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bstract

CALPHAD assessment of the thermodynamic properties of a series of Pu-based alloys is briefly presented together with some results on the
inetics of phase formation and transformations in Pu–Ga alloys.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermodynamics undeniably remains a crucial component
f the decision-making process for predicting the performance
f materials. Indeed, an accurate knowledge of materials ther-
odynamics is key to understanding, among others, chemical

nd mechanical stabilities, aging, corrosion, and wear-resistance
roperties, microstructure and related properties as functions of
lloy composition, temperature, pressure, irradiation, applied
tress, etc. Traditionally, two very different approaches have
een taken in the theoretical/computational study of alloy phase
tability and phase diagrams.

One approach is based on first-principles, quantum mechani-
al methods that allow one to determine alloy energetics through
he performance of electronic structure calculations. Alloy sta-
ility and order can be predicted at zero temperature, and with a
roper combination of ab initio and statistical mechanics based
n a generalized mean-field theory or Monte Carlo simulations,
lloy thermodynamics and phase diagrams can also be predicted
t finite temperature [1,2]. In addition, ab initio methods provide

fundamental understanding of alloy properties and their trends
ccording to the specific scattering behavior of electrons in
olids. However, ab initio approaches are limited to the study of
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elatively simple alloy systems in terms of structure and number
f alloy components, and there are still challenges (see below).
espite these limitations, ab initio approaches have been devel-
ped to the point where they can produce useful phase diagrams
among solid phases, since the liquid still offer challenges) for
inary systems [2].

Another approach is based on a semi-empirical thermo-
hemical treatment in which a large number of experimental data
re used to extract parameters describing alloy energetics and
roduce useful information on phase equilibria. This approach
as been developed primarily through the efforts of the CAL-
ulation of PHAse Diagrams (CALPHAD) community [3–5],
nd has reached the stage where phase diagrams and stabil-
ty maps for complicated multi-component commercial alloys
an be investigated with great accuracy. The most commonly
vailable CALPHAD-based software packages can be used to
imulate physical and thermodynamic behavior of commercial
rocesses, and when combined with kinetic models, the CAL-
HAD approach can address not only statics but also kinetics
f phase transformation in complex alloys. However, the lack of
xperimental data very often prevents the design of robust and
eliable thermodynamic and kinetic databases on which CAL-
HAD heavily relies on.

These two approaches have evolved more or less indepen-
ently, often with contentious issues of accuracy and insight

enerated by either camp. Although both approaches are char-
cterized by inherent limitations that would prevent them from
volving into a fully satisfactory computational tool on their
wn, it appears that the limitations and drawbacks of one
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pproach correspond essentially exactly to the advantages of
he other, and this is even more true when experimental data are
acking. Hence a merger of these two approaches into a common
et of tools, and able to access the same common database would
lleviate many of the drawbacks of either technique, and would
esult in a very powerful predictive tool in materials process-
ng technologies, as needed in particular in plutonium science
here very often experimental data are sparse. Such a merger
as been recently proposed [6–9] with the establishment of ab
nitio-CALPHAD interfaces that made clear how the two meth-
ds complement each other in the most efficient fashion in order
o meet their common goal, namely the calculation of phase sta-
ility trends and phase diagrams of multi-component industrial
lloys, i.e., the Holy Grail of alloy physics and computational
aterials science.
Unfortunately, despite the recent progress made in analyzing

he impact of electron correlations on equilibrium properties
nd phonon spectra in pure metals such as Pu with ab initio
lectronic structure calculations based on the dynamical mean-
eld theory [10,11] and most recently with the implementation
f the self-consistent GW approximation [12,13], an accurate
etermination of the energetics of pure Pu and its alloys still
ffers paramount challenges. Furthermore, no formalism exists
t present to treat on an equal footing both the disordered alloy
roblem and electron correlations. It is worth mentioning that the
esults for plutonium obtained with electronic structure methods
ased on “standard” density functional theory with a treatment
f electron correlations within the generalized gradient approxi-
ation (GGA) [14,15] predict a magnetism that is not observed

