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The theory of hydrogen solubility in Zr—Ni metallide of equiatomic composi-
tion is developed on the basis of molecular-kinetic concepts. The functional de-
pendences of hydrogen content in the crystal on temperature and pressure are 

determined. As stipulated, the hydrogen sorption processes are realized at the 

sufficiently low pressures (of about 1 atm) and the moderate temperatures (of 

the room-temperature order). The isotherms and isopleths of hydrogen solubil-
ity are calculated. The possibility of manifestation of the hysteresis effect is 

ascertained. As shown, the dependence of natural logarithm of pressure on the 

inverse temperature for the studied alloy is a strictly linear. The results of the-
oretical calculations are compared with a lot of experimental data. 

На підґрунті молекулярно-кінетичних уявлень розроблено теорію розчин-
ности водню в металіді Zr—Ni еквіатомового складу. Визначено функціона-
льну залежність вмісту Гідроґену в кристалі від температури та тиску. 
Обумовлено, що процеси сорбції водню реалізуються при досить малих ти-
сках (порядку 1 атм.) та низьких температурах (порядку кімнатної). Роз-
раховано ізотерми та ізоплети розчинности водню. Встановлено можли-
вість прояву гістерезного ефекту. Показано, що залежність натурального 

логарифму тиску від оберненої температури для досліджуваного стопу є 

строго лінійною. Результати теоретичних розрахунків зіставлено з числен-
ними експериментальними даними. 

На основе молекулярно-кинетических представлений разработана теория 

растворимости водорода в металлиде Zr—Ni эквиатомного состава. Опреде-
лена функциональная зависимость содержания водорода в кристалле от 

температуры и давления. Обусловлено, что процессы сорбции водорода ре-
ализуются при достаточно малых давлениях (порядка 1 атм.) и низких 
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температурах (порядка комнатной). Рассчитаны изотермы и изоплеты рас-
творимости водорода. Установлена возможность проявления гистерезисно-
го эффекта. Показано, что зависимость натурального логарифма давления 

от обратной температуры для исследуемого сплава является строго линей-
ной. Результаты теоретических расчётов сопоставлены с многочисленными 

экспериментальными данными. 

Key words: statistical theory, hydrogenation, hydrogen solubility, hysteresis 

effect, Zr—Ni metallide, ZrNiН3 crystal. 
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1. INTRODUCTION 

Promising area of science–atomic-hydrogen energetics continues to 

develop. Investigations of metallides, including zirconium-nickel alloy 

[1—20], with high hydrogen sorption properties have attracted the at-
tention of scientists in search of reliable efficient chemical hydrogen 

accumulator, as ecology-clean energy storage. 
 Metallides have unique physical and chemical properties such as su-
perconductivity and ferromagnetism; they are used as reinforcing ma-
terial, biological implants, etc. 
 Zirconium—nickel alloy of equiatomic composition, which is the ma-
terial of a new generation, refers to as the promising hydrogen sorbent 

and not yields to the compound LaNi5 in its hydrogen sorption proper-
ties. Thus, hydrogen content in ZrNiH3 hydride reaches 1.96% wt. 

[21, 22]. 
 Metallides and their hydrides are prepared using the methods of 

powder metallurgy by sintering a mixture of powders [21—29]. The zir-
conium—nickel alloys are formed in sufficiently mild conditions: at 

room temperature and atmospheric pressure. Furthermore, a radia-
tion-thermal synthesis in the regime of thermal explosion with bom-
bardment of samples by accelerator is used, as well as a ‘cold fusion’ 

when, after preliminary irradiation of the samples, hydrides synthesis 

is realized by slow cooling in a hydrogen atmosphere (1 atm) from 300—
350C to room temperature. In recent years, high temperature synthe-
sis in regime, realized at the exothermic reaction condition of combus-
tion of the powder at about 1500C in a hydrogen atmosphere, is also 

developed. 
 In the ZrNi  H2 system, the hydride phases (first ZrNiH, and then 

ZrNiH3) are formed according to chemical reactions: 

