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A b s t r a c t  

The hydriding and dehydri'ding properties of the quarternary Zrl_~Ti~MnFe and 
Zr~_~Ti~Vo.sFeL5 Laves phase alloys for the range 0~<x~<0.3 were investigated as a 
function of alloy concentration. In addition, by comparing previously reported data on 
the Zr~_~Ti~Cr~_uFe~ +y system with those of the above two systems, the effect of alloying 
elements (e.g. titanium and iron) on the behaviour of the plateau slope was systematically 
analysed in order to understand the origin of sloping plateaux in the zirconium-based 
Laves phase. As titanium substitutes for zirconium in the Zr~_~Ti~MnFe alloys, the slopes 
of the linearly increasing plateaux become lower with increasing hydrogen concentration. 
Unlike the ZrCr2-base system, well-defined plateaux appear at x = 0.2 and a further increase 
in x to 0.3 produces an increase in the plateau slope. However, in the Zr~_~Ti~Vo.sFe~.6 
system, titanium substitution does not cause any significant change in the plateau slope. 
From investigations of the lattice strain of each type of alloy system, it is found that 
the variations in the degree of slope with alloy composition is closely associated with 
the lattice strain of alloy caused by elemental substitution. It is suggested from the above 
results that the sloping plateaux in the zirconium-based Laves phase originates from the 
difference between the energy levels of various interstitial sites with respect to hydrogen 
where the energy level of each site is determined from the combined effects of two 
factors: a chemical energy and a strain energy. 

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

It is well known that  AB 2 Laves phase  alloys are potent ial  hyd rogen  
s torage  mater ia ls  because  of  their  large h y d r o g e n  capac i ty  and rapid react ion 
rate with h y d r o g e n  [ 1 ]. AB 2 alloys consis t  o f  rare  ear th  (R) or  R-like elements  
(z i rconium or  t i tanium) and  late t ransi t ion e lements  (vanadium, chromium,  
manganese ,  i ron etc.). The interact ions  o f  the  z i rconium-based  Laves phases  
such  as ZrV2, ZrCr2, ZrFe2 and  ZrC02 with h y d r o g e n  were  first s tudied by 
Pebler  and  Gulbransen [2] and  the hydr iding proper t ies  of  ZrMn2 were 
invest igated by  Shaltiel e t  a l .  [3 ] and their  pseudobinar ies  have been  developed 
in o rde r  to  adjust  the hydride stability of  the alloy wi thout  marked ly  reducing  
the  h y d r o g e n  s torage  capac i ty  [1 ]. In m a n y  cases,  t i tanium and iron have 
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been used for substitution of A and B elements respectively. Many modifications 
involving partial substitution in zirconium-based Laves phases have been 
usually investigated in ZrMn2-type and ZrCr2-type alloy systems. 

However, it has been revealed that the plateau slope and hysteresis in 
the Laves phase are strongly affected by alloying elements and their con- 
centrations. Because systems with low hysteresis and flat plateaux are required 
for practical applications such as heat pumps, one should examine the nature 
of  the two factors, slope and hysteresis, and search for improved materials 
in the zirconium-based Laves phase alloys. However, there are only very 
limited data on P--C isotherms available concerning hysteresis and plateau 
slope as affected by alloying elements and their concentrations. 

In the ZrMn2-type alloys, it has been reported that the degree of slope 
and the extent  of  hysteresis in the P - C - T  curves are very high and large 
respectively [4-8].  Iron substitution with manganese in Zr(MnxFel_x)2 [5] 
does not  change the degree of slope of plateaux while there is some 
compositional dependence on the plateau slopes in the Zrl_~TixMnFe 
alloys ( x = 0 . 2  and 0.3) [6]. However, the origin of the sloping plateaux 
in the ZrMn2-type alloys is still unclear. Wallace and coworkers [6] 
reported Zro.sTio.2MnFe to be the best  of the Laves phases owing to its 
good hydrogenation characteristics, but  this alloy still exhibits a large 
hysteresis. 

