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ABSTRACT:

A complete literature review of the thermodynamic and phase diagram properties of pure Cr and
Cr—H system has been carried out. A thermodynamic assessment using the Calphad method has
been accomplished up to 50 GPa for Cr including the liquid phase and up to 18 GPa on the Cr—H
system using the most relevant literature data and our own ab-initio calculations. An up-to-date
phase diagram of the Cr—H system is presented. Special attention was paid to the fcc phase to
clarify the structure type (NaCl, hydrogen atoms located in the octahedral site of the fcc structure)
and the composition (one hydrogen per chromium atom). The robustness of our proposed Cr and
Cr—H models was demonstrated by comparing our measurements of pressure-composition

isotherms of a bcc Cr—Zr alloy with the prediction made by combining the thermodynamic

descriptions of the three Cr—H, H-Zr and Cr—Zr binary systems.
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HIGHLIGHTS:

e A complete review of the Cr and the Cr—H systems is displayed. The 3-dimension phase
diagram of Cr—H is shown.

e Thermodynamic modeling of the chromium Cr and Cr—H systems is displayed for the first
time.

e Unary and binary models are checked by comparing extrapolation of Cr—H—Zr system and

hydrogen properties of CrsZros alloy.



1. INTRODUCTION

Hydrides formed by transition metal alloys or intermetallic compounds are attractive hydrogen
storage materials. In transition metal based hydrogen storage materials [1], hydrogen is located in
the interstitial sites such as the octahedral or the tetrahedral sites. Body centered cubic (bcc) solid
solutions based on Ti and V are one example of interesting materials. They have been used in the
past decades because of a high hydrogen capacity, i.e. more than two weight percent at room
temperature [2-5], and their interest has been renewed recently through the use of complex
compositions known as high entropy alloys [6,7]. These bcc alloys are often made up by alloying
light transition metals with chromium. Thus, the knowledge of the hydrogen interaction with this
metal appears to be essential. However, an up-to-date complete literature review and
thermodynamic assessment of Cr—H system are lacking. These are all the more important as Cr is
also a major component in stainless steel and in Laves phases hydrogen storage alloys [8]. The
Cr—H system contains five phases: bcc, two different hydrides of composition CrH, the liquid and

gas phases. The hydrides can be synthesized only at high—pressure [9-11].

A Calphad type thermodynamic assessment at high pressure requires a proper description of
the volume of the different phases using a relevant equation of state (EOS). For this purpose, an
EOS to describe the high pressure and high temperature data has been developed by Lu et al. [12]
and modified by Joubert et al. [13]. Nonetheless, this description requires a complete assessment

of pure Cr and ab-initio calculations for the hydrides.

In the present work, a complete literature evaluation is performed. Additionally, description of
Cr and Cr—H phase diagrams have been performed using the CALPHAD method including the
high-pressure model developed by Lu et al. [12] as modified by Joubert et al. [13]. Experimental,
first principles and quasi-harmonic phonon calculated data have been considered to assess these
systems. The assessment of Cr and the Cr—H systems was performed up to 50 GPa and 18 GPa,
respectively. The reliability of our unary and binary thermodynamic descriptions was tested by
examining our pressure-composition isotherms determined experimentally against the prediction
made from the extrapolation of the Cr—H—Zr system. The first part of this paper is dedicated to
the literature review of the Cr and Cr—H, the second part is dedicated to the methods and the last
part to the results.



2. CR AND CR-H SYSTEMS: STATE OF THE ART

2.1 Experimental data on Cr.

Table 1 — Experimental temperature and pressure dependent volume data on Cr.

Phase Data type Range Technique Reference Used
V-T
bec 283-333 K XRD" [14] Yes
at p=10° Pa
1073-1973 K XRD" [15] Yes
77-500 K XRD" [16] No
292-2073 K XRD" [17] Yes
293-1773 K XRD" [18] Yes
296 K XRD" [19] No
89-469 K XRD" [20] Comp®
276-352 K XRD" [21] Yes
1003-2008 K Penetrating y—radiation [22] No
293-2100 K Penetrating y—radiation [23] Comp*
298-2100 K XRD" [24] Comp®
o-T
67-263 K Interferometry [25] Comp*
at p=10° Pa
312-921 K Interferometry [26] Comp*
103-473 K Interferometry [27] Comp*
293-2131 K Penetrating y—radiation [23] No
500-1880 K Push-rod dilatometry [28] Yes
298-2149 K SXRD* [24] Yes
V-p 0-8.3 GPa ;
hp XRD [29] Yes

at 298 K (293 K)



0-36.8 GPa hp XRD* [30] No
0-84 GPa hp XRD* [31] Yes
4.67-40.4 GPa hp SRXD*® [11] Yes
B-T 77-500 K Ultrasonic resonance [16] No
1-330K Ultrasonic pulse-echo [32] Comp*
125-707 K Sound velocity [33] Yes
320-550 K Ultrasonic pulse-echo [34] Comp*
350-1600 K Sound velocity [35] Yes
Hugoniot 0-129 GPa Shock wave [36] Yes
liquid V-T 2166-2500 K Imaging, levitation [37] Yes
2101-2242 K Penetrating y—radiation [22] No
2140-2342 K Penetrating y—radiation [23] P::csly
Twp 7.48-63.21 GPa Optical, DAC* [38] Yes

* Comp: only for comparison

° XRD: X-Ray Diffraction

¢SXRD: Synchrotron X-Ray Diffraction
Yhp XRD: High pressure X-Ray Diffraction

*DAC: Diamond-Anvil-Cell

The high—pressure and high—temperature data for pure bcc chromium are numerous [11,14-36]

VCr,bcc

(Table 1). The molar volume V,, variations with temperature and/or pressure were

determined using diffraction, penetrating y-radiation and shock—wave experiment. The bcc

Cr,bcc

chromium thermal expansivity « was studied by interferometry [25-27], penetrating



y-radiation [23], dilatometry [28] and diffraction [24] and the bulk modulus temperature
dependence B“"?““was collected up to 1600 K [16,32-35].