 
2 2

1
ZrNi H ZrNiH H ZrNiH , 3,

2 2
x

x x
x

      (1) 

i.e. about three hydrogen atoms are absorbed per formula unit of metal-
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lide ZrNi. 
 The development of statistical theory of hydrogen saturation of 

ZrNi alloy is interesting for establishment of the optimal conditions of 

the accumulation and storage of hydrogen in this and similar systems. 
 To solve this problem, the free energy is calculated, its dependences 

on temperature, pressure, hydrogen concentration, and energy param-
eters of the interatomic interactions is ascertained. The calculations 

are performed using simplifying assumptions: the crystal lattice is 

supposed geometrically perfect, only pairwise interaction of neigh-
bouring atoms is taken into account, an arrangement of hydrogen at-
oms is considered only for interstices of the two types, tetrahedral and 

bipyramidal, and the weak interaction between hydrogen atoms is ne-
glected (see [30, 31]). 

2. STRUCTURE AND EXPERIMENTAL STUDIES 
OF ZrNiH3 GIDROMETALLIDE  

The structure of ZrNi crystal consists of identical fragments–trigonal 
biprisms, which are coupled together along the bases, perpendicular to 

the lattice parameter a  (x-axis) and along lateral faces in planar 

planes, perpendicular to the parameter b  (z-axis) (Fig. 1). They form 

 

Fig. 1. The crystal lattice of the CrB type. The parallel-displaced layers are 

shown with formation of zigzag chains along the z-axis by the chromium and 

boron atoms [61]. 



458 S. Yu. ZAGINAICHENKO, Z. A. MATYSINA, D. V. SCHUR et al. 

parallel layers in the planes (x, y), which are shifted relative to each 

other in these planes. Because of this shift, as easily seen from Fig. 1, 

nickel and zirconium atoms form a zigzag chain along z-axis. 
 Crystal of ZrNi has the 

17

2hD  structure of the CrB type, in which the 

atoms of zirconium and nickel have well-ordered arrangement with the 

formation of coordination polyhedrons, in which the hydrogen atoms 

are placed during hydrogenation (Fig. 2). The structure with the calcu-
lation of lattice parameters has been studied in numerous works [32—
60]. At hydrogenation processes the hydride ZrNiHх (x  3) is formed. 

The absorption maximum of the hydrogen atoms occurs for the 

equiatomic alloy composition Zr—Ni. The hydrogen atoms can occupy 

three types of interstices: distorted tetrahedron with [Zr3Ni] faceting, 

trigonal bipyramid with [Zr3Ni2] faceting and distorted octahedron 

with [Zr4Ni2] faceting [59]. Primarily two first polyhedrons are filled 

(up to x  3), and when x  3 the octahedral voids begin to fill, i.e., in 

the distribution of hydrogen atoms on their positions some ordering is 

observed. In all of the interstitial positions, hydrogen atoms are main-
ly surrounded by hydride-forming atoms of zirconium and in less by 

nickel atoms, which do not form hydride. Therefore, in Zr—Ni alloys 

 

Fig. 2. The structure of crystal ZrNiHx (x  3) of the CrB type [62]. The coor-
dination polyhedron (distorted tetrahedron, trigonal bipyramid and octahe-
dron) are shown with hydrogen atoms in the centre and with zirconium and 

nickel atoms in the vertices. The surroundings of hydrogen atoms by the near-
est Zr and Ni atoms are indicated (a, b, c–lattice parameters). 
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with variable composition the concentration of the absorbed hydrogen 

increases with increasing of zirconium content [7]. 
 As the result of the hydrogenation, the crystal structure is main-
tained the same CrB type, there is only a lattice expansion, i.e., as can 

be seen from the Table, lattice parameters are increased. 
 The reducing of the temperature and pressure activates the process 

of absorption, and the hydrogen concentration in the crystal is in-
creased (Fig. 3) [27], which are indicated the endothermic nature of the 

absorption process. The heating of the sample at temperature of 

 300C initiates a desorption process. 
 Figure 4 shows the graphic data of the differential thermal analysis 