On the contrary, ZrCr2-type systems such as Zr(Cr, -xFex)2 [9-11 ] exhibit 
a moderate  hysteresis and a somewhat  lower plateau slope than the 
Zr(Mnl_~Fex)2 system does [5]. There is no apparent dependence of the 
plateau slopes on iron concentration. Recently, it has been observed from 
the Zrl _~Ti~Crl_yFel+u system [12] that titanium substitution for zirconium 
plays an important role in determining the degree of  slope of the P - C - T  
curve and replacement of iron by chromium affects only the stabilities of 
hydrides and the extent of  hysteresis. Well-defined plateaux are observed 
for Zr0.9Tio.lCrl_u Fe, +y alloys ( i .e .  x = O. 1). It was suggested that the hydrogen 
site occupancy in the lattice is altered by  titanium substitution and not  by 
the replacement  of  chromium by iron [12]. 

In ZrV2-type materials, only very limited P - C - T  data have been reported 
although a variety of modifications can be made [3]. 

Consequently, it can be said that the titanium substitution plays a key 
role in determining the behaviour of the plateau slope of  Laves phases 
compared with the case of iron substitution, but  the effect of titanium 
substitution on the sloping plateaux in all Laves phases, except  in ZrCr2- 
based systems, is still unclear. 

In this paper, the thermodynamic propert ies of the Zr~_~Ti~MnFe--H2 
and Zrl_~Ti~V0.sFeLs-H2 systems are investigated by measuring P - C  
isotherms as a function of x. The thermodynamic properties of  the 
Zrl_xTi~Crl_uFe~+u-H2 [12] are reanalysed to investigate the behaviour of 
the plateau slope. Using the above results, the effect of the alloying element, 
especially the effect of titanium substitution, on the propert ies of various 
systems will be  compared. After analysis of the data it is hoped to obtain 
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a better understanding of the origin of the sloping plateaux in the zirconium- 
based Laves phases. 

2. E x p e r i m e n t a l  deta i l s  

The different compounds investigated in this study, Zrl_~Ti~MnFe and 
Zr~ _xTi~V0.sFe~.5 with various x, were prepared by arc melting appropriate 
proportions of zirconium (purity, 99.7%), manganese (purity, 99.9%), va- 
nadium (purity, 99.9%) and iron (purity, 99.9%) in an argon atmosphere. 
The samples were turned over and remelted several times to ensure ho- 
mogeneity of the alloy. In the ZrMn2-type alloys, the manganese content was 
controlled to be within approximately 0.5% of the desired composition by 
adding appropriate excess manganese prior to melting, and these alloys were 
vacuum annealed at 950 °C for 1 day. All the alloys investigated in this work 
were in the single-phase range of C14 hexagonal Laves phase as verified by 
X-ray diffraction. 

The lattice parameters of each sample calculated from the X-ray data 
are listed in Table 1. About 1 g of pulverized sample, with an initial size 
of - 100 + 325 mesh, was placed into a copper tube reactor. A high pressure 
Sievert's-type hydrogen-charging apparatus was used to obtain the P - C  
isotherm curve. 

In all cases, hydrogen was absorbed quite readily with no special activation 
treatment.  P - C  isotherms for absorption and desorption were measured at 
temperatures ranging from 20 to 60 °C to obtain thermodynamic parameters. 
From the P--C-Tresults,  the changes in hydrogenation characteristics including 
plateau slope behaviour in each type of alloy system were investigated as 
a function of alloy concentration. The degree of slope was defined as d(ln 
Pf)/d([H]/[AB2]), where Pf is the equilibrium pressure for absorption and is 
obtained along the plateau region. 

