 5. Cross-section microstructure of copper fcüo.ving simultaneous dual beam irradiation at 4^0*C with 4 MeV 
Fe" ions and 200 to 400 KeV He* ions. The peak irradiation damage level was 16 dpa at a depth of abcut 1 Mm, and a 
uniform He concentration of 48 appm vas injected at depth', of 0.5 to 1.1 nm* The calculated dam&ge levol at a de.oth of 
0.5 ym was -10 dpa, and the cavity swel ing was -3 >% 



205 

Several researchers have irradiated dilute Cu-B alloys in order to probe helium bubble formation in neutron-irradiated 
copper."3** The reaction , aB(n,a)7U produces both helium and lithium during irradiation in a thermal neutron environment, 
both of which are essentially insoluble in copper. It has been observed that the cavity formation in boron-doped copper 
is due to the helium produced by the (n.a) reaction (as opposed to the lithium).1' These studies have provided useful 
information on the thermal stability of helium bubbles and on the conversion of bubbles to voids. 

Preinjection of small amounts of helium (up to 100 appm) enhances void formation in pure copper during irradiation 
to moderate damage levels (-20 dpa).33 However, preinjection of large amounts of helium (2000 appm) apparently 
overstimulates void nudeation and suppresses observable cavity swelling." As discussed later, there is relatively little 
information available on helium effects in swelling-resistant copper alloys. 

Effects of temperature and fluence on swelling 

Copper has been found to contain voids following neutron irradiation at temperatures between 180 and 550°C (0.33 
to 0.60 -¡-J.'**"*»*» The temperature dependence of the cavity swelling of copper following tow dose neutron irradia
tion'»»"»- ¡g singla,- 1 0ft^ observed in many other metals: The void size increases gradually with increasing temperature 
while the cavity density decreases rapidly, which results in a swelling peak at intermediate temperatures (-300 to 325°C for 
copper). Figure 6 shows the measured swelling as a function of irradiation temperature for copper irradiated to a damage 
level of - 1 dpa.'"" The measured temperature-dependent cavity swelling was similar for both pure copper and a helium-
containing dilute Cu-B alloy This is interpreted as evidence for a very small incubation fluence for void swelling due to the 
presence of large amounts of impurity oxygen in both materials (according to conventional radiation damage theory, helium 
has only a minor effect on the post-transient cavity swelling rate). 
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Fig. 6. Temperature-dependent cavity swelling in copper and Cu-18 wt ppm , 0B following 
fission neutron irradiation at a damage rate of -2 x 10' dpa/s. , , 2° The irradiation produced 
-100 appm He in the Cu-B alloy. 

The primary effect of a variation in the damage rate on swelling is to shift the peak swelling temperature An order 
of magnitude decrease in the neutron flux (from 2 *• 10' to 2 * 10" dpa/s) decreased the location of the peak swelling 
temperature by -20"C.**" The peak swelling temperature shift between neutron (? * 10' dpa/s) and ion (1x10 ' dpa/s) 
irradiated copper is -165"C.""-' 

Voids have been detector) in copper following irradiation to fluences as low as 1 • 10'' n/m' (refs. 48,49) The 
swelling behavior at low doses (<02 dpa) is often nonlinear, and transient swelling rates in excess of 1%/dpa have been 
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observed in some studies of neutron-irradiated 
copper."*" The void formation is often very 
heterogeneous for these low dose irradiations.*** 
Higher dose neutron and electron irradiation studies 
lave found that a steady state void swelling rate of 0.4 
to 0.9%/dpa eventually occurs, with no evidence tor 
saturation up to swelling levels in excess of 60% (rets. 
11-16.33,53.54). Some of the electron irradiation 
studies** suggest that the steady state swelling rate 
is temperature-dependent,"*' but these observations 
might ateo be attributable to thin foil effects. Figure 7 
shows the fluence-dependent swelling observed in 
copper following neutron irradiation at -420°C (refs. 
14,15). The transition fluence for void swelling in 
irradiated pure copper is apparently very small, -1 dpa 
(refs. 14.15.33.41,53). 

Influence of nongaseous solutes on void swelling 
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Fig. 7. Comparison of the swelling behavior of 
copper and a solid-solution Cu-5% Ni alloy following 
fast reactor irradiation at temperatures near 400°C 
(refs. 14-16). 

With the notable exceptions of Ag, Al, and 
C d , n " * the addition of alloying elements to copper 
generally results in a reduction of void swelling. The 
primary influence of solute additions appears to be an 
extension of the transient regime of void swelling (as 
opposed to a reduction in the steady state swelling 
rate)'4" although further studies are needed to confirm 
this finding. Reduced swelling compared to pure 
copper has been reported for solute additions of Au. 
Be, C, Fe, Ge, In, Mg, Ni, Pt, Sb, and s i . " - " 2 " " " * 4 1 - * * * * " Figure 7 compares the fluence-dependent swelling behavior of 
Cu-5%Ni with pure copper following neutron irradiation near 420°C (refs. 14-16). It can be seen that the addition of nickel 
suppressed swelling at low doses (16 dpa), but had little effect on the swelling behavior at high doses. 

Several potential physical mechanisms have been proposed to explain the observed suppression or enhancement 
of void swelling in solid solution copper alloys. Radiation-induced segregation of the solute atoms toward or away from 
void embryos could modify the surface energy of the void nuclei, and thereby enhance or suppress void swelling. Solute 
trapping effects could enhance the recombination rate of point defects and thereby suppress void swelling, but most 
substitutional solutes are not effective interstitial traps at temperatures above 100 K (refs. 60,61). On the other hand, 
interstitial solutes could impede the migration of irradiation-produced interstitials and thereby increase the probability of 
vacancy-interstitial recombination. Reductions in stacking fault energy due to solute additions should in principle make other 
vacancy cluster morphologies favorable compared to the void.*" 0 4 8 4* However, experimental results on copper alloys of 
low stacking fault energy do not show a direct correspondence with a reduction in void swelling.9* Further study in this area 
would be obviously worthwhile, but solid solution alloying does not appear to be useful for preventing cavity swelling at high 
doses in copper. 

Void Swelling in Precipitation- and Dispersion-Strenothened Copper 

The presence of a second phase in copper results in better swelling resistance compared to pure copper and solid 
solution copper alloys. Irradiation studies have been performed on aged Cu-Co, Cu-Be, Cu-Fe, Cu-Cr, Cu-Ti, and Cu-Zr 
binary alloys along with more i/omplex alloys such as Cu-Cr-Zr, Cu-Be-Ni, Cu-Ni-Sn, and Cu-Ni-Ti.""4' "*** Good swelling 
resistance (<2% swelling) has been observed in Cu-2%Be and Cu-3.5%Ti during fast reactor irradiation near 420°C to doses 
of 34 to 50 dpa.'*'8 All four of the ternary alloys studied to date show reasonable swelling resistance during high-fluence 
fast reactor"'"* or dual-ion" irradiation, although the results are dependent on the initial thermomechanical treatment. For 
example, Cu-Ni-Be has been shown to be very swelling resistant during dual-ion*4 irradiation to 20 dpa at 250 to 500°C (30 
appm He/dpa) and during fast reactor irradiation at 410°C to 34 dpa.'*" Conversely, fast reactor irradiation to 48 dpa at 
430°C produced swelling in excess of 12% for cold-worked and aged Cu-Ni-Be.'4" Lower swelling levels were observed 
in an annealed and aged Cu-Ni-Be alloy. Tensile'' and TEM" measurements revealed that recrystallization along with 
precipitate coarsening had occurred in the cold-worked a.ioy during irradiation at 430°C, and this led to the swelling 
instability. 

Several studies have demonstrated that oxide dispersion-strengthened copper alloys containing inert particles of 
Al,0,. TiCv HfO, or ZrO, are swelling resistant."'" " Dispersion-strengthened Cu-Cr,0, has poor swelling resistance relative 
to Cu-Al,0,. etc ,'" and has poor strength at elevated temperatures ' The Cu-Al.,0, dispersion-strenqthened alloys have 
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received particular attention due to their excolont sweing resistanoe during high-fluenoe test reactor rradabon at 
temperatures of 385 to 530°C (refo. 11-16.18) and during dual ion beam irradiation.*' Substantial void sweing has been 
observed in one series of commercial oxide dispersion-strengthened copper ae^fotovMrighigh-fkjence neutron irradiaton 
due to the presence of excess oxygen in the matrix.'*'* 

it appears that the swelling suppression in precipitation- and dispersion-strengthened copper is partly due to point 
defect trapping at the precipitate-matrix interface, but is primarily due to the presence of a high dislocation density. The 
sweffing resistance is generally best in aloys that contain a stabilized cold-worked structure due to «he additional point 
defect sink strength supplied by the dislocations. During high fluence ion** or neutron irradiation,'2** void formation is 
initiated in regions of the matrix that have recrystaMzed (leaving a low defect sink density). A large part of the sweing 
resistance of dispersion-strengthened aloys can be attributed to their superior resistance to recrystaiization (precipitate 
overaging does not occur since the dispersion is inert in the copper matrix). Figure 8 summarizes the sweing behavior 
of three grades of a commercial dispersion-strengthened copper. GlidCop, fotowmg neutron irraalation near 410°C (ref. 
15). The swelling resistance of the GNdCop alloys improved with increasing dispersoid content and cold-work level. 

There is a strong need for irradiation data on swelrK>resistant copper atoys at fusion-relevant Rssion 
reactor irradiation of copper generates only -02. appm He/dpa. which is more than one order of magnitude smoWor than 
the DT fusion first waH generation rate for copper of - 7 appmHe/dpa. Sp<tznag^etal.,'fourKl that dispersion-strengthened 
copper had aoout five times higher swelirKj following 
irradiated without helium coimpiantation. On the other haixl. Cu-Ni-Be spedmens did not exhibit observable cavity sweing 
after either dual-beam or single ion-beam irradiation to 20 dpa. The relatively high sweing that was observed in the 
GbdCop AM 5 aloy compared to the AJ-20 and Ak-25 aloys fbflowing neutron irradiation (Fig. 8) may have been partiafly 
enhanced by the presence of a small amount of residual boron (< 200 wt ppm) remaining from a preirradiation deoxidafjon 
treatment. A boron content of 100 wt ppm would transmute during high-fluence fast reactor irradiation to produce -100 
appm He when fully burned up. 
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Fig. 8. Swelling behavior of three commercial 
dispersion-strengthened copper alloys following fast-
reactor irradiation at 411 to 414°C (ref. 15). The alloys 
contained 0.15, 0.20, and 0.25 wt % Al in the form of 
Al ? 0 3 particles. The Cu-AM5 alloy contained <200 wt ppm 
B due to a preirradiation boron deoxidation treatment. 

RADIATION HARDENING 

Radiation Hardening in Pure Copoer 

Numerous fundamental studies on radiation 
hardening have been conducted on pure copper over 
the past 40 years.*"* Significant amounts of hardening 
occur in annealed copper for irradiation temperatures 
<350°C. It has been demonstrated'1'' that the 
strength increase is due to "black spot" formation 
(small dislocation loops and SFT). The yield strength 
increase is described by Seeger's*7 dispersed barrier 
model. 

áx-aGbjNd 

Ao r«MAt 

(1) 

(2) 

where G is the shear modulus, b is the magnitude of 
the dislocation Burgers vector (a / / 2 for copper), N 
and d are the density and mean diameter of the defect 
clusters, a is the barrier strength coefficient, and ffi is 
the Taylor factor (M - 3.06 for fee polycrystals) which 
descrioes the relationship between shear stress (:.r) 
and polycrystalline yield stresc(Aa f) (ref. 75). Various 
experimental and theoretical studies have found that 
the barrier strength coefficient for defect clusters 
formed during room temperature neutron irradiation of 
copper is a - 0.2 to 0.25 [73,75,/6). 
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The fuence dependence of radiation hardening in copper was the subject of a long-standing controversy/3 with 
different research groups claiming that the strength increase was pioportionaJ to the one-third power of fluence" or the 
square root of fluence with a saturation term. ^ It was ateo recently suggested that the hardening was best descnbed by 
a one-fourth root dependence over an extended fluence range."" 

Part of the cause of the controversy can be resolved by examination of recent TEM studies on the fluence 
dependence of the defect cluster density m neutron-irradiated copper Figure 9 shows that the defect cluster density in 
copper rradated near room temperature*"* is initially proportional to fluence up to «t -5 x 10* n/m'. This produces a 
strength increase proportional f .*Tin this fluence regime smce the defect cluster size was essentially independent of 
fluence [Eq. ( i) j . The fluence dependence of the cluster density at higher fluences is strongly dependent on the purity 
content of tho «radiated copper (m particular interstitial impurities)." Several studies on high-purity copper and other fee 
metals have demonstrated that there is a substantial fluence range where the defect cluster density is proportional to fot)" 
(refs. 77.80.87.88). which would produce a one-fourth root dependence of hardening on fluence [Eq. (1)]. This has been 
interpreted as evidence for the interaction of freely migrating defects with defect clusters from surrounding displacement 
cascades, causing shrinkage and --inflation of some clusters. Simple theoretical models predict a square root 
dependence on fluence for the defect Cluster density when migrating defect interactions with defect clusters are 
occurring."T 7 K'7 Copper containing moderate amounts of interstitial impurities does not show a deviation from the linear 
accumulation of defect clusters until *t >5 x 10"" n/m'. Ths suggests that the impurities are blocking migration of the freely 
migrating mterstitials. Hence, irradiation of nominally pure copper specimens containing differing amounts of interstitial 
impurities will produce differing radiation hardening rates over certain fluence ranges. 

For defect cluster Tensities > ir/Vm1. there s an increasing probability of cascade overlap events, i.e.. a 
displacement cascade occurs m the vicinity of an existing defect cluster and causes its annihilation with the result that there 
ts no net increase m defect cluster density. The TEM measurements (Fig. 9) suggest that the maximum defect cluster 
density in copper irradiated with neutrons near room temperature is -1 (f'lm1. Higher fluence studies are needed to confirm 
the saturation density of defect clusters. A saturation in the radiation hardening on neutron-irradiated copper has similarly 
been observed**" at fluences ~ 1CT* n/m" (-0.1 dpa). Figure 10 shows the yield strength of neutron irradiated copper as 
a function of fiuence." In this studv* an apparent saturation in hardening already occurred at a fluence of 10" n/m' (E > 
1 MeV) A similar saturation m hardening ?Jso has been observed in ion-irradiated copper."3 
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Fig 9 Summary of recent hign-resolution TEM studies on defect cluster formation in copper irradiated near room 
temperature Data are shown for 14 MeV neutrons (refs 80.82,84-86), fission neutrons (refs 81 83 86) and 800 MeV 
protons 
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Fig. 10. Measured yield strength of polycrystaine copper following fission reactor irradiation near room 
temperature." 

An interesting observation that is deserving of further htudy concerns the effect of grain size on the radiation 
hardening rate. Several studies have shown that the strength increase as a function of fkience is higher for small-grained 
compared to large-grained copper.7*" Figure 11 shows an example of the dependence of yield strength on grain size for 
neutron-irradiated copper.'0 It has been suggested that this effect is due to grain boundaries blocking the transmission of 
slip bands." ft is not clear whether this grain size-dependent radiation hardening rate continues at higher fluences. 

Temperature Dependence of Radiation Hardening 

There have been extensive studies on the temperature dependence of radiation hardening in pure copper utilizing 
isochronal and isothermal annealing.'0"" The flow stress in irradiated copper decreases with increasing irradiation 
temperature due to two factors. First, the barrier for dislocations to shear defect clusters is thermally activated. In addition, 
the defect clusters responsible for the radiation hardening of copper are thermally unstable at elevated temperatures. Figure 
12 shows the temperature-dependent defect cluster density observed in copper following ion irradiation to a damage level 
of 10 dpa." Similar results have been obtained in other studies of neutron-*" ana ion-irradiated" copper. The room 
temperature strength of ion-irradiated copper also show? a similar dependence on irradiation temperature." 

The defect cluster density that is produced during irradiation at elevated temperatures is shown in more detail in Fig. 
13 (ref. 20). The defect cluster density decreases by over three orders of magnitude between the irradiation temperatures 
of 182 and 450*0. The results demonstrate that the defect clusters responsible for radiation hardening are highly sensitive 
to irradiation temperatures > 182°C. The decreased cluster density at elevated temperatures is a further indication that the 
defect clusters are thermally unstable, although additional factors such as the temperature dependence of the production 
of defect clusters directly in displacement cascades may also be playing a role. 

At high fluences, some hardening from cavity formation is expected to occur." However, experimental results indicate 
that the yield strength of irradiated copper decreases when void swelling becomes very high, due to a lack of load-bearing 
area." 
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A loss of ductility is associated with radiation hardenirig. Figure 14 shows the total elongation of annealed copper 
is rapidly reduced by neutron irradiation.70 and that cold work shortens the fluence required to reach the embrittled state 
(e„ <2%). ConfirmatKX" of this coy-work effect on radiation embrittlement is needed. 

Other studies have shown that copper becomes severely embntn^d r, the presence of large cavities, introduced by 
the tritium trick*"" or neutron irradiation.*' Hefcurr embrittJemert effects have also been suggested in some Cu-B irradiation 
studies," but more data are needed. 

AE-jyina Effects on Radiation Hardening, 

High-strength copper aRoys are desirable for several applications in fusion reactors. Their strength is generaRy 
achieved by classical precipitation hardening, or by pinning a dislocation structure with precipitates or an inert dispersed 
phase such as ALO, particles. Radiation-enhanced recrystaization is an important phenomenon in cold worked copper 
a l c ^ at iriBciatini temperatures ¿ 3 0 0 X ; . w , M A W ' a The enhanced diffusion associated with irraoiatjon can accelerate the 
dislocation recovery and grain recrystaization processes, particularly if the dislocation structure is not pinned effectively. 
A substantial loss of strength associated with the recrystaization generaRy occurs in aHoy systems whose strength is 
derived from a cold-worked structure that is stabAzed by precipitates.'*' In addition, estabished phenomenon such as 
radiation-enhanced precipitate overaging or loss of coherency'" in classic precipitation hardened systems such as Cu-Be 
should cause a large strength decrease. These softening effects are offset to a certain degree at low irradiation 
temperatures (<300*C) by the increased hardening associated with defect cluster formation.**'01'" 

The most promising radiation-resistant copper aRoy system from both a cavity swoing and retained strength 
perspective is dispersion-strengthened copper. Theaxnrner^dispersion-strenpjheriedal^ 
found to be resistant to radiation-enhanced recrystaization for irradiation temperatures as high as 420 to 5J0*C and doses 
as high as 100 dpa.' 1 '*" '*" (However, one study" reported that neutron irradiation at 410*0 to SO dpa caused substantial 
recrystaization in two GKdCop Cu-ALO, alloys.) The resistance to recrystaization may be attributed in large part to the 
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Fig. 13. Temperature-dependent defect c i<.*er 
density observed in Cu-18 wt ppm '°B following fission 
neutron irradiation to a damage level of -1.2 dpa (ret, 
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Fig. 14. The effect of extension prior to 
irradiation on the dose dependence of elongation to 
fracture of fission neutron-irradiated copper tested 
at 20°C (ref 70) 
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There is a strong need for high fluence studies on copper aloys at irradiation temperatures <350°C in order to 
generate data on tensile property changes, cavity swefcng resistance, and microstructurai changes. Additional low dose 
studies would be useful for understanding the details of the dose dependence of the defect cluster density (including 
impurity effects) and other matters of fundamental interest, including the effect of grain size on radiation hardening. In 
addition, irradiation data are required on fatigue and creep behavior, and the effects of irradiation on brazed or welded 
joints. Data are needed on the influence of helium on cavity sweKng in sweKng-resistant materials such as dispersion-
strengthened Cu-Al,0, alloys From a design standpoint, it is not particularly useful to study He effects in pure copper, since 
He should have little influence on the swelling behavior of materials that swell readily in the absence of helium. 

Ospersion-strengthened aloys such as GkdCop Cu-Ai,0, are the most promising class of commercialy avatebte 
copper aloys in terms of radiation resistance. The radiation resistance of this material can be attributed to its very high sink 
density (dislocations plus Al,0, particles). Unlike precipitates, the high density (I0 a /m 1 ) of smal (d - 10 nm) inert ALA 
particles are resistant to overaging and thermal dissolution effects during irradiation. AdoWonal high-dose studies are 
needed to confirm the absence of appreciable displacement cascade dissolution of particles in dispersion-strengthened 
copper. Similar dispersion-strengthened aloys based on other aloy systems (e.g. Fe or Ni matrix) would be worthy of 
further investigation for fusion reactor structural applications. Precipitation-strengthened aloys such as Cu-Cr-ZrorCu-NhBe 
may be suitable for high-fluence applications at temperatures where radiation-enhanced recrystaization is not of concern 
(<300 to 350°C). 
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ELECTROCHEMICAL AND MICROSTRUCTURAL CHARACTERIZATION OF AN AUSTENITIC STAINLESS STEEL 
IRRADIATED BY HEAVY IONS AT 515°C - G. E. C. Bell (Oak Ridge National Laboratory). T. Inazumi (Japan Atomic 
Energy Reasearcfi Institute, assigned to ORNL) and E. A. Kenik (Oak Ridge National Laboratory) 

OBJECTIVE 

The objective of this work is to evaluate radiation-induced sensitization of austenitic stainless steels under simulated 
fusion reactor conditions by the electrochemical potentiokinetic reactivation (EPR) test technique. 

SUMMARY 

The electrochemical and microstructural behavior of a solution-annealed, heavy-ion-irradiated, austenitic stainless 
steei, designated LSI A, have been investigated at 515°C after doses of 1.10. and 30 displacements per atom (dpa). 
Changes in electrochemical properties due to radiation induced segregation in thin radiation-affected layers of the 
material were detected by the electrochemical potentiokinetic reactivation (EPR) technique using transmission 
electron microscopy (TEM) disk specimens. At an doses, the Flade potential and reactivation charge were greater 
than those measured for thermally-aged control specimens. Flade potentials increased with increasing dpa while the 
reactivation charge old not increase beyond 10 dpa. Grain face etching, similar to that found on EPR-tested neutron-
irradated austenitic stainless steels, was observed on all specimens after testing. Grain boundaries were etched after 
doses of 10 and 30 dpa The extent of grain face etching increased with increasing dose. Duplicate heavy-ion-
irradated specimens were also examined by high resolution analytical electron microscopy (AEM). The 1-dpa 
specimen showed only a high density of small faulted dislocations (-10 nm). and no grain boundary precipitation was 
observed ror was any grain boundary segregation detected. AEM confirmed chromium depletion at grain boundaries 
as measured by EPR for the 10- and 30-dpa specimens. Depletion widths of approximately 10 nm and grain 
boundary chromium compositions of less than 10% by weight were found. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched for the 10- and 30-dpa irradiations. Precipitation of G and 
eta phases and larger dislocation loops (-60 nm) were observed in the 10- and 30-dpa specimens. 

PROGRESS AND STATUS 

introduction 

The dose rate (dpa/s) in material bombarded by heavy ions is between 2 and 6 orders of magnitude higher than that in 
both fission and fusion reactors. As such, heavy ion irradiation is often used as an accelerated method for 
investigating radiation-induced segregation (RIS) and the evolution of microstructures in materials during neutron 
irradiation. Although irradiation by heavy ions does not induce radioactivity in the material and simplifies handling 
and testing as compared with neutron-irradiated materials, the penetration distance of the heavy ions is small (on the 
order of 1 jim) and the volume of affected material is correspondingly small. However, analytical techniques which 
sample small volumes of material, such as analytical electron microscopy (AEM), 1- 2 or electrochemical techniques 
which dete ,1 changes in surface properties are well suited for use with heavy-ion-irradiated material. Examination by 
AEM allows characterization of the radiation-produced microstructure and microchemistry while electrochemical 
methods yield information about the effect of these microstructural changes on the corrosion properties of the material. 
Correlation between the microstructural and electrochemical results gives insight into radiation-assisted corrosion 
phenomena, such as irradiation-assisted stress corrosion cracking (IASCC). In this research, we investigated the 
changes in electrochemical properties, as measured by the electrochemical potentiokinetic reactivation (EPR) 
method,3 of an austenitic stainless steel irradiated by heavy ions at 515°C to doses of 1,10, and 30 dpa. Surface 
morphology after testing was examined using scanning electron microscopy (SEM). The radiation-produced 
microstructures and grain boundary microchemistry of duplicate specimens were exanvned by AEM. 

Experimental 
Specimen Material. Irradiation, and Preparation Conditions - The material investigated was an experimental austenitic 
stainless steel alloy, similar to type 316 stainless steel, designated LS1A (Fe-l6.4Cr-l3.7Ni-l.0S.-2.0Mn-l.7Mo-
0.15TÍ-0.08C, wt %). Complete details of the specimen preparation and heavy ion irradiation were reported 
elsewhere.2 A detailed diagram of the specimen radiation damage region and the electrochemically tested areas is 
shown in Fig. 1. Disk specimens of 3 mm diam suitable for both electrochemical testing4 and evaluation by AEM were 
punched from 0.25-mm-thick sheet stock and solution annealed at 1150 JC for 1 h before irradiation. The specimens 
were mounted on a thermal-control block during irradiation and the temperature of the specimens was measured 
using an infrared pyrometer. The center 2.5-mm-diam region of the disks was subjected »J a normally incident beam 
of 4 MeV N i + + ions with a beam current of -0.6 amps/cm2, which produced a peak damage profile at ar. proximately 
0.7 urn below the original surface at a dose rate of approximately 1.2 x 10 4 dpa/s. The nickel ions came to rest 

http://Fe-l6.4Cr-l3.7Ni-l.0S.-2.0Mn-l.7Mo-
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approximately 1 urn below the incident surface and the bombarding ions produced a peak nickel enrichment of 
approximately 0.1% nickel by weight per dpa. Control specimens of the solution-annealed material were thermally 
aged at 515X for 9 h in vacuum to simulate the thermal history of the most heavily irradiated specimens. 

Prior to EPR testing, the surface of the specimens was sectioned to 0.5 urn below the original surface by 
electropolishing near -10°C in a 10:6:1 methanol:betyl cellusolve:perchloric acid solution. In this way, the peak 
damage region is exposed during electrochemical testing while any changes in alloy composition due to ion 
implantation should be minimized. The specimens were then rinsed in alcohol and stored in acetone until just prior to 
testing. In preparation for electrochemical testing, the specimen surface was masked with silicon rubber and vinyl 
tape such that only the central 2-mm-diam (0.0314 cm 2) region of the heavy ion irradiated surface was exposed to the 
electrochemical testing solution. 
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Single-Loop EPR - The details of the EPR method and experimental apparatus has been described in detail 
elsewhere.3-4 The conditions for the single-loop EPR tests are summarized in Table 1 In the case of radiation-
induced segregation, chromium is depleted at grain boundaries and other microstructural defects without precipitation 
of a chromium-rich phase via the reverse-Kirkendall effect5 and has been detected by electrochemical methods for 
neutron irradiated material.6 By comparing the dissolution charge (integral of the dissolution current) and film 
breakdown potential (Flade potentials) of control and heavy-ion-irradiated materials, the degree of sensitization 
attributable to the heavy ion irradiation damage can be quantified. More positive Flade potentials and higher 
dissolution charges are indications of less stable passive films and increased susceptibility to localized corrosion. The 
Flade potential. EF, was defined as the first inflection point of the potential versus current curve during the controlled 
cathodic potential scan. Since the potential scan rate is constant and applied potential is proportional to time, the total 

reactivation charge. Q R 0 * , was calculated by integrating the potential versus current curve from (initial passivating) 

+200 mV vs saturated Calomel electrode (SCE) to free-corrosion potential. 
EPR testing using either a Joel JSM-35CF or Hitachi 8000. 

SEM examination was performed after 

Analytical Electron Microscopy - Duplicate specimens were sectioned to the peak damage region by electropolishing 
near -10°C in a 10:6:1 methanol:betyl cellusolve.perchloric acid solution. Analytical electron microscopy was 
performed in a Philips EM400T/FEG microscope. Analyses were performed in the scanning TEM mode with a probe 
-2 nm in diameter. Details for high spatial resolution X-ray microanalyses at boundaries and defects have been given 
elsewhere.7 

Table 1. Summary parameters for single-loop electrochemical 
potentiokinetic reactivation tests. 

Test Parameter Condition 
Potentiostat 
Test Solution 
Solution Temperature 
Surface Preparation 
Surface Conditioning 
Pre-test Delay 
Initial Passivation Conditions 
Reactivation Scan Rate 

Princeton Applied Research model 273/342 
0.5 M H 2 S 0 4 +0.01 M KSCN 

30 ± 1 °C 
Electropolishing 

-600 mV vs. SCE for 120 s 
-600 s to stabilize E C O rr 

+200 mVvs SCE for 120 s 
6V/h 

Final Potential Ecorr - 50 mV vs.Saturated Calomel Electrode (SCE) 

Besults 

Electrochemical - The EPR results for the heavy ion irradiated and thermal control specimens are shown in Fig. 2 and 
Table 2. The thermal control specimen (515°C for 9 h) behaved similar to a solution-annealed specimen and did not 
exhibit a reactivation peak or Flade potential, indicating that no electrochemically detectable thermal sensitization 
(precipitation) had occurred even during the longest heavy ion irradiation (30 dpa). Irradiation by heavy ions at 
515°C to 1 dpa was sufficient to cause the occurrence of a Flade potential and corresponding reactivation peak. 
Irradiation to 10 dpa increased the reactivation charge by more than 2 orders of magnitude. Similar reactivation 
charges (EPR curves) were obtained for the 10- and 30-dpa specimens. In general, the Flade potential increased with 
increasing dose while the reactivation charge did not increase beyond 10 dpa. 

Post-EPR Surface Morphology - Scanning electron micrographs of the post-EPR test heavy ion irradiated surfaces are 
shown in Fig. 3. [Note magnification difference between (a) and (b) and (c)]. The thermal control specimen was not 
etched or pitted during the EPR test and is not shown. Light, grain face pitting (etching) of the 1-dpa specimen was 
found and accounted for the existence of a Flade potential and reactivation peak (charge). No grain boundary etching 
was observed for the 1-dpa specimen. The 10- and 30-dpa specimens were similar in appearance to each other and 
showed etching of both grain boundaries and grain faces after EPR testing. The 30-dpa specimen was more heavily 
etched at grain boundaries (-0.5 to 1 urn width), as compared to the 10-dpa specimen (~0.1 to 0.3 urn width) and the 
etching of the grain face coarsened with increasing dose. 
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Fig. 2. Single-loop EPR results for heavy-ion-irradiated and 
thermal control specimens of LSIA, 515°C. 

Table 2. Summary of Flade potentials and reactivation charges for 
thermally-aged and heavy ion irradiated at 515°C. 

Temperature 
T(°C) 

Time at T 
(h) 

515 
515 
515 
515 

9.0 
0.3 
2.8 
6.9 

890516 

Dose 
(dpa) 

Flade 
Potential, EF 
(mV vs SCE) 

Reactivation 
Charge, qp. 

(C/Cm2) 

0 
1 

10 
30 

N/A 
-114 
+52 
+70 

TO 11091 

N/A 
0.006 
1.165 
1.166 

TO 11094 

(<•) (b) 
Fig. 3. SEM micrographs of post-EPR test LSIA 

(b) 515"C; 10 dpa. (c) 515*0; 30 dpa. 
515°C heavy-1on-Irradiated surfaces, (a) 515°C; 1 dpa. 
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Microstructural (AEM) Results - After a dose of 1 dpa at 515CC, only a high-density (-5 x 1 0 2 0 m-3) of small defects 
(-10 nm diam) were observed [Fig. 4(a)]. Their contrast behavior was consistent with that for faulted dislocations. No 
grain boundary precipitation was observed, nor was any grain boundary segregation detected. With the 10-dpa 
material, both faulted dislocation loops (-60 nm diam) and similarly sized precipitates were observed [Fig. 4(b)]. The 
precipitates were enriched in silicon and nickel and had large interplanar spacings consistent with G and eta phase 
suicides. Both G and eta phase were identified at the grain boundaries from X-ray microanalysis and electron 
diffraction. The two phases were distinguished via the chromium level in the precipitate relative to the matrix (G phase 
contains -5 wt % Cr. whereas eta phase contains -30 wt % Cr). 8 Figure 5(a) shows a grain boundary with a G phase 
precipitate. X-ray microanalysis indicated RIS at the boundary [Fig. 5(b)]. Chromium was depleted from a region 
-10 nm wide near the boundary with a minimum value of 10 wt % Cr. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched near the boundary. 

In the material irradiated to 30 dpa. precipitates cf G and eta phase dominated the matrix with dislocation segments 
and some faulted loops [Fig. 4(c)]. No voids or cavities were observed in either material or after irradiation to 70 dpa at 
515°C. G and eta phases were also observed at grain boundaries. X-ray microanalysis was performed on a similar 
alloy with lower silicon which was irradiated to 30 dpa at the same time. Figure 6 shows the grain boundary 
composition profiles typical for that specimen. Similar to the 10-dpa specimen, the chromium was depleted in an 
-10-nm-wkJe region at the boundary with a minimum value of 11 wt % Cr. Whereas iron was locally depleted at the 
grain boundary, a region approximately 4 to 20 nm on either side of the boundary was enriched in iron with respect to 
the surrounding matrix. A similar but less pronounced enrichment was observed for chromium. Molybdenum was 
also depleted at the grain boundary, whereas enrichment of silicon (-2 wt %) and nickel (-25 wt %) occurred in a 
narrow band at the grain boundary. Just outside of that region a depletion of silicon and nickel relative to the matrix 
was observed. 

YE-14439 YE-1444n 

u\ 
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Fig. 5. Microstructural and compositional analysis of heavy-ion-irradiated LS1A. (a) (¡rain boundary 
in LS1A irradiated to 10 dpa at 515°C exhibiting a 6 phase precipitate, hole on boundary is probable site 
of second precipitate which has fallen out. Line indicates region of X-ray microanalysis, (b) Iron, 
chromium, and nickel profiles at grain boundary in (a) . 

ORNL-DWG 17961-90 

75-
^ ^ f ^ F» 

tc ^\y^r ™ 
1 - 60- » 
< 
z o 45-

t-
v> 
O 30-
a. Cr 
2 
O T f , ,,, g, ^ ' „ Ti , -T 

o 15-

Ni 

- 20 -12 - 4 4 12 20 

DISTANCE (nm) 

Fig. 6. Iron, chromium, and nickel profiles at grain 
boundary in stainless steel similar to LSIA irradiated to 
30 dpa at 515°C under same conditions as in Fig. 4(c). 
Dotted lines indicate matrix composition away from 
boundaries. 

Discussion 

Susceptibility of austenitic stainless steels to intergranular stress corrosion cracking (IGSCC) has been termed 
sensitization and is attributed to the depletion of chromium at grain boundaries when (vfaCe precipitates in the 
boundaries. The EPR test method was developed to quantify the susceptibility of austenitic stainless steels to IGSCC 
in aqueous environments due to thermal sensitization in the heat-arfected zones of welds. Chromium depletion via 
radiatiun-induced segregation has also been proposed as a possible mechanism for IGSCC observed in light-water 
reactors and the phenomena has been called IASCC.9 Recently, we have successfully applied EPR to the detection 
of chromium depletion in an austenitic stainless steel via R IS . 6 1 0 In thermally sensitized material, only grain 
boundaries are etched during EPR testing; grain faces of thermally sensitized material are unaffected. However, grain 
face etching and pitting was observed in this study on !. vy-ion-irradiated material similar to that previously observed 
on EPR-tested neutron-irradiated austenitic stainless steels. 7 8 It is possible that chemical changes in the nitrogen-
deaerated EPR test solution via y-r^diolysis could have caused the etching of grain faces for neutron-irradiated 
material. However, since grain face etching has been observed for both heavy-ion- and neutron-irradiated austenitic 
stainless steels, it does not appear to be the result of chemical changes in the EPR test solution due to y-radiolysis. As 
a corollary, grain face etching during EPR testing in the present work does not appear to be attributable to changes in 
alloy chemistry due to implantation of a major alloy element (nickel). 
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The results of post-EPR SEM examination of the specimens correlated with the AEM results. No grain boundary 
etching was observed after i dpa dose and. correspondingly, no segregation (chromium depletion) was observed at 
grain boundaries. On the other hand, for both 10- and 30 dpa specimens, very dear grain boundary and chromium 
depletion via RIS was detected with AEM. It is apparent from these results that EPR is able to resolve very thin 
chromium depleted zones (-10 nm); howevei. the width of the resulting post-EPR grain boundary etching could not be 
directly related to the measured RIS chromium depletion width. Once the passive film in the chromium-depleted 
region at the boundary breaks down, dissolution occurs not only in the chromium-depleted region but also beneath 
the surface and then over a wider region during the active portion of the EPR test. 

It should be noted that, as a result of the narrow width of the RIS profiles relative to the excited volume for X-ray 
microanalysis, the AEM measured profiles differ from the actual profiles. The measured profiles represent a 
convolution of the actual profiles with a "broadening* function related to the size of the excited volume. As a result, the 
measured chromium profile underestimates the actual chromium depletion at the grain boundaries. Therefore, actual 
chromium levels at the grain boundaries are well below the 12 wt % chromium required to maintain the stainless 
character of the alloy. Further, sensitization via RIS. as measured by EPR, is exacerbated by the simultaneous 
depletion of molybdenum, which also helps form a passive film, from the grain boundary region. 

We previously reported7-8 that the presence of grain face etching tends to obscure the quantitative interpretation of 
EPR results relative to determining the susceptibility of the irradiated material to IGSCC or IASCC because current 
flows from both the grain boundaries and the grain faces. However, the results of EPR on neutron-irradiated surfaces 
can be correlated to RIS at microstructural boundaries (e.g.. grain boundaries, dislocations, and voids).8 We feel that 
the grain face etching of both heavy-ion- and neutron-irradiated materials was the result of RIS (chromium depletion) 
at dislocations and/or precipitates in the irradiated material.1-8 The extent or coarseness of the grain face etching 
paralleled the increased size of the microstructuial defects and may be an indication of RIS at these defects.1-8 

Irradiation by heavy ions did not significantly increase the measured reactivation charge beyond 10 dpa. This is in 
agreement with Bruemmer et a l . 1 1 who reported that chromium depletion profiles at grain boundaries in similar 
austenitic stainless steels heavy ion irradiated at 500°C were fully developed by 5 dpa. and chromium-depletion 
widths on either side of a grain boundary were 10 nm. Because the distance between defects is much smaller than 
grain diameters. RIS profiles at other defect sinks in the bulk material were also probably fully developed by 5 dpa 
near 500°C. 

Grain boundary etching was deeper for 30-dpa specimens as compared to the 10-dpa specimens although the 
reactivation charges were nearly equal. The total reactivation charge is the sum of the contributions due to the grain 
Doundanes and that of the grain faces. 

