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Abstract: The interaction of actinides and actinide alloys such as the δ-stabilized Pu-Ga alloy with
iron is of interest to understand the impurity effects on phase stability. A newly developed and
self-consistent CALPHAD thermodynamic database is presented which covers the elements: Pu, U, Fe,
Ga across their whole composition and temperature ranges. The phase diagram and thermodynamic
properties of plutonium-iron (Pu-Fe) and uranium-iron (U-Fe) systems are successfully reassessed,
with emphasis on the actinide rich side. Density functional theory (DFT) calculations are performed
to validate the stability of the stoichiometric (Pu,U)6Fe and (Pu,U)Fe2 compounds by computing
their formation enthalpies. These data are combined to construct the Pu-U-Fe ternary phase diagram.
The thermodynamic assessment of Fe-Ga is presented for the first time and application to the
quaternary Pu-U-Fe-Ga system is discussed.
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1. Introduction

The interest in actinide elements is due to their complex physics and extends across many nuclear
applications; specifically, plutonium and uranium, that are studied by various government entities,
largely to focus on energy production. In that context, the phase stability with respect to chemical
composition and temperature is paramount to understanding actinide materials behavior under normal,
extended/aging and off-normal (accident) conditions. In this work, the focus lies in the effects of iron (a
common impurity) on actinide (An) phase stability. In general, Fe has limited solubility in the actinides
themselves, but can easily form the stoichiometric composition Pu6Fe and U6Fe, in addition to higher
iron containing compounds (PuFe2 and UFe2). Since experiments can be rather tedious and expensive
for actinide systems, computational models, such as the CALPHAD method is applied. Emphasis
on Pu alloys with Ga acting as δ-stabilizer (fcc phase of plutonium) and U acting as a transmutation
product are studied across potential composition and temperature ranges to elucidate phase relations
with Fe acting as an impurity. Except for the Fe-Ga system, the binary systems included in this study of
the Pu-U-Fe-Ga system have been extensively characterized in experiment (see literature review below)
and preliminary thermodynamic models exist in the literature [1–7]: Pu-U [1], Pu-Fe [2,3], Pu-Ga [1],
U-Fe [3,4], U-Ga [5,6], Fe-Ga [7].

As the focus is on small amounts of iron (to model impurity effects) this work aims to improve
the currently accepted models of Pu-Fe and U-Fe of [3], especially on the actinide-rich side. Current
shortcomings include little to no solubility of iron in the Pu allotropic phases as well as a neglect of the
catatectic reaction described in the Pu-Fe section below. The liquidus on the Pu-rich side is also refined.
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Similarly, the solubility of iron in tetragonal uranium (β-U) is not well described in the currently
accepted model and overall improvements in the accuracy of the invariant reactions is achieved. The
new CALPHAD assessments are supported by density-functional-theory (DFT) electronic-structure
calculations (i.e., enthalpy of formation of compounds). Finally, this paper includes the first attempt at
modeling the Fe-Ga and An-Fe-Ga systems (with An = Pu, U).

2. Thermodynamic Modeling

2.1. CALPHAD Method

Computational Thermodynamics in the form of the CALculation of PHAse Diagrams (CALPHAD)
method provides self-consistent Gibbs energy functions, for a given phase and/or structure [8], which
are used to calculate equilibrium conditions of multicomponent systems. The model parameters
are optimized using critically selected thermochemical and constitutive data as input. For the pure
elements, the data from the SGTE [9] database is used and is expressed via the following temperature
(T in K) dependent function, for element, x in a given phase, φ:

0Gφ
x = Gφ

−HSER
x = a + bT + cT ln(T) + dT2 + eT3 + fT−1 + gnTn (1)

In the above expression, HSER
x is the molar enthalpy of component x in its standard element

reference (SER) state at 298.15 K and 105 Pa. In the case of the elements described here, the standard
states are α-U (orthorhombic), α-Fe (body centered cubic), α-Ga (orthorhombic) and α-Pu (simple
monoclinic), where crystallographic structures are detailed in Table 1. The following phases: α-U,
α-Pu, β-Pu, γ-Pu and δ’-Pu are treated as fixed compositions (neglecting solubility) and represented
using (Equation (1)). The liquid, bcc (α-Fe, δ-Fe, ε-Pu, γ-U), fcc (γ-Fe, δ-Pu) and β-U are all treated
as solution phases and are modelled as substitutional solutions yielding the following molar Gibbs
energy expression for a given phase φ:

Gφ
m =

∑
i

xi
0Gφ

i + RT
∑

i

xi ln(xi) + physGφ
m + EGφ

m (2)

where the first term represents the mechanical mixing of the end-members (0Gφ

i are the Gibbs energies
of the pure elements in the structural state φ), the second term represents the contribution due to the
ideal entropy of mixing, the third includes physical models such as magnetic contribution and the
fourth term (exGφ

m) represents the excess molar Gibbs energy.
For phases with order-disorder transformations (e.g., bcc_A2/B2), the partitioning model is used,

which means the ordering is described as an addition to the Gibbs energy of the disordered phase so
that the molar Gibbs energy is described as:

Gbcc
m = Gdis

m + ∆Gord
m (3)

where Gdis
m is the contribution to the Gibbs energy based on composition expressed by the disordered

solution phases formulae (independent of the ordering state of the phase), and ∆Gord
m is the additional

Gibbs energy due to ordering, i.e., configuration (contribution due to the long-range ordering, and
must be zero in the when the phase is disordered):

∆Gord
m = Gord

m

(
yi

)
−Gord

m

(
yi = xi

)
(4)

where yi is the mole fraction of i per sublattice, also denoted site fraction, and xi the mole fraction. The
parameter describing the ordering, Gord

m , is first calculated with the original site fractions, y, which
describe the ordering. The site fractions are then set equal to the mole fraction, x, which means that
each constituent has the same site fraction in all sublattices (i.e., disordered states), and the value of the
expression is calculated again. The difference is the contribution to the Gibbs energy due to ordering.
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If the phase was originally disordered, the two terms are equal and the difference is zero (no driving
for ordering).