3. Resul t s  and d i scuss ion  

3.1. Thermodynamic properties 
Figure 1 shows the change in P-C-T curves in the Zrl_xTi~MnFe--H2 

system as the titanium concentration increases (x--0,  0.1, 0.2 and 0.3). The 
hydrogen storage capacity [H]/[AB2] lies between 2.7 and 2.84 up to x = 0.2 
but suddenly decreases to about 2.0 at x---0.3. From the overall P-C-T  
curves in Fig. 1, it is of significance to note that the plateau slope as well 
as the hydride stability in Zrl_~Ti~MnFe is greatly affected by x, in which 
the titanium effect on the P-C-T  behaviour is similar to that  in the 
Zr1_xTi~Crl_uFel+y system [12] but exhibits somewhat different trends. 

The plateau region of titanium-free ZrMnFe (x= 0) shows linearly in- 
creasing plateau pressure with increasing [H]/[AB2] but the degree of plateau 
slope is higher than those in Zr(Cr~_~Fex)2 series [10]. As x increases to 
0.2, the degree of slope is gradually reduced from a d(ln Pf)/d([H]/[AB2]) 
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Fig. 1. P - C - T  curves for the Zrl_xTixMnFe--H2 system at 30 °C. 

value of 0.75 for x =  0 to 0.38 for x =  0.2. These are caused by the greater 
increase in equilibrium pressures  in the lower hydrogen content  than in the 
high [H]/[M] range along the plateau region, which is nearly the same as 
for Zr~_xTixCrl_~Fel+y [12]. For  x = 0 . 3 ,  the P - C - T  curve exhibits no 
distinct plateau pressures  in the two-phase region. It can be deduced from 
the above that the effect of  titanium substitution for zirconium on the P - C - T  
behaviour on the Zrl_xTixMnFe, in particular on the slope and on the hydride 
stability, similar to that  in the ZrCr2-type pseudobinaries except  in the presence 
of a well-defined plateau at x =  0.2. All the alloys in Fig. 1 also exhibit a 
large hysteresis the values of  which are in the range from 521 cal (mol 
H2)- ~ for x = 0 to 340 cal (mol H2)- i for x = 0.3 at room temperature  while 
the values for  Zrl_~Ti~Crx_uFel+y are about  2 0 - 2 0 0  cal (mol H) -~ [12]. 

The enthalpy AH and the entropy AS of the hydride formation and 
decomposit ion were computed  using the least-squares method from the van' t  
Hoff plot of In Pn2 vs.  1/T at [H]/[AB2] = 1.0 for  Zrl_xTi~MnFe alloys. A 
good linear fit was observed in all cases. The results are summarized in 
Table 1 and plotted in Fig. 2. Also a linear dependence on x is obtained 
for thermodynamic parameters.  The values of  IAHI for hydride formation 
and decomposi t ion decrease linearly with increasing x, but there exists more 
compositional dependence  on IAHI in dehydriding than in hydriding. The 
measured enthalpy changes for hydriding and dehydriding range from - 5.59 
and 8.17 kcal (mol H2) - I  for  x = O  to - 5 . 2 1  and 6.69 kcal (mol H2) -I  
respectively. The IASI values increase with increasing x in the hydriding case 
but decrease with increasing x in the dehydriding case. The measured values 
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Fig. 2. The thermodynamic parameters AH and AS for hydride formation and decomposition 
calculated from the Zr1_=Ti=MnFe-H2 system. 

Fig. 3. P - C - T  curves for the Zrl-=Ti~V0.sFel.5-H~ system at 50 °C. 

for hydride formation and decomposition are from - 19.7 and 24.7 cal (mol 
H2) -1 K -1 for x- -O to - 2 1 . 4  and 23.9 cal (mol H2) -1 K - I  for x = 0 . 3  
respectively. According to Wallace and coworkers [6], 20% substitution of 
titanium in the Zrl_=Ti= MnFe system raises the vapour pressure approximately 
fivefold and 30% substitution increases it more than tenfold. However, in 
this work, the measured equilibrium pressures for hydride formation (at [H]/ 
[AB2] = 1.0) are 1.88 atm for x=O,  3.0 atm for x=O.1 ,  6.5 atm for x = 0 . 2 ,  
and 10.0 atm for x = 0 . 3 ,  indicating that the vapour pressure increases with 
a ratio of about 1.6-fold per 10% titanium substitution. This may be attributed 
to the differences in experimental conditions such as sample preparation 
and measuring technique. 