-Total ,-GB fJ3F n . ... 
G-R = Q R + Q R =<fe Aj.^3, , (D 

nTotai 
Q " n GB AG8 & AGF 

= q R . q R + q R (2) 
A Total ATotal ATotal 

where q R . q ° B . and q R

F are the reactivation charges per unit tested specimen area, grain boundary area, and grain 

face area, respectively; and A T o l a ( . A Q B . and A G F are the associated areas. Since the total grain boundary area is 

A G B A Gf small compared to the grain face, - « . the measured q R should be relatively insensitive to changes in 
ATotai ATotai 

GB 
q R . corresponding to deeper gram boundary etching 
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Although it was not evident from the measured reactivation charges, electrochemical changes continued to occur 
beyond 10 dpa. Flade potentials increased with total dose to 3*1 ctea. with a significantly larger change occurnng 
between 1 and 10 dpa. as compared with that between 10 and i 0 dpa. The Flade potential is a measure of the 
inherent stability of the passive film on the stainless steel (i.e.. higher Flade potentials imply less stable or thinner 
passive films) This increased instability may be due to compositions! vsiations (e.g.. chromium depletion) in the film 
or locally higher diffusvtties of cation vacancies in the film and/or the mete s, ¡strate due to dislocations as suggested 
by Chao et a l . 1 2 and later Urquidi-MacdonakJ and Macdonald 1 3 However, dislocations produced by cold working do 
net significantly affect the results of EPR and do not per se produce gram face etching for austemtic stainless steels of 
similar composition.8 Therefore, the gram face etching observed appears to be due to RIS of chromium at 
dislocations. The higher Flade potential of the 30-dpa specimen may also account for the deeper etching at the gram 
boundanes because the passive film tends to first break down at gram boundanes and thece regions of the specimen 
would be m the active region for a longer time at a fixed scan rate 

The results of our research with heavy-ion-irradiated materials are very similar to those which we have obtained with 
neutron-irradiated matenais 8 It appears that heavy ion irradiation is a useful method for simulating and investigating 
the effects of radiation-produced microstaicture on the electrochemical and subsequent corrosion properties of 
matenais 

CONCLUSIONS 

The following conclusions can be drawn from these results: 

1. Gram face etching in both heavy-ion- and neutron-irrad.ated matenais was the result of radiation damage to the 
material. Gram face etching is due to chromium depletion via RIS at dislocations and not due to enhanced vacancy 
diffusion through the passive Mm The coarseness of gram face etching increased with increasing defect size and 
density. 

2 The Flade or passive film breakdown potential of LS1A increased with increasing radiation dose to 30 dpa. 
indicating decreased passive film stability or thickness with increasing radiation dose. A large change occurred 
between i and 10 dpa with a smaller, but detectable, change occurnng between 10 and 30 dpa. 

3. Reactivation charge did not increase significantly beyond lOdpe. although deeper grain boundary etching was 
observed m the 30-dpa specimen. Reactivation charge was relatively insensitive to depth of gram boundary attack 
dunng EPR testing for irradiated materials because the total reactivation charge is dominated by the gram face 
reactivation charge, Q R 

4. AEM showed that chromium was depleted from a region -10 nm wide near gram boundanes and reached a 
minimum value of 10 wt % Cr for both the 10- and 30-dpa specimens. Molybdenum was also depleted near the 
boundary, whereas nickel, silicon, and iron were enriched near the boundary. Chromium depletion at gram 
boundaries was not measurable in the 515'C, 1-dpa material. The width of the resulting post-EPR gram boundary 
etching is not directly related to the RIS chromium depletion width. 

5. It appears that heavy ion irradiation is a useful method for simulating and investigating the effects of 
radiation-produced microstructure on the electrochemical and subsequent corrosion properties of materials. 
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ENVIRONMENTAL EFFECTS ON AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS 
FOR ITER STRUCTURAL APPLICATIONS - A. B. Hull, M. R. Fox, J. W. Pascoe. and T. F. Kassner (Argonne 
National Laboratory) 

OBJECnVE 

The corrosion resistance of the structural material to be used in an aqueous environment characteristic of 
candidate first wall/ blanket systems in the International Thermonuclear Experimental Reactor (ITER) has not 
been quantified. .Information obtained on the stress corrosion cracking (SCC) susceptibility of several candidate 
stainless steels under ITER-relevant conditions will help to identify an optimal combination of structural mate
rials, coolant chemistry, and operational conditions for the ongoing ITER design work. The objective of this task 
is to provide baseline information on the SCC susceptibility of these candidate stainless steels in high-purity 
oxygenated water that simulates many important parameters anticipated in ITER first wall/ blanket systems. 

SUMMARY 

Susceptibility of Types 316NG. 316, and 304 stainless steel to SCC was iiv^«tigated at several temperatures 
between 50 and 150°C in slow-strain-rate-tests (SSRTs) in oxygenated water that simulates important parameters 
anticipated in first-wall/blanket systems. The water chemistry was based on a computer code that yielded the 
nominal concentrations of molecular radiolytic species produced in an aqueous environment under conditions 
likely to be found in the ITER To be conservative, however, the SSRTs were performed in a less benign, more 
oxidizing reference environment. 

Predominantly ductile fracture was observed in crevice specimens of Type 316 stainless steel (SS) strained to 
failure in a reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat-treated 
to yield sensitization values of 2,3, or 20 C/cm2 by electrochemical potentiokinetic reactivation (EPR) demon
strated that degree of sensitization had a dramatic effect on intergranular SCC (IGSCC) susceptibility. Type 304 
SS specimens sensitized to the highest value exhibited shorter failure times, lower maximum stresses, and lower 
reduction in area values than did less-sensitized Type 304 SS or Type 316NG SS specimens. Scanning electron 
microscopy showed minimal evidence of SCC in the Type 316NG and solution-annealed Type 316 SS but dear 
evidence of IGSCC in moderately sensitized (EPR = 20 C/cm2) Type 304 SS specimens in these environments. 

Ranking for resistance to SCC in simulated ITER water by electron microscopy and SSRT parameters (e.g., 
total elongation, ultimate strength, and reduction in area) is: 304 SS (EPR = 20 < 2 C/cm2) < 316NG SS. 

PROGRESS AND STATUS 

Introduction and Background 

The ceramic breeder with a beryllium multiplier has been selected as the first option for the ITER driver 
blanket, with the Pb-Li breeder as an alternative. The first wall and shield are integrated with the blanket, and 
all concepts utilize water cooling; austenitic stainless steel is used for the structure. Research and development 
needs1 for ITER with respect to aqueous corrosion include establishing a reliable data base on the following 
parameters: 

• Reference materials (Types 316, 316L. and 316NG SS; solution-annealed/cold-worked). 

• Water chemistry (high-purity water with stable radiolysis/electrolysis products, e.g., dissolved Oj, H2O2, 
H 2 (at ppm levels) and flow rate < 5 m/s. 

• Temperature (nominally 60-150°C) with periodic increases to 250°C (conditioning) or 350°C (bakeout). 

* Stress conditions to simulate high thermal stresses (exceeding yield), static and cyclic operation (ITER 
-10 4 cycles), and tensile residual stresses. 

* Coolant channel geometry/material microstructure, including weldments (both diffusion and fusion 
welds) and crevice/notch sensitivity. 

* Radiation type (gamma, electron, neutron), dose (fast neutron fluence to 5 x 10 2 2 nvtj, and effects (up to 
2500 appm hydrogen generation;. 
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Earlier work2-3 focused on developing criteria to define the simulated ITER water chemistry and establish 
the experimental protocol. Interim results from a series of experiments to evaluate SCC susceptibility of Types 
316NG, 3 ;6, and 304 SS have been reported previously.4 No indication of SCC was observed in tests conducted at a 
strain rate of 3 x 10~7 s 1 in oxygenated water with sulfate additions (0.1-1.0 ppm) at temperatures of 95 and 150°C. 
The results described in the present report are from additional tests5 on these steels under more severe 
conditions, namely lower strain rates and with the addition of hydrogen peroxide to the oxygenated water. 

Experimental Procedure* 

Cylindrical tensile specimens with a 6.35-mm diam. and e 36.0-mm gage length were fabricated from Types 
316NG, 316, and 304 SS and then heat treated.4-5 The heat treatments given to Type 316NG SS did not produce 
sensitization.6 For comparison with tests on Type 316NG SS (Tables 1 and 2), analogous SSRTs were performed 
on crevice specimens of sensitized Type 304 SS, which are expected to exhibit greater sensitivity to SCC in 
oxygenated water. Tables 3 and 4 give details of the degree of sensitization produced in Type 304 SS, as deter
mined by electrochemical-potenookinetic-reactivation (EPR).7 Crevice specimens (Fig. 1) were created by drilung 
two small-diameter (-0.8-0.9 mm) through holes in the gage section of the specimen and placing a corresponding 
austenitic stainless steel pin in the top hole to form a tight crevice; the bottom hole was left open.5 Reference 
SSRTs were performed in air with an Instron Model 1125 tensile testing machine at strain rates of >10-5 s*1; 
additional air tests and SSRTs at lower strain rates were conducted in small-diameter autoclaves with a once-
through water system. Water chemistry was established by bubbling a 20% 02-80% N 2 gas mixture though 
deoxygenated/deionized feedwater (conductivity <0.2 uS/cm) contained in a 130-L stainless steel tank. Hydrogen 
peroxide and/or sulfuric acid (0.1 or 1.0 ppm) was added to the feedwater before sparging with the gas mixture to 
ensure adequate mixing. An external silver/silver chloride (0.1M KC1) reference electrode, a thermocouple, and 
platinum and Type 304 SS electrodes were located at the autoclave outlet to establish the redox and open-circuit 
potential, respectively. The electrochemical potentials (ECPs) measured during the experiments were converted 
to the standard hydrogen electrode (SHE) scale by using the thermocell and liquid junction potentials.8 

Tests were either carried to failure or interrupted at <20% strain. Tests to failure were characterized by 
time-to-failure, total strain, maximum stress, and fracture surface appearance. Interrupted tests were 
employed to reduce loading severity and help avoid artifacts associated with very high plastic strains. The load 
applied to each specimen was recorded continuously as a function of time, 8nd an engineering-stress-vs-strain 
curve was produced for each specimen. Total elongation and reduction in area were determined by measuring 
the fractured specimen. In all cases, the fracture surfaces of the specimens strained to failure were examined by 
both optical and scanning electron microscopy (SEM) to determine the fractions of the reduced cross-sectional 

Table I. Influence of Temperature and Water Chemistry on SCC Susceptibility of Type 316NC SS Crevice Specimens 

Haat Ttmp. 
Scram 
Rata 

Faad «ratal Chamiatrv* 
SSRT Paramatart 

Potai 
Haat Ttmp. 

Scram 
Rata 

Faad «ratal Chamiatrv* Yiald 
Serva» 

Pail. 
Tima 

Max. 
Strata 

Toul 

Hong. 

Rafcxt 
in Area Fractura 

Potai ntiala 
Teat Haat Ttmp. 

Scram 
Rata H2O2 °2 Cond. pHat 

Yiald 
Serva» 

Pail. 
Tima 

Max. 
Strata 

Toul 

Hong. 

Rafcxt 
in Area Fractura 304 SS Pi 

No. No. CC) (a-1) (ppm) (ppm) (pS/cm) 2S'C (MPa) (h) (MPa) (*) (*) Morphology mV(SHE) mV(SHE) 

3 46796* 95 3»10'7 .. 7.2 097 5.68 267 195 457 21 60 0.9D.0.IT 346 449 
42 P91576 95 3xl0"7 7.0 7.1 081 5.76 140 281 469 30 54 10D 413 473 
6 wooiy 95 3xl0"7 7.2 86 4.72 164 250 436 27 60 0 9D.0.1T 428 559 

30 467958 105 2xl0"7 5 3 7.6 094 •173 191 358 463 26 61 10D 499 414 
29 P91576 105 2xl0"7 6.1 79 090 5.72 151 400 424 29 60 10D 489 392 

14 467956 150 IxlO 7 7.0 69 092 5.71 177 661 441 24 59 0 9D.0IT 418 380 
13 P91576 150 3xl0- 7 5.7 70 092 580 137 252 400 27 61 0 9 D, 0 1 T 431 410 

* Conductivity and pH wara adjuattd by addition of H^SO ,̂ pH valuator 4 7 and 5.7 coir»»pt>nd to 1.0 and 0.1 ppm of acid 
b Dúctil» (D) and tranagranular (T) in tarmt of fraction of rrf/«»-tactional araa Characun lalion of fractura turfac» morphologi»» it in acenrdanct with 
illuatrationt and dafimaona in Raft. 9 and 10 

' Haat No. 590019 it Typa 316 SS, not Typt 316NO SS, and waa hydrogtn charged bafor* «raining. * 
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Table 2. Failure Behavior of Type 316NG SS Crevice Specimens in Air 

Heat 
No. 

Temp. 
(°C) 

Strain 
Rate 
(8-1) 

SSRT Parameters 

Test 
No. 

Heat 
No. 

Temp. 
(°C) 

Strain 
Rate 
(8-1) 

Yield 
Stress 
(MPa) 

Failure 
Time 
(h) 

Max. 
Stress 
(MPa) 

Total 
Elong. 

(%) 

Reduction 
in Area 

(%) 
Metallographic 

Characterization 

7 467968 92 1x10-* 272 5.8 478 21 39 0.9 D, 0.1 T 
41b P91576 95 3 x l 0 - 7 158 — — n 18 — 

46 P91576 106 2x10-7 ISO 401 424 29 57 0.9D.0.1T 
2D 467968 ISO lxlO" 5 204 7.0 436 25 63 0.9D.0.1T 
19 F91576 ISO 1x10-5 158 12 400 26 62 0-9D.0.1T 

aDuctile (D) and transgranular (T) in terms of fraction of cross-sectional fracture surface area. Characterization 
of fracture surface morphologies is in accordance with illustrations and definitions in Refs. 9 and 10. 

bInterrupted test 

Table 3 . Influence oí Temperature. Water Chemistiy. and Degree of ScnsUbation o n SCC SuscepUbtUty of Type 304 Crevice Specimens* 

EPR Tamp. 
9tran 
Raw 

Feed water Chemistry1' 
SSRT Parameters 

Potan 

EPR Tamp. 
9tran 
Raw 

Feed water Chemistry1' YWW 
Straw 

Fait 
Tim» Stnes 

Total 
Bonf. 

Rafcrt 
in Ana Matall* 

Potan ibala 

Ttat EPR Tamp. 
9tran 
Raw H2<>2 02 Cond. pHat 

YWW 
Straw 

Fait 
Tim» Stnes 

Total 
Bonf. 

Rafcrt 
in Ana Matall* 304 SS Pt 

No. (C/cm2) <*C) (.») (ppmj (ppm) (|iS/cm) 25*C (MPa) 0») (MPa) (*) (*) Charact mV(SHE) mV(SHE) 

21 2 ISO 3*10-7 6.0 73 0.95 6.63 159 249 426 27 61 0.96 D. 0.05 T 437 418 
24 2 ISO 3ml0-7 6.0 7.6 0.94 5.79 170 173 368 19 42 OS I 0.1 T 424 418 

2 3 96 3xl0- 7 - 1A 95 4.75 151 280 424 29 58 0.9 D, 0.1 T 394 549 

27 20 52 3»10-7 7.0 7.3 1.03 5.71 213 259 495 28 42 1.01 580 445 

23 20 96 3xl0- 7 sa 7.8 0.83 5.78 185 247 469 ri 49 1.01 415 331 

31 20 106 2xl0- 7 12 US 0.92 5.73 210 334 463 24 41 1.01 493 406 
3 * 20 106 2xl0- 7 6.7 7.0 0.93 6.10 205 - -- 21 13 NA 526 505 

22 20 150 3xl0' 7 1.0 6.7 0.99 5.73 157 124 323 13 37 1.01 426 417 
28* 20 150 3»10'7 6 7 09 5.7 178 - -- 8 6.6 IC •• •-

* Specimens of Typa 304 38 (Haat No. 30956) war* sens*t>tad to EPR valuaa of 2 to 20 Oem2 and want exornad to anvironmanta lor - 10 h before straining. 
* Conductivity and pH war» adjuatad by addition of HjSO^; pH values of <.7 and 6.7 tumsuwid to 1.0 and 0.1 pon of acid. 
' Dúctil» (D), tnenegranular (T), and intergranular (I) in terms of fraction of croe» eortional area. Characteriiatitffl of fractura surface morphologies ia in 

accordance with illustrations and dafinitiona in Raff. 9 and 10. In interrupted teats 32 and 28, incipient cracks (IO in hole or cntvice regions ware observed, 
<w eharacteritation results war* not available (NA). 

* Interrupted teats; a micrometer was used to measure the gaga section before and after straining. 

area with ductile, transgranular, and intergranular morphologies.9'10 The crevice and hole regions of the 
specimens subjected to interrupted tests were sectioned parallel to the line of tension by electrical discharge 
machining. The sections were then examined by SEM to ascertain the existence of incipient cracking. The 
chemical compositions of materials used for this study and the experimental methods have been fully described 
in previous papers.5-6'1 1-1 2 

Results and Analysis 

Cracking susceptibility can be assessed from SSRTs by using various parameters. Total elongation, reduc
tion in area, and maximum stress are often used, as are fracture surface morphology and maximum crack 
length present (either on the fracture surface or on the sectioned surface after test interruption). Because of the 
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Table 4. Failure Behavior of Type 304 SS Crevice Specimens in Air 

SSRT Parameters 

Test 
No. 

EPR« 
(C/cm*) 

Temp. 
(°C) 

Strain 
Rate 
(s-i) 

Yield 
Stress 
(MPa) 

Total 
Elong. 

(%) 

Reduction 
in Area 

(*) 
Metallographic 

Characterization 

43 2 ISO 3 x l 0 - 7 166 16 7.5»» NA 

38 20 95 3x10-7 181 18 21b NA 

44* 20 106 3x10-7 192 32 41 0.6 D, 0.41 

39 20 150 3x10-7 174 17 18b NA 

•Type 304 SS (Ht 30956) sensitized to EPR values of 2 and 20 C/cm2. 
blnterrupted test; gauge section measured by micrometer after straining. 
'Incipient cracks (IC) in hole (ICh) or crevice (ICe) region of interrrupted-test specimens; NA 

refers to characteriztion results not yet available. Ductile (D) and intergranular (I) in terms of 
fraction of fracture surface area (Reft. 9,10). 

¿Run to failure; thus. No. 44 was aiso characterized by failure time 297 b) and ultimate strength 
(464 MPa). 

Fig. 1. SSRT crevice specimen and typical sectioning to reveal shallow cracks in 
hole region after specimen failed at crevice region. SEM photographs show that 
Types 316NG and lightly sensitized 304 SS exhibit predominantly ductile fracture. 
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high SCC resistance of Type 316NG SS relative to that of sensitized Type 304 SS, it is difficult to quantify the SCC 
behavior of Type 316NG SS in terms of crack growth rate1 1 from SSRT results. An alternative, employed here, is 
evaluation of SCC susceptibility in terms of the load-carrying ability of geometrically identical specimens in air 
and in water. 

Ultimate strength, total elongation, and reduction in area are shown graphically in Tables 2-4. For Type 
316NG SS, there is relatively little variation in SSRT parameters from air to water. Variation in the strength of 
two heats of Type 316NG SS is most apparent from the ultimate strength of the crevice specimens in both air and 
water, i.e., it is apparent that Heat 467958 is stronger than Heat P91576. This can perhaps be attributed to the 
higher Si concentration in the former heat.5 

The maximum stress of Type 316 SS is less than that of either of the two Type 316NG SS heats, which again 
may be attributpble to the bulk composition of the steels (Table 1). Type 316 SS has 0.05% C and 0.01% N, whereas 
Type 316NG SS has 0.02% C and 0.10% N.5 

The ultimate strength of Type 316NG SS is consistently higher than that of sensitized Type 304 SS at corre
sponding temperatures (Fig. 2). With the moderately sensitized Type 304 SS, there are significant differences 
between tests in air and the water environment in which intergranular cracking was observed on the fracture 
surfaces (Tables 3 and 4). Degree of sensitization had a large effect on total elongation of the more highly sensi
tized material at 95 and 150°C (Fig. 3b); for example, total elongation was only about 13% at 150°C. 

As determined by reduction in area (Fig. 4), T;-pe 304 SS with a moderate degree of sensitization exhibited 
greater SCC susceptibility than either the Type 316NG or the lightly sensitized Type 304 SS. Totally intergranular 
failure occurred even at 52°C (Table 3). This work substantiates earlier results13»14 indicating that to prevent SCC 
in near-term fusion reactors operating at temperatures of < 100°C, it is imperative to control sensitization in the 
steel. Temperature does not have a large effect on SCC of the lightly sensitized specimens. Although heat treated 
identically, SSRT specimens 21 and 24 exhibit remarkably different SCC susceptibility, particularly as judged by 
fracture morphology (Table 3). The degree of sensitization produced by heat treatment at low temperatures can be 
strongly dependent on intergranular carbide spacing; thus, wide variation can occur in the amount of chromium 
depletion from boundary to boundary,15 perhaps resulting in effectively variable sensitization. This phenonemon 
may contribute to some of the variability exhibited in these lightly sensitized (EPR = 2 C/cm2) specimens. 

The difference in morphology exhibited by a moderately sensitized Type 304 SS after failure in air and in 
water is shown in Fig. 5. Although some evidence of intergranular fracture surface is seen in the air-tested 
specimen (Fig. 5a and b), it is much more pronounced in the specimen tested in water (Fig. 5c and d). 

CONCLUSIONS 

Susceptibility of Types 316NG, 316, and 304 SS to SCC was investigated at several temperatures between 50 
and 150°C in SSRTs in oxygenated water that simulates important parameters anticipated in first-wall/blanket 
systems. The water chemistry was based on a computer code that yielded the nominal concentrations of molec
ular radiolytic species produced in an aqueous environment under ITER-type conditions. However, to be 
conservative, SSRTs were performed in a less benign, more oxidizing reference environment containing -7 ppm 
oxygen, 6 ppm hydrogen peroxide, and 0.1 ppm sulfuric acid. 

Predominantly ductile fracture was observed in crevice specimens of Type 316 SS strained to failure in a 
reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat treated to yield 
sensitization values of 2, 3, or 20 C/cm2 by electrochemical potentiokinetic reactivation demonstrated that the 
degree of sensitization had a dramatic effect on IGSCC susceptibility. Type 304 SS specimens sensitized to the 
higher value exhibited shorter failure times, lower maximum stresses, and lower reduction in area values than 
did less-sensitized Type 304 SS or Type 316NG SS specimens. 

Scanning electron microscopy showed minimal evidence of SCC in the Type 316NG and solution-annealed 
Type 316 SS, but clear evidence of IGSCC in moderately sensitized ÍKPR = 20 C/cm2) Type 304 SS specimens. 
Ranking for resistance to SCC in simulated ITKR water, as determined by electron microscopy and SSRT 
parameters (e.g., total elongation, ultimate strength and reduction in area), is: 304 SS (EPR = 20 <2 C/cm2) < 
316NGSS. 
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Fig. 5. SEMphotonricTographs of fracture surface of Type 304 SS(EPR = 
20 C/cm2) crevire specimens in (a,b) air at 105°C and (c,d) oxygenated water at 
i05°C. Strain rate = .*) x 10~7 9"1. 

FUI LRF, WORK 

Ex.periLaer.tt w?ll »o continued to investigate the SCC kuscep*ibi!ity of selected austenitic steels (such as 
Types 31ri, 316L, cad C16NG 3S) it; the solution annea'ed, solution-annealed and cold-worked, and solution-
anneaied and moderrtely sensitized ecpdilion* of interest to ITER appiic&tioiw. The existing data base will be 
extend«K! to «"300'C SÍÍKTÍS «ill be performed Oil * Vtdment ¡-pecime.nii to («amine the appropriateness of different 
welding option . 
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SEGREGATION IN THERMALLY AGED TYPE 304L ALLOYS FOR THE ICG-IASCC ROUND ROBIN - E. A. Kenik (Oak Ridge 
National Laboratory) 

OBJECTIVE 

Comparative studies of segregation produced both by thermal aging and by irradiation are under way 
utilizing analytical electron microscopy for comparison with the propensity toward irradiation-assisted 
stress corrosion cracking in austenitic stainless steels-

SUNMARY 
Grain boundary segregation in thermally aged type 304 stainless steels has been investigated by X-ray 

microanalysis. In one commercial alloy sensitized at low temperature, narrow (<10 ran) zones depleted of 
chromium, silicon, and molybdenum have been observed along with enrichment of phosphorus and nickel. For 
high purity alloys doped with either sulfur or phosphorus, no significant segregation of eithoAimpurity 
was detected. In a second commercial alloy which exhibited no grain boundary precipitation, «legation 
of phosphorus, chromium, and molybdenum to boundaries was observed along with a corresponding depletion of 
iron. The occurrence of phosphorus segregation in the two commercial alloys and absence in the high 
purity, phosphorus-doped alloy seems to indicate some synergism of phosphorus segregation with either 
chromium or carbon segregation or with the precipitation of H23C6 at the grain boundaries. 

PROGRESS AND STATUS 

Introduction 
The International Cooperative Group on Irradiation-Assisted Stress Corrosion Cracking (ICG-IASCC) is 

concerned with the possibility of irradiation-enhanced sensitization and stress corrosion cracking In com
mercial nuclear power reactors. While IASCC is a current materials problem for fission reactors, it has 
ramifications for proposed water-cooled fusion instruments, such as the International Thermonuclear 
Experimental Reactor (ITER). One of the concerns is that radiation-Induced segregation (RIS) could result 
in sensitization and stress corrosion cracking of austenitic stainless steels. The relation of grain 
boundary chemistry and the propensity toward IASCC is being studied. The analytical techniques being 
applied to the measurement of near-grain boundary chemistry include analytical electron microscopy. Auger 
electron spectroscopy (AES), and atom probe field ion microscopy. Grain boundary chemistry of both ther
mally aged and irradiated materials will be studied. The current report Is based on the preliminary X-ray 
microanalysis study of several of the aged materials. 

Experimental Procedure 
Table 1 gives the compositions of the alloys studied. Most of the alloys were received in the as-aged 

condition (650°C, 50 h). The AJ9139 type 304L material received a complex heat treatment uimed at pro
ducing narrow chromium-depleted zones at the grain boundaries (62PC, 24 h; 850°C, 50 h; 400°C, 100 h ) . 
Analytical electron microscopy was performed on a Philips EM400T/FEG in the scanning transm'sslon electron 
microscopy mode with a probe diameter of <2 nm (ref. 1). Subtraction of "In-hole" spectra from the mea
sured EDS spectra corrected for 1) the normal "In-hole" counts associated with uncoilImated radiation from 
the microscope illumination system. A liquid nitrogen cooled specimen holder was employed for X-ray 

Table 1. Alloy Composition (wt X) 

Heat Cr Ni S1 Mn Mo S P N C Comments 

AJ9139 18.37 8.13 0.47 0.93 0.25 0.028 0.026 0.048 0.066 Commercial 
V946B 18.68 8.90 <0.01 1.06 <0.005 0.019 <0.005 0.0034 0.0015 UHP + S 

BPV603 19.06 9.02 0.02 1.15 <0.005 0.0055 0.05 0.0022 0.0015 UHP + P 
BPV604 19.14 9.02 0.46 1.16 <0.005 0.0043 <0.005 0.0022 0.0011 UHP • SI 
BPV606 18.25 8.61 <0.01 1.16 <0.005 0.0067 <0.005 0.110 0.0026 UHP • N 

K34043 17.23 10.7 0.40 1.61 2.06 0.015 0.022 0.072 0.016 Commercial 
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microanalysis in order to minimize contamination under the focussed spot. However, many of the alloys had 
Mc, martensite start, temperatures between 0 and -130°C and transformed during cooling. This was espe
cially true for the high purity alloys with their low carbon levels. The presence of the magnetic marten-
site made specimen tilting and correcting the astigmatism of the STEM probe difficult. In some cases the 
stresses generated by the transformation cracked the thin area of the specimen and fractured some of the 
grain boundaries. The quoted compositions are in weight percent as measured, and no attempt has been made 
to deconvolute the effect of excited volume size on the actual composition or profiles. 

Results 
The aged AJ9139 material exhibited heavy grain boundary precipitation of f^C^. Some boundaries con

tained a continuous or nearly continuous film of M2 3C 6, whereas others contained discontinuous, blocky N"23c6- Three boundary regions were analyzed with EDS and measurements in the matrix and on the boundaries 
are summarized in Table 2. Figure l(a,b) shows composition profiles for the major and minor alloying ele
ments at a portion of boundary G8#l ~40 nm from a large M 2aC 6 precipitate. Chromium was depleted over a 
region -9 nm wide (FWHN) to a minimum value of -12 wt X. The second set of values given for G6#l in Table 
2 were measured -100 nm from the same precipitate. Nickel was slightly enriched at the boundaries. Trace 
amounts (0.2 and 2.0 wt t) of molybdenum were detected in the alloy bulk and in the G8 precipitates. As 
far as the minor alloying elements are concerned, phosphorus was enriched and silicon was depleted at the 
boundaries with a FWHH of ~9 m. The phosphorus segregation to grain boundaries in other aged type 3041-
st eels has been reported previously.2 Though there was a local minimum for molybdenum at the boundary, 
there was a region 3 to 7 ran from the boundary that appeared enriched in molybdenum. No segregation of 
sulfur to boundaries was detected; however, the Mo L peak overlaps the S K peak and could mask a small 
amount of sulfur. The influence of this overlap could be reduced by calculating the intensity of Mo L X 
rays based on the observed Mo Ka X ray intensity and the Mo L/Mo Ka ratio observed for type 316 steel. 
After this correction, no statistically valid sulfur enrichment was detected at the boundaries. 

Table 2. Composition (wt X) 
Location Si P Cr Fe Ni Mo 

Matrix 0.51 0.0O6 17.84 72.62 8.73 0.24 
68 #1 

40 nm from M23C6 0.46 0.44 11.83 77.57 9.53 0.17 
100 nm from M23C6 0.57 0.35 12.35 76.81 9.61 0.31 

GB #2 0.50 0.30 12.19 77.26 9.74 0.00 

For the high purity alloys, only 
limited results on grain boundary composi
tions are available as a result of the 
martensitic transformation. In the sulfur 
and phosphorus doped alloys (V946B and 
BPV603, respectively), no statistically 
significant segregation of either element 
was detected. While a slight silicon 
enrichment (0.17 wt X) and a corresponding 
decrease in chromium level at the boundary 
were Indicated, these differences are near 
the standard deviation for repeated analy
ses. No useable grain boundaries have 

been observed in the silicon-doped alloy (BPV604); the nitrogen-doped alloy (BPV606) was not examined, as 
only X-ray microanalysis was available. 

In the second commercial alloy (K3403), significant grain boundary enrichment of phosphorus to -1.0 
wt X, of chromium to -22 wt X, and of molybdenum to -9 wt X were observed along with a corresponding 
decrease In iron to -59 wt X. Similar results Indicating cosegregatlon of phosphorus and chromium have 
been observed In other type 304 alloys.2 No sulfur segregation was detected, even after correction for 
the S K<i/Mo L overlap. Detection of sulfur by X-ray microanalysis was harder In this alloy as a result of 
the high molybdenum content (2 wt X). No grain boundary precipitation was observed in K3403. 

Discussion and Conclusions 
It 1s possible to produce narrow chromium-depleted zones similar to those produced by RIS by 

appropriate thermal treatment. However, the silicon and nickel enrichments typical of RIS are not dupli
cated. In addition, the aging treatment used for AJ9139 results In copious and nearly continuous precipi
tation of *<•>•£<h on grain boundaries. While analytical electron microscopy and atom probe field 1on 
microscopy would still be able to measure the depleted zone, AES analysis would have difficulty separating 
the effects of the precipitates and the depleted zones, unless the spacing of the M^Cb *** significantly 
coarser. 

In both commercial alloys, segregation of phosphorus to grain boundaries was observed. In contrast, 
no significant phosphorus segregation was observed 1n the high purity alloys. One possible explanation 1s 
a synergism between segregation of phosphorus and that of either chromium or carbon at the grain boundaries. 
A second possible origin is an Interaction between the formation and growth of M^,C, and phosphorus segre
gation. While the K3403 alloy annealed at 650°C exhibited no precipitates at the grain boundaries, 
enrichment of chromium and molybdenum was observed which would be a required precursor to the formation of 
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Fig. 1 . Composition profiles at a grain boundary 
for (a) major and (b) minor alloying elements in type 
304L alloy AJ9139 which was aged at 621°C, 24 h; 850°C, 
50 h; 400°C, 100 h to produce narrow zones depleted of 
chromium. X-ray microanalysis was performed between 
grain boundary M 2 3C 6 precipitates. 

A related observation has been made for 
another commercial type 304 alloy annealed at 
600°C for 15 h. Significant formation of 
grain boundary M^Cfi was observed. While the 
grain boundary regions and the M¿3C6 precip
itates exhibited no significant phosphorus 
enrichment, the matrix-precipitate interface 
exhibited -0.3 wt X P. more than a fourfold 
increase over tfie matrix, grain boundary, and 
precipitate levels. I t is not clear i f the 
phosphorus segregates to the matrix-
precipitate interface or i f i t is dragged in 
with the chromium or carbon. 

The absence of detectable sulfur segre
gation to boundaries as measured by X-ray 
microanalysis is somewhat surprising, espe
cially in the light of indications of sulfur 
segregation by AES analysis. 3 The overlap of 
S Ka and No L X rays complicates the detec
tion of sulfur in the comercial alloys which 
contain molybdenum. However, this problem 
has been partially remedied by using known No 
l/Mo Ka ratios to correct the apparent sulfur 
intensity. In addition, the high-purity 
alloy doped with sulfur did not exhibit any 
sulfur segregation. There are two possible 
reasons for the differing results between X-
ray and AES microanalysis. I f the sulfur is 
in the form of sulfides or sulfur-enriched 
precipitates at the grain boundaries, AES 
analysis would indicate sulfur segregation, 
whereas X-ray microanalysis which avoids pre
cipitates when analyzing boundaries would not 
Indicate any segregation. Secondly, i t Is 
not unusual for sulfur to diffuse to free 
surfaces during AES analysis and for repeated 
analyses of the same region to indicate an 
Increasing sulfur content with analysis time. 

FUTURE WORK 

Some additional X-ray microanalysis will 
be performed on the thermally aged materials, 
especially the high-purity alloys doped with 
either silicon or nitrogen. Radiation-
Induced segregation (RIS) will be studied in 
two neutron-Irradiated type 304 stainless 
steels for comparison with segregation 
observed in the thermally aged materials. 
These results will be combined with atom 
probe field ion microscopy and AES analysis 
for structure-property correlations on the 
irradiation-assisted stress corrosion 
cracking (IASCC) of the irradiated materials. 
From this correlation, the materials parame
ters critical 1n IASCC are to be Identified. 
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MEASUREMENT OF RADIATION-INDUCED SEGREGATION IN NEUTRON-IRRADIATED AUSTENITIC STAINLESS STEELS -
E. A. Kenik (Oak Ridge National Laboratory), K. Hojou (Japan Atomic Energy Research I n s t i t u t e , assigned to 
ORNL), and J . Bent ley (Oak Ridge National Laboratory) 

OBJECTIVE 

Radiation-induced segregation (RIS) to various pc;?t defect sinks has been measured in i r radiated 
USPCA and EP838 stainless steels by X-ray microanalysis. The application of para l le l electron energy loss 
spectroscopy (PEELS) to such measurements is demonstrated and compared to that of X-ny microanalysis. 

SUMMARY 

X-ray microanalysis of RIS to grain boundaries and large dislocation loops in neutron-irradiated 
USPCA has indicated enrichment of s i l i con and nickel and depletion of chromium and i r o n . However, there 
are numerous a r t i f a c t s which can lead to erroneous results and must be recognized and avoided. Some of 
these effects include surface f i l m s , preferent ia l etching, overlapping RIS prof i les from d i f fe rent 
defects, as well as the more obvious hole count and induced radioact iv i ty of neutron-irradiated mater ia l . 
For i r radiated EP838, s i l i c o n , n icke l , and iron are enriched at boundaries, whereas manganese replaces 
chromium as the strongly depleted element. Preliminary measurements of RIS pro f i l es at grain boundaries 
by para l le l electron energy loss spectroscopy (PEELS) are discussed. The re la t ive advantages and d i s 
advantages of EDS and PEELS for such measurements are considered. 

PROGRESS AND STATUS 

Introduction 

The ef fects of radiation-induced segregation (RIS) are manifold and include phase i n s t a b i l i t y in the 
matrix or at grain boundaries, the influence of phase i n s t a b i l i t y on subsequent swel l ing, and i r r a d i a t i o n -
assisted stress corrosion cracking. Energy dispersive X-ray microanalysis in an analyt ical electron 
microscope has been one of the primary techniques applied to such measurements. In a majority of the 
studies on i r radiated austenit ic stainless s tee ls , enrichment of s i l icon and nickel and depletion of chro
mium and iron has been reported at grain boundaries, dislocation loops, and v o i d s . 1 ' " However, there are 
some reports of enrichment of chromium and titanium with nickel depletion at small dislocation loops. 5 

The current study is directed at measurements of RIS prof i les at both grain boundaries and dislocation 
loops in two neutron-irradiated austenit ic stainless s tee ls , USPCA and EP838. 

Electron energy loss spectroscopy (EELS) can also provide elemental microanalysis s imi lar to that 
provided by energy dispersive X-ray spectroscopy (generally referred to as EDS). With the advent of 
para l le l detection systems for EELS (PEELS), the acquisition times for useable PEELS spectra can be slgnlf 
icant ly less than those for X-ray microanalysis. In addition the induced radioact iv i ty of the specimens 
does not in ter fere with PEELS analysis as f t does with X-ray microanalysis. A d i rect comparison of RIS 
prof i les measured with both PEELS and EDS at a grain boundary In a non-radioactive, Ion- I r radiated 
stainless steel w i l l be discussed. 

Experimental Procedure 

Standard 3-mm-diam TEM disks of solution-annealed USPCA and 25% cold-worked EP838 were used. 
Specimens had been i r radiated in MOTA/FFTF to a nominal dose of 15 dpa at 520°C. Analytical electron 
microscopy was performed on a Phi l ips EM40fT/FEG in the scanning transmission electron microscopy mode 
with a probe diameter of <2 nm.1* Subtract-on of "1n-hole" spectra from the measured EOS spectra corrected 
for 1) the normal "1n-hole" counts associated with uncollimated radiation from the microscope i l lumination 
system and 2) radiat ion associated with the induced radioact iv i ty of the specimen by neutron i r rad ia t ion 
(predominantly Mn K X rays) . The quoted compositions are in atomic percent as measured, and no attempt 
has been made to deconvolute the effect of excited volume size on the actual composition or p r o f i l e s . The 
PEELS data was quantif ied by j ra t io technique in which ef fect ive cross sections were chosen to set the 
measured compositions away from the grain boundary to that measured by EOS. 

