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Abstract

The phase diagram and thermodynamic data of the H-Nb system are evaluated and re-assessed
to improve the description of this system. This system is modeled up to a few MPa. Only the gas phase
and the solid phases are considered in the present study. Since only a few data were available for the H-
Nb—Zr ternary system, a new set of experimental data has been obtained in the present work. For the
first time, the solubility of niobium into the e-ZrH, phase is found. In addition, Density Functional Theory
calculations and the Special Quasirandom Structures method are used to determine the formation
enthalpies of all the compounds and the mixing enthalpies in the different phases, respectively. Finally,
the literature data as well as our experimental and calculated data are used for the Calphad modeling of

the H-Nb—Zr system.
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1. Introduction

The interactions between hydrogen and metals like zirconium or niobium are holding attention
for the nuclear industry [1] and for hydrogen storage in bcc solid solutions in general and high entropy
alloys (HEAs) in particular [2,3]. Zirconium alloys are extensively utilized as fuel cladding materials in the
nuclear power industry due to their notable attributes, including corrosion resistance, mechanical
properties, and neutronic properties. Moreover, these alloys are often combined with Nb as an alloying
element [4]. However, during the life cycle of these materials, hydrogen can penetrate into the materials
and lead to embrittlement [5]. Thus, the knowledge of the phase diagram appears to be essential to
predict such phenomenon. Also, the development of bcc HEAs using refractory elements such as niobium

or zirconium for hydrogen storage is promising [3,6,7], since these individual metals can absorb a lot of
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hydrogen in the bcc phase. To predict the hydrogen properties of multi-component systems, the
accurate thermodynamic description of all the subsystems is mandatory in the complete temperature
and composition range. Unfortunately, in the case of H-Nb and H-Nb—Zr system:s, it is not the case.

The available Calphad assessments of the H-Nb system were published by Dupin et al. [8] in
1999 and Wang et al. [9] in 2011. The decomposition temperature of the fcc phase in the description of
Dupin et al. is too high compared to the available literature data [10,11]. The description made by Wang
et al. is quite accurate at moderate temperatures, however, several discrepancies appear at high
temperatures. For example, the considered solubility of hydrogen in the bcc phase is too large and the
calculated isotherms are far from the experimental data. The purpose of this work is, on the one hand, to
propose a complete literature evaluation and, on the other hand, to propose a completely new
thermodynamic description of the H-Nb system.

The H-Nb—Zr system has mainly been studied on the zirconium rich side and one Calphad
modeling (Nb < 2.5 wt.%) is available in the literature [12]. To complete the description of this system,
an experimental study has been conducted on this system. The H-Zr [13] and Nb—Zr [14] systems are
accurately described in the literature and they were considered in this work to construct our up-to-date

thermodynamic description of the H-Nb—Zr ternary system.

2. Literature survey
2.1. The H-Nb system

The H—Nb system contains five phases above room temperature: bcc with a miscibility gap (a-Nb
and a’-Nb), two hydrides B-NbH (NbH prototype), and 6-NbH, (CaF, prototype) liquid and gas phases. For
a better picture, one can refer to Fig. 1 presented below. Below room temperature, the phase diagram
has additional phases that are still under investigation [15-17], thus they were not considered in this
assessment.

Many authors [10,11,15,18-25] have compiled the temperature-composition phase diagram
since the one compiled by Walter and Chandler [26] to improve and to take into account the latest
experimental data.

The two bcc phases, a-Nb and a’-Nb are interstitial solutions with the same structure with low-
(0 < x(H) < 0.231) and high (0.231 < x(H) < 0.474) hydrogen content, respectively. The miscibility gap
appears below a critical temperature of Tc = 171 °C and at x(H)=0.31 [20,26,27]. This gap was measured
by Gorsky relaxation [28], resistivity relaxation [29], X-ray [20,26,27,30], electrical resistance [31], and

solubility measurements [18,32,33]. In this assessment, only the X-ray diffraction (XRD) data from Zabel



and Peisl [20,27] and Fujita et al. [31] were used. The data from Walter and Chandler [26] and Lasser and
Bickmann [30] were used as comparisons. The data in Refs. [18,28,29,32,33] were rejected due to the
incoherence with the other data.

