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a b s t r a c t

A thermodynamic modeling of the Zr–H–Nb system on the Zr-rich side (wt.%Nb 6 2.5) was established
using CALPHAD (CALculation of PHAse Diagrams) method. The calculated pressure-composition iso-
therms and the composition limits in the two-phase (bcc + fcc) region agree well with the experimental
data. Meanwhile, some thermodynamic data of Zr–H–Nb system (wt.%Nb = 1, PH2 =101.325 kPa) was cal-
culated, such as equilibrium hydrogen concentration, phase composition and phase transition tempera-
ture, which was applied to guide the preparation of the crack-free zirconium hydride. The hydriding of
Zr–1 wt.%Nb alloys was carried out and the crack-free zirconium hydrides with hydrogen concentration
of 1.6H/Zr (at.) and 1.8H/Zr were prepared respectively based on the calculated results.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium hydride in solid state with high hydrogen concentra-
tion ((H/Zr)at. > 1.5), low thermal neutron absorption cross section
and good mechanical properties in elevated temperature, is one of
the most ideal moderators for space nuclear reactors [1].

At present the preparation of bulk zirconium hydride moderator
is to hydrogenate the zirconium alloys in the gas atmosphere di-
rectly. During the hydriding process, the phase of the zirconium al-
loys transforms from solid solution to hydride [2,3] as the
hydrogen concentration increases. The transition stress in the al-
loys greatly damages the plastic nature of the material [4]. In addi-
tion, the d, e zirconium hydrides are brittle materials. So, cracking
easily occurs in the hydriding process [5]. Therefore, the under-
standing of thermodynamic properties and phase transition behav-
iors is a key factor in solving the cracking problem in the
preparation of bulk zirconium hydride.

Niobium is an important alloying element for the Zr-based
functional materials. In this work, a thermodynamic modeling of
the Zr–H–Nb system was constructed based on the Zr–Nb, Zr–H
and Nb–H three binary sub-systems using CALPHAD method. The
thermodynamic properties and the equilibrium phase information
on the Zr-rich side (wt.%Nb 6 2.5) of the Zr–H–Nb system were
predicted to guide the preparation of the crack-free zirconium
hydride.
ll rights reserved.
2. Literature review

2.1. The binary systems

The Zr–Nb binary system [6,7] consists of the gas, liquid, the termi-
nalsolidsolutionhcp_A3(aZr)andbcc_A2(bZrandbNbsolidsolution).
Fernández Guillermet [8] established the thermodynamic modeling of
Zr–Nbsystem.Thecalculatedphasediagram(Fig.1)wasingoodagree-
mentwithexperimentaldata.Inthiswork,thethermodynamicparam-
eters assessed by A. Fernández Guillermet were adopted.

The equilibrium Zr–H binary phase diagram [9,10] is composed
of the interstitial solution of H in the low temperature aZr with
hcp_A3 structure, the interstitial solution of H in the high temper-
ature bZr with bcc_A2 structure, the hypo-stoichiometric hydride
fcc_C1 (d) and the fct_L02 hydride (e), as well as the gas phase
and liquid phase. The phase diagram of this system presents an
eutectoid reaction involving a, b and d. The phase diagram of the
Zr–H system has been evaluated before. K}onigsberger et al. [11]
carried out a thermodynamic assessment of the Zr–H system with-
out taking into account the e phase. Dupin et al. [12] performed a
optimization based on the experimental results of Moore and
Young [13] and predicted the boundaries of d � (d + e) and
(d + e) � e. The thermodynamic parameters assessed by N. Dupin
were accepted in this work. The calculated Zr–H binary phase
diagram is shown in Fig. 2.

The equilibrium phases of the Nb–H binary system [14] above
normal temperature include gas, liquid, bcc_A2 (bNb solid
solution), fco (solid solution with fc orthorhombic structure) and
dihydride fcc_C1 (NbH2). We modeled the Nb–H binary system
(unpublished results) and the calculations show satisfactory agree-
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Fig. 1. Calculated Zr–Nb binary phase diagram.

Fig. 2. Calculated Zr–H binary phase diagram.

Fig. 3. Calculated Nb–H binary phase diagram.
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ment with most experimental data. Fig. 3 presents the Nb–H bin-
ary phase diagram under normal pressure.

