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ABSTRACT

A 6061 aluminum alloy target sleeve from the High Flux
Isotope Reactor, originally in a precipitaiion-hardened condition,
was examined for neutron radiation damage after exposure to a maximm
fast fluence of 9.2 x 1322 n/em?® (E > 0.1 MeV) and a thermal fluence of
1.2 x 1023 n/ew? at 60°C., Voids and a transmutation-produced silicon precipi-
tate were found to cause about 1.1% internal swelling; a.surface oxide
scale contributed additional swelling, Irradia,tiaﬁ-induced ‘streygth_ in-
creases were measured at test temperatures in the range 25 to .9;60°C and
are accounted for in terms of tre observed silicon precipitate and an
associated dislocation structure. There was also a loss of ductility

which was most severe at 200°C., The fracture mode remained transgranular

over the range of test temperatirres. : 6n
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INTRODUCTION

Aluminum znd its alloys are widely used in water-cooled research
and test reactors because of their low cross section for absorption of
thermal neutrons together with adequate strength and corrosion
resistance. The 6061 alloy 1is interesting because it 1is
e precipitation-hardened alloy in which high strengths can be attained
by suitable manipulation ofvtﬁe MgoSi precipitation reaction. Moreover,
the alloy in its optimum age-hardened state is relatively ductile with
over 17% total tensile elongation in the temperature range —100°C to +300°C.?
The effects of relatively low fluence neutron irradiation on the
mechanical properties of this alloy have been investigated p_reviouslyz"4
in the O-temper (armealed), the Té temper (optimm hardness), and in a
cold worked condition. In general the 6061 aluminum enjoys aﬂ:;nérease in
strength but suffers a small loss in ductility when irradiated and tested at
temperatures below 150°C. These observation5*suggest that high fluences
can be expected to induce significant strengthening and ducﬁility loss,
but the data are too meager to allow the extent ;f‘these changes to be
forecast with confidence. Moreover, the mié;ostructural changes:}esponsible
for the changes in mechanical properties have not been investigated. Accord-
ingly, with a view to fi}ling in these gaps, we have studied the mechanical
properties and microstruéture of an irradiated.component from the High

Flux Isotope Reactor (IFIR), the 6061 aluminum cylindricel target holder

sleeve, exposed to high fast-and thermal neutron fluences.

FABRICATION AND IRRADIATION HISTORY

The fabrication procedure and irradiation history of the tearget sleeve

and & more detailed description of the test data, including examination of




a8 welded seam, are available in an ORNL report.5 Briefly the cylinder was made
from 0.0625 in. thick sheet of 6061 alloy of chemical composition 0,99 Mg,

0.65 8i, 0.45 Fe, 0.22 Cr, 0.21 Cu, 0,06 Zn, 0.056 Mn, 0.05 Ti, 0.02 Sn,

0.02 Pb, < 0.01 Ni wt %-bal Al. This sheet was rolled to a 4.375 in. diam by
29,5 in. long cylinder and was seam welded with 4043 aluminum filler

wire. The cylinder was then solution annealed at 520°C, quenched to

room temperature in circulating air and aged for 7 hr at 190°C. This
treatment was designed to pioduce a condition close to the age-hardened

T6 condition without incurring thermal distortion. After the cylinder was

aged, holes were drilled into it to allow free passage of cooling.water///////////

during service., The sleeve was irradiated for a total of 65,715 MWd-in

the HFIR, This corresponds to a maximum fastwniiffff/glueﬁée of

9.2 X 1022 n/em? (E > 0.1 MeV) and a thermal nmeltron fluence of
1.2 x 1027 n/em? at the reactgf/midﬁlane.s The irradiation temperature

is estimated to have been 55° to 65°C.