The effect of t i tanium concentration in the Zr,_=Ti=Vo.~Fel.5-H2 system 
on the P - C - T  curve is represented in Fig. 3. As x increases, the hydrogen 
storage capacity decreases gradually from 3.1 for x - 0  to 2.56 for x =  0.3. 
In contrast with other alloy systems such as ZrCr2-based alloys [12] and 
ZrMn2-based alloys (Fig. 1), the Zrl_=Ti~Vo.sFel.5 alloys do not cause any 
significant change in the plateau slopes as x varies. The detailed discussion 
for the plateau slope behaviour will be discussed later. It is also of significance 
to note that ZrV2-based alloys in Fig. 3 have extremely low hysteresis energies, 
in the range of 17-30 cal (tool H2)-1. Thus it can be said from the P - C - T  
behaviours of the various types of alloy system that the hysteresis effects 
in Laves phase differ greatly in magnitude for different alloy systems. We 
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are now investigating the hysteresis in the Laves phase of different alloy 
systems and will report this in another paper. 

3.2. The p la teau  slope behaviour  
It is significant to note that  the plateau slope in the zirconium-based 

Laves phase is not influenced by iron substitution with chromium (e.g. 
Zro.gTio.lCrl_yFel+u [12] and Zr(Crl_xFex)2 [10D or with manganese 
(Zr(Mn~_xFex)2 [5]) but is greatly affected by titanium substitution for 
zirconium. Northwood et al. [9] explained the plateau slope behaviour in 
the Zr(Cr1_xFex)2 alloys by a local environment model, in which hydrogen 
mainly occupies tetrahedral sites of Zr(2)Cr(2), Zr(2)Fe(2) and Zr(2)CrFe 
interstitial sites among A(2)B(2)-Wpe sites and partially ZrCr(3), ZrFe(3), 
ZrCr(2)Fe and ZrCrFe(2) sites among AB(3)-type sites in the lattice. Each 
site has its own heat of hydride formation, which would lead to different 
local hydriding pressures -- hence the sloping plateaux in the P - C - T  curves. 
The local environment model cannot account for the well-defined plateaux 
in Zr0.gTio.iCrl_yFe~+y alloys (Fig. 2 of ref. 12) and Zro.sTio.2MnFe (Fig. 1) 
because, according to the above model, there should exist more interstitial 
sites having different heats of formation o ~ n g  to the presence of titanium 
in the lattice, and thus one would expect to enhance the plateau slope 
behaviour. The chemical energy between hydrogen and neighbouring metallic 
atoms is considered to be only one of contributing factors to the plateau 
slope behaviour. Other contributions, such as the size effect or electronic 
factors, are also to be considered. 

In the hexagonal AB 2 Laves phases, there are two different sites, A(2)B(2) 
and AB(3)-type interstices, for hydrogen occupation and these sites are further 
classified, depending on the tetrahedron face shared, into four types of 
A(2)B(2) sites and two types of AB(3) site [1 ]. Several investigators observed, 
on the basis of neutron diffraction results, that hydrogen occupies predom- 
inantly A(2)B(2) interstitial sites although some hydrogen occupies the AB(3)- 
type sites [13-15]. Didisheim et al. [13] also observed different occupancies 
in the four types of A(2)B(2) site in which hydrogen occupies predominantly 
12k and 6h (6h(1) or 6h(2)) sites compared with 241 sites. Sinha and Wallace 
[7] explained these preferred occupancies by strain energies associated with 
the occupancy of hydrogen in each site, where the larger sites (12k site) 
in the hole size among four types of A(2)B(2) site has a minimum strain 
energy. 

