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a European Commission, Joint Research Centre, Institute for Transuranium Elements, Post Box 2340, D-76125 Karlsruhe, Germany
b Institute of Chemical Technology, Technická 5, 166 28 Prague, Czech Republic

a r t i c l e i n f o
Article history:
Received 6 August 2009
Accepted 26 November 2009
0022-3115/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.jnucmat.2009.11.023

* Corresponding author. Address: Institute of Chem
166 28 Prague, Czech Republic. Tel.: +420 220 444 12

E-mail address: sedmidub@vscht.cz (D. Sedmidubs
a b s t r a c t

The enthalpies of formation of binary intermetallic compounds AnAln ðn ¼ 2;3;4; An ¼ U;Np; PuÞ were
assessed from first principle calculations of total energies performed using full potential APW + lo tech-
nique within density functional theory (WIEN2k). The substantial contribution to entropies, S

�

298, arising
from lattice vibrations was calculated by direct method within harmonic crystal approximation (Phonon
software + VASP for obtaining Hellmann–Feynman forces). The electronic heat capacity and the corre-
sponding contribution to entropy were estimated from the density of states at Fermi level obtained from
electronic structure calculations. The phase diagrams of the relevant systems An–Al were calculated
based on the thermodynamic data assessed from ab-initio calculations, known equilibrium and calorim-
etry data by employing the FactSage program.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Pyrochemical methods for spent nuclear fuel reprocessing are
nowadays subject of worldwide investigation as they represent a
promising alternative to aqueous reprocessing techniques. In par-
ticular, advanced fuels containing minor actinides, such as metal-
lic, nitride or carbide fuels, might be difficult to treat by
hydrometallurgical processes due to their limited solubility in
aqueous media, as well as due to limited radiation and thermal sta-
bility of the used organic solvents and extractants.

The most developed pyrochemical reprocessing technique is
electrochemical separation of actinides from molten salt mixtures
in which the spent fuel has been dissolved. In the process that is
currently being developed in ITUa, all actinides are selectively re-
duced from a molten LiCl–KCl electrolyte on a solid aluminium
cathode, forming actinide–aluminium alloys by solid state reaction
[1]. These intermediate products should subsequently undergo a
chlorination and the respective actinide chlorides could then be
easily separated from AlCl3 taking use of a considerably higher
volatility of the latter chloride.

During the electrodeposition, the respective An3+ cation is
reduced on the Al-electrode forming a solid AnAln phase at a spe-
cific potential, where n might be an integer for a stoichiometric
intermetallic compound or real if a solid solution is formed. In
the latter case the stoichiometry of the alloy is determined by both
ll rights reserved.
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the activity of An in chloride electrolyte and the cathode potential.
Since the characteristic reduction potentials of actinides differ
appreciably from those of rare earths and other fission products,
the electrochemical separation process can be conducted very
effectively. Moreover, highly thermodynamically stable actinide al-
loys are formed during the process which prevents them from re-
oxidation or other corrosive behavior.

It is obvious from what is mentioned above that the separation
abilities of the electrorefining process as well at the subsequent
conversion steps strongly depend on the thermodynamic proper-
ties of the formed An–Al alloys. Knowledge of their properties is
thus of principal importance for the appropriate description and
optimization of the processes involved in the depicted approach
of spent nuclear fuel reprocessing.

The high temperature equilibrium data in U–Al and Pu–Al sys-
tems have been compiled by Kassner et al. [2,3] and the corre-
sponding phase diagrams have been assessed, but not calculated.
These are essentially based, except for a few modifications, on
the previously published U–Al [4] and Pu–Al [5] diagrams. The
U–Al phase diagram has been also recently assessed by Wang
et al. [6] using a CALPHAD technique. By contrast, the phase dia-
gram of Np–Al system is not available, however, the intermetallic
compounds have been identified in the system and their melting
behavior has been suggested based on thermal analysis experi-
ments [7].