In the assessment, some experimental data were excluded [16,19,22,23,30]. It is believed that
this data has been altered by contamination either during the sample preparation or during their
measurements [16,19,22,23] and measurements from Tkacz et al. [30] were rejected due to the

absence of a quasihydrostatic pressure medium in their experiment according to Marizy et al.

[11].

The melting curve was measured by Errandonea et al. [38]. The temperature dependence of the
liquid chromium molar volume was collected up to 2500 K [22,23,37]. In this assessment, the
data from Saito et al. [37] was used, the data of Stankus [23] was partly used and the data of
Makeev and Popev [22] was rejected. It is believed that a contamination was occurring during
their experiments (mainly by oxygen) or that technical issues were encountered during the
measurement due to the very high vapor pressure of chromium [39]. As a result, the molar

volumes found are too high.
2.2 Experimental data on hydrides in the Cr-H system.

The hydride CrH3 was described long time ago in the literature [40,41], since then, this phase was
not mentioned, so its existence is very uncertain, and it was excluded from this assessment.
Recently, super hydrides have been synthesized [11] ; Cr,H3 (C2/m space group) was found when
the pressure has been increased above 19 GPa, and CrH, (Pnma) appeared above 31 GPa. These
super hydrides were not considered in the present assessment. Therefore, the maximum pressure

allowed in this work is limited at 18 GPa.

Table 2 — Experimental temperature and pressure dependent volume data on the

Cr—H system.
Phase Data type Range Technique Reference Used
V-T
hep 284-298 K XRD [42] Yes
at p=10° Pa
298 K XRD [43] Yes



298K XRD [44] Yes

423 K XRD [45] Yes
298 K XRD [30] Yes
276 K XRD [46] Yes
8K SXRD [47] Comp*
298 K SXRD [11] Yes
V-p
0-36.5 GPa hp XRD [30,48] Comp®
at 298 K
53.1 MPa -
hp SXRD [11] Yes
41.1 GPa
508-1298 K
V-T-p hp SXRD [10] Comp”
2-5 GPa
Obtained from Birch-
B-T 298 K ) [30] No
Murnaghan equation
Obtained from Vinet
298 K _ [11] Yes
equation
V-T XRD
fec 298 K [49] No
at p=10’ Pa
298 K XRD [50] No
298 K XRD [43] Comp*
298 K XRD [44] Yes.
298 K XRD [30] Yes
Yes
276 K XRD [46]
Yes

8 K SXRD [47]



V-p

0-37 GPa hp XRD [30] Yes
at 298 K
1009-1342 K
V-T-p hp SXRD [10] Yes
2-5 GPa
Obtained from Birch-
B-T 298 K [30] No

Murnaghan equation

* Comp: only for comparison

Some data [10,11,30,42—-48] is available for the modeling of hexagonal close-packed hcp—CrH
at high—pressure and high—temperature and even fewer data [10,30,42-44,46,47,49,50] for the
face-centered cubic fcc—CrH phase (Table 2). Both hydrides are unstable at ambient pressure and
are produced either electrolytically [30,42—44,46,47,49,50] or under high hydrogen gas pressure
[9-11].

In the assessment of the pure hydride phases, several experimental results were excluded
[16,19,22,23,30,49,50] due to possible alteration caused either during the preparation of the
samples or during the measurements [16,19,22,23,49,50]. Regarding the bulk modulus of the
hep—CrH, two values have been reported by Tkacz [30] and Marizy et al. [11], i.e. 240 GPa and
177 GPa, respectively. The experimental value of Marizy et al. [11] was selected since the
decrease of the bulk modulus when the hydrogen content increases is consistent with other

metal-hydrogen systems [51].
2.3 Experimental phase diagram and thermodynamic data on the Cr-H system.

Chromium is bcc (42, W—type, Im3m), the structure of the monohydride, CrH (hexagonal, B8,
NiAs—type with chromium located in g, g, i and hydrogen in 0, 0, 0, P6s/mmc) has been long-

established by neutron diffraction [52]. The other hydride is cubic (Fm3m). Discussion about the

latter phase is given in the next paragraph.



Table 3 — Experimental data regarding the fcc phase of the Cr—H system.

i H/Cr and technique ~ Cell parameter (A) and
Synthesis method ) T (K) Pressure  Ref.
used technique used
- 3.85 and XRD RT -
) 1.7 and high-
Electrolytically [49]
temperature gas - - -
extraction
Electrolytically - 3.8605 and XRD RT Atm. [50]
1.020 to 1.098 and
Electrolytically ) - - - [42]
hot extraction
2-878-(paper) but
_ > 1.5 and air-
Electrolytically ) 3.878 (supposed) and RT Atm. [43]
jacketed gas burette
XRD
. <1.02 and
Electrolytically 3.853 and XRD RT Atm. [44]
chromatography
Electrolytically to
produce fcc and
then ~ 1 and mass Atm to 37
_ 3.72 to 3.85 and XRD RT [30]
high-pressure spectroscopy GPa
apparatus for
experimentation
i 500 to 2to
High-pressure - = [10]
1400 K 5.5 GPa
1.3(2) and thermal
desorption - - -
Electrolytically spectroscopy [46]
- 3.86 and XRD RT Atm.



. 0.93(4) and hot
Electrolytically ; 3.854(3) and PND* 8K Atm. [47]
extraction

-: No information was found.

*PND: Powder Neutron Diffraction.