Results 

A curved grain boundary in the irradiated USPCA steel is shown in Fig. 1(a). From the high local 
curvature of the boundary and the lower dislocation density to the right of the boundary, it is concluded 
that this grain boundary had migrated during the irradiation. Figure K b ) shows thr ?IS profiles measured 
at this boundary. In the region swept relatively clear of dislocations, nickel is enriched and chromium 
is depleted as a result of WIS to the migrating boundary. There is a narrow region -70 nm wide to the 
left of the boundary which is '-ith slightly depleted of nickel and enriched in chromium. The observed 
depletion of nickel in this /one arises from RIS of nick»! to the boundary from the left, whereas chromium 
rejected from the boundary region diffuses ahead of the migrating boundary. 
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Fig. 1. fa) Curved, migrating grain boundary in USPCA stainless steel irradiated in HOTA/FFTF to a 
nominal dose of 15 dpa at 520°C. (b) RIS profiles measured at this boundary by X-ray Microanalysis. 

Figure 2(a) shows four nearly edge-on dislocation loops (A-D) in the irradiated USPCA stee! with dif
ferent sizes, approximately 100, 50, 25, and 25 nm in diameter, respectively. From their relative sizes, 
it is assumed that loop A nucleated first, followed by loop B, and then loops C and 0 formed. As such, 
loop B grew in the three-dimensional RIS profile of loop A. The observed elemental distribution is deter
mined by the flow of point defects to sinks over the entire Irradiation. Profiles were measured perpen
dicular to loops A and B at their center [Fig. 2(b, c)]. For loop A, nickel and silicon are highly 
enriched at the loop, whereas chromium and iron are depleted. The magnitude of the composition change at 
the fault plane induced by RIS is noteworthy - nickel exceeds iron as the major constituent. However, as 
the distance from the loop increases, the magnitude of the segregation decreased and somewhere between 30 
and 50 nm actually changes sign relative to the unperturbed matrix composition far from the loop. This 
effect is especially obvious to the right of loop A where the RIS profiles are not disturbed by RIS to 
other defects. The origin of this reversal in segregation 1s twofold; the conservation of solute and 
limited diffusion distances. Solute which segregates to the boundary must be removed from the adjacent 
matrix producing a depleted zone just beyond the enriched zone. The opposite effect occurs for solute 
removed from the vicinity of the boundary. This effect has been noted In other studies of RIS to defect 
sinks. i» 2 ' " 

The asymmetry of the RIS profile at loop A seen In Fig. 2(b) 1s a result of the modification of the 
point defect fluxes by the presence of loops B-D to the left of loop A. Conversely, loop B nucleates and 
grows in the pre-existing RIS profile of loop A. The RIS profile for loop B 1s given in Fig. 2(c). 
Though the composition at loop B is depleted of silicon and nickel and enriched in iron relative to the 
unperturbed matrix composition, silicon exhibits a local maximum at the fault plane of loop B. The 
general trend In Fig. 2(c) is for silicon and nickel to Increase and for chromium and Iron to decrease as 
one moves to the right and approaches loop A. As loop B 1s -40 rnn from loop A, it is growing 1n the zone 
composition change associated with loop A. Similar effects are observed for loop C. The RIS profiles 
measured near loop B are in part determined by the poi.it defect fluxes to loop A. As such, loop A per
turbs the matrix composition out at least 100 nm from the fault plane. Often 1t is difficult to estimate 
the spatial extent of the RIS modified volume, especially when unobserved defects above or below the 
volume preserved 1n the current TEM specimen may Interfere with the RIS profiles for the defect of 
Interest. 

Figure 3(a,b) Indicates the RIS profiles measured with EDS at a migrating boundary 1n the Irradiated 
EP838 steel. The asymmetry of the profiles Is the result of the motion of the boundary from right to 
left. At the boundary, manganese 1s strongly depleted and there Is a slight depletion of chromium and 
molybdenum, whereas nickel, silicon, and Iron are enriched. The local RIS zone at the boundary Is -10 nm 
(FWHM) in width. In the region swept by the migrating boundary, similar depletions or enrichments to 
those at the boundary are observed, though at reduced levels. 

http://poi.it
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Fig. 2. (a) Four nearly edge-on dislocation loops (A-D) in USPCA stainless steel irradiated in 
MOTA/FFTF to a nominal dose of 15 dpa at 520°C. Loops are of different sizes, approximately 100, 50, 25, 
and 25 nm in diameter, respectively, (b) RIS profiles measured perpendicular to loop A by X-ray micro
analysis, (c) RIS profiles measured perpendicular to loop B by X-ray microanalysis. 

For highly irradiated materials, the induced radioact 
be a viable technique to measure RIS. The induced radioac 
spectra, high deadtime, increased peak width, and ultimate 
activated material or increased shielding of the X-ray det 
nique. In contrast, PEELS is relatively insensitive to th 
result of the location of the detector (< 1000 mm from the 
detectors). Preliminary measurements of RIS profiles at a 
PEELS for a non-radioactive, ion-irradiated specimen. Fig 
by these two techniques. The agreement is good as both te 
the depleted ¿on» is comparable f--?0 nm FWHM). Thp PFFI.S 
level at the boundary '10.7 at. t Cr) tnan that indicated 
witn PFFI.S be. ,., less io'luenced by beam broadening effect 
results 'i averaging composition over a larger /o'ume ano1 

ivity may be too high for X-ray microanalysis to 
tivity can result in high background or in hole 
y detector saturation. Reducing the amount of 
ector can extend the useful range of this tech-
e induced radioactivity of the specimen as a 
specimen as opposed to -20 mm for typical EDS 
grain boundary have been made with both EOS and 

ure 4 shows the chromium RIS profiles measured 
chniques give similar profiles and the width of 
measurements indicate a slightly lower chromium 
by FDS Ml.fi at. £ Cr). This is consistent 

S tnan is l-riy microanalysis, ''.earn broadening 
resJIts in tie higher chronlum level observed by 
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Fig. 3. (a,b) RIS profiles measured by x-ray 

microanalysis at a migrating boundary in EP838 stain
less steel irradiated in HOTA/FFTF to a nominal dose 
of 15 dpa at 520°C. 

There are several difficulties in applying 
PEELS to RIS measurements in austenitic stainless 
steels. The major problem is reproducibly 
defining the form of the rapidly decreasing 
background at each elemental edge. This is 
complicated by the presence of a thin oxide layer 
on the surface of the specimen, the proximity of 
the Cr, Nh, Fe, and Ni L edges, and the extended 
structure of these edges. In addition, the 
proximity of the Cr and Hn L edges makes quan
tification of the manganese content relatively 
imprecise. However, X-ray microanalysis of 
manganese in an irradiated stainless steel is 
also impaired by the emission of a Nn K x ray by 
the irradiation-produced S 5 F e . Surface films of 
differing composition from the matrix can affect 
measurements in thin films for both EDS and PEELS 
analysis alike. The last problem for PEELS is 
that the cross sections for the Cr, Fe, and Ni L 
edges decrease as a function of atomic number 
with the cross section for chromium being one-
third to one-quarter of that for chromium, 
reducing the accuracy of nickel analysis. 

Discussion and Conclusions 
For grain boundaries and relatively large 

dislocation loops (>50-nm-diam) in irradiated 
USPCA austenitic stainless steel. It has been 
shown that RIS results in the enrichment o* sili
con and nickel and depletion of chromium and 
iron. There are several effects which can inter
fere with the accurate assessment of RIS profiles 
associated with smaller dislocation loops. These 
include 1) reduced segregation at small loops 
(which will be discussed later), 2) reduced spa
tial extent of loop and associated RIS zone rela
tive to the foil thickness and excited volume, 
3) overlap of RIS profiles of other defect sinks 
(e.g., loops, voids, boundaries) not retained in 
the TEM foil, and 4) presence of surface films of 
differing composition. In addition, solute Is 
conserved during RIS. As such, if one region is 
enriched in a particular solute, another region 
must exist that Is depleted in that solute. If 
the distance separating these two regions Is 
smaller than the volume analyzed, little or no 
segregation will be detected. 

The degree of RIS to a dislocation loop Is determined by Its stress field. The stress field for 
small loops decreases as 1/dlstance3, whereas a 1/dlstance dependence applies to an Infinite straight 
dislocation. As a dislocation loop grows. It passes from one regime to the other and the volume 
Influenced by the loop Increases dramatically. For a small dislocation loop, both the strength of the 
Interaction with point defects and the small interaction volume reduces the amount of RIS. As long as a 
loop continues to attract point defects, RIS will continue and will tend to Increase the degree of com
position change. From these effects 1t can be seen that RIS at small loops should be significantly less 
than that at larger loops. Though the dislocation climbs away from the segregated region, the climb rate 
Is proportional to the difference in the self-Interstitial and vacancy fluxes, whereas RIS Is proportional 
to rhe Individual fluxes. In addition, back-diffusion of the seqreqated solutes occurs at slower rates 
more typical of thermal diffusion. These two effects in part explain why significant compositional 
changes are detected at both the dislocation and across the entire fault plane of the loop,2 though RIS 
takes place to the dislocation. 
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In the high manganese austenltlc stainless 
steel, EP838, manganese is the primary solute 
depleted at boundaries by RIS. This is an 
interesting result in that chromium is not strongly 
depleted and as such the alloy may be more resis
tant to irradiation-assisted stress corrosion 
cracking. In addition, the stability of the 
austenite may not be seriously compromised by the 
manganese depletion as a result of the nickel 
enrichment at the boundary. 

The preliminary results comparing EDS and 
PEELS measurements of RIS indicate that PEELS is a 
viable alternative to X-ray microanalysis. PEELS 
offers similar sensitivity for major constituents, 
shorter acquisition times, possibly better spatial 
resolution, and the ability to analyze highly 
radioactive specimens. Data analysis ** more 
labor-intensive than X-ray mlcroanalys.s and 
reliable, reproducible background f i t t ing routines 
are c r i t i ca l . 

DISTANCE (run) 
Fig. 4. Chromium RIS profiles in a modified 

type 316 stainless steel Ion-irradiated at 675°C to 
1 dpa as measured by X-ray microanalysis (EDS) and 
by parallel electron energy loss spectroscopy 
(PEELS). 

FUTURE WORK 

Microanalysis of RIS to dislocation loops in irradiated EP838 will be performed for comparison with 
that observed at grain boundaries. The application of PEELS to moderately activated USPCA, where EDS 
analysis is s t i l l possible, will be performed to further validate the technique. At that point PEELS wil l 
be applied to detect RIS at grain boundaries and other defects in highly radioactive material, where X-ray 
microanalysis is not possible. 
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RADIATION-INDUCED GRAIN BOUNDARY SEGREGATION AND SENSITIZATION OF A NEUTRON-IRRADIATED AUSTENITIC 
STAINLESS STEEL — E. A. Kenik (Oak Ridge National Laboratory), T. InazuMl (Japan Atonic Energy Research 
Institute), and G.E.C. Bell (Oak Ridge National Laboratory) 

OBJECTIVE 

Comparison of X-ray Microanalysis of radiation-induced segregation (RIS) to point defect sinks in 
irradiated USPCA stainless steel with results of electrochemical potentiokinetic reactivation (EPR) 
testing has been nade to aid in the understanding of irradiation-assisted stress corrosion cracking 
(IASCC). 

SUMMARY 

Analytical electron Microscopy and electrochemical potent1okinet1c reactivation (EPR) testing were 
applied to the radiation-induced segregation (RIS) and sensitization of a titaniuM-modified austenitic 
stainless steel irradiated to 9 dpa at 420°C in the Materials Open Test Asseably (MOTA) of the Fast Flux 
Test Facility (FFTF). The EPR testing of both solution annealed (SA) and 25t cold-worked (CM) Materials 
indicated a significant increase in the reactivation charge ( P a ) . Both optical and scanning electron 
Microscopy of the specimen surface after EPR testing Indicated preferential attack at grain boundaries, 
indicative of sensitization. In addition, localized attack of the Matrix was observed. Though precipi
tates were occasionally present on grain boundaries, they were not chron1un-r1ch M23C6, but nickel- and 
sil icon-enriched G phase. Faulted loops, fine Y ' precipitates, and isolated cavities were observed in the 
Matrix. X-ray microanalysis indicated significant RIS at high-angle boundaries in both Materials. Deple
tion of chromium to apparent levels of 10 at . X was observed in the Irradiated SA material. The bound
aries were enriched in nickel, silicon, and titanium (up to 28, 6, and 1 at . X, respectively) and depleted 
of iron and Molybdenum (as low as 54 and 0.7 at . X, respectively). The width of the segregation zone was 
very narrow (<6 ran). Similar grain boundary RIS was observed in the cold-worked Material. There was also 
evidence for boundary migration in the cold-worked Material (boundary facetting and asymmetric composition 
profiles) Voids and faulted dislocation loops In the SA Material also exhibited similar RIS. 

PROGRESS AND STATUS 

Introduction 

Irradiation-assisted stress corrosion cracking (IASCC) of austenitic stainless steels neutron-
Irradiated at low temperatures (-3O0°C) has become a major concern for water-cooled nuclear power 
systems.I~>> I t is also of concern in the design of proposed magnetic fusion devices. IASCC has been 
reported In type 304 stainless steel at fast neutron fluences (E > 1 MeV) above ~5 x 10 2 0 neutrons/cm2. 
While there are parallels with intergranular stress corrosion cracking (IGSCC) of thermally sensitized 
materials, there are s t i l l questions about the exact origin of IASCC. The relative importance of 
radiation-enhanced precipitation versus radiation-induced-segregation (RIS) 1s of concern, as is the 
magnitude and spatial extent of segregation and identity of the segregating species. In some studies RIS 
of silicon and/or phosphorus to grain boundaries has been indicated as the dominant origin of IASCC,5*6 

whereas other studies question the role of phosphorus and indicate that RIS-lnduced chromium depletion Is 
responsible. 7* 8 The current work combines electrochemical potent1ok 1 net 1c reactivation (EPR) testing for 
sensitization with subsequent analytical electron microscopy of RIS in a neutron-Irradiated austenitic 
stainless steel, the prime candidate alloy (PCA) developed for fusion reactors. The one-to-one correla
tion of sensitization and segregation is aimed at further understanding of the IASCC problem. 

Experimental Procedures 

The alloy studied was a titanium-modified, austenitic stainless steel, PCA, developed by the U.S. 
Department of Energy Fusion Materials program. The composition of PCA is given in Table 1 . The main dif
ference between PCA and a commercial Type 316 stainless steel is the lower chromium level (15 at. X) and 
the addition of 0.28 at. X T1 in PCA. The material was prepared in the as-solution-annealed (SA) at 
1100°C for 0.5 h (SA) and as-25X-cold-worked (CW) conditions. The specimens (3-mm-diam, 0.25-mm-th1ck 
disks) were Irradiated in the Materials Open Test Assembly (MOTA) of the Fast Flux Test Facility (FFTF) at 
420°C to 9 dpa. Control specimens were aged at 420"C for 5000 h to simulate the thermal history of the 
irradiated specimens. 

Electrochemical characterization was performed on TEM disks by single loop EPR testing In an appara
tus designed for radioactive materials, which has been described previously. 9 Conditions for EPR testing 
and the use of the normalized reactivation charge (P ) to indicate the degree of sensitization followed 
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Table 1. PCA Alloy Composition suggestions by Clarke et al. 1 0 The specimen surface after EPR testing 
was observed with both optical and scanning electron microscopy 
Subsequently each specimen was prepared for analytical electron 
microscopy (AEM) by electropolishing at ~10°C in 10:6:1 methanol:butyl 
cellusolve:perchloric acid. X-ray microanalysis was performed in a 
Philips EH400T/FEG in the scanning transmission electron microscopy mode 
with a probe diameter of <2 nm. u Subtraction of "in-hole" spectra from 
the measured spectra corrected for 1) the normal "in-hole" counts asso
ciated with uncoilimated radiation from the microscope illumination 
system 1 2 and 2) radiation associated with the induced radioactivity of 
the specimen from neutron irradiation (predominantly Hn K X rays). The 
quoted compositions are in atomic percent and are as measured, and no 
attempt has been made to deconvolute the effect of excited volume size on 
the actual composition or profiles. 

Reactivation curves for the irradiated and thermally aged control specimens are shown in Fig. 1. The 
peak in reactivation current density occurred at approximately -120 mV referenced to a saturated calomel 
electrode (SCE) for all specimens. In both SA and CU conditions, the peak current densities for the Irra
diated materials were approximately a thousand times higher than those for the control specimens. The 
individual curves were quite reproducible when the initial surface conditions were duplicated (i.e., 
electropollshing to remove surface oxide/etching from previous EPR testing, followed by passivation at 
•200 mV vs SCE for 2 min). There was only a slight difference in the reactivation curves for the SA and 
CW materials. The Flade potential (that potential at which the current density starts Increasing) was 
substantially higher for the irradiated specimens (increasing by approximately 75 and 125 mV for the SA 
and CW conditions, respectively). 

Element Weight X Atomic S 

Fe 65.00 65.03 
Ni 16.20 15.42 
Cr 14.00 15.05 
Mo 2.30 1.34 
Mn 1.80 1.83 
Si 0.40 0.80 
Ti 0.24 0.28 
C 0.05 0.23 
P 0.01 0.02 
S 0.003 0.005 

Results 
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F ig . 1 . Reactivation curves for both thermally aged 
and I r radiated specimens of SA and CW PCA. 

The react ivat ion charge is the 
integral of the charge associated with 
the current density peaks In F1g. 1 . 
The react ivat ion charge normalized by 
the grain boundary area [ P a 

(coulombs/cm 2)] ( r e f . 9) was calculated 
for each specimen. The average P a 

values for the i r rad ia ted specimens (62 
and 54 coulombs/cm2 for the SA and CW 
conditions, respectively) were over two-
orders-of-magnitude higher than those 
for the thermally aged controls (0.14 
and 0.24 coulombs/cm2 for the SA and CW 
conditions, respect ive ly ) . The d i f 
ferences In the SA and CW conditions 
were not s ign i f i can t . The P a values for 
two di f ferent specimens for each con
d i t ion were in good agreement. 

Optical micrographs of the surface 
of the thermally aged control and i r r a 
diated SA specimens a f te r EPR test ing 
are shown 1n Figs. 2(a) and 2 ( b ) , 
respectively. The control SA specimen 
exhibited wry l i t t l e etching; whereas 
the I r radiated SA specimen exhibited 
both preferent ia l grain boundary attack 
and f ine , uniform etching In the matrix. 
The marlmum width of the grain boundary 
etching was approximately 1 urn. 
Similar mlcrostructures were observed 
for the CW mater ials. The I r radiated 
CW materia! also exhibited preferent ia l 
attack at shear bands. 

Figure 3(a) shows the mlcrostructure of the I r radiated SA mater ia l . A high density of f ine faulted 
loops (~50-nm-diam) is observed In the matrix along with a low density of voids. At the grain boundaries, 
occasional precipi tates dre observed along with a 70-nm-wide zone denuded of voids. L i t t l e or no denuded 
zone for faulted loops Is observed. Figures 3(b) and 3(c) give measured composition prof i les near the 
grain boundary In F ig . 3(a) for the major and minor al loying elements. In a zone ~5 nm wide ( f u l l width, 
half maximum - FWHM) at the boundary, Iron and chromium are depleted and n icke l , s i l i c o n , and t i tanium are 
enriched. Molybdenum is depleted over a wider zone (~13 nm FWHM). Outside this near-boundary zone is a 
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Fig. 2. Optical micrographs of SA PCA after ¿PR testing, (a) Naterial aged at 420°C for 5000 h. 
(b) Neutron-irradiated material. 

second zone where the sign of the segregation is reversed. As such, a depletion (enrichment) in the boun
dary zone results in a slight enrichment (depletion) in the secondary zone. This is illustrated in Fig. 
3(b) for iron where the composition far from the boundary Is indicated. Similar effects are observed for 
chromium, nickel, and silicon. For the SA material, the local minima (or maxima) In composition was 
always found at the position of the grain boundary. No segregation was detected at coherent twin boun
daries; whereas incoherent twin boundaries exhibited segregation similar to that at grain boundaries, 
though at a slightly reduced level. 

Figure 4(a) illustrates the nrfcrostructure of the irradiated CM material. Amid the dense dislocation 
network remaining from cold-working, fine (~40-nm-diam) faulted loops and occasional voids were observed 
1n the matrix, though at a significantly lower density relative to the SA material. Figure 4(b) and 4(c) 
give measured composition profiles near a long straight section of the facetted grain boundary in Fig. 
4(a) for the major and minor alloying elements. Similar to the SA material, depletion of chromium, iron, 
and molybdenum was observed near the grain boundary along with enrichment of nickel and silicon. The two 
differences relative to the results for the SA material were that, for this boundary In the irradiated CW 
material, the profiles were asymmetric with respect to the boundary and that the local minima (or maxima) 
was not at the boundary position, but ~3 nm to one side. This result was taken as an indication for 
migration of that boundary. Two other microstructural observations were In agreement with such a conclu
sion; the facetting of the boundary and the lower dislocation density 1n the vicinity of the boundary. 

The histogram of measured compositions given in Fig. 5 summarizes some of the curr^.it segregation 
results. The matrix composition corresponds to 1.2 Si , 0.3 T1, 16.6 Cr, 65.5 Fe, 15.3 N1. and 1.2 Mo 
(at. f ) . Grain boundaries in both the SA and CW materials are depleted of chromium, iron, and molybdenum, 
but are enriched in silicon and nickel. The degree of RIS appears to be more pronounced in the SA 
material relative to the CW material. However, insufficient boundaries have been analyzed to clarify 
whether there is an actual difference 1n RIS for the two materials or 1f the effect may simply reflect a 
boundary-to-boundary variation In RIS. The chromium level observed at grain boundaries ranged from 
10.5 to 12.5 at. X Cr for the SA material and 13 to 15 at. X Cr for the CW material. The lower chromium 
level was observed for the facetted boundary in Fig. 4, which appeared to have migrated during Irra
diation. The lower dislocation density adjacent to this boundary may be the reason for the similarity 
of its RIS profiles to that of the boundaries in the SA material. 

Only semi-quantitative analysis of tnt <K<»1n boundary precipitates In the SA material was possible as 
a result of their small size and resultant excitation of the adjacent matrix. The average measured com
position was 46 Fe, 31 N1, 12 Cr, 9 S1, 1 T1, and 1 Mo (at. t ) . The composition of these precipitates 



247 

14428 ORNI DWG 90-16404 

O 30 -
E 
o 
O 

-25 -15 -5 5 
Distance (nm) 

15 25 

ORNL-DWC 90-16405 

6.0-

4 J -

1 • • • • • • 

* i T 
*: f i 
. • / \ 
c 3J - / \ 
o 1 m 

2 1 \"*~ Si todui 

2.4- Mo 7 \ 

o ..-•••••• • V - ^ 
O »•" 

M-

-25 -15 -5 5 
Distance (nm) 

15 25 

Fig. 3. (a) Microstructure of Irradiated SA material. Ncte faulted loops, voids, and zone denuded 
of voids at grain boundary. (b,c) Elemental profiles across boundary in region indicated by line in F1g. 
3(a). Dashed line indicates average iron composition in matrix away from segregation zone. 

relative to the matr 
molybdenum relative 
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el.'' On the basis of their exposition relative to 
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the matrix, the formation of the 
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rial, the CW material did not 
of RIS was reduced by the high 

In an attempt to understand the fine matrix etching observed after FPR testing. X-ray microanalysis 
of two types of matrix defects, voids and faulted loops, was ̂ r'irmed >n order to r.her.k for «IS. for the 
SA material, regions containing a void exhibited average composition', ot ';.*> Si, \?.') Cr, fiO.H Fe, ?\ .H Ni 
and 0./ Mo; whereas faulted loops exhibited nver^ge compositions of 7.7 Si, iS.^ i.r, (\7.7 f-e, 1H.S Ni , and 
1.0 Mo 'at. T ) . As such, «IS to both voids dnd faulted loops is similar to that at grain boundaries. 
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Fig. 4. (a) Microstructure of irradiated CW material. Note dislocation network, occasional faulted 
loops and voids, and region of lower dislocation density near the facetted grain boundary. (b,c) 
Elemental prof i les across boundary in region indicated by l ine in Fig. 4(a). Dashed l ine indicates 
average iron composition in matrix away from segregation zone. 

though possibly at a reduced leve l . However, the measu 
position as a result of the defects not extending throu 
excited volume associated with incident probe size and 
and loops may be similar in magnitude to that at grain 
observed for larger faulted loops and grain boundaries 
prof i les in the matrix have indicated periodic f luctuat 
(n ickel- and silicon-depleted) regions alternating with 
fluctuated ~3 at. % Cr with a period of ~60 nm. Such a 
the low density of voids, and a one-to-one correlation 
d iscrned. Thp origin of tnese composition f luctuation 

red compositions are biased toward the matrix com-
gh the f o i l thickness and the f i n i t e size of the 
beam broadening. Therefore, segregation at voids 
boundaries. Such s imi la r i t y of RIS has been 
in ion- irradiated stainless s t e e l . l k Composition 
Ions in composition with chromium- and Iron-enriched 
chromium- and Iron-depleted regions. The chromium 
wavelength is much too small to be associated with 

with the faulted loop structure could not be 
s w i l l be discussed further at a later point. 

Figures 6(a,b) show electron d i f f ract ion patterns from the matrix that indicate the presence of pre
c ip i ta tes. Besides spots which are consistent with the Y' (Ni^SI) phase, extra spots near the 1/2 f311 J-
type positions were obsprved at ' l l ? ; and "130^ /OOPS. ThPSP extra spots did not shi f t s igni f icant ly with 
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Fig. 5. Composition histogram for matrix, two 
grain boundaries in SA material, two grain boundaries 
in CW material, and grain boundary precipitates in 
the SA material. Iron levels can be estimated by 
difference from 100%. 

fluctuations of the type observed (chromium- and iron-
regions). 

tilt. As the extra Vz {311} spo*s and those pre
sumed to arise from Y' form a two-uimensional 
net, the possibility that a single non-y' precip
itate phase is present had to be addressed. 
Figures 6(c,d) show dark-field images of the same 
area using a 1#(113) reflection and a presumed 
(001) reflection for Y', respectively, near the 
[211] orientation. These two images demonstrate 
that the 1/2(311} tyP* reflections arise from the 
nearly face-on faulted loops, whereas the other 
reflections arise from fine (~6-nm-diam) matrix 
precipitates consistent with y' phase. 

Detailed consideration of the geometry for 
the reciprocal lattice of a faulted fee material 
for both orientations in Fig. 6 has shown that a 
111 relrod will appear at the exact 1/2(113) posi
tion when the matrix (113) reflection is strongly 
diffracting. In addition, the position of the 
111 relrod intersection is relatively insensitive 
to light specimen tilts as the relrod is nearly 
perpendicular to the zero order Laue zone (19° to 
the [211]). 

The spacing of the larger y' particles in 
Fig. 6(b) is ~40 nm, similar to the wavelength of 
the periodic composition fluctuations observed by 
X-ray microanalysis of the matrix. The presence 
of fine Y* (NÍ3SÍ) would result in composition 

enriched regions versus nickel- and silicon-enriched 

Discussion 

The large values of the normalized reactivation charge, P , and the preferential grain boundary 
attack observed after EPR testing for the irradiated materials indicates that both the SA and CW materials 
have been sensitized. However, the validity of P as an indicator for the degree of sensitization is 
questionable. The occurrence of matrix etching and the associated current results in anomalously high 
values of P . If the reactivation charge for the irradiated materials is normalized by the entire surface 
area EPR tested, rather than by the grain boundary area, the values are 1.8 and 1.5 for the SA and CW 
materials, respectively. The actual values of P a for the grain boundary regions must be higher than this 
average value, as preferential attack of the boundaries was observed. As such, the reactivation charge 
for the grain boundaries is probably equal to or greater than the 2 coulombs/cm2 indicated by Clarke et 
al. 1 0 as the critical value for IGSCC of thermally sensitized Type 304 stainless steel. 

X-ray micrcnalysis Indicates similar RIS at grain boundaries, voids, and faulted dislocation loops. 
Chromium, iron, and molybdenum are depleted at these point defect sinks, whereas silicon and nickel are 
enriched. These results can be explained by either the solute size/interstitial mechanism1,5 or the 
vacancy inverse Kirkendall mechanism. 1 6 In general, the undersized and/or slow diffusing solutes (e.g., 
Ni and Si) move toward point defect sinks; whereas oversized and/or fast diffusing solutes (e.g., Cr and 
Mo) move away from sinks. However, titanium is an oversized solute, but was observed to segregate to 
boundaries in the SA material. One possible explanation for such behavior has been suggested by Marwick 
et a l . 1 7 They postulated the diffusion of a vacancy-titanium atom complex in order to explain the rever
sal of titanium segregation at temperatures below 400"C. Migration of such a complex would result in 
titanium enrichment at point defect sinks. No segregation of phosphorus to grain boundaries was observed 
in either SA or CW material. However, PCA has a low phosphorus content (0.02 at. I), and the titanium 
present in the alloy would getter what little phosphorus was present. 

Both chromium and molybdenum are critical in the formation of protective passive films for Type 316 
stainless steels. A nominal chromium content of -13 at. % (\? wt X) is required for an austenitic 
stainless steel to maintain its corrosion resistance. X-ray microanalysis revealed that chromium levels 
at or below 13 at. X were observed at grain boundaries of both irradiated materials. Molybdenum levels 
were reducer] nearly twofold to 0./ at. X at the boundaries. As the measured compositions represent the 
iveraqe composition of the excited volume, the actual chromium and molybdenum levels are below that 
measured. These depletions result in the local breakdown of the passive film and subsequent preferential 
attack of grain boundaries. As the qrain boundary precipitates observed were not chromium or molybdenum 
enriched relative to the matrix, the observed composition changes and tne associated sensitization must 
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Fig. 6. (a,b) Electron diffraction patterns Indicating extra spots at {Oil} and V2ÍH3} positions In 
[211] and [130] zones, respectively, (c) Dark-field Image taken with a V2|113| reflection near the [211] 
zone, (d) Dark-field Image taken with a (Oil) reflection near the [211] zone. 

result from RIS at the boundaries and not from the radiation-Induced precipitation. The mechanism respon
sible for sensitization under irradiation differs from that under thermal aging, where the formation of 
chromium-rich M23C.6 precipitates results in the observed chromium depletion. 

The matrix etching observed after EPR testing Indicates localized composition changes In the matrix, 
presumably the result of RIS at some point defect sink. Regions containing voids exhibit measured chro
mium depletions sufficient to cause local passive film breakdown. However, the CW material exhibits 
significantly lower void density than the SA material, whereas the matrix etching Is similar. Faulted 
loops also exhibit chromium depletion induced by RIS. The formation of fine y' (N1 3S1) would also result In local variations in composition. Periodic composition fluctuations (3 at. X Cr) have been observed In 
the matrix with wavelengths of -60 nm. The actual chromium levels are less than those measured a«; a 
result of the relative size of the excited volume, foil thickness, and defect size for eKher loops or y' 
precipitates. While the spacing of the larger y' precipitates Is -40 nm, close to the wavelength of the 
composition oscillations, It Is not clear which of these defects, voids, faulted dislocation loops, or Y' 
precipitates. Is responsible for the localized matrix attack. 
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CONCLUSIONS 

The increased reactivation charge and grain boundary etching observed after EPR testing indicates 
radiation-induced sensitization. Matrix etching of the irradiated materials suggests similar RIS at 
matrix defect sinks. The reactivation charge (P a) normalized by the grain boundary area canr.ot be used as an index for comparison to thermal sensitization, as a result of the charge associated with the matrix 
etching. If the reactivation charge is normalized by the total area, the P a values are close to 
2 coulombs/cm2 which is the critical level determined for IGSCC of thermally sensitized Type 304 material. 
There were no significant differences in the EPR results between the irradiated SA and CW materials. 

X-ray microanalysis indicates RIS depletes chromium, iron, and molybdenum and enriches silicon and 
nickel at high-angle grain boundaries, voids, and faulted dislocation loops. No phosphorus segregation 
was observed in either material. Whereas RIS was detected at incoherent twin boundaries, none was 
detected at coherent twin boundaries. Segregation of titanium, an oversized solute, to grain boundaries 
was observed in the SA material. Grain boundary precipitates observed in the SA material were identified 
as G phase silicide, which cannot contribute to the observed chromium depletion. The formation of fine y' 
precipitates was observed in the matrix and contributed in part to a periodic fluctuation in composition 
observed in the matrix. 
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DEVELOPMENT OF CERAMIC COATINGS FOR LIQUID METAL BLANKET APPLICATIONS - D. Y. Wang 
(Dept. Mech. Engr., National Chung Hsing University, Taichung, Taiwan), A. B. Hull, M. R. Fox, and C. E. 
Campbell (Argonne National Laboratory) 

OBJECTIVE 

Two major concerns for liquid metal blankets in magnetic fusion reactor designs are the corrosion resis
tance of the structural material and the magnetohydrodynamic (MHD) force and its subsequent influence on 
thermal-hydraulics and corrosion. The objective of this study '" t/> develop stable, corrosion-inhibiting ceramic 
coatings at the liquid metal/structural material interface with an emphasis on electrically insulating coatings 
that prevent adverse MHD-generated currents from passing through the structural walls. 

SUMMARY 

Based on a preliminary survey of more than 15 oxides and nitrides, four materials (CaO, MgO, Y2O3, and 
BN) were identified as candidates for insulator coating development. Additionally, Cr203, VxO, and (V.Ti^N 
were included for study because of their chemical stability in liquid lithium and their potential as corrosion 
inhibitors. These ceramic compounds were fabricated by a variety of techniques and exposed to flowing lithium 
at 400°C to assess chemical compatibility. Preparation technologies included hot-press-sintering of MgO, CaO, 
and Y2O3; diffusion coating of Cr203; oxidation of vanadium; and reactive sputtering of BN. Among the three 
hot-press-sintered materials, only Y2O3 displayed acceptable corrosion resistance when exposed to high purity 
lithium. A ferritic substrate alloy (HT-9, coated with a 1-um-thick BN layer) was immersed in flowing lithium at 
400°C for 1 h, after which its physical stability and chemical compatibility were determined to be unacceptable. 
Chromized V-20TÍ and oxidized V-20TÍ immersed in flowing lithium at 410°C for 100 h showed greater potential 
for further development than did the BN insulator coating. Preliminary work has begun in the development of 
in-situ-formed insulator coatings. The first step has been to examine the characteristics of (V,Ti)xN reaction 
product layers formed after exposure of V-Ti specimens to flowing lithium. Work is also in progress to test a self-
regenerating CaO V205-type insulator coating on a vanadium substrate. 

PROGRESS AND STATUS 

Introduction, «nfl FflfftfrffmH 

Liquid lithium is an attractive material for both the coolant and tritium breeder in fusion blankets. 
However, its use presents seme unique compatibility problems. One possible way to combat these problems is 
through the use of ceramic coatings. The lithium is also subject to MHD forces as it flows through the high 
magnetic fields present in fusion reactors. These forces will alter the flow profiles of the lithium, produce 
additional stresses in the structure, and result in higher pumping power requirements. The net result is a 
limitation on heat removal capability.1 Because of these MHD effects, a high-electrical-resistance ceramic 
coating is preferred. By placing such a coating at the liquid metal/structure interface, heat transfer related to 
MHD turbulence will be enhanced in two ways: (1) the insulating coatings will diminish the induced currents 
and thus suppress turbulence, and (2) higher flow velocities will be facilitated and thus create higher Reynolds 
numbers and lower interaction parameters.2 Besides reducing the MHD effects, the insulating wall has the 
potential to reduce interstitial impurity transport and protect vanadium from the formation of V2O5 in the system 
outside the liquid-metal blanket. The major concerns for insulator coatings are compatibility with liquid metals, 
thermal stresses and cycling behavior, and long-term effects of irradiation.3 The conceptual basis for the 
fabrication of selected thin insulator coatings on the surface of the conducting wall or a laminated insulator with 
a thin metallic layer over an insulator on the wall has been discussed previously.4 A similar approach for 
developing a low Z coating to face the hydrogen plasma in tokamaks is described elsewhere.5 The objectives are 
different but the coating methodology is similar. Other studies have investigated the engineered formation6 of 
diffusion coatings in liquid metal systems and the suitability of various in-situ coating technologies.7 

Experimental Procedure» and Results 

1. Screening Tests of Candidate Ceramic Insulators 

Based on a preliminary survey4 of more than 15 oxides and nitrides, four insulators (CaO, MgO, Y2O3, and 
BN) were identified as the candidate materials for insulator coating development. Screening criteria included 
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electrical resistivity, thermodynamic stability in contact with liquid lithium, radiation stability, mechanical 
integrity, fabricability, activation, and cost. Experimental results8 from itudies of the corrosion resistance of 
ceramics in static lithium for 100 h at 816°C were also considered in ñnalizing the candidate ceramic materials. 

2. Coating Fabrication 

Three types of coating processes (additive, reactive, and autogenous) are being investigated to meet both sets 
of criteria, imposed by both first wall and liquid-metal blanket conditions. Additive processes that have been 
examined in our laboratory include plasnra vapor deposition and reactive RF-sputtering. Reactive processes that 
have been explored include diffusion coat ng and oxidization. Autogenous processes that have been 
experimentally examined include in-situ coating of calcium vanadate and a V-Ti-N reaction product layer formed 
in 410°C flowing lithium. 

Reactive Mapnotmn Spijtt̂ riny- BN Cubic boron nitride coatings on HT-9 alloy (Fe-12Cr) were produced by 
reactive sputtering.9 Plasma was generated from a pure boron target, without reverse bias, in an atmosphere 
containing an N^Ar mixture in the ratio of 1:4. A 1-um-thick BN film was successfully grown on the surface of 
HT-9 in 4 h. Microhardness tests showed a significant hardness increase over noncoated HT-9, and electrical 
resistivity was orders of magnitude higher than the required 102 üm (Table l ) . 1 0 Figure la is a scanning electron 
microscopy (SEM) photograph of the cross section of the BN coating on HT-9. 

Hot-Press Sintering: MgO. CaO. Y2O3. MgO, CaO, and Y2O3 were fabricated as bulk specimens (Table 2) 
due to the lack of suitable target materials for sputtering and source powders for thermal spraying. Ceramic 
powders were ball-milled to «1-3 um in size before sintering. Solid ceramic disks were produced in a hot-press-
sintering furnace. Densified transparent MgO disks (95% theoretical density) were formed at 1500 psi at 1200°C 
for 1 h. Because higher densification could be expected at the center portion of the disk, only this region was cut 
into the final specimens. Y 2 0 3 was cold pressed for 1 min at 3000 psi and then hot pressed at 1280°C for 1.5 h at 
3690 psi. CaO was formed by cold pressing for 5 min under 2100 psi and then sintered in air at 1200°C for 24 h. 

