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A modified Miedema model, using interrelationship among the basic properties of elements Ti and H, is
employed to calculate the standard enthalpy of formation of titanium hydride TiHx (1≤x≤2). Based on
Debye theories of solid thermal capacity, the vibrational entropy, as well as electronic entropy, is acquired by
quantum mechanics and statistic thermodynamics methods, and a new approach is presented to calculate
the standard entropy of formation of TiH2 . The values of standard enthalpy of formation of TiHx decrease
linearly with increase of x. The calculated results of standard enthalpy, entropy, and free energy of formation of TiH2 at 298.16 K are −142.39 kJ/mol, −143.0 J/(mol·K) and −99.75 kJ/mol, respectively, which
is consistent with the previously-reported data obtained by either experimental or theoretical calculation
methods. The results show that the thermodynamic model for titanium hydride is reasonable.
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tal methods have been used to obtain the thermodynamic data of TiH2 [10,11,18]. Nevertheless, thermodynamic experiment is sometimes influenced by some factors that there are many technical difficulties in obtaining the thermodynamic parameters of TiH2 by means
of experimental approach.
In view of the practical application of Ti-based alloys
for hydrogen storage, a thermodynamic study of the
Ti−H system is of importance and can be vital to understanding the physico-chemical behavior of these alloys.
In this work, a method for calculating titanium hydride
thermodynamic parameters is introduced, which makes
it easy to obtain calculation parameters and provides
a quick way to calculate the thermodynamic data. A
modified Miedema [19-21] model, using interrelationship among the basic properties of elements Ti and H,
is employed to calculate the standard enthalpy of formation of titanium hydride TiHx (1≤x≤2). A new approach, with quantum mechanics and statistic thermodynamics methods, is presented to calculate the vibrational entropy Sv and electronic entropy Se , and the
standard entropy of titanium hydride TiH2 is obtained
o
by S−
TiH2 =Sv +Se . All the calculation results are compared with other reports.

I. INTRODUCTION

Titanium has a good hydrogen-absorbing capacity of
9.2×1022 H/cm3 at a given temperature and hydrogen
pressure. In recent years, the hydrogenation characteristics of titanium have been investigated due to the potential of this metal and its alloys as hydrogen storage
materials [1-5]. Since the available thermodynamic data
of Ti-H system were reported by Mueller et al. [6], some
experimental or calculated data have become available.
Kubaschewski presented a critical review of the thermodynamics of hydrogen in all the titanium alloys [7].
By using McQuillan’s data [8] on a relationship between
the equilibrium pressure of hydrogen and the hydrogen
content in titanium, Arita and Someno determined the
standard free energy, enthalpy, and entropy of formation of titanium hydride [9]. Arita et al. measured
the equilibrium relationship between the hydrogen gas
pressure and the hydrogen content in Ti, and a quasichemical approach of statistical mechanics was used to
obtain values of thermodynamic properties of the TiH system [10]. By using interrelationships based on
certain thermodynamic constraints and other models,
Wang presented a review to evaluate the consistencies
among the reported values [11].
TiH2 is a metallic hydride formed by the reaction
Ti(s)+H2 (g)→TiH2 (s). Because of its high stability in
air, TiH2 is always taken as a useful supply source of
pure hydrogen [12-14]. Its thermodynamic properties,
such as standard enthalpy, entropy, and free energy, are
important physical quantities for TiH2 , and these have
receiving much attention [9,15-17]. Several experimen-

II. THERMODYNAMIC MODEL
A. Standard enthalpy model

The Miedema model is a semi-empirical approach, by
which the standard enthalpy of formation of binary alloy can be easily predicted according to the basic properties of components (such as atomic volume V , electronegativity φ∗ , and electron density nws ). WignerSeitz atomic cells [22] are assumed in the Miedema
model, in which every cell includes both an atomic nu-
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FIG. 1 The Winger-Seitz atomic model of Ti and H (a) before combination, (b) mechanical mixture, (c) chemical compound.

cleus and an electron. The two-dimension atomic cell
models of Ti and H are shown in Fig.1(a). When the
mechanical mixture is formed (Fig.1(b)), the total volume stays invariant before and after mixing which leads
to the value of standard enthalpy of formation being
zero. However, because the electron density of Ti is
different from that of H, the electron density at cell
boundary will self-adjust so as to reduce the binding energy which causes the electron density to be a minimum
value. For (nws )H <(nws )Ti , as illustrated by Fig.1(c),
the volume of H will decrease while the volume of Ti
increases after the chemical compound is formed. The
difference of electronic densities
h ∆nws between Tii and
1/3

