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An evaluation of proton and neutron damage to 
aluminum, stainless stccl, nickel alloys, and various aluminum 
alloys has been pcrformed. The proton studies were conducted 
at energies of 200 MeV, 800 MeV, and 23.5 GeV. The proton 
studies Consisted of evaluation and characterization of proton- 
irradiated windowdtarget materials fiom acceleraiors and 
comparison to nonirradiatcd archival materials. The materials 
evaluated for the proton irradiations included 99.9999 \VI% 
aluminurn, 1100 aluminum, SO52 aluminum, 304 stainless steel, 
and inconel 7 18. The neutron damage research centered on 
6061 T-6 aluminum which was obtained fiom a control-rod 
follower fiom the Brookhaven National Laboratory’s (BNL) 
High Flux Beam Reactor (HFBR). This material had received 
thermal neutron fluence up to -4 x 10” dcm’. The possible 
dfeds of lhermal-to-fast neutron flus ratios are discussed. The 
ina-eaw in tensile strength in the proton-irradiated matcrials is 
shown to be the result of atomic displacements. These 
displacements cause interstitials and vacancies which aggregate 
into defect clusters which result in radiation hardening of the 
mteaials. Production of gas (helium) in thc gain boundaries of 
proton irradiated 99.9999 wt% iluminum is also discussed. The 
major factor contributing to the mechanical-propeily changes in 
the neutron-irradiated 6061 T-6 aluminum is the production of 
transmutation products formed by interactions of the aluminum 
with thermal neutrons. The metallurgical and mechanical- 
property evaluations for the research consisted of electron 
microscopy @oh scanning and transmission), tensile testing, and 
microhardness testing. 

Introduction 

This research emphasized the eEects of high-energy 
proton (200 MeV and above) on aluminum, stainless steel, and 
nickel alloys and neutron damage to 6061 T-6 aluminum. 

Neutron Irradiations 

The Brookhaven National Laboratory (BNL) High Flus 
Beam Reactor (HFBR) (1,2] is a heavy-water coofed and 
moderated research reactor. The HFBR vessel is one entirely 
welded structure constructed of type 606 1 T-6 aluminum. The 
predominant impetus for fhe neutron damage studies was the 
evaluation ofthe HFBR material condition [3], after 25+ years of 
service. 

During the time period that the HFBR was being 
designed, it was the common belief that fast neutrons were the 
principal cause of radiation-damage-induced material 
degradation. The available data at the time showed that 606 1 T-6 
aluminum in this heat-trmted condition (fully age-hardened) to be 
essentially unaffected by fast (E, 1 MeV) fluences up Lo 1.2 x 
1 02’ dcm’ (41. 

Over the operating years, a number of specimens were 
removed from the I-IFBR for surveillance purposes. An 
evaluation of the data generated froin these investigations 
indicated a number of possible phenomena occurring. The fmt 
observation was that the ductility of the 606 1 T-6 alloy appeared 
to mch a saturation minimum value of approximately 9% above 
1.5 x 10’’ dcm2 thermal fluence. This saturation level [3] was 
surmised to have occurred by a mechanism of silicon buildup 
without creation of a brittle phase in the grain boundary network. 
This silicon buildup (beyond the maximum 7% solubility 
maximum) was first identified by Farrell [5, 6 ] who suggested 
that silicon buildup could continue beyond the saturation point, 
after observing the silicon b‘uilding up at the surfaces of internal 
voids in a 606 1 T-6 alloy. Since 606 1 T-6 initially contains 
approsimately 1 % magnesium (the majority of which has already 
reacted with the silicon during the age-hardening process), the 
formation of a brittle Mg’Si. grain-boundary phase was 
considered not likely to occur. The possible roie of fast-neutron 
fluence on the strengthening of this alloy was also evaluated 
during these programs. The data suggested that a high fast 
fluence niay have the effect of randomizing the locations of the Si 



atoms [3] by providing pinning sites and, therefore, reduce their 
effect on the mechanical properties of the alloy. Thus, results 
obtained from this program led to the following conclusions 
regarding neutron damage to 606 1 T-6 in the HFBR: 

The principal radiation effects on the aluminum is 
developed by the t h m a l  neutrons’ transmuting tlhe A1 
to Si. 

