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Abstract

The variation in crystal structure with substitution of the Zr site of ZrM, (M,=V,;Ni; ;Mn,,Fe,,) by Ti, Nb or Hf has
been studied. The C14 and C15 Laves phases coexist for all alloys except TiM, (b.c.c.), Zry,sTig7sM, (87% C14 and 13%
b.c.c.), ZrysTipgsM, and NbM, (pure C14). The C15 phase cannot accommodate an M site-M site bond distance of less than
2.46 A. The phase stability under hydriding is confirmed. The pressure—composition isotherm measurements show that the
multiphase alloys behave as a single phase. Also, the b.c.c. phase alloy TiM, can absorb hydrogen. For electrode performances,
it is observed that the alloys with the C15 phase present a large reduction in discharge capacity when the discharge current
is increased. For the alloys composed of only the C14 phase, the discharge capacity does not change significantly when the

discharge current is increased.
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1. Introduction

Because of the wide variety of practical applications
[1], many kinds of hydrogen-absorbing alloy have re-
cently been developed. For battery application, most
of the work has been done on ABs-type alloys [2,3],
and Ti-Zr-Ni-based alloys [4]. However, because of
their potentially higher discharge capacities, Laves phase
AB,-type alloys are now being investigated [5,6] as the
electrode material of possible replacement for the toxic
Ni-Cd tattery.

Laves phases are intermetallic compounds in which
a strong hydride former occupies the A site and a
weaker hydride former is on the B site. Three crystal
structures typified the Laves phases, they are (i) hex-
agonal C14 (MgZn, type), (ii) cubic C15 (MgCu, type)
and (iii) hexagonal C36 (MgNi, type).

In all these structures, the A atom is surrounded by
four A and twelve B atoms and the B atom is surrounded
by six A and six B atoms. The difference between these
structures is explained by the different stackings of the
hexagonal layers [7]. Laves phase structures are de-
termined primarily by the size factor [8], but the electron-
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to-atom ratio also plays a crucial role in the appearance
of a particular structure [9]. For metal hydride appli-
cations, the most frequent structures are the C14 and
C15 phases [10].

Recently there have been indications that multiple-
phase compounds are good materials for battery ap-
plications [11]. However, to our knowledge, no precise
determination of phase abundance for metal hydride
alloys has been reported. Such information is indis-
pensable for the comprehension of the multiphase effect
on hydride properties. In this work, we studied
the effect of the phase abundance on the electrode
performance.

In AB,-type Laves phase alloys, many attempts have
been made to modify the B site metals with the A site
fixed [12-16]. However, reports on A site modifications
are relatively rare [7,17,18]. Therefore we decided to
investigate the effect on phase abundance when sub-
stitution is on the A site. For this purpose, we selected
the system Zr, ,AM, (M, =V, ;Ni, ;Mn,,Fe,,) where
A=Ti, Nb or Hf and x=0, 0.25, 0.50, 0.75, 1.00.

We used the Rietveld refinement methed to determine
the crystal structure and to estimate the phase abun-
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dance. For all alloys, the electrode performance was
measured and compared with the theoretical discharge
capacity computed from measured pressure-
composition (PC) isotherms.

2. Experimental

All raw metals were at least 99.9% pure except for
Hf (purity, 99%). The alloys were produced by arc
melting on a water-cooled copper crucible under an
argon atmosphere. During preparation, the alloys were
turned over four times to ensure homogeneity. The PC
isotherms were measured with a conventional constant-
volume apparatus [19]. Before PC isotherm measure-
ments, the alloys were pretreated by evacuating at 773
K and introducing hydrogen into the alloys at room
temperature. A Rigaku diffractometer with a Cu Ko
radiation was used for powder X-ray diffraction mea-
surements. The diffraction pattern was analyzed by the
Rietveld method, using RIETAN software [20]. The
electrodes were prepared by mixing 0.2 g of the alloy
powder (200 mesh) with 0.8 g of Ni powder (200 mesh).
The mixture was pressed into a disk (10 mm diameter
and 1.5 mm thickness) and then compressed between
two sponge nickel plates. Two Ni cathodes which have
sufficiently high capacities were attached to both sides
of the alloy electrode. An electrolyte solution of 30
wt.% KOH was used. Discharge capacities of the fully
charged alloy electrodes were measured at 293 K, with
discharge currents of 70 and 20 mA (g alloy) . For
both discharge currents, the cut-off voltage was 0.8 V.