The excess Gibbs energy term from Equation (2) is modeled using the Redlich-Kister [10] formalism
for binary solutions and applied to multi-component systems via the Muggianu extrapolation [11],
within the assumption that possible higher-order many-body interaction parameters can be ignored
(above binary interactions). The resulting excess Gibbs energy term for a higher order system is
written as:

exGφ
m =

∑
i

∑
j>i

cicj

p∑
v=0

vLφ

i,j

(
ci − cj

)v
(5)

The Redlich-Kister model parameters, vLφ

i,j , describe the deviation from ideality and are chosen
such that they satisfactorily represent all the available thermochemical and phase diagram data of the
corresponding binaries. Generally, vLφ

i,j is expressed as:

vLφ

i,j = a + bT (6)

The excess Gibbs energy can also include, when necessary, ternary interaction parameters (e.g.,
Lφ

Fe,Pu,U) for a multicomponent system. For n elements:

ex,ternGφ
m =

n−2∑
i=1

n−1∑
j=i + 1

n∑
k=j + 1

xixjxkLφ

i,j,k (7)

where:
Lφ

i,j,k = vi
iLφ

i,j,k + vj
jLφ

i,j,k + vk
kLφ

i,j,k (8)

with:

vi = xi +
1− xi − xj − xk

3
(9)

vj = xj +
1− xi − xj − xk

3
(10)

vk = xk +
1− xi − xj − xk

3
(11)

In the case of a ternary system (e.g., Fe-Pu-U) where xi + xj + xk = 1, (Equation (8)) reduces to:

Lφ

Fe,Pu,U = xFe
FeLφ

Fe,Pu,U + xPu
PuLφ

Fe,Pu,U + xU
ULφ

Fe,Pu,U (12)

with:
iLφ

Fe,Pu,U = a + bT (13)

Stoichiometric binary and ternary compounds are described by the following function, where xi

is the mole fraction of element i in the phase/compound φ:

Gφ
comp = a + bT +

∑
i

xi
0GΦ

i (14)

In this case, a and b are the adjustable parameters used to model the Gibbs energy of binary or
ternary stoichiometric compounds.

2.2. Electronic Structure Calculations

The results from all electronic-structure calculations come from applying density-functional theory
(DFT) that took shape in the seminal papers by Hohenberg, Kohn, and Sham [12,13]. This theory is in
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principle exact, but it relies on a fundamental approximation, namely, the so-called electron exchange
and correlation functional. For actinides as well as iron [14] the generalized gradient approximation
(GGA) is currently the best approximation and is applied here. Specifically, the assumption for all DFT
calculations is GGA either in its original form (PW91) [15] or the similar but simplified; Perdew, Burke
and Ernzerhof (PBE) functional form [16].

Before detailing the electronic-structure methods used here, it is necessary to mention that theories
which go beyond DFT have been applied to 5f -electron systems including uranium and plutonium
metals. Savrasov and Kotliar [17] applied intra-atomic Coulomb correlations with a large Hubbard
U of the order of 4–4.5 eV in their DFT + U approach for plutonium and many other works using
similar U (see references in [18]). Also, for uranium metal DFT + U has been applied [19] but it has
been shown that with carefully executed DFT calculations this empirical parameter is not required for
metallic uranium or plutonium (or alloys with iron) [18,20].

For the plutonium system it is required for good accuracy to extend the DFT to include
orbital-orbital coupling. This can be done rather straightforwardly by adopting the orbital-polarization
scheme [18]. The orbital-orbital interaction enhances the magnitude of the orbital magnetic moment
(caused by the spin-orbit interaction) and results in more realistic magnetic and chemical bonding
properties. Here all-electron full-potential linear muffin-tin orbital (FPLMTO) calculations include
spin-orbit coupling and orbital polarization. The orbital polarization tends to increase the stability of
the respective compound relative to the spin-orbit only case.

In terms of the technical details of the calculations, for the most part, the FPLMTO method
is applied, which has been described in detail [21]. In this method, no approximations are made
for the electron core states that lie deeper in energy than the valence states, unlike the so-called
pseudopotential method. The present implementation does not make any assumptions beyond that of
the electron exchange and correlation functional. Basis functions, electron densities, and potentials are
calculated without any geometrical approximation and these are expanded in spherical harmonics
inside non-overlapping (muffin-tin) spheres surrounding each atom and in Fourier series in the region
between these muffin-tin spheres. The theory includes all relativistic corrections including spin-orbit
coupling for d and f states but not for the p states [18].

The actinide metals have been shown to be very well described with 6s and 6p semi-core states
and 7s, 7p, 5f, and 6d valence states [22] and this setup is replicated here.For the calculation of the
formation enthalpy one calculates the energies for the An6Fe (An = Pu, U) compound and subtract the
energies of the constituents in their ground-state phase (α-An and α-Fe). Ideally, if computationally
feasible, these structures need to be optimized (adjusted or relaxed) so that the calculations produce
the lowest total energy of the phase. For the FPLMTO calculations this has been done by calculating
numerical forces from small atomic displacements [23]. For An6Fe, α-Pu, α-U, α-Fe, a total of 128, 54,
256, and 2000 k points are included, respectively in the electronic-structure calculations. Each energy
eigenvalue is broadened with a Gaussian having a width of 20 mRy.

When calculating the formation enthalpy, it is important to know precisely what the crystal
structure is. For the studied compounds they are known (Table 2), except for Pu6Fe where detailed
experimental information is lacking. The prototype structure is the same as U6Fe, but the exact
crystallographic parameters are not known. Therefore, it is necessary to calculate these parameters,
or the energy will be too high for the compound. Hence, we have relaxed the crystal structure (i.e.,
found the structural parameters that correspond to the lowest total energy) for Pu6Fe. The obtained
parameters are significantly different than those for U6Fe. For completeness, structural relaxation is
performed for all FPLMTO calculations, but we find that for U6Fe the optimized structure is very close
to the experimentally reported one.

The calculations referred to as exact muffin-tin orbital method (EMTO), are performed using
the Green’s-function technique based on the improved screened Korringa-Kohn-Rostoker method,
where the one-electron potential is represented by optimized overlapping muffin-tin (OOMT) potential
spheres [24,25]. Inside the potential spheres the potential is spherically symmetric, and it is constant
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between the spheres. The radius of the potential spheres, the spherical potential inside these spheres,
and the constant value in the interstitial region are determined by minimizing (i) the deviation between
the exact and overlapping potentials, and (ii) the errors caused by the overlap between the spheres.
Within the EMTO formalism, the one-electron states are calculated exactly for the OOMT potentials.
As an output of the EMTO calculations, one can determine self-consistent Green’s function of the
system and the complete, non-spherically symmetric charge density. Finally, the total energy is
calculated using the full charge-density technique [26]. The valence states are treated as the 7s, 6p,
6d, and 5f states for U and Pu and 4s and 3d states for Fe. The corresponding Kohn-Sham orbitals
are expanded in terms of spdf exact muffin-tin orbitals, i.e., an orbital momentum cutoff is applied,
where lmax = 3. The EMTO orbitals, in turn, consist of the spdf partial waves (solutions of the radial
Schrödinger equation for the spherical OOMT potential wells) and the spdf screened spherical waves
(solutions of the Helmholtz equation for the OOMT muffin-tin zero potential). The completeness of
the muffin-tin basis was discussed in detail in Ref. [25] and it was shown that for metals crystallizing
in close-packed lattices lmax = 3 (spdf orbitals) leads to the well converged charge density and total
energy. For the electron exchange and correlation energy functional, GGA (PBE96) is considered [27].
Integration over the Brillouin zone is performed using 25 × 25 × 25 k-points grid generated according
to the Monkhorst-Pack scheme [28]. The moments of the density of states, needed for the kinetic
energy and valence charge density, are calculated by integrating the Green’s function over a complex
energy contour (with 1.9–2.4 Ry diameter) using a Gaussian integration technique with 40 points on a
semi-circle enclosing the occupied states. When treating compositional disorder, the EMTO method
is combined with the coherent potential approximation (CPA) [24]. For instance, the EMTO-CPA
formalism has been successfully used to describe thermodynamic properties of the metallic nuclear
fuels, including: U-Zr, U-Mo, Pu-Zr, Pu-Mo, Pu-U, Pu-Np, Pu-Am, U-Ti, U-Nb, Np-Mo, Pu-Mo, for
fast breeder reactors [29–36].