All three systems under study exhibit very similar phase
relations with the dominating AnAl2 phase crystallizing in the
Laves Cu2Mg type (B15) structure. This most stable congruently
melting compound is formed on the peritectic melting of AnAl3
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Table 1
Symmetry and lattice parameters used in WIEN2k [18], Phonon [21] and VASP [22] (SG
– space group).

SG a=Å b=Å c=Å References

UA12 Fd�3m 7.760 7.760 7.760 [23]
NpA12 Fd�3m 7.785 7.785 7.785 [24]
PuA12 Fd�3m 7.831 7.831 7.831 [25]
UA13 Pm�3m 4.253 4.253 4.253 [26]
NpA13 Pm�3m 4.260 4.260 4.260 [27]
PuA13-3H Pm�3m 4.262 4.262 4.262 [28]
PuA13-9H R�3m 6.150 6.150 21.10 [29]
UAl4 Imma 4.401 6.246 13.72 [30]
NpA14 Imma 4.420 6.260 13.71 [7]
PuAl4 Imma 4.420 6.260 13.66 [31]
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compound adopting the AuCu3 type (L12). The less stable AnAl4

(UAl4 itself represents the structure type denoted as D1b) decom-
poses peritectically into a liquid and AnAl3 and forms the lowest
eutectics with Al. Moreover, some particular features have been
observed in Pu–Al system. First, PuAl3 exists in three polymorphs
differing in stacking of trigonal – (PuAl3) – layers along the (001)
direction – the low temperature rhombohedral form PuAl3-9H,
the intermediate hexagonal PuAl3-6H and the high temperature
cubic PuAl3-3H described above. Second, two additional stoichiom-
etric phases, tetragonal Pu3Al (Pb3Sr type) and a poorly character-
ized PuAl, as well as a relatively large range of d-Pu based solid
solutions exist in the Pu-rich part of the phase diagram.

The direct measurements of thermochemical properties have
been performed by solution calorimetry for UA1n [8,9] and PuA1n

[10], and by high temperature adiabatic calorimetry for UA1n

[11], resulting in highly exothermic values of enthalpies of forma-
tion, Df H

�

298, ranging from �125 kJ mol�1 for UAl4 to �142 kJ mol�1

for PuA12. These data are in a relatively good agreement with those
derived from high temperature emf measurements performed on
UA1n [11,12] and PuA1n [4,13] compounds, which simultaneously
provide negative values of entropies of formation. The heat capac-
ities have been measured in sub-ambient temperature range for
AnAl2, An = U [14], Np [15], Pu [16], as well as for AnAl4, An = U,
Np [17]. Unfortunately, no entropies can be derived from these
low temperature Cp data for the comparison with the second law
values based on the emf, since the available heat capacities do
not cover the whole temperature range 0–298 K. The experimental
enthalpies of formation and entropies are completely missing in
the Np–Al system. It thus seems to be worth comparing the exper-
imental information available for UA1n and PuA1n compounds
with the enthalpies of formation and entropies resulting from cur-
rent ab-initio calculation techniques and from the CALPHAD ap-
proach, as well as applying both methods on the Np–Al system.
2. Calculation details

The electronic structure calculations were performed within
density functional theory (DFT) using the full-potential WIEN2k
code [18] with APW + lo basis set and generalized gradient approx-
imation (GGA, PBE96 parametrization scheme [19]) for exchange-
correlation potential. The spin polarization with a simple
ferromagnetic (FM) arrangement was considered for all phases.
Such an assumption conforms the experimental evidence for AnAl2

