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Simulation of phase transitions in IMC-hydrogen systems based on modified scheme of
perturbation theory provides correct description of main characteristics of phase diagrams
within a wide pressure range of hydrogen isotopes (6 decimal orders and wider). The
obtained data on thermodynamic parameters of a—f3 transition allows to describe inversion
of isotopic effect in LaNiz—H,(D,) system. Data on solubility of hydrogen isotopes in LaNig
at pressures up to 500 atm. have been obtained; data on parameters of the critical points
of o—f equilibrium (for which experimental data are absent) have been also obtained. The
proposed calculation scheme does not use any fitting parameters or empirical correlations
and is based on atomic characteristics of the hydrogen subsystem and metallic matrix
which are physically meaningful.

MopgenupoBanue ¢paszoBeix mnepexomoB B cucremax MMC-Bomopon Ha 6ase MOgu(UIIIPO-
BAaHHOM CXeMbLI TEOPHUM BO3MYIIEHWH mgaeT IIPaBUJIbHOE OIMCAHHE OCHOBHBLIX OCOOEHHOCTEH
$hasoBBIX AMArpaMM B IIHPOKOM [JHAIIa30HE AABJEHHU M30TOIOB Bomopoma (6 mOPSIKOB u
6osiee). IlonydueHHbIe CBefeHHsI O TEPMOAMHAMHUUYECKUX IIapaMerpax o—f-mepexomga I103BOJIS-
10T ommcaTk uHBepcuio maoromHoro addexra B cumcreme LaNig—Hy(D,). ITomyuenmsr raxsxe
TaHHBEIE O DPAacTBOPHMOCTH H30TOmOB Bogopoxa B LaNig mpu masremmax go 500 atm m o
mapamMerpax KPUTHUYECKOM TOUKHU O—[3-paBHOBECH, 9KCIEePUMEHTAJIbHBLIE CBEIEHUS O KOTO-
peix orcyTcTByIOT. IlpemiokeHHAs BBIUMCIWTENbHAS IIPOIEAYypPa He MHCIIOJIb3yeT IIOATOHOU-
HBIX IIAPAMETPOB MM SMIIMPUUYECKUX KOPPENANUN W ONMPAeTCsa HA aTOMHBIE XaPAKTEPUCTH-
KN BOJOPOIHOI IIOACHCTEMBI M METAJJINYECKON MAaTPUIILI, HMEMII[He SCHBIA (PU3nUYeCKU

CMBICJI.

Mathematical simulation of phase dia-
grams in hydrogen-metal hydride systems
makes it possible to reduce or exclude ex-
pensive and lasting investigations. In the
work [1] of the series devoted to application
of thermodynamic perturbation theory for
description phase equilibriums in metallic
hydrides and intermetallic compounds
(IMC), the following results are presented.
Development of the model of non-ideal lat-
tice gas of hydrogen ions based on the per-
turbation theory allows to reproduce the
main peculiarities of phase diagrams for
IMC-H, systems in the region of disordered
phases. The obtained results for PCT (pres-
sure-composition-temperature) diagrams for
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LaNig—H, systems agree with experimental
data.

In this work, phase diagrams of LaNig—D,
system are simulated in the frame of the
proposed method with the aim to evaluate
isotopic effect in IMC hydrides taking the
LaNig intermetallic compound as an exam-
ple. Apart from purely practical applica-
tions (isotope separation, hydrogen enrich-
ment, etc.), the problem is of a large inter-
est from physical point of view. In
particular, it is of interest whether the mo-
lecular statistic models are applicable at all
to description of fine peculiarities in phase
equilibria. One of those peculiarities is no
doubt the inversion of isotopic effect in
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LaNig—H5(D,) system at environmental tem-
peratures.

The new approach to the problem of
phase equilibria calculation in metallic hy-
drides consists in determination of the hy-
drogen subsystem properties of metallic hy-
dride and also of equilibrium H, molecular
phase within the unified method, namely,
modified scheme of thermodynamic pertur-
bation theory (MPT) [2]. This method repre-
sents properties of the systems being inves-
tigated in the form of series in parameters
describing differences between the real in-
teraction potential of particles and potential
of zero approximation system.

