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Abstract

The thermodynamic data base of the Np-Zr—H ternary system was developed based on the description of its binary
constituents, coupling with the calculated enthalpies of formation obtained using the Miedema model and the Griessen—
Driessen model. The provisional isothermal sections of the Np-Zr-H phase diagram were calculated using the data
base. It was found that the Np-Zr—H ternary system at 972 K includes the liquid phase in the region of low hydrogen
to metal ratio. It is pointed out that the composition of the Np—Zr—H hydride should be selected to avoid the hydride

fuel melting in designing of a nuclear reactor fuel element.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The hydride fuel is an excellent integral fuel-modera-
tor system, since the concentration of hydrogen in the
hydride is comparable to that of hydrogen in liquid
water of LWR cores. The hydride fuel of U-Zr hydride
developed by general atomics (GA) is in use for more
than 40 years in many TRIGA reactors around the
world both in constant power and pulsed power operat-
ing conditions [1]. Recently, the use of actinide hydrides
for transmutation of minor actinides has been proposed
[2]. The actinide-hydride containing >*’Np, **' Am and
243Am was considered as a transmutation target fuel to
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reduce the amount of long-lived actinides, which is in-
cluded in high-level radioactive wastes generated after
reprocessing spent nuclear fuels.

The thermodynamic properties of the Np—Zr—H sys-
tem are not known from experiments and there is a need
for information on the stability of the various phases
and the Np-Zr—H phase diagram. This kind of informa-
tion was the object of the present preliminary study on
the Np-Zr-H system. The results were summarized in
tables of thermodynamic parameters and calculated iso-
thermal sections of phase diagram for 773 K, 873 K and
973 K.

The thermodynamic parameters obtained by Ogawa
[3] on the Np-Zr systems were modified to obtain better
reproducibility between the calculation and the reported
experiments and literatures [4,5]. The thermodynamic
parameters on the Zr-H system assessed by Dupin [4]
were accepted with minor changes. The thermodynamic
parameters for the Np-H system were obtained in the
present work. The information from these three sub-sys-
tems and the excess Gibbs energy of the hydride phases

0022-3115/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2005.04.022


mailto:konashi@imr.tohoku.ac.jp

90 B.A. Pudjanto et al. | Journal of Nuclear Materials 344 (2005) 89-93

then were used to construct the Np-Zr—H ternary phase
diagram.

2. Experimental data

The experimental information on the phase relations,
crystallography and thermodynamics of the Np—Zr [3,5],
Zr—H [4] binary systems can be found in the references
cited in these two publications. In the assessed Zr-H
system in Ref. [4], the ZrH, Epsilon(FCT_L’2) phase
was treated individually, while Wang and Olander [6]
gave notes on the presence of this phase. However, in
the present study we also treated the ZrH,_ Epsi-
lon(FCT_L’2) phase individually, i.e. separately from
the ZrH,_Delta (FCC_A1) phase. The experimental data
on the Np—H system assessed in the present work were
mainly obtained from the works of Ward [7,19], which
substantially agree with the values reported by Mulford
and Wiewand [8]. There is no experimental information
available on the Np-Zr—H ternary system up to the pres-
ent time. Therefore, several reports on the related acti-
nide hydrides, such as U-Zr—H [9-11] and Th-Zr-H
[11-14] systems were studied for the comparison.

3. Thermodynamical model
3.1. Np-H

The NpH,,, (CaF,_C1) and NpH;3 (NpH;_hexago-
nal) hydride phases were represented by the two-sublat-
tice model (Np),(H,Va), [15,16], whereas the o-Np
(Ortho_AC), B-Np (Tetra_AD), y-Np (BCC_A2), and
L-Np (Liquid) were treated as the neptunium end mem-
ber, since the solubility of hydrogen in these phases is
very low and can be neglected. In the two-sublattice
model, Np was assumed to occupy the first sublattice,
whereas H atoms and vacant interstitial sites (Va) were
assumed to substitute for each other in the second one.
The indexes ¢ and b denote the number of sites of each
sublattice. The Gibbs energy per mol formula unit for
the CaF,_C1 and NpH;_hexagonal hydride phases then
were expressed by,