xperimentally [16]. Hence, before reliable input from ab initio
alculations to thermodynamic databases becomes a reality for
u-based alloys, statics and kinetics of phase transformations

n these alloy systems have been modeled with a scheme that
ouples fundamental information on alloy energetics obtained
rom experimental and assessed thermo-chemical data to the
ALPHAD approach. In the present paper, only the most salient

esults are being reported. In Section 2, the CALPHAD method-
logy is briefly recalled. Then, in Section 3, the CALPHAD
pproach is applied to the statics of phase transformations in
series of binary and ternary Pu-based alloys. In Section 4,

ome results on kinetics of phase transformations in Pu–Ga
lloys are discussed, before concluding remarks are made in
ection 5.

. What is CALPHAD?

CALPHAD is a combination of: (i) models for describing
he thermodynamics of various phases in unary systems and

ulti-component alloys, (ii) Gibbs energy model parameters,
nd (iii) assumptions on lattice stability [4]. It is the modeling
f the Gibbs energies of individual phases and the coupling of
hase diagram and thermo-chemistry that make CALPHAD a
owerful approach to computational thermodynamics of multi-

omponent materials. Model selection for the Gibbs energy of
ach phase depends on the crystal structure, the chemical order,
nd the known properties (such as magnetism). For pure ele-
ents the most commonly used Gibbs energy functions are those

c
i
q
i

Compounds 444–445 (2007) 28–35 29

uggested by the Scientific Group Thermodata Europe (SGTE)
17,18], namely

GΦ
m(T ) − HSER

m (298.15 K) = a + bT + cT ln T +
∑

n

dnT
n

(1)

or a pure metal m in a specific structure Φ, where HSER
m is the

nthalpy of the element m in its stable state at room temperature
nd ambient pressure, and the coefficients a, b, c, and dn are the
odel parameters.
For a stoichiometric compound, the Gibbs energy only

epends on temperature, and is given, in its simplest form, by

A1A2···(T ) =
∑

i

ci
0GΦi

i (T ) + a + bT (2)

here (a + bT) represents the Gibbs energy of formation of a
pecific compound formed from the pure elements considered
n their states Φi with compositions ci. These states can be a
iven phase (structure), identical to the one of the compound,
he SER state of each element, or any other reference states. The

odel parameters a and b represent the enthalpy and the entropy
f formation of the compound, respectively.

For a multi-component solution phase, the Gibbs energy has
he following general expression:

Φ −
∑

i

ciH
SER
i (298.15 K) = 0GΦ + idealGmix + xsGΦ

mix

(3)

here 0GΦ is the contribution from the mechanical mixing of
he pure components i with the structure Φ,

∑
ici

0GΦ
i , idealGmix

s the ideal mixing contribution, RT
∑

ici ln ci, and xsG
φ
mix is

he excess Gibbs energy of mixing due to non-ideal interactions
hat is given by

sGΦ
mix =

∑

i

∑

j>i

cicj

p∑

k=0

kLΦ
ij (ci − cj)k (4)

here kLΦ
ij is a kth-order so-called Redlich–Kister interaction

etween species i and j for a given structure Φ, expressed by a
olynomial in temperature (In the present assessments, k ≤ 2,
nd the L interactions are at most linear functions of tem-
erature). More involved models also exist to describe phases
hat exhibit order–disorder transformations based on multi-
ublattices [4].

It should be clear by now that because of the model defini-
ions, one has to assume that a thermodynamic description can
e associated, even in the case of an unstable structure, with
ny structure for a unary system, and with any structure and
tomic configuration in the case of a multi-component system.
lthough these assumptions of “lattice stability” can be consid-

red as a matter of convenience in the CALPHAD approach,
hey raise serious questions on the legitimacy of results on heats
f formation or transformation, even at zero temperature, in the

ase of ab initio calculations. This has been the subject of last-
ng debates between the two communities over the years, and the
uestion has been (may be) put to rest during a recent workshop
n Germany [8].
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. Statics of phase transformation in some pu-based
lloys