2.2. The Zr–H–Nb ternary system

The experimental thermodynamic data reported on the Zr–H–
Nb system is quite limited. The pressure-composition isotherms
of Zr–H–Nb system were investigated by Sinha and Singh [15–
17], in whose studies the temperature ranged from 300 �C to
950 �C, the concentration scope of Nb was 2.5–20 wt.% and the
hydrogen pressure detected from about 0 to 101.325 kPa. The
phase boundaries of (bcc + fcc) were proposed by Sinha et al.
No information about the ternary compounds of the Zr–H–Nb
system was reported.

3. Extrapolation of the ternary system

The thermodynamic properties of the multi-component sys-
tems can be predicted by extrapolation, when available experi-
mental data is not sufficient. Most methods of extrapolating the
thermodynamic properties of alloys into multi-component sys-
tems are based on the summation of the binary and ternary excess
parameters. The formulae for doing this are based on various geo-
metrical weightings of the mole fractions [18].

The Muggianu’s equation, developed by Muggianu et al. [19]
and widely applied at present, was used to extrapolate the ternary
system in this work. The excess energy Gex

mix of a phase U in a ter-
nary system based on the three binary sub-systems expands for a
sub-regular solution, which is available for the Zr–H–Nb ternary
system, as given by

Gex
mix ¼ xZrxNb L0

Zr;Nb þ L1
Zr;NbðxZr � xNbÞ

n o

þ xZrxH L0
Zr;H þ L1

Zr;HðxZr � xHÞ
n o

þ xNbxH L0
Nb;H þ L1

Nb;HðxNb � xHÞ
n o

ð1Þ

where L is interaction parameter which has been taken as temper-
ature dependent:

L ¼ aþ bT þ cT ln T ð2Þ

in which a, b, c are coefficients optimized in the binary models. The
descriptions of Zr–Nb, Zr–H, Nb–H three binary systems are extrap-
olated at present to construct the thermodynamic modeling of Zr–
H–Nb ternary system on the Zr-rich side.

4. Thermodynamic modeling

The description of the Gibbs free energy of a phase U is based
on the following expression:

G/ ¼ ref G/ þ idG/ þ exG/ ð3Þ

where ref G/ is the contribution of pure components to the Gibbs en-
ergy, idG/ is the ideal mixing contribution and exG/ is excess Gibbs
energy of mixing.

The pure solid elements in their stable phases at 298.15 K cho-
sen as reference state for the system (SER, Standard Element Refer-
ence) are recommended by SGTE (Scientific Group Thermodata
Europe), except where otherwise specified. The thermodynamic
functions of pure elements (lattice stabilities) were taken from
the database compiled by Dinsdale [20], excluding the H element
of the liquid phase cited from Ref. [21].

The Gibbs energy functions of pure elements are given by

0Gu
i ¼ Gu

i � HSER
i ¼ aþ bT þ cT ln T þ dT2 þ eT3 þ fT�1 þ hT�9 ð4Þ

where a–h are coefficients.
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4.1. The gas phase

The gas phase containing H, H2, Nb, Zr, Zr2 species was consid-
ered as an ideal mixture. The molar Gibbs energy of the gas phase
is then given by

Ggas ¼
X

i

xi
0Ggas

i þ RT lnðP=P0Þ
� �

þ RT
X

i

xi ln xi ð5Þ

where 0Ggas
i is the standard Gibbs energy of the component i in the

gas state, P0 is the standard pressure of 101.325 kPa, xi is the mole
fraction of species i and R is the gas constant. Diatomic H2 is the
dominant species, while the others have practically zero amounts.

4.2. The liquid phase

The liquid phase are modeled by the substitutional solution
model and the Gibbs energy is described as

ref Gliq ¼ xHGliq
H þ xNbGliq

Nb þ xZrG
liq
Zr

idGliq ¼ RT xH; ln xH þ xNb ln xNb þ xZr ln xZr½ �
exGliq ¼ xHxNb

X
v

vLliq
H;NbðxH � xNbÞv þ xHxZr

X
v

vLliq
H;ZrðxH � xZrÞv

þ xNbxZr

X
v

vLliq
Nb;ZrðxNb � xZrÞv

ð6Þ

where v is the order of the term considered.