Relaxing (or optimizing for lowest energy) the crystal structures are not currently feasible and for
this reason all calculations applying the EMTO assumes the experimental structure. For Pu6Fe the
experimental structure is not known in detail and in this case the parameters for U6Fe have also been
applied for Pu6Fe.

3. Literature Review

As the thermodynamic assessments and their applications to the Pu-U [1,37], Pu-Ga [1,38–41],
U-Ga [5,6] and Pu-U-Ga [1,42] systems are already available in the literature, the present study will
only focus on the remaining systems (i.e., Pu-Fe, U-Fe, Fe-Ga, Pu-U-Fe, Pu-Fe-Ga, and U-Fe-Ga).

3.1. The Plutonium-Iron Phase Diagram
The Pu-Fe system has been experimentally investigated by Konobeevsky [43], Avivi [44],

Mardon [45] and Ofte [46] using thermal analysis, dilatometry, metallography, x-ray diffraction
(XRD), microhardness and viscosity measurements. The full phase diagram was studied by [43]
and [45] whereas the authors in [44] focused on the PuFe2-Fe region and [46] investigated the liquidus
range on the Pu-rich side up to 13 at. % Fe. Formation enthalpies of the intermetallic PuFe2 and
Pu6Fe phases were measured/estimated by [47–49] and [49] respectively. Elemental plutonium
exists in 6 allotropic phases, including: simple-monoclinic (α-Pu), body-centered monoclinic (β-Pu),
face-centered orthorhombic (γ-Pu), face-centered cubic (fcc or δ-Pu), body-centered tetragonal (δ’-Pu)
and the body-centered cubic (bcc or ε-Pu). The lower-temperature Pu-allotropes (α, β and γ) exhibit
limited (negligible) solubility of iron [50], whereas the higher-temperature phases (except δ’-Pu) were
found to have between 0.6–1.5 at. % Fe and 2–2.5 at. % Fe for δ-Pu and ε-Pu respectively, with
Mardon [45] predicting higher solubilities than Elliott [51]. An interesting attribute of the Pu-rich side
of the phase diagram includes a catatectic reaction (430 ◦C) between ε-Pu and δ-Pu; upon cooling of
ε-Pu, a reappearance of the liquid phase (partial melting) occurs and is in equilibrium with the δ-Pu
phase. The eutectic reaction: [Liquid↔ Pu6Fe + δ-Pu] was found at 90 at. % Pu by [45], whereas other
authors located the eutectic around 89–89.5 and 91.5 at. % Pu by [44] and [46] respectively. Pu6Fe
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decomposes peritectically into PuFe2 and liquid phases at 430 ◦C according to [43] or 428 ◦C according
to [45]. Thermal analysis measurements of Pu6Fe by [52] indicate an onset melting temperature
at 411.5 ◦C with a melting enthalpy of 6.77 kJ/mol. The PuFe2 intermetallic compound consists of
3 distinct polymorphs, with transition temperatures of 771 ◦C and 1020 ◦C for α-PuFe2→β-PuFe2

and β-PuFe2→γ-PuFe2 respectively; the compound melts congruently at 1240 ◦C. A eutectic reaction
[Liquid↔ PuFe2 + γ-Fe] was identified by [45] at 18 at. % Pu and 1165 ◦C, while other studies [43,44]
placed the same reaction at 19 at. % Pu and 1180 ◦C [43]. Elemental iron transforms from bcc (α-Fe) to
fcc (γ-Fe) at 912 ◦C and back to bcc (δ-Fe) at 1394 ◦C and melts at 1538 ◦C. Very low solubility of Pu
is reported in α-Fe, at less than 0.02 at. % Pu [53] and a eutectoid reaction [γ-Fe↔ α-Fe + Fe2Pu] at
907 ◦C is observed by [44]. Higher solubility of Pu in the fcc (γ-Fe) phase was reported by [44] with an
average of 0.7 at. % Pu. The peritectic transformation [L + δ-Fe↔ γ-Fe] is suggested by [54] due to the
presumed lower solubility of Pu in the high temperature bcc (δ-Fe) phase. Based on these experimental
investigations, a complete thermodynamic assessment of the Pu-Fe phase diagram has been reported
by [2,3]. In these assessments, the Pu-rich side did not include the solubility of Fe in the δ-Pu and ε-Pu,
which are pertinent to this study. Additionally, the intermetallic compounds were modelled using
the liquid phase as their reference state, which is not consistent with the most recent and generally
accepted CALPHAD-formulation for the standard refence state.

3.2. The Uranium-Iron Phase Diagram
The U-Fe system has been the source of many experimental investigations, with many authors

performing thermal analysis including [55–62], some of whom also used dilatometry, metallography [63],
XRD, microprobe analysis and calorimetric measurements [64]. The authors of [57,58,63] focused on
the U-rich side of the phase diagram, where the solubility of iron in γ-U (bcc structure) was found to be
1.3 at. % Fe on average by [55–57,63]. The other two phases of uranium have no solubility reported for
the orthorhombic (α-U) phase and limited information for the tetragonal (β-U) phase with solubility at
0.37 at. % Fe or less [58]. The allotropic phase transitions occur at 668 ◦C and 776 ◦C from α-U to β-U
and β-U to γ-U, respectively. A eutectoid reaction is reported around 0.1 at. % Fe between 661 ◦C and
675 ◦C for [β-U↔ α-U + U6Fe]. A similar reaction was reported for [γ-U↔ β-U + U6Fe] between 0.5
and 0.8 at. %. Fe, with an average reported temperature of 762 ◦C [54,58,63]. The compound U6Fe
forms from a peritectic decomposition of: [Liquid + γ-U↔ U6Fe] with authors reporting temperatures
between 795 ◦C and 829 ◦C [55,56,59,60,64]. The low melting eutectic of [Liquid ↔ U6Fe + UFe2]
occurs at 725 ◦C at 66 at. % U according to [60]. The compound UFe2 was found to melt congruently
between 1228 ◦C and 1235 ◦C [55,56,60,64] and includes a eutectic reaction [Liquid↔ UFe2 + γ-Fe] at
1080 ◦C and 17 at. % uranium. The solubility of U in α-Fe and γ -Fe are limited according to [55,56],
since the δ-Fe phase is analogous to that of α-Fe, it is assumed that the solubility is negligible, although
quantitative data is not available. The currently accepted model by Kurata [3] for the U-Fe phase
diagram includes similar discrepancies as the Pu-Fe system; there is little to no Fe solubility considered
within the U-phases and the intermetallic compounds are not consistent with the most recent and
generally accepted CALPHAD-formulation for the standard refence state.

