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a b s t r a c t

A thermodynamic model of the Np–Zr system is developed using the CALPHAD method, and a review of
previous work performed on this system is presented here. In general, results obtained are in good agree-
ment with those proposed from experimental observations. It is found that the nature of reactivity of Np
with Zr, is different from that of U and Pu: an expected elevation of melting point of Np–Zr alloys was not
seen and a miscibility gap existed between the high-temperature bcc phases of Np and Zr. Formation
enthalpy of the bcc phase obtained from the model is compared with results from KKR–ASA–CPA calcu-
lations. Lattice stabilities of various phases in the system are compared to values obtained from first-prin-
ciples LDA and GGA calculations. The d-NpZr2 phase is modeled as a non-stoichiometric phase with a C32
structure, similar to what has been determined for the d-phase in the U–Zr system. This phase is analo-
gous to x-phase in pure Zr, which is stabilized at high pressures. Two different possibilities for stability of
the d and x phases have been proposed in the present work. Finally, calculated changes in enthalpy ver-
sus temperature are plotted for two alloys to guide future experimental work in resolving important
issues in this system.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear fission currently provides about 15% of the total global
electric power and the fact that it produces greenhouse gas free en-
ergy [1], might play an important role in its contribution to the
renewable energy sector. A major problem faced today with nucle-
ar energy is waste disposal, with over 12,000 tons of radioactive
nuclear waste being produced worldwide, every year [1]. The po-
tential solution to this problem lies in the use of metallic nuclear
fuels, particularly U–Pu–Zr alloys, that transmutate to long lived
and high heat producing minor actinides such as Np, Am and Cm
in fast breeder reactors, thus closing the nuclear fuel cycle [2]
and achieve high ‘burn-up’ rates. The melting points of Np, Pu
and U are relatively low for nuclear fuel applications
(Tfus[Np] = 639 �C, Tfus[Pu] = 640 �C, Tfus[U] = 1135 �C [3,4]) which
could pose a limitation to their use. Thus, Zr is alloyed with them
to elevate the liquidus and also suppress inter-diffusion between
the nuclear fuel and stainless steel cladding [5]. In this work we
study one such alloy, Np–Zr, which may aid in predicting the nat-
ure of interactions in similar complex alloy systems.
ll rights reserved.
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Prior information available on the Np–Zr system is limited and
contradictory. It was expected [6–9] that this system would be
similar to the U–Zr and Pu–Zr systems, which are characterized
by complete mutual solubility of the high-temperature (HT) body
centered cubic (bcc) phases and an elevation in the melting points
of Np alloys, relative to pure Np. However, according to Refs. [6–
10], after performing several differential thermal analysis (DTA)
and X-ray diffraction (XRD) experiments, it was confirmed that
the HT bcc phases, c-Np and b-Zr, were immiscible. It was also
found that due to the low solubility of Zr in Np, there were only
small changes in the melting points and transition temperatures
of Np–Zr alloys. On the contrary, Rodríguez et al. [11] proposed a
tentative phase diagram based on dilatometry, electron probe mi-
cro analysis (EPMA) and micrographic studies, that showed the
Np–Zr system to be completely ideal. These experimental works
are discussed in detail in Section 2.1.

Another debatable feature of the Np–Zr phase diagram is the
structure and stability of the d-NpZr2 phase, analogous to the
d-UZr2 phase in the U–Zr system [5,12,13] which is known to
stabilize due to an increase in the d-band occupation of Zr [5,14].
Detailed discussions on this phase are offered in Sections 2.2, 2.4
and 5.4.

To improve our understanding of this system, it is necessary to
study the equilibrium or partial/local equilibrium, along with
kinetics of phase transformations and chemical reactions. Thus,
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in this work, we develop a thermodynamic model based on the
CALPHAD approach [15]. In this approach, Gibbs energies of all
the phases taking part in equilibrium, are modeled through reliable
and most recent experimental data. This thermodynamic model-
ling approach has many advantages: it provides an easy way to
study how various equilibria and reactions are affected by various
external factors and, it can be extrapolated to regions of tempera-
tures and compositions which are not easily accessible by experi-
ments. The use of such techniques becomes even more important
as performing experiments still remains challenging for this class
of systems.
2. Experimental data

In this section, we review details and results of various experi-
ments performed on the Np–Zr system.

