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bstract

Based on the results of thermal expansion measurements of aged �-phase Pu–Ga alloys and comparisons with historical bulk density, thermal
xpansion, and X-ray diffraction data of �-phase Pu–Al and Pu–Ga alloys, it is being proposed that Pu-solute atom mixed 〈1 0 0〉 dumbbell
nterstitials, generated by damage processes, induce volumetric swelling and impede � → �′ Martensitic transformation in these alloys. Damage
nduced volumetric swelling in �-phase Pu–Al and Pu–Ga alloys is distinct from swelling induced by He bubble formation in that it appears to
aturate as a function of damage eventually reaching a constant value which is linearly dependent on solute element atomic concentration. Based
n arguments offered in this work, each Pu-solute atom mixed 〈1 0 0〉 dumbbell interstitial creates a strain field of approximately 4.8 times the Pu

tomic volume over some 20 Å in extent. As the interstitial concentration increases with damage, so does the volumetric swelling up to the point of
aturation with a concentration of 1% of the solute atomic concentration. These interstitials appear to anneal out at temperatures of 150 to 200 ◦C.
his relatively high thermal stability is possibly due to an altered local bonding environment for the Pu-solute atom interstitial pair and first-nearest
eighbors in response to reduced coordination number and lattice strain field.
ublished by Elsevier B.V.
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. Introduction

In 1958, Bochvar et al. authored a paper in which the binary
hase diagram for the Pu–Al system exhibited a stabilized �-
hase field which extended to compositions no greater than 14
t.% and to temperatures no lower than 175 ◦C, at which point the
lloy undergoes a eutectoid decomposition into �-Pu and Pu3Al
1]. This observation sparked a controversy over the correct �-
hase field portion of the Pu binary phase diagram, a controversy
hich has not yet been resolved but is likely related to crys-

allographic changes associated with self-irradiation damage.
his �-phase field meta-stability was sited in 1961 by Ellinger,
and and Miner when discussing observed X-ray diffraction
ata for stabilized �-phase Pu–Al alloys, which had been aged
t ambient temperatures for 10 years [2]. In this work, Ellinger

t al. witnessed an aging related lattice expansion (∼0.1%) in
u–Al alloys varying in composition from 11.5 to 12.8 at.%
nd attributed this swelling to lattice defects. Similarly, in 1975
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hebotarev and Utkina reported observing damage induced lat-
ice expansion (<0.2%) in �-phase Pu–Al and Pu–Ga alloys,
xpansion which saturated as a function of damage to a constant
alue increasing linearly with alloy concentration, whether the
aterials had undergone mechanical shear or self-irradiation

amage [3]. Based on this experimental data, Chebotarev et
l. attributed this lattice expansion to a crystallographic mod-
fication, a lattice distortion in the face-centered cubic (fcc)
tomic positions. Later work by Inozemtsev et al. showed lat-
ice swelling of similar magnitude in Pu–Al and Pu–Ga alloys
xposed to neutron-irradiation [4]. In all reported cases of this
ehavior, the volumetric expansion was relieved by annealing
he alloys at temperatures up to 250 ◦C [2–4].

Interstitial defects in crystalline structures have often been
ited as explaining thermo-physical and mechanical changes
hich result from the accumulation radiation or mechanical
amage. The most stable interstitial atomic configuration of fcc
etallic elements is that of the 〈1 0 0〉 split interstitial or 〈1 0 0〉
umbbell interstitial [5] where two atoms share an axis aligned
long the crystallographic 〈1 0 0〉 direction. These defect
tructures were first uniquely identified in electron-irradiated
l single crystals via diffuse X-ray scattering as inducing
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mation to completion. All runs were corrected for the thermal expansion of the
silica sample holder.