Diffusion Ct^tjng: Crg°3. Because Cr2Ü3 is one of the most commonly applied coating materials for high-
temperature protecv'on in oxygen- and/or sulfur- containing environments,12»13 a vanadium alloy (V-20Ti) coated 
with chromium was included in the test matrix. The objective was to grow a diffusion layer of chromium on 
V-20TÍ, to serve as a source of chromium for Cr203 formation in the lithium environment and to provide strong 
diffusion bonding against spalling of the in-situ-formed oxide layer. A 20-um-thick diffusion layer grew after 16 h 
in an argon environment at 1000°C with a cementation peck consisting of 60 wt.% Cr, 36 wt.% AI2O3, and 4 wt.% 
NH4CI. Because Cr is a strong oxygen getter, the chromized vanadium alloy formed a thin and stable oxide layer 
at the surface during exposure to the liquid metal environment. To examine the compatibility between the C^C^ 
and liquid lithium, a second set of chromized specimens were preoxidized at 800°C for 30 min before the exposure. 
The surface layers of both the as-chromized and the chromized and preoxidized V-20Ti samples can be seen in 
Fig. 2. 

Table 1. Compatibility of Bulk Ceramic Specimens with 410°C Flowing Lithium 

Specimen Characteristics Response to Lithium Exposure 
Electrical 
Resistance 

Fabrication at600°C« Time Weight Loss 
Compound Technique (Clm) (h) (%) Stability 

Cao Sintering 109 140 42.72 Heavily corroded 

MgO Hot-press sintering 109 61 54.66 Heavy dissolution 

Y2O3 Hot-press sintering 107 140 0.04 No visible corrosion 

SÍ3N4 — 10* 61 1.92 Unstable, cracked 

•Source: Ref. 10. 



Fig. 1. SEM cross sections of as-coated BN on HT-9 substrate (a) before and (b) after exposure to flowing 
lithium at 410=C for 100 h. 

Table 2. Compatibility of Ceramic Coatings and Underlying Substrates with 410°C Flowing Lithium 

Insulator Coating Characteristics Response to Lithium Exposure 

Elect 
Resist. Weight Weight 

Ceramic Metallic Fabrication at 6 0 0 0 Weight Thickness Time Loss Loss 
Compound Substrate Technique 'Urn > <g> (urn) <h) <g> (<*.) Compatibility 

V xO V Oxidation 0.3 b 0.0020 10 140 00006 0.154 Good 

vxo V Oxidation 0 3 00019 10 140 00009 0.160 Good 

CriA, V-20TÍ Diffusion coating 1 0.0107 20 100 0.0001 0.016 Excellent 

c r 2 o 3 V20Ti Diffusion coating' 1 00109 20 100 00052 1.101 Unacceptable 

V20Ti ' i 100 009 

BN 
BN' 

HT-9 Reactive RF sputtering 5 x10 s 0.0009 
HT-9 Reactive RF sputtering 5x10** 00009 

100 00015 0064 Ext dissolution 
I 00017 0072 Ext. dissolution 

HT 9* 100 0 02 

•Magnitudes are given in Refs 50 and 11 
DV2O5at660i:. 
'Pre-oxidized 
"M.'ncoaled HT-9 and uncoated V 2I/TI were also included in the lithium exposure as standards 

Oxidation Coating: V & 0 Pure vanadium was exposed to air at 6 0 0 C for 4 h to form an H-nm-thick oxide 
layer 'Fig. .'{A. Analysis by X-ray diffraction I X K D I and energy-dispersive spectrometry iKDS) before lithium 
exposure revealed that the layer consisted mainly of v'^Or,, VO f, <,. V^O], , and V f l O | | ' ' ' 

Autogenous Coating. CaU-VJj^ Thcrmodynar ic ana ly s i s i r ' suggests tha t a CaO V/Jr , type coating can 
form on vanadium where the oxygen is derived from that present in the vanadium and the calcium is supplied by 
the ca loum-ennched lithium Calcium vanadate is an at tract ive candidate for an in situ-formed coating because 
of it- intrinsically high electrical resistivity '*' The concept was experimentally tested hv immersing oxidized 



255 

JÜ 

Fig. 2. SEM cross sections of (a) chromium diffusion layer on V-20Ti and (b) chromized and preoxidized 
coating on V-20TÍ. 

Fig. 3. SEM cross sections of V xO coating on vanadium 'a¡ before and (b> after exposure to flowing lithium 
410 C for 100 h. 

vanadium coupons in 400 C flowing lithium containing >260 ppm calcium After a 100-h lithium exposure, there 
was no XRD or FIDS evidence of a ternary calcium vanadate. Future studies will be conducted with preformed 
calcium vanadate to examine the chemical stability and electncal resistivity of this maunal after exposure to 
liquid lithium. 

3. Compatibility with Lithium 

to r« 
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Fig. 5. Impurity levels of lithium in FFTL-3 test 
facility before and after exposure of HT-9 specimens 
coated with BN electrical insulator. 
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To test the utility of the thermodynamic relationships above, ceramic materials, including a BN coating on 
HT-9 (Fe-12Cr), bulk ceramic specimens of Si 3N 4 , MgO, CaO, and Y 2 0 3 , oxidized vanadium, and chromized 
V-20Ti specimens were exposed to flowing lithium at 400°C with the lithium impurity levels shown in Fig. 5. 
Results of the tests are shown in Tables 1 and 2. A description of the FFTL-3 lithium test facility and 
characterization of chemical impurities in lithium were presented previously.19 

BN was found to be unstable in high-purity lithium subjected to short-term exposure (¿lOOh). The reaction 
was so fast that the BN film on HT-9 dissolved completely after a 1-h exposure (Fig. lb). The samples with the BN 
coating did not undergo a large relative weight loss (Fig. 6), but the entire coating dissolved. Although BN can be 
expected to be thermodynamically stable in lithium containing 100 ppm nitrogen (Fig. 4), defects in the film may 
have contributed to the poor adhesion to the HT-9 (Fe-12Cr) substrate. Further experiments will be made on bulk 
BN specimens or BN-coated vanadium coupons in static lithium capsules. 

Based on a tensile stress criterion for cracking, BN, MgO, and CaO are unlikely to develop cracks because 
they are expected to be in compression on the metallic substrate.17 However, SÍ3N4 had one of the highest calcu
lated tensile stresses. The proclivity of SÍ3N4 to cracking was borne out in experimental testing. After a 61-h 
exposure in 410°C flowing lithium, SÍ3N4 cracked extensively, probably augmented by lithium penetration into the 
Si 3N 4 lattice. 
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Fig. 6. Weight change summary of BN, HT-9, SÍ3N4, 
MgO, V xO, V, CMV-20TÍ). and V-20TÍ after exposure 
to flowing lithium. Black columns signify weight loss 
and white column signifies weight gain. 

The compatibility of the oxide materials with the flowing lithium was rather puzzling in the context of 
expected thermodynamic stability. A bulk specimen of MgO was heavily corroded after a 61-h exposure in 
flowing lithium. After a 100-h exposure, a CaO specimen had lost nearly one-half of its mass, but a Y20.3 
specimen showed no signs of corrosion. Therefore, further investigations of electrical insulators in high-purity 
lithium will emphasize Y 2 0 3 . An important concern about the use of yttrium is its high affinity for hydrogen. 2 0 

Perhaps the incorporation of Y 2 0 3 into a very thin surface region of the vanadium-base alloy may suffice as an 
electrical insulator 2 1 and prevent the possibility of hydrogen embrittlement of the structural material. 

Among the corrosion-resistant alloys, both the as-chromized V-20TÍ and the oxidized vanadium showed 
promising results. Cross sections of the VxO layer after exposure can be seen in Fig. 3b. Although the as-
chromized V-20TÍ sample showed a slight weight gain, it should have gained more weight from stoichiometric 
pickup of oxygen than was observed (Fig. 6). The V-20TÍ specimen with a preformed O2O3 scale showed greater 
weight loss, possibly because of defects in film, as shown in Fig. 2b. Spalling of Cr2Ü3 could occur by penetration 
of lithium through the pores and cracks. The preoxidation procedure will be conducted in a low-p0 2 environment 
to reduce the porosity of the oxide layer. 

4. Development of In-Situ-Formed Insulator Coatings 

For the complex geometries and high-temperature operating environments of interest, in-situ-formed self-
healing coatings appear to offer the most reasonable solution. Excellent-quality difTus.on coatings on metals and 
alloys have been obtained when the diffusing element has been introduced via a liquid metal, e.g., lithium.6 

Formation of the nitride (V-Ti)N on V-base alloys has been observed in various experiments (Table 3). This 
nitride surface layer has been associated with limited diffusion of nonmetallic impurities in the liquid 
lithium/structural materials systems; more specifically, a retarded carbon transfer phenomena 2 2 was observed 
in V-20Ti alloys. Adelhelm et al. 2 3 observed that corrosion rates of V-.YTi-hSi were minimized with 30 wppm 
nitrogen in liquid lithium and attributed this to the protective effect of a (V.Ti^N reaction layer with x = 1.55-1.67. 
The thickness of this layer was dependent on nitrogen concentration, not time. Chopra and Smith2'* also observed 
a nitride layer on vanadium-base alloys exposed to liquid lithium Although no uniform scale was observed in 
alloys with a low titanium content "Mi, a uniform, mixed nitride layer formed on V-< 15,20iTi. The thickness 
increased with temperature , not time, with values of about 1.5. 2.5, and M) urn at 427 ,4H2.and 5H3 C, respec
tively. However, the layer was brittle and could spall under thermal stresses Votinov et a I.*'' found that 
t i tanium, being a more reactive element, caused nitrides to form closer to the surface, and these ni tr ides limited 
further diffusion Similar reaction products were also found in other lithium compatibility studies "' •'•'' 
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Table 3. Summary of Reported Observations of Reaction Product Layer Formed on V-base Alloys after U-Exposure* 

V-base Test Conditions Lithium Impurities (wpptn) Surface Layer Characterization 
Observed Alloy Temp. Time Thickness 

Reaction Product Substrate PC) (h) N O C (jim) Observations*' 

Reaction products insoluble in U 2 7 

Reaction products insoluble in Li 2 7 

lS-e.cy Uniform brittle scale 2 4 

10 DcmssodNdtfuslon, increased hardness 3 4 

20 Dense scale, restricted impurity diffusion25 

15-40 Dense scale, restricted impurity diffusion2 5 

2-5 Density of scale o N content 2 3 - M 

10 Film formed in V/Fe system in static U 2 9 

V 3N. VN. LiyVJ^ V " - - - --

VN V 477 -- 140 -- -

U 7 V N 4 V 477 -- 23.400 - -

Mixed nitrides V-(15.20m 427-538 >700 20-50 - 8-12 

TIN V-(15. 20m 482 >1600 20-50 - 8-12 

Nitrides V-(5-30m 700 500 3633 580 19.000 

Nitrides v-i5-3orrt 700 500 13.524 1400 35.000 

(V.TDxNd V-3T1-1S1 533-550 >362 8-S4 -- 0.3-2 

Fe. Cr. Nl enriched V 800 1000 200-2000 <250 <50 
'Limited to open literature: more observations are reported verbally or in informal documents. 
bMore information is given in the cited references. 
cSurface layer thickness increased with temperature and did not form on alloys with 5% Ti or less. 
«•Where 1.55 <x< 1.67 

Ongoing experiments focus on characterization of the nitride layer on the V-20Ti and titanium specimens 
exposed to flowing lithium at Argonne National Laboratory and on measurements of electrical conductivity to 
quantify insulation properties. 

CONCLUSIONS 

Based on a series of scoping studies, diffusion and in-situ-formed coatings appear to exhibit the most 
potential for good corrosion resistance and high electrical resistivity in a lithium environment. However, 
preliminary experimental studies indicate that the actual stability of BN, MgO, and CaO in lithium is unsat
isfactory in high purity lithium containing low concentrations of nitrogen and oxygen.The only electrical 
insulator material that was compatible on the basis of these preliminary tests was Y2O3. Because some of these 
results are not consistent with expected thermodynamic relationships, more tests are warranted. Among the 
structural materials, both oxidized vanadium and chromized V-20Ti showed promising results, but more work is 
required to develop a suitable preformed Cr 2 0 3 layer. 

FUTURE WORK 

Additional efforts will focus on the development of self-regenerating diffusion coatings and corrosion-
resistant layers that have adequate electrical insulation properties with liquid lithium. If the original coating 
cracks or spalls, a new coating would form to maintain the required properties. 

Emphasis will be placed on completing the compatibility studies of Y2O3 in lithium at higher temperatures 
and for longer exposure periods (>1000 hj. Work is also in progress to evaluate the appropriateness of CaO V 2 0 5 , 
AI2O3, A1N, Y3AI5O12, and MgAl204 as possible ~trical insulator coatings for use in flowing lithium. 

A critical examination of the stability, corrosion resistance, and electrical resistivity of the vanadium-
titanium-nitride surface reaction layer formed on V-Ti alloys during exposure in lithium will be made. 

Successful completion of the coating fabrication and compatibility teste will enable selection of an appropriate 
electrical insulator coating. Because the life span of the insulator coating will depend on its mechanical integrity 
during service, especially under the influence of neutron irradiation, a senes of mechanical and irradiation tests 
will begin. 
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LITHIUM MASS TRANSPORT IN CERAMIC BREEDER MATERIALS 
P. E. Blackburn and C. E. Johnson (Argonne National Laboratory) 
OBJECTIVE 

The objective of this activity Is to measure the lithium vaporization from lithium oxide breeder 
material under differing temperature and moisture partial pressure conditions. 
SUMMARY 

The transport of lithium by vaporization of L10H(g) from lithium ceramics, particularly Ll^Ofs), 
poses a constraint on the maximum operating temperature of the blanket. Experimental measurements have 
shown that, depending on temperature, moisture pressure, and proximity of structural steels, the lithium 
transport process Is complex. For conditions wherein the L120(S) Is "free standing," the lithium 
vaporization Is controlled by the LI2O/H2O system thermodynamics that are already well established. 
Simply stated lithium transport as L10H(g), Increases with Increasing temperature and higher partial 
pressures of moisture. In the proximity of stainless steel there Is an added chemical potential driving 
force due to formation of L^CrO?, L1Fe02 and LINIO2. The transport of L10H(g) to the stainless steel Is 
driven by the concentration gradient of L10H(g) from that at the L1?0(s) surface and that at the steel 
surface. This gas-solid reaction may become Important for blanket designs where the structural steel Is 
very close to the Ll20(s) ceramic. 
PROGRESS AND STATUS 

Lithium ceramics are being Investigated for use as tritium breeding materials. The lithium Is 
readily converted to tritium after reacting with a neutron. With the addition of 1000 ppm H2 to the He 
purge gas, the bred tritium Is readily recovered from the blanket as HT and HTO above 400°C. Within the 
solid, tritium may also be found as L10T which may transport lithium to cooler parts of the blanket. 
This process may cause loss of lithium from the blanket, blocking of flow paths, and Increase of the 
tritium Inventory. Laboratory studies have established the pressure of L10H(g) for reaction of Ll20(s) 
with water vapor, 

0.5 Ll20(s) + 0.5 H20(g) * L10H(g). (1) 
The purpose of this work Is to Investigate the transport of L10H(g) from the blanket material. 

Experimental 
A fixed bed system was assembled that enabled good contact between the purge gas and the lithium 

oxide at high gas velocities. In this fixed bed arrangement, a silver lined quartz tube was used to 
hold seven cylindrical LI2O pellets 8 mm long by 5.3 mm diameter arranged in a close-packed 
configuration. A platinum sieve was located at the downstream end to hold the pellets In place. The 
space through which the gas flows 1s divided Into three different regions; a single region bounded by two 
concentric silver cylinders, six triangular regions bounded on two sides by L1?0 and on a third side by 
silver, and six small triangular regions bounded by LI2O on all three sides. The quartz tube assembly 
was heated In a clam shell furnace. Chromel-alumel thermocouples provided temperature measurement and 
temperature control. Helium flowed through two rotómeters, one line through a water saturator and the 
other line directly from the high purity tank helium. Needle valves on the rotometers were adjusted to 
reduce the water content to 5xl0" 4 atm. Total flow rates as high as 7000 cc/mln (STP) permitted gas 
velocities as high as 2600 cm/sec at 850°C. 

The furnace was heated to 850°C and held for experimental times ranging from 40 to 300 minutes 
followed by cooling to room temperature. After cooling, the silver tube was soaked In water to dissolve 
the condensed L10H. The L10H solution was added to a 100 mL volumetric flask along with 20 ml of l-N HCI 
to produce the 0.2-N HCI solution required for lithium analysis. 

The pressure of L10H was calculated from the lithium analysis and the Ideal ges law, 
P (LIOH.g) » nRT/V (2) 

where n Is the number 1.' moles of lithium transported oer minute, R Is the gas constant, T Is the 
absolute room temperature, and V Is the volume flow of helium per minute (STP) corrected for the fraction 
of helium gas (55.9%) .lowing over the L^Ofs). 

The gas velocity was calculated from the total volume and the total effective areas of the 
three regions. For this calculation the effective diameters were computed from, 

deff ' 4A/P W. (3) 

ThTs'VoVk supported "by the U.S. Department of Energy, Office of 
Fusion Energy, under contract no. W-3]-109-f.nci-3ft. 
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where d eff Is the effective diameter, A the geometric area, and P w the length of the perimeter, effective area Is 0.1655a»2 as calculated fro» equation (4). The 

Aeff r w d eff 4 (4) 
The decrease In the pressure of LiOH(g) was correlated with increase In flow velocity assuaing that 

the process is diffusion controlled. The formation of LiOH(g) from reaction of H20(g) with Li2<>(s) is a 
two-step process: first, water vapor diffuses fro» the flowing helium to the lithiua oxide surface, and 
second, the reaction of HzOfg) with Ll20(s) produces L10H(g) which diffuses Into the flowing helium. The 
two slaultaneously occurring processes can be calculated froa the product of the fractional saturation of 
each process. The fractional saturation of each process aay be calculated froa tables and equations of 
L. S. Darken2 where the fractional saturation is given as a function of Dt/L 2. 0 is the diffuslvity of 
L10H(g) or H20(g) In hellua, t Is the tiae in seconds, and L is the half-thickness If the gas voluae 
flowing past the lithiua oxide. LIOH(g) originates primarily froa the six triangular regions bounded by 
silver on one side and Ll20(s) on the two other sides and these regions were treated as six slabs. Since 
one side of each of these six regions Is silver, the value for L Is the full thickness. L was estlaated 
froa the root of the product of the dlaaeter of the geoaetric area and the effective dlaaeter. L is 
equal to 0.191 + .077 ca. The diffuslvltles of LiOH(g) and H20(g) gas In hellua were estlaated using 
equation (5) froa R. E. Treybal,3 

1.5 
UAB 

(0.00107 - 0.000246 U/\ * l / M ^ T 1 , 3 J1/MA • 1/Mg 

P t ( r A B ) 2 [ f (kT /e A B >] 
(5) 

where DAB 1 S t h e diffuslvity of L10H(g) (or H^íg)) In He, M A and M B are the molecular weights of LI OH (or H?0)and He, T is the absolute temperature, Pt Is the total pressure, r A B Is the molecular separation illlslon, and f(kT/eAB) Is the collision function given graphically in R. E. Treybal. at col 
The time for the reaction was calculated froa the gas velocity and the length of the LI2O cylinders 

(8 mi). The fractional saturation equation for short times is given by equation (6). 

F = 1.128 (6) 
The fractional saturation equation for long times Is given by equation (7). 

F = 1 - e" a 
^5 + 0.0851 Lf 

0.4052 
(7) 

At 1123 K, the diffuslvltles (D) calculated with equation (5) are 6.22 and 6.98 cm2/sec for L10H(g) and 
H20(g) respectively. Fractional saturations for L10H(g) and H20(g) were calculated with equations (6) 
or (7). These fractional saturations apply to a single step process. The two-step process Is assumed 
to be the product of FR 0 a r w J FL10H< 

Fprod F H 2 0 FL10H (8) 

Values for the produc:. are given In column 6 of Table 1. The calculated fractional saturation may be 
compared to the measured saturation in column 5 of Table 1. Figure 1 shows a plot of the log of the 
measured saturation against the log of the calculated saturation. 
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Table 1 
Calculation of L10H Fractional Saturation* 

PLIOH 
ata 
xlO 6 

Vol 
cc/sec 
at Teap 

Velocity 
ca/sec 

Residence 
Tiae 
sec 

PLIOH/P 0 Frctnl 
Saturtn Logio 

P/PO 
«-«J10, Frctnl 
Saturn 

32.3 8.3 50.2 0.016 1.90 0.999 0,278 -0.0006 
12.9 8.7 52.7 0.0152 0.75 0.998 -0.123 -0.0009 
16.2 15.8 95.7 0.0084 1.05 0.961 0.020 -0.017 
3.39 297 1794 0.00045 0.20 0.103 -0.706 -0.987 

20.9 12.3 74.4 0.0107 1.24 0.986 0.092 -0.006 
12.6 11.2 67.9 0.0118 0.74 0.991 -0.131 -0.004 
6.92 49.8 301 0.0027 0.41 0.612 -0.390 -0.213 
4.90 98.6 596 0.0013 0.29 0.309 -0.542 -0.510 
2.19 220 1332 0.00060 0.13 0.138 -0.887 -0.859 
1.26 433 2618 0.00031 0.074 0.070 -1.128 -1.154 

The teaperature was 1123 K. D H O H 
«•• •'"LiOH <s 1.70E-5 ata.l 

was 6.22 ca?/ sec, D H 2 0 was 6.98 ca^/sec, and L was assuaed 

Data were derived froa Noda's paper 4 to calculate the degree of L10H(g) saturation when hellua and 
500 ppa water were flowed through a cylinder packed with 5 aa spheres of LI7O, The cylinder was 2 ca In 
dlaaeter and 10 ca high. The log of the pressure of L10H(g) aeasured by Noda divided by that calculated 
froa Tetenbaua and Johnson Is plotted against the log of the calculated fractional saturation In Fig. 1. 
Noda's residence tiae was over 10 tlaes greater than ours for the sane gas velocity. Noda's aeasureaents 
and our calculation of his data, plotted In Fig. 1, agree that his hellua was fully saturated with 
L10H(g). 

This work established conditions for calculating LIOH(g) undersaturatlon In hellua as a function of 
the velocity of the purge gas. It has been assuaed that fractional saturation of two-step Interdependent 
reactions can be treated as the product of each fractional saturation. The aeasured and calculated 
fractional saturation agree within experlaental uncertainties. 
Measurements of the effect of stainless steel on L10H(g) transport. 

Preliminary experlaents were carried out to determine what effects the placeaent of structural 
stainless steel near the L1z0(s) could have on the transport of L10H(g) froa the Ll20(s) blanket 
material. In this study, a silver boat was used to hold Ll20(s) with a stainless steel sheet placed at 
desired distances above tne Ll20(s). The boat and plate were placed Inside a silver lined quartz tube 
and the quartz tube assembly was heated In a clam shell furnace. Hellua flowed through two rotoaeters, 
one line through a water saturator and the other line directly froa the high purity hellua tank. In soae 
measurements the helium contained about IX hydrogen. The two helium streaas were alxed and flowed Into 
the silver lined quartz tube containing the boat and llthlua oxide. Needle valves were adjusted to 
reduce the water content within the range 0.001 to 0.01 ata. The furnace was heated to 750°C for this 
set of aeasureaents. Most of the L10H(g) produced froa water vapor and Ll20(s) deposited on the 
stainless steel plate. The remaining L10H(g) condensed In cooler downstreaa regions of the silver tube. 

After each experiment, the boat was removed and the silver tube was soaked In water to remove the 
condensed L10H, for chemical analysis. The deposit on the stainless steel was dissolved In nitric acid 
for lithium chemical analysis. The pressure of L10H(g) was calculated from the lithium analysis of the 
condensed L10H 1n the silver tube and the Ideal gas law. 

Six experiments were carried out at 750°C. In experiments 21, 22, and 26 He flow was 10 cc/aln and 
water pressure was about 9000 ppm; In experiments 23-25 He flow was 100 cc/mln and water pressure was 
about 1200 ppm. With the exception of experiment 21 all measurements were made with 303 stainless steel 
plates above the Ll20(s) fixed bed. The results of experiments are summarized in Table 2. In column 6 
of table 2, the measured L10H(g) pressure was determined, assuming all the lithium condensed in the 
silver tube was entrained as L10H(g) in the flowing helium. This was not the case In experiments 21, 22 
and 26 where the apparent pressures were an average of nine times greater than those calculated from 
Tetenbauml. This was verified when tne flow rate was increased to 100 cc/mln and apparent LIOH(g) 
pressures decreased to within a factor of two of that calculated from Tetenbaum's work. The LIOH(q) 
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condensed in the silver tube by two mechanisms: 1) transport by entratnaent In flowing hellua; 2) thermal 
Migration froa the flowing hellua In the hot zone to cooler regions of the silver tube, driven by the 
temperature gradient. As the velocity of the hellua flow decreases, the ratio of thermal Migration to 
entralnaent increases toward Infinity. 

Table 2 
Diffusion driven UOH(g) reaction with stainless steel 

Run He Flow Ratio P(H2) P(H20) P(L10H) P(L10H) 

No cc/aln aeas/Tet ata ata ata 

aeas 

ata* 

Tet 

21 10 9.02 .0000 .00875 1.14E-4 1.26E-5 

22 10 13.3 .0000 .00799 1.59E-4 1.20E-5 

23 100 2.14 .0097 .00120 9.93E-6 4.44E-6 

24 100 1.64 .0097 .00125 7.77E-6 4.75E-6 

25 100 1.85 .0097 .00120 8.64E-6 4.67E-6 

26 

ated 

10 

froa ref. 1. 

5.00 .0097 .00986 6.66E-5 1.33E-5 

Steady state diffusion 

In our experiments the L1?0(s) and the stainless steel sheet are separated by distances of five 
•Illlmeters to less than a «1111 meter. During the experiment the L10H(g) transports to the stainless 
steel surface, driven by the dlffuslvity of LiOH(g) in heliua and the L10H(g) pressure gradient, and 
deposits on the stainless steel. 

The Li0H(g) pressure decrease may be caused by reaction of L10H(g) with the steel to form Ll2Cr02,or 
Ll2Fe02, or LI2NIO2. For example, the enrómate may be produced by the reactions, 

Cr + 3/2 H20(g) » 1/2 O2O3 • 3/2 H 2(g), (9) 

and, 

L10H(g) + 1/2 0203 » L1Cr02 + 1/2 H20(g). (10) 

The L10H(g) pressure at the llthlua oxide Interface with water concentration of 93 ppa at the three 
temperatures used In the compatibility studies by Chopra et al., 6> 7 and the temperature of our 
experiments are given in Table 3 for reactions (10 and 11), 

1/2 LI2O • 1/2 H20(g) * L10H(g) (11). 

The L10H(g) pressure at the stainless steel Interface for reaction (11) in equilibrium with C r ^ , 
LICrO?, and 93 ppa H?0(g) are given In Table 3. The L10H pressure at the stainless steel Interface will 
depend on the composition of the corrosion layer on the steel surface. The composition depends on time, 
temperature, and gas composition. In all cases, this pressure will be substantially lower than that at 
the Ll20(s) surface. 

Table 3 

Equilibrium L10H(g) pressures (ata) as a function of the teaperature (K) 
at the surfaces of Ll£0(s) and stainless steel where Cr^/LICrO^ 

and 93ppa H^O control the L10H(g) pressure. 

723 823 923 1023 

L1 20 4.08E-10 1.15E-8 1.59E-7 1.31E-6 

Stainless steel 7.90E-17 1.25E-14 5.45E-13 1.24E-11 



The L10H(g) pressures In table 3 are based on Tetenbaum's1 pressures In equilibrium with Ll20(s) and 
water vapor. The UOH(g) pressures at the steel surface are 2E-7 to 9E-6 times lower than the pressures 
at the Ll20(g) surface. The UOH(g) fonwd at the Ll20(s) surface Is Influenced by the pressure gradient 
and dlffuslvlty of LIOH(g) In the gap between L1?0(s) and the stainless steel. In this steady state 
diffusion process, the flux of L10H(g) Is given by, 

NA ' T £ [ P*r "*] ("> 
where N A Is the flux of L10H(g) In He In g mol/sec/cm*. D » Is the diffuslvlty In cm^/sec of L10H(g) In 
He, Pt Is the total pressure In ata, P/u and P/£ are the L10H(g) pressures at the Ll20(s) and stainless 
steel surfaces respectively, R Is the gas constant (cc-atm/deg/mol), T Is the absolute teaperature, and z 
1s the distance, In ca, between the Ll20(s) and the stainless steel. The flux of L10H(g) varies 
Inversely with the separation distance z, rising rapidly as z decreases. 

CONCLUSIONS 

These studies have shown that the transport of L10H(g) can be strongly Influenced by the proxlalty of 
a stainless steel surface to the Ll^fs). The pressure of L10H(g), In equilibrium with Ll20(s), Is 
proportional to the square root of the H20(g) pressure and Increases exponentially with teaperature. The 
transport of L10H(g) to the stainless steel is driven by the concentration gradient of L10H(g) froa that 
at the Ll20(s) surface and that at the steel surface. At the stainless surface the L10H(g) pressure Is 
likely to be In equilibrium with either L1Cr02, or L1Fe02, or LINIO2. Experiments of this type must be 
run for extended periods to assess the Importance of this Interface complexity. 
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DESORPTION CHARACTERISTICS OF THE L1A102-H20(g) SYSTEM 
Albert K. Fischer and C. E. Johnson (Argonne National Laboratory) 

OBJECTIVE 

The objective of this study Is to describe the energetics and kinetics of desorptlon of H^fg) and H2(g) 
froa the surface of ceramic breeders with data that allow predictions of the characteristics of tritium 
release. 

SUMMARY 

The energetics and kinetics of the evolution of H2<)(g) and H2(g) froa LIAIO? are being studied by the 
teaperature prograaaed desorptlon technique. The concentrations of H2. H2O, N2, and O2 In a hellua streaa 
during a teaperature raap are aeasured simultaneously with a aass spectrometer. The aaount of H2 
adsorption/desorptlon Is saall coapared to the aaount of H2O adsorptlon/desorptlon. After prolonged 
treataent with hellua containing 990 ppa H 2 at 400°C, H2O evolution Into the He-H2 streaa was observed 
during 473 to 1023 K (ZOO to 750°C) raaps at rates of 2 or 5.6 K/aln. The different peak shapes 
reflecting this process were deconvoluted to show that they are coaposltes of only 2 or 3 reproducible 
processes. The activation energies and pre-exponentlal ten» were evaluated. The different behavior 
originates In the differences aaong different surface sites for adsorption. The interpretation of higher 
teaperature peaks (above 873 K (650°C)) aust still consider the possibility of contributions froa 
Interactions with the steel walls. 

PROGRESS AND STATUS 

Introduction 

Recent work has shown that aultiple desorptlon processes contribute to the evolution of H?0(g) froa 
ceraalc oxides that are candidates for trltlua breeders In fusion reactors.1 These processes differ In 
several respects: the type of desorptlon, whether chealsorption or physlsorptlon, and the different 
degrees of coverage by 0H~ groups on the various types of surface sites froa which desorptlon occurs. The 
distinctions In sites Involve defects, lapurltles, and differences In the physical-chealcal nature of Ions 
on different crystallographlc planes exposed to the gas phase. It is possible to regard these rites, with 
various actuation energies of desorptlon, as kinds of surface "traps" for trltiua. 

It Is Important to have accurate, Independently aeasured values of activation energies for the 
constituent processes so that the data for trltlua release froa coaplex Irradiation tests can be 
Interpreted properly. If the species released froa the surface In irradiation tests can be considered to 
be doalnantly in the oxidized form (HTO or T7O), aeasureaents of the activation energy for desorptlon of 
H20(g) are especially laportant for the application of trltlua release aodels. The appearance of HT Is 
often ascHbable to post-release Interactions of HTO(g) with the metallic walls or exchange with H?. A 
useful experimental technique for measuring desorptlon activation energies, as well as other kinetic data 
like the reaction order and the preexponentlal terms in the rate equations. Is teaperature prograa*?d 
desorptlon (TPO). 2 

TPO aeasureaents have been made for some Halted conditions to provide data that describe the 
kinetics of desorptlon of H20(g) and H2(g) froa L1A102{s). Coapiexlty In the adsorption of H20(g), In the 
fora of differently activated adsorption processes, has already been revealed.3 However, the apparent 
ability of H2 in the gas streaa to enhance the rate of release of trltlua In various tests of breeder 
performance under Irradiation conditions aakes It Important to understand the Interaction of both, H2O and 
H2, with the breeder substrate. (Under some conditions, the possibility for interactions with the tube 
walls also needs to be considered.4) This information can then be used to define the optlaua purge gas 
chemistry for a balance between the aaount of H2 added as a trltlua release promoter to the hellua purge 
gas and the aaount of protlua that aust be separated froa trltlua In processing the recovery streaa. With 
Its focus on H20(g), this study, eaphaslzlng the kinetics of desorptlon, a non-equilibriua process, 
complements the earlier study3 on adsorption Isotherms, which relates to surface Inventory at equilibrium. 

Experimental 

A quadrupole mass spectrometer was used for the continuous detection of gaseous species, H2O, H2, O2. 
and *2- I n addition, the H2O level In the gas stream was monitored with an electrolytic moisture 
analyzer. The mass spectrometrlc data were recorded and processed digitally. The gas-carrying ilnes of 
the all-stainless-steel apparatus were heated to Minimize holdup of H20(g). High-temperature 
chromatographic valves enabled gas streams to be changed very quickly with a sharp concentration profile. 
A programmable teaperature controller provided linear heating rates. 

This work Supported* ty the J.'J. Department of lr\e_rry, Office o< 
fusion Energy, under contract no. •<-31 -109-Eng-3ft. 
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The thermocouple Measuring the temperature was immersed directly In the ceramic sample, which weighed 
0.52 g. The 7-LÍAIO2 saaple was froa a batch prepared at CEN, Saclay, France, for the EXOTIC V 
experiment.5 The specific surface area was 6.6 a^/g and the aean grain dlaaeter was 0.28 or 0.35 «m, 
depending en whether it is calculated froa the porosity and the pore radius or froa the surface area and 
density. In its preparation it had been sintered at 1373 K (1100°C), and before being bottled for the 
present study It was heated at 1073 K (800°C) for 1 hr. 

After a preliminary drying, six TPO runs (Table 1 and Figures 1 through 6) were performed with 
temperature ramps froa 473 to 1023 K (200 to 750°C); for 5 of the 6 runs, the ramp rate was 5.6 K/mln; for 
one (number 5) it was 2.0 K/mln. Between runs, the saaple was kept at 673 K (400°C), while a stream of 
helium with 990 ppm H2 passed through It. This soaking period ranged froa 20 hours to 264 hours; the 
duration for each run is Indicated in the caption for each figure. Just before starting a run, the 
temperature was reduced quickly to 473 K (200°C) while maintaining the flow of hell urn-990 ppm H 2. Then 
the gas was switched to pure helium If a desorptlon Into pure helium was planned (runs 1 and 2) or the 
flow of he HUB-990 ppm H¿ was maintained for desorptlons Into ^-containing sweep gas. The temperature 
ramp was started at 473 K (200°C) 5 minutes later. 

Table 1. Kinetic Parameters 
First Order Desorptlon of H7O 

from A, B, and C sites on LIA1O2 

Run No. "k 
1 0.090 
2 0.072 

Run No. "A 
3 0.078 
4 0.017 
5 0.025 
6 0.022 

Sweep Gas: Helium 

EdA n EdB "C 

17.8 0.28 23.0 
17.5 0.28 23.0 

Sweep Gas: Helium + 990 ppa H 2 

EdA »B *dB "C 

17.0 0.39 22.9 1.74 
15.7 0.13 23.0 
16.3 0.20 22.7 0.62 
16.0 0.15 22.6 

EdC 

EdC 
28.5 

27.5 

Results and Discussion 

For desorptlon Into pur¿ hellua, runs 1 and 2, the H2 trace remained at essentially the 
baseline level until a temperature of approximately 873 K (600°C) was reached. This result suggests 
that the amount of H 2 absorbed at 673 K (400°C) in the period before the run Is small or 
negligible, or Incapable of being desorbed. The rise In evolved H? at higher temperature Is most 
likely the result of Interaction of the evolved H^O with the stainless steel tube wall, as shown by 
earlier work, and/or the evolution of H 2 dissolved In the steel during the pretreatment with H 2. 

The sptctra were deconvoluted, using Lotus 1-2-3 software, with the finding that they are the 
sums of 2 (in four cases) or 3 (In two cases) sub-peaks. The sub-peaks are identified as the A, B, 
and C peaks and are taken to correspond to desorptlon processes involving three different types of 
sites on the surface of the L1A102, designated as types A, B, and C. The overall rate of desorptlon 
of H20(g) expressed by the measured curves and comprised of the sua of desorptlon from the 
Individual typ?s of sites identified by subscript 1 for the A, 8, and C sites 1s given by: 

r • E«/ftfiexp(-Ed1/RT) 

This is the functional form used In the deconvolutlon. 6\ is the individual fractional surface 
coverage for each of the types of sites at a given moment.6 Total fractional coverage is $j « 10\. 
The preexponentlal term, v\, is in units of mol/mln-m? where *r? refers to total BET surface area. 
The activation energy for desorptlon, Edi is in units of kcal/aol. The sub-peaks jre for first 
order desorptlon. Attempts to reproduce the curves as a mixture of first and second order or as 
completely second order processes did not yield as good fits to the data. The $ values for the A, 
B, and C peaks were in the range of approximately 0.01 and 0.02. 
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In comparing the A and B peaks with and without H2 In the sweep gas, one sees that the B peak 
Is substantially smaller than the A peak In the absence of H2 (Figures 1 and 2) but comparable to or 
larger than the A peak in the presence of H? (Figures 3-6). In the absence of H2, the B peak 
contributes to the overall curve as a shoulder, whereas In the presence of H2 it is a distinct 
second or doalnant peak. The frequently reported enhancement of tritium release attending the use 
of H2 in the sweep gas might be related, therefore, to enhanced population of B sites and to the 
emerging participation of C sites which apparently were not Involved In the runs without H2. It is 
also apparent from Table 1 that the activation energies and pre-exponential terms for a given type 
of site are reproducible, showing that the seemingly disparate TPD spectra are unified In reflecting 
mixtures of common processes. 

As far as the numerical values for these kinetic parameters for the A and B sites are 
concerned, the effect of 990 ppm H2 In the sweep gas Is small. There appears to be a small decrease 
In the activation energy for the A sites In the presence of 990 ppm H2, but this is compensated by 
by a saall decrease In the pre-exponential term. Considering that the conditioning of the LIAIO2 
with H? «as at a relatively low teaperature In the context of operation of solid breeders, 673 K 
(400°C), the small effect of the H2 addition observed here Is consistent with the results from 
tritium residence time measurements In at least two release experiments. In the TEQUILA 
experiment,7 the tritium residence times In 0.15 pm grain size LIAIO2 were equal at approximately 
750 K (477°C) for helium gas purges containing either IX or 0.1» H2, or a mixture of 50 vppa H2 and 
100 vppm H2O. That 1s, there was no effect from the «2 additions at this temperature. However, the 
additions to the purge gas became Increasingly effective at higher temperatures. A similar 
conclusion was reported In the study by Tanaka et al. 8 on the residence times for tritium release 
from LIAIO2. They found that the residence time was shortened by a factor of 6.8 at 973 K (700°C) 
and by a factor of only 3.8 at 803 K (530<>C) when the H? concentration In the sweep gas was changed 
from 10 ppa to 1000 ppa. These result suggest that smaller effects would be expected at lower 
temperatures, e.g., 673 K (400°C). 