The literature data for the cubic phase of the Cr—H system is presented in Table 3. From all the
X-Ray diffraction patterns, it can be concluded that chromium in this hydride has a fcc sublattice,
Fm3m as space group. Thus, the most probable structure of the hydride is either NaCl (B1
Strukturbericht) with hydrogen in the octahedral site or CaF, with hydrogen in the tetrahedral site
(C1). Unfortunately, the two structures cannot be distinguished by X-ray diffraction. Another
information could be found in the composition since the NaCl structure cannot accommodate
more than 1 H atom per metal atom (H/M) in the octahedral position (if no metal vacancy is

considered) while the CaF, structure can accommodate up to 2 H/M.

The prototype of this fcc phase was first postulated to be CaF, [49,50], by analogy with other
hydrides of bcc metals like vanadium or niobium. Until now, no paper mentioned a successful
synthesis of the full dihydride CrH,. Snavely [49] and Roy and Gibb [43] declared to have made
hydrides with H/Cr equal to 1.7 and larger than 1.5, respectively. However, Stock and Hardcastle
[44] tried to reproduce the synthesis of Snavely [49] unsuccessfully. At the same time, two
publications [42,44] reported the preparation of a fcc hydride with a composition H/Cr between
1.02 and 1.10. Miura et al. [46] claimed a H/Cr ratio over 1.0 ; however, no cell parameter
dependence as a function of composition is given. Tkacz [30] prepared an atomic H-to-metal
ratio of approximately 1 for the fcc CrH. Antonov et al. [47] performed neutron diffraction on the

fcc hydride and CrHy 93:0,04 Was synthesized.

The molar volumes against the reported composition for the fcc phase are shown in Fig. 1. The
red line represents the volume increase generally observed for transition metal-hydrogen
systems, i.e. approximately 2.0 A® per hydrogen atom [53]. For H/Cr = 0, the value 7.50 x 107
m’/mol corresponding to a calculated metastable fec Cr is taken from Li et al. [54]. The plain
symbols in Fig. I represent the experimental values [30,42—44,46,47,49,50]. It can be seen that
the cell parameter remains close to 3.85 = 0.01 A [30,42-44,46,47,49,50] whatever the supposed
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hydrogen content in contradiction with the usual behavior represented by the red line, Fig. I and
Table 3. Moreover, these experimental points are in accordance with the red line, only if the
composition is close to 1 H/M which is therefore probably the real composition of all these
samples. Furthermore, the tendency shown by the red line is supported by the density functional
theory (DFT) calculations on the two prototypes. The volume obtained for the CaF, prototype is
4.01 A [55], 4.101 A [56] and 4.085 A, this work. Regarding the rock salt structure, the volume
obtained is 3.71 A [55], 3.797 A [56] and 3.779 A, this work. The cell parameters calculated in
the CaF,-type structure is much larger than the experimental cell parameters found, i.e., 3.85 -
3.86 A.

Possible explanations for errors in the composition evaluation can be that during the
electrochemical preparation, H, bubbles can be trapped or even H, bubbles can be liberated
during the synthesis (competitive reaction) or that the accuracy of the determination technique is

deficient due to lack of precision of the equipment itself or due to poor calibration.

1.05x10°

mmm \/m(fcc)- simulation 2 A’ lat. Calculation:
| 140 =+ Our calculation - CaF2

LD

70STO S 02MIW - CaF2
1.00x10° 47SNA-49SNA X 02SMI - CaF2
67ROY -+ Our calculation - NaCl
P osmiu 5K 02MIW - NaCl
<« 98TKA X 025MI - NaCl
9.50x10° 4 @ O7ANT

9.00x10°

8.50x10°

Molar volume (m3/mol)

8.00x10° -

B T B s e e e e S B R L
00 02 04 06 08 10 12 14 16 18 20

HiCr

Fig. 1 — Molar volume against the atomic ratio for the fcc phase. The red line represents the
expected change of volume induced by hydrogen, i.e. 2.0 A® by atom of metal /53/. Experimental
data are from Snavely /49/, Snavely and Vaughan /50/, Roy and Gibb /43/, Stock and
Hardcastle /44], Tkacz [30], Miura et al. /46, Antonov et al. /47], Li et al. /54]. Calculated data
are from Miwa and Fukumoto /56/, Smithson et al. /55/ and this work.
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Finally, Antonov et al. [47], performed neutron diffraction on the fcc hydride. They showed
and proved that the hydride is Fm3m. They tested octahedral and tetrahedral occupancies in the

structure refinement and claimed unambiguously that hydrogen is located in the octahedral site.

As a conclusion, it is assumed that the fcc hydride has the NaCl-type structure with the
hydrogen located in the octahedral site and that the composition is 1 H/Cr. It is worth to mention

that this hydride has the same composition as the 4cp hydride.

Table 4 — Experimental phase diagram and thermodynamic data on the Cr-H system.

