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Abstrac t  

The thermodynamics of hydrogen solubility in MmNi5 (where Mm denotes Indian mischmetal 
containing (wt.%) 43% Ce, 23% La, 18% Nd, 5% Pr, 3% Sm and 8% Fe) by partially 
replacing nickel with a / m i n i m ,  manganese and tin has been studied using pres- 
sure-composit ion-temperature isotherms at 273, 278, 288, 298, 308 and 318 K. The 
compositions that were studied are MmNis, MmNi4.eAloA, MmNi,.2Alo.8, MmNi4.6Mno.4, 
MmNi4.2Mno.8 and MmNi4.6Sn0.4. The solubility of hydrogen in the systems initially varies 
linearly with the square root of partial pressure of hydrogen in the solution region. The 
relative partial molar enthalpy of solution as a function of hydrogen content has been 
obtained for all the systems. It has been found that the relative partial molar enthalpy 
of hydrogen in solution decreases with increasing hydrogen content for all the systems 
except MmNis_~Mn~ (x = 0.4 and 0.8). This behaviour has been explained by considering 
the geometric and electronic contributions to the partial molar enthalpy. The partial 
molar enthalpy of hydrogen at any fixed ratio H:M decreases with the substitution of 
aluminium, manganese and tin for nickel in MmNis. It also decreases with increasing 
amount of aluminium and manganese substitution. This decrease in enthalpy has been 
correlated with the increase in the volume of the unit cell of MmNi5 with aluminium, 
manganese and tin substitutions. 

1. I n t r o d u c t i o n  

Large quantities of hydrogen can be absorbed by several metals, alloys 
and intermetallic compounds [1]. At present, attention is focused on the 
economical storage of hydrogen for energy purposes using the above-men- 
tioned compounds. The rare earth compound LaNis, having the hexagonal 
CaCu~-type structure, is a candidate material for rechargeable hydrogen 
storage [2, 3]. However, owing to the high cost of lanthanum, it has been 
replaced in LaNi5 by mischmetal (Mm), a cheaper rare earth element mixture 
[4, 5l. 

MmNi5 as such does not show favourable hydrogen storage properties 
such as easy activation, low plateau pressure for hydride formation, low 
hysteresis loss and large hydrogen storage capacity. For example, the equi- 
librium dissociation pressure of MmNi~ (about 13 atm at 20 °C) is higher 
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than that for LaNi5 (about 2 atm at 20 °C) [6]. Currently, research is under 
way on MmNi5 systems where nickel is partially replaced by several elements 
such as copper [5], aluminium [5, 6], manganese [5, 7], iron [5, 8], cobalt 
[9], chromium [10] and silicon [11]. These substitutions have been shown 
to lower the equilibrium dissociation pressure in MmNi5 [5]. The maximum 
H:M obtainable with the MmNis_flVIx (M - Cu, Al, Fe, Mn etc.) system (typically 
between 0.6 and 0.8) is lower than the maximum H:M of tmity possible in 
the LaNi5 system [5, 6, 12]. This has been attributed to the impurity content 
in MmNi~. Several properties of interest, namely hydrogen solubility, hydride 
formation characteristics and the hysteresis effect of hydride formation, still 
need to be studied in the above systems. 

Determination of the partial molar enthalpy A/~H in the dilute solution 
region is important since it provides the behaviour of dissolved hydrogen 
in the system in the absence of the complications arising due to the H-H 
interaction when the hydrogen concentration is increased. The basic reaction 
considered in the solution region is 

1H e(g) , H(solution) (1) 

where the hydrogen from the gaseous phase is dissolved in the parent phase. 
In equilibrium, the chemical potential of gaseous hydrogen, which is 

related to its partial pressure p, can be expressed in terms of the change 
in partial molar enthalpy A/-/H and the partial molar entropy ASH as follows 
[13]: 

RT in p,/2 =/~GH = AI:IH-- T ~ H  (2) 

Therefore, assuming that the heat capacity is constant over a given temperature 
range, the free energy is linearly related to the temperature, and hence the 
partial molar enthalpy and partial molar entropy of hydrogen in solution can 
be obtained. 