3.3. The Iron-Gallium Phase Diagram
The Fe-Ga system was largely investigated by [65–72] with various techniques including thermal

analysis, dilatometry, XRD, light microscope and Mössbauer spectroscopy to cover the full composition
range of the system and elucidate phase relations, especially the complex ordering of the iron-rich BCC
(including D03) phases. The liquidus and solidus curves were measured by [65], who deduced the
general shape of the phase diagram, but did not take into account the above-mentioned ordering on
the iron rich side. Elemental gallium melts at 30 ◦C and does not exhibit any solubility of iron within
its structure. Two Ga-rich phases were found to form peritectically; FeGa3 phase decomposes at 824 ◦C
into the monoclinic Fe3Ga4 and liquid phases with a composition of 81.5 and 85 at. % Ga, according
to [72] and [65] respectively. The second peritectic reaction occurs at 906 ◦C [L + α’(B2)↔ Fe3Ga4]. Both
phases were found to have a small composition ranges by [65], which was confirmed by [67] for the
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Fe3Ga4 phase, but not the FeGa3 [67,72]. Additionally, Köster et al. [66,67] identified the Fe6Ga5 phase,
which was not considered by [65], that forms via a peritectoid reaction [α’ + Fe3Ga4↔ β-Fe6Ga5] at
800 ◦C and exists in its α-Fe6Ga5 polymorphic form below 778 ◦C. The Fe3Ga phase is found to be
stable until 600 ◦C with a composition varying from 25–29 at. % Ga according to [65,71]. Köster et al.
identified this phase as having two different polymorphs; the α-Fe3Ga which exhibits a composition
range between 26.1 and 29.5 at. % Ga until 605 and 619 ◦C respectively, above these temperatures the
β-Fe3Ga phase is stable, with a slightly narrower composition range and transforms at 681 ◦C and
82.5 at. % Fe into the α” (B2′) phase. Gallium solubility in BCC iron extends to a maximum composition
of 47.5 at. % gallium and is accompanied by various ordered structures, including the α’ (B2) CsCl-type
phase with composition range from 31.5 at. % Ga up to the aforementioned maximum. The existence
of this phase was verified by [68] and [71] via quenching from the liquid. Köster et al. [66] found that
the α’ (B2) phase crystallizes directly from the melt at 1037 ◦C and 35.5 at. % Ga, and the phase is
stable down to 950 ◦C, below which the α” (B2′) exists until 650 ◦C where it undergoes a eutectoid
decomposition to α” (D03) and α-Fe (A2) and is coupled to the magnetic transition temperature of
α-Fe. Köster et al. [66,67] also identified an ordered phase α”’ that is involved in a eutectoid reaction:
[α”’↔ α-Fe + α-Fe3Ga]. The authors however were skeptical of the α”’ phase being an equilibrium
structure, since most of their samples in this phase region also contained traces of β-Fe3Ga and even
found some samples containing two-phases: α-Fe + β-Fe3Ga, making the latter structure the probable
equilibrium phase. Köster et al. [66,67] indicated that the phase field between 21–26 at. % Ga and
580–680 ◦C is a likely metastable domain as reactions proceed extremely slowly and with difficulty in
reproducing the data. Finally, there is limited solubility of gallium in γ-Fe (FCC), with a characteristic
γ-loop in which the maximum solubility is 2.8 at. % Ga at 1140 ◦C.

3.4. The Plutonium-Uranium-Iron Phase Diagram
The Pu-U-Fe system was experimentally investigated by [2,3,73–76]. The first two papers consider

a metallic fuel, either U-Pu-Zr [73] or U-Pu [74] with iron as a diffusion couple at 650 ◦C and 670 ◦C
respectively. The experimental techniques include electroprobe microanalysis, EDX and SEM. It was
found that the higher Pu containing fuels lead to increased liquid formation, since the liquid phase field
extends into the (Pu,U)6Fe domain from the low-melting Pu6Fe compound. The solubility limits were
found to be 16 at. % Pu at 650 ◦C and estimated (based on models) to be 12 at. % Pu at 670 ◦C in the U6Fe
compound. Nakamura [75] and Kurata [2] prepared ternary Pu-U-Fe samples of varying composition
by arc-melting, with [75] using DTA to elucidate ternary phase transitions from the prepared samples
and [2] annealing the samples at 650 ◦C and characterizing them using XRD, SEM-EDS and chemical
analysis. They were therefore able to establish a thermodynamic database derived from the information
of these studies. This was later amended by Kurata et al. [3] to incorporate minor actinides within a
CALPHAD database.

3.5. The Plutonium-Iron-Gallium Phase Diagram
No experimental data exists for this ternary system.

3.6. The Uranium-Iron-Gallium Phase Diagram
There have been six experimentally reported intermetallic compounds in the U-Fe-Ga phase space.

They are UFeGa [77], UFeGa5, [78–81] UFe6Ga6 [82], UFe5Ga7 [83], U2FeGa8 [84] and U4FeGa12 [85].
The crystal structures of these phases have been investigated and low temperature experiments
(up to 25 ◦C), including heat capacity, magnetic susceptibility and electrical resistivity have been
performed [77–85]. There is no known information on phase stability above room temperature and a
thermodynamic assessment with the given information is not possible.

4. Crystal Structure

The crystallographic information for the unary, binary and ternary systems described above are
listed in Tables 1–3 respectively, the elemental crystal structures are also derived in the text. Information
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on structures related to the remaining binary systems are detailed in [1] for Pu-U, U-Ga and Pu-Ga.
There are no specific compounds known for the ternary systems investigated.

Table 1. Crystal structure of unary systems.

Phase Calphad
Designation

Pearson
Symbol

Space
Group Strukturbericht Prototype Transition

Temp. (◦C)

α-Fe BCC_A2 cF4 Im3m A2 W 912
γ-Fe FCC_A1 cI2 Fm3m A1 Cu 1394
δ-Fe BCC_A2 cF4 Im3m A2 W 1538
α-Ga Orthorhombic_A11 oC8 Cmca A11 Ga 30
α-Pu Alpha_Pu mP16 P21/m - α-Pu 124
β-Pu Beta_Pu mC34 C2/m - β-Pu 215
γ-Pu Gamma_Pu oF8 Fddd - γ-Pu 320
δ-Pu FCC_A1 cF4 Fm3m A1 Cu 463
δ-Pu Tetragonal_A6 tI2 I4/mmm A6 In 483
ε-Pu BCC_A2 cI2 Im3m A2 W 640
α-U Orthorhombic_A20 oC4 Cmcm A20 α-U 668
β-U Tetragonal_U tP30 P42/mmm Ab β-U 776
γ-U BCC_A2 cI2 Im3m A2 W 1135

Table 2. Crystal structure of binary systems.