Comparison of Figures 3, 4, and 6, for which the ramp rate was constant and for which the 
duration of pretreatment with 990 ppm H7O Increased monotonically, reveals a trend for Increasing 
amplitude of the A and B peaks as duration of pretreatment Increased. This suggests that the 
buildup of surface OH" was time dependent and aided by the H 2. It also suggests the process is slow 
because the pretreatment periods were of the order of days. It appears reasonable that at higher 
teaperature the buildup processes would be faster; future work should Inquire Into whether the peaks 
Increase In amplitude for higher pretreatment temperatures. 

Observation of first order kinetics deserves consideration in view of the generally accepted 
proposition that desorptlon of HTO which Is chemlsorbed as OH", even In the presence of H2. 8 The 
observation of first order kinetics for a blmolecular process can be understood In terms of a theory 
originated by Llndeaan. 1 0 If the surface Is represented by s and the surface-bonded 0H~ groups are 
s - OH and the transition state Is s - H2O*, then the stepwise process can be visualized as the 
blmolecular step: 

s - O H + s - O H s - H2O* • s - 0 

with rate constants fy to the right and k.2 to the left followed by the unimolecular step: 

s - H2O* • H20(g) • s 

with rate constant k\. Development of the Llndeman theory lead to the final expression, 

d[H20(g)] k!k2[s - 0H]2 
•in M • • — — . . i — 

dt k_2[s - OH] • kj 
I f k_2 » k 1 ( then 

« W i g ) ] - k!k2[s - OH] 

dt k.2 

which 1s a first order expression relating to a blmolecular process and provides the conceptual 
rationale for the observations of first order kinetics. The condition k.2 » k\ implies that the 
reversal of the blmolecular step is faster than the evolution of H^(Q), and that Increasing the 
concentration of s - OH, will Increase the evolution of H20(g) accoralng to the rate equation. 
Higher temperatures could alter the relationship between the rate constants so that If k1 >> k 2 the observed kinetics would become second order, though the total mechanls* would still involve a 
blmolecular step followed by a unlmolecular one. This point needs further study. 
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It was indicated earlier9 that formation of surface 0H~ together with F+ centers can result, 
fro» adsorption of H2. Surface space charge layer effects attending H2 adsorption were alsc 
discussed as contributors to increased surface OH' concentrations. 

Even if apparently only weakly adsorbed, H? can still be understood to be sufficiently present 
and active on the surface fro» the following consideration. The rate of laplngeaent of H¿ Miecules 
on the surface at 820 K froa a gas with 990 ppa H? is, froa kinetic theory calculation», 6.4 x 1 0 2 0 

•olecules-ca'Z-sec'1. By coaparison, the rate of evolution of H2O at one of the peak heights is of 
the order of 8 x 10 9 aolecules-cm-Z-sec"1. Therefore, the H2 lapingeaent rate exceeds the H2O 
departure rate by a factor of approximately 1 0 1 1 . This laplles that even if H2 Is weakly adsorbed, 
and implying brief residence tiaes on the surface, the high laplngeaent rate can compensate. 

In interpreting the C peaks. It Is still uncertain whether the H?0(g) released at these higher 
temperatures reflects only desorptlon froa the surface, or whether diffusion froa the bulk is 
increasingly augmenting the surface 0H~ concentration, or if there are Interactions between H2 and 
the steel surface. These questions require further study. When It appeared, evolution froa the C 
sites was comparable in magnitude to the evolution froa the A and B sites. Possibly, the soaking 
temperature of 673 K (400°C) was only aarginally adequate to activate cheaisorption of H2 to 
populate the C sites. 

The 28 kcal/mol value for the activation energy for the C peaks Is close to the 29.5 real/mol 
reported by Kudo for the activation energy of decomposition of L10H, a process of «20(g) 
evolution.11 In Kudo's case, the decomposing L10H produced a LI2O surface with scattered 0H~ 
groups. The apparent slallarlty between the two cases suggests that the C sites on LIAIO2 resemble 
sites on H 2 O In their H^-evolving behavior, but there remains also the question of possible steel 
surface effects In the work with L10H. 

FUTURE WORK 

The next phase of TPO measurements will center on H2O In order to provide data that art of 
current Interest for ITER blanket designs. 
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Fig. 1. Desorptlon of H2O Into pure helium 
after 264 hours pretreatment with 990 pptn H2 
in helium at 673 K. Ramp rate is 5.6 K/min. 
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Fig. 3. Desorptlon of H2O Into helium 
containing 990 ppm H2 after 20 hours 
pretreatment with 990 ppm H2 In helium at 
6/3 K. Ramp rate >s 5.6 K/mln. 

Fig. 2. Desorptlon as In Fig. 1, but after 
120 hours pretreatment. 
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Fig. 6. resorption as In Fig. 3, but after 
210 hour.-: pretreataent. Ramp rate 1s 5.6 
K/nln. 
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TRITIUM RELEASE FROM LITHIUM CERAMICS 
J. P. Kopasz (Argonne National laboratory), H. Brlee (CEA/CEN Grenoble, France), 
S. Casadlo (EMEA/CRE, Cassaccia, Italy), and H. Werle (Karlsruhe, Germany) 
OBJECTIVE 
The objective of this e f for t Mas to Improve the current understanding of t r i t ium transport In ceramic 
breeder materials and to assist CEA staf f (Saclay, France) in analysis of the i r In -s l tu t r i t ium recovery 
experiments. 

SUMMARY 

Recent in-plle tritium extraction experiments from lithium ceramics have investigated the effects of 
temperature, material mlcrostructure, purge gas composition, and tritium generation rate on the kinetics 
of tritium release. The relationship between the tritium release characteristics and sample 
mlcrostructure indicates de^orption is the dominant mechanism controlling tritium release for the 
conditions Investigated. Literature results Indicate that this desorptlon step may be second order and 
the activation energy of desorptlon may vary significantly with surface coverage. The changes in 
inventory with variations 1n the key parameters mentioned above were Investigated to determine the 
applicability of these reports to in-plle tritium relei.se. The results suggest tritium release i% first 
order, and that the desorptlon activation energy is dependent on the surface coverage. 
PROGRESS AND STATUS 
Introduction 

A large amount of data are available for in-pile tritium recovery experiments which have investigated 
the effects of the generation rate, sample mlcrostructure, purge gas composition and temperature on 
tritium release. The results have led to a qualitative understanding of the dependence of tritium 
Inventory and release on these factors; however, a detailed Interpretation of the results leading to an 
understanding of the rate controlling mechanisms is not always straightforward. One model which has been 
widely used to interpret the results Is the diffuslon-desorptlon model.1 This model treats the desorptlon 
as pse'ido first order In tritium and generally considers the desorptlon occurring with one activation 
energy. Other work has suggested that the desorptlon step is second order In tritium or that the 
desorptlon may be occurr1ng(with different activation energies.2 Using data from experiments carried out 
at the Centre d'Etudes Nucléalres de Grenoble we have examined the effects of the key parameters mentioned 
above on tritium release and inventory and have compared the magnitude of these effects with those 
predicted from various tritium release models. 
Key Parameters Affecting Tritium Release 

The tritium release kinetics are dependent on the tritium generation rate, temperature, 
mlcrostructure of the ceramic, and composition of the purge gas. The tritium residence time (defined here 
as the ratio of the tritium Inventory to the tritium generation rate) is a convenient Indicator of the 
release kinetics. The tritium residence time should be independent of the generation rate if a diffusion 
or first order desorptlon mechanism 1s the rate controlling step while the tritium residence time will be 
dependent on the generation rate If a second order desorptlon mechanism 1s rate controlling. 

The sample mlcrostructure is a crucial factor affecting tritium release kinetics. For a diffusion 
mechanism the tritium residence time is given by: 

t * a2/15D (1) 
and the inventory increases as the square of the grain radius, for a desorptlon mechanism, the residence 
time Is given by the sample volume divided by the product of the surface area times the desorptlon rate 
constant. For a sphere, this leads to: 

t * a/3h (2) 

For other geometries an effective radius a*, defined as three times the ratio of the sample volume to the 
specific surface area, can be used to calculate the residence time. The residence time will be 
proportional to this effective radius if desorptlon Is the rate controlling mechanism. 

The conyosltion of the purge gas has been demonstrated to have a substantial effect on the tritium 
residence time. It Is obvious that the surface processes are Influenced by the purge gas chemistry. 
However, the bulk properties may also be affected by the purge gas. For example, water addition to the 
purge gas may be expected to increase the desorptlon of tritium from the surface. Addition of water in 
the purge gas may also lead to a hydrogen concentration 1n the bulk which exceeds the solubility limit, 
causing the precipitation of a second phase of L10H/L10T, thereby changing the bulk properties including 
dlffusivity (this is likely to occur for LI2O at temperatures below 450°C where the hydrogen solubility Is 
low). 

http://relei.se


RESULTS ANO DISCUSSION 

Effect of Generation Rate 

In an effort to clarify the order of the desorptlon reaction, tests were performed with different 
thermal neutron fluxes and, consequently, different tritium generation ratee. For a desorptlon mechanism 
which is first order in tritium, the tritium residence time will be independent of the aeneration rate 
while for a desorpti-n mechanism which is second order In tritium, the tritium residence time will be 
inversely proportional to the square root of the generation rate. Transient temperature changes were 
performed on LI4SIO4 samples with He + 0.1X H2 as the purge gas for two thermal neutron fluxes, 0.4 and 
0.93 x 1 0 1 7 n/m?s. The tritium residence times obtained are shown In table 1. The values at a given 
temperature are identical, within the error of the calculations, for the two fluxes, indicating the rate 
determining step is not second order In tritium. Other factors Indicate desorptlon is rate controlling 
for these samples, so we can conclude desorptlon Is first order in tritium under these conditions. 

Effect of Hlcrostructure 

The effect of sample microstructure on tritium inventory was Investigated In the TEQUILA experiment. 
Temperature transient runs were performed on samples of LIAIO2 with different mlcrostructures. Results 
for experiments with He + 0.1Z H2 purge gas and for two different mlcrostructures are given In table 2. 
The results Indicate that tritium residence time decreases with decreasing grain size. This was also 
observed In the LILA III 4 experiment. 

Table 1. Tritium residence time (In hours) versus 
thermal neutron flux LI4SIO4 sample. He + 0.1% H2 as purge gas. 

neutron flux temperature tritium residence time 

10" n/m2s °C h 

0.93 450 17.5 < T < 27 

500 4 < r < 4.2 

0.40 450 
500 

26.5 
4.1 

It follows from equation (1) that for diffusion controlled release, the tritium residence time will 
Increase In proportion to the square root of the grain size which means that a ratio of 600 is expected 
for the tritium residence times of the two samples with 6 and 0.15 ¡m grain sizes. The observed ratios, 
>10.8 at 670OC, >16.3 at 620<>c, >26.6 at 560°C and >14.4 at 510°C are much lower, Indicating that 
diffusion is not rate limiting for these temperatures and grain sizes. Likewise If desorptlon Is rate 
limiting the tritium residence time will increase in proportion to the effective grain radius calculated 
from the specific surface area which means that a ratio of 13.3 is expected for the tritium residence 
times of the two samples with 6 and 0.45 ¡tm effective grain radii (a*). The observed values (see table 1) 
are of the same order of magnitude as expected for the desorptlon controlled release, suggesting that 
desorptlon Is the controlling factor determining tritium residence time for these materials. Any 
variation from the expected ratios suggests other processes may be playing a minor role In determining the 
tritium residence time. 



Table 2. Effect of mlcrostructure on tritium residence til 

grain size a * cale froa Temperature Trltlua 
a spec. surf. area oc residence r / r 

/•• /" t lae, T a = 0.15 

0.15 0.45 670 0.95 1 
6 6 • > 10.3 > 10.8 

0.15 0.45 620 1.3 1 
6 6 • > 21.2 > 16.3 

0. 15 0.45 560 3.9 1 
6 6 • >103.8 > 26.6 

0.15 0.45 blO 9.7 1 
6 6 • >140.2 > 14.4 

Effect of Purqe Gas Composition 

It Is obvious that the surface processes (desorptlon of tritium or trltlated water) are Influenced 
by the purge gas cheatstry. It has been shown repeatedly that addition of hydrogen to the purge gas 
1«proves the tritlua release rate. 4» 5 It seeas reasonable to assuae that water addition will also 
lap rove the tritiua release rate. 

In the TEQUILA experiaent, three purge gas compositions were investigated: He + 0.1X fy, He + 1.0X 
H? and He • 50 vppa H2 + 100 vppa H2O. The results for samples with grain radius of 0.15 pm are 
Illustrated In figure 1 as plots of the natural log of tritlua residence tlae versus the Inverse 
temperature. 

The trltlua residence times obtained In TEQUILA Indicate that for saall grain radius samples, 
trltlua release Is better for a purge gas containing 1.0X H2 than for one containing 0.1X H2. This 
conclusion Is supported by the trltlua release observed for a change In purge gas froa He + O.IX H2 to He 
• 1.0X H2 which shows a decrease In trltlua Inventory. The TEQUILA results also Indicate that trltlua 
release was better for a purge of He + O.IX H2 than for He + 50 vppa H? + 100 vppa H2O at high 
teaperatures (> 510°C), while at low temperatures (460°C) release was better for the purge gas containing 
water than for those without water. 

In TEQUILA, for small grain samples, the desorptlon activation energies were the same for purge 
gases of He + O.IX H2 and He • 1.0X H2 (within the experimental errors,, while the desorptlon activation 
energy for He • 50 vppa H? • 100 vppa Hjjo was substantially lower. This observation suggests that the 
activation energy aay be dependent on the hydrogen (OH groups) surface coverage. The degree of hydrogen 
gas adsorption on LIAIO2 Is certainly less than that for water, and therefore it Is not surprising that 
the desorptlon activation energy 1s smaller when water Is added to the purge gas. In addition, since H? 
adsorption Is expected to be dissociative, the hydrogen surface coverage would be expected to vary as the 
square root of the hydrogen pressure. This suggests the hydrogen surface coverage for He + IX H2 is of 
the same order of magnitude as for He + O.IX H2 and therefore one would expect the desorptlon activation 
energies to be similar. 

Effect of Temperature 
The effect of temperature was Investigated by performing teaperature transient tesis. Generally the 

trltlua Inventory end trltlua tlae constant decreases with Increasing teaperature. The trltlua time 
constants, however, exhibit an interesting phenomenon. In some cases the time constant (defined as the 
tlae for a temperature transient peak to decay to 35X of its maximum value) determined for a temperature 
Increase froa temperature Tl to temperature T 1s different than the time constant determined for a 
temperature decrease from temperature T2 to the same final teaperature (table 3, TEQUILA experiment). 

For a pure first order desorptlon process or a pure diffusion process, the time constant 1s 
Independent of the previous temperatures while for a second order desorptlon process the time constant 
will depend on the previous temperature. In the case of mixed dlffusion-desorption the mathematics are 
less straight forward and it is not obvious whether the time constant are dependent on or Independent of 
the previous conditions. To solve this problem, calculations were performed using the DISPL Code 6 for 
diffusion with a first order desorptlon boundary condition 1n spherical geometry. The results Indicate 
that In the mixed dlffuslon-desorptlon regime the time constant 
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Table 3. Time constants of tritium release; dependence 
on temperature history gamma-LlA102 samples. 

He + 0.1% H2 as purge gas 
previous 

grain size tt.'mx rature temperature time constant 
M I PC °C h 
12 620 670 10.75 

570 5.5 
bimodal 0.2-5 " 670 11 

570 3.7 

Is dependent on the previous conditions, but as the ratio ah/D Increases toward diffusion controlled 
release or decreases toward desorptlon controlled release, this dependence disappears. This suggests 
trltlia release Is In the Mixed dlffuslon-desorptlon regime at the temperature when the time constants 
for temperature Increases and temperature decreases are unequal or desorptlon Is second order In tritium 
In these cases, however separate tests on LI4SIC4 Indicate desorptlon Is first order. 
CONCLUSION 

Tritium extraction experiments performed at CEN Grenoble have determined the effects of tritium 
generation rate, sample mlcrostructure, purge gas composition and temperature on tritium release from 
ceramic tritium breeding materials. These results have also provided some Insight Into the rate limiting 
mechanism. The relationship between the tritium residence time and the sample mlcrostructure Indicate 
that desorptlon Is the dominant mechanism In tritium release for the conditions Investigated. The 
Importance of surface processes Is further Illustrated by the effect of the purge gas composition on 
trltlu* release. The presence of different activation energies for the rate limiting process for the 
different purge gases Indicate that a simple desorptlon model with a single activation energy 1s 
Inadequate and a model with multiple desorptlon activation energies or mechanisms Is necessary to account 
for the variations In inventory with different purge gas compositions. 

Some data also suggest a second mechanism contributes to the tritium Inventory. Diffusion Is the 
most likely candidate, and » i< ffuslon-desorptlon model Is able to account for the observed differences 
In time constants for temperature Increases and temperature decreases to the same final temperature. An 
alternative explanation Is a second order desorptlon mechanism which would account for the differences In 
time constants but separate tests on LI4SIO4 have indicated the tritium release Is Independent of the 
generation rate, and therefore not second order. 
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IN-SITU TRITIUM RECOVERY FROM Li.,0 IRRADIATED IN FAST NEUTRON FLUX - BEATRIX-II INITIAL RESULTS -
T. Kurasawa. Japan Atomic Energy Research Institute, 0. D. Slagle and 6. W. Hollenberg, Pacific Northwest 
Laboratory,-*! R. A. Verrail, AECL Research, Chalk River Laboratories 

OBJECTIVE 
The purpose of this work is to evaluate the performance of candidate ceraaic breeding aaterials for use in a 
fusion blanket. This evaluation is specifically aiaed at characterizing the behavior of aaterials in a neu
tron flux. 

SUWARY 
The BEATRIX-U experiaent in FFTF is an in-situ tritiua recovery experiment to evaluate the tritium release 
characteristics of Li;0 and its stability under fast neutron irradiation to extended bumups. This experi
aent includes two specimens: a thin annular ring specimen capable of temperature transients and a larger 
temperature gradient specimen. 
During the first 85 days of the operating cycle of the reactor, the tritiua recovery rate of a temperature 
transient capsule was exaained as a function of temperature, gas flow rate, gas composition and burnup. 
Temperature changes in the range from 500 to 650*C resulted in decreasing tritiua inventory with increasing 
teaperature. Lower gas flow rates resulted in slightly lower tritiua release rates while gas composition 
changes affected the tritium release rate significantly, more than either flow rate or teaperature changes. 
Three different sweep gases were used: He-O.U H 2, He-0.01X H z, and pure He. Decreasing the amount of 
hydrogen in the sweep gas decreased the steady-state release rate by as much as a factor of two. 
A teaperature gradient capsule is more prototypic of the conditions expected in a fusion blanket and was 
designed to provide data that can be used in evaluating the operational parameters of a solid breeder in a 
blanket environment. The operation of this canister during the first 85 EFPD cycle suggests that Li ;0 is a viable solid breeder material. 

PR06RESS AND STATUS 
Introduction 
BEATRIX-II is an International Atomic Energy (IEA) sponsored irradiation experiment to evaluate the tritiua 
release characteristics of Li20 and its stability under fast neutron irradiation to extended bumups 1 2. It 
is an in-situ tritium release experiment being carried out In the Fast Flux Test Facility (FFTF). The 
participants in this exoeriment are the Japan Atomic Energy Research Institute (JAERI), the Atóale Energy of 
Canada, Ltd. (AECL), and the United States Department of Energy (US/DOE). Results from the first 
85 effective full power days (EFPD) of operation are described in this paper. 
The experiaent includes two capsules containing different L1 ?0 specimens each with a separate sweep <jas and tritiua measurement system. One specimen is in the form of a thin annular ring operating at a near!/ 
uniform teaperature capable of teaperature transients while the other specimen is a solid cylinder of 
pellets operating under a teaperature gradient. A sophisticated tritium gas handling system, that both 
monitors the release of tritium from the two solid breeder specimens and recovers the tritium in specially 
designed getter beds,3 was designed and built. 
Experiment Design 
The ring specimen was designed to operate In a manner similar to previous tritium recovtry experiments, 
e.g., TRIO,4 V0M,s CRITIC,6 while the solid specimen provides performance data on L1 ;0 irradiated In a teaperature gradient. Each gas stream 1s Instrumented for continuous monitoring of the flow rate, total 
moisture, tritium concentration, and the form of the tritium. The total tritium concentration and form of 
the tritiua is determined in a manner similar to the VON experiment5 and uses a Ceramic Electrolysis Cell 
(CEC) to reduce the water vapor.6 A more complete description of the system is given in References 1 to 3 
and the operation of the system is described in Reference 3. 
The specimen description and the Irradiation conditions are given in Table 1. The ring specimen has a wall 
thickness of 0.16 cm with thermocouples located at the Inner and outer surfaces. During irradiation, the 
temperature difference across this specimen is 40*C. The teaperature of the ring specimen Is controlled by 
changing the type of gas in the thermal gap of the canister.1,2 Temperature transients Imposed on the 
specimen occur in times less than 15 seconds. The solid specimen is not temperature controlled and has an 
edge temperature of 450*C and a center temperature of 1000*C. Although the outer dimensions are nearly the 
same, the solid specimen Is a factor of 2.9 'arger by weight. Both specimens are exposed to similar levels 
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Table 1 

Materials and Environmental Conditions for BEATRIX-II 

Specimen 
Characteristics Ring Sol ¡rf 

Length (cm) 8.90 8.92 
Outer dia. (cm) 1.84 1.70 
Inner dia. (cm) 1.51 0.27 
•eight (g) 11.95 34.31 
Density (XTD) 79.3 84.5-92 
Grain Size (microns) S.5 46 
'll (at X) 61 61 
Temperature (*C) 
Center 540-640 1000 
Edge 500-600 450 

Tritium Generation Rate (10 6 Ci/s) 
Calculated 47 124 
Measured 58 143 

Total Generation: 
300 EFPO (Ci) 1500 3700 

of neutron flux in the Materials Open Test Assembly (MOTA). Because of the weight difference, the solid 
specimen generates 150* more tritium during irradiation. The goal bumup for a 300 EFPD Irradiation is 4% 
of the total lithium for both specimens. 

Experimental Test Plan 

This paper describes the first series of experiments carried out during a recent operational cycle equiva
lent to 85 EFPD. The first part of the irradiation was devoted to conditioning the specimens and adjusting 
the instrument parameters to optimize the data. The reference condition was selected to be an inner 
thermocouple reading of 650*C, a sweep gas of He-0.1 %H 2, and a flow rate of 100 mL/mln. This corresponds 
to a specimen outer surface temperature of 600*C and an inner surface temperature of 640"C. The Inner 
thermocouple temperature is used to designate thr temperature of the ring specimen. 

The tritium recovery rate from the temperature transient capsule was examined as a function of temperature, 
gas flow rate, gas composition, and bumup. The first series of tests, designed to determine the effect of 
temperature transients and sweep gas flow rates on the tritium recovery rates. Is described In Table 2. 
Runs 1 to 6 and 14 to 20 are a series of temperature transients between 650, 600, and 550*C to characterize 
the temperature dependence at reference flow and gas composition. Ir Runs 6 to 14, the effect of 50, 100 
and 200 mL/mln sweep gas flow rates and temperature transients between 550 and 650*C at 50 and 200 mL/mln 
were investigated. A series of runs to characterize the effect of gas composition and burnup is given in 
Table 3. In Runs 21 to 33 the sweep gas composition was varied along with the temperature. Three different 
sweep gases were used: He-0.1% H 2, He-0.01% H,, and pure He. Runs 33 to 38 are a series of temperature 
transients with the reference sweep gas that will be repeated later tn the experiment to determine the 
effect of burnup. 

RESULTS ANO DISCUSSION 

A primary purpose of this experiment, and vented-tests In general, Is to determine the viable operating 
parameters of a solid breeder blanket and the associated tritium Inventories. To date, no attempt has been 
made to determine tritium Inventories for the L120 In this 85 EFPD cycle of the experiment, but observa
tions of steady-state tritium recovery rates and the shape of recovery peaks permit general comments. 

In general, an indication of "acceptable" operating conditions can be defined If steady-state tritium 
recovery Is established within a reasonable amount of time, such as one day after a change In a specific 
operating parameter. A "true" steady-state recovery rate Implies that the recovery rate Is equal to the 
tritium generation rate In the ceramic. However, under many experimental conditions the "apparent" steady-
state recovery rate Is not the generation rate. In these circumstances, the tritium Inventory Is steadily 
increasing (or decreasing). Given a sufficiently long time, the "apparent" steady-state recovery rate 
should approach the true steady-state release rate, I.e., the generation rate. The results obtained to 
date, In many cases, relate to "apparent" steady-state recovery rates and the critical questions as to the 
time for establishing true steady-state release rates and the equilibrium Inventory have not yet been 
determined for these experimental results. 



281 

Table 2 
Experimental Test Plan for the Ring Specimen to Determine the Effect of Temperature Changes and 
Flow Rate Using He-O.IXH, Sweep Gas 

Temperatures 
•c 

Flow Rate 
fmL/min) 

Run ID 552 m m 5fi 100 2fifi 
1 
2 
3 
4 

X 
X 

X 
X 

X 
XX 

X 

5 
6 
7 
8 X 

X 
X 
X 

X 
X 

X 
X 

9 
10 
11 
12 X XX

X 

X 
X 

X 
X 

13 
14 
15 
16 X X 

X 
X 

X 

XX
X 

17 
18 
19 
20 

X 
X 

X 
X 

X 
XX 

X 

generation rate. In these circumstances, the tritium inventory is steadily Increasing (or decreasing). 
Given a sufficiently long time, the 'apparent" steady-state recovery rate should approach the true steady-
state release rate, i.e., the generation rate. The results obtained to date, In many cases, relate to 
"apparent" steady-state recovery rates and the critical questions as to the time for establishing true 
steady-state release rates and the equilibrium inventory have not yet been determined for these experimental 
results. 

-0.1X H2 sweep gas Increases result 

Temperature change Effects 
Typical tritium recovery peaks associated with temperature transient tests performed in He 
are shown in Figure 1. In agreement with results from other in-sltu tests, "' temperature 
in recovery peaks associated with decreasing the tritium inventory of the specimen; the opposite occurs for 
temperature decreases. The double recovery peaks, associated with the temperature Increase tests (Run 3 in 
Figure 1), are not generally seen in other In-reactor tests but are typical for this experiment. Also note
worthy is the variation In the apparent tritium recovery rate following the transients and the relatively 
small peak sizes relative to steady-state recovery (less than 10%). The very small tritium recovery peaks 
associated with the temperature change tests in He-0.1XH2 sweep gas Indicate that the tritium inventory is very small under these conditions. 
Temperature changes performed during the initial phases of the system conditioning and parameter adjustment 
(not shown) produced small 'reverse' tritium recovery peaks preceding the normal peaks. That is, for a 
temperature decrease, there was Initially a small increase In the tritium concentration prior to the normal 
decrease. These "reverse peaks" occurred when the specimen was taken to temperatures higher than previous 
exposure. Subsequent tests performed at the same or lower temperatures did not result in the small reverse 
peaks. For this reason, these peaks appear to be related to specimen conditioning. Reverse peaks were also 
observed 1n CRITIC-I.6 

Form of the Rele^ed Tritium 
The tritium recovery curves associated with the temperature increases are characterized by an Initial sharp 
peak followed by a broader long term peak. By comparing the difference between the total tritium concentra
tion and th*1 concentration of the lemental tritium, this second broader peak can be correlated with trltl-
ated water recovery. The association of these peaks with water can also be seen by comparing them with 
curves of sweep qas moisture from the specimen. In Figure 2 the sweep gas moisture for the ring specimen Is 



Table 3 
Experiaent Test Plan for the Ring Speciaen to Deteraine the Effect of Gas Composition Changes and Burnup. 
Sweep gas flow rate is 100 aL/ain. 

.E 
O 
c o 

I 
i 

Temperatures 
•c 

Ga« Coaposit 
» L in Heli 

fi *!LiU. 
ion 
m Run ID SSfi sag m 

Ga« Coaposit 
» L in Heli 

fi *!LiU. £L1 
21 
22 
23 
24 X 

XXX 

X 
X 

X 
X 

25 
26 
27 
28 

X 
X 

X 
X 

X 
X 

X 

X 
29 
30 
31 
32 

XX
X 

X 
X 
X 

X 
X 

33 
34 
35 
36 

X 
X 

X 

X X 
X 

X 
X 

37 
38 

X 
X 

X 
X 

Time (h) 
Figure 1. Tritium recovery and temperatures for the series of temperature transients (runs 1-3) 
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Figure 2. Tritium recovery and sweep gas moisture for temperature transients from 550-650*C (runs 2-3) 
compared with the recovered tritium concentration during the thermal transient in Run 3. There is very good 
correlation between the sweep gas moisture and the secondary peaks in the recovered tritium concentration. 
The first sharp peak of tritium recovery after a thermal transient appears to be associated with the change 
in the recovery rate of elemental tritium. The most likely source of this tritium is the surface of the 
Li,0 ceramic, but another possible source is the surface of the capsule components which change tempera
ture. More important is the question as to whether this first peak was released from the specimen as ele
mental tritium or whether it resulted from reduction of the trltiated water by the capsule components. 
The separation of the two peaks In Figures 1 and 2 also has several possible explanations. One explanation 
Is that the tritium is released from the specimen both as elemental and as water; the elemental form is 
released in a short time period following the transient while the water form Is released over a longer time 
period. An alternative explanation for the separation, is that the delay results because of an interaction 
of the water vapor with the sweep gas lines to give a "drag" or time delay In the movement of the tritlated 
water from the specimen to the tritium measurement system. 
Although the present results do not differentiate between the processes Involved in the tritium release from 
the specimen during the thermal transient, there is reason to believe that both elemental and hydrated trit
ium are being released from the specimen. For the BEATRIX-II experiment under normal reference conditions, 
with He-0.1% H ? sweep gas, 95% of the recovered tritium is in the elemental form. If It is assumed that 
this is due to a reduction by the capsule components, then because of the small size of the thermal tran
sient tritium recovery peaks relative to the steady-state recovery rate, the thermal transient peaks should 
also h?ve 95% of the tritiated water reduced to HT and an HTO peak would not be observed. The fact that the 
total tritium recovered as water after a thermal transient is often larger than the amount recovered as ele
menta1 iritium shows that the system is not reducing 95% of the trltiated water to elemental tritium. 
Therefore, it is reasonable to assume that a significant proportion of the 95% recovered elemental tritium 
under reference conditions is released in the elemental form. This suggests that for the case of H2 doped sweep (,as, isotopic exchange at the surface of the specimen plays a significant role in the release of 
tritium from the solid breeder material. 
Sweep Gas Composition Effects 
Sweep gas composition (the amount of H 7 in the He) has a major effect on the observed steady-state recovery 
rates, and therefore on the tritium 1-ventorles. The test, plan incluoed measuring both the effect of chang
ing gas composition at constant temperature and the effect of gas composition on tritium recovery durmq a 
thermal transient. 
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Figure 3 is a plot of the variation in sweep gas tritium concentration for a change in sweep gas coaposition 
at 600'C. In general, the recovery rate decreases as the H 2 decreases froa 0.1 H to 0.01 H to He with 
transient release peaks observed when the composition is changed from He to 0.1X H ;. The observed steady-
state tritium recovery rate for the different gas compositions at the 550, 600 and 650°C are compared in 
Table 4. The recovery rates are compared relative to the case of He-0.1% H 2 at 550°C. The recovery rate 
does not appear to be strongly dependent on temperature but for a change in sweep gas composition varies in 
the ratio of 1 : 2 / 3 : 1/2 for 0.1% H 2 : 0.01* H 2 : He. To a smaller extent, this effect was observed in 
the VOH experiment.5 In the CRITIC-I test on Li 20 6, this effect was not seen directly, but was inferred 
from a buildup in the tritium inventory over long periods of time using low H ; concentrations in the sweep 
gas. 
Within experimental error, the steady-state recovery rate established with Hs-0.1% H 2 is thought to approach 
the true steady-state. Such observations have potentially important ramifications on acceptable sweep gas 
compositions in a blanket. 
The other type of behavior considered is the effect of gas composition on tritium recovery during a thermal 
transient. Figure 4 is a comparison of the recovered tritium concentration during a thermal transient from 
550°C to 650°C in He versus He-0.1% H 2. The difference is dramatic, with the initial transient recovery in 
helium being much larger than that for the case of He-0.1% H ?. The small recovery peak resulting from temp
erature change tests in He-0.1%H„ sweep gas versus that in He indicate that the tritium inventory for 
He-0.1% H 2 is much smaller than for He at these temperatures. The low apparent steady-state recovery rate 
using He sweep gas also suggests an increasing tritium inventory. Another way of interpreting this is that 
an increasing inventory leads to a longer time between generation of the tritium in the ceramic and the 
release. 

The recovery peaks for the temperature transients in He-0.1% H. have large secondary tritium concentration 
peaks typically associated with water release. Also shown in Figure 4 is a comparison of the moisture peaks 
for the two different sweep gases. The moisture release is approximately 10 times larger for the case of 
He-0.1% H 2 than for He. 
Sweep Gas Flow Rate Effects 
The effect of changing sweep gas flow rates (200, 100 and 50 mL/min) on the tritium recovery rates (Ci/s) is 
shown in Figure 5. The width of the recovery peaks can be expected to increase for lower flow rates because 
of the delay time for the sweep gas to pass through the system. However, there can also be an effect asso
ciated with the time to establish steady-state release rates from the specimen. 
The results shown in Figure 5 indicate an apparent difference in the steady-state recovery at the different 
flow rates. On the left side of the figure, before the flow-rate changes were made, the difference between 
the maximum and minimum recovery rate is 8%. Recovery rates decrease with decreasing flow rate so that 
50 mL/min gave the lowest recovery rate, etc. However, after the flow-rate changes were made, the differ
ence in recovery rates increased to 20%, and were no longer ordered as well as before. At 100 mL/min, two 
different recovery rates differing by 15% were established in two different tests. 
The data indicate that there may be an effect of sweep gas flow rate on recovery rate. However, whether 
this is related to the dynamical interaction between sweep gas flow rate and the specimen or is due to 
permeation losses through the cladding cannot be determined at this time. The peculiarities in the peak 
shape, as well as the reason for the variation in the steady-state release levels, are not well understood 
at present. Tritium holdup on 30 to 40 m of unheated sweep gao piping may be a contributing factor. 
Buildup of a background signal on the ion chambers due to tritium contamination is another possibility. 
Background shifts during the first 85 EFPD of operation have amounted to 9% (3.33 C1/m3) of the generation 
rate for the ring specimen and to 5% (4.27 Ci/nr) for the solid specimen. 
Solid Specimen 
The experiment test plan on the solid specimen has been limited during the first cycle of irradiation. 
Changes in sweep gas flow rate and gas composition have been carried out, and the tritium recovery char
acteristics caused by those changes are in agreement with the behavior exhibited by the ring specimen. At 
the start of the test, the temperature at the center of the solid specimen was approximately lOOO'C. During 
the first cycle, the temperature slowly decreased approximately 20°C. This decrease in temperature is in 
agreement with the drop in f.ux expected for this position in the reactor due to fuel burnup and the change 
in control rod configuration. The important conclusion is that under the current operating conditions no 
gross changes are indicated that would limit the use of L1?0 as a tritium breeder in a fusion blanket application. 
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Figure 3. Tritium recovery for different gas composition changes at 600*C (runs 26-29) 

Table 4 
Effects of Sweep Gas Composition on the Tritium Recovery from the 
Ring Specimen. Recovery rates are relative to the "apparent" 
steady-state recovery rate at 550* in He-0.1X H, 

Temperature 
550*C 
60<K 
650-C 

Sweep 6a? Composition 
He 0.01X 0.1» 
0.45 0.59 
0.53 0.73 
0.46 .63 

1.00 
1.01 
0.93 

CONCLUSIONS 
The BEATRIX-11 experiment has provided an excellent opportunity for international collaboration on the 
design, fabrication, operation and analysis of an in-situ tritium recovery experiment on ceramic solid 
breeder materials. All systtus are performing as expected and the test Is continuing. The results from the 
first 85 EFPO of operation of the experiment can be summarized in the following conclusions: 
1. Varying the sweep gas composition resulted in larger changes In the tritium recovery rates than did 
changes in either the flow rate or temperature. Decreasing the amount of hydrogen in the reference gas 
composition of He-0.1% H, to pure helium decreased the apparent tritium recovery rate by as much as a factor 
of 2. 
2. Temperature changes in the range of 650 to 500*C resulted in a slightly decreasing/increasing tritium 
inventory with increasing/decreasing temperature. This indicates that the apparent recovery rate at 650 -
500'C in He-0.1% H 2 approximates the generation rate. 
3. A double tritium recovery peak is observed following a temperature transient. The first, sharper peak 
is hypothesized to be associated with elemental tritium while the second peak which is delayed 1n time and 
broader is thought to be associated with tritium recovered as water. 
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Figure 4. Tritium recovery for temperature transients between 550 and 650*C made in He-0.1% H ? (runs 3S-36) and in He (runs 31-32) 

120 

Time (h) 
Figure 5. Tritium recovery rates during sweep gas flow rate changes at reference temperature and gas 
composition. Increasing flow rates are from tuns 6-7 and 13-14 and decreasing flow rates are from runs 9-10 
and 10-11. 
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4. The effect of sweep gas flow rates on tritium recovery indicates that lower flow rates may lead to lower 
recovery rates. This type of data is useful in establishing optimum flow rates both for this experiment and 
in blanket applications. 
5. The solid Li* 0 specimen, with a surface to center temperature gradient of 450-1000*0. has exhibited 
excellent thermal stability and tritium release characteristics throughm". the first cycle of operation. 

FUTURE WORK 
BEATRIX-II Phase I is continuing through the reminder of FFTF Cycle 11, which has an approximate duration 
300 EFPO. The test plan is directed towards further defining the tritium recovery as a function of sweep 
gas composition, temperature, and flow rate. The effects of neutron irradiation damage and burnup will be 
determined by comparing the present results with results from later cycles. 
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IEA WORKSHOP ON IN-SITU MEASUREMENT OF ELECTRICAL PROPERTIES OF IRRADIATED CERAMICS — F. W. Clinard, Jr. 
(Los Alamos National Laboratory) 

OBJECTIVE 

This meeting was held to review the status of studies in the area of transient changes in electrical 
properties of cerannc insulators while under irradiation, to plan future work, and to make recommendations 
to designers of fusion devices. 

SUMMARY 

This International Energy Agency workshop was held in Los Alamos, NM June 27-29, 1990. In attendance 
were 14 participants representing fusion ceramics programs in Spain, the U.K, Japan and the U.S. The 
workshop was divided into four sessions: Background, Current In-Situ Work, Plans and Goals for Future Work, 
and Recommendations. Informal discussion sessions on various subjects were also included in the workshop. 

