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Abstract 

A series of multicomponent Zr-base AB 2 alloys (Zr-Mn-Ni, Zr-Ti-Mn-Ni, Zr-Mn-V-Ni, and Zr-Mn-V-Co-Ni) were 
prepared. The major phase in the alloys had a C15-type structure with the lattice parameter varying with the atomic radii of A 
and B atoms. Absorption and desorption of hydrogen gas were performed in a Sievert's apparatus. The kinetics of the first few 
cycles of hydriding-dehydriding was collected. The P -C-T  curves were also established for these alloys. It was found that these 
kinetic and thermodynamic properties were highly dependent on the solid solution in atomic site of A or B. The hydrogenation 
properties are explained based on the composition, the alloying element, and the free cell volume of the alloys. 
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1. Introduction 

In the past 30 years, a lot of effort has been put into 
studying the fundamental properties of metal hydrides 
for hydrogen storage and transport applications. Sev- 
eral alloy systems, such as ABs-type alloys based on 
LaNi 5 [1-3] ,  and AB2-type alloys, known as the Laves 
phase alloys [4-9] ,  have been extensively studied. 

Being an important group of size-factor intermetal- 
lic compounds, Laves phases are obtained by alloying 
two elements whose atomic radii, r A and r B, are in the 
ratio 1.1 to 1.6 [10]. The approximate formula is 
termed AB 2. They are close-packing, with three pos- 
sible structure types, i.e., C15, C14, and C36, based on 
the crystal structures of MgCu2, MgZn> and 
MgNi2, respectively. The secret of the close relation- 
ship among these three structures is that the small 
atom B is arranged on the corners of tetrahedra. 
Different ways of joining such tetrahedra lead to 
various structures. The detailed crystallographic data 
are given elsewhere [10]. Such arrangement provides 
a large interstitial space and therefore accounts for a 
large hydrogen absorption capacity. 

Besides the geometric factors, the electronic ef- 
fects should also be taken into account to demon- 
strate the stability of Laves phases. Some authors 
[11] have proposed that there is a correlation be- 
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tween the averaged number of outer electrons 
(ANOE) and the structure type. For  example, if the 
A N O E  is smaller than 4.67, no Laves phase is 
formed. If the A N O E  is between 4.67 and 5.4, Zr- 
base AB 2 alloys would exist as a C15-type structure 
but no Laves phase is formed in the Ti-base alloys. 
The C14-type structure appears to occur in Zr- and 
Ti-base alloys if the A N O E  is between 5.4 and 7. 
When the A N O E  is larger than 7, both of them 
form the C15-type structure again. 

The hydrogen absorpt ion-desorpt ion properties of 
the Laves phase alloys could be modified through 
participation of foreign atoms. It has been proposed 
that the degree of hydrogenation depends on the 
d-electron concentration [12]; and the free cell vol- 
ume and the binding energy between hydrogen and 
the hydride former (Ti or Zr) can influence the 
absorption capacity and the plateau pressure [13]. 

In this study, a series of Zr-base AB 2 alloys were 
prepared. The phase structures were identified. The 
gas-phase hydrogenation properties were examined 
and compared. The different characteristics are ex- 
plained based on the composition and physical and 
chemical properties of the constituent elements, and 
the free cell volume of the alloys. These data are to be 
used to evaluate their electrochemical performance, to 
be presented in a subsequent paper. 
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2. Experimental 

The alloys were prepared by mixing appropriate 
amounts of constituent elements (purity 99.9-99.99%) 
and by arc melting in an argon atmosphere. The ingots 
were turned over and remelted five or six times to 
ensure homogeneity. Seven alloys with the following 
compositions were investigated: ZrMn0.6Nil.4, 
ZrMn0.sNil.2, ZrMn0.6Vo.2Nil.2, (Zr0.8V0.2)Mn0.6Nil.4, 
(Zro.sTi0.E)Mno.6Nii. 4, (Ti0.sZr0.2)Mn0.6Nil. 4, and 
ZrMno.6V0.ECO0.1Nit. 2. The alloy ZrMn0.6Nil. 4 was 
employed as a prototype composition. 

Approximately 5 wt.% excess Mn was added to 
compensate for its high evaporation loss in the arc- 
melting process. Each ingot was then sealed in a 
quartz tube under vacuum and annealed at 1000°C for 
10 h, followed by furnace cooling. 