phases (see Section 3 below) and is also supported by our calcula-
tions performed for two different antiferromagnetic (AFM)
arrangements of NpA12 phase. In this case, the FM structure is
energetically favored by 80 meV compared to the AFM structure
with all antiparallel nearest neighbors. The spin–orbit (S–O) cou-
pling was included by applying the second variational procedure
on the scalar-relativistic eigenstates. The basis was extended by
relativistic 6p1=2 local orbitals centered at An atoms in all S–O
calculations. The plane wave cut-off energy of 340 eV and the
tetrahedron method with a typical k-mesh sampling density of
800 k-points Å3 were used. The core configurations [Xe]4f 145d10

and [He]2s2 were considered for An and Al atoms, respectively.
These states are treated fully relativistically in WIEN2k. In order
to treat the semicore states (6s;6p for An and 2p for Al), the corre-
sponding local orbitals confined to muffin-tin spheres only were
added. The well-proven muffin-tin radii RU ¼ 2:45 Å, RNp ¼ RPu ¼
2:6 Å and RAl ¼ 1:8 Å were selected in all calculated cases.

The crystallographic data of the An–Al intermetallic phases
employed in ab-initio calculations are summarized in Table 1.
The agreement of the calculated lattice parameters with the exper-
imental structure data was tested by optimizing the unit cell
volume on two example cases, UA13 and NpA13. For simple spin
polarized calculations the difference between the experimental
and optimized cubic lattice parameter a was only ��0.5% and
the corresponding energy difference did not exceed 0:6 kJ mol�1.
Although the inclusion of S–O coupling caused a more substantial
underestimation of the lattice parameter ðDa=aexp � �1:1%Þ and
the respective energy lowering by 5.3 and 6:5 kJ mol�1, the impact
on the resulting enthalpies of formation is not expected to be sig-
nificant, since the S–O interaction is confined to An muffin-tin
spheres of similar substances (the studied compounds and the ref-
erence elemental metals). Let us note that the lattice shrinkage due
to S–O interaction is in fact compensated by strong correlations of
f-electrons, which can be treated by GGA + U or hybrid functionals.
These techniques are however difficult to apply for the prediction
of enthalpies of formation as they involve adjustable parameters.

The simple structures of the constituent elements,
a� A1ðFm�3mÞ;a-UðCmcmÞ; c-NpðIm�3mÞ and d-Pu (Fm�3m) were
considered as reference states for the evaluation of enthalpies of
formation at T ¼ 0 K from total energies obtained by DFT calcula-
tions. Since c-Np and d-Pu refer to high temperature allotropes,
their lattice parameters had to be optimized and the resulting
enthalpies of formation were subsequently converted to the ther-
modynamic standard states referring to the respective a-modifica-
tions using the known values of DHðNpc!aÞ ¼ 10:9 kJ mol�1 and
DHðPud!aÞ ¼ 12:5 kJ mol�1 [20].

The electronic contribution to the heat capacity was evaluated
from the total density of states at Fermi level, NðEFÞ (summed over
spin-up and spin-down channels), resulting from DFT calculations
by assuming the simple Sommerfeld term

Cel
V ¼ R

p
3

kBNðEFÞT: ð1Þ

The direct method as implemented in Phonon software [21] was ap-
plied to calculate the phonon density spectra (PDOS) and the corre-
sponding contributions to thermodynamic quantities. The key
property is indeed the heat capacity which can be computed from
the phonon density of states, gðxÞ, by integrating over the popu-
lated phonon frequencies for a given temperature

Cph
V ¼ R

Z xmax

0

�hx
kBT

� �2 e�hx=kBT

½e�hx=kBT � 1�2
gðxÞ dx: ð2Þ

Further properties such as entropy and internal energy were evalu-
ated by integrating CV ðTÞ=T and CV ðTÞ from T ¼ 0 K to the desired
temperature. Since the main concern was to employ these data in
thermodynamic calculations performed at constant pressure, the
integration was only done up to the reference temperature
Tref ¼ 298:15 K where the Cp—CV difference is assumed to be
negligible.

