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UDC 662.769.21; 544-971; 54-19 The use of hydrides of intermetallic compounds (IMC) to implement the working

processes of thermo sorption compressors, heat pumps, storage systems, clean-
AN ANALYSIS ing, and programmable supply of hydrogen is due to a number of unique proper-
OF THERMODYNAMIC ties of these hydrogen sorbents. These include, first of all, the fact that the satura-

tion of IMCs with a large sorption capacity occurs under relatively "mild" ther-
CHARACTERISTICS modynamic conditions, as well as the selectivity of sorption processes and the
OF METAL-HYDRIDE presence of the effect of thermodesorptional activation of atoms and molecules of
SYSTEMS hydrogen isotopes. The work is devoted to the description of phase equilibria in

IMC hydrides. The proposed approach to the problem of calculating phase equi-
FOR HYDROGEN libria in metal hydrides consists in determining the properties of the lattice gas of
STORAG E, USING H atoms and the H, molecular phase (wWhich is in equilibrium with it) within the

A MODIFIED SCHEME Sframework of a single method, the modified perturbation theory. The thermody-
OF THE PERTURBATION namic description of the hydrogen subsystem in the region of disordered o-, f5-

phases is carried out on the basis of the model of the non-ideal (interacting) lat-

THEORY tice gas of hydrogen atoms. In this case, both the direct interaction between hy-

drogen atoms and the indirect "deformation" contributions to the potential en-
Viktor V. Solovei ergy due to the expansion of the lattice during hydrogen dissolution are taken
solovey @ipmach.kharkov.ua into account. Simulation of phase transitions in IMC-hydrogen systems based on
ORCID: 0000-0002-5444-8922 the modified perturbation theory scheme gives a correct description of the main

features of phase diagrams in a wide range of hydrogen pressures. From the
condition of the equality of the chemical potentials of the H-subsystem of the
hydride and H,-phase (calculated on the H atom), equations are obtained, relat-
ing the pressure of the gaseous H, phase to the hydride parameters ¢ and T
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Kseniia R. Umerenkova (phase diagrams). The proposed computational procedure does not use adjust-
ORCID: 0000-0002-3654-4814 able parameters or empirical correlations. It relies on the atomic characteristics

of the hydrogen subsystem and metal matrix, which have an unambiguous physi-
A. Podgomy Institute cal meaning. The object of this research is the LaNis intermetallic hydride. Of
of Mechanical Engineering particular interest is the position of the critical point of the f—a-transition in the
Problems of NASU, LaNis-hydrogen system, for which there are no experimentally obtained parame-
2/10, Pozharskyi Str., ter values. The paper presents the calculated values of the f—a-transition criti-
Kharkiv, 61046, Ukraine cal parameters T,=445 K, pc=87 atm. The calculated data on the thermody-

namic parameters of the a— p-transition (enthalpy, entropy, and pressure on the
isotherm plateau) make it possible to describe the solubility of hydrogen in LaNis
at pressures up to 500 atm and are in good agreement with the available experi-
mental data in the literature.
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Introduction

Mathematical modeling of phase equilibria in hydrogen-metal hydride systems makes it possible to
limit or eliminate expensive and lengthy experimental studies. However, until recently, methods for calculat-
ing the thermophysical properties of metal and IMC hydrides have mainly been empirical, which made it
difficult to design and create elements of metal-hydride systems, since in this case it is impossible to predict
their characteristics.

Article [1], devoted to the use of the thermodynamic perturbation theory for the description of phase
equilibria in metal and IMC hydrides, shows the following. The model of the non-ideal lattice gas of hydro-
gen atoms, which is based on the perturbation theory method, makes it possible to reproduce the main fea-
tures of the phase diagrams of IMC hydrogen systems. The calculations were performed in the region of dis-
ordered o- and B-phases, using the Pd-H, system as an example. The results obtained for PCT-dependencies
(pressure-composition-temperature) of this system are consistent with experimental data.
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In the present work, the proposed method determines the sorption characteristics of the LaNis IMC
with a hexagonal structure. For the first time, state diagrams of the LaNis-H, system have been constructed
both in the two-phase region (a+f3) and with supercritical parameters.