MEASUREMENT OF DENSITY CHANGES

Density changes and tensile properties were measured on dogbone-shaped
specimens shown in Fig. 1, This shape was determined by the perforations
in the cylinder. An oxide scale was formed on the exposed surfaces in

by

the reactor cooling water and was about 0.0023.in. thick. It contained

many cracks and pores. Density determinations were made by Archimedés dis-
placement on specimens with the oxide film intsct, and were repeated after
the oxide was stripped from the specimens by chemical etching., The results

of these measurements are summarized in Table 1 relative to the density of

an unirradiated specimen, measured as 2.7012 % 0,0005 g/em?, The oxide is



clearly less dense than the alloy and it contributes the larger portion
of the overall density change measured on each specimen. The nature of
the oxide is not known but x-ray powder'diffraction patterns of oxide
layers on some other HFIR aluminum components suggest’ that the oxide is
B—-a1 (OH)3. (bayerite) and/or possibly o~Al (OH); (gibbsite) with theoretical

densities of 2.53 and 2.42 g/em®, respectively.®

///>
— MICROSTRUCTURAL EXAMINATION

/

The microstructure of the unirradiated HFIK target holder sleeve is
illustrated in Fig. 2. Like most industrial aluminum alloys it had a
large number of inclusions on grain.boundaries and within the matrix.
Regions. adjacent to the grain boundaries were fréquently denuded of the
Mg.Si precipitate responsible for age hardening in the 6006~sg;ies—aluminum
alloys. The MgoSi precipitate within the grains, shown ere clearly in
Fig. 2b, was in the form of both a coarse and‘a'fine distribution of
needles. Note the precipitate-free regions around the coarse Mg,Si
needlés. These large needles are not typicallof 2 T6 temper and_gre
probabliy a result of overaging or of slow csgling afcer the solgiion
treatment.,

After irradiation, voids (Fig. 3) were observed in specimens taken
from the maximum flux reéion of the sleeve. None was seen on grain boun-
dqries but they wére clustered in regions parallel and close to the boundaries
(Fig. 3a) and near large Mg,Si precipitates and large inclusions (Fig. 3b).
This clustering of voids was confirmed by sﬁereo microscopy and by the fact
that there was a high incidence of clear cases of void coalescence within

the clusters, a feature usually not observed in metals where the mean void



concentration is only 2 X lO“/cm3 as it was here. Comparison with the micro-
structure of the unirradiated material indicated that the woids were associated with
those regions that were originally denuded of fine Mg,Si precipitate. The
voids that are seemingly not clustered at large particles in Fig. 3 are probably
those whoée particles lay just outside the final foil thickness, No
voids were found in specimens from the ends of the cylinder where the
fast fluence was about 1.2 x 1622 n/om?. A few were observed, near large
precipitates only, in specimens irradiaﬁed to 2.8 x 1022 fast n/cmz.

The precipitate structure in 6061 aluminum after neutron irradiation
was more Eomplex than that of the unirradiated alloy. A high concentration
of small precipitate particles is visible in Fig. 30 which was recorded
under absorption contrast conditions so as to enhance thé(#iéibility of
voidas aﬁd make the Mg,S1 precipitate invisible. We believe the precipitate
seen in Fig., 3b is transmu%ation-produced silicon as identified in earlier
studies of irradiated aluminum alloys.® This silicon derives largely
from a thermal neutron reaction, 2'7Al(n:,y)28A]; féllowed by a B-decay to 2853,
In specimens irradiated to 9.2 x 1022 n/cm? the average diameter of the
silicon particles was approximately 170 A aad the concentrationvwés about
1 x 10%*%/cm3. The concentration of silicon particles appeared tédbe
independent of fluence but the precipitate size increased with fluence in
the range studied. This :silicon precipitate is not to be confused with the
fine coherent MgoSi precipitaée visible only under diffraction confra#f
coriditions.,

The high strength of the unirradiated alloy is due to the coherent
.Mg;_.S:‘t ireci]gitate a.rld thus it is important to know whether irradiation

affected the stability of this precipitate., Unfortunately, the high density of



the transmutation-produced silicon particles increased the extent of image overlap
and rendered contrast analyses extrem2ly difficult, WNewvertheless, the large
Mgo-Si needles appeared to be unaltered by irradiation. Also, in very

thin regiqns of the foils where imagé overlap was minimized, the charac-
teristic.streaking of Mg,Si precipitate reflections 'n selected area dif-
fraction patterns appeared to be the same as that of the mnirradiated

alloy suggesting that no major irradiation-induced changes cccurred in

the morphology of the coherént precipitate. Problems of image overlep

in diffraction contrast also interfered with attempts to study closely

the dislocation structure in the irradiated alloy. These dislocations

(Fig. 4 ) were irregular segments which may be parts of loops larger than
the fbil thickness, formed by the agglomeration of point’éefects created

during irradiation. A summary of quantitative measurements of the “irradiation-

induced defects is presented in Table 2.