G = yVaOGKIp:Va +yH0G;Qp:H + ¢RT (yy Inyy + yv, Inyy,)
+ Vuva CInptiva + O — Yva) Inpriva)- (1)

The variable y; denotes the site fraction of hydrogen
and vacancies in its sublattice, respectively. The para-
meter OGKIp:Va is the Gibbs energy of pure component
Np with the structure ¢, and their values were referred
to the enthalpy of standard state from SGTE [18]. The
G is the Gibbs energy of a state where all the inter-

stitial sites are filled with H. For the CaF,_CI structure
bla =2 and for the NpH3_hexagonal structure b/a = 3.

3.2. Np-Zr-H

The Gibbs energy for the BCC_A2 (y-Np, B-Zr),
HCP_A3 (o-Zr, o-Np) solid solution phases was de-
scribed by the two-sublattice model (Np,Zr),(H, Va),
[15,16]. Np and Zr were assumed to occupy the first sub-
lattice, whereas H atoms and vacant interstitial sites
(Va) were assumed to substitute for each other in the
second one. The Gibbs energy per mol formula units
then was expressed by,

G:fl = pryVa0 Gﬁlp:\/a + eryVaOG%r:Va + pryH0 Gﬁlp:H
+ Yz Gt + RT[a(yny Iy, + vz Inyz,)
+ by Inyy + vy, Inyy,)] + £ G (2)

The a and b denote the number of sites of each sub-
lattice. The variable y; (i = Np, Zr, H, Va) is the site frac-
tion of the component 7 in its sublattice. The parameter
0G?y, is the Gibbs energy of pure component i with the
structure ¢, the °GY,; is the Gibbs energy of a state where
all the interstitial sites are filled with H. For the
HCP_A3 structure ¢ =1 and »=1 and the BCC_A2
structure was treated by adopting a=1 and b=3.
Meanwhile, the Gibbs energies for the y-Zr (FCC_Al)
and ZrH2_Epsilon(FCT_L’2) and those of NpH,.,
(CaF,_C1) and NpH; (NpH;_hexagonal) solid solution
hydride phases originating, respectively, in the Zr-H and
Np-H systems, were described by the two-sublattice
model (Zr),(H,Va), and (Np).(H,Va),, respectively
[15,16]. In the FCC_A1, ZrH, Epsilon(FCT_L’2) and
CaF,_C1 phase structures, « =1 and » =2, while in
the NpHj_hexagonal structure we adopted ¢ =1 and
b =3. The Gibbs energies for the a-Np (Ortho_AC),
B-Np (Tetra_AD), and Liquid phases were described
by using the substitutional solution model. We assumed
that these phases do not significantly dissolve hydrogen
and so treated it as a binary phase using the modified
description.

All the °GYy, values in Eq. (2) were referred to the en-
thalpy of standard state from SGTE [18]. The °GY,
quantities, which originate in the Zr-H system, were
taken from Ref. [4], whereas the quantities, which orig-
inate in the Np—H system, were obtained from the pres-
ent work. The excess Gibbs energy, G?, was expressed
as follows:

EG;Z = prer (yHLKIp‘Zr:H + yVaLIq\’Ip,Zr:Va)
+ YuIva (prLKIp:H,Va + erLgr:H,Va)v (3)
where the L parameters are composition dependent

according to the so-called Redlich—Kister [17] phenome-
nological power series, i.e.
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n

q ¢ k
Llfilp,Zr:j = Z (k)LIQp,Zr:j (pr - er)

=0
with j = H or Va, (4)
L?:)HNa = Z (k)Lf H,Va(yH _yVa)k
=0
with i = Np or Zr. (5)

The quantities ®L? are, in general, functions of tem-
perature. In Egs. (3)—(5), the comma separates compo-
nents that interact in the same sublattice, and the
colon separates components of different sublattices.
The parameters LYy, were taken from Ref. [4], and
L{pnva Were obtained in the present work. The param-
eters LYy, z,.v, Which come from the Np-Zr system were
taken from Ref. [3] and modified in the present study,
whereas the quantities L, ,.;; which originate in the
Np-Zr—H system were assumed equal to zero due to
lacking ternary phase information.