A monotectoid reaction, a’-Nb — a-Nb + B-NbH, occurs at 85 + 2 °C and at x(H) = 0.34 [20,34].
The monotectoid temperature was determined by calorimetric analysis [26,34—-36], magnetic
susceptibility [37], XRD [30] and resistivity [18,23,31]. The data from Refs. [26,31] were rejected because
of the incoherence with other data.

Several researchers have studied the B-NbH phase [10,18,26,27,38—40] and its composition
range with the temperature was proposed to be between x(H)=0.41 and 0.51. The data from Ref. [18]
was rejected because of the incoherence with other data. The two-phase region boundary, a’-Nb + B-
NbH, was measured by several techniques [19,23,26,31,34,35,37,41,42] and the invariant equilibrium,
a’-Nb + Hy(es) > B-NbH, takes place at x(H) =~ 0.49 [36], 147 °C and 1 bar. The second 6-NbH, hydride is a
dihydride with hydrogen located in the tetrahedral site [10,40,43—46]. An invariant equilibrium was
measured, B—NbH + Hy(gs) = 6—NbH,, at x(H) = 0.67, around 26 °C and 1 bar [40,46].

Sieverts and Moritz [47] and Agababyan et al. [48] have measured the isobar at 1, 5 and 10 bar.
In addition, Pryde and Titcomb [49,50] have determined discrete composition-temperature-pressure
points.

The pressure-composition isotherms of this system have been measured from room temperature
up to 900 °C [18,31-33,40,47,50-58]. The plateau pressure between the two hydrides has been
investigated from 25 °C to 145 °C [10,40,46,58].

Kleppa et al. [54] have measured the bcc enthalpy over a range of pressure and composition.
Wlosewicz et al. [59] have determined the enthalpy of NbHg g, between -210 °C and 150 °C. Finally, Luo
et al. [40] have carried out calorimetric measurements between 25 °C and 130 °C in the complete

composition range of this system.

2.2 The H-Nb-Zr system

The ternary H-Nb—Zr system consists of the two other binaries H—Zr and Nb—Zr. In H-Zr system,
three hydrides are formed y-ZrH, 6-ZrH, and e-ZrH,. More details can be found in Ref. [13]. Nb—Zr system
is characterized by the absence of any compound, a small solubility of Nb in a-Zr and a complete
solubility in the bcc phase with a miscibility gap at lower temperature. More details can be found in Ref.

[14].



In the ternary system, no ternary compound has been found. Barrow et al. [60] and Khatamian et
al. [61] have identified an orthorhombic hydride y’-ZrHg4:0, When investigating the Zr20Nb—H phase
diagram but the structure and the space group are not determined. Sawatzky et al. [62] and Sinha [63]
determined the terminal solid solubility of hydrogen in the a phase. The pressure-composition isotherms
have been investigated by Sinha and Singh [64,65], Yamanaka et al. [66], Wang et al. [67] from 300 °C to
1050 °C and between 1 and 30 wt.% Nb.

3. Methodology
3.1. Experimental details
3.1.1. Alloy preparation

Three different Nb—Zr alloys were synthesized with compositions displayed in Table 1. The
samples were prepared from high-purity metals, Nb (Alfa Aesar, 99.95 %) and Zr (“Van Arkel”, 60 ppm of
oxygen) by induction melting under argon in a water-cooled copper crucible. The alloys were melted six
times and were turned over between each melting. The samples were annealed for 2h at 1300 °C to
ensure homogeneity. After annealing, the samples were quenched, and they were characterized by XRD
at room temperature and EPMA was also performed on these alloys. All the diffractograms were
measured at room temperature on a Bruker D8 Advance Bragg-Brentano diffractometer, using Cu-Ka
radiation. All patterns were refined by the Rietveld method [68] using the Fullprof package [69]. The
EPMA was Cameca SX-100 and was used for the alloys. The standards were the pure elements. For each

alloy, 50—-100 measurements were done in different locations on the sample surface.

Table 1. Composition and annealing treatments of the Nb—Zr samples.