2) The effects of radiation damage appear to 
saturate above 1.8 x IO2) dcm2 (thermal neutrons). 

3) The available data generated from the analyses were 
insufficient to establish a minimumductility cnt-off 
point. 

1) 

Seven years later, another test program was initiated 
and a control rod follower (CRDF) was evaluated,”A-2” (A-2 
designates the specific CRDF in the reactor). This investigation 
consisted of a more detailed study [7,8,9, 101 of the GO6 l! T-6 
alloy with microstructural detailing of radiation effects. 

Proton Irradiation 

The Depamnent of Energy (DOE) in it’s eKbrt to 
replace aging defense production reactors has been evaluating 
the possibility of using a linear proton accelerator for production 
of tritum. A materials test program, in support of this DOE 
eff- consists of evaluation and characterization of previouslp- 
proton-irradiated stainless steel, aluminum and nickcl alloy 
windodtarget materials. Evidence of materials degradation 
through either microstructural or meclianical-prol~ei~y 
deterioration are to be investigated and evaluated. Compa:rison 
to archive specimen mechanical/microsttural properties are 
perfonned wherever possible. 

Experimental Approach 

Neutron Irradiation 

1. An evaluation of CRQF “A-2” (removed from the 
HFBR) was performed. This’work consisted of transmission 
electron microscopy and x-ray diffraction studies. These tests 
were conducted to characterize the mechanical properties cE the 
irradiated materials and the coiTesponding microstmatures 
associated with these properties. A brief description of finclings 
from this investigation will be discussed. 

Proton Irradiation 

1. 99.9999 uo/o pure aluminum which had 
crackdfragmented in a 800-MeV proton beam was evaluated. 
Sections of this material and noniil-adiated stock from the same 
lot were compared. A scanning electron microscopic (SEM) 
examination of the fracture surfaces was made in an attempt to 
determine the failure mode. Standard tensile/hardness/i~lpact 
tests were performed (to the estent possible) on these specimens 
and compared to the archive stock available. A microstructural 

evaluation by TEM was perfomied and compared to archive 
material. 
2. 5052 aluminum alloy available in the foini of both 
irradiated (-lot9 p/cm’ at 200 MeV, REF) and unirradiated 
archival material were evaluated by mechanical 
testing/microstruclul analysis. Thcse data were compared to 
those in the literature. Microstructural comparisons provided a 
basis for material effects in a 200-MeV proton beam. 
3. Inconcl windows (1 5) which had beem irradiated in the 
BNL - Brookhaven Linac Isotope Producer (BLIP) - tvifh200 
MeV protons and had seen a current total of 23,166 pA-heach 
4. A stainless-steel (Type 304) vindow fiom BLIP which 
had received approximately 900,000 PA-h of 200- M e V 
proton iindiation. 

Test Procedures 

All quantitative measurements/atuibute testing were 
covered by ASTM standard procedures \vhcrever possible. 
Metallographic techniques utilized for cutting, grinding, or 
polishing and were governed by “good laboratory practice”. 
No~c: all cutting of the aluminum spccinms were done on an 
oil-cooled cutting wheel to minimize heat production. 

Quality Assurance 

In all cases, quantitative measurements were made with 
calibrated (to NlST standards, if applicable) equipment. Written 
procedures governed quality related activities pcrfo1rned for this 
program. In all cases, test methods complied witli (to the estent 
possible) national standards, ASTWASME, or equivalent. 

Results 

Neutron Studies 

Evaluations performed by Oak Ridge National 
hboratory [lo] on specinins removed from CRDF A-2 included 
both chemical analyses for silicon (Si) content, transmission 
electron microscopy, and energy dispersive spectroscopy (EDS). 
These evaluations were conducted on wafers cut fiom the 
previously tested charpy impact and tensile test specimens 
[7,8,9]. These wafers were approximately 1.3 nun square by 0.4 
mm thick. 

