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Abstract

The thermodynamic assessments of the two ternary Cr-H-Zr and Fe-H-Zr systems are
carried out using the CALPHAD approach. The hydrogenation properties of all the
intermetallic compounds of these two systems are assessed. The formation enthalpies of the
Ela-ZrsFeH7 and C16-Zr2FeHs hydrides are evaluated by DFT calculations. The Pressure-
Composition-Temperature diagrams of the Zr(CrxFe1x)2 (0.4 <x < 1.1) of the C14 Laves phase
are optimized. The calculations and optimization are carried out under para-equilibrium

conditions in which the complete system was treated like a pseudo-binary system.

Keywords: CALPHAD, DFT calculations, Hydrogenation, Para-equilibrium

Introduction

Zirconium-based alloys are used as a material for the fuel claddings in pressurized water
reactors thanks to their thermal, mechanical resistance and their low neutron absorption
coefficient. During in-service lifetime and/or hypothetical accidental scenario like Loss Of

Coolant Accidents (LOCA) of the fuel claddings, it is essential to apprehend and predict
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microstructural evolutions. As a result, a thermodynamic database containing all the
elements of the fuel claddings Cr, Fe, Nb, Sn, Zr and O is being built by the CALPHAD approach

[1,2]. At last, H is also included in order to take into account hydrogenation phenomena.

In literature [1-8], it was reported that hydrides could be formed from the different Cr-Fe-
Zr intermetallic compounds. Thus, thermodynamic modeling of two ternary Cr-H-Zr and Fe-

H-Zr systems appears to be essential for the thermodynamic database.

To the best of our knowledge, the thermodynamic modeling of the ternary Fe-H-Zr and Cr-
H-Zr systems has not been undertaken. A detailed bibliography review of these ternary
systems is presented. For the Laves C14 phase, the Pressure-Composition-Temperature (P-
C-T) diagrams and hydrogenation properties are calculated within para-equilibrium using a
pseudo-binary system to constrain the metallic atom ratio. At last, the assessments integrate

the hydride formation enthalpies calculated by DFT.

1 Literature survey

1.1 Ternary Fe—H-Zr system

Several authors [9-14] found that Zr,Fe compound (€16 structure, space group 14/mcm) can
absorb up to 5 H/f.u. Neutron diffraction measurements indicate that the Zr, and Zr;Fe
tetrahedral sites are prefered. The hydrogen capacity varies as a function of the temperature.
During dehydrogenation, a distortion in the structure, responsible for a space group change
from P4/ncc to I4/mmm, was observed [10-14]. P-C-T diagrams from 200 to 500 °C are
reported by Nobile et al. [14]. However, impurities were observed in the compound prior to

hydrogenation. First-principles calculations on this hydride were carried out by Chattaraj et



al. [15]. The thermodynamic properties including the heat capacity (Cp and Cv) of the

hydride were reported.

The intermetallic ZrFe,, which crystallizes with the Laves C15 structure, was reported to
absorb up to 4 H/f.u at room temperature and very high pressure [8]. Because the Laves C15
phase possesses a non-stochiometric domain extending until a composition of ZrFe, ,, the P-
C-T diagram of ZrFe, o, ZrFe, , and ZrFe, ; compositions were studied by Zotov et al. [16] and

Sivov et al. [17].

A study conducted by Yartys et al. [11,12] focused on the hydride phase formed by the Zr;Fe
intermetallic compound (E1la structure). The hydrogen absorption was reported to be up to
6.7 H/f.u. By neutron diffraction, the hydrogen atoms are reported to occupy the Zr,, Zr;Fe

and Zr;Fe, interstitial sites.

1.2 Ternary Cr—H—Zr system

In the Cr-Zr binary phase diagram, the intermetallic ZrCr, compound crystallizes with 3
different polymorphs. The cubic Laves C15 structure is stable at low temperatures, it
transforms into the hexagonal Laves C36 at 1772 K, and the hexagonal Laves C14 is stable at

high temperatures.

The P-C-T diagram of the Laves C15 phase was measured by Krupenchenko et al. [3], Andreev
et al. [4] and Bodega et al. [5]. This compound can absorb 4 H/f.u at low pressures. The heat
capacity of the Laves C15 type ZrCr,H, (0 < x < 0.5) in the temperature range 5.3 - 293 K
was measured by Skripov et al. [18]. An anomaly peak attributed to H ordering was observed.
However, due to the limitation of the model used, the experimental measurement of the heat

capacity at low temperatures (T < 200 K) can not be taken into account.