Thermodynamic description of the hydro-
gen subsystem in the region of disordered
phases (in particular, o and [ ones) was
carried out basing on the model of non-ideal
(interacting) lattice gas of hydrogen atoms.
For calculations, both the direct interaction
between hydrogen atoms and indirect "de-
formational™ contributions to the potential
energy due to the lattice expansion caused
by hydrogen dissolution were taken into
consideration. The equilibrium properties of
the lattice gas were defined for the basic
case of interstitial solution with a unique
type of equivalent interstitials. In this
work, we shall restrict our consideration to
differences in phase equilibria for LaNis—H,
and LaNig—D, systems, that is, for two hy-
drogen isotopes, prothium H and deuterium
D. In what follows, the term “hydrogen”
will stand both for H and D.

An important fact should be noted: the
initial IMC crystalline structure in the ma-
jority of cases does not differ from that of
the crystalline matrix in hydride (deuteride)
phases of IMC-hydrogen systems in the re-
gion of disordered o and [ phases. In this

case, the chemical potential uy of hydrogen
(X =H, D) component of IMC hydride/deu-
teride has the form (including the members
of the second order):

0 w6 (1)
Buk(0,T) = In + +
1-6 TA+oC)
W 462
+
T?(1 + o C0)?

where B = 1/kT; u =y — 1§ uii(T) is the
chemical potential in the gstandard state [1];
6 = C/C,, hydrogen concentration; C = npyc-c,
hydrogen concentration in the form of X/IMC
relation, that is, per formula unit of IMC;
nvc> umber of atoms in the formula unit, ¢,
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hydrogen concentration in X/Me units, that
is, per one matrix atom; o = ¢ 1(AV(c)/V), the
dilatation coefficient of IMC lattice at hydro-
gen dissolution. Values C, [H/IMC], the sorp-
tion capacity of IMC, or the maximum number
of interstitial positions of H(D) atoms in the
phase region being investigated, and c, [X/Me],
the maximum concentration ¢, are bound by
the relation C; = npygcs. The Wi and W,
constants providing the relationship between
macroscopic properties of IMC-hydrogen in-
terstitial solutions and microscopic (atomic)
characteristics of hydrogen subsystem and
IMC metallic matrix are: W, =
21 n(013/vg)E ¢, W, = (81,/41,2)W,2,
where I; = —5.585, I, = 1.262 are MPT pa-
rameters for H(D) gas; nj,,; is the number of
the matrix atoms in the unit cell; vy, the
cell volume at C = 0; E; [K] and oy [m] are
parameters of X-X interaction potential
ux(r) = RE19(r/oq) [2].

In the course of protium and deuterium
absorption in intermetallic compound LaNig
in the region of o—f equilibria, the sublat-
tice of T-interstitials can be supposed to be
mainly filled; that is, thermodynamic func-
tions of the lattice gas describe equilibrium
isotherms with one “plateau™ in double
phase (o + B) regions. In order to calculate
decomposition curves for homogenous
phases of LaNig—Hy(D,) systems, it is neces-
sary to find parameters in the equation (1).
According to [3—6] the value of C, is equal
to 6.7 (¢, =1.12) for both systems. Stable
combinations of E;c$ responsible for mutual
atom-atom interaction between protium and
deuterium are related approximately as
(EIG%)D = 0.97(E16%)H [4, 5, 7]. The dilata-
tion coefficient of the LaNig lattice is higher
in the case of deuterium dissolution than in
the case of prothium by about 5 % [4, 7]; at
oy = 0.20 [6], the ap value is 0.21. In this
case, W; and W, constants for the systems

being investigated are as follows: W'(lH) =
-2.521.10% K, WiV = 1.929.105K2 [1]; W =