Studies of in-situ electrical properties have accelerated since the last gathering of this group, with 
recent findings demonstrating that dielectric breakdown as well as enhanced conductivity can be induced by 
concurrent irradiation. Based on present knowledge, recommendations were made to designers of NET and ITER 
on materials selection and anticipated performance, as well as on design-related considerations. 

INTRODUCTION 

This workshop was the fourth in a series for the ceramic insulator community. The first was held near 
Madrid, Spain in 1986, the second in Karlsruhe, FRG in 1987, and the third in Garching, FRG in 1989. These 
earlier meetings, all of which were held under the auspices of IEA Working Group - Task Annex II, were 
dedicated to general reviews of fusion insulator needs, the status of the various national programs, and 
plans for future work. 

In contrast the the first three meetings, the Los Alamos workshop involved discussion of a specific 
scientific and technological issue: in-situ degradation of electrical properties of irradiated ceramics. 
This problem area involves transient changes in such properties as resistivity and loss tangent during 
irradiation rather than afterwards. Put another way, the materials problems are primarily flux-dependent 
rather than fluence-dependent, although as discussed below the damage state of the material (a fluence 
effect) has also been shown to be important. 

The earlier workshops in this series have been recorded in Proceedings reports issued by the 
International Energy Agency. Such a report for the Los Alamos meeting is in preparation as of this writing. 

HIGHLIGHTS OF THE WORKSHOP 

Background 

G. P. Pells (AERE/Harwell) and E. Hodgson (CIEMAT/Madrid) reported that they are involved in ongoing 
consultations with NET designers on materials choices and anticipated problems for insulating ceramics in 
that machine. It is recognized that such discussions are also relevant to insulator needs for ITtR. 

The situation with respec* to the various insulator applications for NET can be summarized as follows: 

Toroidal current breaks - NET will employ metallic breaks, and so this application is not relevant to 
that machine. However, it was noted that ITER designers are planning for current breaks made of insulating 
ceramic, 

ICRH insulators - These insulators are required to support the coax'al feeder line and to act as tritium 
barriers. A loss tangent of 10" may be adequate. 

LHRH insulators - A large number of small windows in clustered waveguides will be required, along with 
thin ceramic sheets between waveguide modules to stop formation of current loops ¿vri ig.disruptions. The 
windows will be recessed and water cooled, and should have a loss tangent less than 10 . Contamination on 
the window surfaces is expected to present difficulties. The windows must serve as retaining barriers for 
tritium from the plasma ano SF, dielectric gas In the waveguide. For NET a maximum lifetime dose of 10 
n/cm is expected. 

EC-RH.-insulators - The waveguides and the'r windows are currently being designed. A loss tangent less 
than 10 is required; It is hoped that f.h*s specification can be met by operating the window at 20 K.with 
periodic warmups that can result in annealing of some of the Irradiation damage. A dose of 10 n/cm is 
anticipated. 
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Conductivity values at 350 C ranged from 3xl0~ to 6-15x10* (ohm-m)~ at reactor shutdown and full power, 
respectively. A time-dependent rise in conductivity was noted, implying a fluence effect. 

M. Unruh (LANl) described an irradiation testing capability that he, F. Clinard, J. Kennedy, W. Sooner, 
and C. Kise developed to study radiation-induced breakdown for another, now-defunct program. The phenomenon 
of concern here involves classical electrolysis (polarized motion of ions in a DC field leading in time to 
runaway conduction, dielectric breakdown, and often structural failure), with contributing effects from 
simultaneous irradiation. 

This work involved development and testing of an environmental capsule designed for irradiation with 
spallation neutrons at the LAHPF beam stop area (LASREF). Target fluxes and fluences were 4x10 n/cm s and 
2x10 n/cm respectively. The capsule was designed to accommodate a large number of samples, both with and 
without guarded electrodes and with and without exposure to a continuous dc field, at elevated temperatures 
in a helium gas atmosphere. 

Initial tests were conducted out of the neutron irradiation field but at the design temperature of 825 C 
and with an applied electric field of 1000 V/cm, during a continuous run of 75 days. Test materials were 
single-crystal A O , , both undoped and with ISO.wppm Ti, and equivalent polycrystalline,samples. Measured 
conductivity values rangeo from 10" (ohm-cm) for undoped sapphire to 10 (ohm-cm) for doped alumina. 
The test capsule exhibited some shortcomings, so that an improved design was subsequently developed. The 
project is currently at a standstill, but could be reactivated if required for fusion studies. 

Future Plans 

H. Ohno reported that gamma irradiation studies at his laboratory will continue, and in the near future 
in-situ measurements will be initiated using the JRR-3 fission reactor. Beginning in 1993, tests will be 
carried out utilizing a triple-beam ion accelerator facility now under construction. 

E. Hodgson described planned future work in the areas of bulk breakdown and degradation, including 
studies of the effect of radiation spectrum, temperature and dose rate, voltage, impurities, and test 
frequency. Other work will include studies of surface breakdown and radiation-enhanced diffusion. 

G. P. Pells reported that funding restrictions necessitate dropping in-situ RIC measurements from the 
Harwell program. Future work will involve measurement of swelling during irradiation at cryogenic 
temperatures using a capacitance method. Plans also include post-irradiation studies of high-frequency 
dielectric properties of ceramics at 20 K after fission reactor irradiation. 

N. Itoh presented a plan to use intense pulses of electrons to study transient defects produced by 
electronic excitation. Measurements will include optical absorption, volume change, and electrical 
conductivity or loss tangent. 

S. Zinkle described planned studies in three areas: (1) electrical conductivity of SiC and other 
ceramics, (2) ICRF dielectric properties of several ceramics in gamma and neutron irradiation fields, and 
(3) microstructural examination of electric field effects during irradiation. The first two study areas 
will involve electrical measurements, while the last will include post-irradiation examination by TEM and 
XPS. 

Dr. Shikama described upcoming work on in-situ electrical property measurements to be conducted in 
Japanese fission reactors. This MÍ it include studies of both Insulating ceramics and graphite, at 200 to 
800 C. It Is also planned to attach a 400 keV TEH to a 2 HeV Van de Graaff accelerate* for concurrent 
damage studies. 

E. Farnum reported on plans to carry out in-situ measurements using a 2-3 HeV proton beam. Test 
materials will Include single-crystal sapphire as well as A O , samples that have previously been damaged by 
neutron Irradiation. Test frequencies will range from near 8c to frequencies releyant to RF heating 
applications. 

NOTE: A more extensive description of this experiment is given elsewhere in this volume. 

Discussions 

The following are some of the highlights of the discussion cessions: 

1. This community must continue and expand its efforts to support reactor designers, both with respect 
to materials choices and to recommended design nanges. 

2. A1 tho .jh this workshop fcused on In-situ electrical properties, it was recogni/ed that in-sit'j 
changes in rtroctural and thermal properties as well as diffusional effects also need attention, and should 
be part of the fusion ceramics program. 
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3. As new irradiation facilities such as IFHIF are conceived and planned, the fusion insulator 
coMHinity must supply input with respect to (1} radiation environment (e.g., ionizing radiation levels and 
neutron energy spectra] and (2) access for in-situ studies. 

4. International <collaboration in the areas of standard and reference materials and in round-robin 
testing is progressing well. Consideration should be given to exchange of personnel where appropriate. 

5. Modeling of e'ectronic and ionic mobility a* well as radiation effects could be most helpful in 
interpreting and explaining observed RIC phenomena. 

6. There was a persistent theme during the workshop that long-term basic studies are needed to 
understand in-situ degradation mechanisms. 

RECOMMENDATIONS 
The workshop participants made the following recommendations to designers, based on the present state of 

knowledge, with respect to the six insulator applications for NET/ITER. (Design and operating conditions 
for the ITER tcroidal current break were not known, and so no recommendations could be nade for that 
application.) 

ICRH insulators. The recommended material is 99.5X pure AT-0,. 
LHRH insulators. The material of choice is again 99.5X A1_0,, selected for lowest loss tangent. 

Further data on RIC effects is needed, and tritium permeation May be a problem. 
ECRH insulators. A cooled single-crystal material such as sapphire should be used. Even low-dose 

damage may present difficulties; irradiation testing to appropriate damage levels should be carried out, and 
under cyclic temperatures that approximate expected operating conditions. 

Neutral beam injector insulators. Current leakage and dielectric breakdown at surfaces may present a 
problem. Fabrication of large insulators with the requisite strength is another issue. The radiation 
environment requires further specification. 

Insulators for copper coils. The vertical stabilizing coil insulators present serious problems, given 
the expected high electric fields, irradiation fluxes, and fluences. The form of the insulator (e.g., solid 
vs. powder) and its composition must be carefully chosen, and an electrical resistivity as low as 10 ohm-m 
(reduced to that value by RIC) must be anticipated. 

Insulators for diagnostic applications. Further information on materials needs and operating conditions 
is required. The use of IR windows necessitates development of an acceptable mounting technique. With 
respect to optical fibers, irradiation-induced degradation of the polymeric coatings will present a serious 
problem. 
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M-StTU MEASUREMENT OF RADIATION INDUCED CONDUCTIVITY M CERAMICS-E. H. Famum. H. M. Frost and F. W. 
Canard (Los Alamos National Laboratory) 

OBJECTIVE 

The> objective of this work is to develop a data base and unueutendhm of radtowlort-induced changes in the electrical 
properties of ceramic insulators, and then use this information to hJeiiBfy or design new cerams materials that wi l enprove the 
pertormanoB of magnetic fusion machines. 

SUMMARY 

T U B report oescnoas our •xpenmantai pian ano scneouw ior measuring Die reonoon mouceo conoutuvey (nKJj m ceramKs 
wnee newig nmnaiBO wen 9 M B V proems, m me easel expenmens, omeceic oorsnni era nee w e no meesurea m pwv era 
in Ti-doped sapphire. The measuiementi wM be made at room temperature; at frequencies between 100 Hz and 
10 MHz, wan and without an appfled DC bias, and as a function of radtatton flux and fluence. The ton Beam Materials 
Laboratory (BML) ton source at Los Alamos wWbe used wfm Deem cúrrente up to 1 nicro-empere. We expect initial resulte to 
be avstabtr tor me next semi annual Progress Report. 

PROGRESS AND STATUS 

The fact that penetrating radiation reduces the electrical resistMte of ceramics has been Imovm for s o ^ 
been measured in a number ofcandMa» fusion reactor insulator materials. This effect called radiation-induced conductivity 
(RIC). has been shown to reduce the predicted Hteime of reactor wirtdows to unacceptable levels (5.6). The effect has been 
measured as a function of flux and fluencewith fast and thermal neutrons (1.4.7), with gamma rays (2.7A .and with 
acceterated charged particles (9.10.11). These measurements were made by subjecting ihe material to the irradiation at a 
fixed temperature and subsequently measuring the change from the pre-invdiated conductivity. Recently. Hodgson in Spain 
(10,12) and Pells in England (13) measured the RrC m-srtu during irradiation with electrons arxf wim protons respectively. 
Both of these experiments showed higher RrC then would be expected from post-irradiation measurements. Further, they 
then applied a DC electric field to the material during the irradiattm and c«served an even greater RIC efiect (12.1^1. Their 
experiments showed tor the first time that even fn-sfhi experimente may be insufficient for predicting the behavior of insulators 
in fusion applications. Since In plasma heating applications et ECRH, LHRH and ICHH frequencies the Insulator is used for 
very high power transmissicns. Ngn electric fields M 
irradiation. Therefore, to simulate a real fusion reactor environment radiation and electric fields must be applied 
simultaneously. Our experiments wW attempt to simulate the fusion environment as doaefy as possible. 

Experimental Plans 

Neutron and gamma radiation from the fusion reactor prooHice bc4h ionizing «nd displadve damage in ceramics. High energy 
protons also cause both ionizing and displacive damage and have been used to simulate fusion reactor conditions (13). 
Advantages of protons as a radiation source include the ability to ac^ust the beam energy, to achieve very high fluxes and to 
control the irradiation environment Three-MeV protons have a range in aluminum oxide of 49 urn, and nearly all of the protons 
slop in the last tew urn of path, in irradiating insulators it is necessary to assure that the protons pass through the sample and 
stop in a metal backing layer. Otherwise the build-up of space charge would destroy ihe sample. Therefore we have chosen a 
sampte thickness of 2SumarM a g^rd-rirKjcapacrtorcorif^ Protons 
that are incident on the top electrode with 3 MeV energy, enter tfie alumina with 2.92 MeV arxf enter the goW backing layer with 
l.92MeV. Thus each proton loses 1.0 MeV in the alumina. Of this. 909.4 keV is lost to ionization reactions and 0.6 keV is lost 
to collisions that cause displacements. A ptot of energy absorption is shown in Fig 2. Because most of the absorbed energy 
is ultimately converted to heat, the metal backing also serves as a heat sink to keep the sample near room temperature. 
Initial experiments will focus on low frequencies (< 10 MHz) and will explore the effect of flux and DC bias on in-situ RIC. The 
experimental configuration is shown schematically in Fig 3. Samples will be held at constant temperature near 25 ° C by 
controlling the backing piste temperature. Proton flux will be varied between 1.3 nA (10 3 Oy/s) and 1.3 uA (1O0 Gy/s). (Peak 
ionizing flux for the first wall of CTT is -1.67 x 10 4 Gy/s.) The beam will be periodically turned off to compare irvsitu RIC with 
post-irradiation values end to determine decay time (if greater than - I s ) . A DC bias of 0 to 25 V, corresponding to 0 to 

lOOOV/mm, will be applied during the irradiation. (In alumina irradiated at 450 °C, thermo-electric breakdown has been 
observed at 130 V/mm (13,14).) Initial in-situ RIC measurements will be made on both pure sapphire (Crystal Systems, inc.; 
c-axis in plane of disk) end sapphire doped with 150 ppm Ti. 
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Experimental Schedule 

We expect to put the first IBML proton beam on a sapphire sample in December. 1990. Initial results should be ready tor the 
March 1991 Progress Report 

dEMX 
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Deem steering 
lens 

Analyzer 
(With bias voltage) 

Figure 3 
Schematic tor planned Proton hiedMion Experiment 
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MILLIMETER-WAVE TESTING OF ISOTCPICALLY ENRICHED ALUMINA 
H. M. Frost, III, J. C. Kennedy, III, and T. N. Claytor (Los Alamos National 
laboratory) and S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 
Evaluate the quality of isotópically enriched high-purity alumina nade by clo
sed-cycle processing, with application to a special irradiation experiment. 

SUMMARY 
In a special fusion-neutron irradiation simulation experiment, ' O has been 
substituted for 0 in 99.5% alumina to be neutron-irradiated in the High Flux 
Isotope Reactor (HFIR) at Oak Ridge for raising the potentially deleterious 
helium gas yield to levels closer to those expected from the neutrons of deute
rium-tritium (D-T) fusion reactions. Earlier, we reported values of complex 
dielectric constant k* measured at Los Alamos at millimeter-wave (MMW) frequen
cies for conventional (unenriched) 99.5% alumina test specimens1. These speci
mens were made under the same conditions applying to the present report of k* 
measured for 170-enriched specimens based on the same alumina system. The 
present alumina has lower dielectric losses than that reported in the earlier 
work. Furthermore, we corroborate the earlier finding that k* is a sensitive 
nondestructive measure of the quality of alumina being considered for rf-window 
use — and the overall quality of high-purity ceramics in general. 

PROGRESS AND STATUS 
Introduction 
While neutron-irradiation studies have been carried out on electrically insu
lating or mechanically sjtrong ceramics such as alumina, the high fluences 
reached of 1 x 10 n/cm or greater have been achieved only in fission 
reactors whose 'fast neutrons' (E > 0.1 MeV} are flower than the 14 MeV neu
trons expected from D-T fusion reactions. When D-T neutrons were available 
from the Rotating Target Neutron Source (RTNS-II) at Lawrence Li'.ermore 
National Laboratory, the corresponding fluences, as limited by irradiation 
scheduling and aperture constraints, were below 5 x 10 n/cm'. 
Fission reactors can simulate the extent of displacement and ionization damage 
expected from 14 MeV neutrons in ceramics such as alumina, but generally not 
the extent of that type of damage linked to transmutation production of gases 
such as helium and hydrogen. When produced, these gases are initially atorai-
cally dispersed, but are subject to subsequent diffusion and segregation 
effects. Lack of sufficient levels of transmuted gas occurs under the usual 
materials irradiation conditions of a hard neutron spectrum (E > 0.1 MeV) and 
normal isotopic abundances for the test specimen elements involved (e.g., Al 
and 0 in alumina). Gas levels produced by fission neutrons in a test specimen 
can be boosted, however, through isotopic substitution within the matera• to 
be irradiated and inclusion of thermal ar well as fast neutrons. The effect of 
this is to increase the cross section of the desired (n,o) reaction, which in 
our case is 0(n,o) *c. 

Experimental procedures 
1. Processing 
Hard, nearly theoretically dense (> 99.5% TD), isotopically adjusted alumina 
samples of 99.5% purity were made through dissolving an organic precursor (alu
minum isopropoxide) in isopropyl alcohol and then hydrolyzing in o-enriched 
water followed by removal of the alcohol, calcining, mixing with MgO (wintering 
aid), milling, and sintering.2 The resulting maximum o fraction in the total 
oxygen content was about 25%. The flexural strength resulting from the closed-
cycle processing involved was 280 MPa. Average grain sizes were 10 ̂ m. 
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2. Dielectric measurements 

The dielectric constant, k, and loss tangent, tans, contribute to the complex 
dielectric constant via k* = k(l - jtani). These properties were measured at 
room temperature by mean? of a computer-operated, swept-freguency MMW scalar 
network analyzer system operating at an average frequency of about 95 GHz on 
specimens inserted within single-moded waveguide. Further details on this 
technique are reported elsewhere, as well as on data-reduction software needed 
when spatial inhomogeneities (e.g., pores or inclusions) are present in the 
test specimens.1-'7 From four to ten repeat measurements were made on each 
specimen available. Specimens were machined from sintered alumina blocks (12 
per block). 

Experimental results 

The values of k and tañí are given in Table 1, along with the nunber of speci
mens in the statistical sample involved. 

Table 1. Dielectric properties of sets of unenriched and enriched alumina spe
cimens from blocks no. 3 and 8, respectively. 

DESCRIPTOR/Statistic Unenriched 
(block #3) 

Enriched 
(block #8) 

Standard 

DIELECTRIC CONSTANT 
Mean: 
Standard deviation: 
Fractional deviation: 

LOSS TANGENT 
Mean: 
Standard deviation: 
Fractioral deviation: 

10.05 
0.016 
0.16% 

5.1 xlO"* 
0.17x10"* 
3.4% 

9.86 
0.044 
0.45% 

5.2 xl0~* 
0.64x10"* 
12.% 

9 
0 
0 

4. 
0. 
12 

.84 

.022 

.22% 

2 XlO"* 
51X10"* 
.% 

No of specimens in 
statistical sample: (li 

Values of the dielectric properties were extracted from 'channel spectra' con
sisting of plots of transmission loss as a function of frequency swept from 90 
to 100 GHz. For obtaining reliable values, a subjective but repeatable selec
tion process was used for accepting or rejecting channel spectra for subsequent 
data reduction. This process involved a comparison of important features of 
each plot with those for the plot expected from electrodynamics theory. Dif
ferences between the expected and observed spectra are due to either specimen-
related or measurement-related effects, such as cracks and inclusions producing 
spurious MMW scattering within the specimen or multimoding due to imperfect 
specimen and waveguide geometries. 

Each average value given in Table 1 is actually a mean of the means. Repeat 
Measurements on a specific specimen were averaged before subsequent averaging 
of measurements over several specimens. For 13 of the total of 17 specimens 
represented ir. this report, the rounded off values of the 'intra-specimen' 
standard deviations for k fell in the range of 0.04 to 0.06, with the other 
four values above (2) and below (2) this range. These typical values essen
tially overlap those for the 'inter-specimen' standard deviations of 0.02 to 
0.05 (rounding off to one significant figure). This overlap condition was 
basically mirrored in the intra-specimen and inter-specimen standard deviations 
for tañí as well. 

The "standard" alumina featured in Table 1, with a density of 95% TD, is a 
Coors AD-995 (99.5 %) alumina control specimen used in an earlier EBR-II irra
diation experiment 3' 4; the mean and standard deviation of its k and tañí 
values were estimated through repeat measurements alone. "Fractional devia
tion" is the ratio in percent of the (n-1) weighted standard deviation divided 
by the mean and multiplied by 100. 
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Acceptable dielectric data were also obtained on specimens froa other 
(enriched) blocks (#7 and #10). Only two speciaens per block were available in 
these cases, though, so inter-speciaen variations could not be evaluated. For 
block no.7, k and tañí were 9.95 and 4.2x10'*, respectively; for olock no.10, 
they were 9.85 and 4.3x10"*. The dielectric losses were the saae as for the 
'standard' aluaina. 

Test speciaens were exaained by acoustic aicroscopy for their defect contents. 
This aethod involves "B-scan" iaaging of internal structure by an ultrasound 
transducer operated in a pulse-echo aode and aechanically scanned under coa-
puter control over the test speciaen iwarraed within a coupling aediua 
(water).1»5 Acoustic aicroscopy probes the entire voluae of each test speci
aen, as opposed to the liaited saapling capabilities of optical and electron 
aicroscopy. Iaages obtained by both acoustic and optical aicroscopy revealed 
internal and surface-connected defects which usually correlated in a predict
able Banner with the quality of the associated channel spectra. In the MMW 
aeasureaents, it was also observed, however, that this quality was sensitive to 
the varying 'speciaen to waveguide' gaps presumably resulting during repeat 
aeasureaents on a given speciaen. 

Discussion 

Our earlier report1 of the sensitiveness of fractional deviation in the dielec
tric constant (k) to aaterial quality is borne out in the present work as well 
— that is, the greater this deviation, the worse the quality. Results froa 
aicroscopy indicate that speciaens cut froa block no.3 are auch aore free of 
defects than those block no.8, especially those defects with sizes of the order 
of the speciaen width (0.100 in * 2.5 as). Corresponding exaaination of Table 
1 indicates that the fractional deviation of k for block no.8 is alaost three 
(2.8) tiaes larger than is the case for k froa block no.3. 

The corresponding aeans of k for the two different blocks are different and 
this difference appears to be statistically significant. That is, these means 
are separated by auch aore than the sua of their probable errors (assuming a 
Gaussian distribution), as given by 0.6745(s.d.3 + s.d.g), where "s.d." stands 
for standard deviation. However, the tanf values are nearly equal (to within 
3%) — and are roughly 25% larger than the value for the "standard" alumina 
used in our earlier work. As reported in that work, the measurable losses in 
the standard speciaen probably arose froa absorption only, e.g., not scattering 
fros inclusions or pores. That is probably also the case here: The densities 
of the experimental aluminas are within a small fraction of one percent of the 
theoretically dense value, so that porosity is low and scattering losses unim
portant. Thus, the present aluaina has an excess dielectric absorption of 25% 
aore than in the standard aluaina. 

One possible explanation for excess absorption (in block nos. 3 and 8) and 
larger dielectric constant (in block no.3) involves electric polarization on 
the interfaces between the aatrix and the inclusion aaterials revealed by 
acoustic aicroscopy. The charge carriers and/or electric dipoles involved in 
this 'interfacial polarization' would have to be essentially free or unbound 
for this effect to be important at KMT frequencies and rooa temperature, how
ever. Delocalized electronic states on the interface or electric dipole 
aoaents of relatively tightly bound cations associated with symmetry breaking 
bi- or tri-vacancies are possibilities. Presence of an effective, slightly 
viscous aediuB within which these charges aove could give rise to the dielec
tric loss. 

The (alumina-like) inclusion material itself aay be a vestige of a small amount 
of the organic precursor that remained as particulate matter during solubiliza
tion in alcohol during synthesis of the aluaina powder. One speculation is 
that the inclusion material is alumina itself that calcined and sintered at a 
different rate and to a lower density than the matrix alumina. 

In our earlier report on the MMW dielectric properties of the same alumina sys
tem featured (except for lack of enrichment), the tanf values reported there 
were 7.5x10" and 13.1x10' (for specimen sets no. 4 and 3, respectively). The 
lower value had been attributed entirely to absorption losses, so the alumina 
featured in the present report has a substantially improved transparency as a 
MMW window. 
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One possible explanation for the differences in k* between the experimental 
aluminas vs. the standard alumina involves the residual carbon content result
ing from incomplete burnoff of the organic precursor used for making the pow
der. During a planned irradiation in HFIR, transmuted carbon will also be pro
duced at boosted levels by the nuclear reaction 0(n,a) *C intended for2 producing helium gas. For comparison, typical NFE conditions of 1 MW/m 
fusion-neutron loading of natural isotope abundance (99.76% ) alumina at the 
first wall would yield 624 appm of carbon.6 Such material could affect the 
dielectric losses because of its relatively conductive nature, especially if 
segregated out, as on grain boundaries. Trace carbon analyses will thus be 
needed on both the control and irradiated samples. 
The question of trace amounts of silicon also needs to be addressed. This is 
because the same thermaj. neutrons, used to convert oxygen into helium (plus car
bon) may also convert Al into Si. This question was raised in the 1960's7 

and was dealt with at greater length by Youngman fifteen years later8, as noted 
in a recent review of radiation effects in non-metals.9 

CONCLUSIONS 
The present results, combined with those in our earlier report,1 indicate that 
the fractional deviation — equal to the mean divided by the standard deviation 
(and multiplied by 100) — in the dielectric constant is a sensitive indicator 
of material quality, as substantiated by independent results from acoustic 
microscopy, which for our work here had a lateral resolution of about o.l mm. 
Prom the standpoint of dielectric properties, alumina specimens cut from unen-
riched block no. 3 have the highest quality of all the specimens we have 
examined so far in the fusion-neutron simulation experiment, and this quality 
is comparable to that for a commercially available high-purity alumina used for 
comparison purposes. The dielectric quality of specimens cut from block no.8 
was somewhat lower than for block no.3, but still acceptable — and comparable 
to that for specimens from "set no.4" featured in our earlier report.1 

With MMM dielectric testing, the entire volume of the cera' c can be sensi
tively and nondestructively sensed for the presence of internal defects, and 
tested specimens can be archived for subsequent retesting at any time. Such 
advantages outweigh the disadvantage of the precision machining now required 
for preparation of test specimens which are inserted under tight tolerances 
into the waveguide section serving as the test fixture in MMW testing. 
Acoustic microscopy is a valuable adjunct to MMW testing, and it probably will 
also be useful for improving the statistics of the four-point bend tests 
intended for measuring flexural strength. It indicates in straightforward man
ner those surface regions in each specimen to avoid when placing the test 
anvils on the specimen, so that the stress concentration effects of anvil and 
defect do not overlap to produce premature failure. 
Because of the presence of thermal as well as fast neutrons in the anticipated 
irradiation in HFIR, trace amounts of carbon are expected from the transmuta
tion of O in the^enriched^alumina. Silicon may also be generated through 
transmutation of Al into Si through neutron capture. The electrical and 
dielectric properties may be changed significantly with these impurities either 
atomically dispersed or segregated on grain boundaries, for example. 

FUTURE WORK 
In the next phase of this work, various sets of >70-enriched and unenriched 
alumina specimens will be irradiated under various flux and temperature condi
tions in HFIR at Oak Ridge. When available, irradiated sets will be sent to 
Los Alamos for specimen preparation and subsequent post-irradiation MMW 
measurements. Assays of trace carbon in both irradiated and unirradiated alu
mina specimens will have to be added to the materials characterization planned. 
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WORKSHOP ON CERAMIC MATRIX COMPOSITE MATERIALS FOR STRUCTURAL APPLICATIONS IN FUSION REACTORS - R. H. Jones, 
Pacific Northwest Laboratory,(,) and G. E. Lucas, University of California.(b) 

OBJECTIVE 
The objective of the workshop was to assess the potential of ceramic matrix coaposites for structural appli
cations in fusion reactors. This included identifying the critical issues regarding their use and data 
needs to complete this assessment. 

SUMMARY 
The workshop to assess the potential application of ceramic Matrix coaposites (CMCs) for structural appli
cations in fusion reactors was held on May 21-22, 1990, at University of California, Santa Barbara. Parti
cipants included individuals familiar with Materials and design requirements in fusion reactors, ceramic 
composite processing and properties and radiation effects. The priaary focus was to list the feasibility 
issues that aight liait the application of these aaterials in fusion reactors. 
Clear advantages for the use of CMCs (i.e., SiC/SiC) are high-temperature operation, «hich would allow a 
high-efficiency Rankine cycle, and low activation. Liaitations to their use are aaterial costs, fabrication 
complexity and costs, lack of familiarity with these aaterials in design, and the lack of data on radiation 
stability at relevant temperatures and fluences. 
Fusion-relevant feasibility issues identified at this workshop include: 

• hermetic and vacuum properties related to effects of matrix porosity (10-15%) and matrix 
microcracking 

• chemical compatibility with coolant, tritium, and breeder and multiplier materials, radiation 
effect: on compatibility 

• radiation stability and integrity 
• ability to join CMCs in the shop and at the reactor site, radiation stability and integrity of 

joints. 
It was suggested that a true feasibility assessment 0 f CMCs for fusion structural applications could not be completed without evaluation of a material "tailored" to fusion conditions or at least to radiation sta
bility. It was suggested that a follow-up workshop be held to design a tailored composite after further 
results of CMC radiation studies are available and the critical feasibility issues are more fully addressed. 
Feasibility Issues for Use of Ceramic Matrix Composites for Fusion Structural Applications 
The following issues were identified during the workshop. For each topical area, the first short list con
tains those issues deemed most critical and fusi on-relevant. Many of the issues in the second list are 
generic to CMCs, and their outcome could not be affected by the limited fusion budget available for this 
activity. The issues are also listed by category, although it is recognized that there is considerable 
overlap among these categories. 

I. PROCESSING 
A. Critical Fusion Issues 

CMCs with 30-40% continuous reinforcement contain 10-15% porosity, which may be inter
connected. Also, CMCs exhibit matrix microcracking long before final failure and they may be 
utilized at stresses above the matrix microcracking stress. Therefore, it is important to 
evaluate the effect of the original porosity and matrix microcracking on the following: 

• coolant and tritium containment 
• vacuum integrity 
• outgassing characteristics. 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under 
Contract DE-AC06-76PL0 1830. 

(b; University of California, Santa Barbara, California. 
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B. General Issues 
1. What are the problems and potential for scale-up of CMC processing Methods to pro

duce fusion reactor-relevant components; i.e., size and shape? 
2. What is the role of CMC processing in the variability of CMC properties and can this 

variability be controlled? 
3. If CMC impurities impose low activation limitations, can the desired purity be 

achieved? 
4. Are currently used fiber/Matrix interface layers such as C and BN suitable for 

irradiation environments? If not, what materials might be suitable? 
5. Is it possible to integrate quality control methodology into CMC processing? 
6. Since the costs of CHCs are heavily dependent on processing method and the mate

rials costs presently range from $1000 for material to $7000/1b for complex 
components, what is the potential for future reductions in materials costs and what 
are the impacts of these costs on reactor costs? 

II. FABRICATION OF COMPONENTS 
A. Critical Fusion Issues 

Joining of CNCs is a relatively untested technology, although there are several methods for 
making ceramic/ceramic and ceramic/metal Joints. Joining of CNCs will clearly be necessary 
because the fabrication of large components from a single piece is very difficult. Also, 
on-site Joining will be necessary. Therefore, the following Joining issues were identified: 

• demonstration of Joining CMCs 
• on-site joining of CNCs (e.g., microwave or laser joining). 

B. General Issues 
1. What is the status of NDE for CMCs? Can critical fracture toughness-sized flaws 

(-0.2 mm) be distinguished from porosity, which can have similar dimensions? 
2. Can net shape components be fabricated or will it be necessary to machine parts to 

final shape? What will be the impact of a machining process on fabrication costs? 
3. How will the as-built integrity be assessed? Will it be necessary to proof-test or 

will NOE be adequately developed for composites in the future to ensure reactor 
integrity? 

III. UNIRRADIATED MATERIAL PROPERTIES 
A. Critical Fusion Issues 

1. The chemical compatibility of CMCs witn the coolant, tritium, and breeder and 
multiplier materials is of major concern. Alkali elements alter the protectiveness 
of the S102 layer that forms on S1C, so Li as a coolant or from the breeding material could induce corrosion. Also, oxygen reacts with SIC to form S10 2. The 
S10 2 forms as a protective layer but the growth rate as a function of time and 
temperature is important. Also, the compatibility of SIC and C with tritium is a 
concern at elevated temperatures. 

B. General ISSWÍ: 

1. The inter-layer shear strength of composites'*' 1s generally very poor. This is a 
concern for the use of CNCs In fusion reactors because of the need to transfer load 
at fittings and couplings. 

2. Can the variability of material properties from batch to batch and vendor to vendor 
be reduced and what Is the impact of this variability on fusion design? 

3. What is the proper specimen design for obtaining mechanical and physical properties 
data? 
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4. Is the matrix fracture stress the proper limiting stress for CHCs or is some value 
greater than this appropriate? 

5. The design methodology for brittle matrix materials has not been proven and this 
will be necessary before reactor licensing. The effects of irradiation will 
complicate this. Mil', this methodology be in place for use of CHCs in fusion 
reactor construction? 

6. What are the thermal and mechanical fatigue and creep properties of CHCs? Are they 
acceptable? For steady-state operation, creep properties Mill be most critical but 
cyclic stresses and strains will also occur with start-up/shut-down and non-steady-
state operation 

IV. IRRADIATED MATERIAL PROPERTIES 
(at relevant fluences and temperatures) 

A. Critical Fusion Issues 
1. Radiation stability: failure induced by differential dimensional changes of fiber 

and matrix. 
2. Radiation effects on electrical and thermal conductivity and mechanical properties. 
3. Radiation effects on chemical compatibility. 
4. Stability and integrity of joints in an irradiation field. 

B. General Issues 
1. What is the activation level for commercial CMCs including the effects of 

impurities? 
2. What are the effects of transmutants (solid and gaseous) on properties? 
3. What is the life-limiting property? 
4. What is the effect of plasma/material interactions on material performance? 
5. Is there enough basic understanding about radiation damage (gas transport, defect 

migration and agglomeration) to adequately design radiation-resistant CHCs? 
6. How does radiation affect the interfacial (fiber/matrix) properties of CMCs? 
7. Are there Pux- and rate-dependent properties which will impact the use of CMCs in 

ICFs? 
8. Does radiation accelerate creep in CMCs as it does in metals? 
9. What are the optimal reinforcement and reinforcement architecture for radiation 

resistance? 
10. Is the dimensional stability of SiC/SiC independent of fluence as suggested by the 

limited data on SIC? 

(a) The inter-layer shear strength of composites Is generally a major concern for 2-dimensionally 
reinforced composites using organic matrix materials. The 2-D composites are manufactured using a 
resin that "glues" two sheets of fiber cloth together. This manufacturing approach results in a weak 
inter-layer shear strength. For ceramic matrix composites, however, the chemical vapor infiltration 
manufacturing approach generally avoids this shortcoming by using a 3-D weave. Otherwise, a non-
reinforced layer of ceramic between layers of 2-D fiber-reinforced sheet: would be susceptible to the 
same catastrophic failures as is bulk cerairlc material. For c,di,:!c matrix composite materials the 
issue of fnter-layer shear strength Is replaced by the issue of fiber/matrix interface strength. 
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V. OTHER ISSUES 
A. Consideration uf CNCs should be based on an evolutionary understanding of their behavior in a 

radiation environment, in that lessons learned in early irradiation testing should be used in 
conjunction with a fundamental understanding of the structure-property relations of these sys
tems to tailor the structure for improved irradiation response. A feasibility assessment of 
CNCs may not be complete until at least one iteration has occurred in this development cycle. 

B. It is possible that the final reactor design will not be all ceramic nor all metallic but a 
mixture of the two. What are the priority uses for CHCs and how do the feasibility issues 
relate to these uses? 

VI. CN-GOING IRRADIATION STUDIES OF CNCs 
A. ORNL: C/C, pitch and pan fibers, 600 and 900*C irradiation temperatures, fluence less than 

32 dpa, evaluate dimensional change, microstructure, modulus, conductivity, strength (brittle 
ring). 

B. PNL: Same materials as above, cycle 1! of FFTF NOTA. 
C. PNL/KIST Tests: Large variety of C/C and SiC/SiC; 850 and 1500-C, 1.5-4.0 dpa. Dimensional 

change and fracture strength at irradiation temperature. 
0. RPI/ORNL: SiC/Nicalon composite, 300*C, 2-24 dpa with neutrons; SiC/Nicalon 1-100 dpa, 

RT->900*C with C, He, H beams. Emphasis of work, will be to study radiation and gas production 
effects on interface. Radiation-induced conductivity measurements are also underway at RPI. 

í. LANL will be commencing research on CNCs which will be partly dictated by the results of this 
workshop. 

FUTURE PLANS 
A workshop report containing presentations and summaries will be published. A second workshop was recom
mended but a date for this follow up workshop has not been set. 
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DEVELOPMENT Of THIN-SECTION PUSH-OUT TECHNIQUE FOR USE IN MEASURING RADIATION-INDUCED MODIFICATION OF 
COMPOSITE INTERFACES — Lance L. Snead [Rensselaer Polytechnic Ins t i tu te (RPI ) , assigned to Oak Ridge 
National Laboratory], Steven J . Zinkle (Oak Ridge National Laboratory), and Don Steiner (RPI) 

OBJECTIVE 

The possibility of using low-activation ceramic composites in fusion systems will depend not only on 
the radiation integrity of the composite fiber and matrix, but also on the interfacial structure inherent 
to such composites. The objective of this study is the development of a technique to directly measure 
interfacial mechanical properties of the fiber/matrix interface. Once this technique has been verified, 
the influence of radiation on the interfare may be quantified and it may be used as a tool in the develop
ment of radiation hardened composites. 

SUMMARY 
A technique for measuring the interfacial properties for extremely thin composite sections is pre

sented. The data shown is for a single composite section of 22 vm thickness. By employing a Nanoindenter 
microhardness tester, composite fibers were individually loaded and the debond and frictional sliding 
strength measured. It is shown that such a technique can discriminate between the debond and frictional 
components of the interfacial bond. The technique presented is a substantial improvement over previous 
techniques in both thickness of composite section, fiber loading accuracy, and percentage of fiber 
failures. Though the data presented is only for a single section, the results are typical of other iec-
tions tested. A statistical analysis of the data suggests that a Wei bull treatment is more appropr ite to 
interfacial data than the commonly used normal distribution. 

PROGRESS AND STATUS 

Introduction 
The potential benefits of ceramics for use as structural materials In fusion systems have long been 

apparent. Their inherently low activation and afterheat are benefits for maintenance and disposal, their 
potentially higher operating temperatures offer the possibility of Increased reactor thermal efficiencies, 
and the unusually high modulus and strength of some ceramics are attractive. However, ceramics are 
inherently brittle, which raises many practical objections to their use. 