The results from the high temperature and low temperature thermal expan-
sion experiments can be seen in Figs. 1 and 2, respectively. The thermal
F.J. Freibert et al. / Journal of Alloys

lattice expansion and having a tetragonal symmetry [6].
any studies of radiation damage in fcc alloys have shown

hat these defect structures can form at substitution sites as a
ixed 〈1 0 0〉 dumbbell interstitial consisting of an impurity

r solute atom and a host atom and these structures are stable
o temperatures of 200 K or higher [7]. No matter what atoms
ombine to form the 〈1 0 0〉 dumbbell interstitials in fcc metals,
hese defect structures not only generate lattice swelling, but
lso induce unusual changes in the lattice properties such as
ecreased elastic moduli, large thermal atomic displacements,
nd decreased Debye-Waller factors [7].

In addition to the volumetric swelling in the damaged lat-
ice of �-phase Pu–Al and Pu–Ga alloys described above, data
rom elastic constant [8], X-ray diffraction [9], EXAFS [10],
nd neutron diffraction [11] experiments in �-phase Pu–Ga
lloys aged at ambient temperature have shown decreased elastic
oduli, tetragonal lattice distortions, altered Pu–Ga and Pu–Pu

ond lengths, lattice micro-strain, and large thermal atomic
isplacements correlating with similar radiological and thermo-
echanical histories. Since these changes can be attributed to

ltered dynamics in a lattice possessing a strain field of preferred
irection as occurs in the case of 〈1 0 0〉 dumbbell interstitials
n fcc metals [7], these data strongly suggest the existence of

ixed 〈1 0 0〉 dumbbell interstitial in �-phase Pu–Al and Pu–Ga
lloys when compared with other fcc alloys containing mixed
1 0 0〉 dumbbell interstitial induced by either radiological or
echanical damage [7]. The existence of these interstitials could

lso explain the absence of void swelling in aged Pu–Al and
u–Ga alloys under radiation damage conditions, as the forma-

ion of these defect structures has been suggested to reduce void
welling [12]. The current proposal is counter to conventional
sochronal annealing studies in �-phase Pu–Ga alloys in which
rradiation damage accumulated at cryogenic temperatures is
ompletely resolved below 310 K [13]. If mixed 〈1 0 0〉 dumb-
ell interstitial are the source of damage induced volumetric
welling in �-phase Pu–Al and Pu–Ga alloys, then these defects
ust exhibit relatively high thermal stability. This thermal sta-

ility may be found in the altered local bonding environment for
he Pu-solute atom interstitial pair and first-nearest neighbors in
esponse to reduced coordination number and lattice strain field.

The thermal expansion experiments described here were
esigned to explore the phenomenon of self-irradiation damage
elated volumetric changes and other effects of self-irradiation
n �-phase Pu–Ga alloys. Damage caused through mechani-
al, neutron-irradiation, and self-irradiation damage in �-phase
u–Al and Pu–Ga alloys is seen to induce swelling which is
nnealed at relatively high temperatures. These thermal expan-
ion studies of aged �-phase Pu–Ga alloys performed as a
unction of temperature allow for further quantification of the
amage related volumetric changes and further exploration into
he impact of radiation damage on the � → �′ Martensitic trans-
ormation in these alloys.
. Experimental description and results

Thermal expansion measurements were performed on samples from cast
ots of �-phase Pu–Ga alloy (2.0 at.% Ga) with low (<0.03%) and high (7.5%)

F
f
r

ig. 1. Thermal expansion data for self-irradiated �-phase Pu–Ga alloy before
nd after high temperature annealing (>450 ◦C). Crystallographic data [11] is
ncluded to show that annealing removes bulk defects.

38Pu isotopic content for the purposes of determining the effects of increasing
he rate of self-irradiation damage to the lattice [14,15]. Other than Pu isotopic
ontent variation, the analytic chemistry of these alloys were similar with similar
race impurity compositions. All samples utilized for these experiments were
omogenized at a temperature of 450 ◦C for more than 10 h to assure uniform
a concentration and characterized by immersion density to assure a single
hase alloy. Samples were then sectioned with a low speed diamond wheel saw
nd hand lapped to final finish to ensure minimal formation of �′-phase Pu on the
urface due to mechanical damage. There was no evidence of �′-phase Pu due
o mechanical damage in above ambient temperature thermal expansion data;
owever, sample exposure to below ambient temperature did exhibit evidence
f � → �′ Martensitic transformation in thermal expansion data which is typical
or Pu–Al and Pu–Ga alloys in this composition range [16].