In this section we briefly summarize some of the recent results
btained for several binary and ternary Pu-based alloys. In the
ase of pure Pu, the CALPHAD description of the Gibbs func-
ions for the six allotropes and the liquid state is well established
16]. Indeed, with the use of the Thermo-Calc application soft-
are [19] the transition temperatures and the heats of transfor-
ation compare favorably with those obtained experimentally
ith differential scanning calorimetry [20], for example. These
ata can be used for comparison with ab initio results when avail-
ble, and the same remark would apply to the alloy energetics
ssessed by CALPHAD.

Note that contrary to previous phase diagram assessments that
ave been done for some of these alloys in a narrow composition
ange, all compounds and solution phases have been included
n each assessment since stability is a global property that, in
rinciple, involves a thermodynamic knowledge in the entire
ange of compositions. As a result of the optimization, the Gibbs
nergy associated with each phase is constrained, and a self-
onsistent set of thermodynamic data is generated that can then
e invoked for studying multi-component alloys. Details of these
ssessments will be reported elsewhere.

.1. Pu–Ga phase diagram

The input information consisted of the experimental invariant
oints and lines of the phase diagram and the high-temperature
hase boundaries, and a set of initial values for the heat of for-
ation of various compounds [20–23]. In the case of pure Ga the

hermodynamic properties of the two allotropes and the liquid
hase have been taken from Ref. [18]. It is important to stress
hat during the optimization, the emphasis (statistical weight)
as put on the high-temperature (HT) part of the phase diagram,
nd therefore, the low-temperature (LT) part comes out as a pre-
iction. In particular, little emphasis was put on the LT stability
f the δ phase since its domain of existence as indicated in the
ssessed phase diagram is not precisely defined [24], see Section

a
t
I
p

Fig. 1. CALPHAD assessment of the Pu–G
Compounds 444–445 (2007) 28–35

. The calculated Pu–Ga phase diagram is shown in Fig. 1(a).
he overall features of the calculated and experimental phase
oundaries are similar, and the strong asymmetry of the phase
iagram is a result of the variation of the heat of formation with
lloy composition.

Based on the present assessment of the Pu–Ga phase diagram,
he existence of a low lying eutectoid invariant line in the Pu-rich
egion at about 57 ◦C with xGa = 0.0784 (about 2.37 wt.% Ga)
s consistent with the Russian experimental results [25–28] that
ave been at the origin of the controversial debates among scien-
ists from the USA and the former Soviet Union during the Cold

ar. Although Adler drew similar conclusions in the early 1990s
T = 81 ◦C and xGa = 0.079) [29], the underlying thermodynam-
cs is quite arguable since his assessment was only performed
or the Pu-rich portion of the phase diagram, thus leading to
uite inaccurate numerical expressions for the Gibbs energies.
he Pu-rich portion of the Pu–Ga phase diagram is shown in
ig. 2(a) together with experimental points from the Russian
ork. It is worth noting that the CALPHAD boundary of the

wo-phase region δ + Pu3Ga lies on the left (i.e., at lower Ga com-
osition) of the experimental results. This result was expected
ince the slow kinetics of formation of Pu3Ga precipitates in
he fcc matrix, especially at LT (see Section 4.1), prevents the
bservation of small phase fractions of this phase.

.2. Pu–Al phase diagram

Performed in the same spirit alluded to above, the assess-
ent of the Pu–Al thermodynamics led to the phase diagram

hown in Fig. 1(b). The input information consisted of the exper-
mental invariant points and lines of the phase diagram and the
igh-temperature phase boundaries, and a set of initial values
or the heat of formation of various compounds [21–23]. The
hermodynamic data for pure Al have been taken from Ref.
18]. Once again, an eutectoid decomposition, δ → � + Pu3Al

t T = 95.02 ◦C and xAl = 0.0862 is predicted, which is consis-
ent with the Russian results, as shown in Fig. 2(b) [25–28].
t is worth noting that the CALPHAD boundary of the two-
hase region δ + Pu3Al lies, once again, on the left (i.e., at