1/3

2

H offers a positive value of Q (nws )H − (nws )Ti
for
the standard enthalpy of formation of titanium hydride,
where Q is an empirical constant. Moreover, because
the electronegativity of Ti (φ∗Ti =3.8 V) is different from
that of H (φ∗H =5.2 V), element H is inclined to gain electrons from Ti, which results in the free energy at the
cell boundary decreasing. The difference between Ti
and H electronegativities ∆φ∗ offers a negative value of
−P (φ∗H − φ∗Ti )2 for the standard enthalpy of formation
of titanium hydride, where P is an empirical constant.
For the Ti-H system, the standard enthalpy of formation of one molar gaseous H into solid Ti is defined by
[19]
cH AcTi B
2/3
2/3
cH VH A + cTi VTi B
+ µH cTi (φ∗H − φ∗Ti )
+ µTi cH (φ∗Ti − φ∗H )

o
∆H−
H→Ti = f0

A = 1
B = 1

(1)

where cH and cTi are the molar fractions of H and Ti,
µH and µTi are the proportional constants, φ∗H and φ∗Ti
are the electronegativities of H and Ti, VH and VTi are
the molar volumes of H and Ti, respectively, and f0 is
obtained as
½
1/3
1/3
Q/P [(nws )H − (nws )Ti ]2
2/3 2/3
f0 = 2P VH VTi ·
−
−1/3
−1/3
(nws )Ti + (nws )H
¾
(φ∗H φ∗Ti )2 + a(R/P )
(2)
−1/3
−1/3
(nws )Ti + (nws )H
where (nws )H and (nws )Ti are the electron densities at
the Winger-Seitz atomic cells boundary of H and Ti,
DOI:10.1088/1674-0068/21/06/569-574

respectively, P and Q are empirical constants, the empirical constant, a, assumes values of 0.73 and 1 for
liquid and solid alloys, respectively, and R is a non-zero
constant.
Since the molar volume of H in Ti can be different
from that of pure Ti volume because the formation of
the electrostatic dipole layer occurs with a transfer of
charge, in calculations of the standard enthalpy of formation of titanium hydride, it is necessary to modify
the H atomic volume VH by taking account of the values
before and after charge transfer. This can be derived
from
2/3

H
VH0 2/3 (Ti) = VH (pure)[1 + µH fTi
(φ∗H − φ∗Ti )]

(3)

H
represents the degree to which H atoms are
where fTi
surrounded by Ti atom neighbours. The relative volume
change is proportional to the difference φ∗H −φ∗Ti in electronegativity and to the degree to which H atoms are
surrounded by dissimilar neighbours. The applicability
of Eq.(3) to titanium hydride can be verified by comparing the experimentally observed volume changes upon
hydride formation with those corresponding to the val2/3
2/3
ues of VTi and VH obtained from Eq.(3). It must be
kept in mind that Eq.(3) represents the volumes taking
account of the values before and after charge transfer,
whereas the experimentally observed volume changes
will correspond to the situation after charge transfer.
H
can be expressed as
The value of fTi
H
fTi
= (1 − csH ){1 + 8[csH (1 − csH )]2 }

(4)

where csH represents the surface concentrations of H
atoms which can be expressed as a function of cH and
cTi as follows:
2/3

csH =

cH VH
2/3

cH VH

(5)

2/3

+ cTi VTi

The value of VH0 2/3 can be obtained after some mathematical manipulation with Eq.(3)-Eq.(5).
2/3
When the values of VH in Eqs.(1) and (2) are re0 2/3
placed by VH , the modified standard enthalpy of formation can be expressed as
0o
−
∆HH→Ti
= f00

cH AcTi B
cH VH0 2/3 A

2/3

+ cTi VTi B

(6)
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½
f00

=

2/3
2P VH0 2/3 VTi

·
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1/3

1/3

Q/P [(nws )H − (nws )Ti ]2
−1/3
(nws )Ti

(φ∗H−φ∗Ti )2 + a(R/P )
−1/3
−1/3
(nws )Ti + (nws )H

+
¾

−1/3
(nws )H

−
(7)

The standard enthalpy of formation of TiHx can be calo
0o
−
culated by ∆H−
TiHx =x∆HH→Ti .