The Hellmann–Feynman forces necessary to evaluate the force
constants and to build up the dynamical matrices were generated
by Vienna Ab-initio Simulation Package (VASP) [22]. For this
purpose, the 2� 2� 2 supercells (2� 2� 1 for AnAl4) were



Fig. 2. The ground state enthalpies of formation, Df H
�

0 (referred to total number of
atoms per formula unit, n + 1), calculated by Wien2K (open symbols and solid lines)
and compared with the experimental values [8,10] (filled symbols).

Table 2
Enthalpy of formation, Df H

�

0, the phonon (ph.) and electron (el.) contribution to
relative enthalpy, H

�

298 � H
�

0 (including zero point energy in the phonon part) and the
respective contributions to entropy, S

�

298. The last column, Df S
�

298, represents the
entropy of formation without magnetic part.

Df H
�

0 H
�

298 � H
�

0 S
�

298 Df S
�

298

kJ mol�1 J mol�1 K�1

el. ph. el. ph.

UA12 �86.1 0.67 24.2 4.5 101.2 �1.1
NpA12 �110.2 0.78 24.2 5.2 99.5 �2.3
PuA12 �159.2 0.64 24.1 4.3 105.3 �1.4
UA13 �87.0 0.65 32.3 4.4 117.5 �13.1
NpA13 �122.9 0.39 32.1 2.6 120.6 �12.1
PuAl3-3H �169.1 0.97 32.0 6.5 122.4 �10.4
PuAl3-6H �172.4 0.71 – 4.8 – –
PuAl3-9H �174.3 0.75 – 5.0 – –
UAl4 �91.4 1.00 – 5.7 – –
NpA14 �105.6 0.51 40.5 3.4 152.1 �8.1
PuAl4 �154.7 0.98 – 6.5 – –
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constructed and two, three and twelve independent displacements
of 0.03 Å were applied on the individual atoms in AnAl2, AnAl3 and
AnAl4, respectively. The FM spin polarization without S–O cou-
pling, PBE96 [19] exchange-correlation potential, the projector
augmented wave (PAW) pseudopotentials [32], plane wave basis
set expanded up to the cut-off energy of 532 eV and the
3� 3� 3 Monkhorst–Pack k-sampling were considered in all VASP
calculations. Similarly to ground state calculations performed by
WIEN2k the experimental lattice parameters were considered in
calculations of Hellmann–Feynman forces.

The calculations of phase equilibria and the construction of
phase diagrams were carried out by means of the FactSage thermo-
chemical software and databases [33], version 6.0. The thermody-
namic data for Al were taken from FACT53 database whereas the
data assessed in this study and those for actinide elements adopted
from literature [20] were collected in separate ACTIBASE and ACTI-
SOL compound and solution databases, respectively. The CALPHAD
technique was applied for the assessment of unknown thermody-
namic data considering the results of ab-initio calculations
performed in this work, as well as the experimental calorimetry
and high temperature equilibrium data discussed above.

3. Results and discussion

3.1. Ab-initio calculations

All calculated electronic structures reveal a clear spin polariza-
tion which is manifested by increasing exchange splitting of An-5f
bands located at the Fermi level and also an increasing spin mo-
ment as the spin-up 5f band is gradually filled from U to Pu (see
the calculated electronic structure of PuAl2 in Fig. 1 as an example).
The typical occupation of 5f states and the spin moment measured
in lB are 2, 3.5 and 5 for U, Np and Pu, respectively. Moreover, due
to S–O coupling the orbital moments oriented in the opposite
direction are formed on An atoms attaining the respective values
1.3, 2.9 and 2.2lB.