Chemical Potential of Lattice Gas in IMC Hydrides

The proposed approach to the problem of calculating phase equilibria in metal hydrides consists in
determining the properties of the lattice gas of H atoms and the H, molecular phase (which is in equilibrium
with it) in the framework of a single method, the modified perturbation theory (MTV) [2, 3]. The thermody-
namic description of the hydrogen subsystem in the region of disordered phases is carried out on the basis of
the model of the non-ideal lattice gas of hydrogen atoms. In this case, both the direct interaction between
hydrogen atoms and the indirect "deformation" contributions to the potential energy due to the expansion of
the lattice during hydrogen dissolution are taken into account.

We note an important fact: in the majority of cases, the initial crystal structure of an ICM is not dif-
ferent from the structure of the metal matrix in the hydride phases of the hydrogen-ICM systems in the re-
gion of disordered phases.

In this case, the chemical potential py of the hydrogen component of ICM hydrides for the basic case
of interstitial solutions with a single type of equivalent interstices, when limited to the components of the
second-order perturbation theory, has the form [1]

6, Wwe W,
1-6 T(+ac®) T>(1+0c,0)>

Buy (6,7)=1In D

where B=1/kT; Wy, =W, —W3 5 Wy (T) is the chemical potential in the standard state [1]; 6=C/C; is the rela-
tive concentration of hydrogen; npyc-c is the hydrogen concentration in the form of the H/IMC ratio, i.e. per
formula unit of the IMC; npc is the number of atoms in the formula unit; ¢ is the concentration of hydrogen
in units of H/Me, i.e. on one atom of the matrix; a=c"'(AV(c)/V) is the IMC lattice dilatation coefficient for
the case when the hydrogen is dissolved. The values C; [H/IMC], the sorption capacity of the IMC or the
maximum number of H-atom insertion positions in the phase region under study and ¢, [H/Me], the maxi-
mum concentration ¢, are connected by the relation C;=npc-c;.

The constants W, and W,, which provide the connection between the macroscopic properties of the
IMC-hydrogen interstitial solutions and the microscopic (atomic) characteristics of the hydrogen subsystem
of the IMC metal matrix, are equal to

W, =2In,, (6. /vy)Ecc,, W, =3I,/ 4I)HW?, )
where ;= -5.585; I,=1.262 are the MTV parameters for the H-gas [1]; ny is the number of matrix atoms in a

unit cell; vy is the cell volume at C=0; E| [K] and &, [m] are the (H-H)-interaction potential parameters
uH(r)=kE1(p(r/(51).

Boundaries of the a- and B-phases of the LaNis-H, system

For the LaNis—H, system in the o—B-equilibrium region, the maximum amount of absorbed hydrogen
corresponds to the stoichiometric composition of LaNisH, s, i.e. the value C;=6.7 (c,=1.12). With the parame-
ters (in A) ap=5.015, ¢;=3.987 [4] of the LaNis unit cell containing ny=npnc=6 atoms, its volume is
10=86.84- 10°° m®. With the hydride matrix parameters a,=5.426, ¢,=4.269 and concentration values c,=c=1,
we obtain, for the dilatation coefficient of the LaNis lattice, the value 0=2.9- 107 [m3]~nM/v0=0.20 [5].

For the combination E,G; in (2) responsible for the energy of (H-H) hydrogen attraction in LaNisH,,

as in the case of the hexagonal PdHj, lattice [1], we take Elcl3 =0.45( Elcl3 )pd » Where (Elcl3 )o corresponds to

the interaction of free H atoms. This gives the values of the constants W= 2.52:10° K, W,=1.93-10° K>
From expression (1), the values of temperature and concentration of hydrogen at the critical point of

o—B-equilibria were obtained [6]: T.=-0216-W\/(1+ac,)=445 K, C=0.C=2.75 H/LaNis

(6.=0.46/(1+0.540.c5)=0.41). The pressure at the critical point pgz) is defined below. Experimental data on

the position of the critical point of a—f3-equilibria in the LaNis-H, system do not exist yet.
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The C(T)=C;0i(T) branches of the curve of decomposition of the homogeneous phases of the
LaNis-H, system into the unordered phases i=a.,  are determined by the equilibrium conditions

P (e(xaT) =Py (eBaT)Q
I‘L}; (eowT) = “"I‘-—I (eB’T)’

where py, is the pressure of the lattice H-gas.

The boundaries of the two-phase region (a+f3) are determined from the consequence of conditions

(3), which are equal areas rules (bounded by the curve u}}(é) and the straight line u};(P L)), which at tem-

3)

perature 7<T, is implemented in the plane (U}, — 0) [1]

8
pg) —pl® = constj‘[u;}m) -5, (6)1d6 =0. 4
)

o

Here the wvariable 5:6/(1+0cc56); the dependencies AP = A(“)( T)= A” T), where

AY (T)= A(6,,T) are the values of the functions A= p,, u; at the phase boundaries i=a., B, i.e. on the
"plateau" of pressure and the "plateau” of the chemical potential of the lattice H-gas.