where Z is the average number of free electrons each
o
o
atom contains, and TF−
is Fermi temperature. E−
F is the
Fermi energy at absolute zero. ~=h/2π, me is the electron mass, and ne is free electron density. If the values
of Z and ne are known, the electronic thermal capacity
Ce can be obtained from Eq.(10) after some mathematical manipulation. Also, the value of electronic entropy
Se can be calculated by the following equation:
Z

B. Standard entropy model

Se =
0

According to statistic thermodynamics theory, the
entropy of microscopic particle consists of translational,
rotational, vibrational, electronic, and nuclear spin contribution. Because the nuclear state is invariant during
general chemical and physical reaction process, the contribution of nuclear spin on entropy is always omitted.
Debye theories [23] suggest that the solid thermal capacity is only related to vibration, so the translation, rotation, and electronic motion are not taken into account.
For solid crystal lattice, it is reasonable to omit the
influences of translation and rotation on entropy, but
the contribution of electronic motion on entropy should
be considered when calculating the value of entropy.
So, the thermodynamic parameters obtained with Debye solid thermal capacity theories are approximately
correct. A new method, based on Debye solid thermal capacity theories, is employed in the present work,
and the method will take into account the influences of
vibration and electronic motion on the entropy of formation of titanium hydride TiH2 .
Debye theories suggest that vibrational entropy Sv is
a function of D and θD [23],
Sv = 4RD − 3R ln(1 − e−θD /T )

(8)

where R is the gas constant, D is Debye function, θD is
Debye temperature, and T is Kelvin temperature. Debye temperature can be calculated by θD = hν/k, where
h is the Planck constant, ν is resonant frequency, and
k is the Boltzmann constant. Debye function D is expressed as
µ ¶3 Z u D
T
u3
D=3
du
(9)
u
θD
e −1
0
where uD =hν/(kT ) = θD /T.
Based on Eq.(8) and Eq.(9), the vibrational entropy
Sv of formation of titanium hydride TiH2 can be acquired at a given value of ν.
The electronic thermal capacity of solid crystal lattice
Ce is defined as [24]
Ce =
o
TF−
o
E−
F

π 2 ZRT
o
2 TF−

o
E−
= F
k
~2
(3π 2 ne )2/3
=
2me
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T

1
Ce dT
T

(11)

The value of standard entropy of TiH2 should be the
sum of vibrational entropy Sv and electronic entropy
o
Se , so S−
TiH2 =Sv +Se . For the reaction Ti(s)+H2 (g)→
TiH2 (s), the standard entropy of formation of TiH2 can
be acquired as
o
−
o
−
o
−
o
∆S−
TiH2 = STiH2 − STi − SH2

(12)

o
−
o
where S−
Ti and SH2 are the values of standard entropy
of Ti and H2 at 298.16 K, respectively.

III. RESULTS AND DISCUSSION

In the present calculation of standard enthalpy of formation of titanium hydride, it is necessary to know the
electronegativity parameter φ∗H of hydrogen metal, the
1/3
cell boundary electron density (nws )H in metallic hydrogen, the corresponding molar volume VH , and the
constant R. If φ∗H is expressed in volts, nws is exo
pressed in empirical density units (d.u.) and ∆H−
TiHx
is expressed in kJ/mol, then P =12.3, Q/P =9.4, and
R/P =3.9. The value assumed for φ∗ in the standard
enthalpy model agrees quite well with the position of
hydrogen in Pauling’s electronegativity scale [25]. The
value of nws agrees well with the value for the interstitial electron density in hydrogen metal, derived in the
self-consistent band structure calculations by Moruzzi
et al. [26], and with the average relation existing between empirical cell boundary densities and calculated
interstitial electron densities [27]. The assumed molar volume of hydrogen metal (VH =1.7 cm3 ) is that derived from experiments on the pressure dependence of
the enthalpy of formation of hydrides of metals which
is slightly smaller than the theoretically predicted molar volume VH of metallic hydrogen of 1.85 cm3 [26,28].
The values of input parameters for the standard enthalpy model are tabulated in Table I.
Substituting the values shown in Table I into Eq.(3)
and Eq.(4), the value of VH0 2/3 can be calculated by
VH0 2/3 =−2.2264csH 5 + 6.6792csH 4 − 6.6792csH 3 +
(13)
2.2264csH 2 − 0.2783csH + 1.6983
For the TiHx , substituting cH =x/(x+1) and
cTi =1/(x+1) into Eq.(5), the value of csH can be obc
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TABLE I The values of input parameters for the standard enthalpy model with a=1, P =12.3, Q/P =9.4, and
R/P =3.9.
Elements φ∗ /V V 2/3 /(cm2 /mol) (nws )1/3 /(d.u.)1/3 µ
Ti
3.80
4.83
1.52
0.10
H
5.20
1.42
1.50
0.14
o
TABLE II The calculated results of ∆H−
TiHx (in unit of
kJ/mol).

