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ABSTRACT 
.. . 

'Tensile coupons qffive austenitic materials (Types 304, 316, 321, 347and 1n~ol0~-800j .  
prepared ,from thin-wall tubing were irradiated in EBR-II. The maximum accurnuGted 
neutron exposure was 3.4 X l oZ2  n/ch2,  total, a t  temperatures ranging from 1000 to 
1 3 0 0 ~ ~ .  The mechanical properties o,f the irradiated coupons were determined; the, 
results are reported here. Fast-irradiation mechanical testing included uniaxial tensile aAd 
burst (biaxial) tests a t  temperatures ranging from 900 to 1 5 0 0 ~ ~ .  Light optical and. 
electron metallography studies were conducted to characterize the mode 0.f failure. 

Heat treatment for Type-304 stainless steel to produce a "carbide agg1omerated"tate 
was found to promote increased residual ductilities after reactor e x p o ~ r k .  . This 
observation, which needs confirmation, is in contrast to larger reductions in ductility 
(measured by percent elongation) found for all five commercial austenitic alloys used in 
these experiments in the as-received or millannealed condition. 

1. SUMMARY 

This report describes the first phase of a com- 
prehensive experimental program directed toward the char- 
acterization of the effects of irradiation on austenitic stain- 
less steels. This work complements the irradiation testing of 
fuel pins in that it permits assessment of a greater number 
of variables-as well as isolation of some variables-than pin 
testing. The ultimate objective of this work is the selection 
of the most appropriate austenitic alloy for use in a 
sodium-cooled fast breeder reactor as cladding for mixed 
urania-plutonia fuel. Of particular importance in this ap- 
plication is the degradation in mechanical properties due to 
long-term exposure to high fast-neutron fluxes at elevated 
temperatures. The work discussed here was designed to es- 
tablish the magnitude of damage incurred under these 
conditions. 

Five austenitic alloys-Types 304, 316, 321, 347 and 
lncoloy800-were irradiated as tubular and sheet tensile 
specimens  in EBR-11. Two microstructures were 
investigated: Annealed (pre-irradiation microstructure free 
of intergranular carbides), and carbide-agglomerated (pre- 
irradiation microstructure consisting of large discrete inter- 
granular carbides). The capsules containing these specimens 
accumulated maximum fluences ranging from 1.7 to 3.4 X 

n/cm2 (ETotal) at  temperatures as high as 1300°F. 
Post-irradiation examination of these specimens included 
metallography to establish the effect of irradiation on alloy 
microstructure, and uniaxial and biaxial mechanical prop- 
erties tests to  assess the magnitude of damage. 

Tensile test results showed that, within the neutron 
fluence range investigated, all annealed materials exhibited 
decreases in total strain with increasing fluence and de- 
creasing strain rate. For Types 304 and 316L, total strains 
reoordcd wcro in the range of 3.6 to 7.7% while thnsefor 

Types 321, 347, and Incoloy-800 were 1.0 to  5.8%. Total 
strain values for all unirradiated materials in the anndled 
condition were 30 to 44% at  130O0F.'1n the carbide ag- 
glomerated condition, Type-30.4 siainless steel exhihis an 
increase in fracture strain. Although this.observation is en- 
couraging, it needs Eurther confirmati~n befoid it:acquires 
enough significance to be considered in .the selection of an 
appropriate fuel cladding. 

Significant increases in yield strength were noted for 
all materials with the strengthening effect increasing with 
fluence, except for lnwloy800 which 'remains relatively 
constant. The deb~ee of strengthening decreased with test 
temperature, with recovery occurring a t  1500 to  1600°F 
for all alloys. 

Elevated temperature bursting of tubular specimens,re- 
vealed substantial increases in burst strength and reductions 
in circumferential ductility with uradiation. At a test tem- 
perature of 1300°F, the core and blanket specimens ex- 
hibited increases in burst strength to a% and 17%, re- 
spectively, relative to unirradiated annealed specimens. This 
disparity diminishes with increasing test temperature, and 
indicates complete recovery at approximately 1600°F. 

The effects of carbide morphology and distribution on 
the embrittlement of Type 304 during uradiation was also 
investigated. In the annealed (unirradiated) condition, the 
alloy was free of grain-boundary carbides, but exhibited a 
continuous grain-boundary precipitation after irradiation. 
In the carbide-agglomerated condition, the microstructure ' 
consisted of large, discrete intergranular carbides both be- 
fore and after irradiation. Post-irradiation results at  1300°F 
indicate that specimens in both structural conditions were 
embrittled; however, the carbide-agglomerated material 
showed a lower degree of embrittlement. 



2. CONCLUSIONS - 

Specimens of five austenitic alloys (304, 316, 321, 
.%7, and lncoloy800) were irradiated in EBR-II, t o  
uccurnulated fluences of up to  3.4 X n/cm2 (total) 
and peak temperatures as high as 1300°F. Post-irradiation 
examination of both strip tensile and tubular specimens 
yielded the following results: 
a. Ernbrittlements ranging from 7 0  to 98%, as monitored 

by reduction in total tensile strain, were measured on 
all alloys investigated. 

b, ~ n t e r i r a n u l a r  carbides of the morphology and 
distribution found in carbidc-agglomcmtcd materials 
caused an increase in total tensile elongation of 
irradiated Type-304 stainless steel. (This observation, 

however, requires further confirmation before carbide 
,7 

agglomeration can be considered as a specification for 
LMFBR cladding.) 

c. Excep t  for  Incoioy8OO, all alloys tested after 
irradiation exhibited increases in yield strength. The 
degree  of strengthening was reduced by post- 
irradiation annealing, with full recovery occurring 
between 1500 and 1600°F. However, most of the 
embrittlement remained. 

d. The yield strengths of all irradiated alloys were 
observed to  valy with the strain rate used in tensile 
tes t ing .  A reduc t ion  in strain rate caused a 
corresponding reduction in yield. 

3. INTRODUCTION 

Current fuel cladding designs for a Liquid Metal Fast 
Breeder Reactor (LMFBR) call for cladding to  operate with 
(a) fast-neutron fluxes near 1016 n/cm2-sec, @) total 
fluences over lo2 n/cm2, (c) peak cladding temperatures 
up to  1300°F, (d) a variety of stress systems arising from 
fuel swehng, clad swelhng, fission-gas pressure, thermal 
gradients, and power and temperature cycling, and (e) close 
contact with fuel and flowing sodium. 

Thus far, the austenitic stainless steels are considered " 

t o  be the most promising cladding materials for the first 
generation of LMFBR's. Those alloys receiving attention in - 
this program arc Type 304, Type 316, Type 321, Type 347, 

v 

and Incoloy800. The objective of this report is t o  describe 
the irradiation history and the post-irradiation mechanical ,- 

and physical properties of these alloys, exposed as tensile 
specimens in the Experimental Breeder Reactor No. 11 
(EBn-11). 

4. EXPERIMENTAL PROCEDURE 

4.1 MATERIALS 
These experiments comprised three subassemblies ir- 

radiated in EBR-11. A total of 1 2  materials capsules were 
incorporated into these subassemblies. Series L2 '  contained 
five capsules, one each of five comn~ercial alloys of aus- 
tenitic stainless steel: Types 304, 316L, 321, 347, and 
Incoloy800. Type 316 was used exclusively in the two 
capsules of series LA. The five materials capsules irradiated 
i n  series L-4: were fabricated from Incoloy-800 (2 
capsules), and Types 304, 321, and 347 (one capsule of ' ' 

each). All alloys were purchased as welded and drawn 
tubing. The chemical compositions of the six alloys used in 
this investigation are listed in Table 41. -. . 

The test section material was irradiated in two 
configurations: thin-wall tubing and thin-sheet tensile 
coupons. Two structural conditions were studied: mill an- 
nea led  a n d  carbide agglomerated. The mill-annealed 
structure is d e f i e d  as the as-received condition; the 
carbide-agglomerated structure was developed by heat- 

Lrwtirig as-received material at  165OVF for 24 hours in a 
hclium atmosphere. The heat-treatment schedule for tensile 
coupons is shown in Figure 41. Tensile coupons were 
fabricated from flattened tubing and stamped out to con- 
form to the dimensions shown in Figure 4 2 .  Microstructure 
of the materials prior to irradiation are shown in Figures 
43 through 412.  Transverse sections of tubular mmples 
and longitudinal sections of tensile coupons were selected 
to  show the material structure in the direction cor- 
responding to  the direction of principal stress during sub- 
sequent mechanical testing. 

Type 304 microstructures are seen in Figures 4-3 
(mill-annealed) and 4 4  (carbide-agglomerated). The grain , 
size is ASTM 7 to 8. Slight grain growth occurred in the 
tensile coupon, resulting from the 1 8 0 0 " ~  anneal given to 
the coupon after flattening and stamping. o! 