2.1. Phase diagram data

Gibson et al. [6] performed HT–DTA, up to 1500 �C, on Np–Zr al-
loys with 22, 48, 50, and 75 at.% Zr. For alloys with compositions
22, 48, and 50 at.% Zr, the sharp rise in liquidus temperatures
was not observed from the DTA thermograms which suggests that
the bcc phases of Np and Zr are immiscible. The low temperature
peak due to the a-Np ? b-Np transition was absent in the 48, 50,
and 75 at.% Zr samples indicating the presence of a Zr-rich phase.
By integration over peak areas of the heating and cooling curves,
a high enthalpy was measured for the HT transition in these sam-
ples, which may be caused due to a Zr-rich intermediate phase, and
we speculate it to be the d-phase.

Gibson et al. [7] performed more extensive DTA studies on sam-
ples of compositions 22, 27, 48, 50, and 75 at.% Zr. Thermal events
were recorded between 100 �C and 1400 �C, although no reproduc-
ible features were detected above 640 �C. Thermograms obtained
for 22 and 27 at.% Zr alloys were similar to those obtained for pure
Np, suggesting immiscibility and limited solute effect on the liqui-
dus onset temperatures. It was also suggested from room temper-
ature XRD [10] that due to larger cell volumes of a-Zr which was
equilibrated with Np, than for just pure a-Zr, Np may have up to
10 at.% solubility in a-Zr. But, on the other hand, Zr has negligible
solubility in a-Np.

Another group of experimentalists, Rodríguez et al. [11], per-
formed dilatometry on three alloys of compositions 40, 72, and
91 at.% Zr. EPMA and microscopic examination of these samples
showed complete mutual solubility between the c-Np and b-Zr
phases up to their respective melting points. This is in direct con-
flict with conclusions of the experimental works described before.

Okamoto et al. [9] performed XRD analysis on two samples, 67
and 75 at.% Zr, between 25 �C and 700 �C, and obtained results con-
sistent with previous DTA [6,7], XRD [10] experiments and the
phase diagram proposed by Gibson et al. [8], thus further strength-
ening the case of immiscibility.

2.2. d-phase

It was determined [12,13] that the crystal structure of the
d-phase is a modified C32 (AlB2 type) structure, with Zr atoms
occupying the (0,0,0) position and a random mixture of U and Zr
atoms occupying the 2

3 ;
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3 ;

1
2

� �
and 1

3 ;
2
3 ;

1
2

� �
positions. XRD studies

on the d-phase pointed to a bcc structure instead of a structure
with hexagonal symmetry and couple of reasons have been cited
for this: transformation between the c solid solution and d-phase,
a twinned crystal with four hexagonal cells [12]; and, the C32
structure is derived when two of three neighboring (111) planes
in a bcc structure move towards one another along the [111]
direction and collapse into one, hence compatible with the defini-
tion of the so called x-phase as experimentally observed in Zr [14].

Okamoto et al. [9] found a greater intensity of d-NpZr2 phase in
the 25 at.% Np alloy than in the 33 at.% Np alloy, predicting this
phase to be non-stoichiometric. A decomposition temperature of
550 �C was assigned and it was concluded that this phase formed
from c-Np and a-Zr.

2.3. h-phase

Diffraction lines observed by Gensini et al. [10] corresponded to
a phase similar to the Pu4Zr phase in the Pu–Zr system [16,17].
However, to the best of our knowledge, these is no experimental
information available on the crystal structure, symmetry or stabil-
ity of the h-Np4Zr phase and thus, it is modeled as a stoichiometric
compound in our model.

2.4. The x-phase of Zr

It is well known that zirconium metal undergoes hcp ? x and
x ? bcc transformations at pressures of 2.1–6.0 GPa [18] and
�32 GPa [19], respectively. These phase transitions are accompa-
nied by a change in the d-band occupation, which has also been ob-
served when alloying zirconium with actinide elements [5,14,18].
The determination of the ground state phase of Zr, whether it is
hcp or x, has long been debated. According to experimental works
in Refs. [19,20], at atmospheric pressure and temperatures below
about 250 K, the x-phase is found to be more stable than the
hcp phase. In Ref. [20], formation enthalpy associated with the
a ? x transition was found to be equal to �553 J/mol. Results
from first-principles calculations performed in our study also indi-
cate that the x-phase is more stable than the hcp phase, although
the difference in energy is only �1 kJ/mol. This is in agreement
with results obtained in Refs. [21–24] which also show that this
energy difference was small, with the x-phase having a lower en-
ergy. Due to the uncertainty posed by this, both possible scenarios
are taken into account in the present work. Models 1 and 2 will be
calculated considering hcp and x-phase, respectively, as the
ground state of Zr and more details are given in Section 5.4.