Therefore the size effect of interstices, in addition to the chemical energy 
effect, can be of importance in determining the energy level of hydrogen 
occupation sites and then the size difference between interstitial sites may 
contribute to determining the plateau slope behaviour. To estimate the strain 
energies of each sites in the lattice, the hole radii of various interstices must 
be known. However, it is very hard to calculate the hole radii of each site 
in the lattice as the alloy concentration varies because the compounds 
investigated in this work are the quarternary alloy system. Hence we qual- 
itatively estimated the strain energies of various interstitial sites from X-ray 
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diffraction data of alloys as a function of alloy concentration. Because the 
atomic sizes of substituents (e.g. titanium and iron) are different from those 
of constituting elements of Laves phase such as zirconium, vanadium, chro- 
mium and manganese, the alloy itself is subjected into the lattice strain in 
order to retain the Laves phase structure when the alloy concentration varies. 
The lattice strain can be determined from the half-width of X-ray diffraction 
peaks which are associated with the particle size and with the lattice strain 
of alloy [ 16]. 

3.2.1. The Zrz_= Ti=Crl_yFel +~ s y s t e m  
Figure 4 shows the progressive change in the half-width of (112) diffraction 

peaks as a function of x for the Zrl_=Ti~CrFe, Zr1_=Ti~MnFe and 
Zrl _=Ti~V0.sFel.5 systems respectively. Because all X-ray data were obtained 
from the same particle size distribution ( - 3 2 5  mesh), the change in half- 
width in Fig. 4 means the variation in the lattice strain as a function of x. 
Figure 5 represents the variations with x in the degree of slope for the 
above three alloy systems. On comparison of Fig. 4 and Fig. 5, both the 
change in the lattice strain and the change in the degree of slope in 
Zr1_=Ti=CrFe show the same trend with titanium concentration, exhibiting 
minima at x=O.1  at which concentration a well-defined plateau is formed. 
A similar relationship can be also obtained in the variation in c/a vs. x (Fig. 
6). In contrast, as shown in Figs. 7 and 8, both the lattice strain and c/a 
in the Zro.9Tio.lCr~_~Fel+y system, where the degree of slope is independent 
of y, exhibit nearly constant values as iron is replaced by chromium. The 
above results indicate that  the sloping mechanism in the Zr~ _=Ti=Cr~_uFe~ +y 
system can be closely correlated with the lattice strain (or with the strain 
energy of interstitial site associated with both the lattice strain and the 
structural change). 
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Fig. 5. The changes in the degree of slope v s .  x for the Zrl_=Ti~CrFe, Zrl_=Ti=MnFe and 
Zrl _=Ti~V0.sFel.s systems. 



51 

0 7  

1,64: 

o 
: -  1.64 o 

t .639 

/ 
,\ / /  

\\ • 

a_ 

v 

"6 

,= 0.~ 

1637 

o oh o'.2 o'.3 o'.4 
(x) 0 o'l or2 or3 0'4 

Zrl_xTixCrFe Zr0,gTi0 i CrL_¥FeH-, t 

Fig. 6. The variat ion in the cla ratio v s .  x in Zr~_~Ti=CrFe. 

Fig. 7. The variat ion in haft-width of  (112)  diffraction peaks  v s .  y in the Zr0.gTiojCr~ _yFe I +u 
system. 

12 

c 0 4  
v 

O _ _  

1643 

_o 1641 

1639 
cp 

I 637 

O 011 012 0 ' 3  
(Y) 

Zro.gTio jCr~_yFel+y 

L 

O4 

c 

Fig. 8. The changes in the degree of  s lope  and c / a  ratio v s .  y for the Zro.gTiojCrl_=Fe~+y 
system. 

Fig. 9. The structural  a r rangement  of A(2)B(2)-type sites (241, 12k, 6h(1)  and 6h(2)  sites)  
around zirconium atoms. 