The mill-annealed Type 316L (Figure 4-5) has a grain 
size of ASTM 7; the grain size in the weld region is some- 
what finer (not fully recrystallized). A duplex grain 



NOY Heat Nq. Ni G Fe 

Type 304 125653 9.15 18.42 Balance 
Type 316 850149 13.16 17.63 Balance 
Type 316L 133310 13.31 17.39 Balance 

b Type 321 800738 - 9.53 17.13 Balance 
Type 347 99973 9.32 18.20 Balance 
Inwloy 800 4167 32.00 20.a 46.09 

TABLE 4-1 
CHEMICAL COMPOSITION OF TEST MATERIALS 

P S 

0.025 . 0.010 
0.021 0.006 
0.017 0.008 
0.019 0.Oll 
0.023 0.009 
N.D. 0.007 

Be N0 Other ; 

* Impurities in ppm. 



TABLE 4 2  
IN-PILE STRESS PARAMETERS AT 1200°F 

In-Pile St&as.Level 
Test Material , (psi) 

Type 304 8,000 
Type 316L ' ' 9,000 
Type 316 13,000 
Type 321 10,000 
Type 347 12,000 
Incoloy 800  12,000 



-- - -- 

.STARTING MATERIAL  
0.0250-inch-0.d. x 0.015-inch-WALL 

S L I T  AND F L A T T E N E D  TUBING 

PUNCHED-OUT TENSILE 
SAMPLES T O  CONFORM TO 

FIGURE 4-2 . 

ANNEAL ED A T  18000 FI' 
15 MINUTES,AIR-COOLED . 

, CARBIDE-AGGLOMERATE? 
SAMPLES 

Figure 4-1. ' Flow D q a m  fbf Fabrication of Tensile Samples from Commercial 'I'ube 
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ANNEALED A T  1650°F/ 
24 HOURS,AIR-COOLED 

MILL-ANNEALED 
AS-RECEIVED SAMPLES 

A 

I 

1 



I I r0.067 diam 
I 2 

SURFACES: 63 
TOLERANCES ON MACHINED DIMENSIONS: 

bttuC'I' IONS- f 2"32 
DECIMALS- * 0.010 

(No. 51 DRI 
PLACES 

Figure 4-2. Tensile Coupon 
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I1 'BULAR COUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: 1 WX 

A T W  GRAIN SlZE NO. 7 

TENSILE COUPON 

SECTION: LONGITUDINAL 
MAGNIFICATION: lOOX 

ATSM GRAIN SlZE NO. 6 

TUBULAR COU W N  

TUBULARCOUPON 

WELDZONE - 
SECTION: TRANSVERSE 
MAGNIFICATION: 500X 

SECTION: TRAl 2RSE-WE AREA 
MAGNIFICATION: lOOX 

Figure 4-3. Microstructure of Type-304 Stainless Steel, Mill Annealed. Etchant: HCl + HzOl (Reduced to - 75% for 
reproduction purposes) 

' . - * 

m' 



n'P1l'AR COUPON 

SECTION: 7 RANSVEKSE 
MAGNIFICATION: lOOX 

ASTSM GRAIN SlZE NO. 8 

TENSILE COUPON 

SECTION: TRANSVERSE-WELD AREA 
I 

MAGNIFICATION: l W X  

-- 

SECTION: UINGITUDINAL 
MAGNIFICATION: lOOX 
ATSM GRAIN SlZE NO. 7 

Figwe 4-4. Microstructure of Type-304 Stainless Steel, &bide Agglomerated. Etchant: Modified Glyceregia (Reduced to 
" 75% for reproduction pwposes) 



TUBULAR COUPON 

/ 

TUBULAR COUPON 

1- WELD ZONE - 1 
SECTION: TRANSVERSE 
MAGNIFICATION: . lWX 

ATSM GRAIN SIZE No. 7 

TENSILE COUPON 

. SECTION: MAGNIFICATION: TRANNERSE 500X 

SECTION: LONGITUDINAL 
MAGNIFICATION: lOOX 

Figure 45. Micrmtructure of Type-316L Stainless Steel, Mill Annealed Etchant: HCl + 0% (Reduced 
to - 75% for reproduction purposes) 



TUBULAR COUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: lOOX 

ATSM GRAIN SlZE NO. 6 

TENSILE COUPON 

SECTION: L O N G I T U D I N A L  
MAGNIFICATION:  l O O X  

ATSM GRAIN S IZE  NO. 6 

TUBULAR COUPON 

WELD ZONE -l 
SECTION: TRANSVERSE 
MAGNIFICATION: 500X 

SECTION: TRANSVERSE-WELD AREA 
MAGNIFICATION: lOOX 

Fipre 4-6. Microstructure of' Type-316 Stainless Steel, Carbide Agglommted. Etchant: Modified GIyceregio (Reduced to 
75% for reproduction purposes) 



TUBULAR COUPON 

0 

SECTION: TRANSVERSE 
MGNIFICATION: lOOX 

ATSM G R A I V Z , g  &Q& 

TENSILE COUPON 

TENSILE COUPON 

WELD ZONE 

TUBULAR COUPON 

SECTION: LONGITUDINAL 
MAGNIFICATION: lOOX 

SECTION: TRANSVERSE 
MAGNIFICATION: 5OOX 

TENSILE COUWN 

SECTION: LONGITUDINAL 
MAGNIFICATION: 500X 

Figure 4-7. Microstructure of Type-321 Skrinkss Steel, Mill Annealed. Etchnt:  + H202 (Reduced to 75% for 
reproduction purposes) 



TUBULARCOUPON - J- WELD ZONE .-- 

TENSILE COU W N  

SECTION: TRANSVERSE 
MAGNIFICATION: lWX 

ATSM GRAIN SIZE NO. 10 

TRANSVERSEWELD AREA I 
MAGNIFICATION: 1WX 

SECTION: LONGlTUMNAL 
MAGNIFICATION: lOOX 

TENSILE CWPON 

&we M Micros&ucture of Type-321 S t a i n b  Steel, &bide Agglonumted. Etchant: Modfid Glyceregh (Reduced to - 75% for reproduction purpow) 



TUBULAR COUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: lOOX 

ATSM GRAIN SlZE NO. 10 

SCGTIUN: WNCill  UUFNAL 
MAGNIFICATION: IOOX 

TUBULAR COUPON 

3 ~ ~ i  {ION: . TRANSVERSE- WELD AREA 
MAGNIFICATIO~: loox 

TUBULAR COUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: 500X 

TENSILE COUPON 

DUPLEX GRAIN SlZE 

SECTION: LONGITUDINAL 
MAGNIFICATION: SOOX 

F'igure 49. Microstructure of Typ-347 Stainless Steel, Mill dnneuled. Etchant: HCI + HzOz (Reduced to - 7596 for 
repmduction purposes) 



,TUBULAR COUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: l W X  

ATSM GRAIN SIZE NO. 10 

TENSILE COUPON 

TUBULAR COUPON 

1 
SECTION: TRANSVERSE 
MAGNIFICATION: 5WX 

- 
SEC . .,... ,.JGITUDINAL 
MAGNIFICATION: lOOX 

TUBULARCOUPON 

SEC - - - - . . - - - . . . - - - 
MAGNIFICATION: lOOX I 

TENSILE COUPON 

SECTION: LONGITUDINAL 
MAGNIFICATIOK: 500X 

Figure 4-1 0. Microstructure of Type-347 Stainless Steel, Cobida Aglomemted. Etchant: Modiifid Glyceregiu (Reduced to - 75% for reproduction purposes) 



TUBULAR C W W N  

b , SECTION: TRANSVERSE 
- MANGI FICATION: 1OOX 

:. ' ATSM GRAIN SIZE NO; 10 

TENSILE COUPON 

TUBULAR COU W N  

SECTION: TRANSVERSE 
MAGNIFICATION: SOOX. 

SECTION: LONGITUDINAL 
MAGNIFICATION: 1OOX 

w e  MI. Microrbcu:twe of Incoloy-800, Mill Annealed. Etchnt: 10% Oxdic Acid-Tubub Coupon, HQ + H202,TemiZe Coupon 
(Reduced to - 75% for reproduction purposes) 



TUBULARCOUPON 

SECTION: TRANSVERSE 
MAGNIFICATION: lWX 
ATSM GRAIN S E E  N0.9 

TENSILE COUPON 

7 'I 

SECTION: LONGITUDINAL 
MAGNIFICATION: lWX 

NOTE: WELD WAS FULLY RECRYSTALLIZED; 
THUS, NO SEAWWELD COULD BE7 
LOCATED. 1 

1 

TUBULAR COUPON 

TENSILE COUPON 

- - . . . . . - 
MAGNIFICATION: 500X 

Figure 412. Microstructure of Incoloy800, Carbide A&omemted. Etchant: 10% Oxalic Acid (Reduced to - 75% for 
reproduction purposes) 



structure is apparent in the tensile coupon section. This 
structure also appears in tensile coupons of Types 321 
( F i r e  4 7  and M), 347 (Figures 4 4  and 4-10), and 
IncoIoy-800 ( F i r e s  4-11 and 412). Consistently large 
grains are at the outer surfaces, with a fine-qain structure - near the centroid. The outer and inner fibers are regions of 
maximum strain (during the flattening and stamping 
operation), and the middle region is one of minimum 
deformation. It is possible, therefore, that the 1800°F an- 
neal caused recrystallization and grain growth to occur at 
the regions of maximum strain. The center region was un- 
affected because of the lack of appreciable cold work. 