Having determined the coordinates éi (T) from (4), we can obtain the branches of the curve of de-

composition (CT) 6,7), i.e. the values 0, = éi /(l—acséi) that satisfy equations (3).

The Equilibrium Pressure of Hydrogen in the Two-Phase Region (a+f)
The temperature dependence p;i” (T) of the pressure of decomposition of the hydride B-phase, i.e.
the hydrogen pressure on the plateau of isotherms p,, (C)in the heterogeneous phase region (0+), can be

represented by the traditional van't Hoff equation

AH AS 3
boa | —Thoa (5)
RT R le(ps, Yatm)|

where the parameters AHg ,,,AS; . ie. the

In pjy (T) =~

enthalpy and entropy of the f—a-transition, in
the MTV scheme, have the form

AHy ,, =H} +2RTAg ,,

o (6) 1 .
ASﬁ—)OL = SH2 _2RA[3—)0L

Here, H 22 , SQ,Z are the enthalpy and entropy of
H, in the standard state of an ideal gas, the value L
Ap o (T)= B(h® — h;;(B) )/(8;—6,,) corresponds

to the relative difference of the specific enthalpy

hy of the lattice H-gas o w | w | | |
20 25 30 35 40

hy)(T)=hy; (T)+h;;(8,,T) at the boundaries of T
the homogeneous phases 0,(7) and Og(T).

Fig. 1. Logarithm of the pressure of decomposition of the (-

Fpr the working range of 0‘__13 -equilibria phase of LaNis hydrides as a function of the reciprocal
of a hydride, as before [2], we determine parame- temperature:

ters (6) at the critical point of the B—o-transition. | __ .ajculation according to (5) with AHj_,,=29.8 kJ/mol H,,

Based on the expressions for the enthalpy of the )
non-ideal lattice H-gas [6] and for the critical ASp_,q =104 JI(K-mol Hy); - [7]and ® [8] are the experimental

concentration 0,=0.46/(1+0.540lc,), for the sys- results on the desorption of H,
tem LaNis-H, (6.=0.41) we get
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.
_ <§LG=_8(BhH) rp =t In(1-8, - 06 |
09 6=0, GC (1—9 ) 9 -|-0(,CS

whence A(g)_m

according to (6), with Ag_,, =2.3, we have the values AHj_,, =29.8 kJ/molH,, ASy_,,=104.0 J/(K-mol H,).

In Fig. 1, the dependence of the decomposition pressure of the B-phase of LaNis hydrides on the re-
ciprocal temperature obtained from expression (5), is compared with the experimental data on hydrogen de-
sorption in [7] and [8], with the experiments carried out in limited operating temperature ranges.

From equation (5), with 7=T, for the LaNis—H, system, it is possible to obtain the pressure at the

=2.3. For the B—o-transition parameters in the temperature range from 263 K to 7,=445 K,

critical point of o—f-equilibria: p“) =87 atm. Experimental data on this parameter do not exist.

LaNis; Hydrogen Sorption Properties in the Single- and Two-Phase Regions at Pressures up to 500 atm

Phase diagrams connecting the pressure p, of molecular hydrogen with the parameters ¢, T of the
hydride can be obtained from the condition of equality of the lattice H-gas chemical potentials 1, (c,7) and
the gaseous phase H, Wy (py, ,T) per the H atom

1
S (P D =Ry 1), ™)

If at the given ¢, 7, the B-phase of the IMC hydride decomposes into the o— solid solution and H,,

plateaus appear on the PCT diagrams in the two-phase region (a+f). These plateaus are segments of the con-

(PL)

stant pressure py, = (T") whose positions can be determined from the equality

BM(PL) Bh(ﬁ) h}(‘;}) (S(B) Sz(t/(le)l (8)

(PL) —

where Wy~ =l (p(P “).T) is the chemical potential of H, on the "plateau"; Bh\s; = H,,, (c,,T)/RT ,

st =S8, . (c..T)/R are the specific enthalpy and entropy of the hydride at the phase boundaries
¢;(T)=1¢,9,(T). Upon transforming equalities (7) and (8) for the dependencies p H, (9, T ) intersecting one-
and two-phase regions of IMC hydrides, we obtain

Inpy, (8.7)=1n pi (1) +2Bluy (8,7) —uy ™ (1], ©)
where p(P L (T) is the decomposition pressure of the B-phase; u”P L) (T) is the height of the "plateau" on the

concentration dependencies of isotherms [, (0), with the height determined by the conditions of the phase

gas-liquid transition in the hydrogen component of the hydride, i.e. in the lattice H-gas.
Expression (9) with 6<6, and 6>0g describes the descending and ascending branches of the isotherms

pu, (C), respectively, and with 0,<6<6g gives the value p(P “(T) according to the van't Hoff equation (5).