.
‘s

MECHANICAL PROPERTY MEASUREMENTé

Tensile tests were made in air in an Ingtron testing machine using
special grips to accommodate the specimen shape. For all practiéal
purposes, the test specimen may be considered as a sheet tensile specimen
with zero gage length ang nence strain, strain rate and stress state.cannot
be defined. NEVE{theless, the curves for appiied load versus the Instron
crosshead displacement (Fig. 5) were of similar form to those normaliy obtained
from standard tensile specimens., Engineering stress values were computed
from the pertinent load values and the measured original cross-sectional
areas of the individual specimens. The cross-sectional area included the

oxide film which fractured readily at low strains during testing

and probably did not bear any load at the ultimate load point.



The yield stress was arbitrarily defined at a crosshead offset from the
apparent elastic region of 0.00002 in. The magnitudes of the crosshead
displacement between the yield point and the maximum load, snd between

the yield point and the point of fracture, were arbitrarily chosen as
measures of the uniform and total plastic extensions, respectively, as
illustrated in Fig. 5. These data should not be used for engineering
design purposes, but they afe believed to provide an internally consistent
comparison of our irradiated and unirradiated specimens. Because of the.
reactor-ériented nature of this investigatjon, the tests were performed at
temperatures ranging between room temperature and 200°C, the anticipated
maximum range of operating temperatures for this alloy 1ﬂ'the HFIR., A
pericd of 20 min wac allowed to heat the specimens to the test temperature.
Strain rate effects were measured by changing the Instron crosshead speed.

The effects of neutron fluence and test temperature at several cross-

L R
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head speeds on the yield stress and the ultimate stress are shown for the
higher fluence specimens in Fig. 6. There are significant radiation-
induced increases in strength, particularlyfaﬁ the lower test temieratures.
The ductility of the specimens is shown in Fig. 7. Under all céh&itions
of fluence, test temperature and crosshead speed the plastic extension to
the wltimate stress was a litﬁle larger in the unirradiated specimens than
in the irrédiated ones. Irradiation caused a much greater reducti6n iﬁ the
total plastic extension, particularly at thé higher test temperatures and

the slowest crosshead speed,



EXAMINATION OF FRACTURED SPECIMENS

Specimens tes*ed at the lowest strain rates were examined to determine
the mode of fracture. The unirradiated specimens showed more evidence of
necking near the fracture curfaces but scanhing electron microscopy of the
actual frac%ure;revealed only dimpled surfaces, characteristic of ductile,
transgranular tearing and shearing. We could not obtain useful transmission
electron microscopy specimens from regions near the fractures ﬁo see if deforma-
tion had changed the microstructure, but specimens taken from regions away from
she fractures showed that the short times that the specimens spent at the test
:emperaturés did not modify the microstructures. Indeed, amnealing experiments
re have made on irradiated specimens confirm that the voids and the Mg,Si

recipitate are stable during a 1-hr anneal at 200°C. The voids disappear

T~ Eack

.t 350°C.
DISCUSSION

The observed swelling of the 6061 aluminum from the HFfR target basket

iy
’

an be separated into three contributiéns, one from the oxide films, one from
adiation-induced voids and the third from the transmutation-produced silicon
recipitate. Table 1 shows that the oxide fiim.fbrmed in contact %ith the

eactor coolant constituted the major part of the overall swellin;. vMoreover,

his contribution increased with neutron fluence, or neutron flux since all

pecimens were taken from the one sleeve. The reason for this correlation is

ot known,

'~The swelling measured on specimens from which the oxide was removed was
sused by woids and transmutation-produced silicon precipitate. Swelling due to
oids alone was measured on several specimens 5y guantitative electron micro-
copy’s with the results shown in Table 3. The difference between these values