In the study conducted by Pebler and Gulbransen [7], a P-C-T diagram of C14-ZrCr, was
reported. It was found that the hydrogen capacity was only 1.2 H/f.u. However, the

measurement was carried out at high temperature and the pressure was limited to 1 bar.

Jacob et al. [19] reported that this intermetallic compound can absorb up to 4.5 H/f.u.
Hirosawa et al. [20] and Skripov et al. [6] found that the hexagonal compound can reach a
hydrogen content of 4.2 H/f.u. Bodega et al. [5] measured the P-C-T diagram of this
compound in the temperature range of 348-423 K. It should be noted that their samples
contained both Laves €14 and Laves €36 structures, making the quantification measurement
challenging due to overlapping principal peaks on the XRD diffractogram. However, the Laves
C14 structure was reported to be a major phase and no major difference is expected between
the hydrogenation properties of the €14 and €36 phases, thus the measured data will be

considered for the Laves C14 phase in our assessment.

To the best of our knowledge, no data was found in the literature concerning hydrogen

solubility in @ and f-Zr(Cr,Fe) solid solutions.

1.3 Hydrogenation of Zr(Cr,Fe;_,), compound

Since the C14-ZrCr, compound can absorb hydrogen at low pressures, the substitution of Cr
by Fe is promising for hydrogen storage due to its ability to increase the pressure plateau at
atmospheric pressure and room temperature. Numerous studies have investigated the
hydrides formed from the Zr(Cr,Fe;_,), compound (x = 0.2 to 0.55). Both the host alloys and
the hydrides adopt the Laves €14 structure. It has been reported that this compound exhibits
hydrogen capacities similar to C14-ZrCr, (3.5 H/f.u) and demonstrates rapid absorption and

desorption kinetics. Indeed, the crystal structure of the C14-ZrCr, compound possesses 3



sites: 4f occupied by Zr and 2a, 6h occupied by Cr. The synthesis of C14-Zr(Cr,Fe;_,)-
compound is carried out by substituting the Cr in 2a and 6h sites with Fe. Canet et al. [21]
and Soubeyroux et al. [22] reported the site occupancy of these substituted compounds

(Figure 1). The occupations of each atom in both sites are equal.
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Figure 1: Site occupation of Cr in C14-Zr(Cr.Fe;_,), structure at 1000°C. A Canetetal. [21]
and = Soubeyrouxetal. [22].

Several P-C-T diagrams at different compositions have been reported. Yu et al. [23] presented
a P-C-T diagram for the C14-Zr(CrysFe(s), composition at temperatures of 51, 101, and
152 °C. Ivey and Northwood [24,25] measured the P-C-T diagram at 20 °C for the C14-
Zr(Cry,Feqg)2, C14-Zr(Cry,sFeq75)2, and C14-Zr(CryssFeg45), compositions. Wallace et al.
[26] reported a P-C-T diagram extending from 23 to 100 °C for the C14-Zr(Cry3Feq)2
composition. Zhang and Wallace [27] provided a P-C-T diagram for the C14-ZrCrFe
composition. Qian and Northwood [28,29] measured the P-C-T diagram for the C14-

Zr(Cry.Feps)s, C14-Zr(Cry3Feq-),, C14-Zr(Cry4Fep6)2, and C14-Zr(CrysFeps),
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compositions. Park and Lee [30] reported a P-C-T diagram for the C14-ZrCr,_,Fe .,

compositions with y values of 0.2, 0.3, and 0.5. Additionally, Grant et al. [31] reported a P-C-

T diagram for the C14-Zr(Cry,5Feq 75), composition.