The alloy ingots were very brittle. They were pul- 
verized into powders with a mechanical attritor under 
an argon atmosphere. X-ray diffraction (XRD) analy- 
sis was used to check whether the C15-type Laves 
phase was obtained. Silicon powder was added as an 
internal standard. The lattice constants were then 
determined. 

Powders between 100 and 325 mesh were selected 
for hydrogen absorption and P - C - T  measurements. 
Approximately 5 grams of powder were loaded into a 
stainless steel reactor in a volumetric system which has 
been previously described [14]. The sample powder 
was activated at 400°C and 1 MPa of hydrogen gas for 
30 rain, then cooled down to room temperature. 
Hydrogen gas at 3.3 MPa was introduced into the 
system for the kinetics study. After several cycles of 
hydriding and dehydriding, the powder was completely 
dehydrided at 400°C before the P - C - T  isotherm 
measurement was conducted. 

3. Results and discussion 

3.1. Phase identification 

The XRD patterns of all the alloys are shown in Fig. 
1. It was found that most of them, except for 
(Ti0.aZro.2)Mn0.6NiL4, exhibited similar features. The 
main diffraction peaks were ascribed to (220), (311), 
and (222); and they were indexed as face-centered 
cubic C15-type Laves phase. For (Tio.aZro.2)Mn0.6Nil.4, 
the major phase had a C14-type structure. It is inter- 
esting to note that ZrMn 2 is classified as a C14-type 
Laves phase, while no distinct structure type can be 
assigned for ZrNi 2 [13]. However, alloys prepared 
based on these two compositions, ZrMn0.6Nil. 4 and 
ZrMn0.aNiL2, exhibited the C15-type structure. 

The ANOE for the Zr-base alloys prepared here 
varied from 7.07 to 7.47, and were predicted to form a 
C15-type structure [13]. The Ti-base compound with 

this range of ANOE would not form any stable C15- 
type structure. Our result for (Ti0.sZr0.2)Mn0.6Nil. 4 
showed that C14-type structure was the major phase. 

Based on the prototype composition, ZrMn0.6NiL4, 
modifying the composition could retain the phase 
structure but cause a lattice distortion. The lattice 
constants for the C15-type alloys were determined 
from the three main peaks. They are plotted in Fig. 2 
for comparison. Structure expansion or contraction 
takes place due to the partial substitution or addition 
of the alloying elements. Expansion of the structure 
would give a larger free cell volume for absorbing 
hydrogen and vice versa. 

For these alloys, optical metallographic examination 
showed that there was some minor second phase 
dispersed in the matrix phase, although the XRD 
patterns could hardly detect the presence of the 
second phase. 

3.2. Hydrogen absorption kinetics and P - C - T  
isotherms 

The results of hydrogen absorption kinetics and 
P - C - T  isotherms for the above seven alloys are 

(Ti0sZro2)lvl~6Nil, . . . .  )~ C14 '~,~̂ . . ' ~  

A 
Si 

_.A..___ 

£ 

(Zro.sXio.2)Mnu.,Ni,., ,~  C15 ~ ~  

(Zr0.sV0.2)Mn0.~Nil. ( & C15 ... ~ j ~  

Z r M n o . 6 V o . 2 N i t : ~  

Zr~.,Vo.,Co°.,~i,.~ C15 ~ A  a 
, , , i , , , , i , t i I i , i , 

30 35 40 45 50 
20 

Fig. 1. X-ray diffraction patterns of the alloys. Si is used as an 
internal standard. 
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ZrMno.sNit 2 ZrMno.6Vo 2Nit 2 
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Fig. 2. Lattice parameters of the C-15-type alloys. 

reported and compared in this section. In general, the 
Zr-base C15-type intermetallic compounds had a high 
hydrogen absorption rate and tended to form a flat 
plateau. The plateau pressure and the hydrogen stor- 
age capacity were affected by the substitution or 
addition of different alloying elements. Hysteresis was 
always observed in each curve. These results could be 
explained in terms of the atomic size and the hydriding 
property of the alloying elements. Table 1 lists some 
characteristics of the selected elements, including 
lattice structure, atomic radius, hydride formation 
enthalpy, and some selected physical and chemical 
properties. These data serve as the basis to interpret 
the following experimental results. 