Composition Annealing Phase (XRD) Lattice Composition
(at.%) treatment parameters (A) (EPMA, at.%)
Nbo.15Zr0 52 - B-zr 3.5540(7) -

Nbg.05Zr0.05 2 hours at 1300 °C | B-Zr 3.5892(6) Nbg.945Zr0.052
Nbg.012r0.99 2 hours at 1300 °C | B-Zr 3.5981(5) Nbg.012Zr0.988

3.1.2. Hydride preparation
Direct hydride synthesis and pressure-composition-isotherms (PCl) were carried out on a

homemade Sieverts’ type apparatus. Two types of sample holders were used, stainless steel sample



holder up to 450 °C and silica tube sample holder above 450 °C. Once the sample holder was connected
to the hydrogenation bench loaded with one piece of hundreds of milligrams of Nb-Zr alloy, the system
was purged under a primary vacuum at room temperature. Then, the sample was exposed to pure
gaseous hydrogen (Linde, 6N) under varying pressure and temperature conditions, depending on the
alloy under investigation. The hydrogen concentration is measured by the pressure variation in a closed
system with a known volume. For the PCl above 450 °C, a temperature activation process for one hour
was done before starting the experiment. All the synthesized hydrides can be found in Table 2. At the
end of the hydrogenation process, the hydrides were characterized by XRD using the same procedure as
described in the last section and one of the hydrides was also characterized using Scanning Electron

Microscopy (SEM).

Table 2. Phases and lattice parameters of the hydrides synthesized in this work.

Mass Lattice parameters
Alloy H/M | Hydrogenation Phases fraction ) )
a(A) c(A)
(wt. %)
Nby 18710 g, 0.66 | PClat 800 °C o-Zr 53 3.2534(14) 5.1122(24)
8- ZrH,, 34 4.7839(18)
a-Nb 13 3.3312(9)
1.29 | PClat750°C 0-ZrH,., 43 4.7849(18)
€-ZrH, 38 3.4795(14) 4.5280(26)
a-Nb 19 3.3130(11)
1.99 | Directat430°C | e-ZrH, 100 3.4906(3) 4.3471(4)
NboosZfoss | 1.20 | PClat 750 °C 8-ZrH,, 75 4.7808(4)
v-ZrH 14 3.2547(6) 4.9649(18)
o-Zr 8 3.2248(8) 5.1375(25)
o-Nb 3 3.3150(9)
1.45 | PClat750°C O-ZrH, 4 100 4.7804(7)
NbooiZfoss | 1.20 | PClat 750 °C 8-ZrH,. 68 4.7805(5)
y-ZrH 22 3.2498(5) 4.9711(12)
o-Zr 10 3.2334(6) 5.1500(17)
1.27 | PClat850°C g-ZrH, 56 3.5156(5) 4.4674(8)



8-ZrHy. 32 4.7815(7)

o-Zr 6 3.2294(10) 5.1549(27)

v-ZrH 6 3.2585(14) 4.9365(50)
1.31 | PClat 800 °C 8-ZrHy 67 4.7803(3)

v-ZrH 15 3.2469(5) 4.9766(13)

g-ZrH, 13 3.4989(7) 4.4937(16)

o-Zr 5 3.2307(11) 5.1461(332)
1.47 | PClat 700 °C 8-ZrHy. 85 4.7782(3)

v-ZrH 15 3.2505(4) 4.9621(11)



3.2. Atomistic computational details

The mixing and formation energies have been calculated by the first principles in the Density
Functional Theory (DFT) frame. The band-structure calculations were carried out by using the Projector
Augmented-Wave (PAW) method, implemented in the VASP package [70], using the generalized gradient
approximation (GGA) for the exchange and correlation energy of the Perdew-Burke-Ernzerhof (PBE)
functional [71]. Plane waves within 800 eV of cutoff energy were considered with a high k-mesh density
(k; < 0.05 2n/i). Pseudo-core electrons were considered for both Zr and Nb with 12 and 11 valence
electrons respectively. The relaxation convergence criterion is only given on energy argument with a
difference of 0.01 meV, i.e., ~1 J/mol. The tetrahedron method with Bldchl correction [72] and the zero
point energy correction were considered by additional phonon calculation using the supercell approach
method [73], similarly to our previous study [74].