It is confirmed from the results described above that the strain effect 
in Zrl _xTi~CrFe is due to the presence of size differences among the various 
interstitial sites (e.g. size difference in 12k, 241 and 6h sites of A(2)B(2)-  
type sites) in the lattice, which arises from the non-ideal c/a ratio of the 
compound itself. The c/a ratio at x =  0 is 1.641 (ZrCrFe) while that for the 
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ideal case is 1.633 [17]. When the c/a ratio is larger than 1.633, as shown 
in Fig. 9, the 6h sites (6h(1) of 6h(2)) and the 12k sites lying in the c 
direction rather than in the a direction around the zirconium atoms can have 
a somewhat larger hole size than the 241 sites. Therefore, as the hydrogen 
occupies the A(2)B(2)-type sites in ZrCrFe ( x =  0), the larger sites such as 
the 6h or the 12k sites would be preferentially filled to minimize the strain 
energy of the lattice and hence the slope of the plateaux in ZrCrFe occurs. 

At x -  0.1, the lattice strain as well as the c/a ratio of the alloy exhibit 
a minimum value. This implies that  the alloy becomes a more close-packed 
structure at 10% titanium substitution for zirconium and the size difference 
between various A(2)B(2)-type sites is minimized. This can cause a well- 
defined plateau in the P - C  isotherm, but the c/a ratio at x = 0 . 1  is 1.638, 
which is still higher than that of the ideal C14 structure. There can still be 
a strain energy effect due to the size difference between interstitial sites in 
the lattice, although somewhat lower than in the case of titanium-free alloys, 
where one would expect a sloping plateau. Hence the strain energy factor 
alone cannot explain the well-defined plateaux at x = 0.1 in the Zr l_~Ti~CrFe 
alloys. On the contrary, considering the chemical energy effect only, there 
should exist more interstitial sites for hydrogen occupation, e.g. Zr(2)B(2), 
ZrTiB(2) and Ti(2)B(2) (B~  Cr, Fe), having different affinities for hydrogen, 
which would also enhance the plateau slope behaviour. 

It is very suggestive that the well-defined plateaux at x = 0.1 are correlated 
with the combined effect of two energy factors for hydrogen occupation: a 
chemical energy effect and a strain energy effect. As shown in Table 2, 
because both the hydrogen affinity [18l and the atomic size of titanium are 
lower and smaller respectively than those of zirconium, a portion of the 
ZrTiB(2)-type and the Ti(2)B(2)-type sites has a lower chemical binding 
energy towards hydrogen and probably a somewhat larger hole size (i.e. 
smaller strain energy effect) than Zr(2)B(2)-type sites. Then the energy levels 
of sites occupied by hydrogen can be uniform and flat plateaux in the P--C-T 
curve would be produced. 

For the Zr0.gTio.iCrl_yFel+~ system, the variation in y, in contrast with 
the case of titanium substitution, does not cause any significant change in 

TABLE 2 

Goldschmit radii and heats of hydride formation of elements 

Goldschmit radius AHr [18] 
(4) 

Zr 1.602 
Ti 1.462 
V 1.346 
Cr 1.282 
Mn 1.254 
Fe 1.274 

- 1 8 8  (ZrH2) (kJ (mol hydride) -1) 
- 1 3 6  (Till2) 0d  (tool hydride) -1) 

- 3 7  (VI-xH~) 0 d  (g atom H) - l )  
--7 (Cr1-~Hx) (kJ (g atom H) -I) 
- 5  (Mnl_~H=) (kJ (g atom I-I) -1) 
+7 (Fel_=Hx) (kJ (g atom I-I) -1) 
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the lattice strain as well as the c/a ratio of alloy and therefore  no change 
in the plateau slope occurs. These originate from the similarities in the 
atomic size as well as the hydrogen affinity between chromium and iron 
atoms. The iron substitution for chromium does not  cause the size and the 
chemical binding energy of hydrogen of  occupat ion sites to vary; thus the 
result is a nearly uniform increase (or decrease) in the energy levels of each 
site. 