3.2.1. Effect of  substitution of  Ni with Mn 
Two alloys, ZrMn0.6Nit. 4 and ZrMn0.8NiL2, were 

compared to examine the effect of substitution of Ni 
with Mn. Their absorption kinetics curves, along with 
those for other alloys, are shown in Fig. 3. The 
equilibrium pressure of the first cycle was always lower 
than those in the second and the third cycles. This 
indicated that there was some irreversible hydrogen 
trapped in the first cycle so that the alloy absorbed less 
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Fig. 3. Hydrogen absorption kinetics curves  for  the alloys at 25°C. 

Table 1 

Selected physical and thermodynamic data for the alloying elements 

Element Ti Z r  Mn V Co Ni 

A t o m i c  weigh t  47.88 91.22 54.94 50.94 58.93 58.69 
(g m o l - I  ) 

A t o m i c  rad ius  a ( ,~)  1.45 1.59 1.36 1.31 1.25 1.24 

Structure type {hcp[bcc]} ~' {hcp[bcc]} cubic  bcc [hcp/fcc]  ~ fcc 
Melting point (°C)  1667 1852 1244 1902 1495 1453 
Latent heat of  469.3 612.1 291.0 510.2 425.0 429.6 
sublimation at 25 °C 

(kJ  t o o l - '  ) 

Enthalpy of hydride T i l l  2 Z r H  2 MnHo~ V H o  5 C o H o  5 NiHo5 
formation at 25 °C a 

(kJ  p e r  mol  H)  - 6 8  - 8 2  8 35 + 15 - 3 
Properties hard, corrosion hard, corrosion white, brittle, hard, corrosion hard, gray quite cor ros ion  

resistant resistant reactive resistant color resistant 

a E s t i m a t e d  f rom M - M  bond  length, obtained f rom CRC Handbook of Chemistry and Physics, 72, 9 -1 .  
b hcp is stable at room temperature; bcc exists when T is above the phase transition temperature. 
c M i x e d  s t ruc tu re  of  . . . A B C A B A B C A B  . . . .  
d F r o m  Ref.  [16]. 
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hydrogen in the subsequent cycles. Continuous activa- 
tion took place during the first three cycles. Therefore 
some microcracks continually formed and newly acti- 
vated surfaces were continuously produced. This led to 
increased absorption rates in the second and the third 
cycles, and the equilibrium hydriding capacity was 
soon achieved after a few absorption-desorption cy- 
cles. The final equilibrium pressure of ZrMn0.sNil. 2 
was found to be much lower than that of ZrMn0.6Nii. 4. 

The P - C - T  curves for these two alloys, along with 
other alloys to be presented in the subsequent sec- 
tions, are compared in Fig. 4. They both tended to 
form fiat plateaus. Since the maximum pressure em- 
ployed in the absorption experiment was 5.1 MPa, the 
curve for ZrMn0.6NiL4 was not completed. The dotted 
segment is used to illustrate the difference of equilib- 
rium pressure between the absorption and desorption 
processes. It also seemed that ZrMn0.6Ni~. 4 decom- 
posed, since the isotherm did not close for the desorp- 
tion. For ZrMn0.sNi~. 2, the plateau pressures were 
lower compared with those of ZrMn0.6Nil. 4. This can 
be derived from the kinetic study, as observed in Fig. 
3. It was noted that there existed a large hysteresis 
between the absorption and desorption plateau for 
both alloys. Park et al. [15] have found that ZrMn 2- 
base intermetallic compounds usually possess a large 
hysteresis energy, expressed as (1/2)RTIn(Pa/Pd), 
where Pa is the absorption plateau pressure, and Pd is 
the desorption plateau pressure. The presence of 
hysteresis causes an efficiency loss in thermodynamic 
performance, and is a drawback for application of 
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hydrides in heat pumps or in Ni-hydride batteries. 
Park et al. [15] also observed that ZrV2-based alloys 
had the lowest hysteresis, based on the strain energy 
viewpoint. This led us to add some vanadium to these 
alloys to study its effect on the hydrogenation prop- 
erties. 