Ordered structures were considered to estimate end-members enthalpies for all Nb—Zr—H
compounds, such as NbH, in both hexagonal (a-Zr) and tetragonal structure (e-ZrH,). Disordered phases
were also processed to estimate mixing enthalpies. They were described using the Special quasi-random
structure method (SQS) [75] by using the MCSQS-ATAT code [76]. The approach consists in generating
supercells of Nsqs atoms presenting neighbor correlation functions over the g cluster, C;, which are equal

to or as close as possible to the ones of a fully random structure, i.e., choosing a configuration where the

average correlation functions over a set of n, clusters as follow: ((SQS) ~ ((Cf“‘dom). Four different

q

phases have been considered where metallic atoms are mixed with H located in interstitial site, as

detailed in Table 3.



Table 3. Supercell designed in the frame of the SQS methodologies, with details at the x mixing
composition considering n, clusters of pairs, triangles and tetrahedron leading to SQS cells of Nsqs size.

Phase Mixing model X n, (p/t/q) N
hcp (Zr1Nb,)H, 1/12, 11/12 not SQS 36
1/4,3/4 8/2/2 60
1/2 8/2/2 48
bee (Zr1Nb,)H; 1/12, 11/12 6/2/2 36
1/4,3/4 6/2/2 64
1/2 6/2/2 48
fec (ZrixNb,)H, 1/16,15/12 8/3/3 48
1/4,3/4 8/3/3 60
1/2 8/3/3 54
€ ThH, (ZryxNb,)H, 1/16,15/12 8/3/3 48
1/4,3/4 8/3/3 54
1/2 8/3/3 48

3.3. Calphad methodology

The H-Nb and H-Nb—-Zr systems have been assessed using the PARROT module [77] in the
Thermo-Calc software package [78].

In this work, the descriptions of the three binary systems H—Nb (this work), H- Zr [13] and Nb-Zr
[14] are firstly extrapolated to construct the H-Nb—Zr system and then, ternary parameters are added in
order to have a complete thermodynamic description of this system. However, the models used to
describe the hcp phase in the three binaries are not compatible. Thus, the end-members of a-Zr phase
were converted using the model of Tai [79,80], based on the model of Abe [81], see more details in Ref.

[82]. The models used for each solid phase are given in Table 4.



Table 4. Models used in this work.

Phase Space group | Structure Description System Model used References
type name
hep P6s/mmc Mg HCP_A3 H-Nb (Nb):(H,Va), This work
H-Zr (Zr)1(H,Va), [8]*
H—-Nb-2Zr (Nb,Zr):(H,va), | This work
bcc Im3m W BCC_A2 H-Nb (Nb)4(H,Va)s This work
H-Zr (Zr)1(H,Va); [8]
H—-Nb-2Zr (Nb,Zr):(H,va); | This work
fec Fm3m CaF, FCC C1 H-Nb (Nb)4(H,Va), This work
H-Zr (Zr)1(H,Va), (8]
H—Nb-Zr (Nb,Zr),(H,va), | This work
fet 14/mmm ThH, Epsilon H-Nb (Nb);(H,Va), This work
H-Zr (Zr)1(H,Va), (8]
H—Nb-Zr (Nb,Zr),(H,va), | This work
B-NbH Pnnn NbHo o5 NBH_BETA H-Nb (Nb)y(H,va);  This work
y-ZrH P4,/mmc PtS ZRH_GAMMA | H-Zr (Zr)1(H), [13]

*: In [8], the original model is (Zr),(H,VA), and it was converted into (Zr),(H,VA), using the model in Ref.

[79].

3.3.1. Gas and liquid phases

For the gas modeling, all the species, i.e., H, H,, Zr, Zr,, Nb and HZr, are considered with an ideal

mixing. In the investigated pressure range, the gas is considered as an ideal gas. Their Gibbs energy at p =

10° Pa was extracted from the PURE database [83] and from the JANAF table [84]. The molar Gibbs

energy of the gas phase is:

G = ¥, x;[°GF® + RT In(P/Py)] + RT Y; x;In x;

The liquid phase was described using a substitutional model and no hydrogen solubility was

allowed in this description. This choice has been made since no or very few data are available on the

solubility in the binary systems.