2 Methodology

2.1 DFT calculations

DFT calculations were carried out to determine the formation enthalpies of the C16-Zr,FeH;
and Ela-Zr;FeH; compounds since they have ordered structures with the atomic positions
reported. The calculations were carried out using the Vienna Ab-Initio Simulation (VASP).
The Generalized Gradient Approximation (GGA) with the projector augmented wave (PAW)
pseudo-potentials of 600 eV were used. The formation enthalpies of the other stable
compounds in the system were also calculated to draw a stability envelope of the Fe-H-Zr
system. A dense grid of K-points in the Brillouin zone was optimized and used with 11x11x7
k-points meshing for Ela-FeZr; phase, 9x9x9 k-points meshing the Fe,Zr phase, 5x5x3 k-
points meshing the yZrH phase, 7x7x7 k-points meshing the 6ZrH,_, phase, 11x11x11 k-
points meshing the €ZrH, phase, 9x11x11 k-points meshing the C16-Zr,FeHs phase and

9x9x5 k-points meshing the Ela-Zr;FeH, phase.

The formation enthalpy is obtained by subtracting the DFT total energy of the calculated
structure to the molar fraction weighted sum of the DFT energies of the pure elements in
their Stable Element Reference (SER), i.e., ground-state structure for Fe (magnetic) in bcc, Zr

in hcp and H in gas.



2.2 The CALPHAD method

The CALPHAD method involves the optimization of the Gibbs energy for each phase in the
system in order to match the available experimental data. The Gibbs energies are represented
by equations that contain adjustable parameters. Through this assessment, phase equilibria
and thermodynamic properties that have not been studied experimentally can be predicted.
Detailed information about the CALPHAD method can be found in the Lukas et al [32]

textbook.

Thermodynamic modelling

2.2.1 Gas phase
Since the hydrides are formed at an intermediate pressure (below 100 bar), the gas phase

has been considered as ideal. The Gibbs energy of the H, species in its stable-element
reference (SER) state at a temperature of 298.15 K and pressure of 10° Pa is obtained from

the PURE database.
The Gibbs energy of pure hydrogen can be represented as:

GI% = GiER + RTIn(P/Py)
2.2.2 Solid phases

The Gibbs energy function of pure elements is taken in the PURE database. Since the crystal
structures do not change before and after hydrogenation, the distorsion observed in
C16 —Zr,Fe hydride is not considered, the hydride phases are treated as solid solutions.
Taking the example of the  C15-Zr(Cr,Fe;_,),H,4 hydride, the compound is modeled with 4

sublattices corresponding to 4 cristal sites: (Zr)4(Cr_)Fe_2),(Cr_ @ Fe_ 3))¢(H,Va)14. The
Yer YFe Yer YFre

occupation fraction of A element (A = Cr or Fe) in the b (b = 2 or 3) sublattice is written yjb)

in the hydride composition. The thermodynamic modeling of the Cr—-Fe-Zr system was
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defined by Lafaye [1]. The end-member energies and interaction parameters of intermetallic

compounds from [1] will not be modified in this study. Three end-members

Laves_C14 Laves_C14 Laves_C14 Laves_C14 . .
GZr:Cr:Cr:Va' GZr:Fe:Fe:Va' GZr:Cr:Fe:Va' GZr:Fe:Cr:Va and four Interaction parameters

0y7Laves_Cl14 0 yLaves_C14 0 yLaves_C14 . . .
LZr:Cr,Fe:Cr:Va’ LZr:Cr,Fe:Fe:Va' LZr:Cr,Fe:Cr,Fe:Va were optlmlzed. The Gibbs energy Of this

compound can be expressed as:

GLaves_C14 —ref GLaves_C14_|_idGLaves_C14+exGLaves_C14 #(1)

Where
2,3 L _Cl14 I E) L Cl14 2,3 L - C14
ref glavesC14 = y(,&r)y(ér)yVaGZ;l:lé‘is:Cr:Va + Vre yF((e %’ Vg?zg:lli'ees;Fe:Va + Yer (y)Fe (%VanﬁzifFe:Va
2)_ (3 L c14 2). (3 L c14 2). (3 L c14
+ Yre Yor YaYvaGzrrecrva T Yer Yer YH Gyrercrn T Yre Yre VH GzrFofeH

2 3 2 3
+ yc(r)ylge)yHGZLgl(i‘is:l_?Ce‘?I‘-}l + ylge)yc(r)yHGZLgl;"is:Z‘i?fl #(2)

agraves 1 = 2RT(y P Iy +yS2ny(2) +6RT (v Iy + v Inyy)
+ 14RT (yylnyy + yvalnyya) #(3)

exLaves C14 _ .,(2) (2) (3) 0ylLaves C14 2. (2.3 oylLaves_C14
G = Yer Yre Yor Yva  Lzrcrrecrva © Yor Yre Yre Yva -~ Lzrcrrereva