The delta (6-NpZr2)-phase is stable in the Np—Zr sys-
tem [3,5]. The Gibbs energy has been calculated by apply-
ing the sub-regular solution model in Ref. [3]. Lacking
experimental information on the properties of the o-
phase in the Np-Zr-H system, we assumed that this
phase does not dissolve any hydrogen and treated it as
a binary phase using the description assessed in Ref.
[3], which is modified by applying three-sublattice model.
Similar treatment was applied to the liquid phase.

3.3. Excess Gibbs energy

The Gibbs energy function of the BCC_A2 and
HCP_A3 phases expressed by Eqgs. (2) and (3) involves
quantities originated in the lower order systems and

the excess Gibbs energy parameters Lt5:3i and
ng;fﬁ, respectively. They account phenomenologically

for the interaction between the atoms of Np and Zr in
the metallic sublattices of (Np,Zr);H3 and (Np,Zr);H,
hydrides, respectively, which in principle, to be deter-
mined from ternary experimental data.

3.4. Semi-empirical model

Given that no experimental data on the ternary
hydride system are available in the literatures, we made
estimations on the enthalpy of formation of selected
Np,.Zr,H, phases, using Miedema [20-25] and Gries-
sen—Driessen [26-29] semi-empirical models and adopted
the experimental entropy of formation of ThZr,H, [13]
to construct their Gibbs energy of formation. The Gibbs
energy information then was utilized to evaluate the
thermodynamic stability of the system.

According to the Miedema atomic cell model, the en-
thalpy of formation of a ternary hydride, AH(AB,H.+,),

can be expressed in terms of binary enthalpies of
formation:

AH(AB,H,,,) = AH(AH,) + AH(B,H,)
— (1 — F)AH(AB,). (6)

The (x + y) is the known hydrogen content and the
factor (1 — F) represents the extent to which A-B con-
tacts between atomic cells are broken by hydrogen. Only
the values n = 1, 2, 3 and 5 were considered, and for each
n two sets of parameters (x, y, F) were given, one for smal-
ler A atoms (Zr) and the other for larger A atoms (Np).

Meanwhile, Griessen and Driessen found that for the
ternary hydride system the enthalpy of formation could
be approximated by a linear equation:

AE* +y AE*
AHOAAB,Hr:a w>+ 7
(A By ) ( Ya+p b @)
with
AE] = AE; + ¢ — ¢, (8)

o =29.62 kJ/eV mol H; = —135.0 kJ/mol H.

The AE} , corresponds to the band-structure en-
ergy parameter of the scaled density of state of metal i
after allowing a transfer of electrons to bring the Fermi
energy, Ex; to a common level, while y5 and yp are the
concentration of A and B atoms. The ¢’ and ¢* are the
work function of metal i after allowing a transfer of elec-
trons to bring Ef; to a common level and that of the al-
loy AyaBysg, respectively. The more detailed explanation
on both the semi-empirical models can be found in the
reference cited.

4. Results
4.1. Np—H system

The calculated phase diagram of the Np-H system
shown in Fig. 1 indicates a narrow hexagonal phase
and NpH,,, (CaF2_Cl) and NpHj;_hexagonal two-
phase region, both of which disappear above 400 °C as
has been predicted by Ward [7]. The solubility of hydro-
gen was found to be very low at all temperatures.

4.2. Semi-empirical model

In general, the calculated enthalpies of formation ob-
tained from the Miedema model and the Griessen—Dri-
essen model, as shown in Table 1, are close to each
other. However, the Griessen—Driessen model gives
broader range of ternary hydride composition. In the
present study we treated the Np,,,Zr,,H, ternary hydrides
as stoichiometric phases using the values obtained from
the semi-empirical models.