Assuming the An-5f orbitals are only marginally involved in
chemical bond, the effective numbers of electrons the An atoms
contribute to the bonding are 4, 3.5 and 3, which might be also
considered as their effective valences. As a result, the cohesive
energies decrease from U to Pu (the Pu compounds being the least
stable) for all three series. This is a typical behavior of most light
An compounds which exhibit an increasing stability from Ac to U
followed by a reversal towards Pu or Am and lanthanide-like linear
downtrend from Am to heavy An [34]. However, the resulting heats
of formation are likewise affected by the stability of the constituent
An metals, where the non-magnetic uranium with its f-electrons
highly contributing to the chemical bond is the most stable one.
Fig. 1. Calculated density of states (DOS) of PuA12. Majority spin channel ð"Þ
positive, minority spin channel ð#Þ negative.
Consequently, the enthalpies of formation shown in Fig. 2 and
Table 2 reveal an opposite trend with Pu compounds being the
most stable with respect to the elemental metals.

The decreasing stability from AnAl2 to AnAl4 is a general charac-
teristic observed in most binary intermetallic compounds and it
largely originates from the Madelung contribution to the cohesive
energy. This contribution is indeed not present in pure metals
which is also the cause of the exothermic values of enthalpies of
formation of intermetallic compounds in general. There are two
reasons why this term becomes most dominant when approaching
the 1:1 ratio of the constituent elements. First, the fraction of un-
like nearest neighbors reaches the maximum and, second, the
absolute values of partial charges also increase towards this com-
position. The described trend can be demonstrated on the PuAnn

series, where the average fraction of Pu nearest neighbors of an
Al atom increases from 24% for n ¼ 4–75% for n ¼ 2. Moreover, if
we assign the overall charge from the interstitial region back to
the individual atoms according to the rate they attract valence
electrons (measured as a fraction of valence electrons remaining
in muffin-tin), we obtain the partial charges of Pu dPu ¼ �2;�1:2
and �1.3 and those of Al dAl ¼ þ1;þ0:4 andþ 0:3 for n ¼ 2; 3
and 4, respectively. The largest partial charges are thus observed
for the most stable compound, PuA12. It is noteworthy that both
the degree to which an atom is surrounded by dissimilar atoms,
and the electronegativity difference affecting the magnitude of



Fig. 3. Calculated phonon spectra of NpA12 and PuA12.

Table 3
Assessed values of enthalpies of formation, Df H

�

298, of solid stoichiometric compounds
(in kJ mol�1). The entropies of formation ar considered as zero as discussed above.

An AnAl2 AnAl3 AnAl4 AnAl An3A1

U �92.6 �104.9 �105.8
Np �112.0 �130.8 �133.0
Pu �159.2 �178.79H �182.0 �83.0 �95.8

�177.06H

�173.83H

4 D. Sedmidubský et al. / Journal of Nuclear Materials 397 (2010) 1–7
partial charges appear in the original Miedemas’s model for the en-
thalpy of formation of intermetallic compounds [35]. However, the
latter term remains invariant with composition, whereas the real
partial charges can vary from one compound to another and, as
seen from the PuA1n example, they can contribute to higher stabil-
ity of those compounds with lower n.

The stability of uranium and plutonium compounds expressed
in terms of calculated enthalpies of formation is underestimated
by 6—34 kJ mol�1 (except for PuA12 which turns out to be more
stable) compared to experimental calorimetric [8,10,11] and emf
[11,4] data. The selected calorimetric data are also given in Fig. 2
for comparison. Let us note that the simple spin polarized calcula-
tions provide even less exothermic values which are improved in
most cases by � 10 kJ mol�1 once the S–O interaction is included.
When comparing the experimental and calculated results one
should consider the typical uncertainty in solution calorimetry
ð� 10 kJ mol�1Þ [8,10] and an An sub-stoichiometry which has
been reported in particular for UAl4, PuAl3 and PuAl4 [2,3]. On
the other hand, the calculated enthalpies of formation might be af-
fected by neglecting the correlation effects going beyond the used
GGA. The on-site Coulomb repulsion between An-5f electrons
might be indeed different in intermetallic compounds and pure
metals due to a different occupation and degree of localization of
these states. Although the observed discrepancy is significant with
regard to the accuracy required in thermodynamic modeling, the
ab-initio calculations provide a clear insight into the energetics
of the compounds under study and make it possible to correlate
it with the essential features of electronic structure. Moreover,
the calculated results seem to be internally consistent, as it can
be demonstrated on the stability of PuAl3 polymorphs (Table 2)
decreasing from PuAl3-9H to PuAl3-3H in accordance with the
experimental phase diagram [3].