2, 2,03, L C14 ), (). 3 L C14
+ Yer Yre Yor Yre Yva OLZ(:'I:]g:,Fe:Cr,Fe:Va + Yer Vre Yor YH OLZ?”]:Jgf,Fe:Cr:H

2. 2. 3) L C14 2, .2, 3,03 L C14
+ Yer Yre Yre YH OLZT:;grS,Fe:Fe:H + Yer Yre Yor Yre Yu OLZ?}:]gf,Fe:CT,Fe:H

2 3 L C1 2 3 L C1
+ ¥y yuyva L+ v YD yuyva OLEES L

.03 L cl4 2) .(3) L Cl4
+ Yre Yor YuYva OLz%fg:'cﬂH,Va + y(,gr YF(e YuYva Oin?ngFe:H,Va

2 3 L C
+ Y LYV Wvan = Yva) LM e

+ )’1§§))’1§2)}’H}’Va Yy — Yva) 1LLZ‘i’f§§;§§fL,Va #(4)

The thermodynamic model used to describe the hydride phases formed from intermetallic

compounds in the Cr-Fe-H-Zr quaternary system is presented in Table 1:

Table 1. Thermodynamic model of hydride compounds in the Cr-Fe-H-Zr quaternary system

Phase Cle Laves C15 Laves C14 Ela




Model | (Fe,Zr)(Fe,Zr). | (Cr,Fe,Zr),(CrFe,Zr) (Cr,Fe,Zr)4(Cr, Fe,Zr) (Fe,Zr)(Fe,Zr)3(H,Va)7

(H,va)s (H,Va)a (Cr, Fe,Zr)s (H,Va)16

2.3 Calculation and optimization of the para-equilibrium conditions

Para-equilibrium occurs when there are differences in the diffusion rates of the constituting
elements at a given temperature. During the para-equilibrium state, the elements with higher
diffusion rates tend to reach equilibrium, while the elements with slower diffusion rates
remain relatively stationary. In the specific context of hydrogen storage materials, the
measurements are often carried out close to room temperature where the metallic elements
can be considered as frozen. This has two consequences. Firstly, hydrides of intermetallic
compounds may be observed while the most stable state often corresponds to the
decomposition into the hydrides of the pure elements. Secondly, when an equilibrium is
observed between an intermetallic compound and its hydride, both have the same metallic

compositions.

For the hydrides forming through a continuous solid solution, only the first problem is
relevant and can be treated by suspending the other phases in the system to avoid the
decomposition. However, for the hydrides forming by a phase transformation, whether
because the structures are different or due to the presence of a miscibility gap, the observed
para-equilibrium must be treated specifically. An additional constraint to fix the ratios of

metallic elements should be introduced.

Pelton et al. [33] carried out the calculations in para-equilibrium by using virtual elements to
apply a constraint to the composition. Nevertheless, the miscibility gap was not a focal point

within their method. Recently, Hannappel et al. [34] made progress in the thermodynamic




modeling of multicomponent phases in para-equilibrium by creating an open-source Python

tool that is integrated into the CALPHAD framework.

Joubert and Thiébaut [35] calculated P-C-T diagrams with the presence of the miscibility gap
by treating the system as pseudo-binary, i.e. the intermetallic solid solution was treated by a
pseudo-binary atom to ensure that the metallic composition remained constant throughout

hydrogenation.
The same method is used in this work and explained in the following paragraph.

Hence, a pseudo-atom Z = (Zr),(Cr_@Fe_2),(Cr_@ Fe_(3))¢ representing the intermetallic
Yer YFe Yer YFe

part of hydride is introduced (with y, and yg, the site occupation of Cr and Fe respectively).
The Gibbs energy for the solid phase in the pseudo-binary system can be written by the

functions depending on the parameters in the ternary system:

G*Laves_C14 —ref G*Laves_C14+idG*Laves_Cl4+exG*Laves_C14-#(5)

where

re xLaves C14 __ Laves_C14 Laves_C14
e B = Yalzyq + YuGzy #(6)

ldGrravesC1* = RT (yylnyy + yyalnyya)#(7)

n

TS =y, ) LG O~ ) H(E)

v=0

The equations (1) and (5) have to be identical, the following relationships are given:
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Gézcll/liles_cm = c(i)yc(i) GZLzléf‘s:E(;::l;a + ylgi)ylg Zr:Fe:Fe:Va + yCr
+ YD G+ y Dy Dy oL

+ J’c(?yg)y;z) OLLZ?‘I:Jgg,_IEel::"e:Va + yc(‘i)ylgi)yc(‘i)ylgi) OLI%?’?gﬁ,_I’Cel:gr,Fe:Va

+RT(ye Inysy) + v Iy + v iy + i Iny?) #09)

) GLaves_Cl4 (2) ) GLaves_CM

(3
yFe Zr:Cr:Fe:Va

L C14 _ . (2. B) L C14 ). (3) L _C14 2).,03) ~L _C14
GZ%WS = Ycr 3(’c§ ?Z{a:léerfCr:H + Vre ylze)G%%l;"eeEF)e:H + Yer Yre GZ;}:](;,‘ifFe:H
2). (3) ~L Cc14 2) (2)..(3 L Cc14
+ yFe yCr GZ;I:I;"eeS:_Cr:H + yCr yFe yCr OLZCru:7Ce:,_1~"e:Cr:H

2. @ @3 (3) osLaves Cl4
+ Yer Vre Yre  Lzricrre:ren + Yor Yre Yer Yre  LzrcrFe:crFen
3 3) 3 3)

+ RT(y Pty +yDmy? +yQ iy + v nyfY) #(10)

)OLLaves_C14 2)..(2)..13)

orLaves_C14 _ . (2). (3) ojLaves_Cl4 (2). (3) ojLaves_C14 2)
Lz:nva =Yer Yor  Lzrcricrnva © Yre Yre  LzrreFenva T Yre

2). (3
YV L eta #(11)

3) 0y Laves C14
yCr Zr:Fe:Cr:H,Va

1ylaves C14 _ ) )1LLaves_Cl4 (2)

3 ) 17Laves_C14
Z:HVa cr Yor Lzrcriorayva T Yre L

3
Yre Lzrrerenva #(12)

3 Results

3.1 DFT results

The formation enthalpies of the end-members of Ela-Zr;Fe and C16-Zr,Fe hydrides and
stable end-members of binary phases are presented in Table 2. The calculated values in this

work are close to the reported values in the literature.

Table 2: DFT calculation results for the Fe-H-Zr system and comparison with experimental
values from literature

Space group Prototype | Configuration | A¢H (this work) A¢H (in literature)
(k]/mol.at) (k]/mol.at)
P4/ncc(130) | Filled Al,Cu |  Zr,FeHs -40.69 -39.20 [15], -37.65 [36]
(Distored ZrFe,Hg 76.42
structure) Fe;Hs 15.25
Zr3Hs -33.53
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Cmcm(63) | Filled Re;B Zr;FeH, -39.91 -36.14 [36]
(E‘la) ZI‘Fe3H7 685
Fe,H, 13.11
Zr,H, -29.84
14/mmm(139) ThH, €ZrH, -55.16 -49.67 [37]
Fm3m(225) CaF, SZrH,_y -54.23 -48.3 [37]
Ccem(66) PtS yZrH -41.58 -58 [37]
Fd3m(227) MgCu, ZrFe, -28.78 -35.03 [1]
(Laves C15)
14/mcm(140) CuAl, Zr,Fe -15.65 -17.35 [1]

The hydride stabilities were checked by drawing the stability envelope (Figure 2). This
envelope is drawn by the convex hull algorithm [38]. The vertical axis is the formation
enthalpy values of binary and ternary compounds obtained by DFT calculations and the

horizontal plane is the composition plane.
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Figure 2: Stability envelope of Fe—-H-Zr system
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Both ternary hydrides are located above the envelope. The distances between the Ela-
Zr;FeH, and C16-Zr,FeHs to the envelope are 5.06 k] /mol.at and 0.47 kJ/mol.at respectively.
Indeed, these hydrides are metastable. The stable equilibrium for these compositions is the

Fe + H, + €ZrH, equilibrium.