4.3. The hcp_A3, bcc_A2 and fcc_C1 phases

The solid solutions of hcp_A3, bcc_A2 are described by the two
sublattice model (Nb, Zr)a(H, Va)b. We assumed the two fcc_C1 hy-
drides ZrH2 and NbH2 inter-dissolve infinitely on the Zr-rich side,
and described the fcc_C1 phase as the two sublattice model (Nb,
Zr)a(H, Va)b. The Gibbs energy of these phases is described as
follows:

ref G/ ¼ y0Zry
00
H

0G/
Zr:H þ y0Nby00H

0G/
Nb:H þ y0Zry

0
Va

0G/
Zr:Va þ y0Nby00Va

0G/
Nb:Va

idG/ ¼ RT½aðy0Zr ln y0Zr þ y0Nb ln y0NbÞ þ bðy00H ln y00H þ y00Va ln y00VaÞ�
exG/ ¼ y0Zry

0
Nbðy00HL/

Zr;Nb:H þ y00VaL/
Zr;Nb:VaÞ þ y00Hy00Vaðy0ZrL

/
Zr:H;Va þ y0NbL/

Nb:H;VaÞ
ð7Þ

where 0G/
Zr:H, 0G/

Nb:H, 0G/
Zr:Va, 0G/

Nb:Va are the Gibbs energy of the ‘‘end-
members’’, y0i is the site fraction of component i in the first sublat-
tice, y00i is the site fraction of component i in the second sublattice,
a and b denote the number of sites in each sublattice and present
the mole ratio between sublattices. For hcp_A3, a = 1, b = 1; for
bcc_A2, a = 1, b = 3; for fcc_C1, a = 1, b = 2. More detailed descrip-
tion of the sublattice model can be found in Ref. [22].

4.4. The fco and fct_L02 phases

fco and fct_L02 phases treated individually are taken from the
binary Nb–H [14] and Zr–H [12] sub-systems, respectively. Accord-
ing to the structural characters, the fco phase is described as two
sublattice model (Nb, Va)(H, Va) and the fct_L02 phase is described
as (Zr)(H,Va)2. The Gibbs energy of fco phase is given by

ref Gb ¼ y0Nby00H
0Gb

Nb:H þ y0Nby00Va
0Gb

Nb:Va
idGb ¼ RT ðy00Nb ln y00Nb þ y0Va ln y0VaÞ þ ðy00H ln y00H þ y00Va ln y00VaÞ

� �

exGb ¼ y0Nby00Hy00Va L0;b
Nb:H;Va þ L1;b

Nb:H;Vaðy
00
H � y00VaÞ

h i

þ y0Nby0Vay00HL0;b
Nb;Va:H

ð8Þ

And the Gibbs energy of fct_L02 phase is described as
ref Gu ¼ y0Zry
00
H

0Gu
Zr:H þ y0Zry

00
Va

0Gu
Zr:Va

idGu ¼ 2RTðy00H ln y00H þ y00Va ln y00VaÞ
exGu ¼ y00Hy00VaLu

Zr:H;Va

ð9Þ
5. Results and discussion

Fig. 4 shows the calculated pressure-composition isotherms of
the Zr–H–Nb system (wt.%Nb = 2.5) at different temperatures.
The experimental results by Sinha and Singh [15] are superim-
posed as data points for comparison. In the isotherms, where the
pressure is composition-dependent, a single solid phase exists;
on the plateaus, where the pressure is independent of composition,
two solid hydride phases are in equilibrium. The phase field
boundary composition data, hydrogen equilibrium pressure for
the two-phase (bcc + fcc) region and the isobaric limit can be de-
fined from the isotherms, which is shown in Table 1. In general,
the agreement between calculated and experimental data is
satisfactory.

The hydrogen composition in the Zr–H–Nb equilibrium system
is determined by the temperature and hydrogen pressure. Fig. 5
presents the relation between equilibrium hydrogen composition
and temperature in the Zr–H–Nb system (wt.%Nb = 1) at
101.325 kPa. A rule of correspondence between hydrogen concen-
tration (H/Zr)at. and temperature is concluded from the curve. As
the temperature decreases, the hydrogen composition increases
and the equilibrium phases of the system also change, which is
shown in Fig. 4.