3. Thermodynamic models

In this section, we describe the Gibbs energy functions of vari-
ous phases in the model. G/

m denotes the molar Gibbs energy of
phase /, xi is the molar fraction of component i and, oG/

i defines
the Gibbs energy of the phase containing the pure component i, ob-
tained from the SGTE database [25].

3.1. Random solution

The liquid, orthorhombic and tetragonal phases are modeled as
random solution phases, where the phase components may occupy
spatial positions based purely on random substitution rather than
on a preferential occupation of sites. The Gibbs energy of such a
solution phase is given by:

G/
m ¼

X

i¼Np;Zr

xi
oG/

i þ RT
X

i¼Np;Zr

xilogexi þ xNpxZrL
/
Np;Zr ð1Þ

where, L/
Np;Zr is an interaction parameter used to incorporate the ef-

fects of non-ideal mixing. This parameter is further expanded using
the Redlich–Kister formalism [26] as:

L/
Np;Zr ¼

X

v
L/

Np;ZrðxNp � xZrÞv ð2Þ

where, in case of regular solutions, v = 0 and in case of non-regular
solutions, v > 1. This parameter is made temperature dependent:
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vL/
Np;Zr ¼ vAþ vBT ð3Þ

where, vA and vB are model parameters to be optimized.

3.2. Sublattice model

The body centered cubic, hexagonal d and h phases are modeled
as sublattice phases. This method is one of the most powerful and
effective ways to model solution phases, such as interstitial and
intermetallic compounds, in which a phase is composed of inter-
locking sublattices. The Gibbs energy expression for such a model
is defined by:

G/
m ¼

X

I0

PI0ðYÞoG/
I0 þ RT

X

s

Ns
X

i

syiloge
syi þ

X

Z>0

X

IZ

PIZðYÞL/
IZ ð4Þ

where PI0 is a product of the site fractions when each sublattice is
occupied by only one component and PIZ is the site fraction product
when only one sublattice contains Z components and the remaining
sublattices are occupied by one component. Ns is the total number
of sites on sublattice s, and syi is called the site fraction and is given
by:

syi ¼
ns

i

Ns ð5Þ

where ns
i is the number of atoms of component i on sublattice s.

In the case of regular solutions (Z = 0), mixing on each sublattice
is independent of site occupations in the other sublattice. But, in
the of sub-regular models (Z > 0), as shown in the Gibbs energy
expression in Eq. (4) above, there is some dependence on site frac-
tions of other sublattices which is added to the interaction param-
eter as follows:

L/
a;b:c ¼

1y1
ay1

byc

X

v

vL/
a;b:cð

1ya � 1ybÞ
v ð6Þ

This equation is valid for a two-sublattice system (a,b)1(c,d)1,
wherein, there are four different combinations of mixing possibili-
ties on the sublattices, one of which is shown above.

3.3. Evaluation of model parameters

The evaluation and optimization of the parameters, used in the
description of the Gibbs energy functions, are carried out using the
PARROT module of Thermo–Calc software [27] at atmospheric
pressure (101.325 kPa). Given the contradictory nature of the data
available on the phase diagram, variables for each phase were opti-
mized, starting with low statistical weights and small number of
iterations. The controversial body centered cubic phase, was opti-
mized in an unbiased manner so that no preference was given to
any of the previous experimental works that defined its character
(miscible or immiscible). At the same time, care was taken to be
within an acceptable range of solubilities and temperatures of
the invariant reactions and phases, by increasing statistical
weights appropriately. Another constraint used for this purpose
was the driving force which is regarded as an affinity between
reacting chemical species, and its magnitude defines the equilib-
rium of a phase at specified composition and temperature. The
Table 1
Lattice stabilities predicted from LDA and GGA first-principles electronic structure calculat
work and the U–Zr model [42].