3.2 Fe—H-Zr system

In order to model the Fe-H-Zr system, three binary systems Fe-Zr, H-Zr and Fe-H are
combined using the database of Lafaye [1], Zhong [39] and Zinkevich [40] respectively. The
multiplicity of the interstitial sites within the HCP_A3 phase of the H-Zr system is modified
from (Zr)(H,Va); to (Zr)(H,Va), and the one within the BCC_AZ phase of the Fe-H system is
converted from (Fe)(H,Va); to (Fe)(H,Va); using Tai’s model [41], [42]. The hydrides in this
system are modeled as solid solutions. The multiplicity of hydrogen sublattices corresponds
to the maximal hydrogen absorption capacity. The enthalpic parameters of all end-members
of the hydrides formed from €16 and E'la structures are fixed to DFT calculated values. The
entropy difference between a solid phase with gas and the hydride is approximatively equal
to the entropy of the disappearing gas phase (~ 130 J.mol~! (H,)). This approximative value
is applied to the entropic parameters of all end-members of hydride phases. In order to
optimize the heat capacity of C16-Zr,FeHs hydride, supplementary parameters dependent
on the temperature are adjusted. The enthalpic parameters of hydrides formed from
Laves C15 ZrFe, are adjusted to optimize the pressure plateaus of ZrFe,-H (x = 1.9, 2.0 and

2.5) P-C-T diagrams.

Figure 3 represents the hydrogen capacity as a function of the temperature at

atmospheric pressure, P-C-T diagram and the heat capacity as a function of the temperature
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of the hydride C16-Zr,FeHs. The calculated lines are in acceptable agreement. However, the

gap within the P-C-T diagram is explained by the impurities observed by Nobile et al. [14].
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Figure 3: Hydride C16-ZrzFeHs: (a) hydrogen capacity as a function of the temperature at
ambient pressure [9-13]; (b) P-C-T diagram [14], (c) heat capacity as a function of the
temperature [15].

Figure 4

represents the P-C-T diagrams of three compositions C15-ZrFe; g-H,, C15-ZrFe, ;-

H, and C15-ZrFe,s-H,. The calculated diagrams are in agreement with the experimental

points.
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Figure 4: P-C-T diagram of three compositions (a) C15-ZrFe, o—-H,, (b) C15-ZrFe, ,—H, and (c)
C15-ZrFe, s-H, compared to experimental measurements [16,17].

The hydrogen capacity measurement for the Ela-Zr;Fe compound has been effectively
implemented (Figure 5a). Finally, Figure 5b presents an isothermal section in full equilibrium
at ambient temperature and atmospheric pressure. The three points on the figure are the
compositions of three hydrides at their maximal hydrogen content. Indeed, at full
equilibrium, these hydrides are unstable compared to the decomposition into Fe, H, and

€ZrH,.
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Figure 5: (a) Hydrogen capacity of the Ela-ZrsFe compound as a function of the temperature;
(b) isothermal section at 293K in full equilibrium. - represent hydrides at their maximal
hydrogen content.

3.3 Cr—H-Zr system

The Cr-Zr, H-Zr and H-Cr databases of Lafaye [1], Zhong [39] and Dottor [43] are utilized to
extrapolate the Cr-H-Zr system. Hydrogen is modeled as an interstitial sublattice which
multiplicity corresponds to the maximal hydrogen absorption capacity. The entropy of
hydride configurations is fixed to the approximative entropy value (~ 130 J.mol~! (H,)). The
enthalpic parameter of the G:2%%5:“'® end-member is adjusted to optimize the pressure
plateau. The adjustment of the other end-members has been done by comparison with the
with the results found in the Fe-H-Zr system.  The formation enthalpy difference between
the stable end-members Giresi > and Gromss - is |AH| = 12500 J.mol~! (H), the enthalpic
parameters of the two end-members Gr2%5:1 and G,27¢5:¢> are adjusted in order to
optimize the pressure plateau of C15-ZrFei9Hss and C15-ZrFezsHss hydrids. Finally, the

; Laves_C15 Laves_C15 ;
enthalpic parameters of the two end-members G ...~ and G5~ are estimated from
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the values obtained for the two end-members Gr2he:“*> and GLve5“™ applying the

: : Laves_C15 Laves_C15 Laves_C15 Laves_C15
difference obtained between G, ~ and Ggg.z,g Groror ~ and Gyrpog

Figure 6 illustrates the formation enthalpies of end-members of the hydrides formed from

Laves C15 in both Fe-H-Zr and Cr-H-Zr systems.