3.2.2. Effect of substitution of Mn or Zr with V 
The formation enthalpy of VH0. 5 at 25°C is -35  kJ 

per mol H [16]. This value is larger than those of Mn 
( - 8  kJ per mol H for MnH0.5) and Ni ( - 3  kJ per mol 
H for NiHo.5). However, it is smaller than those of Ti 
and Zr ( -68  kJ per mol H for Till2, and -82  kJ per 
mol H for ZrH:) [16]. The position of V in the AB 2 
Laves phase alloy is uncertain. Based on the phase 
diagrams [17], there is an unlimited mutual solubility 
for Ti and Zr at room temperature. Vanadium, in 
contrast, has only a limited solubility in both Ti and 
Zr. Thus, two pairs of alloys, ZrMno.sNil. 2 versus 
ZrMn0.6V0.ENil.2, and (Zr0.sV0.2)Mn0.6Nil.4 versus 
ZrMn0.6Nil. 4, were examined to explore the effect of 
substitution of Mn or Zr with V. 

The partial substitution of V on the B site was 
checked first. The absorption kinetics curves for 
ZrMn0.8Nil. 2 and ZrMn0.6V0.2Nil.2 shown in Fig. 3 are 
compared. As ZrMn0.6V0.2Ni~. 2 had the largest lattice 
expansion, as was seen in Fig. 2, and V is a stronger 
hydride former than Mn and Ni, its equilibrium 
pressure is anticipated to be lower. Furthermore, it 
also displayed a relatively higher absorption rate. Thus 
V on the B site could greatly improve the hydrogen 
absorption capacity and kinetics. From the P - C - T  
isotherms, Fig. 4, it was seen that the maximum 
hydrogen content [H/M] of this alloy was larger than 
that of ZrMn0.8Nil.2, and was the largest among all 
compositions studied here. In addition, the plateau 
pressure was found to be the lowest and the hysteresis 
loop was greatly reduced. 

If the A sites were partially occupied by V, the 
kinetics curves shown in Fig. 3 indicated a totally 
different consequence. The alloy (Zr0.sV0.2)Mn0.6Nil.4 
hardly absorbed any hydrogen. From the previous 
XRD analysis, a C15-type Laves phase pattern and a 
lattice shrinkage with respect to ZrMn0.6Ni~. 4 were 
observed for this alloy. A very steep P - C - T  curve is 
displayed in Fig. 4, Therefore, it seems that V is better 
categorized as a B-site alloying atom in the AB 2 alloy 
for practical applications. 

3.2.3. Effect of substitution of Zr with Ti 
In this section, four alloys, ZrMno.6Nil. 4, 

(Zro.sVo.2)Mno.6Nil.4, (Zro.sTio.2)Mno.6Nil.4, and 
(Tio.sZro.2)Mno.6Nil. 4, are to be compared. There are 
some similarities between Zr and Ti. First of all, they 
both have a stable hcp structure at room temperature 
and a bcc structure at higher temperatures (above 
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882°C for Ti and 852°C for Zr). As mentioned previ- 
ously, they dissolve in each other completely at any 
composition and they both form stable hydrides. From 
the economics point of view, it is desirable to replace 
Zr by Ti as much as possible. 

As was seen in Fig. 2, the most severe structure 
contraction in these C15-type alloys occurred in 
(Zr0.sTi02)Mn0.6Nit. 4. It was expected that the hydro- 
gen absorption ability of this alloy would be worse 
than that of ZrMn0.6Nil. 4. The results shown in Fig. 3 
confirmed this prediction. Nevertheless, the perform- 
ance of this alloy was still better than that of 
(Zr0.8V0.2)Mn0.6Nil 4. The P - C - T  curves shown in Fig. 
4 also displayed a similar result. This could be ex- 
plained in terms of the different formation enthalpies 
of Till 2 and VH0. 5. Titanium might have helped keep 
hydrogen in the alloy even though more shrinkage 
accompanied the addition of Ti. Although the plateau 
pressure of (Zr0.sTi0.z)Mn0.6NiL4 was higher in com- 
parison with that of ZrMno6Ni~ ~, reduction in the 
hysteresis loss and decrease in the amount of irrevers- 
ible hydrogen were found in the P - C - T  curve. 