Element Phase Space group LDA (J/mol)

Np Hcp P63/mmc 74,860.61
U Hcp P63/mmc –
Zr Orthorhombic Pnma 1613.97
Zr Tetragonal P4/nmm 1688.53
model was optimized until a balance had been achieved between
the accuracies of the liquidus, solidus equilibrium lines and forma-
tion enthalpies of the bcc phase.

4. First-principles methodology

To validate the thermodynamic model developed, we per-
formed first-principles calculations to evaluate formation enthal-
pies of the bcc phase and lattice stabilities in the Np–Zr alloy
system. Lattice stabilities are relative Gibbs energies of pure ele-
ments in various crystal structures, which may consist of metasta-
ble or unstable structures, present in different regions of the phase
diagram.

4.1. Evaluation of lattice stabilities

These calculations were performed within the Density Func-
tional Theory (DFT) framework as implemented in the VASP code
[28–31]. Ion-electron interactions were described using the Projec-
tor Augmented Wave (PAW) method [32,33]. The PAW potential
was generated considering the 6d, 7s and 5f valence states for
Np and 4s, 4p, 4d and 5s for Zr. Spin-polarized Local Density
(LDA) [34] and Generalized Gradient Approximation (GGA–PBE)
[35] were used to approximate the exchange-correlation func-
tional. Convergence tests were first performed on the structures
to limit total energy convergence to less than 0.005 eV. Plane wave
energy cut-off of 600 eV was determined for the orthorhombic and
tetragonal phases, whereas for the hcp phase, a value of 500 eV
was deemed suitable. Integrations over the first Brillouin zone
were made using k-point grid sets of 8 � 10 � 10, 8 � 8 � 10 and
12 � 12 � 10 for the orthorhombic, tetragonal and hcp phases,
respectively, generated according to the C-centered Monkhorst–
Pack scheme [36].

4.2. Evaluation of formation enthalpies of the bcc phase

Formation enthalpies of bcc alloys of various compositions were
computed using a scalar-relativistic Green’s function technique
based on the Korringa–Kohn–Rostoker (KKR) method within the
atomic sphere approximation (ASA) [37–39], which is improved
by addition of higher multipoles of the charge density [39], and
the so called muffin-tin correction [40] to the electrostatic energy.
The Generalized Gradient Approximation (GGA) [35] is adopted to
approximate the electron exchange and correlation energy func-
tional. To treat compositional disorder the KKR–ASA method is
combined with the Coherent Potential Approximation (CPA) tech-
nique [41]. More details of the methodology can be found in Ref.
[5].

5. Results and discussion

5.1. Lattice stabilities

In Table 1, structural properties and lattice stabilities calculated
within both LDA and GGA approximations are compared with
ions, compared with values from the thermodynamic model developed in the present

GGA (J/mol) Model (J/mol) U–Zr [42] (J/mol)

49,106.39 70,000 –
– – 50,000
5680.87 5837.36 38,000
5630.14 4056.09 35,000
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those obtained from our thermodynamic model and the U–Zr mod-
el [42]. These values are calculated by subtracting total energies of
the pure elements in their reference states (orthorhombic in case
of Np, and hcp in case of Zr), from the energies of both the elements
in their corresponding unstable crystal structures (Np in hcp phase,
and Zr in orthorhombic and tetragonal phases).
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Fig. 1. Calculated phase diagram – Model 1 compared with phase diagram
information from Ref. [8] and DTA results from Ref. [7].
5.2. Phase diagram

The optimized parameters that are used to construct the Gibbs
energy functions of the phases are listed in Table 2. In Fig. 1, the
calculated phase diagram (Model 1) is compared with the provi-
sional diagram published by Gibson et al. [8], along with DTA peaks
obtained for various alloys from Ref. [7]. Fig. 2 compares the phase
diagram (Model 1) with dilatometry and EPMA performed by
Rodríguez et al. [11].