Thermal expansion measurements were conducted in a Netzsch 402
ilatometer under high purity He gas atmosphere to minimize surface oxida-
ion and to ensure good thermal control. These measurements were made on
eparate samples at low temperatures (−160 ◦C < T < 150 ◦C) and high temper-
tures (30 ◦C < T < 450 ◦C). Heating and cooling rates of 1 ◦C/min were utilized.
or the low temperature dilatometer run, a hold time of 1 h. was employed at the

owest temperatures to allow the alloys to carry the � → �′ Martensitic transfor-
ig. 2. Thermal expansion data for self-irradiated �-phase Pu–Ga alloy of dif-
ering 238Pu isotopic content exhibiting � to �′ transformation on cooling and
eversion on subsequent heating.
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xpansion data in Fig. 1 comes from a �-phase Pu–Ga alloy (2.0 at.% Ga)
ample with 7.5% 238Pu isotopic content which was exposed to approximately
disintegrations per atom (dpa) of self-irradiation damage [14]. This sample
rogressed through a series of heating runs, each time being brought back to
oom temperature prior to being heated for the next run. All sample lengths
ere normalized to the room temperature value prior to each run. The initial run
f the sample exhibited a volume collapse of approximately 0.15% between the
emperatures of 150 and 200 ◦C. After this volume collapse, the sample appears
o expand almost linearly with temperature up to the melt of the Pu6Fe eutectic
not shown in Fig. 1) which tends to sit in the inter-granular spaces. This linear
hermal expansion is assumed to be a interplay between the lattice contraction
ue to the negative thermal expansion coefficient possessed by this alloy Pu–Ga
nd the lattice expansion which occurs with He bubbles [17]. This sample was
hen taken to 450 ◦C and oven cooled to 30 ◦C.

Within 24 h, this sample with 7.5% 238Pu isotopic content was heated again
nder identical conditions to 450 ◦C and oven cooled to 30 ◦C. During this run
he sample exhibited strikingly similar behaviour to that of a sample of �-phase
42Pu–Ga alloy (2.0 at.% Ga) as determined by neutron diffraction [11]. This
ould indicate that the high temperature exposure during the initial run had

nnealed those defects observable by dilatometry and that bulk and crystallo-
raphic thermal expansion data agree well in this temperature range. The sample
oes show the negative thermal expansion coefficient at temperature higher than
00 ◦C which is typical for 2.0 at.% Ga stabilized �-phase Pu–Ga alloy. At this
oint the He bubbles, which do exist, are so large and have such a low gas pres-
ure that they tend to act as holes in the bulk which contribute only slightly to
he overall thermal expansion of the sample [17,18].

This same sample with 7.5% 238Pu isotopic content was then allowed to sit
nder inert atmosphere for approximately 1 month during which time it accumu-
ated some 0.1 dpa self-irradiation damage. The sample was heated again under
dentical conditions to 450 ◦C and oven cooled to 30 ◦C. During this heating
ycle, the sample exhibited behaviour somewhat similar to the initial heating
un although without the associated volume collapse. However, the sample did
xhibit a small yet perceivable variation from linear behaviour in the region from
50 to 200 ◦C perhaps indicating some defect annealing occurring. Once again,
here is an almost linear thermal expansion at higher temperatures due to the
ombined response of the Pu–Ga alloy lattice and He bubbles.

The low temperature thermal expansion data in Fig. 2 comes from two �-
hase Pu–Ga alloy (2.0 at.% Ga) samples, one containing <0.03% 238Pu isotopic
ontent and the other containing 7.5% 238Pu isotopic content, respectively. Both
amples were observed to have a � → �′ transformation onset temperature at
pproximately −135 ◦C. However, almost eight times less volume (approxi-
ately 0.3%) transformed to �′ in the alloy with 7.5% 238Pu than did in the

lloy containing <0.03% 238Pu isotopic content, which exhibited approximately
.6% by volume �′ transformation. On heating to 250 ◦C, both samples exhib-
ted full reversion (�′ → �) within experimental error initiating at 50 ◦C and
erminating at 150 ◦C.