(DTA), differential scanning calorimetry (DSC) and temperature gra-
vimetry (TG) [61—66]. According to the paper [65], the reducing of the 

heat flow (endothermic peak at 264C) during hydrogenation is caused 

by phase transition in a system of hydrogen atoms because of their dis-
tribution (ordering) on their positions with forming in the beginning 

the ZrNiH phase and then the ZrNiH3 one. The increasing of the heat 

flow (exothermic peak at 278C) is caused by degassing of the sample. 

As demonstrated by Fig. 4, a, the sorption processes take place at room 

temperatures. 
 Desorption of hydrogen from ZrNiH3 is accompanied by the release 

of energy (exothermic peak on DSC graph in Fig. 4, b and c), and ab-
sorption reduces the heat flow (endothermic peak 2 in Fig. 4, b). Figure 

4, d presents the decreasing of ZrNiH3-hydride weight because of hy-
drogen release. 

TABLE. Parameters of crystal lattice (in Å) of ZrNi metallide and its hydrides 

of the 
17

2h
D  structure of the CrB type. 

ZrNi ZrNiH ZrNiH3 
References 

a b c a b c a b c 

3.264 10.476 4.3015    3.53 10.48 4.30 [32, 33] 

3.268 9.937 4.101       
[34, 51, 

55] 

3.258 9.947 4.091    3.53 10.48 4.30 [26] 

3.272 9.965 4.115 3.28 10.12 4.05 3.530 10.313 4.063 [40] 

3.258 9.941 4.034    3.53 10.48 4.30 [36, 41] 

3.25 9.94 4.034 3.33 10.183 4.034 3.528 10.464 4.286 [47] 

3.28 10.042 4.039    3.536 10.43 4.287 [22, 29] 

3.290 9.998 4.080    3.530 10.620 4.328 [43] 

3.2712 9.9310 4.1072    3.530 10.48 4.30 [52] 

   3.367 10.313 4.063 3.53 10.48 4.30 [54, 57] 
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 Figure 5 shows the sorption isotherms of hydrogen for ZrNi—H2 sys-
tems, which were studied in works [23, 26, 36, 67—72]. The rapid in-
crease of pressure at H/ZrNi  1 is caused by the ZrNiH-hydride for-
mation during the absorption process. Further, there is an accumula-
tion of hydrogen, formation of ZrNiH3 phase; the isotherm has a plat-
eau corresponding to the coexistence of two crystalline phases ZrNiH 

and ZrNiH3 with different amounts. Then, the rapid increase of pres-
sure during the ZrNiHх hydride (х  3) formation is observed again. The 

authors of work [16] consider the absorption process as the realization 

of phase transformations with both zirconium—nickel metallide mono- 

and trihydride formations. As shown in Fig. 5, a, hysteresis effect ap-
pears in the absorption—desorption process. The hysteresis loop with 

increasing temperature shortens, narrows, and at sufficiently high 

temperatures, it should disappear. With increase of temperature, the 

hysteresis loop is situated ever higher along the ordinate axis. Desorp-
tion process takes place with a delay of hydrogen release; desorption 

curve passes below along ordinate axis at lower pressures in comparison 

with the absorption curve, which results in a hysteresis effect. 
 Figure 6 shows the sorption isopleths of ZrNi metallide in hydrogen 

atmosphere [68—70]. As can be seen from this figure, the dependence 

of logarithm of pressure on the reciprocal temperature is strictly line-
ar. For each temperature desorption occurs at a lower pressure than 

 
a b

Fig. 3. Experimental dependences of hydrogen content in the ZrNi sample on 

temperature (a) and specific pressure (b) [27]. 
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the absorption phenomena, i.e., as for the isothermal process, happens 

with a lag. 