For (Ti0.sZr0.2)Mn0.6Nil. 4, its XRD pattern showed a 
totally different feature from those of other alloys in 
this experiment. The major peaks could be classified as 
a C14-type Laves phase. From Fig. 3, a slower absorp- 
tion rate but a lower final equilibrium pressure were 
found for this alloy when compared with those of 
ZrMn0.6Ni~.4. A sloped "plateau" was observed in its 
P -C-T  isotherm (Fig. 4). It is proposed that the 
hydrogen absorption behavior is strongly structure 
dependent, even though Zr is a stronger hydride 
former than Ti. It was also noted that both of the 
Ti-containing alloys, (Zr0.sTi0.2)Mno.6Ni1.4 and 
(Ti0.8Zr0.2)Mn0.6Nil. 4, showed much slower absorption 
kinetics in the first cycle (Fig. 3). They exhibited slower 
activation in the initial hydrogenation. 

3.2.4. Effect of addition of Co 
From a practical standpoint, alloys possessing a 

superior absorption-desorption characteristic at 
around 1 atm are better candidates for applications at 
ambient condition. Based on the preceding discussion, 
the distinctive structure of Laves phase intermetallic 
compounds could be retained by proper substitution 
with some elements. The modified compounds could 
alter hydrogen absorption-desorption properties. 
Until now, it has been observed that the composition 
ZrMn0.6V0.2Ni~ 2 had excellent features such as mas- 
sive storage, fast absorption, and small hysteresis on 
hydrogenation. However, the plateau pressure was 
well below 1 atm (0.1 MPa) at 25°C. To some extent, 
the hydride was too stable and a discount of the 
efficiency on the utilization of the reversible hydrogen 
remained a concern. To raise the plateau pressure, Co 
was recommended because of the positive formation 

enthalpy of CoH~. 5 ( + 15 kJ per mol H) [16]. Further- 
more, it was also desirable to explore the stoichio- 
metric limit of AB2-type alloys. For this reason, Co 
was added to the B site, and comparison of 
ZrMn0.6Vo.2Co0.1Nil. 2 and ZrMn0.6V0.2Nil. 2 was car- 
ried out. 

From Figs. 1 and 2, the XRD pattern of 
ZrMn0.6V0.2Co0.1Nil. 2 indicated that the C15-type 
structure was preserved, and a lattice expansion was 
generated. The hydrogen absorption kinetics curves of 
these two alloys are compared in Fig. 3. It was seen 
that the performance on the absorption rate and 
storage capacity of the Co-added alloy was just a little 
poorer in comparison with that of ZrMn0.6V0.2Nii.2. 
However, the plateau pressure, as shown in Fig. 4, was 
raised to around 1 atm and the amount of irreversible 
hydrogen was reduced. This demonstrated that the 
above theories employed to explain the hydrogenation 
properties for C15-type alloys could also be applied to 
this five-component alloy. The optimum gas-phase 
hydrogenation property of this alloy would lead to a 
better electrochemical performance for Ni-hydride 
battery application, which will be presented in a 
separate paper. 

4. Conclusions 

1. The Zr-(Mn-Ni) based AB 2 Laves phase inter- 
metallic compounds studied here had the C15-type 
cubic structure. The structure correlated with the 
ANOE values of the alloys. By proper substitution or 
addition of foreign elements, the alloys could still 
retain the structure, except that lattice expansion or 
contraction occurred. The hydrogenation kinetics, 
plateau pressure, absorption capacity, and hysteresis 
could also be modified. 

2. Substitution of Ni by Mn on the B site tended to 
lower the plateau pressure and to form a flatter 
plateau, but was accompanied by a larger hysteresis. 

3. Vanadium might occupy the A or B site. When 
the B-site atoms were partially substituted with V, the 
hydrogen absorption rate and capacity were greatly 
increased, and the hysteresis was greatly reduced, but 
the plateau pressure was lower than 1 atm at 25°C. 
When it partially replaced Zr on the A site, a severe 
structure shrinkage was induced. Absorption of hydro- 
gen was significantly hindered. 

4. When Ti partially replaced Zr on the A site, it 
caused a structure contraction. The plateau pressure 
was raised. The absorption capacity became smaller, 
but both the hysteresis and the amount of irreversible 
hydrogen were slightly reduced. When more Zr was 
replaced by Ti, a new phase structure, C14-type 
hexagonal Laves phase, evolved. The hydrogen ab- 
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sorption behavior was very much different from those 
of other C15-type alloys. 

5. Addition of some cobalt still maintained the 
Laves phase structure. The hydrogenation behavior 
could be modified to meet the required application. 
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