-2.444-10% K, W) = 1.813-105 K2,
According to the expression (1) for
chemical potential of the H(D) lattice gas, the
parameters of the critical point of a—p equili-
bria are: T, = —0.2163W /(1+ac,), C, = 6,C,,
where 6, =0.46/(1 + 0.54ac,). For LaNis—
H,(D,) systems, this gives T.) =445 K,
T.0 =428 K and C, M =2.75 H/LaNig,
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C.P) = 2.73 DiLaNis; experimental data
about positions of critical points are not
available. The C{T) = C,8(T) branches of
the decomposition curves for LaNig—Hy(D5)
homogenous phases into disordered phases i
=a, P are defined by equilibrium condi-
tions:

px(0,,T) = Px(GBaT) (2)
M&(GG,T) = u;{(GBaT),

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

Calculations of CT diagrams for LaNig—
Hy(Dy) systems were performed starting
from the consequence of conditions (2) —
the rule of equal areas (confined by the
ui(®) curve and straight line uiFD), which
at the specified temperature T < T, is ful-
filled in the (u¥ - 0) plane [2]:

b . ®
pgg) - pg?) = const_[ [uEPL) — uk(©)]ab = 0.
éoc
Here 6 =6/(1 + oc,8); dependences APL) =
Alao)(Ty = ABBYT), where AU(T)=A(6,,T),
are values of the function A = py, p% at the

phase boundaries i = «,B3, that is, in the
pressure "plateau” and lattice X-gas chemi-
cal potential "plateau”. Having found the
coordinates éi(T) according to (3), it is pos-
sible to obtain the branches of decomposi-
tion curves 6,(T) according to the depend-
ence inverse to 0(8), that is, values 9, =
éi/(l - (xcséi) satisfying equations (2).

In Fig. 1, boundaries of the disordered
phase regions are shown (CT decomposition
curves) for LaNis—H, and LaNig—D, systems
calculated from equilibrium conditions of o
and [ phases according to the rule of equal
areas (3). Values of critical parameters for
o—P equilibriums that were found above cor-
respond to coordinates of Cy and Cp points
in the Figure. Estimation data for bounda-
ries of (a+P) region in LaNig—Hy(D,) system
which were obtained from deuterium desorp-
tion isotherms are given for comparison ac-
cording to the figures presented in [3].

The temperature dependences pggl‘)(T) of

hydride (deuteride) B-phases decomposition
pressure, that is, pressure of hydrogen ions
in the "plateau” of the pXZ(C) isotherms in
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Fig. 1. Decomposition curves of homogenous
phases (CT diagrams) for LaNiz—H,(D,) sys-
tems into disordered o and 3 phases (calcula-
tion). e, experimental data for LaNiz—D, [3].
*Cy, "Cp, critical points of o—B equilibria.

1 — LaNig-D,, 2 — LaNig—H,

the heterogeneous (o+p) phase region, may
be presented in the form of conventional
equation

X 4
(PL)rmi AHE D ASE&XL o ()
lan2 (m - = RT + R ’

where AH ASEO)

B— o B—oa
thalpy and entropy of B-phase decomposi-
tion. These parameters in MPT scheme have
the following form:

correspond to en-

AHED, = HY + 2RTA; , (5)

Bo>a=

X 0
ASEY, = Sk - 2RA, o

where Hg(z, Sg(z are enthalpy and entropy,

respectively, of Hy(D5) in the standard state
of ideal gas [8]; the quantity Ag_,q corre-
sponds to relative difference in specific en-
thalpy Ay of the lattice X-gas

RT) = KENT) + h5(8,,T) on the boundaries
of homogenous phases 0_(T), GB(T).

As well as in the case of decomposition
of hydride B-phase of LaNis—H, [1], we shall
define the parameters (5) for the range of op-
erating parameters in the isolated (critical)
point. We will get the following expression for
enthalpy of non-ideal lattice gas [2] and for
critical concentration 6, = 0.46/(1+0.54ac,) in
the general form:
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(6)

T=T,
6=6

1 1 0.763
- (1 - 0,) - 2|,
ec(l—ecfe‘?{n( & 1+0‘X0J

According to (6), for LaNig—D, system at
6, = 0.408, AL

B—a
count the parameters for LaNig—H, that
were found before, we will obtain the fol-
lowing set of thermodynamic parameters [1]
of the P—o phase transition in LaNig hy-
drides and deuterides: enthalpy [kdJ/mole]

B —> o ae

= 2.72. Taking into ac-

H D
AHE L o = 29.8; Ang Lu = 31.7; entropy
[J/(K-mole)] ASHY, , =104, AS(, , —110.