3. THEORY 

One can calculate the free energy of ZrNiH3 hydrometallide using the 

well-known formula [73, 74] 

 H
ln ln ,F E kT W kTN A    (2) 

 
a b

 
c d

Fig. 4. Experimental plots [61—66]: DTA plot of hydrogen sorption in the 

ZrNi—H2 system. Endopeak is at the hydrogen absorption; exopeak is at the 

hydrogen extraction (a); DSC graph–the heat flow at the dehydrogenation of 

ZrNiH3 (peak 1) and at the hydrogenation of ZrNi (peak 2) as a result of heat-
ing in the regime of 5 K/min (b); DSC plot–the heat flow at the hydrogen 

yield from the ZrNiH3 alloy at the heating rate of 5 K/min (c); TG curve–the 

mass loss of the ZrNiH3 specimen at the hydrogen desorption (d).
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where E is an internal configuration energy, which determined in con-
cerned approximation by the sum of the pair interaction energies of 

nickel or zirconium nearest atoms with hydrogen atoms. 
 In formula (2), W is a thermodynamic probability, which equals the 

sum of energy distinguishable states of the system, calculated accord-

 
a b 

 
c d

Fig. 5. Experimental isotherms of absorption—desorption for system ZrNi—H2. 
The annealing temperatures are indicated [23, 26, 36, 67—72].
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ing to the combinatory rules, NH is the number of hydrogen atoms in a 

crystal, А is their activity, k is Boltzmann constant, and T is absolute 

temperature. We will take into account the placement of hydrogen at-
oms only on tetrahedral  interstices and bipyramidal P ones. We also 

introduce the next notations: N–number of zirconium atoms, the 

same as number of nickel atoms, 2N and N–number of tetrahedral and 

bipyramidal interstitial cites, correspondingly, N and NP–numbers 

of hydrogen atoms in the positions of  and P, 

 
H P

N N N   (3) 

is a number of hydrogen atoms in the crystal; 

 
P P H P

/2 , / , /3 , (2 )/3c N N c N N c N N c c c        (4) 

are concentrations of hydrogen atoms in the positions  and P, and in 

the crystal (in   P) relative to the number of interstitial cites, respec-
tively equal 2N, N and 3N, wherein 

 
P

0 , , 1;c c c   (5) 

u, uP are the energies of the hydrogen atoms in the  and P interstitial 
cites, which are equal 

 
ZH NH P ZH NH

3 , 3 2 ,u u u u u u      (6) 

 
e f

Continuation of Fig. 5. 
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uZH, uNH are the interaction energies of the nearest atom pairs ZrH and 

NiH. 
 We determine the internal configuration energy by the formula 

 
0 P P

E E N u N u     (7) 

and thermodynamic probability by the expression 

 
P P

(2 )! !
.

!(2 )! !( )!

N N
W

N N N N N N 


 

 (8) 

In formula (7), the value of E0 is determined by the terms that do not 

 
a b

c

Fig. 6. Experimental isopleths for the ZrNi intermetallide in the hydrogen 

atmosphere (a), for the ZrNiH  ZrNiH3 system after annealing at 1000 K (b), 

and for the ZrNi alloy in the tritium—protium atmosphere (c) [68—70]. 
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depend on the concentration of hydrogen. 
 With use the Stirling’s formula lnX!  X(lnX  1) valid for large 

values of X, one can find the natural logarithm of thermodynamic 

probability and then calculate the free energy taking into account Eqs. 

(2), (3), (7), and (8): 




0 P P

P P P P P

2 ln2 ln (2 )ln(2

) ln ln ( ) ln( ) ( ) ln .

F E N u N u kT N N N N N N N

N N N N N N N N N kT N N A

    

 

       

       
 (9) 

 The free energy of the system is minimal in the state of thermody-
namic equilibrium. Form minimizing procedure of free energy 

 
P

0, 0,
F F

N N

  
 

 (10) 

one can find equations, which determine the equilibrium content of 

hydrogen atoms in the  and P interstitial cites, i.e. 