1d the measured density changes on the oxide-stripped specimens should

. e .




then be the contribution from the silicon precipitate. Alternatively, we
can determine the contribution from silicon by estimating the amount of
transmutation-produced silicon. The spectrum averaged cross-section

for the silicon reaction is 0.179 barns for neutron energies below

0.414 eV.Y¥® B8pecimens in the reactor midplane position received

1.2 x 102? n/em? (thermal), corresponding to 2.1 wt % Si. At the irra-
diation temperature (60°C) silicon is virtually insoluble and we assume
that all of the transmutation—lproduced silicon is precipitated. The rule
of mixtures can then be used to celculate the swelling from sgilicorn, usirg a
density of 2.3293 g/ em® for the silicon pal.lv'ticle‘s8 and 2,7012 g/cm3 for the
6061 aluminum. On this basis, each 1 wt % Si in the form of precipitate
causes the 6061 aluminum to swell by 0.16%. In column 4 -in Table 3

we have 1visted the estimated swelliﬁg values from'silicon in -t'hose specimens
on which the swelling contribution from voids was measured. If the contri-
butions from voids and silicon are summed (column 5) there is good
agreement with the measured immersicn density .changes- in the oxide-
stripped alloy. Table 3 also shows that swelling from silicon exceeds

that from voids at fluences below 6 x 1022 n/ cm? (fast) » but that as

fhe fluence is increased the swelling from voids increases at a faster

rate than that from silicon.

The overall swelling\ in the 6061 aluminum, excluding that from the
oxide layer, is very much smaller than has been found in any other alumi-
num zlloy subjected to high, fast neutron fluences.11 For example, a-
fast neutron fluence of ~3 x 1022 n/cm gives 1% swelling in ammealed 1100
grade aluminum and about 2.5% Swelling in cold-drawn 8001 aluminum. A

fluence of 1.6 x 10%? n/am? causes 7.5% swelling in high purlty aluminum. 12
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Silicon is generated in all of these materials but the major differences in

swelling arise from differences in the total volume of voids. The one feature

present in the irradiated 6061 aluminum and absent in the other irradiated
materials is the coherent Mg,Si precipitate, and we believe that the 6061
aluminum ;wes its superior resistance to void formation to the presence of
this precipitate. The observation that voids occurred only in those regioms
free of the precipitate support this view and lead to the tentative conclu-
sion that if the aged 6061 aluminum sleeve had been in a proper T6 condition
with a uniformly distributed fine Mg:Si precipitate there would probably
Have beeﬁ much less swelling contribution from voids. However, the Mg,Si
precipitate would rot alleviate swelling from the transmutation-produced

-

siijcon. )
1

This effect of the Mg,8i precipitate is in qualitative agreement with
a recent!? observation th;t swelling is resisted in irradiated Nimonic PEl6
alloy when a.high concentration of coherent y' precipitate particles are
present. The mechanism by which coherent par;iéies prevent void formation
is not clear. Bullough end Perrin'* have suggested that the coherent inter-
face may trap displaced atoms and vacancies.dﬁring irradiation and thus
promote recombination. On the other hand, the high dislocationJ&ensity
stabilized by coherent precipitate particles ray promote recombination by
one of the mechanisms proposed ty Bullough and Perrin’® and by Harknesc
and Li,1" There is evidence,16 too, that the transmutation-prcduéed;gases,
helium and hydrogen, enhance void nucleation, and.if these geses aré
trapped by precipitates their effectiveness as void nuclei might be
diminished.

The radiation-induced increases in yield and ultimate stresses can

be stiributed primarily to the transmutation-produced silicon precipitate
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and to the increasc in dislocation density during irradiation. There

was no observable change in the Mg,Si precipitate that might have influenced
the strength. The gases generated from (n,o) and (n,p) reactions, estimated
at 40 at. ppm helium (we measured 41 at. ppm) and 230 at. ppm hydrogen, did
not form visible butbles., I such gases were present as submicroscopic

bubbles, < 20 A diam, their hardening contribution would be negligible,

according to Kroupa and Hirsch.!?