Phase(s) Data type Range Technique Reference  Used
Hydrogen solubility
bee data 720-1405 K Sieverts [57] Yes
at p=10° Pa
770-1485 K Sieverts [58] Yes
770-1400 K Extraction [59] Yes
1020-1620 K Extraction [60] Yes
) Partly
875-1805 K Extraction [61]
yes

Athcp—CrH

hep (obtained from 208 K Calorimetry [62] Comp®
decomposition) at
p=10’Pa
a4 f H ;ch—CrH
(obtained from 298 K Calorimetry [63] Comp*

decomposition) at

p=10"Pa

4 H;Cp_cm 298 K Derived from [45] Comp®

hydride formation

12



liquid

liquid-bcc

bce—hep

bcc—hep

bece—fec

bee—hep-
fec-liquid

at p=10’ Pa
0
St

at p=10° Pa

Hydrogen solubility

data
at p=10° Pa

Melting

temperature as a

function of

hydrogen pressure

p—C-T

formation

p—C-T

decomposition

p—T phase diagram

p—C-T

decomposition

p—T phase diagram

298 K

2176 K

2135-2176 K

0.1-15 MPa

423 K

172-348 MPa

425-650 K

317-424 MPa

423 K

320 MPa

240-690 K

317-424 MPa

273-1500 K

0-120 GPa

423 K

0-0.8 GPa

273-1400 K

0-5.5 GPa

pressure

Heat capacity

Sieverts

in situ laser

speckle

Resistivity and

Sieverts

Resistivity and

Sieverts

Resistivity and

Sieverts

Resistivity and

Sieverts

hp SXRD

Sieverts

hp SXRD

[64]

[65]

[66]

[45,67]

[68]

[9,45,69]

[68]

[11]

[30]

[10]

Yes

Yes

Partly

yes

Yes

Yes

Comp

Yes

Partly

yes

*Comp: only for comparison.
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The hydrogen solubility in the bcc phase was measured using Sieverts apparatus [30,57,58],
resistivity measurement [67] or extraction technique [59-61]. All the authors [57—60] agree on
the increase of the hydrogen solubility as a function of temperature with the exception of
Shapovalov et al. [61] at low temperature, reason for which these measurements were excluded.

The solubility of hydrogen in the liquid phase was only measured by Weinstein and Elliott [65].

Few authors have studied the pressure—composition isotherms [45,67]. A hysteresis of few

kilobars is observed between the absorption and decomposition of the hydrides CrH.

The high pressure and high temperature phase diagrams were measured from ambient
temperature to 1500 K over a large range of pressure [10,11,68]. Fukai and Mizutani [10] have
studied the phase stability up to 1300 K and 6 GPa. The /&cp phase is stable at high pressure and
at relatively high temperature. Above 1000 K, a fcc phase is stabilized until up to melting.

The gas-eutectic equilibrium, namely solid-liquid—gas equilibrium, has been studied by
Shapovalov et al. [61] over a pressure range from 0.010 to 1.5 x 10" Pa by thermal analysis

technique.

The enthalpy of desorption at 298 K has been measured using calorimetry by Sieverts and
Gotta [62] and Randzio and Bojarski [63] for the hexagonal monohydride. They found
respectively -7.95 kJ/mol-H for ~ CrHy 1, and an average value of - 8.01 kJ/mol-H for hydrides
ranging from CrHg 37 to CrHo49. Baranowski et al. [45,67] have derived and extrapolated at room
temperature the enthalpy from hydride equilibrium pressure for hcp—CrH and found
-7.55 £ 1.30 kJ/mol-H. Furthermore, the enthalpy of formation of fcc hydride extracted from the
plateau pressure is -7.301 kJ/mol-H. [30].

3. CALCULATON METHOD

3.1 Ab-initio calculations

DFT calculations were carried out using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) [70] functional, using the Vienna Ab-initio Simulation Package
(VASP) [71,72]. The pseudopotential including 12 valence electrons was considered for Cr (i.e.
including the p-pseudocore electrons). An energy cutoff of 600 eV with spin polarization was

used for the plane wave basis set. For each phase considered, a highly dense grid of k-points in

14



the irreducible wedge of the Brillouin zone was generated with the Monkhorst-Pack scheme [73],
e.g. 21x21x21 for cubic CrH leading to 286 unique k-points spaced by less than 0.05 A™'. All

these parameters ensured good convergence for the total energy.

The heat of formation of every hydride at 0 K was calculated from the difference between total
energies of the considered hydride and those of pure antiferromagnetic Cr and of the dimer H,

molecule in a box according to:
ArHern, = Ecen, — Ecr = 5 En, (1)

The formation energy ArHcry, was corrected by the zero-point energy (ZPE). This energy was

determined from the phonon branches obtained by the calculation in the harmonic approximation

(HA): E?PE = %Z ; h ®; assuming that every o; is not an imaginary frequency.

The HA-phonon calculations were performed using the supercell approach [74]: from a fully
relaxed structure within inter-atomic forces under 10® eV.A™, supercells of size larger than 7 A
of length vector with relevant atomic displacements were then built using the Phonopy code [75].
After the determination of resulting inter-atomic forces, the Phonopy code was used to determine

from the set of forces, the frequencies of the eigenmodes of vibration.

In addition to HA calculation, quasiharmonic approximation calculations (QHA) have been
considered. In the frame of the QHA, this above procedure was repeated for several cell volumes
in order to include the pressure dependence of the eigenmodes. QHA-phonon calculations were
carried out to calculate the temperature dependence of the volume, the thermal expansion

coefficient and the bulk modulus of Cr and its hydrides.

3.2. Thermodynamic modeling

The Cr and Cr—H systems have been assessed with the Calphad method using the PARROT
module [76] in the Thermo-Calc software package [77]. The assessment consists in describing
the Gibbs energies of all the phases of the system by equations with parameters adjusted with a
least square algorithm minimizing the difference between experimental or theoretical, and
calculated data. The experimental data are carefully selected after the complete review made in

section 2.
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The thermodynamic properties of multicomponent systems may be predicted by extrapolation.
This extrapolation is made putting together all the terms of the Gibbs energy of the sub-systems.
In this work, the descriptions of the three binary systems Cr—H (this work), H- Zr [78] and Cr—Zr
[79] are extrapolated to construct the Cr—H—Zr system in order to predict the properties of bcc

CryZr) 4 alloys with hydrogen without any ternary parameter.
3.2.1 Gas phase.