The carbide-agglomerated Type 316 is shown in Figure 
46 .  The structure is similar to mill-annealed Type 316L, 
except that carbide precipitation is now evident at grain 
boundaries in discrete locations-somewhat comparable to 
the carbide-agglomerated Type 304. 

A very fine gain size (ASTM 10) was observed in both 
structural conditions of Type 321 (Fies  4 7  and 4 9 ,  
and the weld region was fully recrystallied. Type 347, in 
bo th  t he  mill-annealed ( F i r e  4 9 )  and carbide- 
agglomerated ( F i e  410) structures, was nearly identical 
in grain size to Type 321. The weld area in Type 347, 
however, was not fully recrystallized. Types 321 and 347 
did not  respond to the carbide-agglomeration heat- 
treatment to the extent shown,by Types 304 and 316. In 
these specimens, stabilized carbides were uniformly dis- 
tributed throughout the structure. 

Millannealed Incoloy-800 (Figure 411) has a grain 
size of ASTM 10, and the carbideagglomerated structure 
(Figure 412) is about ASTM 9. The weld region was not 
easily observed in the millannealed.materia1 and could not 
be located in the material which was heat-treated for ag- 
glomeration of carbides. That this heat treatment was 
partially successful in forming discrete intergranular 
carbides is illustrated in F i e  4-12, but continuous grain- 
boundary precipitates are also in evidence. 

4.2 IRRADIATION CAPSULE 
The capsule configuration used in all three sub- 

assemblies consisted of several tubular test sections axially 
strung together in a "piggy-back" fashion. Series L-2' 
( F i e s  413 through 4-15) contained three test wctiorw 
per cap~1111e; series Ir4 and L-4' each had five (Figures 4 1  6 
through 4-18). The tes t  section consisted of a 
0.250-incho.d. by 0.220-inch-i.d. tube which e n c a d  
several tensile coupons, a tungsten holder for gamma 
heating, a thermometer capsule containing fusible metal 
rods to provide indications of temperature of irradiation, 
and sodium to promote axial and radial heat transfer from 
the tungsten to the tubular test section. 

By bala~~cing tile heat generated hy gamma heating of 
all alv~al co~llponents in the capsul~: with the heat loss 
across all argcou-filled arlnul~ls, the capsule was designetl to 

opchratcb at 1 200°F. Since uo c.xter11a1 i ~ ~ s t r i ~ ~ ~ ~ t s ~ ~ t a t i o ~ i  u as 
possible on these capsules, approxilllate i~ldications of tt.111- 
peratures attained were provided 1)). fusible nletal ther- 
~nonletry. This teclu~ique is based on the judicious selection 
of metals or alloys with well-established melting points in 
the temperaturcb range of interest. Meltdown of the alloys is 
then observed by radiography or, when recovery of the 
thern~on~ettrr js po~ible,  by direct observation. 

Internal pressure at temperature was provided as 
follows: The aw,mbled test sections and mdium reservoir 
were' flushed- with helium prior to  sodium filling, to purge 
the system of air. Liquid sodium was then allowed to fill 
the test sections from the capsule bottom to a set level in 
the sodium reservoir, and then solidified. The level of solid 
sodium in tlle reservoir was then measured with an eddy- 
current probe. The test coupon assembly was then filled 
with helium gas to a preselected pressure level- associated 
with the measured sodium level. This initial pressure is 
designed to increme to a higher pressure level during reactor 
operation due to the temperature increase and volume de- 
crease of the gas (caused by the expanding sodium). This 
higher pressure Ic:vel was selected to produce a hoop stress 
in the tubular test section of approximately 80% of the 
reported 10,000-llour stress-rupture value at 1200°F. These 
target stress levels arcb listed in Table 42. 

4.3 HISTORY OF IRRADIATION 

43.1 EBR-I1 History 
Gpsultr series 1,-2' was loaded into EBR-II (S/A 

XG06) on September 3, 1965, and removed on February 
20, 1967. During its residence in the reactor (Runs 9 
through 24), the subassembly occupied position 4E2 (Row 
4) and accumulated 9317 megawatt days (MWD). This 
corrcsponcls to a f1uc:nce (based on reactor physics 
calculations)" of 3.4 X lo2' n/cm2 , total, at  the core 
midplane-approximately 207 effective full-power days 
(EFPD). 

Series L-4 (S/A X009) was inserted into the core at 
the beginning of Kun 15 (March 24, 1966), and was re- 
movtxl at thc: completion ctf Run 22 (November 14,1966). 
The rruhwembly occupied position 4A2 (Row 4) for 119 
EFPII and reached an exposure of 5355 MWD or 1.9 X 
10' n/cm2, total. 

A h w - 2  trae position (2D1) was used to irradiate 
swics L-4' (S/A X014). Loaded on July 17, 1966, and rc:- 
moved on April 10, 1967, the L4' capsules were exposed in 
the reactor for Runs 20 to 24. The total neutron fluence 
was 1.7 X 10' n/cm2 (3674 hIWD) at 82 EFPD. 

" The accumulated exposure based on reactor physics cal- 
culations is reported on a quartedy basis in the EBK-11 
Operations Keport: also is mentioned in Keference 6 of this 
report. 



The ICBK-11 grid loading pattern for these three ox- 
pc:rimt:nts i~ shown in Figure 419. The location of each of 
the capsules within each subaesembly is presented in 
Fibpr(c4420, 421, and 4-22 for series LS', L4,and L4', 
respectively . 

b 

monitor (teat sections 1 and 2) the sentinels consisted of 
tht: following materials: 

Pure aluminum (MP = 1220°F) 
AI-11.7Si (MP = 1070°F) 
AI-33Cu (MP = 1018°F) 

4.3.2 Dosimetry 
~ast-neutron &magi: to austcnitic stainless steels at 

elevatt!cl tempt:ratures is thought to be associated with the 
production of helium gas and cavities (Ref. 1-4). Although 
mechanlms regarding tho formadon of cavities are still 
subjcct to question, it is generally agreed that they are the 
result of a combination of two discrete phenomena: p a  
producing neutronic reactions [(n,a) reactions] with alloy 
constituentqand vacancy -producmg dmplacement collrs~ons. 

lattice displacements begin to occur at neutron 
cnergit~ around 10 keV (Ref. S), and helium production is 
belit:ved to have a threshold reaction at about 6 MeV. Thus, 
knowledge of the total flux, as well as the highenergy 
region of the neutron spectrum in an experimental fast re- 
actor, is necessary in order to assess the degree of fast- 
neutron damage m auetenitic etainless steels. 

Materials irradiation experiments in the EBR-I1 have 
used flux wires as a meam for dt:termining the flux spectra 
during reactor exposure. In this experiment, the integrated 
fast-neutron exposure was monitored by the reaction FeS4 
(n,p) iMns4, which has a half-life of 303 days, and ~ i ' ~  
(n,p) CoS8 with a half-life of 71 days. The dosimetry 
results from the threc-capsule wries were reported 
previously (Ref. 6) and are summarized in F i e  4-23. Sub- 
assemblies XG06 (LZ'), X009 (L-4) and X014 (14') were 
irradiated to fast fluencex (En > 1 h V )  of 6.7 X lo2 ' ,3.9 
X 10' , and 3.0 X lo2', n/cm2, respec%ivety, as 
determined by flux wire analysis." 

4.3.3 Evaluation of Tempemture During Exposure 
As discussed in subsection 4.2, each materiais test 

section contained a temperature monitor consiting of 
I'usihlc tntrtirl alloys (wntineh) which have well established 
8nt:lting points in the temperaturt: range of interest. The 
co~ifiprations of the twb types o f  monitor8 usc:d are il- 
1ustrak.d in F i r o s  415 and 418. 