Compound Composition Pearson
Symbol

Space
Group Strukturbericht Prototype Refs.

α’ Fe0.75Ga0.25 cP2 Pm3m B2 CsCl [86]
α” Fe3Ga cF16 Fm3m - - [65]
α”’ Fe3Ga cF16 Fm3m D03 BiF3 [87]

α-Fe3Ga Fe2.8Ga1.2 cP4 Pm3m L12 AuCu3 [88]
β-Fe3Ga Fe3Ga hP8 P63/mmc D019 Ni3Sn [87]
α-Fe6Ga5 Fe6Ga5 mC44 C2/m - Al8Cl5 [69]
β-Fe6Ga5 Fe6Ga5 hR26 R3m - -

Fe3Ga4 Fe3Ga4 mC42 C2/m - - [89]
FeGa3 FeGa3 tP16 P4n2 - CoGa3 [90]

α-(Pu,U)Fe2 PuFe2/UFe2 cF24 Fd3m C15 Cu2Mg [45,91]
β-PuFe2 PuFe2 hP24 P63/mmc C36 MgNi2 [7]
γ-PuFe2 PuFe2 c ** - [7]

(Pu,U)6Fe Pu6Fe/U6Fe tl28 I4/mcm D2c MnU6 [45,92]

Table 3. Crystal Structure of U-Fe-Ga intermetallic compounds.

Compound Pearson Symbol Space Group Strukturbericht Prototype Refs.

UFeGa hP9 P62m C22 Fe2P [77]
UFeGa5 tP7 P4/mmm - HoCoGa5 [78,81]
UFe6Ga6 tI26 I4/mmm D2b ThMn12 [82]
UFe5Ga7 tI26 I4/mmm D2b ThMn12 [83]
U2FeGa8 tP11 P4/mmm - Ho2CoGa8 [84]
U4FeGa12 cI34 Im3m - Y4PdGa12 [85]

5. Results and Discussion

The re-assessed parameters for the Pu-Fe, U-Fe and Pu-U-Fe system are listed in Table 4 along
with the newly assessed Fe-Ga parameters. Since no thermodynamic information is available on
the Pu-Fe-Ga and U-Fe-Ga ternary systems, the extrapolation from binary parameters were deemed
sufficient. Table 5 compares the invariant reactions for each of the binaries with experiment and
available models in the literature, Table 6 compares the formation enthalpies found in experimental
and theoretical literature to the values calculated from the electronic structure methods described in
this work and those obtained with the newly assessed CALPHAD model.
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Table 4. Parameters for Pu-Fe, U-Fe, Pu-U-Fe and Fe-Ga systems.

Phase Parameter Kurata [2,3] ** This Work

Liquid 0LFe,Pu −35,332 + 27.530 × T −23,000 + 2.1 × T
1LFe,Pu −8149.0 380
2LFe,Pu −4933.0 2680
0LFe,U −46,128−0.13459 × T −30,613.93−22.81 × T
1LFe,U −11,776 −57,241.80 + 41.34 × T
2LFe,U 9258.5 −1988.06 + 7.3308 × T

0LFe,Pu,U 10,000 ** −14,000
1LFe,Pu,U N/A −9500
2LFe,Pu,U N/A −10,000
0LFe,Ga N/A −86,500 + 18 × T
1LFe,Ga N/A −15,363 + 3.5 × T
2LFe,Ga N/A −13,000

BCC (ε-Pu, γ-U) 0LFe,Pu 13,000 7295
1LFe,Pu 8500 12,150
0LFe,U 1204.5 53,000
1LFe,U 0 66,000
0LFe,Ga N/A −104,669 + 26.3 × T
1LFe,Ga N/A 8000−19 × T

FCC (δ-Pu, γ-Fe) 0LFe,Pu 18,000 11,250
1LFe,Pu 3000 7250
0LFe,U −3595.3 18,142.90
0LFe,Ga N/A −107,800 + 28 × T
1LFe,Ga N/A 19,800-24 × T

TETRAGONAL_U
(β-U)

0LFe,U 30,000 −8400

(Pu,U)Fe2 GFe:Pu −61902 + 26.18 × T + GPULIQ + 2 × GFELIQ −15850 + 0.53 × T + 0.333 × GHSERPU + 0.667 × GHSERFE
GFe:U −106,537 + 33.251 + GULIQ + 2 × GFELIQ −21,061.115-0.281944 × T + 0.333 × GHSERUU + 0.667 × GHSERFE

0LFe:Pu,U 0 −5000
(Pu,U)6Fe GFe:Pu −91,210 + 90.6 × T + 6 × GPULIQ + GLIQFE −17,850-31.2 × T + 6 × GHSERPU + GHSERFE

GFe:U −149,660 + 88.270 × T + 6 × GPULIQ + GLIQFE −49,520.86−3.709854 × T + 6 × GHSERUU + GHSERFE
LFe:Pu,U 0 4500

Fe3Ga GFe:Ga N/A −25,875 + 3.7 × T + 0.75 × GHSERFE + 0.25 × GHSERGA
Fe6Ga5 GFe:Ga N/A −32,594 + 3.3 × T + 0.546 × GHSERFE + 0.454 × GHSERGA
Fe3Ga4 GFe:Ga N/A −33,545 + 3.0 × T + 0.429 × GHSERFE + 0.571 × GHSERGA
FeGa3 GFe:Ga N/A −27,275 + 0.1 × T + 0.25 × GHSERFE + 0.75 × GHSERGA