The ORNL work ’[ 101 noted that h e  nonirradiated 
control material (6061 T-6 aluminum) consisted of equiased 
grains with some dislocations, inclusions and a fine acicular 
precipitate of Mg2Si. Diffi-action patterns from these precipitates 
disclosed multiple-spot airays (characteristic of single crystals). 
The irradiated specimens esamined also exhibited an equiaxed 
microstructure and some inclusions (similar in size and 
distribution to the unirradiated material). These inclusions were 
determined by EDS to consist of Al, Fe, Si, Ni, and Cr. Electron 
diffraction patterns of these inclusions, however, were diffuse 
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rings, which indicated that !he material had undergone a 
crystaIline-to-amorphous phase transformation due to the 
irradiation environment. A high concentration of small, almost 
spherical particles, consisting primarily of silicon, was 
distributed throughout the grains [ 151. These spherical particles 
replaced the original acicular Mg,Si microstructure. There was 
no evidence of radiation-produced voids, although there were 
large noncontiguous flakes, or islands, of silicon-rich phase that 
occupied less than one-fifth of the grain-boundary area and 
displayed no diffraction spots. These flakes were in evidence on 
almost every grain bounda~~ &d Additionally, at each side 
of grain boundaries and around inclusions, denuded areas 
(devoid of the spherical particles) were in evidence OR the 
irradiated specimens examined. 

The ORNL evaluations indicated the possibility that the 
re-ordering temperature for the amorphous silicon-rich phase 
coincided ~ i t h  the temperature of irradiation [lo] "...making the 
conditions borderline for sunival of amorphization". This 
question regarding the stability of the amoiphous phase led lo 
subsequent heat treatments, X-ray diffraction studies and 
evaluation of additional HFBR specimens (note: these data are 
Still being re\rie\wd and will be presented in a subsequent paper. 

Proton Irradiation Data 

Tensile tests were performed on each of ihe various 
procured archival stock materials (5052 aluminum, 304 stainless 

Table 2: Microhardness Test Results (KN) 

Inconel 7 18 

EDM Punch 
225,225,235,238,227 227,238,243,252,235 

Avg. 230 KN 
Avg.239KN . 

304 Stainless Steel 

EDM Punch 
183,178,183,181 , I  95,18 1 

Avg. 184 KN 
197,189,189,187,20 I 

Avg. 193 KN 

5 052 H24 Aluminum 

E M  Punch 
Material lost duing cutting 34.5,39.4,53.7,37.8,42.7 

Avg.41.6 KN 

steel, and nickel alloy 7 18). Additionally, microhardness 

measurements were made on the 5052 H24 aluminum,. 
Microhardness measurements were performed since the 
irradiated materials were in the form of thin sheets and this 
method of testing would ensure consistency of the measured data. 
Table 1 lists the results of the various tensile tests performed on 
the archival stock. Only one specimen of the 5052 aluminum 
was tested. 

The microhardness data for each of the archival 
materials is tabulated in Table 2. Two sets of microhardness 
values were recorded for each material. 

Scanning Electron Microscopy (SEM) 

The hchm faces of each of the materials tensile tested 
were examined by SEM. This evaluation was used to determine 
the mode of fracture from the uniaxial tensile pulls. Figure 1 is 
the low-magnification fracture surface associated with the 304 
s%inless steel spocimcn. The fi-acture was oftlie dimpled rupture 
rype (Figwe 2) which is typical of a ductile material failure. 
Dimples are depressions in the microstmcture and OCCUT by a 
process of microvoid nucleation in areas of high plastic strain. 
Metallic inhomogeneities are prefked sites for this microvoid 
nucleation at grain boundaries. These microvoids grow 
(coalesce) as the strain increases, and finally rupture occurs, 
producing the dimpled rupture appearance. 