3.3.2. HCP_A3 (0-Zr)



This phase is only stable in the H-Zr system and the model has been converted from 1:1 to 1:2 to
allow a future extrapolation. A metastable end-member for the H-Nb system has been added and the
value of the enthalpy has been calculated by DFT. Finally, the model used for the ternary system is

(Nb, Zr)lz(H, Va)z.

3.3.3. BCC_A2 (a-Nb and B-Zr)

This phase is present in both H-Nb and H-Zr phase diagrams. Carstanjen and Sizmann [85]
demonstrated by channeling that deuterium in niobium is located in the tetrahedral sites; to avoid
hydrogen—hydrogen repulsion, only one-half of the interstitial sites are occupied. Therefore, the model
used to describe the bcc solid phase is a two—sublattice model [86] with (Nb);:(H, Va);. Moreover, this
model is compatible with other systems such as H-Zr [13] and thus, the selected model for the ternary

system is (Nb, Zr);:(H, Va)s.

3.3.4. FCC_C1 (8-NbH, and 8-ZrH,)
The two hydrides, 6-NbH, and 6-ZrH,, share the same crystal structure and prototype, Table 3.
Therefore, the multiplicity and the model used are the same for both binaries systems and the

descriptions can be combined for the ternary system, the new model is (Nb, Zr),:(H, Va),.

3.3.5. Epsilon (g-ZrH,)

In the optimized H-Zr system, this phase is described with a two—sublattice model [86] with
(Zr);:(H, Va),. However, it has been found, in this work, that the solubility of niobium in this phase is not
negligible and should be allowed. Consequently, a metastable end-member NbH, has been calculated by

DFT calculations to properly describe the substitution in the ternary system using (Nb, Zr),:(H, Va),.

3.3.6. NBH_BETA (B-NbH)
This phase is only present for the H-Nb system and no zirconium solubility was reported. The
model used to describe the hydride phase B—NbH is a two—sublattice model [86] with (Nb),:(H, Va), in

order to respect to crystallography and fully describe the non-stoichiometry of the hydride.

3.3.7. ZRH_GAMMA (y-ZrH)

10



No solubility of niobium was found in the y-ZrH phase up to now, so only zirconium was
considered in the first sublattice and hydrogen in the second one. This stoichiometric model is chosen in

order to respect crystallography and stoichiometry.

3.3.8. Thermodynamic equations

The Gibbs energy of each solid phases @ is expressed according to the chosen sublattice model
shown in Table 4:
GP = refg® 4 idgd | expd 2)
Where ™'G®, “G® and **G® represent the reference Gibbs energy, the ideal Gibbs energy and the excess
Gibbs energy, respectively.

For all adjusted solid phases @ (hcp, bce, fec, fct and B-NbH), the three terms are expressed below:

f ’ ’ "
"'6? = ypIVaGrbva + YoV Gl + Y2rYVaGarva + YarVii Gor (3)
9G® = RT [(yp In ¥ + vz Inyz) + X0 Inyi{ + yi/a In yiia)] (4)
I i, ’ 1y i,® 1 " i, " i,d
*G? = yRu Yz YValibzrva + YNbYzrYH Libzen + YNoYHYaLNbvan + Yz Vi Yualamyan (5)

With X =1 for 8-NbH, X = 2 for hcp, fcc, fct and X = 3 for bcc and the interaction parameter is described as
a Redlich-Kister polynomial. The Gibbs energy of niobium and zirconium were taken from PURE database

[83]. The "G5 N2 and TG 5N 2 were taken as equal to TG0,V 2 + 5000 and "G o>V + 10000
respectively since the structure of both B—NbH and e-NbH, phases are crystallographically related to
6-NbH,. They cannot be calculated by DFT because these structures are distorted from that of pure

elements and cannot be relaxed.

4. Results and discussion
4.1. The H-Nb system
4.1.1. Calphad assessment

The starting point values of the formation of the three solid phases were taken as equal to the
literature data. Moreover, the entropy of formation was assumed in the first step to have the ideal value
of - 65.4 J mol™ per hydrogen atom [87] corresponding to half of the entropy of di-hydrogen.

The formation enthalpy and four interaction parameters, without temperature dependence,

were optimized according to the literature data to describe as well as possible the miscibility gap and the

11



high hydrogen solubility into the bcc phase. The formation Gibbs energy term, GﬁﬁfH, was limited to a
maximum of 2.10°.

