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Introduction
The solution of practical tasks in the field of metal-hydride
technology and the design of power plants including
hydrogen storage and purification units is closely connected
with the search for such compositions of hydrogen storage
alloys which strictly meet the requirements of the input and
output hydrogen pressure at the preset temperatures. It is well
known that the hydrogen absorptionedesorption pressure
values can be tuned by alloying other metals to the basic
compositions such as LaNi5. However, for more accurate
relevance to preset values of pressure at particular temperature, the number of alloying metals can reach five, which results in a considerable increase of the experimental work of
proportioning compositions which fit best of all the input and
output parameters. In case of only one alloying component it
is rather easy to consider its impact on the alteration of
hydrogen
absorptionedesorption
parameters.
For

multicomponent compositions such an evaluation is a very
complicated task because the change of concentration of one
component results in the change of concentrations of all other
components of alloy. Several calculation models of phase
equilibrium in metal-hydrogen systems (e.g. Refs. [1e5]) have
been proposed up to now. A good comparison of some of these
models may be found elsewhere [6,7]. Although all the models
give sufficiently correct predictions and descriptions of PCisotherms for particular alloy compositions they do not
allow optimization of compositions to fit the pressureetemperature criteria.
Earlier we proposed a phenomenological model [8] of
calculation and selection of alloy compositions, which
possess the preset values of equilibrium hydrogen pressure at
given temperature. It is known that according to Vegard law in
a set of solid solutions cell parameters are linearly dependent
on component concentrations [9]. Taking into account that
the stability of hydride phases (i.e. the enthalpy of hydriding
reaction) increase with increasing alloy cell parameters [10],
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and that the hydriding reaction pressure and temperature can
be determined from the enthalpy and entropy of this reaction
using van't Hoff equation, it is possible to assume the existence of dependence between component concentrations and
thermodynamic parameters. Similar to classic Vegard law for
real solid solutions there exist positive and negative deviations from linearity. Since the f(c1 … cn) plot should be a
continuous function, then the full second power polynomial is
enough for their mathematical description. The polynomial
coefficients can be determined from the sets of experimental
enthalpy and entropy values of hydridingedehydriding reactions for studied alloys with the same crystal structure. In
order to augment the precision of these calculations it is
extremely important to secure maximal compliance of thermodynamic parameters to real alloy compositions during
database compilation.
While preparation of such databases for multicomponent
compositions of CaCu5 structure type we came across the fact,
that for NdNi5 compound the literature data on cell parameters differ greatly (Table 1).

Table 1 e Literature crystal data for NdNi5.
a (Å)

c (Å)

c/a

V (Å3)

Ref.

4.9500
4.9730
4.9410
4.9550
4.9540
4.9200
4.9470
4.9480
4.9260
4.9560
4.9480
4.9499

3.9820
4.0124
3.9590
3.9730
3.9780
3.9500
3.9780
3.9770
3.9570
3.9760
3.9770
3.9754

0.804
0.807
0.801
0.802
0.803
0.803
0.804
0.804
0.803
0.802
0.804
0.803

84.50
85.94
83.70
84.48
84.55
82.81
84.31
84.32
83.15
84.57
84.32
84.35

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

A considerable discrepancy also exists in literature data on
equilibrium hydrogen desorption pressures for the NdNi5eH2
system (Fig. 1).
As well, we noticed the results of study of NdNi5xAlxeH2
system [13]. Abnormally high values of reaction entropy were
obtained for solid solution compositions (0  x  1) having
CaCu5 structure. It is known [26] that almost for all absorptionedesorption reactions in metal-hydrogen systems the
value of reaction entropy amount roughly to 130 J/K mole
because it is mainly determined by the entropy of the change
from molecular hydrogen gas to dissolved solid hydrogen.
Furthermore according to literature data for related
LaNi5xMxeH2 systems (M ¼ Al, Fe, Mn) reaction entropy has a
tendency to decrease with increasing M content.
The aim of this work was the investigation of hydrogen
interaction with NdNi5xAlx alloys (0  x  1) and refinement
of thermodynamic parameters of hydriding reactions.

Material and methods
Starting alloys were prepared from pure metals (99.9% or
higher) in arc furnace with tungsten nonexpendable electrode
in high purity argon atmosphere (1.2 atm). Evaporation losses
were less than 0.1%. Obtained alloys were annealed in vacuum
at 850  C for 240 h.
Phase composition of alloys was determined by X-ray
analysis (DRON-3, CuKa). Chemical composition was analysed
by EMPA (SEM LEO EVO 50 XPV). PC-isotherms were measured
in high pressure device, described earlier [27].
Calculations of thermodynamic parameters using proposed model were performed by solving of a quadratic equations system in regard to equation coefficients:
FðxÞ ¼ Y0 þ

X

Ai xi þ

X

Bij xi xj

ðj  iÞ

Fig. 1 e Desorption isotherms for NdNi5eH2 system at 293 K: 1 e [23], 2 e [24], 3 e [25], 4 e [22], 5 e this work.
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Table 2 e X-ray characteristics of NdNi5¡xAlx alloys.
Alloy
NdNi5
NdNi4.75Al0.25
NdNi4.5Al0.5
NdNi4.25Al0.75
NdNi4Al

a (Å)

c (Å)

c/a

V (Å3)