For PCT-dependencies above the critical point of a—B-equilibria, taking into account the second
virial coefficient correction for the chemical potential W, (py ,T), we can obtain

P, ®.T) _ 0+ ADY, (T)

Inp, (6,T)+0,18 +2B[p;, (0,7) — i1, (10)

where A®) (T)=d}, (T)—®Y, (T_); the values Q=Inpy +0.18py IT,, @} (T)=-Gy (T)/T; Gy is
the Gibbs energy in an ideal gas state; the hydrogen pressure p H, is set in atm, the temperature 7 is set in K.

The phase diagram of the LaNis—H, system as a set of hydrogen solubility isotherms at temperatures
below T, is calculated according to expression (9), and in the supercritical single-phase region, 7>7, , accord-
ing to expression (10).
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The results are shown in Fig.2 in com-
parison with the results of experiments on hydro-
gen desorption [7, 8]. The figure also shows the
calculated dependencies at elevated temperatures
and pressures up to about 500 atm, when in the
virial decomposition of the chemical potential of
the gaseous phases of hydrogen, it is permissible to
be restricted to the term with the second virial co-

efficient B, . There are no experimental data on
hydrogen solubility in LaNis in this state region.
At the critical temperature ui @ =u " (T.) and

ACID(;,2 =0 and expression (10) describes the critical

isotherm p ", (6,7,) LaNis 445 K (172.6 °C) with
the inflection point C,=2.75 H/LaN:is;
P, ®.T,) = piy) =y (T,) =87 atm.

The results shown in Figs. 1 and 2, allow
us to conclude that the model of the non-ideal lat-
tice gas for the hydrogen subsystem of IMC hy-
drides provides a correct description of the main
features of the PCT diagrams of the LaNis—H, sys-
tem in the region of disordered phases in a wide
pressure range. The difference between the calcu-
lated and experimental values does not exceed 7%
in determining the pressure depending on the tem-

3
lg(sz/ atm)

-2 T T 1

0.0 2.0 4.0 ) 6.0
¢, H/LaNis

8.0

Fig. 2. Phase diagrams of the LaNis—H, system in the o~

Pequilibrium region:

— refers to the isotherms p, ~ (C) calculated according to (9)

perature in the two-phase region and 12% in calcu-
lating the values of the phase transition energy.

Conclusion

for 7<T. , and according to (10) for 7>7,, temperatures at calcu-
lated isotherms are indicated in °C; ---- refers to the boundaries
of one- and two-phase areas (calculation); A— 10, & — 25,
e — 40, m — 65 are the experimental data at ¢, °C [7]

The application of perturbation theory for determining the thermodynamic properties of the non-ideal

lattice gas of hydrogen atoms makes it possible to simulate phase equilibria in ICM hydrides in the region of
disordered phases. The calculated enthalpy and entropy of the B—o-transition in the LaNis-H, system and the
pressure on the plateau of solubility isotherms are in good agreement with the available experimental data. In
addition, data on the hydrogen sorption properties of LaNis at elevated temperatures and pressures are obtained.
There are no experimental data in this state area. The position of the transition critical point and the behavior of
hydrogen isotherms in the supercritical region at pressures up to about 500 atm are predicted.
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AHaJIi3 TEePMOANHAMIYHUX XaPAKTEPHCTHK METAJOTIIPHAHAX CUCTeM s 30epiraHHs BOJIHIO
3 BUKOPUCTaHHSAM MoaudikoBaHoi cxeMH Teopii 30ypeHb

B. B. Conogeii, A. M. ABpamenko, K. P. YMepenkoBa

Iacturyt npobiem mammaoOynyBanHs iM. A.M. [linropuoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, Byi1. [Toxxapceskoro, 2/10