The increase in yield stress from silicon particles alone can ve cal-

culatel using Ashby's'® modification of the Orowan model of strengthening

by hard particles:

1.13 Gb i
AOS:'L = ——ﬂ—[——-ﬂn (%;—) s . . (1)

[ 4

2.7 x 10° kg/mm® at room temperature, the

]

where the shear modulus G

Burgers vector b = 2.86 x 10°% cm, 4 is the mean particle diameter, the
dislocation cut-off radius T, is usu2lly assumed equal to 4b or ~1 x 1077 cm,

and £ is the mean planar particle separation, gi&enlg by

-8 @21y ' .
¢ =7 G - @)

where f is the wvolume fraction of precipitates. For a specimeniirradiated
t0 9.2 x 10?2 n/em® & 0.1 MeV) and 1.2 x 1022 n/em? (< 0.414 eV), the
silicon particle density*was‘determined by electron microscopy to be
1016/cm3, = 0.025 and d = 1.7 x 10°% cm, Consequently, £ = 3.94x 16'6 cm
and from Eq. (1), Adg, = 29,200 psi. The yield stress increase from dis-

locations alone follows the relation?2©

Bog =a G (a)Y/2 (3)
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where ¢ is about 1.0 and A is the dislocation density. For A = 2.5 X 101°/cm2,

poy is 17,400 psi. Voids also . ontribute to hardening?’
b = 2 Gb/L @)

where I = (Nd)~3/2. Conseguently, for N = 1.92 x 10%%/cn® and d = 3.5 x 10™6 cm,
a0, = 5,800 psi.

These various contributions to the yield stress are not simply additive. The
combined effect is given byAthe équare root of the sum of the squares of the indi-
vidual cqntributions.22 We do this as follows: Prior to irradiation, the 6061

aluminum contained a high concentration of Mg,Si particles and a dislocation
density of 2 x 10° _/cm2 > and it had a yleld stress at room temperature of

-

about 30,000 psi. Annealed 1100 grade aluminum, ,which is presumably the
base material for the manufacture of the alloy, contains n‘eg'ithfe"r the MgoSi
precipitate nor the dislocations and has a yield stress, do’ of 5,000 psi.l

Hence we consider that 6061 aluminum prior to irradiation contains obstacles

4
4

responsible for a yield stress increment of 25,000 psi. This increment

Thus the yield stress of {he unirradiated alloy

we call Ao(Mgzsi +a) . g
is given by -
Gu = UO + A0ngSi + d) (5)
and that for the irradia%ed material is
= 2 2 2 241/2 ‘
irr = % * [80%yg g1 4 q) + 80F; * 098 + a02]Y/ )

Predicted values of room temperature yield stress derived from Eq. (6) using
our microstructural measurements are listed in Table 2 as functions of

neutron fluence and are in good agreement with the observed values., At
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fluences above 2 to 4 x 1022 n/cm2 the concentrations of dislocations
and silicon particles appeared to bhe saturated; the increasing strength of
the allcy becomes dependent only on the increasing size ¢f the silicon
particles and thus is less sensitive to neutron fluence than it is at lower
fluences where the concentration of defects is below saturation,

The loss in mechanical strength with increasing test temperature is
common to irradiated and unirradiated specimens and is caused largely by
the normal decrease in the elastic modulus of the aluminum metrix. The
loss is greater in the irradiated alloy but we could not detect any micro-
structurél changes that could account for this.