In recent years there has been a growing interest in ceramic composites. A composite offers the 
possibility to take advantage of the strong points of the monolithic material, and being a composite, a 
degree of "ductility" can be built 1n. A composite which offers the attractive features of a ceramic and 
possesses a degree o f ductility is the S1C/S1C system. Through the incorporation of high-strength silicon 
carbide fibers into a chemically vapor-deposited matrix, along with a fiber/matrix Interfaclal layer, the 
ceramic no longer fails jn a catastrophic manner. Figure 1 shows the load/displacement behavior of such a 
composite made with varied thicknesses of a graphitic carbon Interfaclal layer. From the figure it is 
apparent that the composite with no Interfaclal coating failed at a relatively low load and in a brittle 
manner. As the interfaclal layer becomes thicker, the failure appears to be more ductile with the ulti
mate strength of the composite dramatically increasing and passing through a maximum. 

It is well known that the ceramic composite strength and fracture toughness are very sensitive to the 
type and magnitude of bonding at the fiber/matrix Interface. 1' 2 This interface has the dual roles of 
being strong enough to transfer load between matrix and fiber to take advantage of the high fiber strength 
and being compliant enough to Inhibit crack propagation, thus adding toughness to an otherwise brittle 
composite. If ceramic composites are to be used as structural materials 1n fusion systems, a fundamental 
understanding of not only the radiation effects on the matrix and fibers will be required, but also 
effects on the composite interfaclal structure. 

Due to the fundamental importance of the composite interface and the newness of direct interfadal 
measurement techniques, there has been growing Interest in this ama. There have been several recent 
papers In which experimenters have employed microindentatlon testing techniques to measure interfaclal 
strength.*"6 The bulk of the work for ceramic fiber composites has been on the S1C/glass system which, 
due to the mismatch in thermal expansions and resulting debonding during process cooling, has a pre-
craC'ed Interface yielding only a frictional resistance to fiber sliding. Marshal I 7'* was the first to 
employ a microlndentation technique to neasure this Interface! frictional strength by using a Vlckers 
pyramlc Indenter to apply load and push-down fibers oriented normal to a polished 1ir,(H1ca1on)/l ithium-
alumlno-sl Hcate (LAS) glass Surface. In the corresponding analysts, Poisson effects on the fiber end 
were neglected and the frictional resistance was taken to h* proportional to the square of the applied 
force divided by the sliding distance of the fiber. Pesults of interfaclal friction were ',hown to compare 
reasonably well with data taken using matrix crack-spacing measurements. 
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Fig. 1 . Load-displacement curve showing effsct of composite in ter fac ia l coating 

I t is clear that for a f u l l y bonded Interface there w i l l be at least two competing resistances to 
f iber s l i d ing . F i r s t , there w i l l be a minimum force required to i n i t i a t e a crack in the in ter fac ia l chem
ical bond which may or may not then have the required energy to propagate along the length of the f i be r . 
Second, there w i l l be a f r i c t i ona l component to the resistance which is caused by the crack surfaces 
passing over each other as the f iber s l ides. 

Marshall and Ol iver ' were the f i r s t to use a mlcroindentation technique to attempt to separate the 
effects of bonding and f r i c t lona l s l id ing in weakly bonded composites. In the i r experiments they heat 
treated as-processed, unbonded S1(N1ca1on)/LAS composite In air and argon between 900 and 1250°C forming a 
carbon chemical bond at the interface. The Nanolndenter™ was used to apply load to f ibers of thick sec
tions of the as-processed and heat treated composite. Using the Nanolndenter, an accurate force-vs-
displacement curve was generated and from the loading curve and the unload-reload hysteresis curves an 
estimate of the debonding and f r i c t i ona l resistance could be obtained. 

Later researchers 1 0 employed a similar methodology with composite sections th in enough such that a 
small percentage of the f ibers were "pushed-out" of the matrix, thereby simpli fying analysis of the in ter
facial strengths. Bright et a 1 . 5 applied the push-out technique to f u l l y bonded S1C(AVC0)/react1on-
bonded-sil icon-nitride composites and measured both bonding and f r i c t lona l Inter facia l strength for 
sections as th in as 0.5 mm, or a f iber diameter to thickness rat io of approximately 1/35. For f iber push-
out experiments I t 1s bensf fdal to have as large a f iber diameter-to-thickness ra t io as possible while 
not al ter ing the f iber/matr ix Interface 1n the thinning process. By doing th is the calculation of the 
Interfacial shear stress Is s impl i f ied. 

A characterist ic of most ceramic f iber composite Interfaces Is the wide d is t r ibut ion of Intersample 
Interfaclal strengths. There has been l i t t l e s ta t i s t i ca l analysis of th is variat ion to date, with some 
researchers assuming a normal d is t r ibut ion 1n s t rengths . 1 0 

The purpose of th is report Is to present Inter fac ia l bond and f r i c t l ona l strength obtained from push-
out measurements for a very thin section of SlC(N1ca1on)/S1C(CV0) composite mater ial . Such a th in section 
technique 1s Idea! for analyzing radiation modifications caused by displacements and the high helium gas 
generat'on in t r ins ic to this material. A l l results reported are for a single composite section of 22 pm, 
which corresponds to a Nicalon f iber diameter to sample thickness rat io approaching uni ty. While results 
represent a single composite section, they are typical of other sections tested. F ina l ly , a methodology 
is presented for selecting between competing s ta t i s t i ca l d is t r ibut ion functions to describe inter facia l 
strength data. 
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Experimental 

The composite sample TS a layered 30/60/90 weave of Nicalon cloth infiltrated with SiC using the ORNL 
Forced Chemical Vapor Infiltration process. 1 1 The fiber/matrix interface contains a 1 jm layer of graphitic 
carbon which was deposited onto the fibers from a methane gas prior to SiC infiltration. 

The composite was sliced into 250 um sections with a low-speed diamond saw and mechanically thinned 
and polished with 6. I, and Vz urn diamond paste to a final thickness of 22 urn. The sample was then mounted 
onto a polished aluminum holder such that the center of the sample was positioned over a groove of 2O0 vm 
in width. The composite section was then held rigidly to the mount and fixed to the surface with crystal 
bond mounting wax. Care was taken during the thinning and mounting procedure to prevent bending the 
sample in order to avoid pre-cracking the interface. 

load-controlled Hanoindenter microindentation hardness tester was used to apply a force t 
which lay normal to the composite surface. A good discussion of the Nanoindenter can be 
»re. The Nanoindenter has an applied force and depth measurement sensitivity of 0.3 uN 

fibers which lay normal to the composite surface. A good discussion of the Nanoindenter can be found 
elsewhere.1 The Nanoindenter has an applied force and depth measurement sensitivity of 0.3 uN and 
0.16 nm, respectively. The X-Y table has sut-mir-v accuracy to ensure loading near the center of fibers 
which have diameters ranging from 12 to 25 urn. >. constant loading rate of 900 uN/s was used with a maxi
mum loading capability of 0.12 N which corresponds to approximately 700 HPa for the average fiber. A 
Berkovitch-type pyramidal diamond indenter tip was used with an aspect ratio of 1:7. 

Once the fibers were loaded to their debond load and pushed through the matrix (or to the maximum 
load of the machine while remaining intact), the sample was then demounted and turned over in the holder 
such that the debonded fibers again lay over the 200 urn groove. The positions of the fibers, which are 
seen as standing out of the matrix, were found and the load reapplied with the Nanoindenter so that the 
fibers passed through their original positions and out the opposite side of the composite section. By 
keeping track of the coordinates for th? fibers in both directions, the debond strength and sliding 
resistance for each fiber could be compared. The individual fiber diameters were measured by utilizing 
the Nanoindenter optics and positioning. 

Results 

. , " t o i a ] °' M f i b e r s « r e tested, of which 37 fibers debonded within the machine's maximum load of 
u.u N. All of the debonded fibers that were tested in reverse loading showed frictlonal sliding. 
Figure 2 shows the load displacement curve for a fiber that did not fail, which provides a measure of the 
specimen compliance. This can be crucial since, if there is appreciable specimen bending present, there 
«ay be a fiber pinching effect which would affect the results. It can be seen from Fig. 2 that the maxi
mum diamond inoenter depth corresponding to maximum machine load is 1.5 un (marked A), of which 0.4 um 
(marked B) is plastic deformation of the fiber. 
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Previous researchers have noted the problem of testing very thin composite sections. s» 8» 1 3 The 
interfacial bonding and sliding friction strengths can be affected by precracking of the interface during 
thinning and by altering the interfacial stress state as the result of specimen compliance during testing. 
However, by care'ul Mechanical thinning and polishing it is possible to overeo*» these problems with SiC 
composites. It is easily shown that the 1.1 urn displacement (in F'g. 2) of a large section suspended over 
a 200 urn groove will have a negligible effect on the results. Also, due to the fact that the matrix SiC 
becomes transparent for thicknesses less than (approximately) 50 um, the absence of large matrix cracks 
was verified using a transmission optical microscope. 

It is also seen from Fig. 2 that the load-t" ace-wnt (and hysteresis) curve has the parabolic shape 
characteristic of indentation hardness measurements of monolithic materials, which indicates an absence of 
fiber interfacial failure. When fiber ir.terfacial cracking occurs, followed by a fiber debonding, there 
will be a noticeable departure from the parabolic load curve. The bond failure can be either a pa.tial or 
total debonding depending on wnether the crack front has the energy to propagate the length of the fiber. 
The partial debonding is measured here as 21 departure from the parabolic load curve whereas the total 
fiber debond is measured as the stress at which the fiber is pushed out of the matrix. However, it was 
observed that a fiber could exhibit one, both, or neither of these failure mechanisms. Some fibers showed 
no parabolic deviation prior to the point of complete push-out, which would correspond to a very rapidly 
propagating crack front, whereas other fibers showed a deviation at a relatively low load and no push-out 
within the machine's maximum load, which is indicative of an arrested crack front. 

Figure 3 shows an example of a bonding failure exhibiting distinct interfacial yielding followed by 
total debonding. As the fiber was loaded, there was a partial (2%) yield of the interface at approxima
tely 65 «N (A) followed by a total debonding and fiber push-out at 80 mN (Bj. The fiber was pushed out of 
the composite section -2.2 urn, at which point the indenter contacted the matrix surrounding the fiber. 
The matrix contact depth is seen in Fig. 3 at an indenter depth of 3000 nm. Both partial debonding (A) 
and the point of fiber push-out (B) are noted. The absence of data points between B and C is evidence of 
the rapid fiber failure indicative of the total interfacial debonding and push-out. The stress at failure 
is taken to be the load applied at the point of yielding divided by the interfacial area. This, however, 
is an oversimplification as the load is actually concentrated at the crack front itself and not spreao 
over the entire interface. 

The failure in the reverse loading situation is shown in Fig. 4. The frictional failure Is charac
terized by a graceful departure from the normal loading curve. The frictional stress is obtained by 
dividing the sliding load by the fiber interfacial area. In this case, sliding occurred at 32.5 mN (A) 
and was pushed a total length of 4500 ran (B). Kith total fiber debonding, the applied load required to 
keep the fiber moving at a constant rate should remain constant or change slightly with the change in 
interfacial area as the fiber is pushed out. In Fig. 4, after the point (A) when the fiber started to 
slide, the force continues to increase until the diamond comes in contact (B) with the channel walls left 
behind by the sliding fiber. The load increase occurs because the Nanoindenter was programmed to produce 
a constant loading rate during the Indentation. After the onset of fiber siding the load continued to 
increase, accelerating fiber sliding which is demonstrated by the increased spacing between the data 
points A and B. 
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Figure 5 shows a scanning electron Micrograph of a pushed-out fiber. The fiber pictured in the bot
tom portion of the micrograph is the fiber of Fig. 2. which did not yield, and has a large pyramid-shaped 
iaprint resulting fro* plastic deforaation of the Nica Ion at the Hanoi ndenter's maximum load. Pictured 
above this is a debonded fiber which was pushed out and then reloaded and pushed in the opposite direction 
a total of 5 urn. Though the Micrograph nay suggest that a nearest neighbor effect may have been respon
sible for the adherence of the lower fiber, in the inspection of hundreds of failed fibers such a correla
tion was not found. 

Analysis of Results 
Because of the large variation in interfadal 

strengths observed by other researchers,10 the 
choice of the most appropriate distribution func
tion to describe the data is of fjndamental Impor
tance. While from a theoretical bases, no one 
distribution is better than any other, the choice 
of the best-fitting function will have a large 
Impact on predicting such values as mean strengths 
froi* censored and non-censored data. 

The possible probability density functions 
considered here are the lognormal, exponential, 
gam», and Weibull distribution The functional 
forms for each are Usted in Table 1. In order to 
discriminate between competing distributions, the 
formalism proposed by Oumonceaux and Antle 1" and 
Kent1* has been adopted here. This method is 
based on the concept of a Maximum Likelihood Ratio 
(MLR) which is defined below. The ML function was 
used as the selection statistic to find the best-
fitting distribution for the data. 
Consider a set of data given by: 

sample: yl, y2, ... yn , 

Fig. 5. SEM micrograph of bonded and pushed-
out fibers. 
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Table 1. Probability Distribution Functions 

fWC STfWL PROBABILITY DISTRIBUTION FUNCTION 

EXPONENTIAL E(6) e*1 exp ix/e,-i(e,«>)(x)e>o 

GAMMA G(9,a) e a [r (a)]* 1 x a ' 1 e i x / 0 ) 8>0,a>0 

WEIBULL W(9,P) a* ( ir-e H x / e , P , . i (o,oo) ( x)e>o,p>o 

J . e l *•* '•l(0,~)(x) 0>0,a>0 LOGNORMAL LN(9,a) V2 

( ir-e H x / e , P , . i (o,oo) ( x)e>o,p>o 

J . e l *•* '•l(0,~)(x) 0>0,a>0 

with assumed distribution function given by: 
distribution: VI, VZ, ... in; 

then the Likelihood Function, L, is: 

n 
L(yi, y2, . . . yv;6) » * f(yi.e) 

1*1 

where 6 is the KL parameter(s) and F is the distribution under consideration. For example. *" the case of 
the "lognormal distribution, th* livelihood function would be: 

If the derivative with respect to u„ (mean) and o0 (variance) is taken and equated to zero, the parameters yielding the maximum likelihood function are obtained and an associated MLR is calculated. The MLR 
ther- gives a measure of the correctness of the fit as given by the distribution. By calculating the ML 
parameters for each distribution under consideration, the best-fitting function is obtained by choosing 
the distribution with the least negative MLR. 

For both fully bonded and unbonded Interfaces, researchers have found a great variability In measured 
intersample Interfacial strengths. The variability It; the Interfaclal strengths had Initially been 
treated as being best fitted by a lognormal distribution.10 A normal plot reproduced from Welhs and Nix 1 0 

showing the frlctlonal resistance to sliding of Niwlon'* fibers 1n a LAS matrix Is shown 1n Fig. 6. For 
this data the MLRs were obtained as given In Table 2 'or the as-processed and anrealed conditions. By 
Inspection of the table, It Is apparent that the Welbuj' distribution gives the least negative MLR value 
(thus the best fit) for the teree composite conditions w th the lognormal giving the most negative MLR 
values for two out of the three. This analysis suggests thwt the interfaclal frlctlonal sliding may be 
best described utilizing a Welbull treatmer-f. of the data. 

Table 2. KRL values of Interfaclal friction .peisurements on SIC/LAS composite" 
Welbull Gama Exponential Lognormal 

As-Processed -77.5 -78.8 -83.0 -60.61 
2-h Ann :1 -87.3 -88.-1 -91.1 -90.29 
4-h Anneal -66.2 -^5.2 -66.6 -66.34 
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Figure 7 shows a Ueibull plot of the same data as Fig. 6. By comparison of Figs. 6 and 7, i t would 
appear that the data is somewhat better represented by the Ueibull in the ta i l regions where the two 
f i t ted curve: would be expected to show the largest difference. I t shoud be mentioned, however, that due 
to the limited number of data points, there is a minimum theoretically expected error with a MLR selec
t ion. According to Kent, 1 5 the probability for incorrectly choosing a Ueibull distribution from lognior-
mally distributed data for 20 observations is 261 (and for 30 observations 191). However, the probability 
for incorrectly choosing the Ueibull in a?l three cases is 0.26 cubed or 1.761. This calculated error 
does not account for any experimental error in the data forcing an incorrect selection. 

Results obtained for the S1C(Nicalon)/S1C composite system suggest also that a Ueibull distribution 
is the most appropriate. Table 3 shows the MLR comparisons for the debond strength and frictional 
resistance to sliding for a 22 urn section. Again, the Ueibull has the largest MLR values indicating the 
best f i t to the data. The MLR values for the data presented do not drastically differ between distribu
tions and in the case of the 21 debond yield data the values for the Ueibull and gamma distributions are 
nearly Identical. Such small differences are typical of an MLR analysis, however. By comparison of the 
exponential distribution with the other distributions, which have fundamentally different shapes, one 
would intuitively expect a large difference in goodness of f i t statistic (for B not approaching unity). 
Though for an MLR analysis, this difference Is typically less than 101. 

Table 3. MRL values for push-out of SiC/SiC 

Ueibull Gamma Exponential Lognormal 

21 Oebond Yield 
Frictional Sliding 

-172.5 
-89.9 

-173.0 
-40.5 

-175.0 
-98.8 

-175.0 
-SI.7 

The two-parameter form of the Ueibull probability distribution function is applied, given by: 

P = (Pa**1 /«*) e - ( ° / e ) B • 

where 8 is the Ueibull slope (shape parameter), 9 is the size parameter, and o 1s the applied variable 
stress. This can be written In the more convenient form of the cumulative failure distribution which 
would represent the total probability of fiber failure: 

F - 1 - e-(«/Q)8 . 

The data for ttn> ¿¿bonding and frictional sliding of the composite fibers are plotted on standard 
Ueibull paper In Fig. f. Both the 21 deviation from the parabolic curve and the total debond (push-out) 
criteria for bond failure sre plotted. From the figure, it appears that the 21 yield criterion for 
failure is the more attractive description of the debonding stress, giving an approximate Ueibull modulus 
of 1 and shape parameter of 60 MPa for debond yield strength. The fiber frictional sliding data is seen 
to have a steeper slope (higher Ueibull modulus) with a lower average strength. The optimized values of B 
and 9 are given on Fig. 9, which shows the cumulative distributions for debonding and frictional sliding. 
The average Heibull shear strengths are calculated to be 60.8 MPa for debonding and 16.5 MPa for friction. 

Ove to the relatively low values of the Uelbull moduli, the probability distribution function for the 
debonding yield strength and the frictional sliding resistance Is rather broad. Because of this, there 
will be noticeable overlapping of the probability functions which would become more pronounced as the 
average strengths of the two distributions approach each other. When the fibers are initially loaded, 
therefore, there will be some fraction of fibers (mathematically) which possess a higher frictional 
resistance to sliding than debond strength. Physically this means that the stress required to Initiate 
and propagate a crack is less than the stress required to slide the fracture surfaces across each other. 
On the load curve of such fibers, the debonding is not noticeable and the gradual frictional-type failure 
would dominate. 

Figure 10 shows the correlation between the debond yield strength and the frictional resistance to 
sliding. This plot simply shows the measured 21 debond strength and frictional resistance for each indi
vidual fiber tested. From this figure it is apparent that the two strengths are not Independent of each 
other and that the higher bond strength fibers have a higher average frictional resistance. For each 
fiber with bond strength, o b, there should be a (Weibull type) scatter in possible values of the fric
tional strength. Of, around some mean value of frictional strength (if m). The line fitted to the data o* 
F1g. 10 represents such a mean value of frictional resistance. Because it is possible for very low bond 
strength fibers to have « significant frictional resistance to sliding this lines does not pass through 
the origin. 

The increase In frictional strength with the more strongly bonded Interfaces may simply be because 
the path which the criick front travels for th* stronger bonds provides a more jagged surface for fiber 
sliding, thereby Inducing a higher frlctlonal resistance. 
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CONCLUSIONS 

It has been shown that samples of SiC(Nicalon)/SiC composites can be thinned to a thickness 
approaching a fiber diameter (-20 urn) and push-out tests can be performed without sample compliance l imi
tations or matrix cracking. Also, testing of such a thin section allowed a high percentage of interfacial 
failures of those fibers tested. The debond yield strength and fiber push-out strength for these small 
fibers can be obtained using a Nanoindenter. The frictional resistance to sliding can likewise be deter
mined by reapplying the load to the opposite end of the pushed-out f iber. Such a technique is ideal for 
studying the interfacial effect of displacement damage and helium gas generation for either neutron or ion 
beam irradiated materials. 

The debond yie ld , debonding push-out, and fiber sliding stress can be adequately separated by inspec
tion of the load-displacement curve. The debonding is characterized by an abrupt failure while the fiber 
sliding is a more graceful fai lure. 

A Maximum Likelihood Ratio technique has been used as a selection statistic to choose between com
peting distributions. Of the four distributions considered, the Wei bull distribution appears to f i t the 
data most appropriately. 

The result of the analysis has shown that the interfacial frictional stress has a higher Mel bull 
modulus than the debond stress, thus a less "britt le" fai lure. 

A correlation between individual fiber debond strength and the fiber resistance to sliding has been 
shown. The results indicate that the fiber interfaces which possess a higher degree on bond strength also 
have a higher resistance to fiber sliding. 

FUTURE WORK 

This technique of measuring the Interfacial debond yield strength and frictional resistance to 
sliding is being developed to be applied to composites modified by neutrons and ion beams. Specifically, 
the effect of neutron displacement damage will be studied on HFIR and FFTF irradiated samples with dis
placements of 2 and 30 dpa, respectively. Also, the effect of carbon beam displacements and helium bubble 
formation at the interface is being pursued in the displacement and temperature range of 1 to 30 dpa and 
300 to H O C C , respectively. 
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MEASUREMENT OF DIELECTRIC PROPERTIES IN ALUMINA UNDER IONIZING AND DISPLACIVE IRRADIATION CONDITIONS — 
R. E. Stoller. R. H. Goulding, and S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

This work has been undertaken in support of the research and development needs of CIT and other near-
term fusion devices. 

SUMMARY 

Several experiments have been completed in which the dielectric properties of alumina have been 
measured in the presence of ionizing and displacive irradiation. Spent fuel elements from the High Flux 
Isotope Reactor (HFIR) at the Oak Ridge National Laboratory were used to provide an intense source of 
ionizing irradiation for some of the measurements. The TRIGA reactor at the University of I l l inois was 
used to provide an irradiation f ie ld that produced both Ionization and atomic displacements. The results 
of these in situ measurements Indicate that the dielectric properties of alumina are more severely 
degraded by displacive irradiation that was indicated by earl ier, postirradiation measurements. 

PROGRESS AND STATUS 

Introduction 

The motivation for this work was detailed in an earlier report. 1 The fact that ceramic materials are 
good electrical insulators is one reason why current reactor designs call for them to be used in the 
fabrication of many components. The applications for insulating ceramics range from simple dc voltage 
standoffs to components in microwave heating systems that operate at high frequencies. The crit ical 
dielectric parameter in these latter components is the so-called loss tangent. The loss tangent must be 
maintained at a low value because the microwave power absorbed is proportional to the loss tangent1 and 
excessive heating due to rf power absorption could lead to early mechanical f a i l u r e . 2 ' 3 Typical values 
for the loss tangent in unirradiated ceramics of interest to the fusion program are from 10"1* to 10" 3 . 
The maximum tolerable value of the loss tangent (tan 6) in Ion cyclotron radiofrequency heating (ICRH) 
designs ranges from 10 ' 2 for pulsed near-term machines such as the compact ignition tokamak (CIT) to 10" 3 

for steady-state operation. 

The well-known phenomenon of radiation-induced conductivity at dc or low-frequency ac conditions'* 
gives rise to some concern about whether the candidate materials will remain sufficiently Insulating when 
exposed to a radiation field that Is typical of their ultimate operating environment. Postirradiation 
measurements have shown that both ionizing (at low frequencies) and displacive irradiation can increase 
the value of the loss tangent. 5* 9 There is also some evidence that the amount of the increase Is depen
dent on the neutron spectrum.5 However, there have been no relevant measurements of dielectric properties 
during Irradiation and the validity of postirradiation measurements 1s called Into question by data that 
show significant levels of recovery in the loss tangent at room temperature following proton irradiat ion. 8 

A recent IEA workshop held to review the current understanding of radiation-Induced conductivity and 
dielectric property changes emphasized the need for In situ property measurement.10 

In order to begin addressing some of these concerns, a series of In situ Irradiation experiments have 
been conducted to measure the dielectric properties of alumina and sapphire while they are exposed to 
either an Ionizing Irradiation field or a f ie ld that 1 ; both Ionizing and displacive. Alumina and 
sapphire were chosen for this In i t ia l work because they are prime candidates for use in microwave heating 
systems. 1 0 ' 1 1 Similar work has been proposed and is also under way by other workers. 1 2 

Materials 

The experimental matrix Included the use of oriented single-crystal sapphire and commercial-grade 
polycrystalline alumina. The commercial products were obtained from two different vendors. Since 
postirradiation measurements have srown a significant Influence of Impurities,*** the commercial products 
Include several different purity levels. The materials obtained for these Initial experiments are listed 
In Table 1. Not all of the materials have been tested to date. 

irradiation Facilities 

Two irradiation facilities have been used In this work. The first was the Gamma Irradiation Facility 
(GIF) of the High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory. The GIF uses spent 
HFIR cores as a source of gamma radiation. Decay of fission products In the spent cores provides an 
Intense source of Ionizing radiation. The damage rate In the HFIR-GIF on the day that It was used for 
this work was 1.25 * 10 7 rads/h. This Is somewhat lower than that expected near the CIT first wall. The 
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Table 1. Materials obtained for In situ dielectric experiments 

Material 

Single crystal 
(0001) orientation 

Alumina 
Alumina 

Vendor Grade 

Crystal Syst 

Coors Technical Ceramics 
UESGO Division, GTE Corp. 

Sapphire 

AD94 (0.941 purity), AD998 (0.998% purity) 
AL300 (0.967* purity), AL99S (0.995X 

Influence of gamma heating in this fac i l i ty was determined by using a thermocouple brazed to the specimen 
chamber. A temperature of 73°C was measured at steady state. The small increase in rf losses in the 
resonant cavity walls die to the temperature rise was taken into account in evaluating the experimental 
results. Since gamma irradiation does not produce stable displacements in AI2O3, this faci l i ty provided 
direct information on the effect of purely ionizing radiation on loss tangent changes at ICRH frequencies. 

The TRIGA reactor at the University of I l l inois was used to obtain data on the influence of a mixed 
( i . e . , displacive plus ionizing) Irradiation environment. When the TRIGA is operated in a pulsed mode, 
the displacement rate is cow. arable to that expected in the CIT. The ionizing damage rate Is somewhat 
higher than CIT. The maximin temperature due to gamma heating observed during the TRIGA irradiations was 
33°C. The nominal peak damage rates are listed in Table 2, along with the value for the HFIR-GIF and the 
CIT values. 

Table 2. Typical radiation damage rates in various faci l i t ies 

Facility 

Damage Rate 

Ionizing 
(rads/h) 

Displacement 
(dpa/s) 

Gamma/Neutron 
Absorbed 

Dose Ratio 

HFIR-GIF 
TRIGA 

$1.50 pulse 
$3.00 pulse 

CIT central cell 
Near f i rst wall 
Rear blanket 

Up to 108 

1.3 x 10» (A1 20 3) 
2.1 x 10 1 0 (A1Z03) 

3.7 x 10' (SI) 
9.6 x 106 (SI) 

None 

1.3 x 10-« (Ni) 
1.8 x 10- 7 (NI) 

1.° x 
4.ó x 

10" 6 (NI) 
l o - 9 (Ni) 

Not applicable 

19 (AI2O3) 
19 (AI2O3) 

0.65 (Si) 
1.2 (S1) 

The values listed in Table 2 are based on Information obtained in discussions with the staff at each 
facility. Since the damage rate is material dependent, representative values are quoted for the materials 
Indicated In parentheses. Th; gamma ray to neutron damage ratio Is calculated using the absorbed dose 
(rads) due to gamma rays and the absorbed dose due to neutrons. The fraction of the absorbed dose due to 
neutrons that leads to atomic displacements Is a function of the neutron energy spectrum. For example, 
this fraction is 0.093 near the CIT first wall and Increases to 0.15 in the rear blanket position. All of 
the values in Table 2 are approximate and more detailed dosimetry needs to be done to characterize both 
the anticipated fusion environment and the test reactor environments. This need for dosimetry Is greater 
for measurements of radiation-induced changes In dielectric properties than for structural properties 
since current Indications are that the response of Insulators to radiation Is more sensitive to the 
details of the irradiating particle spectrum. 

Experimental Method 

The dielectric measurements were made using a capacltlvely loaded resonant cavity. The details of 
the experimental method were reported previously1 and a drawing of a prototype cavity 1s reproduced In 
Fig. 1. The resonant cavity method Is well suited to measurement of the loss tangent because the power 
dissipation is maximized in the ceramic relative to the balance of the experimental apparatus. In addi
tion, losses in the feed line can be accounted for without the need for prior calibration, which would be 
extremely difficult to accomplish In situ. The loss tangent Is measured by determining the cavity quality 
factor, the ratio of the stored energy to the energy dissipated per rf field period. Relative changes in 
the dielectric constant can also be measured using the resonant cavity technique with an accuracy of 1/0, 
or less than If at the highest values of the loss tangent measured here. 

This Initial set of experiments utilized cavities £hat were sized to permit the measurement of the 
loss tangent at 100 MHz. A copper cavity with the dimensions of the prototype shown In Fig. 1 was used 
for some of the measurements. This was the largest cavity that the dimensions of the HFIR-GIF would 
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Fig. 1. Design of prototype resonant cavity for In situ dielectric measurements. 

accommodate. This same cavity was also used In some of the TRIGA measurements to permit a direct com
parison between the measurements obtained In the two facilities without Introducing any uncertainties due 
to different cavities. However, a larger diameter cavity would yield a higher Q and hence Improve the 
accuracy of the measurements. Therefore, two additional cavities were fabricated that had an Inside 
diameter of 70 mm (with the same overall length), since the TRIGA beam tube would accommodate this larger 
device. In order to minimize the Induced radioactivity In the larger cavities, they were constructed of 
aluminum rather than copper. A layer of copper about 25 urn thick was plated onto the aluminum cavity to 
ensure adequate electrical conductivity. Both the larger and the smaller cavities used disk-shaped speci
mens that were 35 mm In diameter and 3 mm thick. The larger cavities were also capable of being evacuated 
to determine whether there was any effect due to gas Ionization In the cavity. 

Results of Initial Experiments 
The results of measurements In the HFIR-GIF Indicated that purely Ionizing radiation did not Increase 

the loss tangent 1r either single or polycrystalllne alumina (0.995 purity) at a dose rate 1.25 * 10 7 

rads/h. The maximum exposure obtained In the GIF was 3.75 * 10 7 rads. However, substantial effects were 
observed In the case of experiments utilizing neutron and gamma Irradiation from the pulsed TRIGA reactor. 
As seen In Fig. 2, the loss tangent of a sample of AL995 Irradiated by a pulse with a peak displacement 
rate of 1.8 * 10"' dpa/s was observed to Increase from 5 « 10" 5 to 8 « 10" 3. This large Increase In the 
loss tangent persisted for the duration of the radiation pulse, and then recovered to a value approxima
tely twice the original value. It Is not clear at this time whether or not this residual change Is real, 
or an artifact caused by small temperature changes In the cavity after the pulse. As Is also shown, the 
loss tangent was observed to peak 2 ms before the peak In the Ion chamber signal. This effect was 
observed consistently, but Is unexplained at the present time. A reduction In the real part of the 
dielectric constant of the ceramic was also observed during the radiation pulse, as shown In Fig. 3. A 
Smith chart plot showing the path followed by the cavity Input Impedance (with the coupling loop -eactanee 
subtracted off) during a typical pulse is shown In Fig. 4. Overlayed on this plot Is the path that would 
be followed if there was a negative change In the real part of the dielectric constant equal In magnitude 
to the change in the imaginary part, that is, if we assume that 

Ae' tarn? 
It can be seen that this relationship agrees very well with the observed data. This type of behavior 
would typically be observed in a semiconductor, with e' tan S and the change In e' both proportional to 
the density of free electrons. 

A complicating factor In these measurements was the presence 1n air in the resonant cavity, which 
becomes partially ionized duriry gamma irradiation, and can be Ionized at low pressures by the rf, electric 
field as well. Experiments to dat* at the GIF facility were carried out at atmospheric pressure, while 
the TRIGA measurements were carrieo out at pressures ranging from 12 9» to atmospheric (10 5 Pa). The 
effect of the rf electric field on the TRIGA measurements was investigated by obtaining data at several rf 
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Fig. 2. Time scan comparing typical loss 
tangent measurements and the output from the 
TRIGA ionization charter during a S3 pulse. 
Reactor power is proportional to the signal from 
the ionization chamber. 
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Fig. 3. Time scan showing changes In *he real 
part of the dielectric constant for the s a w pulse 
as is shown in Fig. 2. 

power levels. At atmospheric pressure, no power 
dependence was observed, while at low pressure (12 to 
22 Pa), no dependence was observed for rf power levels 
of < 1 mW. Most of the data shown here was obtained 
at a power level of 0.1 mW. 

In order to examine the effects of ionization due 
to gammas accompanying the neutron pulse, the cavity 
pressure was varied, with the results shown In Fig. 5. 
It can be seen that there was no change in the 
observed loss tangent as the pressure was varied from 
12 to 22 Pa (0.095 to 0.155 torr), but that the 
observed value decreased by an order of magnitude at 
atmospheric pressure. Me are attempting to model this 
phenomenon, but feel that the lack of pressure depen
dence at low pressure indicates that air ionization 
has little effect on the results in this case. 
Experiments were also performed using an empty cavity, 
in which the capacitor gap was reduced so that the 
resonant frequency remained constant. These results 
are also shown in Fig. 5. In this case, the value of 
the "loss tangent" represents the apparent value 
calculated for the increased losses observed 1n the 
chamber. In actuality, losses take place throughout 
the cavity volume in this case as well as in the capa
citor gap. It can be seen that at a pressure of 22 
Pa (0.165 torr) the apparent loss tangent decreases by 
an order of magnitude when the ceramic is removed, but 
that some Increase in cavity loss Is still observed. 
It can also be seen that the apparent loss tangent 
decreases by a factor of 3 as the pressure Is reduced 
from atmospheric to 22 Pa. This behavior Is opposite 
that observed when the ceramic 1s present, and Is con
sistent with losses expected for a weakly ionized 
plasma 1n which the electron density decreases with 
the neutral pressure. The electron density was calcu
lated from the observed losses to be 2.8 ' lOVcm' at 

atmospheric pressure and 3.2 * lOVcm 3 at a pressure of 22 Pa. This reduction In electron density Is 
approximately linear with the reduction in neutral pressure, which would be expected for a source rate 
proportional to neutral density, as 1s the case for gamma-Induced Ionization, and a loss rate Independent 
of neutral density, which would be *he case if recomblnattve losses dominated over diffusive losses. 

measured calculated 

Fig. 4. Smith chart plot of the resonant 
cavity impedance comparing the path followed 
during an actual pulse with the path followed 
assuming tañí Increases from 5 * 10" 5 to 3 * 
10" 3 with At'« e'tani. 
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Fig. 5. (a) Time scan showing the measured loss tangent of a 99.51 pure alumina disk for different 
values of air pressure in the resonant cavity, (b) Time scan showing the apparent loss tangent determined 
from changes in losses in the cavity with no ceramic present. 

Planned Additional Experiments 

Additional work is required to verify these preliminary results. The fact that the ionizing dose 
rate In the TRIGA was about 10 to 100 times higher than that in the HFIF-GIF precludes a firm conclusion 
regarding the relative Importance of Ionization and displacement damage. Further experiments will be con
ducted in the HFIR-GIF using a fresh spent core in order to achieve greater than a factor of 10 increase 
In the ionizing damage rate. We also hope to achieve a cavity pressure for these experiments of <1 Pa, to 
confirm that gamma-induced ionization of air in the cavity has l i t t l e effect below a pressure of about 20 
Pa. Both the ionizing and displaclve damage rates In the TRIGA are within the range that Is expected for 
CIT and other fusion reactors. Thus, the increases in the loss tangent observed In these In i t ia l experi
ments highlight the need for a careful experimental program to qualify ceramics for use as insulators in 
fusion reactors. Other variables such as the frequency and the magnitude of the electric f ie ld need to be 
explored. The results of recent in situ dc and low-frequency (SO Hz) ac conductivity measurements by 
Hodgson and coworkers In Spain 1 0 indicate that i t Is particularly Important to examine the effect of 
sustained Irradiation with an applied electric f ie ld. 

The scope of materials acquired for this work has been expanded to Include other ceramic materials 
that have potential fusion applications. The additional materials Include: magnesium alumínate (spinel), 
silicon carbide, silicon nitr ide, aluminum nitride, and macor. These irradiations wil l continue to be 
conducted In the TRIGA faci l i ty at the University of I l l ino is . In addition, specimens of sapphire and 
0.995 alumina have been Irradiated In the TRIGA to a neutron fluence of about 5 * 10 2 1 n/m2. Post-
irradiation measurements wil l be made on tnese specimens to examine the effect of neutron fluence. This 
wil l be followed by In situ property measurements on the same specimens to determine how the accumulated 
fluence alters the response of the materials during a TRIGA pulse. 
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DISLOCATION LOOP FORMATION IN ION-IRRADIATED POLrCRYSTALLINE SPINEL AND ALUMINA — S. J. Zinkle (Oak Ridge 
National Laboratory) 

OBJECTIVE 
The objective of this study is to compare the «icrostructural response to ion irradiation of two oxide 

ceramics having predominantly ionic bonding. A comparison of the similarities and differences of their 
microstructure enables basic information to be obtained regarding the effects of radiation on ceramics. 

SUMMARY 
The microstructure of magnesium alumínate spinel (MgAl20i,) and alumina (A1 20 3) has been examined with transmission electron microscopy following ion irradiation to damage levels of 0.1 to 5 keV/atom (1 to 

50 dpa) at room temperature and 650T. The ion irradiation produced interstitial dislocation loops of 
types a/4<110>{ll0} and a/4<110>{lll| in spinel along with a very low density of a/6<lll>{lll} loops. 
Dislocation loops of types a/3[0001](0001) and a/3<lT00>{lT00} were tentatively identified in alumina. 
The loop size increased and the density decreased gradually with increasing fluence in spinel irradiated 
at 650°C, with the net result that the concentration of interstitial* contained in the loops remained 
nearly constant at -0.1 at. X. Defect-free reqlons were observed adjacent to grain boundaries and the 
irradiated surface in spinel irradiated at 650°C. The denuded zone width was very small for spinel irra
diated at 25°C and A 1 2 0 3 irradiated at 650°C. For a given irradiation temperature, the loops in spinel 
were larger and of much lower density than the loops in AI2O3. 
PROGRESS AND STATUS 

Introduction 
Ceramics are required for numerous applications in a fusion reactor where appreciabl' radiation 

fields exist Previous studies have shown that magnesium alumínate spinel (MgA120i,) is resistant to cavity and dislocation loop formation during irradiation to high damage levels. 1" 5 Aluminum oxide 
(AI2O3) Is a leading candidate for several insulator applications in fusion reactors, largely due to its 
widespread commercial availability and also due to the existence of a fairly large data base on its 
response to radiation. The present study compares the microstructural behavior of spinel and alumina 
following ion irradiation at room temperature and 650°C. 