Both species, chromium and dihydrogen are considered for the gas modeling. The Gibbs energy
of chromium and di—hydrogen at p = 10° Pa were extracted from the SSUB [80] and PURE
databases [81]. As the modeling of this system involved high pressure data, the nonideality of the
di-hydrogen needs to be considered using an equation developed by Joubert [82]. At high
pressure, the molar volume of the gaseous chromium was chosen to converge towards the molar

volume of the solid chromium. No interaction is considered between chromium and dihydrogen.
3.2.2 Liquid phase.

In this optimization, the liquid phase is described using a two—sublattice model [83] with the
formula (Cr);:(H, Va);. This choice of an interstitial rather than a substitutional model is
motivated by the possible compatibility with other metal-hydrogen systems [84,85] using the

same model. More explanation can be found in the reference [86].
3.2.3 Solid phases.

The model used to describe the bce solid phase is a two—sublattice model [83] with (Cr);:(H,
Va);, i.e. chromium fully occupies the bcc host lattice represented by the first sublattice,
hydrogen and vacancies occupy the tetrahedral interstitial sites represented by the second
sublattice. The reason of the choice of a multiplicity of 3 for the interstitial site is as follows. In
principle, the number of interstitial tetrahedral sites in the bcc structure is 6 per metal atom.
However, because of the H-H proton repulsions [86], H atom cannot occupy two neighbor sites
simultaneously. Thus, the multiplicity was set to 3 H for 1 Cr in our model. The Gibbs energy is

described in section 3.2.4.

The model used to describe the hydride phases is a stoichiometric model [83] with (Cr);:(H),
for the hcp and fcc phases. Both icp and fcc phases have a complete occupancy of hydrogen in

16



the octahedral site. This description is selected due to lack of convincing data regarding the
non-stoichiometry of the phases versus temperature and pressure. The Gibbs energy is described

in section 3.2.4.
3.2.4 Gibbs energy of the liquid and solid phases.
3.2.4.1 Gibbs energy of the hydrides.

The hydride phases, scp and fcc, are modeled as stoichiometric phases, thus the Gibbs energy is

described as follows:
G® = GEC + -G +a® +b® T + PM°G® (@ =hep & feo) (2)

With P"°G®is the physical Gibbs energy. The Gibbs energy of chromium was taken from

PURE database [81]. The physical contribution PRYSG® will be described in the section 3.2.4.3.

3.2.4.2 Gibbs energy of the liquid and bcc phases.

The Gibbs energy for the liquid and the bcc phases is described below:
G® =TGP +16P + G + PGP (@ = liquid, bec) (3)

With "/ G®, G®and ¢*G® represent the reference Gibbs energy, the ideal Gibbs energy, and

the excess Gibbs energy, respectively.

The first three terms are expressed below:
6? = yyaGE.ya + YnGu for liquid & bec (4)
el ® = o aGE o + Vi (Gg"r +2GSER + a® + b T) for liguid & bec (5)

G® = XRT [Sicnya v In(y?)] for liquid & bec (6)

XG® = yuyya Yoo Livyan O — yya)' for liquid & bec (7)
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With X = 1 for the liquid phase and X = 3 for the bcc phase. The Gibbs energy of chromium is
taken from the PURE database [81]. y,4 and yy are site-fractions of vacancies and hydrogen,

respectively.

The interaction parameters Lic"f:v 4y can be expressed as a function of temperature:
Letyan = ¢¥® +d"®T (8)
In equations (2), (5) and (8) are shown the parameters to be optimized, i.e. a®, b®, c*®, db?.

PhySGCD

The physical contribution will be described in the next section.

3.2.4.3 Physical Gibbs energy.

The last Gibbs energy term to describe is the physical contribution PYSG?, Here the liquid and

solid phases were split apart, and the equation is given by
physGliquid — AGliquid (T p) (9)
m )
Physge — MAENGE | NGO (T, p) (D = bee, hep or fec) (10)

The magnetic contributions of the solid phases to the total Gibbs energy were described using

the model of Hillert—Jarl-Inden [87,88]:
MNP — RTIn(B + 1) g(x) (11)

where R is the gas constant, § is the Bohr’s magnetons per mol of atoms and 7 is 7/7c. Tc is
the magnetic ordering temperature and g(7) is a polynomial function. For the solid solution

phases T¢ and [ are composition dependent.

The last contribution is the temperature and pressure dependence for the molar Gibbs energy
AG2(T,p) related to the changes of volume. In this assessment, relatively high pressure is
considered (tens of GPa). Thus, the use of a modified equation of state proposed by Lu et al. [12]
based on the EOS of Grover [89] is necessary to avoid inconsistencies in the pressure—

temperature phase diagram. The following equations were expressed:
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AGH(T,p) = [, Vm(T,p) dp (12)

VT, ) = (T E7 [ E; (Z22220) 4 (p — po) x(7,p,) exp (- 2222 | (13)

c(T) c(T)

Here, the 0 subscript symbol stands for the reference state at 1 bar, ¢(T) is a pressure fitting

parameter, k(T,p,) is the isothermal compressibility at 1 bar, E; = [ “&_dx is the exponential

z x

integral function and E;* the inverse function. The molar volume at 1 bar, V,,(T, po), is given by:
T
Vin(T, po) = Vo exp (fTo 3adT) (14)

Here, V; is the molar volume at a reference temperature Ty and 1 bar and 3a stands for the

volumetric thermal expansion.

In Thermo-Calc software, the terms of equations 13 and 14 f;; 3adT, (T, py), c(T) and V, are

incorporated as functions V4, Vi, Ve and V) respectively. The three first functions are dependent
on both temperature and composition and the latter, 7, only depends on composition.
Explanations can be found in the Table 5 where Vyy are the fitted parameters. Recently, Joubert
et al. [13] improved the model proposed by Lu et al. [12] using an exponential contribution to

avoid inconsistencies, for instance negative C,, at relatively high pressure.