All calculated phonon spectra show a low frequency peak which
originates from acoustic phonon branches and is predominantly
contributed by vibration modes of large An atoms �ð95—97%Þ.
The high frequency optical phonon bands (largely formed by Al
vibration modes) are separated from the acoustic branches by a
band gap of �2:5 THz width (see the phonon spectra of NpA12

and PuA12 in Fig. 3 as examples). This band gap does not appear
in the AnAl3 series, which also exhibits larger admixture of Al
vibrations into low frequency phonons �ð10%Þ. A closer inspection
of PDOS’s within an isostructural series reveals a slight shift of
most features of phonon spectra to lower frequencies when going
from U to Pu. This effect is also apparent from the comparison of
NpA12 and PuA12 (Fig. 3) and can be attributed to increasing atom-
ic mass of An and little weaker Hellmann–Feynman forces due to
softer An–Al bonds.

The observed shift to lower frequencies implies a faster satura-
tion of lattice heat capacity with temperature towards Dulong–Pe-
tit limit and, as seen from Table 2, also a higher lattice vibration
entropy and enthalpy at Tref ¼ 298:15 K for heavier An. Due to a
slight admixture of Al vibration states into the low frequency
acoustic phonons the effective Debye temperature is higher in
the intermetallic compounds compared to An metals and the cor-
responding Df Cp is thus negative in the low temperature range
which, being weighted by a factor 1/T, decidedly contributes to
the negative values of entropy of formation, Df S

�

298. Since the par-
ticipation of Al vibrations in the low frequency spectrum is more
considerable in the AnAl3 series, more negative values of Df S

�

298

are accordingly obtained in this case. The observed trend in
Df S

�

298 is not changed even after the electronic contribution is fig-
ured in.

However, the values of Df S
�

298 given in Table 2 do not involve the
magnetic contribution. The most explored from the point of view
of magnetic behavior are the Laves phases, AnAl2. UAl2 is known
as a spin fluctuator with a characteristic T3 � lnT term in low
temperature specific heat, while NpA12 and PuA12 are ferromag-
netically ordered and undergo low temperature transitions to
paramagnetic state. Unfortunately, only low temperature Cp data
(up to 20 K) are available for UAl2 and PuA12 [14,16]. The heat
capacity of NpA12 has been recently measured from 3 K to room
temperature by relaxation method [36]. If we subtract the calcu-
lated Cph þ Cel from the experimental data, we obtain the magnetic
contribution S

�

mag;298ðNpA12Þ ¼ 7:6 J mol�1 K�1. Provided the mag-
netic ordering is completely disrupted at room temperature, we
can conclude the total entropy of formation of most AnAln phases
varies from slightly negative to slightly positive values.

3.2. Phase diagrams

The thermodynamic models of the stoichiometric phases
(AnAln, n = 1, 2, 3, Pu3Al and PuAl) are based on the standard
enthalpies of formation assessed in this work, which are listed in
Table 3. As discussed above, the standard entropies of formation
resulting from phonon and electronic structure calculations as well
as from the estimated magnetic behavior are rather small and are
thus considered to be zero in all cases. Similarly, the heat capacity
above the ambient temperature is assumed to observe the
Neumann–Kopp additivity rule (NKR) with respect to constituent
metals, since the harmonic crystal approximation used in phonon
calculations and the Sommerfeld model for electron excitations
are not supposed to adequately describe the heat capacity at



Fig. 4. The excess Gibbs energy of U–Al liquid, DGex , and the mole fractions of the
respective species, yi as functions of total Al concentration, xAl (at T ¼ 1500 K).