Transmission Elcetron Microscopy (TEM) 

For this pro-ject elecuolytic thinning was employed 
using various etchants. A number of nonirradiated test specimens 
were thinned in order to develop the proper technique (thinning 
parameters) prior to use on irradiated material. After thinning, 
the various specimens were stored in partitioned containers and 
placed in designated containers. The specimens were then 
examined by TEM. 

The stainless steel archive material was examined in the 
TEM. Figure 3 shows a deformation twin in the stainless steel 
with dislocations at the twin bounday. These microstructures are 
common in the 304 stainless steel, as well as the triple point 
(Figure 4) which was also noted in the 304 stainless archive 
material. 

The matrix structure of the 5052 H24 alloy was also 
examined by TEM (Fi@e 5).  Various precipitates were 
examined with two of the typical types having been further 
characterized by energy-dispersive spectroscopy (EDS). 

EDS is an analytical technique capable of performing 
elemental analysis of microvolumes, typically on the order of a 
few cubic microns in bulk samples and considerably less in 
thinner sections. 



Table I Tensile Test Results 

Inconel 7 18 

% Strain Strcss at Strcss at 
Spccimen Displacenicnt at Peak (%) Load at Stress at 0.2% Yicld % Strain at Break (psi) 
Number at Peak (in) Peak (Ibs) Peak (psi) (psi) Break (YO) 

1 0.7370 58.96 321.4 131000. 64360. 62.48 126100. 

2 0.7061 56.48 325.2 130100. 633 10. 61.84 121200. 

Mean 0.72 15 57.72 326.3 130500. 63840. 62.16 123600. 

Standard 
Dcviation 0 0219 1.75 1.6 623. 744. .4 5 3479. 

303 Stainless Stccl 

% Strain Stress at Strcss at 
Specinicn Displaccrixcrit at Peak (%) Load at Strcss at 0.3% Yicld % Strain at Break (psi) 
Nurnbcr at I’caL. (in) Peak (Ibs) Peak (psi) (psi) 13r~zk (%) 

Escludcd O Y G I  I 76.89 270.6 130700. 4 3% )O . 82.49 96010. 

7 0 95S9 76.7 1 267.8 102600. 42750. 84.31 96320. 

Escluded 0 948 1 75.85 268.6 10,3900. 42000. 85.61 98540. 

Mean 0.9589 76.71 267.8 101600. 43883. 84.3 1 .96320. 

Standard 
Deviation - - - - - - - 

5052 H24 Aluminum 

% Strain Stress at Stress at 
Speciineii Displaceiiicnt at Peak (%) Load at Strcss at 0.2% Yield % Strain at Break (psi) 
Number at Peak (in) Peak (Ibs) Peak (psi) (psi) Break (%) 

I 

0.185 - 46.0 46.000 --- --- -- 
Mean - _- - -_ -- - - 

Standard 
Deviation - - - -- - - - 



Figurc 2: Iii@her-magnificotion SEM photo slmving 
ductilcfailui-c, (typical). 

Analysis of X-rays ciiiittcd frcm a Smiplc is acco~iiplishcd hy  
cqstai spoctronictcrs 1~11idi use energy dispcrsivc spcctroiiictcrs 
and pcrmit analysis b! discriininating amrmg X-ray c.nci.gics. 
(Note: EDS will only disccm clcmcnts ivith atomic numhers 
greater than Na so ccrtain light clcmcnts \vi11 not be detected.) 
The prccipitatcs csamiiicd hy EIIS wcre dctciiiiincd to be 
primarily composed of silicon :md iron. 