3. Results
3.1. X-ray powder diffraction

For a precise determination of crystal structure, the
powder diffraction pattern of all alloys, except TiM,,
were analyzed by the Rietveld method [20]. The X-
ray diffraction pattern of Zr, ;5Ti,,sM; is shown in Fig.
1. The upper curve and dots are the calculated and
experimental powder diffraction data respectively. The
lower curve (AY) is the difference between the measured
and calculated profiles. Two small parts of the powder
diffraction pattern were deleted because they contain
small peaks from an unknown third phase. Because it
is impossible to identify this third phase, these peaks
were removed from Rietveld refinement. The calculated
Bragg reflections for each phase are indicated by small
bars in Fig. 1. Most of the Bragg reflections of the
C15 phase are superposed by peaks coming from the
C14 phase. Therefore only by using the Rietveld re-
finement method can both phases be distinguished.
Considering that some parts of the powder diffraction
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Fig. 1. X-ray powder diffraction pattern fitting by Rietveld refinement
of Zrg 75Tig2sM,. The short vertical bars indicate the centers of Bragg
reflections; the upper row is for Cl14, and the bottom row is for
C1s.

pattern were deleted and that the R values are not
very small, the phase abundance can only be estimated
from the Rietveld refinement results.

In the Rietveld method, various R values are used
to investigate the goodness of the fit. The most mean-
ingful are the “R-weighted pattern” R,,,, which measures
the weighted difference between the calculated and
measured intensities, the “R expected” value R, is an
estimation of the minimum possible value of R,, and
the “R Bragg factor” Ry which is a measure of the
difference between the calculated and “experimental”
intensities of Bragg reflections. The definitions of these
quantities are in the literature [21,22]. A reliable in-
dicator of the goodness of the fit is the quantity S=R,,/
R. [21].

The crystallographic data for Zr, ,sTiy,sM, are pre-
sented in Table 1. Considering the low background
intensity and the sharpness of the peaks, the reported
S value of 1.63 is quite satisfactory {23]. If the region
omitted owing to the unknown third phase is included
in the refinement, R, increases to 14.09%, § is 1.87
and Ry decreases to 5.17% for the C14 phase and to
5.40% for the C15 phase.

In Table 2 we present the R values for all alloys.
Most of the alloys present a mixture of two major
phases. For some alloys, a third phase was also observed.
For the Zr,_,TiM, and Zr, _,NbM, systems, the R,,,
values decrease by about 10% when these unknown
phases are eliminated from the refinement calculation.
However, for the system Zr, _ Hf M, the unknown phase
is more important. In that case, the R,,, values decrease
by 30-45% when the unknown phase is removed from
the calculation.

3.2. Phase abundance

Recently [24] it has been shown that the Rietveld
method can be useful for phase abundance determi-
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Table 1

Crystal structure refinement results for Zrg;5Tig2sMz (M(1)=Zrg75Tio.25; M(2) = V5 25Nig ssMng Feq 1), where the values in parentheses are one
standard deviation and refer to the last digit and where the space group sequence number is in parentheses

Phase Space Rgp Scale

Lattice Atom Wryckoff Refined Thermal
group (%) factor parameters symbol coordinates parameter
(x10% &)
C14 P6;/mmm 6.63 3.82(4) a=4.9842(3) M(1) 4f 2=0.064(1) 1.0(3)
(No. 194) ¢=8.1339(4) M(2) 2a 1.0(5)
M(2) 6h x=0.830(1) 1.0(4)
C15 Fd3m 6.21 0.092(6) a=17.0269(4) M(1) 8a (1)
(No. 227) M(2) 16d 1(2)

Fitting parameters: R,,,=12.26%; §=1.63.

Table 2
R values obtained from the Rietveld refinement method: S=R,/R.