80000

] —u— Cr—Zr system
60000 —u— Fe-Zr system

40000
1 Zr FeH,

20000

(H)

Formation enthalpy (J/mol™(H))

-80000 L-+———————————————————————
0.0 0.1 0.2 0.3 0.4

Molar fraction Zr

Figure 6: Formation enthalpies of end-members of Laves C15 hydrides in Fe-H-Zr and Cr-H-
Zr systems

The calculated P-C-T diagram of the hydrides formed from Laves C15 and Laves (14
structures in Figure 7 is in agreement with the experimental points. On the P-C-T diagram of
Laves C14 hydride, the experimental points at high temperatures of Pebler and Gulbransen

[7] are optimized with less weight.
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Figure 7: P-C-T diagrams of hydrides formed from ZrCr, compound of Laves C15 (a) and Laves
C14 (b) structures

3.4 Zr(Cr,Fe;_,), hydride

In the Cr-H-Zr system, both Laves €14 and Laves C15 structures exist. The Laves €15
structure is predominantly present near the Cr-Zr and Fe-Zr binary systems. The Laves C14
phase, on the other hand, is situated at intermediate compositions between ZrCr, and ZrFe,.
The hydrogen capacity of these structures is similar (3.5 H/f.u) and their plateau pressure
values at the same temperature are close. Therefore, the thermodynamic properties of the

hydrides formed from this composition are similar for both structures. In the same way, the

Gyoves 1t and GLAvE5:C1° parameters give the same composition: ZrFe,H, in both structures.
The enthalpic and entropic parameters of these end-members should be approximatively

equal. The enthalpic and entropic parameters of three end-members G,27e5C1e GLaves C14

and GL27e5-C1% are adjusted to optimize the pressure plateau of the entire composition range

Zr(Cry,Fe;_,),. Regarding the metallic atom interaction parameters for hydrides, as the
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metallic composition of the hydrides remains unchanged compared to the intermetallic

compounds, these parameters are set to be identical to those of the intermetallic compounds:

oLLaves_Cl4 _0 LLaves_Cl4 oLLaves_Cl4 _0 LLaves_Cl4 oLLaves_Cl4 _0 LLaves_Cl4
Zr:.Cr,Fe:Cr:Va — Zr:.Cr,Fe:Cr:H Zr:Cr,Fe:Fe:Va — Zr:.Cr,Fe:Fe:H Zr:Cr,Fe:Cr,Fe:Va — Zr:.Cr,Fe:Cr,Fe:H

: : 0yLaves_C14 0yLaves_C14 : : :
The interaction parameters “Ly,.rocrpyyva a0d "Lz crpe. vq are adjusted. The interaction

parameters °L,2VeS-L14 - and 1LL2VeSL14  are approximately equal to the interaction

07Laves_C15 1yLaves_C15
parameters "Lye. 7, vq a0d " Lre.zr 1 va-
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Figure 8: Calculated P-C-T diagrams of the hydride C14-Zr(Cr,Fe;_,), compared with
experiments: X [23], X [24], o [25], A [27], = [28],¢ [29], ¥ [30], Q [26], x [31]
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The optimized diagrams (figure 8) are in acceptable agreement with the measured points.

Calculated and experimental diagrams have similar behaviors: the substitution of Fe by Cr

induces the decrease of the plateau pressure at a fixed temperature.

The P-C-T diagram of the C14-Zr(Cr,Fe;_,), compound at room temperature is presented in

Figure 9, along with the diagram showing the plateau pressure value for different

compositions. Based on these figures, it is predicted that the composition (14-
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Zr(Crg3,Feqes), would be capable of absorbing hydrogen at room temperature and

atmospheric pressure.
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Figure 9: Plateau pressure at room temperature of the Zr(CrxFei-x)2H3.5 Laves C14 hydride.