In the present study, the thermodynamics of hydrogen in solution in 
the systems MmNis, MmNi4.6Alo.4, MmNi4.2A]0.8, MmNi4.6Mno.4, MmNi4.2Mno.8 
and 1VhTISi4.6Sno.4 using Indian mischmetal containing cerium, lanthanum, 
neodymium, praseodymium, samarium and iron has been studied. The ther- 
modynamics of hydrogen in solution in pure palladium [14, 15], titanium 
[16], niobium [17, 18], tantalum [17, 18], vanadium [17, 18] and LaNi5 
[19], in binary f.c.c, solid solutions of Pd-Ag [20-23], Pd-Au [20, 24], 
Pd-Cu [20, 25--27], Pd-Rh [28], Pd-Pt [29] and Pd-Ni [30], and in binary 
b.c.c, solid solutions of V-Co [31 ], V-Cr [32], Nb-Mo [33], Ti-Mo [34, 35] 
and T i R e  [35] have already been studied. In this context, it must be noted 
that the MmNis-H system has not been studied in great detail regarding 
solution behaviour. No detailed study has been performed to elucidate the 
effect of a substitutional element M on the thermodynamic behaviour of 
hydrogen in solution in MmNis_xM~ compounds. The thermodynamic property 
that will be addressed in the present study is the partial molar enthalpy of 
hydrogen in solution as a function of hydrogen addition, for the MmNi5 
system with nickel partially replaced by aluminium, manganese and tin. 
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Attention is not focused on the hydride formation behaviour, which is the 
subject of future work. 

2. Exper imenta l  procedure 

The Indian mischmetal used in this work was obtained from M/S Raw 
Flints Private, Rajkote-360002, India. The composition of the mischmetal 
was determined analytically and it contained (wt.%) 43% Ce, 23% La, 18% 
Nd, 5% Pr, 3% Sm and 8% Fe. 

This was used in preparing MmNi~, MmNi~_~klx ( x = 0 . 4  and 0.8), 
MmNis_xMnx ( x = 0 . 4  and 0.8) and MmNi~_~.Snz (x=0 .4 )  compounds. The 
nickel, aluminium, manganese and tin used for making the compounds were 
99.99% pure. Samples were prepared by arc melting using an argon gas 
atmosphere. Each sample was melted three times to ensure complete ho- 
mogeneity. These samples were further annealed at 1000 °C for 24 h using 
a vacuum of 10-2 Torr. For pressure-composit ion-temperature (PCT) mea- 
surements, each sample (specimen diameter, 3-4  mm) was first activated 
at a hydrogen pressure of 3000 kPa using a 10 min cycle of pressurization 
and depressurization at 30 °C. The samples were found to be activated by 
10 cycles. These activated samples were used for PCT measurements in a 
locally fabricated pressure system. System pressure was monitored by a 
pressure transducer (MKS, USA). The temperature of the sample was main- 
tained constant using a water bath. PCT isotherms were obtained at 273, 
278, 288, 298, 308, 318 and 328 K by equilibrium pressure measurements. 
For each isotherm, three regions in the curve were defined, namely the 
solution of hydrogen in the compound, the hydride formation region and 
the solution of hydrogen in the hydride. The present study focuses on the 
data obtained for the solution of hydrogen in the parent compounds. 

X-ray diffraction (XRD) data were obtained at room temperature using 
monochromatic chromium radiation in a Rich-Siefert 2000 diffractometer. 
The hydrogen-free annealed samples were crushed and mixed with a finely 
powdered and annealed copper standard for the diffraction experiments. The 
diffraction patterns were analysed and precise lattice parameters ao and Co 
were obtained using a linear least-squares cos20 extrapolation of the dif- 
fractometer data. No XRD analyses were attempted on the hydrogen-containing 
samples. 