x

o
∆H−
TiHx

x

o
∆H−
TiHx

1.0
1.1
1.2
1.3
1.4
1.5
1.6

−71.58
−78.73
−85.86
−92.99
−100.10
−107.19
−114.26

1.7
1.75
1.8
1.85
1.9
1.95
2.0

−121.32
−124.85
−128.36
−131.88
−135.38
−138.89
−142.39

tained by
csH =

1.42x
1.42x + 4.83

o
0o
−
∆H−
TiHx = x∆HH→Ti

cH cTi VH0 2/3 CD
cH VH0 2/3 C + 4.83cTi D

(15)

C = 1 + 0.196cTi
D = 1 − 0.14cH
o
and the value of ∆H−
TiHx can be calculated by combining Eqs.(13), (14), and (15).
o
The calculated values of ∆H−
TiHx are tabulated in Tao
ble II. It can be seen that the values of ∆H−
TiHx decrease
with increasing of x. Figure 2 indicates a linear relao
tionship between ∆H−
TiHx and x. It can be seen from
Fig.2 that the calculated results in this work agree well
with those reported in Refs.[9,10,29] (obtained by experimental methods), but there is some deviation from
the results of Ref.[30] (obtained by theoretical calculation).
For calculating the vibrational entropy Sv , Zhang’s
data [31] of resonant frequency ν are used in the present
work. The calculation results based on Eqs.(8) and (9)
are tabulated in Table III.
The vibrational
X entropy of TiH2 at 298.16 K is obtained by Sv =
Svi =18.09 J/(mol·K).
i

As is known, the titanium hydride TiH2 has a
face centered cubic (fcc) lattice structure with a lattice constant of 0.444 nm. In each crystal lattice,
DOI:10.1088/1674-0068/21/06/569-574

TABLE III The calculated results of vibrational entropy.
Svi in unit of J/(mol·K)
ν̃i /cm−1
484.4377
1521.0368
1590.5987

vi /(1013 s−1 )
1.453
4.563
4.772

θDi /K
697.80
2190.29
2291.20

Di
0.380
0.046
0.041

Svi
15.17
1.55
1.37

(14)

Substituting the values shown in Table I into Eq.(6),
o
the value of ∆H−
TiHx can be obtained after some mathematical manipulation,

= −525.311x

FIG. 2 Comparison of standard enthalpy of formation of
TiHx .

there are four Ti atoms and eight H atoms. Because each Ti and H atom contains two and one free
electrons, respectively, the total free electrons contained in every crystal lattice is N =4×2+8×1=16,
and the average number of free electrons each
atom contains should be Z=16/12=1.333.
Because the crystal lattice volume V =(4.44×10−10 )3 m3 ,
the free electron density can be obtained by
ne =N/V =1.828×1029 m−3 . Based on Eq.(10), the
Fermi energy at absolute zero and Fermi temperao
o
−18
ture are E−
J and TF−
=136449 K, reF =1.883×10
spectively, the electronic thermal capacity of TiH2 can
be calculated as Ce =4.008×10−4 T J/K. According to
Eq.(11), the value of Se at 298.16 K can be acquired as
Se =0.12 J/(mol·K). Therefore, the standard entropy of
o
TiH2 at 298.16 K is S−
TiH2 =Sv +Se =18.21 J/(mol·K).
For the reaction Ti(s)+H2 (g)→TiH2 (s), the standard
entropy of formation of TiH2 can be calculated as in the
following:
o
−
o
−
o
−
o
∆S−
TiH2 = STiH2 − STi − SH2
= 18.21 − 30.63 − 130.58
= −143.0 J/(mol·K)

(16)