1\11 1y2' pine contained thnv monitors, eyuully spaced 
along the pin (approxinlatt:ly 5% inches apart) ao shown in 
Fiprc- 413. Ihch monitor containcd three sentinels capped 
with staitiltm stcc:l discs. In h t h  the upper and middle 

* This method for dett.rmining neutron fluence in EBR-I1 yield8 
total fluence values for row 2 and row 4 locations that are 6096 
and 40% lower, respectively, than thoae valum based on the 
power normalixation method ucrd by A N I , . ~  

Of the five pins diecussed here, four contained a monitor in 
the lower test section in which the Al-Si sensor was re- 
placed by the low-tempaature eutectic Ag-4i.5Sb (MP = 
903°F). 

AU U and pins contained five monitors, spaced 
approximately 3-?4 inches along the pin ( F i i  416). Each 
monitor wntained three sentinels capped with etainless 
steel spherical balls. The sentinels comhted of the same 
materials as were ukd m test sect~ons 1 and 2 of the U @  

pins. 
The detailed evaluation of each alloy sentinel (or in- 

dicator d h )  used in the L2',L-4, andL4' series of materiala 
capsules is listed in Table 43. Also &own are the maximum 
temperatures attained in each teet section. A typical temp 
peratwe dktribution curve (from the data of Ul3) is shown 
in Figure 4%. - 

The uncertainties m c i a t e d  with this technique are 
related primarily to uncertainty in the axial heat transfer 
from test section to temperature monitors, and the lack of 
adequate sensitivity during the post-irradtation measure- rn 

ment. Several kinds of events are suspected that can in- 
v 

validate occasional measurements. Indicator hangup or 
melting of the fusible alloy during fabrication welding are 
two possibiie+ 

To confirm the nondestructive readout of temperature 
monitors, post-irradiation metallography was also con- 
ducted on selected sentinels. The re& showed that d 
sen- positioned in the core region had undergone 
melting, indicating that a temperature greater than 1200°F 
was attained. Monitors m the upper blanket region (test 
section No. 1 for the L2' series), on the other hand, showed 
that only the AI-33Cu sentinel melted, indicating that a 
temperature greater than 1018°F (54@~) but less than 
1 ~ 0 ' l ?  (577"~9 was reached in this position. A schematic 
of a representative monitor, a neutron radiograph and met- 
d lopphic  cross sections of the monitom used in teet 
sections U F 4  and L20-2 are shown in Figures 4-25 and 
4-26. 

,4lthough the fusible metal thermometers used in these 
test capsules provided valuable information on the tem- 
perature of irradiation, the uncertainties mentionetl hove 
emphasize the need for direct monitoring of temperature-a 
need that can be satisfied only by using externally 
ingtrumented capsules. 
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NOTE:- 
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l$gure &-Id. h T e s  L-8' Trradiation Capsule: Test Specimen 
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Figure 4-15. Series L-2' Irradiation Cnpsule: Sentinel 
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SECTION A-A 

Figure 4-1 7. Series L 4 / L 4 '  Irradiation Capsule: Test Specimen 



Figure 4-18. Series L 4 / L 4 '  Irradiation Capsule: Sentinel. 
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Figure 4:19. EBR-I1 Loading Pattern. 





SUBASSEMBLY NO. X 009 
CORE LOCATION 4A2 

Figure 4-21. . Subassembly Diagram, X009 
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CORE 
CENTER 

SUBASSEMBLY NO. X014 
CORE LOCATION 201 

Figure 4-22. Subassembly Diagram, X014 



Pin Number 

i,2ti 

TABLE 4 3  
SUMMARY OF TEMPERATURE MONITOR DATA 

Pin Maximum 
Maximum Temperature Temperature 

Region Attained (OF) (OF) 

No portion of pin attained a temperature as 
. high as thc lowest melting sentinel, AI-33Cu 

(MY = 1018°F) 

Upper 1.13 < 1018 
Middle 1.13 1070>T>1018 
I.,owcr 113 . 1220>T>1018 

Upper 1.13 1,07O>'I'>1018 
Middle 1.13 1070>'1>1018 
Lower 1.13 > 1.220 

Upper 113 1.070>T>1018 
Middlt: 1.13 1.070>T> 1018 

1018X> 903 I,ower 113 

Upper 115 < 1018 
Second 1.15 3.220>T>.l070 
Middle 11.15 > 1.220 > 1220 
Fourth 1.15 > 1018 
Lower 1.15 1070>T>1018 

Upper 115 < 1018 
S4:cond 115 1220=.T> 1.070 
hliddlc. 1.15 1220X>1070 > 1220 
Fourth 1.15 1.220>T>1.070 
Lower 1.15 > 1220 

. NOTE ' 

Since there is evidence to  suggest that the aluminum sentint:l had nleltod on a ni~mber of 1,4 monitom during 
welding, the apparent indication of melting in the ~owdr L,4D nlollitor and the middla L4C monitor should be 
disregarded. . . The probable pin temperature should be considerc:d to be 1220>1'>1.070. 

Pin Number 

L4A 

Maximum Temperature 
Region Attained (OF) 

upper test section 
Second test section 
Middle test sectiorl 
Foilrth test section 
Lower test section 



TABLE 4 3  (Continued) 

Pi Number 

L4B 

Region 
Maximum Temperature 

Attained ( O F )  

Upper test section < 101.8 
Secolid test section . < 1018 
Middle test section 1018-1.070 

> 1220 Fourth test section 
Lower test section > 1220 

upper test secticin 
Second test section 
Middle test section 
Fourth test section 
Lower test section 

Up per lesl sectio~i < 1018 
Second test section > 1220 
Middle test section > 1220 
F o ~ ~ r t h  test section > 1220 
Lowcr test section 1018- 1070 

All test sections' < 101.8 

Significant Observations d. The temperature of the region occupied by the upper 
a. ' The maximum temperature attained in all pins except monitor was below the minimum detectable tern- 

U G  was in excess of 1220'~. peraturc in all pins. 
b. The positions of the iower. three monitors bracketed e. The eflec~ive Leluperature during irradiation olln be 

the highest temperature region of the core p s i t i~ i l .  catirnntud to f 5 0 ' ~  with a r~.nannrhl~. d e ~ c e  of 
c. The maximum temperature attained i n ' W  was below confidence. 

the minimum melting temperature of 1 0 1 8 O ~ .  
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DISTANCE ABOVE BOTTOM OF CORE (inches) ! 
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Figure 4-24. Temperature Distribution in Materials Capsule L4B 



'METALLOGRAPHIC CROSS SECTIONS 

Figwe 4-25. Metnllopphic Cross Section, L4F4 



L10-2 (UPPER CORE) 

FUSIBLE M€TK 
T H E M E T E R  

IYAl€mAU 
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SCHENATK: 

POST-IRRADIATION 
NEUTRON 
RADIOGRAPH METALLOGRAPHK fS&XS SECTIOIJS, 

TEMPERATURE > 1220'~. 

F i p  4-26. Metollogmphic Cross Section; L2O-2 



5. RESULTS 

Mechanical properties data were obtained from post- 
irradiation tensile (uniaxial) and burst (biaxial) tests, 
pc:rl'orrlled at tcmperaturcs from 900 to 1500°F. Optical 
and c:lectror~ metallographic techniques werc used to  
support or interpret the results. 

5.1 IN-REACTOR DEFORMATION 
Considerable difficulty was experienced in removing 

scvc.ral test section arrays from the capsule assembly. Sub- 
seyuent examination showed the presence of sodium in the 
annulus between the test sections and the capsule assembly 
tubc, which prior to  irradiation was filled only with argolr 
gas. This indicated that some of the walls of the sodium- 
filled tubular sections had been breached during irradiation. 

An attempt was made to locate the failure regions by 
pressurizing the test sections and helium leak-checking at  
room temperature. Several were located in either a weld 
joint or in the test section wall. This information is sum- 
marized in Tables 5-1 and 5-2. Only eight failures were 
observed; however, it is believed that, since all capsule as- 
semblies showed evidence of sodium leakage, other test 
sections had through-cracks which were open only a t  
elevated temperatures. 

Micrometer and profilometer measurements were per- 
formed on the outside diameter of each of the tubular test 
sections to  determine the extent of deformation that oc- 
curred during the reactor exposure. These measuremcnts 
are listed in Tables 5-1 and 5-2 for capsule scries ~ 2 '  and 
L4/L4 ' ,  resp,ectively. In general, the diametral growth rc- 
sulting from pre-pressurization was eithcr substantial and 
localized, or was negligible. Maximum diametral change 
usually was associated with the in-core test sections, which 
experienced the highest exposure temperatures. Figure 5-1 
shows a profilometer trace for an hculoy-800 test section 
from series L-4', which was located in the upper blanket of 
the EBR-IL No deformation was observed. However, a pro- 
filometer trace from a similar Incoloy800 tcst section, 
located in the core region (Figure 5-2), sllows luulized dc- 
formation and substantial diametral increase (15%). 