3. Resul ts  

In the solution region, for all the six systems, the square root of the 
equilibrium pressure of hydrogen plJ2 was linearly related to the H:M ratio. 
Figure 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5 and Fig. 6 show this behaviour for 
MmNis, MmNi4.6Alo.,, MmNi4.2Alo.8, MmNi4.6Mno.4, MmNi,.2Mno.8 and 
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Fig. 1. PCT isotherms for MmNi5 for the hydrogen solution region at 278 K (O), 288 K (A), 
298 K ([~) and 308 K (0). 

MmNi4.6Sno. 4 respectively. In these figures, the square root of equilibrium 
hydrogen pressure is plotted as a function of the H:M ratio. The isotherms 
were obtained at 273, 278, 288, 298, 308, 318 and 328 K. Error bars are 
shown to indicate the experimental error in the measurement of pressure. 
These figures indicate that, in the range of H:M investigated, the square root 
of the hydrogen partial pressure varies linearly with H:M. 

From the PCT isotherms (Figs. 1-6) of the six systems, the values of 
pile were obtained at different H:M ratios for each temperature. The plots 
of In pii2 vs. 1/T were constructed for the different H:M ratios for each 
system. Least-squares fit lines were drawn for each H:M ratio and the partial 
molar enthalpies of solution A/~s were obtained from the slopes. The results 
are shown in Figs. 7 and 8 for the six systems. In these figures, the partial 
molar enthalpy of hydrogen A/~H is presented as a function of the H:M ratio. 
The curves in Figs. 7 and 8 were extrapolated to H:M--0 to obtain the 
relative partial molar enthalpy of hydrogen in solution at infinite dilution 
A/~ °. These values are tabulated in Table 1 along with the measured lattice 
parameters and unit cell volumes for the six systems. 
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Fig. 2. PCT isotherms for MmNi4.e2d0. 4 for the hydrogen solution region at 278, 288, 298 and 
308 K (symbols as in Fig. 1). 

4. D i s c u s s i o n  

The results in Figs. 1-6 indicate that the solution region for MmNi5 
extends up to 16 atm. V~rlth the addition of aluminium, this region is reduced 
to 11 atm for MmNi4.6Alo.4 and to 3 atm for MmNi4.2Alo.8, in the temperature 
range 278-328 K. The addition of manganese has a similar effect. The 
solution region extends only up to 9 atm for the MmNi4.6Sno.4 system. Similar 
reductions in the hydrogen solubility range with aluminium and manganese 
additions have been observed earlier [6, 7]. For example, the results of 
Osumi et  al .  [6] indicate that, with increasing aluminium additions in MinNie, 
the solid solubility range of hydrogen at 20 °C is reduced from 10 atm for 
MmNi5 to 1 arm for MmNi4.~Alo.5. Sandrock's results [5] also show the same 
trend in that manganese and aluminium substitutions in MmNi5 reduce the 
hydrogen solid solubility region. This type of behaviour is confirmed in the 
present study for the case of manganese and aluminium additions. 

The variation of A/-I H with H:M for the six compounds reveals two 
important features. First, the solution reaction becomes more exothermic 
( i .e .  A/-IH becomes more negative) with increasing hydrogen addition for 
MmNi4.e, Alo.4, MmNi4.2Alo.8 and MmNi4.6Sno. 4 (Figs. 7 and 8), while the change 
is not significant for MmNis_~Mnx compounds. Secondly, substitution of 
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Fig. 3. P C T  isotherms for MmNi4.2A10.8 for the hydrogen solution region at 288 K (i~), 298 
K (O), 308 K (@), 318 K ( × )  and 328 K (~7). 

aluminium, manganese or tin for nickel in MmNi5 leads to a decrease in 
A/~H at a fixed H:M ratio. The origin for these effects will now be explored. 

The increased exothermicity on hydrogen going into solution can be 
explained by considering the geometric and electronic contributions to the 
partial molar enthalpy. The relative attraction between metal and metal (M-M) 
and between metal and hydrogen (M-H) is first considered. The increase in 
the number  of  nearest  M-H neighbours as hydrogen goes into solution and 
the simultaneous decrease in the number  of  M-M nearest  neighbours results 
in lowering the M-M interactions and a corresponding increase in the H-M 
interactions. This leads to the hydrogen solution reaction becoming more 
exothermic with hydrogen addition. 