92 B.A. Pudjanto et al. | Journal of Nuclear Materials 344 (2005) 89-93

11808 1 1 1 1
CaF2_C1

1 @66 +Liquid

CaF2_Ci1+Gas

o

=

=)
|

CaF2_C1+BCC_A2

=l laly

TEBa+
NpH3_Hexa
+Gas

CaF2_C1

EEE-
+NpH3_Hexa

TEMPERATURE_KELWIN

=15 15

1l I I I
P B.2 ©.4 8.6 0.8 1.8
Np MOLE _FRACTION H H

Fig. 1. Calculated Np-H phase diagram.

Table 1
Calculated enthalpies of formation of selected Np,,Zr,H.
systems

AHNp,,Zr,H, (kJ/mol)
(Miedema model)

AHNp,,Zr,H,?* (kJ/mol H)
(Griessen—Driessen model)

NpZrH, 5 —115.23 NpsZrH, -51.73
NpZr,Hy —203.10 Np,ZrH, —49.76
NpZr;Hs —289.06 NpZrH, —49.69
NpZrsHg —375.69 NpZr,H, —51.54
NpZr;H, —53.17
NpZrsH, —55.29

# For x=1; when x=1.8, 3, 4 or 6 the values need to be
multiply by the number of x and the unit in kJ/mol.

4.3. Np—Zr—H

Fig. 2 shows the provisional isotherm section of the
Np-Zr-H ternary system at 773 K. At this temperature,
the dissociation pressure of Zr-H is much lower than
that of Np-H, which leads to the tendency of larger por-
tion of hydrogen will occupy the zirconium sites rather
than neptunium sites. It was found that the intermediate
delta (5-NpZr,) phase is stable in the system and the sol-
ubility of Np in the Zr hydrides is small. At about
913 K, the liquid neptunium starts to solidify and
to form y-Np(BCC_A2), whereas, the addition of
neptunium lowers the B-Zr(BCC_A2) « o-Zr(HCP_A3)
transformation from 1136 K in pure zirconium to eutec-
toid (aZr + yNp) at around 912 K and 35 at.% neptu-
nium. Meanwhile, in the Zr-H system, the addition of
hydrogen lowers the B-Zr <> o-Zr transformation from
1136 K in pure zirconium to eutectoid (oZr + yZr-
(FCC_Al)) at 820 K.

As seen in Fig. 3, in the ternary system at 873 K,
the liquid neptunium phase is eliminated and replaced
by y-Np, and the addition of zirconium will lead to
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Fig. 3. Provisional Np-Zr-H isotherm section at 873 K.

mixture of the y-Np phase with various zirconium
phases, whereas the addition of hydrogen will bring to
the mixture of y-Np phase with the zirconium hydride
after BZr (BCC_A2) has saturated with hydrogen at
about 42 at.% H. According to Fig. 1, the CaF2_Cl1
(NpHa+,) hydride is not stable at the Np-H side of the
binary system at 973 K, whereas the FCC_A1 hydride
is stable on the Zr-H side.

Fig. 4 shows the provisional isotherm section at
973 K. In alloys containing about 15 at.% neptunium,
the two-phase (o-Zr + B-Zr) region is eliminated and
there is rather a high solubility of hydrogen in the cubic
hydride phase (BCC_A2). This phase diagram includes
the liquid phase in the region of low hydrogen to metal
ratio. The melting behaviour limits use of fuel materials
in reactor core. It is necessary to choose carefully the fuel
composition to avoid fuel melting. The thermodynamical
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analysis described above is useful to design the hydride
nuclear fuel.

5. Summary

The Np-Zr-H ternary system was thermodynami-
cally analyzed based on the description of its binary con-
stituents available in the literatures. Provided that no
experimental data are available in the literatures, the
enthalpy of formation of selected Np,,Zr,H, was esti-
mated using semi-empirical models and the experimental
entropy of formation of ThZr,H, was adopted, then
together with the available binary data was employed
to develop the thermodynamic database of the Np—Zr—
H ternary system. The provisional isothermal sections
of the Np-Zr—H phase diagram were calculated using
the database. The thermodynamical analysis of the
Np-Zr-H ternary system give the useful information
for melting behavior of the hydride nuclear fuel, which
is important for designing of a nuclear reactor fuel
element.
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