The monohydride was optimized using the literature data which emphasized a dependence of
the composition of this hydride as a function of temperature, especially on the Nb-rich side. Thus,
enthalpy and entropy of formation and interaction parameters were needed to reproduce the literature

data. The interaction parameter L, was chosen to change with temperature. In addition, the enthalpy of

cc

G, B~ NbH va T 5000 because B-NbH and fcc phases are close from a

Nb:va Was taken as equal to Gl\{b
crystallographic viewpoint when hydrogen is removed. Regarding the second hydride, 5-NbH,, only the
formation enthalpy and entropy were optimized using exclusively PCl data.

Figure 1 shows a good agreement between the calculated and experimental data points. Figure 2
presents the calculated phase diagram at four different pressures, 4, 18, 46 and 100 bar. Figure 3 shows
the calculated partial enthalpy of the bcc phase versus composition at 130 °C compared to the literature

data.

Figure 4 and Figure 5 show a satisfactory agreement of the literature experimental pressure-

composition data points obtained with our model.
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Figure 4. Calculated pressure-composition isotherms for 0 < x(H) < 0.47 between 150 °C and 250 °C (a)

and between 300 °C and 900 °C (b) compared to experimental data [32,40,52,57,58].

14



108 E

10’ E

C
C
1 C
]J—50°C
] c
- 70 °C

C

1 calculated

25°
—40°
45°

*

56 °

[=IE=—I

—_—T75°

{——100°Cc o

Experimental
[LUO1991]

[KUJI1984b]
[KUJI1984b]
[KUJI1984b]
[KUJI1984b]

& [NAMBU2005]

]=——130°C
{=——145°C O

[KUJI1984b] @
[KUJI1984b]a

10° 4 o o
1 0 40°C-[REILLY1970) E‘;’u
1 45°C -[REILLY1970] O
53 °C - [REILLY1970]
70 °C - [REILLY1970]
75 °C - [REILLY1970] a
100 °C - [REILLY1970]
131 °C - [REILLY1970]

Pressure (Pa)

10° 5

e e

LA B AL R I B B R AL AL B B B R R R N |
0.40 0.45 /0'.50 0.55 0.60 0.65 t
NbH
X(H)
Figure 5. Calculated pressure-composition isotherms of B-NbH and d-NbH, compared to experimental

data [10,40,46,58].

4.1.2. Discussion

Our thermodynamic description of the binary system has been done using four parameters less
than Wang et al. [9] description and one more than Dupin et al. [8] description. Nevertheless, our
description shows better agreement with the experimental data regarding, for example, the stability of
the bcc and fcc phases at high temperatures. First, the deviation from the ideal stoichiometry of the f-
NbH phase is well considered. The 8-NbH, phase is described as stable down to room temperature under
1 bar as expected. The limits of the two-phase domain a'-Nb + -NbH, which experimentally are subject
to discussion, have been modeled taking into account most of the available experimental data. However,
the modeled critical temperature of the miscibility gap is 20 °C above the experimental value. Efforts
have been made to reduce this gap but, the optimization process has shown that it was impossible to
adjust at the same time the equilibrium pressure of the bcc phase and the critical temperature of the

miscibility gap.

4.2. The H—Nb-Zr system
4.2.1. Experimental results
Nb,Zr,., synthesized alloys, see Table 1, are fully bcc before performing hydrogenation. Table 2

summarizes the hydrogenation process, the structure, and the composition of the distinct phases of the
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H-Nb-Zr samples synthesized in this work. For the WNbgsZrgg,Higs sample, X-ray and SEM
characterizations reveal a single phase which is €-ZrH,, Figure 6, indicating a significant solubility of Nb in
the € phase. The other hydrides obtained from Nbg 1521y g, show three phases and a calculated isothermal
section at 430 °C of this system is reported together with our experimental results in Figure 7. Regarding

the other hydrides, PCls have been measured and compared with the PCls measured by Sinha et al.[65],

Yamanaka et al.[66] and Wang et al.[67], Figures 8-10.