As noticeable from the phase diagrams, it is clear that there is a
miscibility gap between the HT bcc phases of Np and Zr as con-
firmed in Refs. [6,7,10,8,9,14]. Even though the metallic radii and
electronegativities of U, Pu, Np and Zr are similar, which might
suggest mutual solubility, the contribution of 5f bonding electrons
to the cohesive energies is greater in Np than U and Pu [7,8]. This
leads to a larger disruption in 5f bonding when alloying with a
non-5f element such as Zr and thus explains the non-ideal behav-
ior of the Np–Zr system. The calculations are in agreement with
most of the features predicted by Gibson et al. [8], minor discrep-
ancies being in the positions of the liquidus, solidus, and bcc/hcp
equilibrium lines. However, it must be pointed out that, at the final
step of the optimization process, a stage was reached, where a
compromise had to be made between these equilibrium lines
and formation enthalpies of the bcc phase (see Section 5.3) so that
the model satisfied various thermodynamic constraints applied to
it. Additionally, DTA experiments [7] discussed in Section 2.1,
showed that no well-defined peaks were observed above 913 K.
It has been pointed out in Ref. [43] that it is highly probable that
the melting points of (c-Np,b-Zr) measured by Rodríguez et al.
Table 2
Model description and parameters for the phases in the Np–Zr sys

Phase Model (Va = vacancy)

Liquid Random solution (Np,Zr)1

bcc Sublattice model (Np,Zr)1(Va)3

hcp Sublattice model (Np,Zr)1(Va)0.5

ortho Random solution (Np,Zr)1

tetra Random solution (Np,Zr)1

h Sublattice model (Np)4 (Zr)1

d (Model 1) Sublattice model (Np,Zr)2(Zr)1

d (Model2) Sublattice model (Np,Zr)2(Zr)1
[11], actually correspond to the liquid + b-Zr liquidus in the non-
ideal phase diagram. This comparison is found to be consistent
with our phase diagram and is shown in Fig. 2. Thus, the inconsis-
tencies can be neglected given the limited number of experimental
data points available, and also because it has been asserted several
times [8,14] that the phase diagram published is only speculative.
Table 3 shows the temperatures and compositions of the calculated
and reported invariant reactions, which are in good agreement
with each other.

Recently, a Np–Zr phase diagram, showing complete solid solu-
bility of the bcc phase similar to the U–Zr and Pu–Zr systems, was
calculated by Kurata [45]. This result was based on the assumption
tem.

Evaluated parameters (J/mol)

0LLiq
Np;Zr ¼ 126720:48� 122:25 � T

1LLiq
Np;Zr ¼ 27741:16� 48:36 � T

0Lbcc
Np;Zr:Va ¼ 95381:69� 84:08 � T

1Lbcc
Np;Zr:Va ¼ 83326:26� 87:96 � T

2Lbcc
Np;Zr:Va ¼ �1133:70� 12:25 � T

0Ghcp
Np:Va � 0Gort

Np ¼ 70000
0Lhcp

Np;Zr:Va ¼ �48071:49� 6:75 � T
0Gort

Zr � 0Ghcp
Zr ¼ 5837:36� 2:64 � T

0Lort
Np;Zr ¼ �2528:41þ 35:95 � T

0Gtet
Zr � 0Ghcp

Zr ¼ 4056:09þ 1:36 � T
0Ltet

Np;Zr ¼ �3356:11þ 30:50 � T
0Gh

Np:Zr � 4 � 0Gort
Np � 0Ghcp

Zr ¼ �2250:09þ 0:09 � T
0Gd

Np:Zr � 2 � 0Gort
Np � 0Ghcp

Zr ¼ 2438:39þ 0:72 � T
0Gd

Zr:Zr � 3 � 0Gx
Zr ¼ 1800

0Ld
Np;Zr:Zr ¼ �9836:28þ 28:54 � T

1Ld
Np;Zr:Zr ¼ 3135� 4:88 � T

0Gd
Np:Zr � 20Gort

Np � 0Ghcp
Zr ¼ 28330:92� 28:07 � T

0Gd
Zr:Zr � 3 � 0Gx

Zr ¼ 0
0Ld

Np;Zr:Zr ¼ �69268:56þ 101:48 � T
1Ld

Np;Zr:Zr ¼ �44401:87þ 48:11 � T
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that interaction parameters of the bcc phase should almost be the
same in both Np–Zr and Pu–Zr systems. However, due to reasons
stated above, it is unlikely that the nature of chemical reaction in
both the systems will be similar or that the bcc phase will from
complete miscible solid solutions.
Fig. 4. Atomic volumes and bulk moduli of bcc phases of pure Np and pure Zr, and
bcc-based Np–Zr alloys of various compositions calculated from the KKR–ASA–CPA
method. Dotted lines denote the expected linear relationship based on Zen’s Law
[46].
5.3. The bcc phase

To support the calculated phase diagram, formation enthalpies
of the bcc phase obtained from this model are compared with re-
sults from calculations based on the KKR–ASA–CPA method in
Fig. 3. High positive values indicate the tendency towards a misci-
bility gap in this phase, thus confirming our result.