A met.iillographic examination was made in an effort 
to establish the f d u r e  mode for those specimens that 
showed  through-cracks. Test section L4G4 (carbide- 
agglomerated Type 316) was selected because a breach in 
the tube wall had been located in this section using 
helium-leak detection methada. Thc rcuulti~% plroto- 
micrographs are shown in Figure 5-3. Cracking was ob- 
served throughout the wction. The failure wuu intcr- 
granular, with many voids located at  triple points and a t  
grain boundaries. It appears that discrete voids grow and 
link together to  form cracks. As would be expected, these 
voids and cracks were nearly perpendicular to the principal 
s t ress  direction. Also evident was substantial sigma 

formation at  triple points and carbides at ga in  boundaries. 
Localized necking and intergranular cracking were observed 
in the seam weld of this test section (Figure 5-4). 

Because of the unusual deformation observed in the 
test sections, an effort was made to  recalculate the prc- 
irradiation stress conditions and estimate the causes of the 
in-reactor deformation. It was concluded that the large 
amounts of deformation observed werc due mainly to a 
higher temperature of irradiation than that used in the 
initial stress analysis. 

The relatively high incidence of cracks in the weld 
zone of these tubes suggests that welded and drawn tubing 
may not perform satisfactorily under conditions of internal 
pressure and low deformation rates. If the weld zone is the 
weakest area in the material, the applicability of the in-core 
diametral growth changes is limited as an estimate of in- 
core creep behavior. However, if diametral strains are small, 
t h e  specimens are useful for post-irradiation testing 
(uniaxial and biaxial) at  medium-range strain rates. 

5.2 BURST TESTS ON EBR-I1 CAPSULE TUBES 
The tubes used in the encapsulation of all materials 

and fuel pins irradiated in EBR-I1 are welded and drawn 
Type-304 stainless steel, with nominal dimensions of 0.375 
inch 0.d. and 0.020-inch wall. The material utilized in the 
tests discussed here had an average ASTM grain size 8, and 
c h e ~ ~ ~ i c a l  composition as shown in Table 5-3. The tubing 
was irradiated in the as-received (solution-annealed) 
condition. 

The irradiation history of the capsule tubes is identical 
to that of the L2'  materials capsules, as discussed in sub- 
section 4.3. A rcprescntative axial temperature profile and 
its relation to the fluence profile are shown in F i r e  5-5 
for capsule tubing containing fuel pins. Post-irradiation 
metallogaphic examination of a typical capsule tube re- 
vealcd that 
a. The tube is lightly sensitized throughout the cross 

section; 
L. The grain structure is uniform, with an average grain 

size of ASTM 7; 
c. Neither the outer tube surface, exposed to flowing 

sodium, nor the inner tube surface, exposed to  static 
sodium, shows any evidence of attack, compositional 
disturbance, or unusual precipitation behavior. 
The as-received material, in comparison, shows alis- 

tenitic grains with numerous annealing twins, typical of a 
fully-annealed austenitic stainless steel, and a grain size of 
ASTM 8. When it is realized that the two tubing sections - 
are not directly comparable except in heat number, the 
difference in gain  size between as-received and irradiated 
material is not considered significant. Representative micro- 
structures of as-received and irradiated materials are shown 
in Figure 5-6. 



TABLE 51  
DIAMETRAL GROWTH OF TUBULAR TEST SECTIONS FROM SERIES k2' 

Test 
Designation ~ a t ? r i a l ( ~ )  

Incoloy-800 
Incoloy-800 
1nr.alnyRQO 
Type 3161. 
Type 316L 
Type. 31 61, 
Type 347 
Type 347 
Type ;%7 
Type 321 
Type 321 
Type 321 
Type 304 
Type 304 
Type 304 

Maximum Diametral 
Growth (%) 

None 
0.8(~) 
1 .o(e) 
None 
14.4 
3.6 
1 .o(") 
9.6(") 
6.4 
1.6 
14.8 
14.de) 
0.4(~) 
12.4 
8 .O 

(a) Failure located in weld zone bctwceri autoclave nipple and tube. 

(1)) Failure in test section; location unidentified. 

(c) (-1) indicates top test section (upper blanket region). 
(-2) indicates middle test section (in core). 
(-3) indicates bottom test section (in core). 

(d) Material was in as-received condition (mill annealed). 

(e) Measurements made with micrometer; all other measurelrlents werc performed with a 
proflometer. 

Neutron Exposure (f) 
(En > 1 MeV) n/cm2 

X lo2" 

1.3 
6.7 

.'4.2 
1.3 
6.7 
6.2 ' 

1 3  
6.7 
6 2  
1.3 
6.7 
6.2 
.1.3 
6.7 
6.3 

( The L-2' series of m a t e d  capsules have 207 effective full-power days 
(EFPD) in the EBK-II. 



TABLE 5 2  
DIAMETRAL GROWTH OF TUBULAR TEST SECTIONS FROM SERIES L4 AND M' 

Neutron ~ x ~ o s u r e @  
Test Maximum ~ i ~ e t r a l  (En > 1 MeV) n/cm2 

Designation  ater rial(^) ' Growth(%) X lo2" 

MA-1  ' Incoloy-800 None 
L4A12 Incoloy-800 ' None . 

M - 3  iIncoloy-800'. ' 3.6 ' . . 

~ 4 ~ 4 ( ~ )  Incoloy-800 15.2 
L a - 5  Incoloy-800 10.0 
JAB-1 Incoloy-800 - .  None 
L4B-2 Incoloy-800 None 
L 4 ~ - 3 ( ~ )  Incoloy-800 8.8 
L 4 B d a )  Incoloy-800 7.2 
L 4 B d a )  Incoloy-800 2.8 
L 4 G 1  Type 316 None 

' L 4 G 2  Type 316 ~ o n e ( f )  
L4C-3 Type 316 l.0Ce) 
L-4C-4 Type 316 ~ . 2 ( ~ )  
L 4 G 5  Type 316 2 . 0 0  
LAD-1 Type 316 ~ o n e ( 0  
LAD2 Type 316   one(^) 
m - 3  Type 316 -0 
m - 4  Type 316 ~ o n e ( f )  
L4D-5 Type 316 - ( f )  

M E - 1  Type 347 None 
M E 2  Type 347 None . , 

L 4 ~ 3  Type 347 16.8(f) 
M E 4  , Type347 . . .. .20.8 
M E 5  Type 347 16.8(~) 
L4F-1 Type 304 -(g) 
L4F-2 Type 304 None 
L4F-3 Type 304 None 
L 4 F 4  Type 304 No'ne 
L-4F-5 Type 304 , None 
M G - 1  (a) Type 321 1.2 
MG-2  Type 321 1.2 
L4G-3 - . Type 321 1.2 
L 4 G 4  Type 321 1.2 
L4G-5 Type 321 1.2 

(a) Failure located in tube wall. 
@) Failuue located in weld zone between autoclave nipple and tube. 
(c) (4)  indicates top test section (upper blanket region). ' 

(-2) indicates second test section (upper blanket region). 
(-3) indicates middle test section (in core). 
(4)  indicates fourth test section (in core). 
(-5) indicates bottom test section (in core). 

(d) Material is in carbideagglomerated condition (1650F-24 hours). 
(e) Measurements made with micrometer; all other measuremeLts here performed 

with a profilometer. 
( Test section was scratched and possibly deformed during disassembly. 
(g) All materials capsules have 81.6 effective full power days (EFPD) in EBR-I1 except 

Type 316 ( l 4 C  and L4D) which have 119 EFPD. 
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Figure 5-1. Post-Irradiation Profilometer Trace for Tubular T& Section L.4A-1 (Incoloy-800) 
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Figure. 5-2. Post-ImWon Promometer Tram for Tubular Teet Section MA-4 (Ineoloy-800) 
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(a) ETCH: YILELLA (bj ETCH: VILELLA (c) ETCH: MURAKAMI 

Figure 53. Photomicrographs of Failed Tubular Test Section LAC4 (Type 316h Transverse Section 



(a) ETCH: .VILELLA 50X 

ib) ETCH: VILELLA 250X 

Figure 54. Trmrarerse Section of Tubular Test Section U C 4  (Type 316) Seam Weld Region 
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800 50 900 
CAPSULE TEMPERATURE (OF) 

Figure 5-5. Exposure History of F2 Capsule Tubes in EBR-11 
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OXAClC ACID ETCH, 2 S X  

IRRADIATED SPECIMEN IS FROM THE 
CAPSULE TUBE OF PIN F2Q 

Figwe 5.6. Microstructure of Type-304 Clpule Tuba Used in FCR Fue& Irradiation Capsule Series F2 

-45- 



TABLE 53 
CERTIFIED CHEMISTRY OF TYPE304 CAPSULE TUBE 

HEAT NO. 136272 

Carbon 
Manganese 
Phosphorus 
Siliwn 

Chromium 
Nickel 
Iron 
sulfur 

18.416 
9.35 

Balance 
0.019 

In view of the calculated time-temperature history of 
thc specimen during the irradiation test, the degree of 
wrdlIzitdon obgr~ed L athewhat surpmmg. However, the 
fact that the capsule was stored for an extended period of 
time in reactor ambient sodium (- 700OF) could account 
for such an occurrence. 