** Ternary parameter of Kurata [3].
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5.1. Pu-Fe Assessment

The assessment of the Pu-Fe phase diagram was performed across the full composition and
temperature ranges. The calculated phase diagram for the Pu-Fe system is indicated in Figure 1 and
compared to available experimental data from Mardon [45] and Ofte [46].
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In Table 5, the current assessment is also compared to that of Kurata [3] and considerable
improvements are to be noted. For the iron-rich side, the congruent melting temperature of the PuFe2

compound is improved and the higher solubility limit of Pu in γ-Fe is realized. Note that most of the
amendments were made of the Pu-rich side (Figure 2), as that is the domain where iron-impurities
are of interest. For the low-temperature allotropes (α, β and γ) of plutonium, iron solubility was not
considered as there is limited (or negligible) experimental evidence. An overall improved fit of the
liquidus and solidus data on the Pu-rich side was achieved. Specifically, the solubility of iron in both
δ-Pu and ε-Pu were improved (from 0.4 at. % to 0.9 at. %, and 1.9 at. % to 2.7 at. %, respectively)
and in better agreement with literature (1.3 at. % Fe and 2.4 at. % Fe, respectively). The invariant
reaction temperatures were also ameliorated across the phase diagram, compared to the previous
assessment, especially in the Pu-Pu6Fe phase domain. The stoichiometric compounds were re-assessed
to include the generally used standard reference states (α-Pu and α-Fe) compared to Kurata et al. [3],
who used the liquid phase as their reference state. Table 6 indicates that the formation enthalpy of
PuFe2 calculated from the thermodynamic database in this work is in good agreement with the solution
calorimetry measurements of [49] but is much less stable than the experimental value reported in [48]
using e.m.f. techniques and the EMTO calculations presented in this work. Initial attempts to use the
EMTO calculated values to optimize the Pu-Fe system included a more stable formation enthalpy for
PuFe2 were unsuccessful.
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Table 5. Invariant reactions for Fe-Ga, Pu-Fe and U-Fe systems compared with experiments and models.

Reaction Type Reaction Composition at. % Fe Temp (◦C/K) Refs.

1 Congruent α”↔β-Fe3Ga 72.5 72.5 72.5 680/953 [65]
75 75 75 703/976 This work

2 Peritectic L + α’↔Fe3Ga4 38.2 52/52.5 43 906/1173 [64–66]
39.7 49.3 42.9 911/1178 This work

3 Peritectic L + Fe3Ga4↔FeGa3 18.5 42 25 824/1097 [65,66]
Eutectic 28.4 42.9 25 825/1097 This work

4 Peritectic L + Fe3Ga4↔α-Ga 0.1 25 - 34/307 [65,66]
0.1 25 - 34/303 This work

5 Peritectoid α’ + Fe3Ga4↔β-Fe6Ga5 58 43.5 55 800/1073 [65,66]
54.7 42.9 54.6 800/1073 This work

6 Peritectoid β-Fe6Ga5 + Fe3Ga4↔α-Fe6Ga5 54.5 43.5 54.5 778/1051 [65,66]
- - - - This work

7 Peritectoid β-Fe3Ga4 + Fe6Ga5↔α-Fe3Ga 71 56.5 70.8 619/892 [65,66]
- - - - This work

8 Eutectoid β-Fe6Ga5↔α’ + α-Fe6Ga5 55.5 59 55.5 770/1043 [65,66]
- - - - This work

9 Eutectoid α’↔β-Fe3Ga + Fe6Ga5 66.5 71 56.5 625/898 [65,66]
67.1 75 56.5 605/883 This work

10 Eutectoid β-Fe3Ga↔α” + α-Fe3Ga 74 75 73.8 605/878 [65,66]
- - - - This work

11 Eutectoid α”’↔α-Fe + α-Fe3Ga 76.6 79.4 73.7 588/861 [65,66]
- - - - This work

12 Congruent L↔PuFe2 66.67 66.67 66.67 1240/1513 [45]
66.67 66.67 66.67 1240/1513 This work
66.67 66.67 66.67 1258/1531 [3]

13 Peritectic L + PuFe2↔Pu6Fe 11.5 66.67 14.29 428/701 [45]
11.3 66.67 14.29 423.5/696.5 This work
13.7 66.67 14.29 429.2/702.2 [3]

14 Catatectic L + δ-Fe↔γ-Fe 94 98.8 100 1400/1673 [44]
92.9 99.6 100 1402/1675 This work
92.9 98.6 100 1404/1677 [3]

15 Catatectic L + δ-Pu↔ε-Pu 8.5 1.3 2.4 430/703 [45]
8.7 0.9 2.7 429.5/702.5 This work
7.6 0.4 1.9 444.5/716.5 [3]

16 Eutectoid γ-Fe↔α-Fe + PuFe2 99 100 66.67 907/1180 [46]
99.7 100 66.67 905/1178 This work
98.9 100 66.67 894/1166 [3]

17 Eutectic L↔γ-Fe + PuFe2 82 98.8 66.7 1165/1438 [45]
81.2 98.9 66.7 1164/1437 This work
81.2 97 66.7 1135/1408 [3]

18 Eutectic L↔δ-Pu + Pu6Fe 9.5 0.5 14.29 413/686 [46]
9.35 0.9 14.29 416.6/689.6 This work
8.9 0.4 14.29 420/693 [3]

19 Congruent L↔UFe2 66.67 66.67 66.67 1230/1503 [55]
66.67 66.67 66.67 1230/1503 This work
66.67 66.67 66.67 1236/1509 [4]
66.67 66.67 66.67 1227/1500 [3]

20 Peritectic L + γ-U↔U6Fe 15 1.5 14.39 832/1102 [64]
15.25 1.32 14.29 832/1102 This work
15.06 1.35 14.29 834/1104 [4]
19.09 1.14 14.29 1075.5 [3]

21 Eutectoid γ-U↔β-U + U6Fe 0.8 0.37 14.29 762/1035 [60]
0.85 0.37 14.29 764/1037 This work
N/A 0.46 14.29 766/1039 [4]
0.70 0 14.29 763/1036 [3]

22 Eutectoid β-U↔α-U + U6Fe 0.175 0.05 14.29 669/942 [60]
0.172 0 14.29 664.4/937.4 This work
0.16 0 14.29 664.8/937.8 [4]

23 Eutectic L↔γ-Fe + UFe2 83 0 66.67 1080/1353 [55,56,60]
82.7 0 66.67 1079/1352 This work
82.55 0 66.67 1078/1351 [4]

83 0 66.67 1080/1353 [3]
24 Eutectic L↔UFe2 + U6Fe 34 66.67 14.29 723/996 [60]

33.85 66.67 14.29 723.4/996.4 This work
33.49 66.67 14.29 719.4/992.5 [4]
31.16 66.67 14.29 725.1/998.1 [3]
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Table 6. ∆fH (kJ/mol) of Pu-Fe and U-Fe compounds compared to DFT calculations and experiment.