The qualitative pair-bond model of Rudman [36] could also be applied 
to explain the increased exothermicity with hydrogen addition. According 
to this model, the M-H interactions increase with increasing hydrogen content 
due to the lattice dilation caused by the addition of  hydrogen. Therefore, 
at low hydrogen concentrations, the partial molar enthalpy of  hydrogen 
decreases because  of this lattice expansion. In this regard, it is interesting 
to note that hydrogen causes a lattice expansion in nickel [37] and the 
partial molar enthalpy of hydrogen in nickel decreases with increasing hydrogen 
content [38]. At higher hydrogen concentrations, however, the H - H  inter- 
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Fig. 4. PCT isotherms for MmNi4.eMn0.4 for the hydrogen solution region at 273 K (©), 278 
K (A), 288 K ([:]) and 298 K (0). 

actions become increasingly repulsive due to shorter H-H distances and the 
enthalpy is expected to increase with increasing hydrogen content. 

The present investigation does not address this region of high hydrogen 
concentrations. In the region of hydrogen concentrations studied, it is expected 
that hydrogen would cause a dilation of the MmNi5 lattice (as has been 
observed in LaNia-H [39] and other M-H systems [40]) and this could 
explain the observed behaviour. The change in the lattice parameters as a 
function of hydrogen addition could not be obtained in the present study 
because of experimental difficulties. 

The partial molar enthalpy is also affected by the electron density of 
states at the Fermi level. The screened-proton model states that the partial 
molar enthalpy of hydrogen in solution should decrease with increasing 
density of states [41 ]. It is known that the density of states at the Fermi 
level increases with hydrogen addition in LaNi5 due to the additional electrons 
bought by hydrogen [39]. These electronic effects were indicated in earlier 
studies on MmNis_~AI~ compounds through electrode potential [42] and 
magnetic measurements [43]. A similar behaviour can be expected in 
MmNis_flYlx systems and this would also lead to the lowering of the partial 
molar enthalpy of hydrogen with hydrogen addition. The behaviour of the 
manganese-substituted MmNi5 compounds is not clear at this time. The effect 
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Fig. 5. PCT isotherms for MmNi4.2Mn0.s for the hydrogen solution region at 288 K (©), 298 
K ([:]) and 308 K (/k). 

of  manganese substitution on the density of states needs to be determined 
to explain the observed behaviour. 

The variation of A/~H with aluminium, manganese and tin substitutions 
could also arise due t o  geometric and/or  electronic factors. The geometric 
factor  attributed to the partial molar enthalpy changes is the lattice dilation 
or contraction due to the addition of the substitutional element. This will 
be discussed in detail after considering the electronic effects. 

The electronic contribution to the partial molar enthalpy is difficult to 
establish because of the lack of specific heat coefficient data (which is related 
to the electron density of states at the Fermi level) as a function of aluminium, 
manganese and tin substitutions in MmNis. It must  nevertheless be noted 
that the electronic contribution to the partial molar enthalpy could be signifi- 
cant compared with geometric factors, as has been found for b.c.c, alloys 
[44]. In fact, it has been shown that the partial molar enthalpy becomes 
more negative with decreasing electron-to-atom ratio ( e /a )  and less negative 
with addition o f  elements that increase the value of  e / a  for  binary vanadium 
alloys [31]. This t reatment  cannot  be applied to the present  MmNis_flVlx 
systems since the density of states in the alumim'um-, manganese- and tin- 
substituted MmNis_flVI~ compounds is not  precisely known. However, an 
increase in the density of states in MmNis_~d~ compounds  over that in 
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Fig. 6. PCT isotherms for MmNi4.6Sno.4 for the hydrogen solution region at 278 K (O), 288 
K (A) and 298 K (0). 