EXPERIMENTAL PROCEDURE 
Polycrystalllne specimens of stoichiometric spinel and alpha-alumina (both with a grain size of »30 

urn) were obtained from Ceradyne, Inc. and General Electric (Lucalox brand alumina), respectively. 
Transmission electron microscope (TEN) disks of dimensions 3-mm-diam by 0.5 mm were cut and the surface 
to be bombarded was given a mechanical polish with 0.5 urn diamond paste. Specimens were bombarded in a 3 
* 3 array at room temperature or 650°C In the triple ion beam accelerator facility at Oak Ridge National 
Laboratory (ORNL). 6 The Irradiation temperature was determined from a thermocouple attached to the face 
of a stainless steel specimen that occupied one of the positions in the 9-speclmen array. 

Table 1 summarizes the irradiation conditions for the present study. The displacement damage levels 
in Table 1 are given for a depth of 0.55 urn, which is approximately halfway between the surface and the 
calculated peak damage region (Fig. 1). Oue to uncertainties in the threshold displacement energies on 
the various sublattlces In MgAl20i, and AI2O3, the damage levels in Table 1 are given in terms of damage 
energy density (nuclear stopping power) rather than displacements per atom (dpa). Assuming that a mean 
displacement energy of 40 eV 1s appropriate for describing the displacement threshold In A l 2 0 3 and MgAl20i, (ref. 7), then 1 keV/atom * 10 dpa. The conversion from fluence to damage energy density was 
determined from an EDEP-1 calculation.8 Figure 1 shows the calculated depth-dependent displacement pro
file for 2 MeV Al* ions Incident on MgA120i,. Note that the damage level (and damage rate) varies by a 
factor of 7 between the surface and the damage peak. The Ion beam flux during Irradiation was maintained 
at -1.1 * 1 0 1 7 A1 +/m 2-s for all of the specimens, which corresponds to a damage rate of -7.2 * 10"" dpa/s 
at a depth of 0.55 urn. One specimen Irradiated with 3.6 MeV Fe** Ions was Included In this study (Table 1). 

The Irradiated specimens were glued face-to-face with a polls! nonlrradlated specimen, sectioned, 
mechanically dimpled, and Ion milled at room temperature (6 kV Ar*, 16° sputtering angle) until per
foration occurred at the Interface. TEM analysis was performed with a Philips CM-12 microscope operating 
at 120 kV. Dislocation loop analysis was performed using the classical Inside/outside contrast method in 
so-called "safe" orientations.9 
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Table 1. Ion Irradiation Conditions for the 
Ceramic Specimens 

Temperature 
Material Ion Beam (°C) 

NgAl 20\ 

HgAi 20* 

HgAl20„ 

HgAi 2o* 

A 1 2 0 3 

AlzOj 

AljOs 

*lz0 3 

2 HeV Al* 

2 HeV Al* 

2 HeV Al* 

2 HeV Al* 

2 HeV Al* 

2 HeV Al* 

2 HeV Al* 

3.6 HeV Fe*+ 

2 HeV Al + 

25 

25 

650 

650 

650 

25 

25 

650 

650 

Midrange 
(0.55 urn) 

Damage Level 
(keV/atom) 

0.8 

2.0 

0.3 

1.0 

2.4 

0.1 

0.5 

0.1 

0.6 

OS OB 1.0 
DEPTH (pm) 

Fig. 1. Depth-dependent displacement 
damage energy density and implanted Ion con
centration for ion-irradiated spinel as 
determined from an EDEP-18 calculation. 

RESULTS 

Figure 2 shows the general cross-section mlcrostructure of spinel Irradiated with 2 HeV A1* ions to 
a peak damage level of 1.4 keV/atom (14 dpa) at 650"C. The near-surface region was devoid of any obser
vable radiation-Induced defects for depths up to -0.35 urn. The midrange (0.4 to 1.1 urn depth) damage 
microstructure consisted of a moderate density of interstitial loops lying on {ill} and ¡110} habit 
planes. The peak damage region (1.1 to 1.8 m depth) was strongly Influenced by the Injected Al* ions 
and will not be analyzed here. The maximum range of observable damage (1.82 urn) was about 0.2 urn greater 
tnan predicted by the EDEP-1 calculation (Fig. 1). 

The corresponding cross-section mlcrostructure of spinel irradiated to a peak damage level of 10.1 
keV/atom (100 dpa) at 650*C is shown in Fig. 3. The microstructure was qualitatively similar to the low-
dose case, with a surface-denuded zone of ~0.4 urn. 

Figure 4 shows the cross-section microstructure observed near a grain *>oundary in spinel Irradiated 
at 650*C to a peak damage level of 1.4 keV/atom (14 dpa). A defect-free zone occurs In the matrix region 
adjacent to both the surface and the grain boundary. The width of the grain boundary denuded zone varies 
with depth from the bombarded foil surface. According to the established theory on void and dislocation 
loop nucleatlon plus growth, 1 0» 1 1 denuded zones occur near point defect sinks because the point defect 
concentrations approach thermal equilibrium values and therefore the loop nucleatlon and growth rates are 
very low. The grain boundary denuded zone width varies with distance from the bombarded surface due to 
the spatial dependence of the damage rate (F1g. 1) and defect sink mlcrostructure (Figs. 2 and 3) asso
ciated with Ion bombardment. 

An examination of the grain boundary and surface-denuded zone widths at the same depth from the sur
face (and therefore same damage rate and sink density) allows a comparison to be made of the relative 
efficiencies of the two sinks for Interstltlals. The measurements for spinel found that the grain boun
dary denuded zone width at a depth of 0.4 urn was -60% of the surface-denuded zone width. Table 2 sum
marizes some of the denuded zone measurements made on 1on-1rradiated HgAl20., and A1 2Ü3 specimens. The 
width of the denuded zone near the surface and grain boundaries of spinel Irradiated at room temperature 
was «50 nm. 

Figure 5 shows the cross-section mlcrostructure of AI2O3 Irradiated at 650*C under conditions simi
lar to the spinel case. Dislocation loop formation occurred uniformly within the matrix even at regions 
very close to the bombarded surface and grain boundaries. The width of the grain boundary and surface-
denuded zone In AI2O3 Irradiated at 650°C was measured to be «15 nm (F1g. 6), which 1s more than an order 
of magnitude smaller than the widths observed 1n spinel subjected to similar Irradiation conditions. 
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Fig. 2. Depth-dependent nrfcrostructure of spinel Irradiated at 650°C to a peak damage level of 
1.4 keV/atom (14 dpa). 

Figure 7 compares the dislocation loop oricrostructure In spinel Irradiated to three different doses 
at 650°C. It Is evident frc-i this figure that both the size and density of dislocation loops change only 
a slight amount as the damage level Increases from 0.5 to 3.5 keV/atom. The mean loop diameter at a 
depth of 0.6 urn from the surface Increased from 23 to 34 nm over this range of damage levels, and the 
loop density showed a corresponding decrease from 12 to 3.5 * 10 2 1/m 3. 

Dislocation loop formation 1n spinel occurred on {110} and {111} habit planes. Table 3 summarizes 
the dislocation loop parameters (measured at an Irradiation depth of 0.55 urn) for solnel Irradiated at 
650°C. Approximately 75t of the loops were observed to be on f110} planes In the lowest dose (0.32 keV/ 
atom) specimen. T M s fraction Increased to ~90% for the two higher dose conditions. Figure 8 shows an 
example of loops on three different habit planes viewed edge-on. A detailed analysis of the nature and 
Burgers vector of the loops using weak-beam Imaging techniques Indicated that all of the loops on (110) 
were faulted Interstitial loops of the type a/4<110>f110}. An analysis of the loops on (ill) planes 
revealed that all of the loops were Interstitial-type, and that >90X of the loops were faulted on the 
cation sublattlce but unfaulted on the anion sublattlce with Burgers vectors of the type a/4<110>{ll0}. 
A very small fraction (<10t) of the Interstitial loops on fill} planes were Identified as fully faulted 
loops of the type a/6<lll>|lll}. 
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Fig. 3. Depth-dependent microstructure of 
spinel irradiated at 650'C to a peak damage level 
o f 10.1 keV/atow (100 dpa). The dark features near 
the irraciated surface are caused by the pre-
irradiation mechanica1 polish. 
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Fig. 4. Depth-dependent microstructure of 
spinel in the vicinity of a grain boundary 
following irradiation at W)''Z to a peak damage 
level o^ 1.4 keV/ato<n fl4 dpa). Note the 
defect-free zones near the irradiated surface 
and grain boundary. 
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keV/aton keV/atom 
Fig. 7. Dislocation loop formation in spinel following irradiation at 650°C to three different 

fluences. The calculated damage levels were (left to right): 0.5, 1.5, and 3.5 keV/atom (5, 15, and 35 
dpa). The arrows indicate the direction of the diffraction vectors. The imaging conditions were (left to 
right): B - [111], g * [440]; B * [111], g = [04~4]; B - [001], g • [440]. 

Table 2. Denuded Zone Width Measurements in A detailed analysis of the loop habit 
Ion-Irradiated Spinel and Alumina planes In spinel irradiated at 650*C found that 

there was a marked anlsotropy with respect to 
the irradiated surface for loop formation on 
both {110} and {ill} planes. Loop formation 
preferentially occurred on habit planes that 
were nearly perpendicular to the Irradiated 
surface, whereas loop formation was suppressed 
on habit planes that were nearly parallel with 
the irradiated surface. The loop size did not 
exhibit SUCM a strong anisotropy with respect 
to the irradiated surface. Details of the ani
sotropic loop formation will be published 
elsewhere. 

The dislocation loops in A 1 2 0 3 were of higher density and smaller size compared to 
spinel irradiated under comparable conditions. 
Loop formation in A1 20j was observed on both basal (0001) and prism {lTOO} planes. Figure 9 
shows an example of the dislocation loop 
mlcrostructure in A1 20 3 irradiated at 650°C to 
a damage level of -0.1 keV/atom (-1 dpa). A 
tentative loop analysis indicates that most of 
the loops art faulted with Burgers vectors of 
the type a/3[0001](0001) and a/3<TlO0>{flOO}. 
although there is some indication that part of 

the loop population has unfaulted during irradiation to 0.1 keV/atom (dpa) at 650°C (e.g., presence of 
visible loops on {1100} prism planes for g - [0006] in the right-hand panel of Fig. 9). The size and den
sity of loops on the basal and prism planes were comparable. 

Temper
ature 
(°C) 

Peak 
Damage 
Level 

(keV/atom) 

Denuded Zone Width, nm 
Material 

Temper
ature 
(°C) 

Peak 
Damage 
Level 

(keV/atom) Surface 
Grain 

Boundary 
(0.5 m depth) 

Spinel 25 3.5 <50 -20 
Spinel 25 9 <50 -15 
Spinel 650 1.4 350 180 
Spinel 650 4.5 350 220 
Spinel 650 10 380 170 
A1 20 3 25 0.4 <20 <10 
A1 20 3 25 2.2 <20 15 
A1 20 3 650 0.4 <25 <12 
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Tallo 3. Hwiwri Dislocation Loop Poraantars for Spinal 
Following Ion Irradiation at 6S0*C 

U»Ol* 
(kaff/ataa) 

Oowltj (•-*) M M DlMotar (na) 
U»Ol* 

(kaff/ataa) {"«lloco* i»«Jloop* i u o } l M B S { m } l o o p i 

0.32 t.O K lO* 1 3.3 K M " 25.8 18.1 

1.0 3.5 M Mr" 2.9 x 10** 34.8 27.4 

2.4 2.9 K 10* 1 3.4 x 1 0 , t 34.0 30.0 

constant Irradiation daptli 
on crou-sactlon spactaens within a 

of 0.4 to 0.7 u i . 

Fig. 8. Dislocation loops In Irradiated spinel 
(650°C, 0.35 keV/atom) lying on several different 
habit planes. Centered dark field image, B - [Oil], 
g - [1TO. 

ORNL-PHOTO 4418-90 

g«[0006] 

Fig. 9. Dislocation loop contrast 1n AI2O3 Irradiated at 650*C to a damage level of 0.1 keV/atom 
(1 dpa). The zone axis for all three conditions was [11?0]. 



DISCUSSION 

Denuded-Zone Width 

A previous semi-empirical analysis of setal specimens irradiated in a high voltage electron mlcro-
scope found that the denuded zone width (L) near a point defect sink such as a free surface was I ~ /Dy/P. 
where Oy is the point defect diffusion coefficient and P is the production rate of point defects. 1 2 

Various authors have derived the steady-state spatial concentration profile of point defects in the vicin
ity of a free sur face . 1 3 " 1 7 In general, the point defect profile cannot be solved analytically. A simpli
fied analysis is presented in the following in order to show the dependence of the point defect gradient 
on physical parameters. 

The steady-state one-dimensional chemical rate equations describing the point defect concentrations 
in the presence of a sink are given b y : 1 0 » 1 3 * 1 5 » 1 6 

d * i 

dx Di dx~ 

d dCy 

n„ ̂ __ 
dx V dx 

- a CfCv - Df q C j • P 

- a CjCy - 0 y C yC s • P 

( I ) 

(2) 

where Dj v and C{ v are the diffusion coefficients and atonic concentrations of interstit ials or vacan
cies, a Is the vacancy-interstitial recombination coefficient, C s is proportional to the concentration of 
distributed internal sinks for vacancy or interst i t ia l annihilation, and P is the production rate of 
point defects. I f the loss of point defects occurs primarily at sinks ( i . e . , DfCs » aC- and DVC. » 
aCj) then the second tern in Eqs. (1) and (2) my be neglected. The resultant equation for the sink 
dominant case is then of the for» 

°1 -3x* ~ D i C i C s + p ' ° (3) 

The preceding neglects any dependence of the diffusion coefficients on the point defect concentrations. 
The solution of Eq. (3) is given by 

CI-4-[ÜTCS- cf] exp - /"T7 x (4) 

where the boundary conditions Cj (x • - ) « P/DjC$ • C^ (bulk interstitial concentration) and C<(0) 
(thermal equilibrium Interstitial concentration) have been used. Under typical irradiation conditions, 
C*4 is negligible compared to the bulk interstitial concentration. Therefore, Eq. (4) simplifies to 

C F 

[-w-/?H (5) 

If C-f(L) Is the critical Interstitial concentration needed to produce observable loop formation, the 
denuded zone width 1s found after rearrangement of Eq. (5) to be 
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L -
'7 

cr-c(L) 
1 i 

(6) 

The corresponding differential equations for the Halting case «here point defect loss occurs pri
marily via recombination events ( i .e . , <£- » D<CS and «C, » DVCS) can be obtained fro» Eqs. (1) and (2) 
by invoking the relat ion 1 1 » 1 5 * 1 ' 0 ^ - DfCj. this leads to an equation of the following form: 

,,551 _ í l « • . . , . (7, 
ox* D, f 

The preceding ignores the difference in sink capture efficiencies for vacancies and interstitials, 
both of uhich are of order unity. 1 1 The bulk interstitial concentration for the recombination-
dominant case can be obtained directly from Eq. (7), 

The exact solution of the differential Eq. (7) is given by the Jacobi elliptical function. However, other 
studies 1 5» 1' have shown that Eq. (5) Is also a reasonable approxlMtion to the solution for the recoabina-
tion dominant case (Eq. 7). Hence, In both the recoabl nation-dominant and sink-dominant Halts for point 
defect annihilation, the characteristic width of the depressed interstitial concentration adjacent to a 
one-dimensional sink Is proportional to JTffiF' The theoretical dependence of this denuded zone on phy
sical parameters can be obtained after substitution of the appropriate relation for the bulk Interstitial 
concentration, C", for the two Uniting cases: 

L « / « - sink dominant ; (8) 

• IT ] 
V4 

L « | — a r l recombination dominant (9) 

The two Halts indicate that the denuded zone width should be Independent or weakly dependent on the 
displacement rate. 

The ratio of the grain boundary denuded zone widths In spinel Irradiated at 650*C (F1g. 4) was 3.3 
for depths of 0.5 m and the Implanted Ion peak. According to the EDEP-1 calculation (Fig. 1), the 
corresponding ratio of the damage.rates for these two depths was 4.6. Therefore, a grain boundary 
denuded zone width ratio of (4.6)V4 > 1.46 would be expected i f the recombination-limited approximation 
was valid at all depths. However, an Inspection of the aicrostructure Indicates that the loop density 
Increases with increasing depth and that the aatrlx contains a ttry high density of small defects In the 
vicinity of the peak damage (injected ion) region, 1.3 to 1.8 ma. The large change In the grain boundary 
denuded zone width in Fig. 4 can therefore be attributed primarily to decreases in the bulk interstitial 
concentration with Increasing depth due to a higher concentration of irradiation-produced traps in the 
Injected ion region which causes < gradual shift from a recombination-dominant to a sink-dominant regime. 

In contrast to the case for spinel Irradiated at 650*C, the grain boundary denuded zone width was 
m»r]y constant at all Irradiation depths for spinel Irradiated at room temperature and AI2O3 Irradiated 
at 6S0*C. In both of these cases the high density of Irradiation-produced defects induced a sink domi
nant condition for point defect annihilation, with a sink density that was nearly independent of irra
diation depth (e.g.. Fig. 5). The difference In the denuded zone widths In spinel irradiated at 650*C 
versus spinel Irradiated at 25*C or A120} Irradiated at 650*C may be attributed to the lower mobility of 
Interstitials In the latter cates along with a change from recombination-dominant to sink-dominant con
ditions (higher sink density In A120] and 2S"C spinel due to enhanced Interstitial loop nucleatlon). The 
denuded zone observations In the present study trt in general agreement with previous reports of grain 
boundary denuded zones In Irradiated ceramics.18"21 

Matrix Dislocation Loop Formation 

Host of the general features observed for dislocation loop formation In this study »rt 1q0qual1ta-
tlve agreement with previous studies on Ion- or neutron-Irradiated spinel and alumina.'"5»18 
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Irradiation of spinel produces loops on { I I I } and {110} planes, with {110} loops increasingly favored at 
higher tempera tures . 1 - 3 , 2 l ~ 2 3 Table * summarizes the temperature dependence of loop formation on { i l l } 
planes in ion-irradiated stoichiometric spinel. The fraction of loops found in {111} planes foilowing 
irradiation decreases from -45X at room temperature to OX at 800°C. The fraction of loops occurring on 
{ i l l } planes in the present study of spinel irradiated at 650°C decreased from -251 at a damage level of 
0.3 keV/atom (3 dpa) to ~10t at 10 and 24 dpa, which is a further indication of their relative instabil i ty. 
Previous neutron irradiation studies on spinel have reported similar findings with regard to the stabi l 
i ty of {110} versus {111} loops as a function of irradiation temperature. 1 ' * 2 » 2 3 A mixture of loops on 
both sets of habit planes was observed at irradiation temperatures of 410 to 650°C, whereas only {110} 
loops were found at 825°C. Parker et a l . 2 and Tucker et a l . 2 0 observed loops only on {110} planes 
following neutron irradiation of stoichiometric spinel at 400 and 540°C. Hyperstoichiometric spinel 
specimens, HgO-ÍAl 2 0 3 ) n , irradiated at the same conditions formed a mixture of {110} and { i l l } loops at 
400°C and only {110} loops at 540°C for n = 1.1 material. 2 The n * 2 hyperstoichiometric material formed 
only { i l l } loops at both temperatures.2 

Table 4. Temperature-Dependent Fraction of 
{ i l l } Loops Observed in Ion-Irradiated Spinel 

Irra
diation 
Temper
ature 
(°C) 

Irra
diating 

Particle 

25 Hg* 
650 Mg+ 
650 Al* 
800 Ar* 

Fraction of 
Loops Observed 

on 
{111} Planes 

Refer
ence 

-45% 3 
-30* 3 
10 to 25X* This study 
-OX 4, 20 

Fluence-dependent (see text). 

The lack of { i l l } loops at high irradiation 
temperatures in spinel has been cited as evidence 
for the instability of a /6< l l l>{ l l l } loops since 
they do not preserve stoichiometry and are e lect r i 
cally charged. 2 1 * 2 2 The { i l l } loops observed in 
the present study were consistently smaller than 
loops that formed on {110} planes (Table 3 ) . 

Essentially a l l of the loops observed on { i l l } 
planes in "he present study were of the type 
a/4<110>{lll}, which does not contain an anion 
fault and is electrically more stable. This par
t i a l l y faulted type of loop was also found in a 
previous ion irradiation study, 3 but has never been 
observed in neutron-irradiated specimens. This 
suggests that there is some feature associated with 
Ion Irradiation that induces the formation of 
a/4<110>{lll} loops instead of a /6<l l l>{ l l l } loops. 
Likely candidates Include differences in the 
ionizing radiation fields between neutron and ion 
irradiation along with displacement rate effects 
and possible electric f ie ld effects associated with 
the implantation of charged particles. 

Loops were occasionally observed on habit planes that did not correspond exactly to the {110} or 
{ i l l } families of planes. This may be evidence that some of the partially faulted a/4<110>{lll} loops 
are rotating along their glide cylinder in the direction of their Burgers vector. Further investigation 
is needed to confirm this. Knight 1*' 2 1 has also reported evidence that a very low density of loops may 
form on {001} planes In spinel during ion irradiation. We have seen occasional evidence for {001} loops 
in our studies, but the small loop size (<10 nm) makes an unequivocal determination of the habit plane 
impossible. 

Vacancy loops have not been observed In spinel for any irradiation c o n d i t i o n . 1 " 5 ' 1 9 " 2 3 I t Is not 
immediately clear why interst i t ial clusters form as dislocation loops whereas vacancy clusters occur as 
cavities. Rechtln reported the presence of a low density of vacancy loops dispersed among a high density 
of interst i t ia l loops in 0* ion-irradiated A1 20 3 (ref. 30). 

The concentration of interstit ials contained In visible dislocation loops following Irradiation is a 
convenient parameter for gauging the relative radiation resistance of different materials. Previous 
studies have found that irradiated spinel typically contains an order of magnitude fewer interst i t ia l 
defects in the form of dislocation loops than simple ceramics such as NgO and A1 2 0 3 . Very l i t t l e has 
been published on the temperature or fluence dependence of this parameter, however. Table 5 summarizes 
the results of several recent TEM measurements on ion-1rrad1ated s p i n e l . 3 " 5 * 2 1 All of the measurements 
Indicate that the maximum concentration of point defects that can be retained In spinel Is on the order 
of 0.1 at . X. There does not appear to be any large fluence dependence for these temperatures and doses 
(3 to 24 dpa), which suggests that the saturation concentration of Interstit ials has already been reached 
by -5 dpa. This Intersti t ial concentration Is comparable to the saturation concentration of point defects 
observed In metals following low-temperature Irradiation. In the present study, I t was observed that the 
dislocation loops coarsened during Irradiation ( I . e . , the loop density decreased while the loop size 
increased. Table 3) . The net result was that the concentration of interstit ials contained In loops 
remained constant over the dose range of 0.3 to 2.4 keV/atom (3 to 24 dpa). Knight2 1 observed a similar 
behavior In spinel and in Al23O27N5 (which has a spinel-type structure) following Ion Irradiation at 
800°C to comparable doses. 
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Table 5. Summary of Measured Fraction of In ters t t t ia l | Retained 
in Dislocation Loops in Ion-Irradiated Spinel 

Irradiation 
Temperature 

(°C) 
Damage 
Level 
(dpa) 

Concentration 
of Interstitials 
Retained in Loops 

(at. I) 

Surviving 
Defect 

Fraction 
(X) 

Reference 

25 10 0.034 0.0034 3 
25 20 0.16 0.008 5* 
650 10 0.058 0.005 3 
650 3.2 0.12 0.038 Present study 
650 10 0.10 0.01 Present study 
650 24 0.091 0.004 Present study 
800 1 0.057 0.057 4. 20 
800 6 0.12 0.02 4, 20 

Values for the present study were obtained on cross-section 
spec i «ens from 0.3-wa-wide segments centered at an irradiation 
depth of 0.55 urn (23X of the peak damage value; see Fig. 1) . 

*The looo density for this irradiation condition was 
7.3 * 10 2 l /m 3 . 

The surviving defect fraction 
(Table 5) was obtained by dividing 
the Measured concentration of 
interstit ials in loops by the nuMber 
of in i t ia l ly created defects 
(displacement daaage level) . Since 
the concentration of intersti t ials in 
loops was nearly constant, the sur
viving defect fraction (n) decreased 
steadily with increasing fluence for 
a given irradiation temperature. 

The microstructural changes 
observed in "te present study of ion-
irradiated A12O3 are in agreement 
with previous TEM observations. 1» 2"" 3 0 

Dislocation loop formation has been 
found in these studies to obey the 
following evolution: Faulted inter
s t i t ia l loops of types a/3[0001](0001) 
and 1/3<1010>{10TO} in i t i a l l y form on 
the basal and prism planes, respec
t ively. Upon continued irradiation, 
the loops unfault to form loops_of 

pe a/3<1011>[0001] and a/3<1011; 
These loops eventually 

interact to form a dislocation net
work with a predominant l/3<10Tl' 
Burgers vector. Preferential absorp
tion of interstit ials by the disloca
tion network provides a sufficient 
supersaturation of vacancies to 
induce growth of cavities. 

prpe a/ 
fíoTo}. 

CONCLUSIONS 
Regions devoid of dislocation loops occur near the surface and grain boundaries of spinel irradiated 

at 650 SC. The grain boundary denuded zone width is ~0.2 vm for irradiation at 650°C at a damage rate of 
6 * 1 0 - 5 keV/atom-s (6 * 10"» dpa/sj, and is independent of fluence for doses between 0.3 and 2.4 keV/ 
atom (3 to 24 dpa). The denuded zone width Is very small (<15 nm) in spinel irradiated at room tem
perature or in Al 2Cj Irradiated at 25 or 650°C due to enhanced loop nucleation and low interstitial mobility. 

The dislocation loop geometry In Irradiated spinel depends on the irradiation temperature and, to a 
lesser extent, dose. Loops of the type a/4<110>{U0} are preferred at all temperatures and are found 
exclusive of other loop geometries at high irradiation temperatures. Loops of type a/4<il0>{lll} occur 
at Ion Irradiation temperatures <650°C, along with a low density of a/6<lll>{lllf loops. 

Ion irradiation studies suggest that spinel can accommodate a maximum interstitial concentration of 
•0.1 at. X in the form of dislocation loops for irradiation temperatures of 25 to 800°C. This value is 
comparable to saturated defect concentrations measured in metals following low-temperature Irradiation. 
The saturated Interstitial concentration in spinel is already reached for doses as low as 0.3 keV/atom 
(3 dpa) at 650°C. 

An unusual feature observed in the present study was that the {110} and {111} loop formation was 
decidedly anisotropic with respect to the Irradiated surface. This phenomenon has not been reported In 
any previous irradiation studies on ceramics. Several possible mechanisms can be formulated, but addi
tional studies are needed to identify the siost viable cause. 

FUTURE WORK 
The mlcrostructure of ceramic specimens Irradiated at 650°C with 1-MeV H* and He* Ions will be ana

lyzed and compared with the present results. 
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TECHNIQUE FOR PREPARING CROSS-SECTION TRANSMISSION ELECTRON MICROSCOPE SPECIMENS FROM (UN
IRRADIATED CERAMICS - S.J Zinkte. C P Haltom. LC. Jenkins, and C.K.H. DuBose (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this report is to summarize the experimental techrao îes used at ORNL to prepare cross-section TEM 
specimens from ion-irradiated ceramics. 

SUMMARY 

The general techniques necessary to produce a high-quality cross-sectioned ceramic specimen for transmission 
electron microscope observation are outlined. A particularly important point is that the width of the glued region bstween 
faces of the ceramic specimen must be <02 pm to prevent loss of the near-surface region during ion mffng. A recently 
developed vise for gluing ceramic cross-section specirneris is ctoscribed, and some exaniples of the effected 
on specimen quality are shown. 

PROGRESS AND STATUS 

Introduction 

In recent years there has been an increasing interest in the microstructure of ion-implanted ceramics, in particular 
due to applications in surface modification' and radiation effects2 studies. The region of interest is typically within one 
micron of the surface, and the microstructure usually exhibits a strong depth dependence. It is often useful to prepare 
cross-section specimens for observation in a transmission electron microscope (TEM). There are numerous papers 
available that describe different techniques for preparing cross-section TEM specimens from metals or ceramics.*" 

For monolithic ion-implanted ceramics, the standard cross-section preparation proceoWe involves tte 
which are outlined in Fig. 1: First, the ion-implanted specimen is glued face-to-face to another polished specimen (either 
implanted or nonimplanted) using a commercial epoxy such as M-BOND 610 ADHESIVE (Measurements Group. Raleigh, 
NC 27611). The glued sandwich is then sectioned, mechanically dimpled, mounted on a support ring (e.g. graphite) and 
sputter ion milled until perforation occurs near the interface. If the specimen contains multiple phases with different ion 
milling rates, then special techniques such as sacrificial coatings or other forms of beam shielding*"' may be necessary 
during the ion mining step. 

In order to achieve good contrast in the electron microscope, the aoss-sectbnspecirrOT must be suitabfy thin (-100 
r/n) in the region of interest. Although there are many contributing factors to the preparation of a high-quality aoss-section 
ceramic TEM specimen, it was recognized through experience that a key factor is the widm of the glued region separating 
the two polished faces of the cross-section sandwich. It has been our experience that all commercially available epoxies 
üién at a faster rate than ceramics such as ALC, and MgAJ,04 during the ion milling process. If the width of the glued region 
is too wide, then a significant portion of the near-surface material is milled away before the foil thickness is electron-
transparent. The cause of this near-surface erosion is immediately apparent when the geometry of the ¡on-muling process 
is considered. Figure 2 shows an idealized sketch of the glued interface region of a cross-section specimen during ion 
milling (in practice, there win be gradients in the foil thickness near the interface that depend on the ion milling details). 
During the initial stages of ion milling, small surface troughs are created in the glued region of the specimen due to the 
faster ion milling rate of the epoxy compared to the ceramic. When the foil thickness (t) equals a critical value of 

t -2W*tano , (1) 

where W is the width of the glued region and a is the milling angle (Fig. 2b), then the interface corresponding to the original 
surface is completely exposed to the ion milling beams. Continuation of the ion milling process causes material near the 
interface of interest in the cross-section specimen to be lost due to direct exposure to the ion milling beams (Fig. 2c). Ion 
mil. thinning is usually performed with a milling angle of a - 15 deg, which is doss to the angle that produces the maximum 
erosion rate for most materials and hence minimizes the specimen preparation time.'"4 For a final foil thickness of 100 nm 
and a milling angle of 15 deg, the width of the glued region must therefore be less than 190 nm to avoid any loss of the 
near-surface material (Eq. 1). 
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1. ION IRRAOtATON 2. GLUE UNDER PRESSURE 

Rg. 1. Schematic of procedure used to prepare Rg. 2. Schematic of ton mffng process, 
cross-section ceramic TEM specimens. The near-surface regions are mied away if the 

glue width is large. 

In order to achieve this narrow glue width, tha surfaces of the spetirrem must b« flat and p a r a M 0 . a . . v r t p o T t t ^ 
and gluad under pressure. We have designed and butt a caferated vise for maJong thin, reproduce g k w w i c ^ v i cross-
section specimens. There have been several previous descriptions of vises used to prepare cross-section TEM 
specimens.'** where the gluhg pressure is ccntroled by finger tightening. The present visa is unique to that it does not 
rely on operator sk i to achieve a known and reproducible pressure on the specimen during gluing. 

DESCRIPTION OF CALIBRATED VISE 

A vise was designad and butt that would produce a known and consistent pressure while the specimen gfua was 
curing in a smal laboratory furnace. Due to the inherent brittJeness of cerámica, the pressure during gluing must be 
controllable to avoid the possibility of cracking the specimen as the result of applying excessive force. In addition, since 
tha specimens to be glued an often polished on only one surface, there is a need to eliminate stress concentrators that 
may occur during clamping due to slightly nonparaHel or uneven back surfaces. This was achieved by using Teflon pad* 
on the clamping surfaces of the vise. 

The vise consisted of an aluminum base and a stainless steel threaded drive rod and shaft A photograph of the 
vise is shown in Fig. 3. With a limiting torque wrench (Utfca Tool Co., Orangeburg, SC 29115), a known pressure can be 
reproducibiy applied. Teflon pads are inserted into machined recesses in the ends of the vise mandrels, which prevents 
the pads from shifting when pressure is applied. Tha Teflon pads are 9.5 mm (3/8 in.) diameter by 1.6 mm (1/16 in.) thick 
and are punched from sheet material. Teflon was chosen for the padding material due to its stability at temperatures 
appropriate for curing the tpoxy (100°C). New pads are used for each specimen to be glued, since the Teflon tends to 
become scored from indentations associated with the clamping process. 

Typically, a small amount of epoxy (M-Bond) is applied between the polished faces of two ceramic pieces, which are 
then placed on tha bottom Teflon pad. The upper mandrel of the vise, which also contains a Teflon pad, is pressed against 
the glued specimen and torqued by an amount that depends on the strength and fracture toughness of the pieces baing 
glued. The entire vise is then put imo a srr^ lab furr«ce and rieaied to lOVC fori h to cure the epoxy. The force exerted 
by the upper mandrel for different torque settings was calibrated by making measurements with known mass standards. 
The relation between torque and applied force is nonlinear due to friction effects in the threaded drive rod. For a torque 
setting of 2 in.-tb, the applied force is 82 N (18.4 lb,). The corresponding pressure on a TEM disk of 3 mm diameter is 12 
MPa (1700 psi). This pressure is much tower than the typical compressive strength for ceramics of about 1 QPa, but is 
sufficiently high to produce a narrow glue width in the cross-section specimen. 
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Fig. 3. Photograph of vise with Teflon 
pads and torque wrench used to control the pressure 
during gluing of cross-section specimens. 

After the specimen has been glued, the 
sandwich is mounted on a metal cutting block using 
a commercial mounting wax (Crystalbond, AREMCO 
Products. Inc.. Ossining. NY) and sliced with a low-
speed diamond wafering saw (Buehter Ltd., Lake 
Bluff. IL 60044) to produce a rectangular foi of 
about 250 j*m thickness (Fig. 1). The foi is 
mounted on a polishing block with wax and 
mechanicatty ground to a thickness of about 150 i*m 
using a grinding wheel or a precision 
dimpter/grinder (Gatan). The specimen is 
demounted from the block by soaking in acetone, 
flipped over, and the back side is ground and 
mechanically dimpled until the final foil thickness is 
about 30 ¡an. The specimen is then demounted 
and glued onto a graphite support ring with M-Bond 
at room temperature in preparation for ion mffng. 
The best results have been obtained with a graphite 
foil of dimensions 3-mrn-diam by 100-/im thick, with 
a 1-mm hole in its center. The specimens are then 
ion milled at either room temperature or in a liquid 
nitrogen-cooled holder (Gatan) using two beams of 
6-keV AT* and an ion milling angle of 15 deg. After 
foi perforation occurs near the glued interface, the 
specimen is given a finishing treatment with 3-keV 
AT* ions to remove some of the surface damaged 
layer caused by the more energetic 6-keV ions. The 
milling angle is reduced to 10 deg during the 
finishing milling of radiation-sensitive materials. 

EXPERIMENTAL RESULTS 

Cross-section TEM foils prepared from ion-irradiated Al,0, and MgAI,04 pdycrystalline and single crystal specimens 
were examined using a Philips CM12 electron microscope operating at 120 keV. 

Figure 4 shows a low-magnification view of a spinel specimen that contained a very wide (3.6 pm) glue region, ft 
can be seen that the epoxy has become very thin from the ion milling and has completely disappeared in some regions, 
whereas the spinel specimen is not thin enough to be transparent to the electron beam. 

Figure 5 is a composite view of a single crysUJ ALp, specimen that was prepared with a glue width of 1.3 urn. In 
regions of the cross-section foil where the glue was thin but still intact, the ALp, was too thick to be electron-transparent 
After additional ion milling to produce ALO, _ 
the near-surface regions of both sides (cf Fig 2b, 2c) 
surface regions in this specimen. 

regions that were thin enough to be usable, about 0.7 »*m was milled away from 
" " " ' Hence, it is not possible to perform detailed TEM analysis of near-
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Fig. 5. Transmission electron micrograph of 
a sapphire specimen with a wide glue width. The 
ceramic foil thickness is very large in the region 
where the glue is intact Approximately 700 nm has 
been milled away from the original surface in regions 
where the foil is suitably thin (compare Fig. 2b,c). 

Figure 6 shows a single crystal AljO, specimen that was prepared with a glue width of 0.5 pm. in this case, the glue 
is beginning to mill away in regions where the A^O, foil thickness is about 250 nm (this is about the maximum useful 
thickness for TEM analysis using a microscope operating at 120 keV). 

Figures 7 through 9 demonstrate results that were obtained after using the Teflon-padded vise to prepare cross-
section foils from ion-irradiated specimens. The ion damaged region in Fig. 7 was contained within 0.53 pm from the 
bombarded surface, and it was therefore essential for the near-surface region to remain intact. Suitably thin areas were 
obtained in this specimen, which had a glue width of 0.21 urn. In Fig. 8, the glue width was about 0.17 /*m and a foil 
thickness of <100 nm was obtained without any loss of the near-surface irradiated region. Figure 9 shows part of the 
extensive thin area that was produced by ion milling of a cross-section specimen with a glue thickness of about 50 nm. 

A large number of ion-irradiated ceramic specimens have been prepared for cross-section TEM observation within 
the past six months in our laboratory. It appears that the success rate of obtaining cross-section specimens with suitable 
thin area over the entire ion-damaged region is >90% with the present technique. 

Fig. 4. Transmission electron micrograph of 
an ion-irradiated spinel specimen with a very wide 
glue width (compare with Fig. 2b). 



Fig. 6. Transmission electron micrograph of a 
sapphire specimen with an intermediate glue width 
and marginal foil thickness (250 nm). 

CONCLUSIONS 

To avoid the loss cf the near-surface portion of cross-section ceramic TEM specimens, it is essential that the original 
interface be "shadowed from the ion milling beams until the desired foil thickness is achieved This is mosi easily carried 
out by minimizing the width of the glued region between the ceramic faces Specimens suitable for TEM analysis with a 
120 keV electron microscope may be obtained if the glue width is <0.2 ^m. 
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fig.8. MkTostnjctureofspmelrracfated Rg.9. Microstructure of spinel irradiated 
with2-*leVAI ionsat65r/Ctoafkjenceof with 2-MeV AJ* ions at 650°C to a fhience of 
5x1Ó"/m 2 . The glue width is about 170 nm i .6x i f / ' /m* . The glue width is about 50 nm. 
and the foi thickness is about 70 nm. 
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