The standard enthalpy and entropy of formation of
TiH2 are tabulated in Table IV and compared with
those reported in Refs.[10,11,29,31-33]. The value of
o
∆H−
TiH2 obtained in this work (−142.39 kJ/mol) lies
between that of Dantzer et al. (−137 kJ/mol) [32]
o
and Zhang et al. (−148 kJ/mol) [31]. ∆S−
TiH2 from
this work (−143.0 J/(mol·K)) is close to that of Arita
et al. (−145 J/(mol·K)) [10] and San-Martin et al.
(−142 J/(mol·K)) [33]. For comparison, the reported
c
°2008
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TABLE IV Comparison of standard enthalpy and eno
−
o
tropy of formation of TiH2 , ∆H−
TiH2 in kJ/mol, ∆STiH2 in
J/(mol·K).
o
∆H−
TiH2

o
∆S−
TiH2

−123
−137
−148
−165
−179
−142.39

−126
−142
−149
−174
−145
−143.0

Method
Experimental [29]
Experimental [32,33]
Calculated [31]
Experimental and Calculated [11]
Experimental and Calculated [10]
Calculated in this work

results obtained by Wang et al. [11] and Stull et al.[29]
are also listed in Table IV. Since too many details, such
as the exact obtaining and processing of experimental
data, were included in the methods presented by Wang
et al. [11] and Stull et al. [29], there are many technical
difficulties in obtaining the thermodynamic parameters
of TiH2 by means of their experimental approach. However, some influencing factors on the formation of TiH2
are simplified in the present model, and the results obtained in the present work show a greater difference
from the reported data from Refs.[11,29].
The standard Gibbs free energy of formation of titanium hydride TiH2 can be obtained by
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approach, based on Debye theories of solid thermal
capacity, is presented to calculate the standard entropy of formation of titanium hydride TiH2 . The
values of standard enthalpy of formation of TiHx decrease linearly with increasing of x, and agree well
with the data from Arita [9,10] and Stull [29] obtained
by experimental methods. The values of vibrational
and electronic entropy of TiH2 acquired in the present
work are Sv =18.09 J/(mol·K) and Se =0.12 J/(mol·K),
respectively, and the standard entropy of TiH2 at
o
298.16 K is S−
TiH2 =18.21 J/(mol·K). The calculated re−
o
o
sults of standard enthalpy ∆H−
TiH2 , entropy ∆STiH2 ,
−
o
and free energy ∆GTiH2 of formation of TiH2 at
298.16 K are −142.39 kJ/mol, −143.0 J/(mol·K), and
−99.75 kJ/mol, respectively, which show satisfactory
consistency with the reported data from Refs.[10,31-33].
The results show that the thermodynamic model of titanium hydride is reasonable.
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o
−
o
−
o
∆G−
TiH2 = ∆HTiH2 − T ∆STiH2

= −142.39 + 298.16 × 143.0 × 10−3
(17)
= −99.75 kJ/mol
o
Because ∆G−
TiH2 is related to the equilibrium hydrogen pressure PH2 [34,35] by

ln PH2 =

∆G 1
R T

(18)

where PH2 is the equilibrium hydrogen pressure
and R is the gas constant. Substituting the valo
ues of ∆G−
TiH2 =−99.75 kJ, R=8.314 J/(mol·K), and
T =298.16 K into Eq.(18), the values of lnPH2 and PH2
can be obtained as lnPH2 =−40.24, PH2 =3.34×10−13 Pa
which agree well with the reported data obtained by
Zhang et al. (lnPH2 =−47.38, PH2 =2.7154×10−16 Pa,
and lnPH2 =−29.77, PH2 =1.2075×10−8 Pa at 273.16 K
and 373.16 K, respectively) [31].
Overall, the consistency between the results obtained in this work and the reported data from
Refs.[11,31,32,33] is satisfactory, which shows the effectiveness of the thermodynamic model for titanium
hydride employed in this work.
IV. CONCLUSION

A modified Miedema model, using interrelationship
among the basic properties of elements Ti and H, is
employed to calculate the standard enthalpy of formation of titanium hydride TiHx (1≤x≤2). A new
DOI:10.1088/1674-0068/21/06/569-574