. Results and discussion

The formation of the mixed 〈1 0 0〉 dumbbell interstitial in
-phase Pu–Al and Pu–Ga alloys in response to mechanical,
eutron-irradiation, and self-irradiation damage is very intrigu-
ng as it would explain the linear increase in lattice constant
ith a linear increase in solute concentration as seen by many

esearchers in damaged alloys [2–4,16,18,19]. In order to gain
nsight of the proposed defect structure and the implications of
ts existence, the lattice distortion due to the interstitial should
rst be determined. Based on the theory of diffuse X-ray scat-

ering on a defect [6], such a defect generates a change in the

cc lattice parameter of

�a

a
= CDP

3VA(c11 + 2c12)
(1)

e
m
d
f
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here CD is the atomic fraction of interstitials or defects, P rep-
esents the trace of the dipole tensor, VA the host lattice atomic
olume, and c11 and c12 are the longitudinal and shear elastic
onstants for the host lattice. For such defects in �-phase Pu–Al
nd Pu–Ga alloys, the values VA = VPu = 1.85 × 10−23 cm3

ased on a Pu atomic radius of 1.64 Å [20], and c11 = 36.3 GPa
nd c12 = 26.7 GPa [21] must be employed. The trace of the
ipole tensor P for most fcc metals ranges from 40 to 60 eV
or a mixed 〈1 0 0〉 dumbbell interstitial depending on the inter-
tomic potential utilized in calculating the atomic displacements
7]. Therefore, a value of P = 50 eV will be assumed for �-phase
u–Al and Pu–Ga alloys. Given these values, the concentration
ependence for fcc lattice parameter change for �-phase Pu–Al
nd Pu–Ga alloys due to mixed 〈1 0 0〉 dumbbell interstitials is

�a

a
= 1.6CD. (2)

From the relationship between the lattice constant and volu-
etric changes in an isotropic material,

�a

a
= �V

V
(3)

he volume change in �-phase Pu–Al and Pu–Ga alloys �V
er one mixed 〈1 0 0〉 dumbbell interstitial is determined to be
.8 VPu. The associated strain field of the interstitial in the local
attice, modelled as a defect of “strength” 4.8 VPu/4�, falls off
s the inverse of the radial distance squared [22], and has mag-
itude of 1% or 0.046 Å at a distance of 10 Å from the defect,
o that the interstitial and the associated lattice distortion may
e considered a sphere of diameter 20 Å.

When a study is made of a historical collective of lattice and
ulk expansion data, a strong correlation is suggested between
he fcc lattice parameter change for �-phase Pu–Al and Pu–Ga
lloys and volume fraction of solute atoms in these alloys. This
orrelation is largely independent of the source of the damage,
hether due to self-irradiation [2,3,16,18], mechanical shear [3],

olling [19], or neutrons irradiation [4]. If the proposal for the for-
ation of mixed 〈1 0 0〉 dumbbell interstitials in �-phase Pu–Al

nd Pu–Ga alloys has validity, then in order to determine the
oncentration of such defects, there must be a determination
f the relation of defect volume fraction to volume fraction of
olute atoms in solution in the �-phase alloys where swelling
as be observed. In Fig. 3, the historic damage accumulation
ata, expressed as �V/V, is plotted as a function of alloy solute
olume fraction in �-phase Pu–Al and Pu–Ga alloys. The nor-
alization of alloy solute volume fraction for �-phase Pu–Al

nd Pu–Ga alloys originates with �-phase alloys being substitu-
ional solid solutions with Al and Ga atomic volumes of 16.6 Å3

nd 19.6 Å3 [23], respectively, in a host lattice of Pu atoms with
tomic volume 18.5 Å3 [20]. These Pu–Al and Pu–Ga solutions

xist at concentrations up to 11% by volume [2]. In order to deter-
ine the ratio of solute atoms incorporated into mixed 〈1 0 0〉

umbbell interstitials to solute atoms in solution, consider the
ollowing. From Eqs. (2) and (3), for mixed 〈1 0 0〉 dumbbell