4 Conclusion

The thermodynamic assessments of Fe-H-Zr, Cr-H-Zr systems and C14-Zr(Cr,Fe;_,),H,4
hydride have been carried out. The assessments required performing the calculations in
para-equilibrium conditions. According to the temperature, the paraequilibrium or the full
equilibrium should be used for the calculations. An atom representing the intermetallic
compositions was added in order to have the constraint of the metallic ratio for the Laves
phases. This method succeeded in calculating all the hydrogenation properties of the
intermetallic compounds and in reproducing the behavior of the pressure plateau while

substituting Cr by Fe in the C14-Zr(Cr,Fe;_,), compound.
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Appendice: Assessed thermodynamic parameters in this work.

Phase Parameters (J.mol™1)
BCC_A2 GECCA? = +GFEH#
(Fe)(H,Va); 0L = 10.83T
HCP_A3 GHeP43 = —91930 + 98.83T + GHSERZR#
+ 2GHSERHH#
(Zr)(H,Va), 0L = —3.83T
Laves_C15 GLovesC13 = y3GHSERFE# + 4GHSERHH# + 10000

(Cr,Fe,Zr),(Cr,Fe,Zr)(H,Va),

+ 260T
Gyavest15 = L 2GHSERZR# + GHSERFE# + AGHSERHH#
+70000 + 260T
GLavest15 — { QGHSERFE# + GHSERZR# + 4GHSERHH#
—146000 + 260T

Gavest15 — {3GHSERZR# + 4GHSERHH# — 156000
+ 260T

GLavesL15 — { 3GHSERCR# + 4GHSERHH# + 144000
+ 260T

GvesC15 = + 2GHSERZR# + GHSERCR# + 4GHSERHH#
+100000 + 260T
GoavesC15 = + 2GHSERCR# + GHSERZR# + 4GHSERHH#
—105531.644 + 260T
OLLTES 1S = +23000
ke L1 = —12000

0pLaves-C1S — 425000 — 15T
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Phase Parameters (J.mol™1)
Laves_C14 GLAves Lt = +12GHSERCR# + 16GHSERHH# + 300000
+1040T
(Cr,Fe,Zr),(Cr,Fe,Zr), GLAves Lt = +AGHSERZR# + 8GHSERCR#
(Cr,Fe,Zr)¢(H,Va) 16 + 16GHSERHH#
—478175.567 + 1040T
GEaves Clt = +2GHSERZR# + 10GHSERCR#
+ 16GHSERHH#
—150000 + 1040T
GLAves L1t — + 6GHSERZR# + 6GHSERCR#
+ 16GHSERHH# + 1040T
GLAves 1t = +6GHSERZR# + 6GHSERCR#
+ 16GHSERHH# + 1040T
GLaves L1t — +10GHSERZR# + 2GHSERCR#
+ 16GHSERHH# + 1040T
GLaves L1t — {8GHSERZR# + AGHSERCR#
+ 16GHSERHH#
+400000 + 1040T
GLaves L1t — {12GHSERZR# + 16GHSERHH# — 624000
+1040T
Gricreritva = +55000
Ela GEl% .y = +AGHSERFE# + 7GHSERHH# + 144226.371
+456T
(Fe,Zr)(Fe,Zr)5(H,Va), GEre,.y = +GHSERZR# + 3GHSERFE# + 7GHSERHH#

+75366.5123 + 456T
GEl%,.y = +GHSERFE# + 3GHSERZR# + 7GHSERHH#
—439016.836 + 456T + 43T X LN(T)

GEl%,.y = +4GHSERZR# + 7GHSERHH# — 328219.196
+ 456T

OL%?Zr:H,Va = —80000
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Phase Parameters (J.mol™1)

C16 GSi% ey = +3GHSERFE# + S5GHSERHH# + 122012.072
+326T
(Fe,Zr)(Fe,Zr),(H,Va)s G5, = +GHSERZR# + 2GHSERFE# + 5GHSERHH#

+611332.481 + 326T
GS26. . = +GHSERFE# + 2GHSERZR# + SGHSERHH#

—325490.332 + 560T — 29.6551949TxLN (T) + 0.002T*
+ 554097.027T 1

GS6 . = +3GHSERZR# + S5GHSERHH# — 268213.481
+326T

FUNCTIONGFEH = +213295.198 — 2916.37218T + 467.826T X LN(T) — 0.26955T2

+GHSERFE# + 3GHSERHH#;1811Y
+241181.85 + 72.9 * T; 6000N
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