5.2.1 Test Procedure 
Test specimens were selected Gom two locations on 

the capsule tubes, representing regions of fairly uniform 
fluence over the length of the specimen: the rnid-core or 
peak flux region, and the blanket region. Additional 
specimens were selected from the upper and lower core, as 
necessary to strengthen the data for a given test parameter. 

The bwst test apparatus used in this investigation is 
shown schematically in F i e  5-7. It  was designed to pro- 
vide a linear increase in pressure with time, pressure being 
monitored by recording the output Qgnal of a transducer. 
The unit is capable of attaining a pressure of 10,000 psi. 

Each test specimen watt loaded with a solid rod 
(nominally, 0.325-inch diameter) to reduce the internal 
volume of the piece, thereby reducing the energy release on 
failure. The specimens were attached to the pressure line 
and sealed with "Swagelok" fittings. Specimens were 
heated in air in a resistance furnace, and stabilized at tem- 
perature prior to Specimens were run at a 
pressurizing rate of 200 psi/min. Burst-testing was per- 
formed at 900,1100,1300 and 1500OF. 

5.22 Resultsand Dkusion 
Macroscopic examination of the sections after testing 

revealed that the failures in irradiated tubing, some of 
which are shown in F i e  5-8, were predominantly 
lenticular in shape, with crack propagation occurring 
longitudinally. This configuration suggests that failure oc- 
curred along the seam weld. The burst region on un- 
irradiated specimens, on the other hand, was characterized 
by a severe transveme tearing which, in most cases, com- 
pletely severed the tube section, as can be seen in F i  
5-9. Detailed metallographic examination of these control 
* The time at temperature prior to p d a t i o n  was a p  

proximately 30 minutes ' 

tubes showed that failure was not associated with the seam 
weld. Cross sections of a representative test s p c h e n  are 
shown in F i e  510. 

The experimental and analytical burst data are listed 
in Table 5 4  and plotted in F i e  5-11. Thin wall adyak  
(hoop strength = PDl2t) was applied to convert burst 
pressure P to hoop or tangential rupture strength. The data 
show a marked increase in hoop strength with decreasing 
test temperature, relative to that of the unirradiated con- 
trols. In all cases, the specimens irradiated in the core 
region of EBR-II exhibited higher hoop strength than those 
exposed in the blanket. Extrapolation of the data shows 
that the hoop strength of irradiated and control specimens 
converge at approximately 1  OF, indicating complete re- 
covery at this temperature. This work is in close agreement 
with that of Holmes and Irvin (Ref. 7), who observed that 
hardening of Type-304 stainless steel in a fast flux 
(measured by 02% offset yield stress) is stable to 0.67 Tm 
(- 1600°F). Recent studies, performed at Argonne 
National Laboratory (ANL) on Type300L stainless stiteel 
irradiated to 1.4 X lo2 n/cm2 (total) in EBR-II (Ref. 8,9), 
show a similar change in rupture strength with test tem- 
perature and indicate that irradiation-induced strengthening 
in this modified alloy is completely removed at a p  
proximately 140O0F. This lower recovery temperature may 
be associated with the higher temperature achieved by the 
ANI, cladding specimens. A comparison of ANL and GE 
data is shown in F i e  5-12. 

The effect of irradiation on the elevated temperature 
ductility of Type304 stainless steel is indicated in F i l r e  
5-13. Diarnetral fracture strain values, calculated from 
micrometer measurements adjacent to the fracture tip, are 
listed in Table 5-5. Although the spread in the data is some- 
what large, the measurements show a very definite re- 
duction in elevated-temperature ductility with irradiation. 
The data further show an increase in ductility with test 
temperature to 1300°F, with an apparent reduction above 
1300'~. Although the range of test temperatures was in- 
sufficient to establish a minimum ductility temperature, 
previous work (Ref. 8,9) has shown a minimum ductility at 
approximately 9 0 0 ~ ~  for irradiated Type304 stainless 
steel, with a slight recovery above this temperature. It is 
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Figure 5-7. Dynamic Burst Apparatus 



ME, CORE, 1 ~ 0 0 ~ ~  FZS, CORE, 1500'~ 

Figure 5-8. Ruptwe Chanrcteristics of I rd ia ted  Type-304 Bwst Specimens 



kfgwe 5-9. Rupture Chamcterutics of Unirradiatsd Type-304 Burst Specimens 
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Figure 5-10. MicrosZructwe of Representative Conirol Specifnens, Anneukd Bunt fempemtwe ums 9W°F 
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F'igtrrc 5-12. k:ff~!r:t of Irradiation on High l'emperclture Rupture Strength of Type-304 Tulitig. Comparison with other ckrtu. 



900 1100 1300 1500 

TEST TEMPERATURE (OF) 

Figure 5-13. Effect of Irradiation on the High-Temperature Ductility of Type-304 Tubing 



TABLE 5-4 
BURST DATA ON F2 CAPSULE TUBES-IRRADIATED AND CONTROL 

Test Time to Rupture Burst Hoop 
Specimen Temperature (mid Pressure (PQ) S h @  (psi) 

No. ' Condition ("0. Core Blanket . Core Blanket . Core Blanket 

Control 1 As-received 900 
Control 2 As-received 900 
Control 3 As-received 900 
Control A1 Annealed* 900 
Control A2 Annealed 900 
F2P-X Irradiated 900 >57.9*" >!I235 >8 1,800 
Control 4 A+received 11.00 27.0 5300 47,000 
Control 5 
Control 6 
Control A3 
Control A4 
Control 
Control 45 
Control 4.6 
Control 47 
F2A 
F2B 

As-received 
As-received 
Annealed 
Annealed 
As-received 
As-received 
Asreceived 
As-received 
Irradiated 
Irradiated 

F2Y Irradiated 1 100 -43.1 21.5 8195 7435 72,700 65 ,')Oil 
Control 7 Asieceivcd 1 300 1.6.7 3530 31. ,300 
b n t r o l  8 As-received I. 300 17.0 3 M  30,500 
Control 9 As-received 1300 18.0 3700 -32,800 
Control A5 Annealed 1300 16.7 3300 29,27 1 
Control A6 Annealed 1300 18.2 3560 31,557 
F2E Irradiated 1300 23.3 2l.1. 4735 4060 42,000 , 36,000 
F2U Irradiated 1300 22.1 21. .7 5020 4125 44,500 36,600 
F2Z Irradiated 1300 20.8 22.7 5175 4 3 0  45,900 .3{,:1.00 
Control 10 h e c e i v e d  1.500 9.4 1820 16,100 
Control A7 Annealed 1500 11.5 2 300 20,401 
Control A8 Annealed 1500 10.9 2280 20,224 
Control 48 h e w i v e d  1500 - 2380 21. ,lo6 
Control 49 Asreceived 1500 - 1950 17,296 
F2N Irradiated 1500 10.5 15.2 2910 2530 25,800 22,400 
F2P Irradiated 1500 16.3 12.2 2860 2435 25,400 22,000 
F2S Irradiated 1500 11.0 14.2 2660 25:35 23,600 23,0011 

* 74 days at  1000°F' in air. 
"" Specimen did not burst at pressure h i t  of equipment. 
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TABLE 5-5' 
POST-BURST DIAMETRAL CHANGES IN CONTROL AND 

IRRADIATED TYPE-304 TUBING 

Specimen Temperature D ~ o p ( b )  D ~ o t t o r n  D ~ v g  AD 
N o. ~osition(a) ("0 (in.) (in.) (in-) (in.) (%) 

Annealed Control 
C'me 

1 Control 900 0.433 
2 Control 0.438 
3 Control 0.432 ' 1 0.431 0.056 14.9 

A1 .hnealed Control 0.436 - 
A2 Annealed Control 0.433 0.415 

F2 A-2 Core 1100 - 0.380 

Core 
Core 
Blanket 
Blanket 
Blanket 
Control 

Cmntrol 
Annealed Control 

F2B-2 Core 
F2Y-2 Core 
F2 A 4  Blanket 
F2B-4 Blanket 
F2Y-4 Blanket 

4 Control 
5 Control 
6 Control 

A3 Annealed Control 

(a) Core fluence was 2.5 X lo2 'total n/cm2. 
Blanket fluence was 0.5 X lo2 'total n/cm2. 