The observed ductility changes are nct easy to explain. The major
difficulty is that the test specimens had no bui%t-in ga&ée.length.
Consequently, during testing, as the narrowest region of the specinen
work hardened, the plastiéally strained region no doubt spread back from
the neck into the wider parts of the specimenf thus contiﬂﬁously increasing
the effective gauge length. Moreover, the exténi of this effect may have
changed with test temperature and strain rate. Despite these ccnsiderations,
however, the general trends of the ductiiity éhanges are not unushal for a material
irradiated at this low temperature. The interesting and the mogé important obser-
vation is that whereas the total plastic extenslon increased with increasing test
temperature in the unirradiated specimens, it was reduced by irradiation
aﬁd decreased with increasing test temperature, particﬁlarly at tﬁe siﬁwest
crosshead speed. Elevated temperature, Irradiation-induced ductility loss
is often caused by helium embrittlement?3,2% and is usually associated with
intergranular fracture. Such intergrenular fracture is most prevalent
under slow strain rate conditions. The 6061 aluminum dogbone specimens,

both irradiated and unirradiated, failed by ductile tearing under all con-

ditions of testing,
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Ductile dimple formation leading to fracture is characteristic of
a rapid strain rate process where high local strains open up holes at
obstacles such as inclusions. There were many such obstacles in the
dogbone 6061 aluminum specimens, most of them surrounded by zones free
of Mg,Si precipitate. Despite the apparently slow crosshead speeds at
which some of these specimens were tested, the actual strain rabes were
very high because the specimens had essentially no gauge length. The
irradiated specimens tested at the lowest crosshead speed of 0.0002 in./min
at 200°C lasted only sbout 15 min before fracture. Irradiated and unirra-
diated sﬁecimens tested at the highest crosshead speed lasted less than
"1 min. Even the longest test in the unirradiated specimens took only
4 hr. These are fast tests in relation to the cEeep-typévtésts under
which intergranular fracture is predominant. We pictufé the fracture
process in the dogbone.spécimens as one involving tearing or dimple for-
mation in the Mg,Si precipitate-free zones around inclusions and the
large Mg2Si rods in both the irradiated and thé'hnirradiated specimens,
Irradiation modifies the fracture process to the extent that it hardens
the matrix and the regions around incluéions and large MgoSi pariicles, and
introduces clusters of voids around the particles. During testigg these
voids may serve as pre-existing ductile dimple embryos and/br the hardened
regions around the inclﬁsion§ may tear at lower strains than in the ﬁnirradiated
material. Consequently, the plastic extension to the ultimate stiessuwill be
lowered and the general ductility to fracture will also be reduced. In this
view, the same fracture sites are involved in both cases and, indeed, we
could see no differences in the fracture surfaces of irradiated and unir-
radiated specimens. The particularly poor ductility of the irradiated

specimens at 200°C and the lowest crosshead speed is not understood. It is
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worth mentioning though, that in testing a number of irradiated aluminum

alloys we have in all cases found a significant ductility loss at 200°C.
CONCLUSIONS

Age-hardened 6061 aluminum show; the best resistance to void formation
of any irradiated aluminum alloy studied to date. Voids are not detected
&t fluences below 2.8 x 10?2 n/em?® (& 0.1 MeV) and account for about 0,7%
swelling after exposure to 9.2 x 1022 n/em® & 0.1 MeV). Additional swelling
arises from the formation of a precipitate of transﬁutation-produced silicon
and from the growth cf a surface oxide film. The dispdsition of the voids in
fhe microstructure suggests that swelling from voids may be minimized by

assuring that the 6061 aluminum contains a uniform.distribution of fine,
coherent Mg,Si precipitateszbefbre irradiation. T

Radiation-induced strengthening in precipitation—hardeﬁed 6061 aluminum
is caused by the transmutation-produced silicon.pr?cipitate; and increased
dislocation density and voids. Irradiation also r;duces the ductility of the
alloy, the loss being most severe at a test temperature of 200°C and a

nonminally slow testing speed. The fracture pibcess remained transgranular

end was characterized by dimpled fracture surfaces typical of ductile failure.
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Table 1. Density Changes with and without the Oxide Film

Fast (E > 0.1 MeV) Density Change, %
?fufggg g}ﬁ;ﬁ%a With  Without
Oxide® Oxideb
1.2 ~0.99 —0.02
2.8 -G.99 -0.14
4.5 ' -1.13 ~0.18
6.0 ‘ -1.61  -0.60
7.3 ~1.92 -0.76
8.3 —2.22 -0.22
8.9 —2.36 R
2.2 —2.53 -1.06

&precision of * 0.3%.