Imeasured
Icalcu\ated
Idifference
—_ e-ZrH,
3
i)
z {
2
|5 ;
I | | I I Il [N Il [
LLANL L EELENL L BELENL AL NN BELAL AL B A R
20 30 40 50 60 70 80 90

20

Figure 6. X-Ray diffraction profile of Nbg 15Zrs,H1 99.
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Figure 7. Calculated isothermal section at 430 °C of the H-Nb—Zr system at 1 bar compared

to our experimental data.
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Figure 8. Calculated pressure-composition isotherms of H:Nb,Zrgg (at. %) system between 600 °C and

1050°C compared with Yamanaka et al.[66], Wang et al.[67] and our own experimental points.
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Figure 9. Calculated pressure-composition isotherms of H:NbsZrgs (at. %) system between 700 °C and

1050 °C compared with Sinha et al.[65] and our own experimental points.

HiNblnggng (at.%)

] Calculated Experimental
1—— 700 °C ¢ This work
10°4 ——750°C ¢ This work
1—s800°C *  This work .
T 10° 5
a E
g
8 3
g 103
o Experimental
1 Nb19.7lzr80.29 Nblﬂ,57zr81.33
10?4 e [SINHA1972] * [WANG2014]
E e [SINHA1972] * [WANG2014]
e [SINHA1972] * [WANG2014]
T T T T T T T

T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
H/(Nb+Zr)

Figure 10. Calculated pressure-composition isotherms of H:Nb,gZrg, (at. %) system between 700 °C and

800 °C compared with Sinha et al.[65] and Wang et al.[67] and our experimental points.

4.2.2. DFT results

Figure 11 shows the calculated mixing enthalpies of the end-members of the four phases,
HCP_A3, BCC A2, FCC (1 and epsilon, as a function of the mole fraction of niobium and compared with
optimized enthalpies obtained in this work. All the DFT calculated mixing energies are slightly positive

leading to a natural atomic repulsion, or segregation, in the (Zr,Nb)H, systems.
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Figure 11. Calculated mixing enthalpies of the hydrides HCP_A3 (a), BCC A2 (b), FCC C1 (c) and epsilon

(d) phases in the H-Nb—Zr system.

4.2.3. Calphad assessment

The formation enthalpies of the binary hcp- and e-NbH, end-members were fixed to the value
obtained by DFT and the entropy of formation was assumed to have the ideal value of - 65.4 J mol™ per
hydrogen atom [87]. Interaction parameters in the hydride phases were used and optimized for the
HCP_A3, BCC_A2, FCC_C1 and epsilon phases in order to describe as well as possible the calculated
mixing enthalpies and all the data from the literature [12,64-67,90]. Calculated PCls of H:Nb,Zr,., are
shown in Figures 12-14 together with data from literature [64,65,67]. Moreover, two isothermal sections

at 600 °C and 788 °C are reported in Figures 15 and 16 with literature experimental data [12,90].
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Figure 12. Calculated pressure-composition isotherms of H:Nb, sZrq; 5 (at. %) system between 700 °C and

950 °C compared with Sinha et al.[64] points.
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Figure 13. Calculated pressure-composition isotherms of H:Nb,¢Zrg (at. %) system between 600 °C and

1050 °C compared with Sinha et al.[65] and Wang et al.[67].
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Figure 14. Calculated pressure-composition isotherms of H:NbsyZr; (at. %) system between 700 °C and

900 °C compared with Wang et al.[67] points.
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Figure 16. Calculated isothermal section at 788 °C of the H—Nb—Zr system at 1 bar compared with Wang
et al.[12].

4.2.4. Discussion

The experimental data set for the ternary H-Nb—Zr system is well described by our model. Only
seven interaction terms were used for the four phases hcp, bcc, fcc and € without entropic terms. The
optimization of the interaction terms for the fcc and € hydride phases, allowed us to consider the
solubility of niobium in zirconium, for the € phase with atomic composition Nbg os0Zro.2733Ho.667 at 430 °C
corresponding to our synthesized hydride noted Nbg 15Zrg s,H».00 in the previous section.