- 0.376 0.377 0.002 0.5 
0.375 0.376 
0.306 
- 0.389 0.390 '0.015 4.0 

0.386 0.379 
0.447 
0.442 0.442 
0.432 0.437 0.062 16.5 
0.428 

(b) Diametral measurements were made above and below the fracture region, at a point 
Kinch from the crack tip. 

A4 Annealcd Control v 0.438 
F2E-2 Core 1300 - 0.383 

F2U-1B Core - 0.391. 
F2Z2 Core 0.3138 0.379 0.385 0.010 2.7 
F2E4 . Blanket 0.397 0.406 

F2U-4B Blanket 0.394 - 0.397 0.022 5.9 
F2Z4 Blanket 0.394 0.392 j 

7 Control 0.437 
8 Control 0.45 1 0.443 0.068 18.1 
9 Control 0.442 

.45 Annealed Control 0.440 .... 



pc:rl~aps significant, in this regard, that no substantial 
raclirrtio~l damage: recovery could be detected in these tests, 
altl~ough all specimens were held at the test temperature for 
30 ruinutes prior to the application of pressure. 

The bulk of the fast flux radiation damage work to 
datc is restricted to a narrow band, roughly encompassing 
an cxposurc level of lo2' ' to nvt (E 2 1 MeV), but is 
sufficient to indicate trends in the effect of accumulated 
fast neutron irradiation on the strength of Type-304 stain- 
1t:ss steel. This effect is shown graphically in Figure 5-14. 
The three curves represent data collected at  the three given 
post-irradiation test temperatures. The reduction in slope of 
the curves with increasing test temperature is further 
evidence of the trend toward recovery. 

5.3 TENSILE EVALUATION 
The irradiated tensile coupons described UI subsection 

4.2 were u~riaxially tested on a ~~niverw! testing mnnhinc at 
temperatures from 900 to 1500°F at strain rates from 
0.0002 inchlinch-min to 0.02 inchlinch-min. The tcnsile 
rtsults are included in Table 5-6 for the five austenitic stain- 
less steels in both pre-irradiation conditions, annealed at 
1800°F for 15 minutes, and annealed a t  1800°F for 15 
minutes plus 1 6 5 0 ' ~  for 24 hours. Tensile tests were 
generally performed in duplicate, subsequent to a 
15-minute soak at  temperature. The data are graphically 
presented in Figures 5-1.5 to 5-26. 

5.3.1 Prupertles of Alloys inthe Mill- 
Annealed Condition 

Within the fluence range investigated (1.3-6.3 X lo2' 
i1/crr12; En > 1 MeV), irradiation-induced strcrythening, 
measured by 0.2% offset yield strength, inrrr.ases from a 
low of 40% (Type 321) to as high as 147% (Type 304) 
(Figure 5-15). Type 304 showed the greatest amount of 
strengthening a t  elevated temperature followed, in de- 
creasing order, by Types 316, 321, 347, and Incoloy-800. 

The degree of drengthening is reduced with increasing 
test tcmperaturen, with full recovery of unirradiated 
propertics at  1500 lGOo°F (Figures 5-1 7 through 5-20). 
An anomalous behavior was observed with Incoloy-800 
(Figure 5-21). 

Irradiation-induced emhrittlement, monitored by pc:r- 
cent reduction in total tensile strain, is similar for all 
candidate cladding alloys (Figure 5-16). The percentage loss 
in ductility ranges from 70 to 83% at the lower fluence, to 
8 2  to  98% at 6.7 X lo2 ' n/cm2 (En > 1 MeV). (Irradiation 
ernbrittlement of 100% indicates nil ductility.) 

All alloys showed a general loss in post-irradiation 
ductility with increasing test temperature (Figures 5-17 
through 5-21), while comparable data for unirradiated 
materials generally increase over the temperature range of 
900 to  1500°F. Note that while recovery of yield stress was 
obtained at  test temperatures of 1500 to 1600°F, no such 
restoration of ductility occurred. 

Reducing thc strain ratt:s produces a corresponding rc:- 
duction in total tensile strain and yield strengths of these 
irradiated alloys (Figures 5 2 2  through 5-26). Unirradiated 
material shows this general behavior at strain rates below 
0.02 min-' . For the limited strain rate range investigated on 
irradiated alloys (0.02 to 0.0002 min-'), Type 316L was 
least sensitive to strain ' ratc effects within experimental 
error. The response of ductility to strain-rate changes was 
similar for Types 304, 321, 347, and Incoloy-800. Types 
304 and 316L indicated higher ductilities than the other 
candidate alloys, but the differences are not statistically 
supported at present. 

Batlr optical and electron metallographic techniques 
have been n ~ a d  tn elucidate dirlielcrcnccs olae~vsJ  ill the 
mechanical properties of Type-304 tensile specimens ir- 
radiated in these capsules. Two tensile specimens, tested at 
1 3 0 0 ° ~ ,  were selected fnr cxaminatioll. Both wcrc ilr;U- 

amladed ( 1 8 0 0 ~ ~  fur IS min) prior to irradiation but 
testcd at different strain ratcs (0.02 and 0.0002 nlili'). The 
t:xamnination showed that incipient cracking occurred with 
the tensile spccimen tcsted at 0.002 min-' (Figure 5-27a). 
Both surface and internal grain-boundary cracking was ob- 
served throughout the 6-ge section as far away from the 
fracture surface as 0.4 inch. The failure was intergranular, 
and it appeared that two opposite surface cracks, located 
near each other, converged, causing fracture. The general 
slructure was sensitized, with no grain growth anywhere 
along the sample.. Thr. spec.imen teotod at 0.02 ail;' 

(Figure 5-27b) also showed edge cracking at  grain 
boundaries, as well as internal triple-point cmclung which 
was localized near the failure, Again, no grain growth was 
observed, and the structure was sensitiecd. ' 

These obacrvations are col~sistent with the expected 
deformation behavior of this material at comparable strain 
ratcs. As shown in Figure 5-28, at 0.02 min-' the stress 
increases beyond plastic yielding until failure occurs. 
Howevcr, at 0.0002 min-' the yield stress and ultimate 
sir,ws coincide; the otrcss thcn wrltil~uuusly decreases with 
strain, until the fracture strain is attained. Timedependent 
propagation of these cracks, in effect, reduces the sample's 
load-bearing capacity, resulting in reduced loads with 
further deformation. However, the stress at  the crack's tip 
nr a t  L~C.JUCB~ Illt~iiml scctioi~ is urnrasing slowly. 

Recent transmission electron microscopy studies at 
GE (Ref. 10 , l l )  showed evidence of polyhedral cavities in 
irradiated austenitic stainless steels; these cavities were cor- 
related with measured density changes in these materials. In 
Figure 5-29 is a tiansmission electron micrograph from the 

I 
gage length of a failed tensile coupon of mill-annealed and 
irradiated Type 304 which shows similar cavities. Also 
visible in the figure are dislocations which have interacted 
with the cavities, forming jogs and ultersections. There 
appears to be a slight denudation of cavities near the grain 
boundary. Other micrographs show dislocations inter- 
connected with cavities. It is believed that the observed 



TABLE 5-6 
POST-IRRADIATION TENSILE PROPERTIES OF AUSTENITIC 

STAINLESS STEEL 

Yield 
Stress 

(0.2%. ksi) 

Ultimate 
Stress 
(ksi) 

! 

Totaha) 
Strain (%) 

Fluence,E>l MeV 
(n/cm2 X 10' ' ) 

Strain Rate 
(min4 ) 

0.01 
0.02 
0.02 
0.0002 
0.02 
0.02 

Strain (%) Temperature (OF) Structure Alloy 

Type 304 

I 
Carbide- 
~ g ~ l o r n e r a t e d ( ~ )  

1 
Mill-Annealed 

I 
. Carbide- 
Agglomerated 

I 
Type 321 

1 



TABLE 5-6, (Continued) 
POST-IRRADIATION TENSILE PROPERTIES OF AUSTENITIC 

STAINLESS STEEL 

Yield 
Stress 

(0.276, ksi) 

Ultimate 
Stress 
(ksi) 

~ o t a l ( ~ )  
Strain (76) 

Fluence,E>l MeV Strain Rate 
(n/cm2 x lo2 ' ) . Temperature (OF) (mini ) Strain (76) Alloy . . 

Structure 

Carbide- 
Agglomerated 

Mill-Annealed 1. ,3 

1 
6.2 
6.7 
6.2 
6.2 
6.2 

Carbide- 0.22 Type 347 

1 Agglomerated 
I 

Incoloy-800 Carbide- 

(a) Original gage length: 1. inch. 

(b) Annealed at 1.800°12 for 1.5 minutes, air quenched. 