Table 5 — Functions and parameters used for the compressibility.

Function Unit Meaning

Volume at a reference

Vo =V 3 -1
0~ "o m”.mol temperature T, and 1 bar
VA = V11 T exp(_p/pcutl)
+ V12 T? exp(=p/Peut) :
) Integrated thermal expansion
+ Vi3 In (T)
+ Via T? exp(=p/Peut)
Function to fit high pressure
Ve =Vis+ Vig T exp(—=p/Peut) Pa’!

data
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Vg =Vig + Vig T exp(—p/Pcut) Isothermal compressibility at 1

3 -1
+ V19 T2 eXp(_p/pcut) kot bar

Finally, using the previous equations, a rearrangement can be made:

Vo ex

- Wa) Vi Va)
Vn(T,p) = Ve B | B (RER22) + (p = po) Vie exp (— 25228 | (15)

4. RESULTS AND DISCUSSION

This section is divided into three parts. First, the contribution to the molar Gibbs energy from
the molar volume data of each phase, AGS (T, p), is treated. Secondly, the complete assessment of
the binary Cr—H system is presented. Finally, the robustness of our model is tested by comparing
hydrogenation measurements made on a binary Cr—Zr alloy to predictions made using our

database.

4.1. Temperature and pressure dependence of the volume data for the molar Gibbs

energy, 4GS (T, p).
4.1.1. Pure Cr.

In this section, the results for the stable end members of the bcc Cr and liquid chromium are
displayed. The temperature and pressure dependence of the volume data for the molar Gibbs
energy were refined using only experimental data. Thus, the phonon and DFT calculated data
were not used as they systematically underestimate the volume, thermal expansion, and bulk
modulus. Trials with other functional like PBEsol [90] have been made, but the results were
worse than with the PBE, so that, only the PBE functional was used. Moreover, this phenomenon
has been observed in previous studies and our calculations are in good agreement with previous

papers [11,91]. The results can be found in the Fig. 2 to Fig. 6 and in the Table 7.

Thermal expansion is adjusted with a linear model and thus is not described properly down to
very low temperature (it does not converge to zero as phonon data does). The magnetic
contribution to the Gibbs energy is considered (see above). However, the effect of magnetism on
volume properties, seen for example by the decrease of the bulk modulus at the Néel temperature

1s not considered.
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A choice has been made in order to describe the most accurately as possible the molar volume
of the liquid with the temperature, Fig. 6, and the melting temperature versus the pressure, Fig. 3.

The Clapeyron equation:

dTm _ AV
o = a5, (10)

with AV, is the melting volume and A4S, is the melting entropy, shows the dependence
between the molar volume and the melting temperature. It was impossible to fit simultaneously
and properly T,, against the pressure, Fig. 3, and the molar volume against temperature, Fig. 2, of
the liquid due to this equation. We made a compromise with a more important weight was

considered for the data of Errandonea et al. [38].
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Fig. 2 — Calculated molar volume of bcc and liquid Cr as a function of temperature. Experimental
data are from Straumanis and Weng //4/, Vasyutinskii et al. //5/, Bolef and De Klerk /76/, Ross
and Hume-Rothery //7], Muller and Dunner //8/, Combley //9/, Gordienko and Nikolaev /20/,
Koumelis /21], Makeev and Popel /22/, Stankus /23], Dubrovinskaia et al. /24/, Saito et al.

/37]. Phonon calculation is from this work.
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Fig. 3 — Calculated melting curve of Cr. Experimental data is from Errandonea et al. /3§].

A good agreement is found, as shown in Fig. 4 to Fig. 6, between the model for the bcc Cr and

the experimental values within the temperature and pressure range allowed in this model.
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Fig. 4 — Calculated thermal expansion of bcc and liquid Cr as a function of temperature.
Experimental data for bcc Cr are from Erfling /25/, Hidnert /26/, Fine et al. /27/, Stankus /23],
White and Andrikidis /28/ and Dubrovinskaia et al. /24/. Phonon calculation is from this work.
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Fig. 5 — Calculated molar volume of bcc Cr as a function of pressure. Experimental data are from
Mcqueen and Marsh /36/, Ming and Manghnani /29/, Tkacz /30/, Young et al. /31/, Marizy et
al. /11]. DFT calculations are from this work.
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Fig. 6 — Calculated bulk modulus of bcc and liquid Cr as a function of temperature. Experimental

data are from Bolef and De Klerk /76/, Palmer and Lee /32/, Katahara et al. /33/, Lahteenkorva

and Lenkkeri /34/ and White et al. /35/. Phonon calculation is from this work.

4.1.2 Cr:H end members.
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In this section, the description of the temperature and pressure dependence of the volume data of

the Cr:H end members is displayed, i.e. bcc CrHj3, liquid CrH, fcc CrH and Acp CrH.

The molar volume Vc()r’f"fg was optimized at a value of 7.1846 x 10 m*/mol. The usual volume

change induced by hydrogen absorption is 1.746 x 10° m*/mol per hydrogen atom [53]. The
value for the cubic CrH; molar volume Vcor’f’l_fc was set to the calculated DFT value, i.e. 1.228 x
10° m3/mol, in line with this expected increase. The other bcc Cr:H functions, i.e. Vy, Ve and Vi

were set to the same values as the ones found for Cr:VA bcc end member assuming that the

hydrogen does not affect the physical properties.