4.9545(5)
4.9815(4)
4.9745(6)
4.9693(3)
4.9691(5)

3.9747(6)
3.9889(5)
4.0139(7)
4.0267(4)
4.0339(6)

0.802
0.801
0.807
0.810
0.812

84.50(1)
85.72(1)
86.02(2)
86.11(1)
86.26(1)

Table 3 e EPMA data for NdNi5¡xAlx alloys.
Alloy
NdNi5
NdNi4.75Al0.25
NdNi4.5Al0.5
NdNi4.25Al0.75
NdNi4Al

Nd (at.%) Al (at.%) Ni (at.%)

Calculated
composition

e
4.24
8.14
11.71
15.57

NdNi5
Nd0.97Ni4.78Al0.25
Nd0.99Ni4.52Al0.49
Nd0.98Ni4.32Al0.7
Nd0.98Ni4.08Al0.94

16.64
16.15
16.46
16.29
16.38

83.36
79.61
75.40
72.00
68.05

where F(x) e enthalpy or entropy of reaction, x e alloy
component content, Y0, А and В e equation coefficients.
The number of equations minimally required for the solution is determined by formula: N ¼ 2i þ (i2  i)/2, where
i ¼ [(number of components in alloy)  1]. In our case the
database, which includes 8 components (La, Ce, Nd, Fe, Al, Mn,
Sn, Ni), requires at least 35 equations, i.e. 35 sets of enthalpy,
entropy and component concentrations. Certainly, this database must not include the data for those compositions for
which evaluations are calculated. After the calculation of
polynome coefficients it is possible to calculate the theoretical
values of enthalpy, entropy and equilibrium pressures at
given temperatures for particular compositions, or to choose
theoretical compositions satisfying predetermined range of
pressure values at particular temperature.
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Results and discussion
According to X-ray data (Table 2) all studied initial alloys were
of CaCu5 structure type. For NdNi5 our data agree best of all
with results of Refs. [11,15,20].
All alloys were single phase samples. This was also
confirmed by SEM data. Five points-averaged alloy compositions according to EPMA are shown in Table 3.
As can be seen, the increasing Al content results in natural
expansion of unit cell volume. This should result in the increase of the hydride stability and decrease of the equilibrium
pressure values. Hydrogen desorption isotherms for
NdNi5xAlxeH2 systems are shown in Fig. 2. Actually the stability of hydrides increases for alloys with greater Al content.
For x ¼ 0 and x ¼ 0.25 isotherms show two well defined
plateaux of b 4 a and g 4 b transformations. Further increase
of Al content results in degeneration of upper g 4 b plateau,
although the full hydrogen capacity at high pressure decreases slightly from 5.5 H/AB5 for x ¼ 0 to 4.9 H/AB5 for x ¼ 1.
PCT-isotherms were measured for all alloys at temperatures 293, 313, 333 and 353 K. From the values of equilibrium
pressure at specified temperatures the values of enthalpies
and entropies of desorption reactions were calculated using a0
Hoff equation. Obtained results are summarised in Fig. 3 and
Table 4 together with the results of Ref. [13] and our model
calculations.
As follows from Fig. 3 and Table 4 the enthalpy of reaction
trends to increase with increasing Al content for experimental
as well as calculated and literature data. However our calculated values agree well with our experimental, while those
obtained in Ref. [13] for the same x are about 13 kJ/moleH2
greater. In case of entropy the differences between our and
literature results become more dramatic. While the calculated
entropy values pass through a small maximum for x z 0.3, the

Fig. 2 e Desorption isotherms for NdNi5¡xAlxeH2 systems at 293 K: 1 e NdNi5, 2 e NdNi4.75Al0.25, 3 e NdNi4.5Al0.5, 4 e
NdNi4.25Al0.75, 5 e NdNi4Al.
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Fig. 3 e Comparison of experimental, calculated and literature values of enthalpies and entropies of hydriding reactions in
NdNi5¡xAlxeH2 systems.

Table 4 e Thermodynamic parameters for NdNi5¡xAlxeH2
systems.
DH (kJ/mole H2)

Alloy

NdNi5
NdNi4.75Al0.25
NdNi4.5Al0.5
NdNi4.25Al0.75
NdNi4Al

Calc

Exp

27.8
30.9
34.1
37.0
39.9

25.6(3)
31.8(2)
33.7(5)
38.2(3)
42.5(3)

DS (J/K mole H2)

[13]

Calc

Exp

[13]

47.0

116.8
120.3
120.9
118.7
113.6

107.4(7)
119.2(5)
113.7(8)
116.7(7)
120.4(6)

154.9

54.1

174.7

experimental values follow this trend and both do not exceed
130 J/K moleH2, the literature values are much greater with an
obvious trend to increase with increasing Al content.

Conclusions
The comparison of our experimental and calculated data
proves the validity of the proposed model for prognosis of
hydrogen absorption properties of alloys.
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