Table 4
Assessed model parameters of solution phases (enthalpies of formation, Df H

�

298, and
interaction parameters, Lij , in kJ mol�1, entropies, S

�

298, and heat capacities, C
�

p , in
J mol�1 K�1).

Liquids
U–Al UA12(l): Df H

�

298 = �19.8 S
�

298 = 119

C
�

p = 112
L21ðU;UAl2Þ = 18 L21ðAl;UAl2Þ = �12

Np–Al NpA12(l): Df H
�

298 = �48.7 S
�

298 = 128

C
�

p = 109
L21ðNp;NpAl2Þ = 9 L21ðAl;NpAl2Þ = �23
L11ðNp;NpAl2Þ = 8.5

Pu–Al PuA12(l): Df H
�

298 = �79.2 S
�

298 = 140

C
�

p = 106
L11ðPu;UAl2Þ = 17 L21ðAl;PuAl2Þ = �34

Solid solutions
Al(bcc)a: Df H

�

298 = 10.1 S
�

298 = 32.5
c-U L11ðU;AlÞ = �12
c-Np L11ðNp;AlÞ = �12
d-Pu Pu3Al: Df H

�

298 = �75.0 S
�

298 = 202
L11ðPu;Pu3 AlÞ = �10

�-Pu L11ðPu;AlÞ = 68 L21ðPu;AlÞ = �136

a SGTE value from SGPS (pure substances) database comprised in FactSage 6.0
[33], used for c-U; c-Np and �-Pu.
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elevated temperatures. However, as mentioned above, high tem-
perature emf measurements performed on UA1n [11,12] and
PuA1n [4,13] provide more exothermic values of Df H

�
than ambient

temperature calorimetry data and also negative values of Df S
�
.

Qualitatively similar results are also reported for U–Al phases by
Wang et al. [6] who assessed the Gibbs energies of formation from
high temperature equilibrium data. These results seem to indicate
a considerable negative departure from NKR at elevated tempera-
tures. In our models on the other hand, only the enthalpies and
entropies of transformation between different An-allotropes
contribute to higher Df H

�
and lower Df S

�
at T > Tref compared to

reference temperature Tref ¼ 298:15 K. Although an An sub-stoi-
chiometry has been reported for both UAl4 [2] and PuAl4 [3] as well
as for PuAl3 [3], all AnAln phases are considered as stoichiometric
in this study. Let us note that the recent crystal structure refine-
ment study brings an evidence that UAl4 can be prepared as a fully
stoichiometric compound with no vacancies on U-sublattice [37].

The Gibbs free energy of all solution phases is described in a
standard way,

G/ ¼
X

i

ðyiG
�

i þ RT yilnyiÞ þ DGex; ð3Þ

as a sum of Gibbs energies of the involved species G
�

i , the ideal en-
tropy term and the excess Gibbs energy considered in a simple
polynomial form

DGex ¼
X
M–N

X
ij

LijðM;NÞ � yi
Myj

N : ð4Þ

The liquid phase is expressed in terms of associate solution
model with two liquid end-members, An(l) and Al(l), and a single
associate, AnAl2(l), which effectively describes a considerable neg-
ative deviation from ideality at this composition, as demonstrated
for the excess Gibbs energy of U–Al liquid (Fig. 4). Due to a lack of
experimental information needed for an assessment, the model
parameters for Np–Al liquid were evaluated by linear interpolation
between the respective parameters used for U–Al and Pu–Al.