MmNi~ is indirectly indicated by earlier studies through electrode potential 
[42] and magnetic measurements [43]. The substitution of nickel should 
affect the density of states because it has been reported ~hat the Ni d electron 
contribution to the density of states at the Fermi level is significant compared 
with the contribution due to rare earths in rare earth-Ni5 compounds [39]. 
The determination of the electronic specific heat coefficients for the MmNis_ xM~ 
systems would shed more light on the electronic contribution to the partial 
molar enthalpy of hydrogen in these systems. 

On the other hand, the geometric factor can be used to explain the 
changes in the partial molar enthalpy of hydrogen with aluminium, manganese 
and tin substitutions in MmNi 5. The addition of aluminium, manganese and 
tin leads to an increase in the volume of the unit cell of MmNi5 (Table 1). 
The increase in the volume is greater for larger additions of aluminium and 
manganese. Sandrock observed a similar increase in the volume of the unit 
cell of MmNi5 with increasing aluminium substitution [5 ]. This lattice expansion 
could lead to increased M-H interactions and a corresponding decrease in 
the partial molar enthalpy of hydrogen. 

The relationship between the lattice expansion or contraction and enthalpy 
changes in binary palladium-based solid solutions is addressed for the purpose 
of comparison. There is a lattice dilation and a corresponding decrease in 
the experimental partial molar enthalpy of hydrogen (measured at constant 
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Fig. 7. Variation of partial molar enthalpy of solution A/it H (kJ (mol H) -1) with H:M ratio for 
MmNi5 (O), MmNi4.e~hl0.4 (A), MmNi4.eMno.4 (D) and MmNi4.6Sno. 4 (@). 

pressure) with the addition of silver [20-23] and gold [20, 24] to palladium. 
On the other hand, there is a lattice contraction and a corresponding increase 
in the experimental partial molar enthalpy of hydrogen with the addition of 
copper [20, 25-27] and nickel [30] to palladium. For the case of Pd-Cu 
solid solutions, the partial molar enthalpy decreases initially till about 7 at.% 
Cu and then increases [26, 27] and this has been explained by considering 
the electronic contribution to the M-H interaction [27]. The correlation 
between lattice contraction or expansion and enthalpy changes has also been 
observed in binary b.c.c, alloys. For example, the addition of molybdenum 
to niobium and molybdenum to titanium leads to a decrease in the unit cell 
volume of niobium and titanium, respectively, and a corresponding increase 
in the partial molar enthalpy of hydrogen with molybdenum addition to 
niobium [33] and titanium [34, 35]. The lowering of the partial molar enthalpy 
of hydrogen with aluminium, manganese and tin substitution in MmNi5 can 
be viewed as arising due to the lattice dilation caused by the substitution. 
This effect is also manifested in two other ways. The pressure (for a fixed 
H:M) decreases with increasing aluminium, manganese and tin substitutions 
compared with pure MmNis. This implies that the partial molar enthalpy is 
smaller for aluminium and tin substitutions, which, in fact, is the observed 
behaviour (Figs. 7 and 8). Secondly, the extrapolated enthalpy values at 
H:M--0 (i.e. the relative partial molar enthalpy at infinite dilution) decrease 
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Fig. 8. Variation of partial molar enthalpy of solution A/~ H (kJ (tool H) -I) with H:M ratio for 

MmNi5 (C)), MmNi4.2Alo.s (A) and MmNi4.~Mno. s ([~). 

TABLE 1 

The partial molar enthalpy of hydrogen in solution at infinite dilution ~ (extrapolated), 
lattice parameters a0 and Co, and unit cell volumes for the six systems 

System a0 Co Volume - 
(4) 00 ()2) (kJ mo1-1) 

MmNi5 4.9335 3.9898 84.0992 5 
MmNi4.~Al0.4 4.9508 4.0169 85.2653 8 
MmN4.gkl0. s 4.9670 4.0451 86.4267 22 
MmNi4.6Mn0.4 4.9421 4.0196 85.0230 26 
MmNi4.zMne.s 4.9562 4.0699 86.5004 38 
MmN4.sSno.4 4.9695 4.0296 86.1823 22 

wi th  inc reas ing  uni t  cell v o l u m e s  (Table  1). The  ex t r apo l a t ed  par t ia l  m o l a r  
en tha lpy  a t  infinite di lut ion for  MmNi4.6Mno.4 and  MmNi4.2Mno.s m a y  no t  be  
ve ry  accu ra t e  b e c a u s e  o f  the  s ca t t e r  o f  the  da ta  po in t s  in Figs. 7 and  8. 
Never the less ,  the  t r end  of  dec reas ing  part ia l  m o l a r  en tha lpy  a t  infinite di lut ion 
wi th  inc reas ing  m a n g a n e s e  addi t ion  m u s t  be  noted .  