( c )  Anl~ealed at 1.800OF for 1.5 rl~irlutes, air yuc~~c; l~eJ ;  Ilc.:a~-treatcJ at .1.65O0I? l'ur 24 Iiuul.~, ait yiieiicliecl. 
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TYPE-304 STAINLESS STEEL 
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Figure 5-1 7. Temperature Dependence of Type 304'~ensile  hoperties 
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T Y  PE-347 STAINLESS STEEL 
MI LL-ANNEALED (18QQ°F/15 min) 
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Figure 5-20. Temperature Dependence of Type 347 Tensile Properties 
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Fipre 5-22. Rat: D~pendehee of 1300 "'F Tensile Propertics for'Type 304 
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Figure 5-23. Rate ~e~endence 'o f  1300" F Tensile properties for Type 316L 
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Figure 5-24. RateDependence of 1300°F Tensile Properties for Type 321 
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ratlirtion strt:ngthening (as measured by increases in the 
0.2% offset yield strength) &s from the interaction of 
cavitit:~ with tlislocations (cavities modify the dislocation 
mobility). 

Other transmission electron micrographs show that the 
gag  section of the coupon tested at the strain rate of 
0.0002 mine' had a much lower dislocation density than 
the corresponding b h  strain rate specimen. However, the 
total deformation in the sample tested at 0.0002 min-' was 
much lower than the deformation in the sample tested at 
0.02 mine'. Deformation at low strain rates generally 
occurs in the grain boundaries, leading to incipient grain- 
boundary cracking, whereas the grains are relatively 
undeformed. 

Chromium-shadowed carhnn replicas were made of the 
optical metallographic surfaces examined previously (Ref. 
10). The specimen, which was in a ~nill-annealed condition 
prior to irradiation and tested at 0.02 miri', is shown in 
F i e  5-30. A continuous carbide network is present in 
grain boundaries, with short intergranular cracks in some of 
the surface grain boundaries. No cracks were observed to be 
greater than one grain deep. Other micrographs show 
similar carbide precipitation in coherent and incoherent 
twin boundaries but no crack formation was noted. 

Another specimen, in the same pre-irradiated 
condition but tested at 0.0002 mine', shows the same 
general carbide distribution ( F i e  5-31) as the more 
rapidly tested sample. However, because of the slow strain 
rate during the tensile test, surface cracks were found in 
every p i n  boundary. These cracks were much deeper than 
those observed in F i e  5-30, and often extended for 
several grains. As previously suggested, the differences in 
the stress strain curves for Type 304 may be associated with 
timedependent propagation of incipient cracks in the 
slowly-strained sample, whereas localized and rapid 
propagation of cracks occurred in the sample tested at 
faster rates. 

5.3.2 Roperlies of Alloys in the Carbide 
Agglomerated Condition 

The heat-treatment of as-received materials at 1650°F 
for 24 hours appears to have promise as a method to  im- 
prove resistance to irradiation damage. The results for Type 
304 in this carbide+gglomerated condition F i e  5-32) 
suggeet that Bome improvement in fracture main may be 
realized at the higher fluence levels when compared with 
material in the mill-annealed condition. This trend is 
presently suggested by a singular set of data, and further 
confirmation is required for statistical &gn&cance. 

The pre- and post-irradiation optical microstmcturcs 
shown in F i e  5-33 provide some evidence to explain thc 
differing tensile behavior of millannealed versus carbide- 
aglomerated material. In the mill-annealed condition, the 
alloy was free of grain boundary carbides before irradiation 
but had a continuous grain boundary precipitation after 
irradiation. In the carbide-agglomerated condition, the 
microstructure consisted of large, discrete, intergranular 
carbides both before and after irradiation. 

Chromium-shadowed carbon replicas were prepard 
from metallographic surfaces of irradiated tensile coupons 
and examined by electron mimecopy techniques (Figure 
5-34). The heat-treated specimen retained the pre- 
irradiation morphology and distribution of rounded 
discrete carbides in the grain boundary. These large carbides 
did not seem to have a detrimental effect on surface crack 
formation. The annealed material had a nearly continuous 
network of di in grain and twin hundaries, and short 
surface kicks were found intermittently. Thus, the detailed 
metallographic examinations shows that agglomerated 
carbides are retained in Type 304 after irradiation ex- 
posure, while the mill-annealed material developed a 
sensitized microstructwe as expected in this temperature 
range. 

The following thoughts are suggested to explain the 
apparent improvement in irradiation performance of 
carbideagglomerated material: 
a. As the matrix of the alloy is strengthened through the 

formation of voids, a greater share of the deformation 
must be borne by the grain boundaries through eliding. 
The e d e n c e  of large, discrete particles in the 
boundary may act as a key between adjaeent grains to 
rcduec or minimize the initiation and growth of 
wedge-type cracks which normally occur $b, 
circumstances. 

b. A heat-treatment of this type has been shown (Ref. 1) 
to reduce effectively the concentration of undesirable 
tramp elements at the grain boundaries by pmvidmg 
preferred sites in the structure for the complex 
carbide. This would effectively increase the surface 
energy for fracture at the grain boundaries, thereby 
increasing the minimum shear stress required to 
initiate a crack, as defined by the Stroh relationship 
(Ref. 12). 

c. The effective removal of supersaturated carbon from 
the lattice prior to irradiation may have beneficial ef- 
fects, if the movement of carbon and the kinetics of 
carbide precipitation are intimately associated with 
the  grain boundary embrittlement phenomenon 
(helium generation and movement). 



Figure 5-29. Transmiasion Electron Micrograph from Gage Section of Failed Specimen No. 218 
(Miu-Annealed Type 304) 

Figure 5-30. Surface Microstructure of Failed Speoimen No. 218 (Mill-Annealed Type 304) 
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Figure 532. Post-Irradiation Strain Ropertiea of Type 304 at 1300°F versus Fluexce 
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TENSILE PROPERTIES OF MILLANNEALED AUSTENITIC STAINLESS STEEL 
BEFORE AND AFTER THERMAL EXPOSURE 

' ' 

Test 
Heat Temperature 

Treatnren t (' k') 

0.2% 
Yield Stress 

(ksi), 

Illtiniatc: 
Stress 
(ksi) 

Total" 
Klongatior 

(%) 
Crosshead 

Rate (mind ) Alloy 

1 1 1 .  304 
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TENSILE PROPERTIES, 0F.MILL-ANNEALED, AUSTENITIC STAINLESS-STEEL 
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..,yg-,x"nsil& 1 !..7?5 ;'0:02 36.3 
and Aged 1200'~ 900 0.02 23.6 
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1300 .?2.0. : 22.6 
1300 ; 0.02 '185 

1 .  . . 
1300 '.0.0002 172 

. . -1500. ' 0.02 15.1 
Y :  . . 

Ty pc: 321 Mill.-Annealed .75 0.02 34 A 
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TENSILE PROPERTIES OF MILL-ANNEALED AUSTENITIC STAIhLESS S'EEEL 
BEFORE AND AFTER THERMAL EXPOSURE 

Ultimate 
Stress 
(ksi) 
206.3 
66.0 
59.5 
55.7 
39.1 
20.2 
19.9 

Test 
Temperature 

(OF) 
75 

900 
1100 
1300. 
1300 
1300 
1500 

012% 
Yield S t r w  

(ksi) 
44.4 
29.0 ' 
29.3 
38.1 
25.0 
19.3 
16.7 

' Total' 
Elongation 

(%) 
42 
I ') 
20 
23 
38 
34 
,ii. 

Crosshead 
Rate .(min4) 

0:02 
0.02 
0:0'2 
2:o ' 
0.02 
o:o002 
0.02 

Heat 
Treatment 

Mill-Annealed 
and Aged J.OOO'F 
for 2000 h 

Alloy 

MilliAnncalcd 
and Aged 1200' F 
for 2000 h 

M~U-~nnealed 
(+800'F for 15 min) 

Mi&- Annealed 
and Aged 1000'~ 
lor 2000 h 

~ f ~ ! ,  $! ,';..i:<.,: . .> (j.02.: ' : . '  .. . 
75- 

. .. 
nealZd ' 

and Aged J299:;~,~ POP! ' . : . r.(?&?+srr.,, ; 2;:-4 : 
for 2000-h ,2i-75 .. ..l,$&j., - .. 

. ,- . . . .... "-. w-:y:~+.  O:.C?~~W:~:L 1 -  . I ,  25.2,,, 
1300,. i .o 38&' 
ls& 0.02 26i2L 

<?!,:;:. .::x:., e:3q$'~>.,~,i$:i< :5,iij:~i,:,~.?~P2h4>-';'s~e?~.~' 14.8 
>j:;;;.4y$.<8L i,?. c .~: .~~~~l~m~$~;;- ,~;  ij;,,-,i,;..; j-+.0:02 $ a;,c; !;;$ ;,?<;:.: ,..I c:,.; ;;. j,,:l.FL'> -. .- .>-. : i-:???:,. '.i i. 

* w L i a l  Gage Length - 1 inch. 
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