In addition to the liquid phase, four solid solutions based on dif-
ferent An-allotropes, namely c-U; c-Np; �-Pu and d-Pu were con-
sidered. While the former three are modeled as solutions of
elemental end-members with Al adopting the same structure as
the respective An (bcc, Im�3m), the d-Pu solution turned out to be
better described as a mixture of d-Pu and the cubic form of Pu3Al,
where the latter end-member was considered as fcc structure with
1/4 of Al substituting Pu in an ordered way (Pm�3m). Topologically
it has the same structure as the line compound Pu3Al, which is
however tetragonally distorted (P4mmm). All assessed parameters
appearing in the models for solution phases are summarized in
Table 4.

The assessment was performed starting from the calorimetry
and/or ab-initio enthalpy of formation of AnAl2 which is the most
stable compound in all three systems. The temperature of its con-
gruent melting [2,3] was first optimized by varying the enthalpy
and temperature of virtual congruent melting to a liquid AnAl2

associate. In the next step, the parameters of the excess Gibbs en-
ergy of the melt and heats of formation of AnAl3 and AnAl4 were
changed by trial and error in order to reproduce the experimental
temperatures of peritectic melting of these two compounds [2,3].
The assessed and experimental enthalpies of formation are gener-
ally in good accordance except for UAl4 where the difference ex-
ceeded 20 kJ mol�1 (the experimental value is ��127 kJ mol�1

[8,11]). On the other hand, the calculated enthalpies of formation
are in general less exothermic compared to the assessed ones. As
a result of the used assessment strategy the difference is quite
small for AnAl2, but increases towards AnAl4 reaching the average
values 8 and 23 kJ mol�1 for AnAl3 and AnAl4, respectively. This
would either suggest a sharper minimum in the excess Gibbs en-
ergy of the liquid phase or temperature dependent excess param-
eters. The model parameters of the solid solutions derived from
the An metals and the enthalpies of formation of PuAl and Pu3Al
were eventually optimized based on the experimental data given
in Kassner’s et al. compilations [2,3] (see Figs. 5 and 6 for
comparison).

The calculated phase diagrams are shown in Figs. 5–7. A satis-
factory agreement between the experimental and calculated tem-
peratures of invariant points was achieved in U–Al (Fig. 5) and
Pu–Al (Fig. 6) system. As the experimental liquidus data were not
considered during the assessment, the calculated liquidus curve
in Al rich part does not fully fit the experimental points in U–Al
system, so that the peritectic composition of UA13 is slightly
shifted towards An while the UAl4-Al eutectics is closer to Al. Since
the experimental information is very scarce in Np–Al system, the
calculated phase diagram in Fig. 7 based on the interpolation of li-
quid behavior between U–Al and Pu–Al and on ab-initio enthalpies
of formation of NpA1n should be considered as a tentative picture
of the phase relations in this system.
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4. Conclusions

Thermodynamic properties of actinide–aluminium compounds,
which are involved in the pyrochemical reprocessing technique of
spent nuclear fuels, were studied by both first principle calcula-
tions and thermodynamic data evaluation based on CALPHAD
approach. The stability of the studied compounds as predicted by
full potential plane wave calculations is in general slightly under-
estimated compared to available experimental and assessed heats
of formation. This effect has been ascribed to higher order correla-
tion effects not involved in the used GGA functional. Despite this
discrepancy the DFT calculations provided an insight into the cohe-
sive characteristics and made it possible to interpret the observed
trends along the An-series.

Moreover, the main contributions to the entropy arising from
lattice vibrations and conduction electron excitations were evalu-
ated from calculated phonon spectra and electronic density states,
respectively. By adding the estimated magnetic entropy, the total
entropy of formation turns out to be close to zero. Hence, the
highly negative entropies of formation as derived from high tem-
perature equilibrium measurements based on second law must
be interpreted in terms of large negative deviation from Neu-
mann–Kopp rule at elevated temperatures. The high temperature
heat capacity measurements would be thus highly needed.

Last, based on the observed and anticipated trends in thermo-
chemical properties from uranium to plutonium the phase diagram
of Np–Al system is presented for the first time along with the (re-
)assessed U–Al and Pu–Al phase diagrams.
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