Method/Refs. Pu6Fe U6Fe PuFe2 UFe2

CALPHAD (This work) −1.2 −5.8 −9.8 −15
Experiment

[64]/CALPHAD [4] N/A −6.8/−7.3 N/A −16.3/−15.8

CALPHAD [3] −4.4 −7.8 −5.1 −5.2
Experiment [47] N/A −2.33 −13.1 −11.30
Experiment [93] N/A −2.33 ± 0.72 N/A −10.74
Experiment [49] −1.97 ± 0.65 N/A −9.06 ± 0.56 N/A
Experiment [48] N/A N/A −16.6 N/A

SR-EMTO (This work) −0.50 −6.17 −16.25 −16.0
FPLMTO (This work) 0 −2.5 −11.6 −15.5
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Since the relaxed structure calculations using FPLMTO resulted in a less stable formation enthalpy,
it is regarded as a more suitable starting point for fitting the PuFe2 intermetallic. In order to fit both
liquidus data of [45] and include an accurate description of the PuFe2 compounds congruent melting,
the formation enthalpy was lowered and found to be less stable than that of the EMTO calculations, the
estimated values (based on the analogous UFe2) of [47] and the experimental work of [48]. The value
for Pu6Fe calculated from CALPHAD lies in between that calculated via DFT and the experimentally
available values, where the EMTO value (with an uncertainty of 1.3 kJ/mol) was used as a starting
point for the parameters during optimization. The enthalpy of melting (6.77 kJ/mol) derived by [52]
at 411.5 ◦C for the Pu6Fe compound agrees well with the peritectic decomposition temperature of
423.5 ◦C and reaction enthalpy of 6.51 kJ/mol calculated from this work.

5.2. U-Fe Assessment

The calculated phase diagram resulting from the present CALPHAD assessment is depicted in
Figure 3. Overall improvements including the solubility of iron into the uranium lattice (β-U and γ-U)
is provided and is indicated in the invariant reactions described in Table 5.



Appl. Sci. 2019, 9, 5040 13 of 25

Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 26 

Table 5. Cont. 

Reaction Type Reaction Composition at. % Fe Temp (°C/K) Refs. 

24 Eutectic L⟷UFe2 + U6Fe 34 66.67 14.29 723/996 [60] 

  33.85 66.67 14.29 723.4/996.4 This work 

  33.49 66.67 14.29 719.4/992.5 [4] 

  31.16 66.67 14.29 725.1/998.1 [3] 

 

Since the relaxed structure calculations using FPLMTO resulted in a less stable formation enthalpy, 
it is regarded as a more suitable starting point for fitting the PuFe2 intermetallic. In order to fit both 
liquidus data of [45] and include an accurate description of the PuFe2 compounds congruent melting, 
the formation enthalpy was lowered and found to be less stable than that of the EMTO calculations, 
the estimated values (based on the analogous UFe2) of [47] and the experimental work of [48]. The 
value for Pu6Fe calculated from CALPHAD lies in between that calculated via DFT and the 
experimentally available values, where the EMTO value (with an uncertainty of 1.3 kJ/mol) was used 
as a starting point for the parameters during optimization. The enthalpy of melting (6.77 kJ/mol) 
derived by [52] at 411.5 °C for the Pu6Fe compound agrees well with the peritectic decomposition 
temperature of 423.5 °C and reaction enthalpy of 6.51 kJ/mol calculated from this work.  

5.2. U-Fe Assessment 

The calculated phase diagram resulting from the present CALPHAD assessment is depicted in 
Figure 3. Overall improvements including the solubility of iron into the uranium lattice (β-U and γ-
U) is provided and is indicated in the invariant reactions described in Table 5.  

 

Figure 3. U-Fe phase diagram based on the present CALPHAD assessment compared with selected 
experimental data [56,58–62,64]. 

Figure 3. U-Fe phase diagram based on the present CALPHAD assessment compared with selected
experimental data [56,58–62,64].

The improved assessment includes better agreement for the congruent melting of UFe2 compared
to Kurata [3] and Chatain [4], as well as some adjustments to the eutectic temperatures. Similarly, the
eutectoid reaction [γ-U↔ β-U + U6Fe] was improved with respect to U-composition. The peritectic
reaction (reaction 20, Table 5) temperature was updated to include the most recent measurements
by [64], which was also considered in the works by Chatain et al. [4], but neglected in the most
recent assessment by Kurata [3]. This CALPHAD assessment is in good agreement for the formation
enthalpies for both compounds (UFe2 and U6Fe) when compared to literature and the values calculated
by DFT from this work, which were used initial points for the fit.

5.3. Fe-Ga Assessment

This is the first published CALPHAD assessment of the Fe-Ga system (Figure 4), based on a
preliminary internal report by coauthors [7]. Since ordering of the iron-rich side is not pertinent to the
scope of this investigation and given the uncertainties reported in experimental studies [65–67], it is
therefore not considered at this time. However, the overall shape of the phase diagram is reproduced
in the present work, relevant invariant reactions and stoichiometric compounds are included, and
improvements to the preliminary work of Turchi et al. [7] have been made so that some of the invariant
reactions are better represented. This includes adjustments to the peritectic reaction of Fe3Ga4, where
the reaction temperature is improved by 30 ◦C compared to [7] and the composition is in better
agreement with experiments by [65–67]. Similarly, reaction temperatures and composition ranges
are improved for reactions 3 and 5 in Table 5, however the best fit of experimental data resulted in a
eutectic instead of a peritectic reaction for reaction 3. Major modifications to the liquidus and solidus
ranges result in a more acceptable fit compared to the preliminary assessment. Since the α-Fe (BCC_A2)
phase is considered without any possible ordering, some disagreement on the Fe-rich side is to be
expected. While the literature review (presented above) includes adequate descriptions of the ordering
of α’-Fe, α”-Fe and α”’-Fe (Fe3Ga composition dependence), it is to be noted that experiments proved
difficulty in achieving equilibrium conditions in this phase space, which supports the current decision
to exclude ordering on Fe-rich side. Similarly, the focus is on small amounts of Fe-impurities, therefore,
only stoichiometric compositions were presented for each of the compounds and parameters for any
ordered iron phase were neglected. This provided some difficulty when optimizing this region of the
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phase diagram and further investigation would be useful. The liquid phase is modeled using three
interaction parameters, two of them temperature dependent. Even with multiple parameters, the
liquidus curve on the Ga-rich side is difficult to reproduce due to the sharp decrease close to 100 at.%
Ga. As additional terms or parameters for the liquid phase do not lead to significant improvement, the
authors believe that including ordering for the BCC phase is necessary to have a better representation on
the liquidus and solidus line across the phase diagram. Otherwise, this work shows rather acceptable
improvements over the preliminary assessment of [7] and is a satisfactory representation of the Fe-Ga
phase equilibria as seen experimentally.Appl. Sci. 2019, 9, x FOR PEER REVIEW 15 of 26 
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5.4. Pu-U-Fe Assessment