 P P

P

ln ln 0, ln ln 0
1 1

u c u c
A A

kT c kT c

 



     
 

 (11) 

or 

 
1 1P

P

1 1
(1 exp ) , (1 exp ) .

u u
c c

A kT A kT

 
      (12) 

 At low concentrations c, cP, Eqs. (12) are simplified: 

 P

P
exp , exp .

u u
c A c A

kT kT




    (13) 

 A hydrogen concentration versus temperature с(T), according to the 

formulas (4) and (11) or even the simplified ones (12), at greatly differ-
ing energies u, uP may be extremal and even retrograde. 
 Further, we find out the possible character of the dependences с(Т), 

с(Р) and types of isotherms and isopleths of hydrogen solubility in 

metallide. 

4. INTERPRETATION OF THE CALCULATIONS’ RESULTS 

In the case of equiprobability distribution (disordering) of the hydro-
gen atoms on  and P positions, when c  c  cP (it will be at almost 

equal energies (6) u  u  uP), taking into account the changes in lattice 

parameters due to an increasing of hydrogen content (see Table), which 

are causes of changes of the interatomic distances and dependences of 

energies u, uP on the hydrogen concentration с and the external pres-
sure P, 



466 S. Yu. ZAGINAICHENKO, Z. A. MATYSINA, D. V. SCHUR et al. 

 
0

, const, constu u c P         , (14) 

and taking into account the dependence of atomic hydrogen activity in 

the crystal on pressure [74], 

 
1/2

, const,A DP D   (15) 

we can write one formula instead of formulas (12): 

 

1
0

1/2

1
1 exp .

u c P
c

kTDP


      
 

 (16) 

This formula gives a possibility of construction the Р—с—Т-state dia-
grams of crystal and clarifies the nature of dependences с(Т), с(Р), and 

the forms of isotherms and isopleths of hydrogen solubility in the 

metallide. 
 Note that hydrogen saturation of metallide and external pressure of 

hydrogen atmosphere are competing factors: the first factor expands 

the crystal (reduces energy u), the second factor compresses it (increas-
es energy u), so the coefficients  and  in Eq. (16) have opposite signs. 
Energy u

0
 is approximately estimated using experiments (Fig. 3). 

 Dependence c(T) is estimated by formula (16), which can be conven-
iently rewritten as 

 
0

1/2

.
(1 )

ln

u c P
kT

c
DP

c

   
 

  

 (17) 

 Specifying various concentrations с at certain values of the pressure 

P and constants u
0, D, ,  in this formula, we can find the temperature 

and plot the function c  c(T). 
 Dependence c(P) can be conveniently determined by formula (16). 
Specifying various values of pressure P for certain values of tempera-
ture and constants u

0, D, ,  in this formula, we can count concentra-
tion с, and then plot the function c  c(P). 
 As an example, Figs. 7, a and b show graphs of the hydrogen-content 

dependence for ZrNiHx hydrometallide on temperature and pressure. 

We are interested in these graphs in high concentrations area close to 

x  3 (c  x/3). As seen from Fig. 7, at high concentrations с with a de-
crease in both temperature and pressure, the solubility of hydrogen in 

the crystal increases. At low concentrations of hydrogen, as seen from 

Fig. 7, b, character of dependences c(T) and c(P) changes substantially. 

This may be caused by the fact that at high pressures (greater than 

0.3 MPa) hydrogen atoms may be pushed out of the crystal and the hy-
drogen content can decrease with temperature decreasing. Comparison 
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of the calculated (see Fig. 7) and experimental (Fig. 3) dependences 

shows their qualitative agreement. 
 To construct the hydrogen solubility isotherms (dependence of lnP 

on the concentration с) in ZrNi metallide, Eq. (16) can be rewritten in 

the form as follows: 

 
0

2( )
ln 2 ln .

(1 )

c u c P
P

A c kT

    


 (18) 

 The analysis of this formula for an extremum, when (ln ) / 0P c   , 

gives two values of the hydrogen-concentration extremum manifesta-
tions (maximum and minimum), which are determined (at A  1 and 

  0) by the formula 

 
1, 2

1 1
.