3acmocysanns ciopudie inmepmemaniunux cnonyk (IMC) ona peanizayii pobouux npoyecié mepmocopoyiunux
KOMNPecopie, Meniogux Hacoci, Cucmem 30epicantsi, OUUWEHHs. | NPOSPAMOBAHOT NOOaui B0OHIO 0OYMOBIEHO HUZKOK VHi-
KanvbHux enracmusocmeti yux copbenmis oomio. Lle, neput 3a éce, me, wo nacuuenns 6oonem IMC 3 geauxoro copoyitinoro
EMHICMIO 8I00YBAEMbCS 3a NOPIGHAHO «MSIKUX>» MEPMOOUHAMIMHUX YMOB, d MAKOIC BUOIPKOGICMb COPOYIIHUX NPOYecis i
HAsI8HICb eqhekmy mepmooecopOyitiHo20 aKMUBY8AHHsL AMOMIE I MOIEKYIL i30monie 600HI0. Poboma npucesuena onucy
gazoeux pisnosae 6 ciopudax IMC. 3anpononosanuii nioxio 00 npodIemu PO3PAXYHKY Pa306UX PI6HOBAZ 8 MEMANOSIOPUOAX
NOJIA2AE Y BUSHAUEHHT BIACMUBOCIEN PEULIMKOB020 2a3y AMOMIB B00HIO | PIBHOBAIICHOI 3 HUM MONEKYIAPHOL (hasu 6 pamkax
€0UHO20 Memody - MOOupikosaroi meopii 30ypens. TepMoOUHAMIUHUT ONUC BOOHEBOI nidcucmemu 8 00aacmi HenopPsOKo-
6aHUX -, f-¢haz UKOHAHO Ha 6a3i MOOeNl HelOealbHO20 (63AEMO0IIOU020) PeuimKo8020 2a3y amomie 600Hw. Boonouac
BPAXOBAHO SIK NPSAMY 63AEMOOII0 MIXC amMOMamMu 600HIO, MAK [ HeNpsiMi «0e@opMayiiini» KIA0U 8 NOMEHYIAIbHY eHEPIio
BHACTIOOK PO3UWIUPEHHsL PEeWIMKY NI0 4ac po3uuHeHHs 600HI0. Modenosanns ¢ghazosux nepexodie 6 cucmemax IMC-600ens
Ha 6asi mMooughikosanoi cxemu meopii 30ypeHb 0ae NPABUTLHULL ONUC OCHOBHUX 0COOIUBOCMEU Pa306uUx diacpam 8 wupo-
KOMY Oianazomi muckie 6o0muio. 3a ymosu pieHocmi Ximiynux nomenyianie H-niocucmemu 2iopudy ma Hy-¢ghaszu (6 pospaxy-
uKy na amom H) ompumani pisuanns, wo 36'a3yroms muck eazonodionoi ¢gpasu H, 3 napamempamu 2iopudy c i T (¢pazoei
diacpamu). B 3anpononosaniii 00MUCTIOBANbHIL NPOYEOYPi He BUKOPUCMOBYIOMbCS NIOSIHHI napamempu abo emnipuymi
Kopenayii, i OHa CRUPAECMbCS HA AMOMHI XAPAKMEPUCTUKYU B0OHEE0T NIOCUCEMU MA MEmanesoi Mampuyi, wo mMaoms
00HO3HauHe pizuune 3nHauenHs. Ak 06'ckm docaidxcenns ooparo 2iopuod inmepmemanioy LaNis. Ocobnusuil inmepec 6u-
KAUKAE PO3MAULYEAHHS KPUMUYHOT mouku ff—a-nepexody 6 cucmemi LaNis— o0ensb, 05t K0T 6I0CYMHI 3HAUEHHs napame-
Mpig, OMPUMAHUX eKCNepUMEHmanvHo. B pobomi nasedeni po3paxynko8i 3HAYeHHS KPUMUYHUX napamempis f—a-
nepexody T.=445 K, p.=87 amm. BusHaueni po3paxyHKOGUM UWLIAXOM OQHI NpO MEPMOOUHAMINHI napamempu o—pf-
nepexooy (eHmanbnis, eHmponis i MUCK Ha NAAMO [30Mepm) OAOMb MONCTUBICIL OKPECTUMU MENHCT POZYUHHOCI BOOHIO 8
LaNis 3a muckie do 500 amm ma 0006pe y32002CyIombCsl 3 HAAGHUMU 6 TTMepamypi eKCnepuMeHmaibHuUMu OaHUMU.

Knouogi cnosa: 6o0env, memanociopuou, inmepmemanesi CROIyKU, (hazosi diacpamu, peuimxosutl 2as.
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