a (a) and Pu–Al (b) phase diagrams.
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ig. 2. Predicted Pu-rich portions of the Pu–Ga (a) and Pu–Al (b) phase diagr
24]. Experimental Russian results from Refs. [25,26] are indicated by crosses
he references to color in this figure legend, the reader is referred to the web ver
ower Al composition) of the experimental results, as expected
see remark in the Pu–Ga case). The apparently better agree-
ent in the case of Pu–Al than Pu–Ga between prediction and

xperimental determination of the invariant eutectoid line, as

n
t
l
P

Fig. 3. Isothermal sections of the ternary Pu–Fe–Ga (top) and Pu–Fe–Al
o be compared with the American equilibrium phase diagrams shown in Ref.
e (red) dashed lines indicate experimental extrapolation. (For interpretation of
f the article.)
oted in Fig. 2, can be attributed to a less severe extrapola-
ion of the experimental data toward the invariant line that is
ocated at higher temperature (kinetic factor) in the case of
u–Al.

(bottom) alloy phase diagrams at 800 ◦C (left) and 300 ◦C (right).
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.3. Pu–Fe–Ga and Pu–Fe–Al phase diagrams

Together with the assessment of the Fe–Ga and Fe–Al phase
iagrams (not shown) and modifications to the assessed thermo-
ynamic data for Fe–Pu [30], the thermodynamic properties of
he two ternaries could be carried out within a Muggianu descrip-
ion [4]. It was assumed that no ternary compounds could form in
u–Fe–Ga, whereas in the case of Pu–Fe–Al, an experimentally
bserved compound at the composition PuFeAl was accounted
or [31]. Hence the ternary phase diagrams are constructed from
he data pertaining to the three binary subsystems. In Fig. 3 two
sothermal sections of the phase diagrams are shown. The first
olid phase to form in both cases is pure iron with the bcc struc-
ure (�-Fe) followed by the compound PuGa2 and PuAl2 in the
ase of Pu–Fe–Ga and Pu–Fe–Al, respectively. Also note that
hatever the composition of Fe is (even at the ppm level) in Pu-

ich alloys, the isothermal section of the ternary phase diagrams
t 300 ◦C clearly indicates that precipitation of Pu6Fe is unavoid-
ble. Since this is a complex phase (D20 of MnU6 type), it is very
ikely that its nucleation will occur in a region where fluctuations
f alloy composition exist, in particular at grain boundaries (as
s usually the case with the formation of complex phases). To
omplete the study of these ternary phase diagrams we present
n Fig. 4, as an example, the liquidus-surface projection with the
rimary fields of crystallization in the case of Pu–Fe–Al. The
iagram shows the isotherms between 500 and 1500 ◦C as lines
radually colored from red to yellow. The liquidus valleys that
eparate the various fields of primary crystallization are shown as

lue solid lines with arrows indicating the direction toward lower
emperatures. The liquidus surface of Pu–Fe–Al is dominated by
hree large fields of primary crystallization that correspond to the

ig. 4. Liquidus-surface projection for the ternary Pu–Fe–Al alloys including
he fields of primary crystallization. Below a 1000 ◦C the liquidus lines are
isplayed every 50 ◦C down to 500 ◦C. The number n associated with each full
ircle along the liquidus valleys (blue solid lines) corresponds to a temperature
f (250 + 125n) ◦C. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)
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wo compounds PuAl2 and PuFeAl, and the bcc solid solution,
nd to some extent the PuFe2 field. These three major fields
onverge toward a flat region at about 1200 ◦C (cf. cluster of
umbers 7 in Fig. 4 around 45 at.% Fe and 40 at.% Al). The first
hase to form, as discussed above, is �-Fe (bcc) at 1538 ◦C. The
wo compounds PuAl2 and PuFeAl shape the liquidus surface
ince they melt congruently at about 1490 and 1260 ◦C, respec-
ively. Conclusions of a similar type can be drawn in the case of
u–Fe–Ga. Note that liquidus-surface projections are in general
seful to predict the solidification path of alloys starting from a
pecific composition. For example, according to the results dis-
layed in Fig. 4 for Pu0.5Fe0.1Al0.4 (see yellow lines), the first
hase to solidify at about 1210 ◦C is the PuAl2 compound.