For the first time, the high solubility of niobium in the €-ZrH, phase has been identified on the
Nbo 18Zrg.s:H1.99 Sample. The cell parameter along the c-axis decreased from 4.50 to 4.35 Ain agreement
with the atomic radius of niobium which is smaller than that of zirconium. Moreover, this solubility was

also proved during the SEM analysis. A disagreement is found between the optimization of the enthalpy
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of mixing of the & phase and the SQS calculations, otherwise it proved impossible to reproduce the

observed solubility of Nb in the € phase.

In the samples synthesized from Nbgo1Zro99 and NbgesZrggs, the y-ZrH phase is present, but it
should not be stable at temperatures above ~200°C. Thus, the quenching was not fast enough to freeze
the material at the temperatures of the experiments. If we neglect this phase, all the phase equilibria
and crystal structures found in this study using XRD measurements followed by Rietveld refinement are
consistent with the literature data, with the extrapolation and modeling of this system.

Most PCl data are well outlined and the agreement between the calculated and experimental
data is satisfactory [64—67]. For example, regardless composition and temperature, the different plateau
pressures are consistent with those found experimentally.

No complete isothermal section is available in the literature to our knowledge. Thus, several
isothermal sections at 1 bar and 430 °C, 600 °C and 788 °C are presented in this work.

All the parameters used and optimized for the ternary H-Nb—Zr system are summarized in Table

Table 5. Optimized thermodynamic parameters for the H-Nb—Zr system. Binary parameters for Nb—Zr
and H—Zr are taken from Refs. [13,14].

Phase Model Parameter (J/mol)

G = GS™SER L RTInp
GHY = ,32“5'5“ +RTInp
GSoZ = GE*%SER 4 pTInp
Gas (H, Hy, Zr, Zr,, Nb, Hzr) G5 = ZGT‘;Z'SER +RTInp

GS9% = GEESER 4 RTInp

GSeZ = GEOZSER 4 pTInp

Lig _ ,~Liq
G =Gy
Lig _ ,Liq
Gnp = Gy
Liquid  (H, Nb, Zr) Gz = Ggt

Zr

LYy =13191.882
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bcc

(Nb,Zr)l(H,Va)3

Lysd = 10054.607

_ rbcc

bcc
Gnpva = Gnp

3
Guow = GRES +5 GiE® 4+ 199994

2
+196.20T

LY ye = —563483
Lypiye = —284063
1205y = 31269
1305 ,q = 52413

bcc

bcc
G 7r

Zr:Va

GPES, = Gpee +§ GiER + 44853
LyPSe yq = —474971+359 T
LyP%s yq = —267893 + 200 T

Ly S hva = +14389 + 4.2621T

Ly Snva = 3417.069
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LYo = 15247.30

Lypsrn = —1545.43

GRS = GLE + 10000

GEPsiton — GIER 4 GSER — 46988 + 130.8 T

GEPSilon _ GSER 4 7700 — 0.9 T

epsilon (Nb,Z0)5(H,Va) GsPa' ™ = GSER + GER — 168215 + 110.5T
) 1 2

(fet) + 3.866 T In(T)

LYEPSUO™ = 419900

Lyshoion = —60034.47
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B _ f
Gapva = Gap + 5000

1
Gl = GNeR += GEER — 45226 + 68.55 T

2
8-NbH  (Nb)y(H,Va) 0.8 _
! ! Lypayve = —31513+4.92T
18 _
Lypnya = 14993
1
y-ZrH  (Zr)y(H)s Gy =GR+ 3 GiER — 88248 +71.648 T

5. Conclusion

The thermodynamic modeling of both hydrogen-niobium and hydrogen-niobium-zirconium
systems have been carried out in this work using the Calphad technique. For this purpose, a completely
new description of the H-Nb system was needed because of the discrepancies between the two already
existing descriptions and the literature data. The description of the miscibility gap and the stability of the
bcc and hydride phases with temperature and pressure have been well described in this work.

For the ternary system, new experimental data were obtained using different experimental
techniques such as XRD and SEM to clarify the existing data and to complete them. The solubility of
niobium into the €-ZrH, phase was found for the first time. DFT calculations and the SQS method have
been used to determine the formation enthalpies of all the compounds and the mixing enthalpies of the
phases, respectively. These calculations, show good agreement with the optimized ternary system.

The use of common models for each phase in this work will allow these thermodynamic

descriptions to be used for higher-order systems in the future.
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