F.J. Freibert et al. / Journal of Alloys and C

Fig. 3. Historic data and data from this study of �V/VPu plotted as a function
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f alloy solute volume fraction in �-phase Pu–Al and Pu–Ga alloys (reference
umber identifies data source). The line exhibits a linear fit to the data with slope
see text for discussion).

nterstitials in �-phase Pu–Al and Pu–Ga alloys

�V

VPu
= 4.8CD. (4)

As seen in Fig. 3, there is a strong direct correlation between
V/V and alloy solute volume fraction in �-phase Pu–Al and
u–Ga alloys with radiation or mechanical damage, so that to
ood approximation

�V

VPu
= 0.0165

VS

VPu
CS. (5)

The linear fitting coefficient 0.0165 was determined by a best
t to the data in Fig. 3. There are some outlying data in Fig. 3
hich were not included in the fit. It is intriguing that the data for

hese samples do lie on a line of approximately the same slope
f �V(CSVS)−1 = 0.0165 as the other data with a �V/V offset
f −2 × 10−3 at zero age. Perhaps the simplest explanation is
hat the damage in these samples had not generated the nec-
ssary concentration of interstitials to reach the point of �V/V
aturation as observed in the other studies.

By setting the right hand side of Eq. (4) equal to the right
and side of Eq. (5) one finds

CD

CS
= 0.049

4.8

VS

VPu
. (6)

For Al, Eq. (6) yields 0.0093. The calculations here suggest
hat for alloys which have had lattice radiation or mechanical
amage, 0.93% of Al atoms in solution are incorporated into
ixed 〈1 0 0〉 dumbbell interstitials. For Ga Eq. (6) yields 0.011,

mplying 1.1% of Ga atoms in solution are incorporated into
ixed 〈1 0 0〉 dumbbell interstitials. Based on these estimates,

he approximate uniform concentration of these 20 Å defects
ould be 4.4 × 1019 cm−3 as compared with the He bubble
0 Å concentration 1.5 × 1017 /cm−3 reported by Schwartz et

l. [24] Therefore, these defects should be approximately 300
imes more numerous than He bubbles. Such defect structures
re likely to impact phase transformations as witnessed in this
hermal expansion study due to associated lattice strain and to

c
T
t
f
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lter plastic deformation and mechanical yield as seen in �-phase
u alloys due to dislocation pinning effects [25,26].

There are a matter of issues which must be addressed to
ustify the existence of mixed 〈1 0 0〉 dumbbell interstitials in
amaged �-phase Pu–Al and Pu–Ga alloys. One is the matter
f a how crystalline defect which has an associated volume of
attice distortion can be observed by both bulk density and X-ray
iffraction if the defects are not necessarily periodic. Eshelby
ddressed this issue by examining a uniform density of such
efects in a spherical crystal and found that such a configuration
ould give equal X-ray and bulk geometrical expansions [22].
he second issue to be addressed is that in the study of damage

n �-phase Pu–Ga alloys by isochronal annealing experiments,
onsisting of accumulating damage at low temperatures and
easuring electrical resistivity (e.g., a damage proportional

uantity) with ever increasing temperatures, �-phase Pu–Ga
lloys exhibit behaviour to suggest that vacancies, interstitials,
nd dislocations are annealed in stages well below the tem-
eratures at which these defects appear to exist. Conventional
sochronal annealing studies in �-phase Pu–Ga alloys exhibit
rradiation damage, accumulated at 10 to 20 K, to be completely
nnealed at a Stage V recovery of 310 K [13]. Perhaps the ther-
al stability of the mixed 〈1 0 0〉 dumbbell interstitials defect
ay be explained by the mechanics and temperature scales of