The ngL)(T) dependences obtained for both

systems according to (4)—(6), are compared
in Fig. 2 with experimental data [3] on the
pressure in the "plateau” of H, and D,
desorption isotherms.

The pressure of hydrogen isotopes in the
"plateau” of similar solubility isotherms for
metal-hydrogen and IMC-hydrogen systems
may be lower for the heavier isotope D,
(normal isotopic effect) or higher (inverse
isotopic effect) than for H,. It is seen from
Fig. 2 that, depending on temperature, both
normal and inverse effect can be observed in
LaNig—H, system. At the temperature T; when
these isotopic pressures are equal, the inver-
sion of isotopic effect occurs. Intersection of

calculated dependences pSfZL)(T) takes place at
AHP, - AHEY )/ (ASE, - Ay, ) =
317 K; experiment [3] gives T; = 308 K as
an average for different samples.

From the equation (4), one an analytical
expression for relationship between equilib-
rium pressures of hydrogen isotopes (at
T<T,, K) can be obtained:

P, 228.5 @
2 -
In| @ =0.72 - T,

2
as well as the pressure values at critical points
of a—P-equilibria: pﬁ; = 86 atm., pg; = 75 atm.

Experimental data on the parameters of
critical points for these equilibria in LaNig—
H5(D,) are absent to date.

The nature of inverse isotopic effect is
associated mainly with lower energy of D-D
interaction in the lattice in comparison with
H-H interaction. The vibration amplitude of
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Fig. 2. Logarithm of hydrogen isotope pres-
sure in the "plateau” of py (C) isotherms in

double-phase region (a+p) as a function of
inverse temperature, calculations according
to (4). Experimental data on hydrogen
desorption [3]: ° — H,, ¢ — D,. Critical points
of a—B equilibria: 7¥CH, Cp (calculations); T,
temperature of isotopic effect inversion.

D atoms in interstitials is less than that of
H atoms [4]; their smaller volume results
eventually in the above-mentioned differ-
ences in (E,c%) combinations for interaction

of isotopic atoms. On the other hand, differ-
ences in zero vibration energy between
protium and deuterium atoms in the metal-
lic or IMC lattice are of a large importance.
The competition of these two factors can
explain the nature of isotopic effect (normal
or inverse). As for the effect inversion, in
general, it should take place in any system,
as straight lines in the Fig. 2 never run in
parallel. However, such inversion can occur
in the systems where significant tempera-
ture extension of double-phase region (o+f3)
exists, though this is not a sufficient condi-
tion. For example, for Pd-H,(D,) system
with inverse isotopic effect and very wide
temperature range of a—f equilibriums (no
less than 400 K), the dependences (2) may
intersect at about 1000 K which is much
higher than the critical temperature of a—
transition (~570 K) [2].

The phase PCT diagrams relating the
gaseous phase pressure px, of hydrogen iso-

topes with C, T parameters of hydride and
intermetallic compounds can be obtained
from the chemical potential equality condi-
tion for the hydride X-subsystem ux(C, T)
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and molecular MXZ(pXZ,T) gaseous phase per
one isotope atom:

ux,(px »T) = 2ux(C,T). ®

After a number of rearrangements similar
to [2], we can obtain (according to (8)) for
Px (®, T) curves intersecting single- and
double-phase regions of IMC-hydrogen sys-
tems:

Inpy (0,T) = (9)

= Inp (1) + 2Bk 6, 7) - 1 (D),

where pjg((PL) is the chemical potential value

of ux(6)
isotherms; the value is defined by condi-
tions (2) of the gas-liquid phase transition.
The expression (9) at 6<6, and 9>GB de-
scribes descending and ascending branches
of pXZ(C) isotherms, respectively, and at

ea<6<6[3 it gives the value ng;ZL)

Van’t Hoff equation (4).
For isotherms T>T, and elevated pres-
sures px , we obtain:

of lattice X-gas in the "plateau”

according to

px,(0,T)
Inpy (8,T) + 0.18—2— =

ADY, (T)

Qx + — 7 — * 2B[ukO.]) - ux1,

(10)
where Aqag(Z(T) = qng’(z(T) - qng(z(TgX»;
@%Z(T) = —G%Z(T)/T,G%Z is the Gibbs energy
in the standard state of ideal X, gas [8];
Qx = lnp )+ 0.18pgg/TgX). The expression

(10) prov1des PCT dependences above the
critical point of o—f transition up to pres-
sures of about 500 atm, that is, in the case
when virial expansion of chemical potential
of gaseous hydrogen phases [2] can be con-
fined to second virial coefficient BX .