In conclus ion ,  th is  s tudy  shows  tha t  the  solubil i ty of  h y d r o g e n  in 
MmNis_~Alx, MmNi5_flVln~ ( x = 0 ,  0.4 and  0.8)  and  MmNis_~Sn~ ( x - - 0 . 4 )  
va r i e s  l inear ly  wi th  the  squa re  roo t  o f  p r e s s u r e  at low h y d r o g e n  concen t r a t ions .  
The  par t ia l  m o l a r  en tha lpy  of  h y d r o g e n  in so lu t ion  d e c r e a s e s  with h y d r o g e n  
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addition in MnlNi4.e~0.4, MmNi4.2Alo.8 and MmNi4.6Sno.4. The partial molar 
enthalpy of solution does not change significantly with hydrogen addition 
in MmNi4.BMno.4 and MmNi4.2Mno.s. The partial molar enthalpy (at any fixed 
H:M ratio) also decreases with the substitution of aluminium, manganese 
and tin in MmNi~, and with increasing amount of substitution. The addition 
of aluminium, manganese and tin leads to a dilation of the unit cell of MmNi5 
and this could explain the observed decrease in A/-IH with alumim'um, 
manganese and tin substitutions. The possible role of the electronic con- 
tribution in affecting these changes has been discussed. 

Acknowledgments 

The authors express their gratitude to the Department of Non-Conventional 
Energy Sources, Government of India, for financial support, and the referee 
for valuable suggestions. 

References 

1 A. J. Maeland, in A. F. Andresen and A. J. Maeland (eds.), Prov. Int. Syrup. on Hydrides 
for  Energy Storage, Geilo, August 14-10, 1077, Pergamon, Oxford, 1978, p. 19. 

2 F. A. Kuijpers and H. H. van Mal, J. Less-Common Met., 23 (1971) 395. 
3 H. H. van Mal, K. H. J. Buschow and A. R. Miedema, J. Less-Common Met., 35 (1974) 

65. 
4 J. J. Reilly and R. H. Wiswall, BNL Rep. 17136, Brookhaven National Laboratory, Upton, 

NY, August 1, 1972. 
5 G. D. Sandrock, in T. N. Veziroglu and W. Seifritz (eds.), Proc. 2rid World Hydrogen 

Energy Conf., Zurich, August 21-24, 1978, Vol. 3, Pergamon, Oxford, 1979, p. 1625. 
6 Y. Osumi, A. Kato, H. Suzuki, N. Nakane and Y. Miyake, J. Less-Common Met., 66 (1979) 

67. 
7 Y. Osumi, H. Suzuki, A. Kato, M. Nakane and Y. Miyake, Nippon Kagaku Kaishi, (1979) 

45. 
8 A. Apostolov, N. Stanev and P. Tchlokov, J. Less-Common Met., 110 (1985) 127. 
9 Y. Osumi, H. Suzuki, A. Kato, M. Nakane and Y. Miyake, Nippon Kagaku Kaishi, (1979) 

722. 
10 Y. Osumi, H. Suzuki, A. Kato, K. Oguro and M. Nakane, J. Less-Common Met., 74 (1980) 