3.2.2. The Zrl_~TixMnFe and Zrl_xTixVo.sFel.5 systems 
On comparison of  the changes in the lattice strain and in the degree 

of  slope with increasing x (Fig. 4 and Fig. 5) in the various types of alloy 
system, the slope behaviour appears  to have a different nature f rom one 
alloy system to another.  In Zrl _xTixCrFe, as already noted above, the lattice 
strain as well as the degree of slope exhibit minimum values at x = 0 . 1 .  
Similar trends are also found in Zr1_~TixMnFe but the minima of the above 
two factors, the lattice strain and the degree of slope, can be seen at x = 0.2, 
where flat plateaux also exist, indicating that the slope behaviour of the 
ZrMn2-based system is the same as that of the ZrCr2-based system. However, 
in the case of the Zrl -xTi~Vo.sFel.5 alloys, there is no apparent  improvement  
in the plateau slope as x varies although the lattice strain exhibits a minimum 
value at x=0.2 .  

It is suggested that the occurrence of fiat plateaux at x = 0 . 2  in 
Zr~_~Ti~MnFe results from the larger initial lattice strain of ZrMnFe (x= O) 
than that of  ZrCrFe (x=O) in Zrl_xTixCrFe. Because the difference between 
the atomic sizes of manganese and iron is, as shown in Table 2, somewhat 
larger than that between the atomic sizes of chromium and iron, ZrMnFe 
has a larger lattice strain when retaining the Laves phase structure. In addition, 
the hydrogen affinity of  manganese is nearly the same as that of chromium, 
indicating the presence  of a similar chemical energy effect between 
Zrl _~TixCrFe and Zrl _xTixMnFe. These would cause a larger size difference 
in hydrogen occupat ion sites and thus a sloping plateau with a higher degree 
of  slope in ZrMnFe would be produced.  This size effect of ZrMnFe would 
not  be minimized until the alloy concentrat ion reaches x=0.2 ,  explaining 
the flat plateaux in the P - C - T  curve of Zro.sTio.2MnFe alloy. 

The fact that  the plateau slope is independent  of the titanium concentrat ion 
in Zr~_~TixVo.sFel.5 can be attributed to larger differences in atomic size as 
well as to the hydrogen affinity between vanadium and iron. As shown in 
Fig. 4, the lattice strain of  ZrVo.sFel.5 (x= 0) is largest among the three 
types of  titanium-free alloys, which would produce  a severely enlarged size 
difference of the interstices and enhance the slope. The lattice strain exhibits 
a minimum value at x - - 0 . 2  although there is no improvement  in the plateau 
slope. This means  that there exists a strong chemical energy effect in addition 
to strain energy effects in the sites occupied by hydrogen. 

Consequently, it can be said that the strain energy effect, in addition 
to the chemical energy effect according to local environment  model, is one 
of  the contributing factors that cause the plateau slope behaviour. When 
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designing hydride alloys of  zirconium-based Laves phase with flat plateaux, 
one should consider both  atomic size and hydrogen affinity of  the late 
transition elements and the compound has to be alloyed with an appropriate 
amount  of  titanium. The more quantitative contribution to the hydrogen 
energy levels of  each of the sites arising from the chemical energy factor 
and the strain energy factor cannot be determined. A more extensive study 
is required. 

4. C o n c l u s i o n  

The Zrl_~Ti~MnFe and Zrl_~Ti~Vo.sFel.5 alloy systems exhibit many 
attractive thermodynamic characteristics compared with the 
Zr1_~Ti~Crl_yFel+~ system. In the Zrl_~Ti~MnFe alloys, increasing x pro- 
duces a decrease in the degree of  slope as well as hydride stability. A well- 
defined plateau pressure is formed at x = 0.2, indicating that the slope behaviour 
in the ZrMn2-based alloy system is nearly similar to that in the ZrCr2-based 
alloy system. However,  the titanium substitution in Zrl-zTi~Vo.sFel.5 does 
not cause any significant change in the plateau slope. The lattice strain of 
the alloy caused by elemental substitutions appears to have a close correlation 
with the slope behaviour and affects the strain energy of  the sites occupied 
by hydrogen. It is suggested that the sloping plateaux in the zirconium-based 
Laves phase originate from the difference in energy levels of  various interstitial 
sites towards hydrogen in the lattice where the energy level of  each site is 
determined from the combined effects of  two factors: a chemical energy and 
a strain energy. 
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