The phase diagram of LaNig—H 2( system at
temperatures below and above T ," was ob-
tained before and is presented in [1] In this
work, additional phase equilibriums in
LaNig—D, system are calculated. The set of
calculated isotherms is shown in Fig. 3 in
comparison with available data on D,
desorption [3]. The predicted dependences at
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Fig. 8. PCT dependences for LaNiz—D, system,
calculation according to (9) (T<T,) and (10)
(T>=T,). Temperatures on the isotherms are
given in degrees C. The dashed line repre-
sents the boundary of double-phase (a+p) re-
gion in the (lngz—C) plane. The critical point
of a—f equilibria: ﬁ'CD (calculation). Experi-
mental data [8] on D, desorption at tempera-
tures: 0°C (A), —25°C (o), 40°C (W), 65°C (o).

elevated temperatures and pressures are
also shown both in double-phase and in
overcritical regions. There are no experi-
mental data on hydrogen solubility in LaNig
in this region of states. At the critical tem-

perature pi® = i) and Aq)%z =0, and

both expressions (9) and 10) describe the
critical isotherm (155°C, Fig. 3) pXZ(O,TgX))

with inflection point px (0,T¢0) = p =
PL
DT,

To conclude, it is possible to take into
account hydrogen-hydrogen attraction ade-
quately within the frame of thermodynamic
perturbation theory. This makes it possible
to reproduce within the non-ideal lattice gas
not only qualitative parameters of phase
equilibria in IMC-hydrogen systems, but
also to describe fine peculiarities, such as
inversion of isotopic effect in LaNig—H,(D,).
The isotopic effect character (normal or in-
verse) is defined mainly by competition of
two factors: lower energy of D-D interac-
tion in the lattice as compared to the H-H
one and, on the other hand, by differences
in zero vibration energy of prothium and
deuterium atoms in the lattice. Data on
solubility of hydrogen isotopes at the pres-
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Abst. Ph.D. Thesis, DPI, Donetsk, Ukraine
(1989) [in Russian].

sure up to 500 atm and parameters of criti-
cal point a—p equilibria have been obtained.
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MonenoBanHa (Ga30BUX aiarpaMm y cHUcTeMi
LaNis—H,(D,) Ta imBepcia isoronmnoro edexty

B.C.Mapinin, I0.®D.IJlIlmanvrko, K.P.Y mepenrosa

MogenioBanaa (dasoBux mnepexoxiB y cuctemax IMC-Bomensr Ha 6a3i mMomudirkoBaHoi
cxeMu Teopii 30ypeHb Jae NMPaBUJBbHUI ONKUC OCHOBHUX Oco0JuMBOCTell (hasoBUX [giarpaM y
IIUPOKOMY [JiamasoHi THCKY isoTomiB BomHio (6 mopankis i 6inbmie). Orpumani mani moxo
TEePMOAMHAMIUHUX TTapaMeTpiB o—fB-mepexony HaloTh MOKJIUBiCTHL onmucaTu iHBepciro isoTomH-
oro edexry y cumcremi LaNigz—H,(D,). Takox orpumaHO JaHi I[0Z0 PO3YMHHOCTI isorTomis
Boguio y LaNiy mpu tucky mo 500 arm i mapamerpiB kpuTmuHOi TOuKH 0—[-piBHOBAar, exce-
PUMEHTaJbHI gaHi mIogo AKUX BifcyTHi. SampomoHOBaHa o0UYMCIOBaJbHA IIpOlEeaypa He
BUKOPUCTOBYE KOPEeKIiHUX napaMeTpiB abo eMIOipuYHUX KOpeJAIiil i cnupaerhcsa Ha
aTOMHI XapaKTepUCTHKM BOAHEBOI IIijcHcTeMU Ta MeTaliuHol MaTpuili, AKi € 4iTKo 3po3ymi-

auMu 3 (pisuuHOl TOUKU 30pY.
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