ormation. As radiation or mechanical damage is suffered by
he lattice, the solute atom becomes wedged in an interstitial
osition. Due to the relatively high temperatures (i.e., ambient
emperatures) at which this event takes place, the lattice then
as time to accommodate the resultant lattice distortion without
xtensive lattice fracture and broken bonds as might be residual
rom damage at cryogenic temperatures. The Pu-solute atom
nterstitial pair, first-nearest neighbors, and the extended lattice
cquire an energy balance through a reduced coordination
umber and lattice strain field. This damage accumulated
t higher temperature appears to form these stable defect
tructures perhaps lending to the belief in the meta-stability
f �-phase Pu–Al and Pu–Ga alloys as proposed by Bochvar
t al. [1].

Theoretical and experimental research has been conducted
n �-phase Pu–Ga alloys to explore the interaction between
e bubble formation and radiation damage [17,24,27], but the
echanics of this phenomenon is not completely understood.
owever, the He bubble growth and population in stabilized
-phase Pu alloys is apparently moderated by continuous radia-
ion damage of the lattice through the mechanism of resolution
17]. Perhaps the mechanism that drives the total number of
u-solute atom mixed 〈1 0 0〉 dumbbell interstitials to saturation

n �-phase Pu–Al and Pu–Ga alloys is also radiation damage
esolution. In such a picture, the continuous damage and
nnealing of damage in the lattice eventually generates a fixed
oncentration of mixed 〈1 0 0〉 dumbbell interstitials which is
roportional to the solute concentration. Further increase in
he concentration of interstitials is limited by the continuous
reation and annihilation of interstitials and saturation occurs.

his phenomenon requires further investigation. In addition

o the thermal expansion data presented here as an argument
or mixed 〈1 0 0〉 dumbbell interstitials in damaged �-phase
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u–Al and Pu–Ga alloys, there are data acquired through other
echniques which support this proposal. Migliori et al. have
bserved elastic constant decreases with time in �-phase Pu–Ga
lloys, an indication of defect structure formation as a function
f radiation damage [8]. These elastic constant decreases
ary in magnitude with temperature, thus indicating a subtle
nterplay between radiation damage formation and damage
nnealing processes which are constantly occurring at ambient
emperatures.

. Conclusions

The existence of 〈1 0 0〉 dumbbell interstitials, the most
table interstitial formation for the fcc lattice, accounts for
hermo-physical and mechanical changes which result from

echanical and radiation damage accumulation. Many studies
f radiation damage in fcc alloys have shown that these defect
tructures can form at substitutional impurity sites as a mixed
1 0 0〉 dumbbell interstitial consisting of an impurity atom. The
bserved thermal expansion behaviour of aged �-phase Pu–Ga
lloys when compared with historical bulk density and X-ray
iffraction data of �-phase Pu–Al and Pu–Ga alloys, strongly
uggests the generation of Pu-solute atom mixed 〈1 0 0〉 dumb-
ell interstitials by damage processes, thus inducing volumetric
welling and impedance to � → �′ Martensitic transformation.
ased on experimental data, both recently acquired and recorded

n scientific literature from mechanical, neutron-irradiation,
nd self-irradiation damage data, an argument for the formation
f these defect structures has been established. Estimates show
hat these Pu-solute atom mixed 〈1 0 0〉 dumbbell interstitials
ave an associated volume change of �V = 4.8 VPu, extend
pproximately 20 Å in diameter, the total population comprising
pproximately 1% of the solute atoms in these alloys. Volumetric
welling, as observed in these materials in all cases of damage,
s removed at temperatures in the range of 150–200 ◦C. The rela-
ively high thermal stability of these proposed defect structures,
hen compared to conventional isochronal annealing studies,
ay be originate in the reduced coordination number and lattice

train field associated with an altered local bonding environment
or the Pu-solute atom interstitial pair and first-nearest neigh-
ors. The concentration of these Pu-solute atom mixed 〈1 0 0〉
umbbell interstitials, which appears to saturate as a function
f damage to a value proportional to the solute concentration,
s likely controlled by radiation damage resolution.
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