A good approximation is to consider that the coordination in the liquid phase is similar to that
in the bcc phase; thus, the molar volume V) of the liquid end member CrH was estimated equal to
the molar volume of solid CrH, multiplied by the hcp / bcc compressibility ratio. The other
functions for liquid Cr:H, i.e. V4, Ve and Vi were fixed to the same values as the liquid end
member Cr:VA. A sketch of all the molar volume versus the hydrogen content of all the end

members can be found in Fig. 7.
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Fig. 7 — Molar volume (per mole of compound) of the end members found after optimization

against H / Cr ratio.

The functions V) and V¢ of the end member Cr:H for fcc phase were refined using only
experimental data for the molar volume against temperature and pressure, Fig. 8 and Fig. 9

respectively. Ab-initio calculation were used for the thermal expansion and bulk modulus against
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temperature, functions V4 and Vk, since no reliable experimental data were found in the literature,

see Fig. 10 and Fig. 11, respectively.
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Fig. 8 — Calculated molar volume of fcc CrH phase as a function of temperature. Experimental

data from Snavely and Vaughan /50/, Roy and Gibb /43/, Stock and Hardcastle /44/, Tkacz

/30], Miura et al. /46], Antonov et al. /47/. Phonon calculation is from this work.
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Fig. 9 — Calculated molar volume of fcc CrH phase as a function of pressure. Experimental data

are from Tkacz /30/, Fukai and Mizutani //0]. Phonon calculation is from this work.
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Fig. 10 — Calculated thermal expansion of fcc CrH phase as a function of temperature. Phonon

calculation is from this work.
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Fig. 11 — Calculated bulk modulus of fcc CrH phase as a function of temperature. Experimental

data are from Tkacz /30]. Phonon calculation is from this work.

The results for the ~cp end member Cr:H are reported in Fig. 12 to Fig. 15 and in Table 7. The

high-pressure functions, Vy, V4 and V¢, for the hcp phase are refined using experimental data.

The bulk modulus of Tkacz [30], i.e. 240 GPa at room temperature was not considered because
hydrides are generally more compressible than pure metals. The value determined by Marizy et

al. [11] appears therefore to be more reasonable. Regarding the bulk modulus versus temperature,
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an offset was applied to the phonon data in order to match this experimental value (so-called

‘modified phonon’ curve in Fig. 15).
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Fig. 12 — Calculated molar volume of 4cp CrH phase as a function of temperature. Experimental
data are from Knddler /42/, Roy and Gibb /43/, Stock and Hardcastle /44], Baranowski et al.
[45], Khan and Raub /92/, Nowak et al. /93/, Miura et al. /46/, Antonov et al. /47] and Marizy

etal. //1]. Phonon calculation is from this work.
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Fig. 13 — Calculated thermal expansion of 4cp CrH phase as a function of temperature. Phonon

calculation is from this work.
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Fig. 14 — Calculated molar volume of 4cp CrH phase as a function of pressure. Experimental data

from Tkacz /30/, Fukai and Mizutani //0/, Marizy et al. //1]. DFT calculation is from this work.
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Fig. 15 — Calculated bulk modulus of ~cp CrH phase as a function of temperature. Experimental
data from Tkacz /3(0/, Marizy et al. //]]. Phonon calculation is from this work and is adjusted to
match the data from Marizy et al. //1].

4.2. Cr—H system.

Our calculated ab-initio data for the enthalpy of formation of all end members is presented in

Table 6 and they were considered as a starting point. The entropy of formation was assumed to
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have the ideal value of - 65.4 J mol' per hydrogen atom [86] corresponding to half of the entropy
of di-hydrogen.

Table 6 — Calculated volume of compounds and heats of formation, A¢H.

Volume
Formula Phase, Structure 5 A¢H (kJ/mol-H)
(m’/mol—compound)
CrH hep, NiAs—type 8.091 x 10° 2.311
CrH fee, NaCl-type 8.124x 10° 10.142
CrH; bce, W-type 12.282 x 10°® 121.124

Regarding the Gibbs energies of the liquid and bcc phases, interaction parameters L%ﬁfg,v A and

L%f’:f{fVA were needed. First of all, a constant interaction parameter for the liquid phase was

chosen as few data were available for this phase [10,65,66]. Consequently, only three parameters
were refined, two for GCLri?H and one for L%’ifg,VA, using solubility data [65] and the invariant

reaction at different pressures [10,65,66]. Regarding the bcc phase, the interaction parameter was

determined as a function of temperature and four parameters were refined (two for GE¢$; and two
0,bcc
for Lernva)-

Given that icp and fcc phases have the same composition, the enthalpy and the entropy terms

of Ggfﬁ, and G{TCZ have been optimized together based on the available experimental data

[9,10,30,45,68]. The latter phases will be discussed in the end of this section.

The model replicates well the isobaric data, Fig. 16 and the eutectic solid—liquid—gas reaction,

Fig. 17 ; even though, the liquid isobaric solubility data is a bit underestimated.
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Fig. 17 — Calculated eutectic temperature as a function of pressure. Experimental data are from

Weinstein and Elliot /65/, Shapovalov /66/.

The pressure—composition isotherm at 423 K showing the transformation of bcc into Acp phase,
Fig. 18, is also well described regarding the plateau region. The data from Baranowski and
Bojarski [67] of the bce solubility branch at low hydrogen content are incompatible with the data

from previous researchers [57-61] due to a high imprecision of the experimental technique. A
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hysteresis of few kilobars is observed between the absorption and decomposition of the hydrides

and cannot be modeled. The plateau pressure or the van’t Hoff diagram, Fig. 19, was evaluated

using the ~cp—CrH decomposition data.
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Fig. 18 — Calculated pressure—composition isotherm at 423 K. Experimental data are from

Baranowski /69/, Baranowski and Bojarski /9,67/, Baranowski et al. /45].
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are from Baranowski and Bojarski /9/, Baranowski et al. /45/, Poniatovskii and Belash /68/,
Fukai and Mizutani /70].
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A delicate aspect was to reproduce the most accurately as possible the temperature—pressure
phase diagram, Fig. 20. First of all, a recent thermodynamic study [94], using Clapeyron equation
(16), has shown that the sketch of the 7—p phase diagram of the paper of Fukai and Mizutani [10]
and some part of this pressure—temperature phase diagram is not well constructed. Thus, during
the optimization, some data from Fukai and Mizutani [10] were rejected to accommodate as well
as possible all the literature data available, like, for example, the presence of the fcc—phase at 2
GPa and that of the bcc phase at 3 GPa where it is believed that the thermodynamic equilibrium

was not reached.