[1] C. Monnin, A. Ballanger, and E. Sciora, Nucl. Instrum.
Methods in Phys. Res. A 453, 493 (2000).
[2] C. Q. Chen, S. X. Li, and K. Lu, Acta Mater. 51, 931
(2003).
[3] D. Setoyama, J. Matsunaga, and H. Muta, J. Alloy.
Compd. 381, 215 (2004).
[4] Z. E. Yao, S. W. Chen, M. Y. Dong, W. B. Jia, and Y.
C. Guan, At. Energy Sci. Technol. 37, 25 (2003).
[5] D. V. Schur, S. Y. U. Zaginaichenko, and V. M. Adejev,
Int. J. Hydrogen Energy. 21, 1121 (1996).
[6] W. M. Mueller, J. P. Blackledge, and G. G. Libowitz
Ed., Metal Hydrides, New York: Academic Press, 490
(1968).
[7] O. Kubaschewski, Thermodynamic properties, K. L.
Komarek Ed., Titanium: Pyysico-Chemical Properties
of its Compounds and Alloys, Vienna: International
Atomic Agency, 9 (1983).
[8] A. D. McQuillan, Proc. Roy. Soc. (London) A 204, 309
(1950).
[9] M. Arita and M. Someno, J. Chem. Eng. Data 24, 277
(1979).
[10] M. Arita, K. Shimizu, and Y. Ichinose, Metall. Trans.
A 13, 1329 (1982).
[11] W. E. Wang, J. Alloys Comp. 238, 6 (1996).
[12] Z. Marius, B. Anisia, and P. Claudia, Fusion Eng. Des.
69, 87 (2003).
[13] L. Q. Shi, Z. Y. Zhou, and G. Q. Zhao, At. Energy Sci.
Technol. 34, 328 (2000).
[14] D. W. Shoesmith, J. J. Noel, and D. Hardie, Corros.
Rev. 18, 331 (2000).
[15] G. Huang, X. H. Cao, and X. G. Long, Mater. Rev. 20,
128 (2006).
c
°2008
Chinese Physical Society

574

Chin. J. Chem. Phys., Vol. 21, No. 6

[16] A. J. Maeland, G. G. Libowitz, and J. P. Lynch, J.
Less-Common Met. 104, 361 (1984).
[17] S. V. Eremeev, J. Biomed. Mater. Res. 54, 20 (2001).
[18] E. Königsberger, G. Eriksson, and W. A. Oates, J. Alloys Comp. 299, 148 (2000).
[19] A. R. Miedema and R. Boom, Phys. B 103, 67 (1981).
[20] A. R. Miedema, Solid State Commun. 39, 1337 (1981).
[21] A. R. Miedema and A. K. Niessen, Phys. B+C 114,
367 (1982).
[22] A. R. Miedema, J. Less-Common Met. 32, 117 (1973).
[23] O. E. Alexander, Intermediate Quantum Theory of
Crystalline Solids, Englewood Cliffs: Prentice-Hall Inc,
(1977).
[24] J. F. Chen, Solid-state Physics, Beijing: China Higher
Education Press, 164 (1986).
[25] R. Boom, F. R. De Boer, and A. R. Miedema, J. LessCommon Met. 46, 271 (1976).
[26] V. L. Moruzzi, J. F. Janak, and A. R. Williams, Calculated Electronic Properties of Metals, New York: Pergamon, (1978).

DOI:10.1088/1674-0068/21/06/569-574

Jing-wei Zhao et al.

[27] A. R. Miedema, P. F. de Châtel, and F. R. de Boer,
Phys. B+C, 100, 1 (1980).
[28] M. Ross and A. K. McMahar, Phys. Rev. B 13, 5154
(1976).
[29] D. R. Stull and H. Prophet, JANAF Thermochemical
Tables, NSRDS-NBS 37, 2nd edn. Washington, DC: US
Government Printing Office, (1971).
[30] C. A. Chen, Y. Sun, H. Y. Wang, W. D. Xue, and Z. H.
Zhu, Chin. J. Atomic Molecular Phys. 18, 377 (2001).
[31] L. Zhang, Z. H. Zhu, B. F. Yang, X. G. Long, and S. Z.
Luo, Acta Phys. Sin. 55, 5418 (2006).
[32] P. Dantzer, O. J. Kleppa and M. E. Melinichak, J.
Chem. Phys. 64, 139 (1976).
[33] A. S. San-Martin and F. D. Manchester, Bull. Alloy.
Phase Diagr. 8, 30 (1987).
[34] M. Bououdina, J. L. Soubeyroux, and P. Juen, J. Alloys
Comp. 231, 422 (1995).
[35] C. Q. Chen, S. X. Li, and K. Lu, Philos. Magaz. 84, 29
(2004).

c
°2008
Chinese Physical Society