2 4 2

kT
c   


 (19) 

It is follows from this formula that for   0 with temperature increas-
ing difference c  c2  c1 will decrease and at T   will be c1  c2. For 

example, for   0.14 eV and 

at kT  0.020, we have c1  0.24, c2  0.76, 

 at kT  0.0235, we have c1  0.31, c2  0.69, (20) 

at kT  0.027, we have c1  0.43, c2  0.57. 

 
a b

Fig. 7. The dependences of the hydrogen concentration in the ZrNiHx crystal 
on temperature (a) and pressure (b) calculated with use of Eqs. (16), (17) for 

u0
  0.37 eV, P  0.1 MPa, D  1 MPa

1/2,   0.11 eV,   0 (a); u
0
  0.17 eV, 

kT  0.01, 0.02, 0.04, 0.06 eV (curves 1, 2, 3, 4), D  1 MPa
1/2,   0, 

  0.57 eVMPa
1. 



468 S. Yu. ZAGINAICHENKO, Z. A. MATYSINA, D. V. SCHUR et al. 

 Figure 8 shows the calculated plots of the hydrogen solubility iso-
therms in ZrNi metallide built using Eq. (18) for different tempera-
tures. It shows the possibility of the hysteresis effect manifestation. 

One can see that, with temperature increasing, hysteresis loop short-
ens, gets narrow and disappears. With temperature increasing, the 

plots pass above along axis of pressures. There is a qualitative agree-
ment with the experimental results in Fig. 5. 
 The hydrogen solubility isopleths determine the dependence of nat-
ural logarithm of the pressure on the reciprocal temperature. From 

formula (18), one can see that this dependence is linear. In this case, 

the slope (tg) of the line is determined by the energy term u
0
  c  P, 

and the value ln[ /( (1 ))]c A c  determines the level of the line along the 

ordinate axis. Using experimental isopleths, the energy parameters of 

the system can be estimated by tg. 
 Figure 9 shows the calculated isopleths plotted with use of the Eq. 
(18) for different hydrogen concentrations. For the plotted graphs, the 

angles of inclination possess the value 

  30 at c  0.3, 

   2 at c  0.5, (21) 

  45 at c  0.8. 

 

Fig. 8. Theoretical isotherms of hydrogen absorption—desorption in the zirconi-
um—nickel metallide calculated by Eq. (18) for temperatures kT  0.02, 0.235, 
0.027 eV, energy parameters u0

  0.37 eV,   0.11 eV, activity coefficient 

D  1 MPa
1/2, and   0. The extreme points are marked by circles. The regions 

of the curves marked by the dotted line correspond to the unstable state. 
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 As seen from comparison of the calculated (Fig. 9) and experimental 
(Fig. 6) data, qualitative agreement is observed too. Note that a devia-
tion of isopleths from linearity could occur with the coefficient  une-
qual to zero. 

5. CONCLUSION 

A theory of hydrogen solubility in zirconium—nickel metallide with 

CrB structure and with ZrNiH3 trihydride forming is developed. Free 

energy is calculated, its temperature dependences on pressure, hydro-
gen content and energy parameters are determined. The equation of 

the equilibrium state is analysed. The hydrogen solubility dependence 

on the temperature and pressure is determined. It is proved that the 

formation of the ZrNiH3 compound realizes at room temperature and 

atmospheric pressure. Isotherms and isopleths of hydrogen solubility 

are calculated. An opportunity of hysteresis effect manifestation is 

ascertained. With temperature increasing, the hysteresis loop short-
ens, gets narrow and disappears. It is found that isopleths are strictly 

linear. The results of calculation are compared with experimental data. 
 Developed theory could make it possible to choose the CrB structure 

material (with energy parameters known from independent experi-
ments) for reliability accumulation and storage of hydrogen in the op-
timum conditions. 
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