Pprecision of * 0.05%,



Teble 2.

Quentitative Metallography of Irradiastion-Induced Defects in 6061 Specimens,

and a Comparison of Calculated and Observed Yield Stresses at Room Temperature

Concentration
of Silicon
Particles

(x 10*®/em?®)  size (°A)

" Disloeation
Densit

{x 10t
. 1lines/cm?)

Calculated
Yield -
Stress
(x 1000 psi)

Neutron Fluence Concentration Mean
(x 1022 n/em?) of Voids Void
(x 10¥%/em®)  Diameter

0,1 MeV <«0.414 eV (°a)
0 0 0 0
1.2 1.5 -— ——-
2.8 3.6 0.1 200
4.5 5.7 —— ———
6.0 7.6 1.4 310
7.3 9.3 . ———
8.3 10,5 - —
2.2 11.6 1.9 370

0.2

2.3

2 to 3

44,0

44.9

48.0

*Measured yleld stresses

are teken from a smooth-line fit of the-broader experimentel date given in ref. 5.

Measuredst

(x 1000 psi)

oc



" Table 3. Swelling from Voids and Silicon Precipltate in Irradiated 6061 Alloy

Estimated
Neutron Fluence (x 1022 n/em?) Measured Swelling from Swelling Measured
> 0.1 Mev < 0.414 eV Swelling from Silicon from Voids Denslty

Voids (%)  Precipitate (%) and Silicon (%) Decrease (%)

2.8" 3.6 < 0,01 0.17 ~ 0,18 0.18
6.0 7.6 0.2 0.23 ' 0,47 0.60
9.2 11.6 0.68 0.35 1.03 1.06

CR3

T
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Fig. 1. -Geomebtry of\ the dogbone-~-shaped tensile specimen.




,
L h /, .‘..v-. . . ~ 1‘ el e e, d
- . . R ~
> . w* eas "
| DY L SIS e L s T oD i.nnl...s-‘“-’l - 4..“'&&....__&_“& PRI u Af“_‘_‘“e 2y’ ‘( 50 “

\>

Ry .

e

Fig, 2. Microstructure of 6061 aluminum from an unirradiated HFIR
target b&s:’.et (2) Large inclusions near grain boundaries which are denuded
of the finé'Coherent Mg.3i precipitate. Regions of the matrix imaged in
absorption contrast reveal only large Mg»Si rods (arrowed) and do not show
the fine coherent MgsSi precipitate. (b ) At higher magnification, denudis:
of the fine coherent Mgs;Si precipitate is clearly demonstrated around some
of the large M¥gpSi rods as well as near the grain boundary.
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» 2. Microstructure of 606l aluminum from an unirradiated HFIR
sret, (a) Large inclusions near grain boundaries which are denuded

*iné' coherent Mg,Si precipitate. Regions of the matrix imaged in

on contrast reveal only large Mg2,Si rods (arrowed) and do not show
coherent Mg,Si precipitate. (b) At higher magnification, denuding

ine coherent Mg,Si precipitate is clearly demonstrated around scme
ge MgzS1i rods as well as near the grain boundery.
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. Fig. 3. Microstructure of 6061 aluminum irradiated at 60°C to fluences
of 9.2 x 1022 nfem?® & 0.1 MeV) and 1,2 x 1023 nfen® (thermal). (a) Clustering
of wvoids near grain boundaries and near large MgoSi rod-like precipitate
particles. (b; At higher magnification the clustering of woids near the
large MgaS1 rods is more obvious and instances of voids having undergone
coalescence are arrowed. The {ine background precipitate is transmutation-
produced silicon. Both (a) and (b) were recorded under absorption contrest.
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Fig. 4. Microstructure of irradiated 6061 aluminum recorded using
diffraction contrast to reveal the dislocation structure and a high )
concentration of fine precipitate particles.
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