Atomic volumes and bulk moduli of bcc-based Np–Zr alloys of
various compositions, calculated using the KKR–ASA–CPA meth-
od, are plotted in Fig. 4. This plot also shows the linear variation
between values obtained for pure bcc-Np and bcc-Zr, that would
be expected based on Zen’s Law [46]. Positive deviation in vol-
umes and negative deviation in bulk moduli confirms the resis-
tance in bonding between Np and Zr and thus, resulting in a
miscibility gap in the bcc phase. The atomic volume of pure
bcc-Np from these calculations is found to be 0.0185 nm3,
whereas the experimental value is 0.0218 nm3 at 600 �C [47,48],
and when extrapolated down to 20 �C, it is close to 0.0202 nm3

[48]. It was expected that due to the more open structure of
bcc, the atomic volume of c-Np should be larger than that of a-
Np (0.0192 nm3 [48]). These inconsistencies can be explained by
the reason that DFT does not take into account temperature
Table 3
Invariant reactions in the Np–Zr system.

Reaction Okamoto [44]

x(Zr) Temp. (K

L ? c-Np + b-Zr 0.15 903
b-Zr ? c-Np + a-Zr 0.83 883
c-Np + a-Zr ? d-NpZr2 (Model 1) 0.70 823
c-Np + a-Zr ? d-NpZr2 (Model 2) 0.70 823
c-Np ? b-Np + d-NpZr2 0.03 803
b-Np + d-NpZr2 ? h-Np4Zr 0.20 588
b-Np ? a-Np + h-Np4Zr 0.015 553
effects, and therefore gives accurate results for the ground state
phase, but less so for the high-temperature bcc phase, thus result-
ing in the observed discrepancy. Furthermore, the atomic volume
Present work Reaction type

) x(Zr) Temp. (K)

0.08 882 Eutectic
0.86 852.3 Eutectoid
0.73 852.2 Peritectoid
0.79 843.5 Peritectoid
0.03 838.5 Eutectoid
0.20 585.5 Peritectoid
0.015 551 Eutectoid
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of c-Np calculated from KKR–ASA–CPA is consistent with the
prior DFT result of 0.0175 nm3 [49].

5.4. The d-NpZr2 phase

As mentioned in Section 2.4, the stability of the C32 structure in
Zr increases when alloying with actinides, such as Uranium [5]. We
predict a similar behavior in the Np–Zr system for the stability of
the d-phase. This phase is modeled as a sublattice phase with a ran-
dom mixture of Np and Zr atoms occupying two sites in the first
sublattice, namely the 2

3 ;
1
3 ;

1
2

� �
and 1

3 ;
2
3 ;

1
2

� �
positions, and pure Zr

atoms occupying one site in the second sublattice, the (0,0,0) posi-
tion, thus resulting in a (Np,Zr)2 (Zr)1 configuration. This phase
description is similar to the one proposed for the d-UZr2 phase,
for which it was found from first-principles [5], that this configura-
tion has the lowest energy out of all possible configurations. In
accordance with the findings in Refs. [6,7,9], the decomposition
of this phase into a mixture of c-Np and a-Zr is assumed to take
place at about 823 K. The only experimentally validated data on
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Fig. 6. Gibbs energy versus temperature plots for the hcp and
the composition range is mentioned in Ref. [11], where it has been
found that this phase extends from 65.3 to 78.2 at.% Zr.