Figure 6: Fractogmph of 5052 1-124 Aluniinuni \vindo\v af‘tcr 
irradiation (ductile). 

of tcnsile specimens and thcn uniasially tensile tzzicd. Table 3 
is the tabulation of‘ these results. Figure 6 sho\vs that the liacturc 
facc associatd wih the In-adiatcd 5052 ]-I24 aluminuin is similar 
in appcarance to those of the uninadiatcd archive matcrial (i.c.. 
ductile). This similarity in appcarance is also rtl1c‘ctec.f in  tlic 
similar- tmsile swengths and elongitions noted in  ’fablc: 4 ,  l‘licrc 
\\’as a reduction in tcrisilc strength (-7%) concun-cnt \villi 3 
reduction in total elongation (-9%). 11 is sa? ditliculr t , ~  take 

- - .  

thcsz I-cduccd \.slues :it fact value without coiisidc~-ing the vciy 

s]’ccli”enz 
s111aIl loadings ( 19.5 and 20.9 kg) nccdcd to fi3cllllc these 



Figure 9 Cracking is cvident in this photograph of a BLlP 
window 

Brookhavcn Linac isotope Producer (BLIP) Windows 

304 StainlessSteel and Alloy 182 Examination 

Fifteen windows (6 stainless steel and 9 Inconel) were 
obtained from the BLIP faciliiy. The BLIP facility was first 
operated in 1973. It was the nrorld's first facility to demonstrate 
the use of a large proton Linac to produce medical radionuclides 
efficiently. This production of radioisotopes was accomplished 
by proton spallation and lower energy reactors. The BLIP 
facility uses escess bem capacity from a proton Linac (200 
MeV) which is injected into the 33 MeV Alternating Gradient 
Synchrotron (AGS). Spallation reactions produce nuclides with 
mass numbers less than the target. 

It is evident that there was a dramatic increase in 
microhardness with the proton irradiations. Due to bends or 

crack, specimens were unable to be machined from all windows 
(for this report). 

Table 3 lists the microhardness readings obtained 
(average of S), the flux of protons, and the corresponding 
rmirradiated microhardness readings obtained from the previous 
EDM machined microhardness specimens. 

The "as reoeived" windows were in various conditions, 
ranging fiom good to poor. Good windows provided meaningfbl 
xxchca l  property test results because they were relatively flat 
and h e  from defects which interfered cutting . Figures 8 and 9 
are photographs of two of the windows. The defects noted on 
these windows ranged from the window being bent, pitted, 
grooved and one of the windows had severe cracking in 
evidence. If "usable" materials were available, one tensile and 

Table 3: Irradiated Microhardness Measurements (Avg. of 5 
readings) 

Specimen Microhardness Nonirradiated Fluence 
(PAN 

I. D. (KN) Microhardness 
(KN) 

IN KQ- 1 
IN KQ-2 
M LI-1 
IN LI-2 
IN. JH 
IN LA- 1 
IN LA-2 
M LD 
IN KD 

ss KL-I 
ss a - 2  
ss KD-I 
SS KD-2 
SS DH- 1 
SS DH-2 

230.0 
230.0 
230.0 
230.0 
230.0 
230.0 
230.0 
230.0 
230.0 

184.0 
184.0 
184.0 
184.0 
184.0 
184.0 

28,540.8 
28,540.8 
23,166.6 
23,166.6 
10,248.4 
23,166.6 
23,166.6 
23,166.6 
28,540.8 

3,919.5 
3,919.5 
6,78 1.1 
6,78 1.1 
4,250.0 
4,250.0 

I 

Figure 10: Specimen layout (typical) for TEM and tensile 
specimens. 

four TEM size (Figure 10). One of the TEM slices was 
mounted for microhardness measurements, one was thinned for 
TEM examination, and two were labelled and kept for archive 
material. Note: The location of the area of greatest proton flux 
was determined by placing a photographic film (Polaroid) over 



the window and then developing it. The area of greatest activity 
(li&test area) determined whcre the EDM cuts were made. 

Discussion and Conclusions 

5052 Aluminum 

The 5052 aluminum material showed a relluction in 
tensile strength after irradiation with 200-MeV protons. This 
result was considered surprising since proton irradiation would 

Table 4: Resuls of Tensile Testing of Window Materials 

5052 H24 Aluminum (0.0 IO-cm thickness) 

Tensile Load (lbs.) :rota1 
strength Elongation 
(psi) (in.) 