Hence, to conclude this section, a complete thermodynamic
ssessment of the Pu–Ga phase diagram in the entire range
f alloy compositions was performed. Excellent agreement
etween experiment and modeling was achieved for the upper
art of the phase diagram, and for the energetics that has been
erived from the optimization process. From the prediction of a
ow-temperature eutectoid phase decomposition in the Pu-rich
ortion of the Pu–Ga and Pu–Al phase diagrams, we conclude
hat the δ (fcc) solid solution is metastable at room temperature,
nd the decomposition of δ into �-Pu and the ordered phase
u3Ga (Pu3Al) is expected under equilibrium conditions. In
ther words, a thermodynamic driving does exist and is promot-
ng phase decomposition even if it occurs at low temperatures.
ence, if aging of the Pu–Ga and Pu–Al alloys should occur, the

tudy of the kinetics of phase decomposition is crucial to esti-
ate the time at which such decomposition should take place.
ince large volume changes and a ductile to brittle transition (δ

s ductile whereas α, Pu3Ga, and Pu3Al are brittle) accompany
his decomposition and can compromise the structural integrity
f the alloy (because of dimensional distortions), kinetic studies
f Pu-rich alloys become even more relevant. Finally, on a more
echnical note, if new qualified experimental results or ab ini-
io data are made available, the optimization procedure could be
sed to fine-tune the present results. The study has been extended
o the ternary Pu–Fe–X alloys, X = Ga, Al, and it was shown that
he precipitation of Pu6Fe compounds is unavoidable. Liquid
urfaces have been calculated and could be used to guide the
election of a few alloy compositions to validate the predictions.

. Kinetics of phase transformations in Pu–Ga alloys

As alluded to before, the answer to the question “how long
ould it take for the Pu3Ga compound to form from the fcc-
ased (δ) matrix, and for the eutectoid phase decomposition
o occur in Pu-rich Pu–Ga alloys at the predicted tempera-
ure of 57 ◦C?” would put an end at the historical controversy
etween the American and Russian versions of the Pu–Ga phase
iagram. To address this question we made use of the Diffusion-
ontrolled TRAnsformation (DICTRA) application software

19,32] to solve the diffusion equations, calculate the thermody-

amic driving force, solve the flux-balance equations, and finally
redict the displacement of phase-interface positions. The ther-
odynamic driving force is calculated with Thermo-Calc based

n the results of the assessment of the Pu–Ga phase diagram
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resented in Section 3.1, whereas the information that enters
he mobility database in use with DICTRA has been generated
rom a critical assessment of available data [33–37]. At the end
f this section, we present a study on the kinetics of martensitic
hase transformation that occurs in Pu–Ga alloys at very low
a content in the range 0.5–2.0 at.% Ga and well below room

emperature.

.1. Kinetics of formation of Pu3Ga from a δ matrix in
u–Ga alloys

Kinetic-model calculations were performed to study the for-
ation of Pu3Ga from a δ matrix of Pu–Ga as a function of

lloy composition. Obviously, as already anticipated the higher
he temperature is, and therefore the higher the thermodynamic
orce is, the shorter the time for Pu3Ga formation is, as can
e concluded from the temperature–time–transformation (TTT)
urves shown in Fig. 5. Furthermore, the higher the Ga com-
osition is, the shorter the time for transformation is, because
f the evolution of the thermodynamic driving force with alloy
omposition. This study also shows that at low temperatures the
inetics of phase formation is rather slow, and therefore from an
xperimental standpoint one can understand why the determina-
ion of the two-phase region becomes inaccurate. Note that the
ime for formation found with this model and its kinetic database
s compatible with those found experimentally by Ellinger et al.
38].