Generally, the preparation of the crack-free zirconium hydride
is an isopiestic hydriding process. However, control of the changing
rate of temperature is the key factor in preventing the material
from cracking. Higher cooling rate favors fast hydrogen absorption
of zirconium alloy, even faster during the phase transitions, which
accelerates the volume expansion and accumulates the stress in-
side the alloy. In this case, the internal stress tends to release in
the shape of crack during the phase transitions of bcc M bcc + fcc
and fcc M fcc + fct. So the phase transition temperatures are impor-
tant for the settings of experimental conditions.

Wherefore, some equilibrium phase information of the Zr–H–
Nb system (wt.%Nb = 1, PH2 =101.325 kPa) is concluded from Fig. 4
as follow. The zirconium hydride with hydrogen concentration of
1.8H/Zr in atom ratio is fct structure in equilibrium at 788 �C,
Fig. 4. Calculated pressure-composition isotherms of the Zr–H–Nb system
(wt.%Nb = 2.5). Experimental points from Ref. [15].



Table 1
Calculated composition limits in the Zr–H–Nb system (wt.%Nb = 2.5).

T (�C) Composition in the (bcc + fcc) region (at.%H) Equilibrium hydrogen pressure in the (bcc + fcc) region (kPa) Isobaric limit for PH2 =101.325 kPa (at.%H)

Calculated Sinha and Singh [15] Calculated Sinha and Singh [15] Calculated Sinha and Singh [15]

700 42.4–54.0 44.9–54.8 1.520 1.560 65.59 65.06
750 45.2–54.5 47.6–55.8 5.533 6.093 63.2 64.3
775 46.6–56.3 48.2–56.4 10.252 10.786 63.9 63.8
800 47.8–56.9 49.1–57.1 18.478 19.998 62.1 62.9
825 49.2–57.9 51.0–57.7 32.971 37.197 61.3 61.7
850 52.7–58.6 53.2–57.6 59.702 60.328 60.2 60.4

Fig. 5. Calculated equilibrium hydrogen composition and phase change with
temperature in the Zr–H–Nb system (wt.%Nb = 1).

Fig. 6. Experimental curve for zirconium hydride with 1.8H/Zr (at.).
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and the zirconium hydride with 1.6H/Zr is fcc structure at 820 �C.
The phase transition temperature of bcc M bcc + fcc is 872 �C,
while that of fcc M fcc + fct is at 794 �C.
Table 2
Instruction for the experimental temperature curve.

Step Heating mode Contribution

A–B Constant
temperature

Absorb hydrogen for the solid solution at high
temperature (�900 �C)

B–C Temperature
drops slowly

Avoid cracking for bcc M bcc + fcc transition

C–D Constant
temperature

Absorb hydrogen for the fcc single phase

D–E Temperature
drops slowly

Avoid cracking for fcc M fcc + fct transition

E–F Constant
temperature

Determine the hydrogen concentration of the
zirconium hydride

Fig. 7. Experimental curve for zirconium hydride with 1.6H/Zr (at.).
6. Experiment and analysis

6.1. Experiment

The hydriding experiments for Zr–1 wt.%Nb alloy were carried
out in this work. The alloys were prepared with reactor grade zir-
conium and 99.9% purity niobium using arc melting method, and
annealed in vacuum at 1500 �C for 48 h to ensure homogeneity.
Samples used for hydriding experiments were 20–40 mm in diam-
eter and 5–20 mm in length. The samples were chemical polished
for 30 s in the solution of 10%HF–40%HNO3–50%H2O (volume frac-
tion) in order to remove the nature oxide on the surface.

The hydriding experiments were carried out in the modified
Sieverts apparatus. The apparatus was vacuumized to 2 � 10�3

Pa and then heated in 10 �C/s to an appropriate temperature.
Hydrogen with the initial purity of 99.9999% was further purified
by passing through a hot titanium bed, before it was transferred
into the apparatus. The pressure inside the apparatus was pro-
grammed below 105 kPa and the hydrogen flow rate kept constant
at a relatively low level.