Irradiated 43,000 43.0 0.150 
Unirradiated 46,000 46.0 0.165 

Stainless Steel (0.025-cm thickness) 

Tensile Load (Ibs.) Total 
Strength Elongation 
(psi) (in.) 

Unirradiated 108,000 270.0 0 920 
Unirradiated 105,600 264 .0 0 995 

Irradiated (KD-I) 119,200 298. 0 920 
Irradiated (KL-1) 117.600 294.0 0 640 

Irradiated (KL-2) 1 16,dOO 291.0 0 945 

Inconel (0.25,-cm thickncss) 

Tensile Load (Ibs.) Total 
Strensth Elongation 
(psi) (in.) 

Unirradiated 127,200 3 18.0 0.695 
Unirradiated 127,200 318.0 0.630 
Irradiated (LI-2) 109,200 273.0 0.170 
Irradiated (Li- 1 ) 1 5 1,200 378.0 0.480 
Irradiated (JH) 135,600 339.0 0.375 

normally increase the tensile strength of the 5052 by a 
displaemenuhardening mechanism. This phenomenon had been 
seen previouSly, however, vith ill-adiations by 800-MeV' protons 
[12,13]. These imdiations were done at -5O"C, to doses of 0.2 
dpa (3.2 s 10" p h i ' )  on 6061 and 5052 cold-worked 

aluminum. These results were in clear disagreement with 
espectcd results for 5052 aluminum, and results on 6061 
aluminum irradiated to much higher doses [ 141 (up to 260 dpa). 
This evaluation [ 12, 131 suggested that the main cause of the 
radiation-uduced loss of strength \\'as duc to a loss of cold work 
in the 5052 material (radiation-induced), and a reduction of Mgz 
Si precipitates in the 6061 aluminum. A dissolving of the 
precipitates (606 1) under 800-MeV radiation conditions at low 
dose was considered (by the Los Alamos researchers) to be the 
main cause of the softening. 
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This loss of cold-worked microshucture would be a 
plausible explanation for the loss of &en@. The original Los 
Alamos hypothesis [ 12,131 of this phenomenon has since been 
re<valuated (by the Los Alamos researchers). The current [ 151, 
more plausible esplanation for the material softening was 
precipitate ccxuscning and over-ageing due to beam heating \ircll 
in escess of Ihe anticipated tenipcratures. This esplanation is also 
considered to be a distinct possibility in our study. This REF 
window was subjected to 200-MeV protons without temperature 
controls or temperature monitoring. These tcmperatures are 
assumed to be dicienlly high enough to anneal out dislocations 
and subsequently soften the 5052 alloy. 

Neutron-Irradiated 6061 T-6 Aluminuni 

The erects of fasl-neutron displaccnicnt damage and 
transmutation elf'ccts in 6000 series aluminum have bccn 
c\Tensively investigated by various researchers [j, 16-25]. This 
M y  of work, couplcd with additional research on 99.9999 UT% 
[26-33], 1 I00 aluminum [46, 34-40] and 5000 series aluminum 
[4 1,42,431, make up the bulk of infoi-mation on neutron clf'ects 
in aluminum and its alloys. 

Some of the earlicst work on the e fk t  of thermal 
neutrons on aluminum alloys was performed at ORNL [33, 35, 
38, 401. These studies detcrmined that silicon is produced in 
aluminum through the *'A1 (n,y ) "Al, 'SAl-'sSi+~ reactions 
mostly through the interaction with thermal neutrons, and that fast 
neutron interactions caused the formation of dislocation loops and 
eventually, voids 132,431. 