.2. Kinetics of eutectoid phase decomposition in Pu–Ga
lloys

Kinetic modeling was applied to the study of diffusion-
ontrolled transformation in the case of the eutectoid reaction
→ α + Pu3Ga with DICTRA. The TTT curve associated with a
% rate of transformation is shown for the two separate reactions
n Fig. 6. Close to the temperature of the eutectoid decomposi-

ion, the time for transformation is about 1.5 × 106 years, which

eans that Pu has long time decayed before equilibrium could
e reached! This conclusion was confirmed by modeling the
rue eutectoid reaction. Hence, although the “American” ver-

a
s
t
t

Fig. 5. TTT curves for the formation of a Pu3Ga compound from a δ matrix
r the Pu3Ga compound, with a transformation rate of 5%. (For interpretation
f the references to color of this figure legend, the reader is referred to the web
ersion of the article.)

ion of the phase diagram describes metastable equilibria at low
emperatures, the actual equilibrium eutectoid transformation is
efinitely inhibited by diffusion alone.

.3. Kinetics of martensitic transformation in Pu–Ga alloys

To study the early stage of the δ → α isothermal martensitic
ransformation, the model of martensite nucleation proposed
y Cohen and Kaufman (CK) [39], and successfully applied to
e–Ni alloys, was adopted. In this model, the main idea is that
heterogeneity must pre-exists beyond a critical size, and to

apidly transforms in a martensite, this embryo must go through
number of growth steps that are thermally activated. In the

resent case, since detailed experimental information is lacking,
rate control reaction at the highest Ga contents (i.e., between
.0 and 2.0 at.% Ga) that involves the δ to γ (around –130 ◦C)
nd δ to � (around −160 ◦C and −90 ◦C at 1.9 and 0.7 at.%
a, respectively) transformations, as suggested by Deloffre et
l. [40], was proposed to explain the transition from double to
ingle C-shape of the TTT curves with a decrease in Ga con-
ent. Despite the constraints imposed on the model parameters,
he results shown in Fig. 7 account fairly well for the change

of Pu–Ga solid solution with 12 at.% Ga (left) and 17 at.% Ga (right).
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ig. 7. TTT curves associated with various rates of transformation for Pu–Ga a
nd from calculations (bottom).

n temperature and time scale of the early stage of martensite
ucleation with alloy composition, and for the transition from
ouble to single C-curve with a decrease in Ga composition, in
greement with those from Orme et al. [41]. As a final note, the
cenario proposed here only illustrates the feasibility of explain-
ng the transition from double to single C-curve, and more in
itu work on time-resolved structural information as a function
f temperature is required to bring a definite answer.

. Conclusions

Thermodynamic assessment of several equilibrium Pu-based
hase diagrams in the whole range of alloy compositions has
een performed. Predictions are made on the LT Pu-rich side
f the phase diagrams of Pu–Ga and Pu–Al for which contro-
ersy has been noted in the past. The validity of the assessed
hermo-chemical database can be advantageously compared
ith experimental data or with ab initio results when avail-

ble. An overall picture for the stability properties of Pu–Ga
hat reconciles the results of past studies carried out on this
lloy system is proposed. Together with results on phase sta-
ility in Pu–Fe, Fe–Ga, and Fe–Al binary alloys, isothermal
ections of the ternary Pu–Fe–Ga and Pu–Fe–Al systems are
redicted. The information collected in this study was then used
o model metastability, long-term stability and aging by cou-
ling the assessed thermodynamic and mobility data to study

iffusion-controlled transformations and predict some relevant
TT diagrams for Pu–Ga alloys. In particular, it is shown that

he kinetics of eutectoid phase decomposition that occurs at low
emperature is extremely slow. Finally, the TTT curves asso-
with (a) 0.7 at.% Ga and (b) 1.9 at.% Ga: results from experiments (top) [40],

iated with the early stage of martensitic nucleation that takes
lace at low Ga content in Pu–Ga alloys display characteris-
ic time scales and double or single C-shape depending on Ga
omposition.
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