The molar Gibbs energy of formation of the d-phase calculated
from the model, is plotted versus composition at a temperature
of 840 K in Fig. 5, with a maximum at about �1 KJ/mol. Formation
enthalpy of the d-phase in the U–Zr system, calculated from first-
principles, is found to be �6.289 KJ/mol [5], and from calorimetry
measurements, is �4.0 KJ/mol [50,51]; whereas, in the Pu–Zr sys-
tem, the d-phase never forms [16,17]. This decrease of stability,
when going from U to Np and then to Pu, is expected and conforms
with the calculations in Ref. [5], where it was shown that the crit-
ical d-band occupation change needed to form the d-phase was
reached for a lower concentration of U than Np when alloying with
Zr, thus resulting in a relatively higher energy for formation in the
Np–Zr system in comparison with the U–Zr system. Whereas, in
the case of Pu, the d-band occupation change always remained
lower than the critical value, thus explaining the absence of the
d-phase from the Pu–Zr phase diagram.
200 220 240 260 280 300232
perature, K

hcp
Omega

x-phases of pure Zr showing a cross-over at about 232 K.
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To compare the stabilities/instabilities of the hcp and x-phases
of pure Zr from the SGTE database, the Gibbs energy functions (re-
trieved from this database) versus temperature curves for both the
phases are plotted in Fig. 6. According to this plot, the energy curve
of the x-structure is lower than that of hcp up to about 230 K, be-
yond which it crosses over, indicating its instability above this
temperature. However, according to the SGTE database, the Gibbs
energy description of the x-phase is defined only above 298 K,
whereas that for the hcp phase is defined above 130 K. Thus, below
298 K, the energy curve for the x-phase in Fig. 6 is obtained by
mere extrapolation and the question of the more stable phase for
Zr, remains unanswered.

Thus, in Model 1, a small value of 600 � 3 J/mol (three for the to-
tal number of sites) was added to the Gibbs energy description of
the x-structure in the d-phase (i.e. 0Gd

Zr:Zr � 3�0Gx
Zr). And, in Model
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Fig. 9. Molar enthalpies of the system calculated at various temperatures for alloys of com
d-NpZr2 phase, and at x(Zr) = 0.86, composition of the second invariant reaction in Table
2, this value was removed to make the x-phase more stable. The
phase diagram obtained in this case is shown in Fig. 7, and as ex-
pected, a miscibility gap is formed in the d-phase. The second part
of this phase forms nearly at x(Zr) = 1 and represents the x-phase
of pure Zr. Fig. 8 displays this phase diagram at low temperatures
for the Zr-rich region.
6. Conclusions

A thermodynamic model of the Np–Zr system has been devel-
oped and is in good agreement with the postulated phase diagram
by Gibson et al. [8], but not in complete agreement with results
from dilatometry microanalysis data [11]. It is concluded that the
Np–Zr system is non-ideal with a miscibility gap in the bcc phases
of Np and Zr. The expected increase in melting point of the alloys
does not occur in this system. Formation enthalpy of the bcc phase
is found to be in close proximity to results obtained from KKR–
ASA–CPA calculations. This confirms the validity of our model.
First-principles calculations of lattice stabilities of various phases
are used to verify values obtained from the thermodynamic model.

The d-phase is modeled as a non-stoichiometric sublattice
phase with a C32 structure, having random occupation of Np and
Zr atoms on the 2

3 ;
1
3 ;

1
2

� �
and 1

3 ;
2
3 ;

1
2

� �
sites and Zr atoms occupying

the (0,0,0) sites, similar to the d-phase in the U–Zr system. Two
possible models of this phase have been developed based on pos-
sibilities of the ground state phase of pure Zr, x or hcp. However,
since both electronic structure calculations and experimental stud-
ies (after extrapolation) point to the stability of x-phase over the
stability of hcp phase below 232 K, it is more likely that the ground
state of Zr is the x-phase and, that Model 2 in Fig. 7 represents the
Np–Zr phase diagram.

To better guide future experimental studies on the Np–Zr alloy
system, molar enthalpies of the system at temperatures within the
range of 700–1000 K, are calculated and plotted for two alloy com-
positions in Fig. 9. Both these compositions are Zr-rich which
would make the preparation of such samples relatively easier than
to use more of neptunium, which poses limitations not only due to
its radioactive nature, but also due to the difficulty in obtaining
access to it for conducting experiments. As expected, a sudden
850 900 950 1000
erature (K)

x(Zr)=0.86
x(Zr)=0.73

position equal to x(Zr) = 0.73 – composition at the formation/decomposition of the
3.
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increase in enthalpy (�10–12 kJ/mol) is seen at around the phase
transition temperatures (�850 �C) for both these alloys.
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