The development of silicon-rich amorphous phases in 
the HFBR alloy is interesting because radiation-induced 
amorphization does not occur in simple metals, but is normally 
limited to semiconductoix a d  ceramic compounds (e.g., Si). For 
the amorphous condition to exist, the temperature of irradiation 
must be lower than the temperature at which re-ordering of the 
crystal lattice atoms occurs. This re-ordering can take place at 
temperatures bclow those of bulk diffucion in the alloy. An 
amorphous silicon-rich phase has been previously recorded in 
1100 aluminum [35]. This prior investigation reported 
c~y~al l ine  silicon-rich precipitate particles in the matris of 1 I00 
aluminum with the co-existence of anioiphous silicon-rich 
coatings wound radiation induced voids. An area for future study 



would bc the systematic determination of the reordaing 
temperature for the I-FBR irradiation-produced silicon-rich 
phase. This esercise would entail the cstraction of the 
amorphous precipitate phase from the bulk material. 
Determination of the amorphous phase mechanical propcities 
would also be both challenging and interesting. For instance, is 
the phase ductile or brittle? How do ii‘s properties compare to 
the crystalline phase? Questions well worth invesigating if 
funds and programs allow. 

The esistence of precipitate-fiee zones (PFZs) in the 
irradiated HFBR material has been observed in over-aged 
nonirradiatcd 6XXX aluminum [44]. The development of PFZs 
(after slow quenching and aging) is caused by the depletion of 
solute atoms near the panicles or pain boundaries and to the 
lack of nucleation sites causcd by the migration of vacancics to 
particle-matrix boundancs during the quench. Grain-boundmy 
precipitation is often accompnied by the development of I’FZs 
1441 similar to that o b m c d  3dJaCent to dispersoid particles. 
Dispersoid particles aflect quench-sensitive precipitation sincc 
they both modi@ the dislocxion structure of the qucnched 
material and act as nucleation sites for precipitation. 

Tfie appearance of sphcncal silicon-rich particles in the 
irradiated HFBR aluminum IS interesting. One possible 
explanation for their shape is th31 thcy are not spherical at all, 
andthat the TEM is not scns:tivc cnough to resolve any angular 
facets of their construction 11131 might be present. Another 
possibility for their shape i s  rtlntcd to the aging process itself. 
The 6XXX series alurmnum 3iiays strengthen over a long period 
of time at room temperature This strengthening requires the 
formation of GP zones. Sincc Mg,Si may originally esist in a 
spherical form, radiation could be simply causing an enhanced 
difhion of the precipitate b3ck 10 this foim. This spherical form 
of the silicon-rich particles is probably compositionally 
dependent. 

TEM investigations associated with a study of 5052 
aluminum E321 disclosed no- irradiation-induced voids in the 
material after a fast-neutron fluence of 1.1 s 10’‘ dcm‘ (> 0.1 
MeV). Later investigations by ORNL [38] determined that 
irradiation-induced strengthening in 5052 aluminum was due to 
irradiation-produced Mg$i precipitates. This indicated that 
thermal-neutron-fluence transmutation effects were the primary 
cause of strengthening this aluminum alloy. Further work by 
Farrell [42] on this alloy added additional information on the 
irradiation damage effects on 5052 aluminum. Farrell determined 
that mised-spectrum irradiations on the 5052 at 328 K convefls 
the alloy to a precipitation hardened 6000 series type alloy whose 
precipitates are developed by transmutation-produced silicon. It 
was also noted that increasing the thermal-to-fast neutron f lus  
ratio from 1.7 to 2.1 imparted additional strengthening beyond 
the espectations of the silicon increase. This increased 
strengthening was attributed to the fineness of the irradiation- 
induced precipitate which was finer than that produced by 

thermal aging in a GO6 I alloy. The incrcase in additional sirength 
\vas surmiscd to be the result of higher silicon production at the 
2.1 thanml/fast fluence, causing both faster production and finer 
MgzSi pai-ricles. 

B LTP Windows 

The irradiated windows (both stainless and Inconel), 
with the esception of Inconel window LI-2, all eshibited an 
espected increase in tensile strength with proton irradiation. 
Microhardness values for all of the windows tested also 
increased, again as espccted. There were no new failure 
mechanisms observed on any of the windows examined. Further 
investigations of windows LI-2, and KL-I (stainless window) 
\vi11 continue during the nest calendar year. 

Ac1tnon.lcdgnicnts 

*Work supported under US DOE Contract DE-AC02- 
76CIi000 16. 
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