It is worth mentioning that the plateau pressure data of Fig. 19 can also be seen as the line
between bcct+gas and hcp+gas fields in Fig. 20. Moreover, this assessment reproduces correctly
the data from Tkacz [30] concerning the metastable bcc—fce equilibrium pressure at 423 K. This
can be seen by extrapolating, in the Fig. 20, the line between bcc + gas and fcc + gas down to

400 K.
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Fig. 20 — Calculated temperature—pressure phase diagram. Experimental data are from
Baranowski et al. /45]/, Poniatovskii and Belash /68/, Tkacz /30], Shapovalov /66/, Fukai and
Mizutani /10].

As seen in Fig. 20, the fcc phase appears above 2 GPa, this is highlighted by plotting the phase
diagram at 2 GPa and 3 GPa, Fig. 21 and Fig. 22, respectively.
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Fig. 22 — Calculated Cr—H phase diagram at 3 GPa.

The reliability of the temperature—pressure phase diagram assessed was also validated by the
value of the Gibbs energy found for the hydride phases, Table 7, where the hcp phase is found
more stable than the fcc phase as expected from literature review, see section 2.3 and ab-initio

calculations.

Table 7 — Optimized thermodynamic parameters for the Cr—H system.

Phase Parameter Value (G and L in J.mol™, p in Pa, V° and V in m*>.mol”, VX in Pa™)
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4.3. Cr-H-Zr system.

The pressure-composition isotherms of bcc—CryZr;x (0 < x < 1) alloy were calculated from the
combination of the three binary systems Cr—H, Cr—Zr and H-Zr, Fig. 23. Left side. The addition
of chromium to the alloy results in an increase of the equilibrium pressure at a constant H/M
ratio. Furthermore, when the H/M ratio is very low (less than 0.2), the chromium substitution

does not significantly increase the equilibrium pressure until x~0.8, Fig. 23. Right side. Thus, it
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is predicted that the thermodynamic behavior of a bcc—Cr,Zr|., alloy containing a small atomic
portion of chromium is similar to the behavior of pure B—Zr alloy from the point of view of the

absorption capacity and equilibrium pressure.

10" 10%°
CrH ~ B At 1173’K/ HCr, 7, At 1173 K —— HI(Cr+2r) = 0.05
10° 5 ! L . PRAGPER Rl Eo 4 10° 4 —— H/(Cr+2r) = 0.15
10 ! K L ,’/ 7 === HCrZr, 10° ]
i K % //, L |7 H:Cr,Zr,,
T 104 .'I K ,,' /'l L7 ’,” SooHCZn, B 1074
& 3 : - - HCr, Zr =
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HM x(Cr)

Fig. 23 — Left side: Calculated pressure-composition isotherms of extrapolated Cr—H—Zr system
at 1173 K. Right side: Logarithm of the pressure as a function of the chromium amount at

H/(Cr+Zr)=0.05 and 0.15.

One alloy of composition CrsZrygs was prepared by induction furnace melting of bulk elements
under argon. The ingot was turned over and melted six times to ensure homogeneity. It was
annealed at 1323 K during 13 days under argon and then quenched to keep the high temperature
bce microstructure. The purity of chromium was 99.99 % and the zirconium was reactor grade.
The ingot was cut into pieces before the X-ray and hydriding experiments. Our synthesized alloy
CrsZrys was fully B—Zr with a cell parameter of 3.5540 A, Fig. 24. The diffuse scattering in the
X-ray pattern comes from the sample holder because the sample was a small slice instead of a
powder. The hydriding experiments were conducted in a modified Sieverts apparatus under
hydrogen (scientific hydrogen 6H, from Linde). The measurement was fast enough (3 to 4 hours)

to avoid the decomposition of the bcc phase during the hydrogenation.
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Fig. 24 — X-Ray diffraction profile of CrsZrys.

The calculated isotherms at 1073 K, 1123 K and 1173 K have been plotted in Fig. 25 and are
compared with the experimental pressure-composition curves. An excellent agreement with the
thermodynamic prediction is observed testifying the quality of the thermodynamic description of

the three systems and in particular that of the Cr—H system made in the present work.
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Fig. 25 — Calculated pressure-composition isotherms of extrapolated Cr—H—Zr system at 1073 K,

1123 K and 1173 K and our experimental measurements. Curved for pure Zr are given for

comparison.

5. Conclusion
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The high-pressure chromium—hydrogen binary system has been assessed for the first time using
the Calphad method and the Parrot module of Thermo-Calc. The use of both experimental data
from the literature and our DFT and phonon calculations appeared to be essential to depict this
system up to few gigapascal. For this purpose, two models, Joubert et al. [13] and Lu et al. [12],
have been used to describe the behavior of hydrogen at high pressure and the pressure
dependence of condensed phases respectively. The reliability of our models was tested
experimentally by comparing our pressure-composition isotherms against our extrapolation of
Cr—H—Zr system. As mentioned in the introduction, this Cr—H assessment is a first step and it

may be useful as input to develop a multicomponent bcc related hydrogen database.
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