The binary Pu-Fe and U-Fe reassessed parameters were used to extrapolate to the ternary Pu-U-Fe
system, where some ternary interaction parameters were necessary to improve agreement with
experiments. The most recent work of Kurata et al. [3] included an assessment of both the Pu-Fe
and U-Fe binary, but did not cover the Pu-U-Fe ternary system. A prior assessment by the same
authors [2] includes ternary Pu-U-Fe parameters, however their binary descriptions are not consistent
with their most up to date publications [3]. Therefore, a new consistent assessment based on the newly
assessed binary parameters presented in this study was necessary to properly fit the experimental
data presented by [2]. The calculated phase diagram for the available isotherm at 650 ◦C is depicted
in Figure 5 and compared with experimental data points reported by Kurata et al. [2]. The current
assessment shows improvement over the binary extrapolation and includes more detailed description
of the An-rich corners, which was previously lacking. Some enhancements in the tie-lines compared
previous work is achieved on the U-rich corner, however the fit of the Liquid↔ (Pu,U)Fe2 equilibrium
could be improved by providing more experimental data on the Pu-rich side. The adjustment of
further ternary parameters proved excessive without much improvement compared to the model of [2].
The same phase diagram is also calculated at room temperature, with the Pu-rich corner shown for
clarity (Figure 6). Figure 6b shows that Pu-rich alloys include the (Pu,U)6Fe intermetallic as well as low
temperature ζ-phase (from the Pu-U system), with both of these phases consuming the α-Pu matrix as a
function of increased U content, whereas Fe leads to the formation of a second intermetallic (Pu,U)Fe2.
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5.5. Extrapolation to An-Fe-Ga Systems (An = Pu, U)

The extrapolation to the Pu-Fe-Ga and U-Fe-Ga systems are indicated at 1000 ◦C and room
temperature in Figures 7–9. In the Pu-Fe-Ga system, there are no additional known ternary compounds
so that the predicted phase diagrams are constructed via extrapolation of the pertinent binary systems.
While there are some known intermetallics in the U-Fe-Ga system, there is no thermodynamic
information about their stability above room temperature as all these compounds have been studied
at T < 25 ◦C for magnetic purposes as indicated in the literature review. They are therefore not
considered in this work, however, future experiments on these compounds would be useful for
thermodynamic assessments. The Pu-Fe-Ga phase diagram is plotted at 1000 ◦C in Figure 7; phases
from the binary systems which are stable at high temperature phases such as α-Fe (BCC), γ-Fe (FCC)
and the PuFe2 intermetallic, and Pu-Ga compounds are among the first to form from the liquid phase.
The U-analogous diagram in Figure 8 shows similar phase formation with the addition of γ-U (BCC)
being stable for the uranium rich portion. More importantly, the room temperature phase diagrams
show the formation of both Pu6Fe and U6Fe intermetallics for the An-rich region of the Pu-Fe-Ga
and U-Fe-Ga systems (Figure 9a,b), respectively, which are accompanied by An-Ga phases within the
actinide matrix. Closer interpretation is given to the phase stability and formation with respect to
temperature for two different alloy compositions in the following section.
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5.6. Prediction of Quaternary Pu-U-Fe-Ga System

Two property diagrams are given to indicate the phase behavior of the quaternary system as
function of temperature: Pu89-U5-Ga5-Fe1 and Pu92.9-U5-Ga2-Fe0.1 (at. %). These calculations assume
that Ga stabilizes the δ-Pu phase down to room temperature (metastable state stabilized by the
extremely slow eutectoid decomposition of δ-Pu into α-Pu and Pu3Ga [94], therefore low temperature
allotropes of Pu are not considered for the Ga concentration considered here (2 and 5 at. %). All
of the Ga is therefore contained within the FCC phase of δ-Pu. In Figure 10 (Pu89-U5-Ga5-Fe1), the
predominant phases at room temperature are δ-Pu, the ζ-phase, which exists in the binary Pu-U
phase space, and the (Pu,U)6Fe intermetallic. The ζ-phase exists at low temperatures and exhibits
increasing uranium solubility with respect to temperature, extending up to almost 70 at. % uranium
at temperatures up to 588 ◦C [1] in the Pu-U system. It is this phase that accommodates most of
the U from the alloy composition in Figure 10; a small remaining amount of uranium is contained
in the (Pu,U)6Fe intermetallic, where the uranium solubility in the intermetallic slightly increases
over a small temperature. As the latter phase disappears, the Fe is accommodated within another
lower An-containing intermetallic (Pu,U)Fe2, with this phase accounting for slightly more U than
Pu. Once (Pu,U)Fe2 is saturated at its stoichiometric ratio, the remaining Pu released from (Pu,U)6Fe
is reincorporated into the Pu-matrix as clearly indicated by the increase of δ-Pu phase fraction in
Figure 10. Finally, with the disappearance of the low temperature ζ-phase, the Pu-U binary η-phase
forms at higher temperatures, accommodating a larger amount of Pu leading to a sharp decrease in
δ-Pu. At 462 ◦C the first appearance of liquid occurs, indicative of the upper stability limit of (Pu,U)Fe2,
which is accompanied by a decrease in the η-phase, resulting in an iron and uranium rich liquid. At
491 ◦C, the Pu-U binary η-phase transitions into a BCC solid solution of ε-Pu and γ-U, while δ-Pu
phase continues to transform into BCC (ε-Pu) and eventually melts at 666 ◦C. It is interesting to note
that even minor additions (1 at. %) of iron induces a drastic decrease of the incipient melting point of
the alloy by 195 ◦C, compared to Pu90-U5-Ga5. The evolution of the elemental distribution per phase is
plotted as a function of temperature in Figure 11 for the Pu89-U5-Ga5-Fe1 alloy composition.
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Figure 12 simulates an iron impurity of about 1000 ppm with the atomic composition of
Pu92.9U5-Ga2-Fe0.1. As with the previous property diagram, the three stable phases at room temperature
are δ-Pu, the ζ-phase and (Pu,U)6Fe. With small (trace) amounts of Fe, only the An-rich intermetallic is
formed. As the stability limit of (Pu,U)6Fe is reached as a function of temperature, the Fe becomes
soluble in δ-Pu which increases with temperature. The uranium in the alloy is either accommodated
within the ζ-phase at low temperature and η-phase at higher temperature. The formation of η-phase
is able to include higher Pu content and therefore depletes δ-Pu until the transition to ε-Pu around
483 ◦C where the BCC lattice also accommodates γ-U and Fe until its melting point.
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6. Conclusions

From the extensive literature review presented here, the Pu-Fe and U-Fe systems have been
reassessed to include more details on the solubility of Fe in the actinide rich composition ranges.
Density functional theory calculations of the formation enthalpy were performed to use for the
CALPHAD optimizations for both intermetallic phases (An6Fe and AnFe2). Pu-Fe and U-Fe assessments
were improved to include a description of impurity level iron in the respective actinides. These
binary assessments were used to reassess the Pu-U-Fe system, which is in agreement with available
experimental data. A first CALPHAD assessment of the Fe-Ga phase diagram is presented, where the
iron rich ordered phases are neglected. Finally, property diagrams were used to simulate alloys with
varying Fe content to show the impact of impurities on Pu-U-Ga alloys. Experimental investigations of
the Pu-Fe-Ga and U-Fe-Ga systems would be useful for future assessments.
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