Figs. 6 and 7 shows the experimental temperature curve which
including 5 steps (A–B, B–C, C–D, D–E, E–F). Table 2 presents the
contributions of each heating step in the hydriding process. At
the end of the heating program, hydriding process was stopped
by removing the rest hydrogen in apparatus. The as-prepared hy-
drides were cooled down to room temperature naturally.

According to the calculated results, the zirconium hydride with
1.8H/Zr is characterized by the fct phase at 788 �C in equilibrium,
while the equilibrium phase of zirconium hydride with 1.6H/Zr is
fcc at 820 �C. With view for the hydrogen loss of the samples after



J. Wang et al. / Journal of Nuclear Materials 409 (2011) 47–52 51
the hydriding process, the temperatures in the last step (E–F) were
adjusted to 750 �C for 1.8H/Zr zirconium hydride and 800 �C for
1.6H/Zr hydride.
6.2. Experimental analysis

In the first step A–B, The alloys absorbed hydrogen at 900 �C
and the hydrogen concentration tended towards saturation at the
end of A–B. To avoid the zirconium alloys absorb hydrogen too fast,
the temperature dropped slowly around 872 �C in step B–C for the
phase transition of bcc M bcc + fcc according to the calculated re-
sults. An obvious decline of hydrogen pressure is observed in Figs.
6 and 7, which mainly caused by the bcc M bcc + fcc transition.
Analogously, when the temperature reached about 795 �C, the fcc
zirconium hydride transformed to fct zirconium hydride for higher
hydrogen level, which created another decline of hydrogen pres-
sure in step D–E (Fig. 6). The temperatures are controlled to drop
in a slow rate during the steps of B–C and D–E corresponding to
the two-phase transitions, which makes the alloys absorb hydro-
Fig. 8. XRD patterns of zirconium hydride samples.

Fig. 9. Images and micrograph on surface of the crack-free zirconium hydride
samples.
gen slowly and leads the stress inside the alloys release by other
means instead of crack. These two steps of B–C and D–E play the
decisive role for the inhibition of crack in the preparation of zirco-
nium hydride. The second decline peak is not observed in Fig. 4 (for
1.6H/Zr), which is because of the hydriding temperature in this
experiment (800 �C in minimum) did not reach the fcc M fcc + fct
phase transition temperature (795 �C).

The crack-free zirconium hydride samples with hydrogen con-
centration of 1.8H/Zr and 1.6H/Zr were prepared from the experi-
ments. Fig. 9 shows the images of crack-free samples and its
micrograph on surface is observed by optical microscope. The sur-
face of the zirconium hydride samples is flat and no visible cracks
can be seen in appearance. The phase identification of the samples
was performed on a Rigaku D/max-2500 diffractometer (45 kV/
250 mA) with a graphite monochrometer from Fig. 8. The sample
with 1.8H/Zr is composed of fct zirconium hydride and the main
phase of zirconium hydride with 1.6H/Zr is fcc. A little amount of
fct zirconium hydride is detected in the sample with 1.6H/Zr,
which was probably produced around the fcc M fcc + fct phase
transition temperature during cooling process after the hydriding.
7. Conclusion

(1) The Zr–H–Nb ternary thermodynamic modeling of the Zr–
H–Nb ternary system on the Zr-rich side (wt.%Nb 6 2.5)
was constructed by the Muggianu scheme. The calculated
results show a good agreement with the experimental data.

(2) Some thermodynamic information of the Zr–H–Nb system
(wt.%Nb = 1, PH2 =101.325 kPa) was calculated to guide the
preparation of the crack-free zirconium hydride. The zirco-
nium hydride with hydrogen concentration of 1.8H/Zr in
atom ratio is fct structure in equilibrium at 788 �C, and the
zirconium hydride with 1.6H/Zr is fcc structure at 820 �C.
The phase transition temperature of bcc M bcc + fcc is
872 �C, while that of fcc M fcc + fct is at 794 �C.

(3) The corresponding hydrogenations for Zr–1Nb alloys were
carried out according to the calculated results. Control of
the changing rate of temperature during the phase transition
of bcc M bcc + fcc and fcc M fcc + fct is the key factor in pre-
venting the material from cracking. The crack-free zirco-
nium hydrides were prepared and the experimental results
agree well with the calculated prediction.

(4) With the thermodynamic description available, one can now
make various calculations of practical interest.
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