271. 
11 Y. Osumi, H. Suzuki, A. Kato and M. Nakane, J. Less-Common Met., 84 (1982) 99. 
12 M. N. Mungole, K. N. Rai and K. P. Singh, Int. J. Hydrogen Energy, 16 (1991) 545. 
13 T. B. Flanagan, in A. F. Andresen and A. J. Maeland (eds.), Prov. Int. Syrup. on Hydrides 

for  Energy Storage, Geilo, August 14-19, 1977, Pergamon, Oxford, 1978, p. 43. 
14 T. B. Flanagan, T. Schober and H. Wenzl, Acta MetaU., 35 (1983) 983. 
15 T. B. Flanagan, W. A. Oates and S. Kishimoto, Acta Metall., M (1983) 199. 
16 J. F. Lynch and J. Tanaka, Scripta Metall., 13 (1979) 599. 
17 S. Tanaka and T. B. Flanagav J. Less-Common Met., 51 (1977) 79. 
18 E. Veleckis and R. K. Edwards, r Phys. Chem., 6 (1969) 83. 
19 O. J. Kleppa, P. Dantzer and M. E. Meinichak, J. Chem. Phys., 61 (1974) 4048. 
20 R. B. McLellan, Scripta Me, talk, 14 (1980) 875. 
21 G. Boureau, O. J. Kleppa and K. C. Hong, J. Chem~ Phys., 57 (1977) 3437. 
22 C. Picard, O. J. Kleppa and G. Boureau, J. Chem. Phys., 70 (1979) 2710. 



271 

23 M. Yoshihara and R. B. McLellan, Acta MetaU., 33 (1985)  83. 
24 M. Yoshihara and R. B. McLellan, Acta Metall., 30 (1982)  245. 
25 R. Kirchheim and R. B. McLellan, Acta MetaU., 28 (1980)  1549. 
26 O. J. Kleppa, S. Shamsuddin and C. Picard, J. Chem. Phys., 71 (1979)  1656. 
27 M. Yoshihara and R. B. McLellan, Acta MetaU., 31 (1983)  61. 
28 H. Takeshita and R. B. McLellan, Acta Metall., 32 (1984) 887. 
29 M. Yoshihara and R. B. McLellan, J. Less-Common Met., 107 (1985)  267. 
30 M. Yoshihara and R. B. McLeUan, Acta Metall., 33 (1985)  1129. 
31 T. Eguchi and S. Morozumi, J. Jpn. Inst. Met., 38 (1974)  1025. 
32 J. F. Lynch, J. J. Reilly and  F. Millot, J. Phys. Chem. Solids, 39 (1978)  883. 
33 H. Katsuta and R. B. McLellan, J. Phys. Chem. Solids, 40 (1979)  845. 
34 T. Eguchi and S. Morozumi, J. Jpn. Inst. Met., 38 (1974) 1019. 
35 J. F. Lynch and J. Tanaka, Acta. Metall., 29 (1981)  537. 
36 P. S. Rudman, in P. Jena  and C. B. Satterthwaite (eds.), Proc. Int. Symp. on the Electronic 

Structure and Properties of Hydrogen in Metals, Richmond, VA, March 4-6, 1082, 
Plenum, New York, NY 1983, p. 49. 

37 B. Baranowski, S. M~jchrzak and T. B. Flanagan, J. Phys. F, 1 (1971) 258. 
38 S. Stafford and R. B. McLellan, Acta MetalL, 22 (1974)  1463. 
39 M. Gupta, in R. G. Barnes (ed.), Hydrogen Storage Materials, Trans Tech Publications, 

Switzerland, 1988, p, 77. 
40 H. Peisl, in G. Alefeld and J. V61kl (eds.), Hydrogen in Metals, Vol. 1, Springer, Berlin, 

1978, p. 53. 
41 Y. Ebisuzaki and M. O'Keeffe, Prog. Solid State Chem., 4 (1967)  187. 
42 R. Rani, S. Gupta, J. Kumar and K. N. Rai, in T. N. Veziroglu, W. D. van  Vorst and J. H. 

Kelly (eds.), Hydrogen Energy Progress IV, Vol. 3, Pergamon,  Oxford, 1982, p. 1295. 
43 K. N. Rai, R. Rani, V. Srikanth and J. Kumar, J. Less-Common Met., 118 (1986)  285. 
44 R. Burch and N. B. Mason, J. Less-Common Met., 63 (1979)  57. 