Alloy R, N Phase Amount Rg
(%)
ZrM, 17.16 2.25 Cl4 57(1) 7.90
C15 43(1) 9.50
Z1g75Tig2sM3 12.26 1.63 Cl4 91(1) 6.63
C15 8.7(5) 6.21
ZrosTipM, 17.00 1.96 Ci14 100 6.27
Zro25Tin7sM;, 17.89 2.00 C14 87(1) 12.66
b.c.c. 13.2(6) 10.24
Zry7sNb;y 2sM, 23.74 2.95 C14 73.8(9) 14.68
C15 26.2(6) 18.64
Zry sNby sM, 20.07 2.07 Ci4 79.1(9) 10.79
C15 20.9(8) 14.95
Zry25sNb, 7sM, 26.02 2.77 Ci4 89.8(9) 12.36
C15 10.2(8) 13.78
NbM, 25.34 2.89 Cl4 100 12.83
Zro2sHf2sM> 15.72 1.87 Cl4 77.4(9) 7.15
C15 22.6(8) 7.71
Zry sHfy sM, 14.67 1.82 Ci4 85(1) 6.85
C15 14.5(8) 5.70
ZrgsHf 7sM, 18.49 2.57 Ci4 81.4(9) 10.79
C15 18.5(7) 15.57
HiM, 16.65 2.07 Cl4 86.5(9) 8.65
C15 13.5(8) 8.12

nation. From the refined parameters, the abundance
of each phase is calculated from the relation

Wi=SDVSSDV?) @

where S;, D, and V; are the scale factor, theoretical
density and volume respectively of phase i These
parameters are automatically given in the output of
Rietveld refinement. Therefore it is easy to calculate
the phase abundance. However, the scale factor given
by the RIETAN software is not equal to the scale factor
of Eq. (1). The scale factor should be corrected as
S=Sg/c® where Sy is the scale factor given by RIETAN.

The value of the factor ¢ depends on the position of
the centering site in the unit cell and on the presence
or not of a center of symmetry. For the b.c.c. and C15
phases, c=4 and, for the C14 phase, c=2. To avoid
confusion, in this paper we report only the corrected
scale factors S. In Table 3 we present, in detail, the
calculation for the compound Zr,sTi;,sM,. The un-
certainties in the density and volume are not quoted,
because they are negligible compared with the uncer-
tainty on the scale factor. As seen in Table 3, the
densities of both phases are very similar. However, the
C14 phase unit-cell volume is about six times the b.c.c.
unit-cell volume. Because the unit-cell volume is qua-
dratic in the phase abundance Eq. (1), for that particular
case the volume of each phase is the dominant factor.

The amount of the hexagonal Cl14 phase in each
alloy is presented in Fig. 2. The cubic C15 phase makes
up the rest of the alloys except for TiM, (100% b.c.c.)
and Zrg,sTiy,sM, (87% C14 and 13% b.c.c.).

In the compounds Zr,_ HfM,, the zirconium atom
is replaced by an atom having the same valence and
with almost the same Goldschmidt radius [25] (1.60 A
for Zr and 1.59 A for Hf). However, the amount of
the C14 phase goes from 57% for ZrM, to 87% for
HfM,. This indicates that the type of Laves phase
formed is not determined by the geometry nor by the
electron-to-atom ratio.

The compounds Zr, _,Nb,M, present an increase in
the amount of the C14 phase from 57% for ZtM, to
100% for NbM,. This shows that both phases can coexist
for a wide range of x values.

Table 3

Parameters used in the phase abundance calculation for the compound
Zry,sTiyssM,, where S, D and V are the scale factor, calculated
density and unit-cell volume respectively and the phase abundance
is calculated from Eq. (1).

Phase S(x10%) D V(X10%) SDV?(x10*) Abundance

(g em™)  (em’) (g cm?) (%)
Cl4  424(6) 6.768 16597  7.9(1) 87(1)
Boc. 23.7(9) 6901 2.713 1.20(5) 13.2(6)
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Fig. 2. Proportion of the C14 phase in Zr,_,AM, alloys (A=Ti,
Nb or Hf).
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Fig. 3. Lattice parameter of the cubic C15 phase.

Avery interesting behavior is shown by the compounds
Zr,_, Ti,M,. The amount of C15 decreases rapidly with
increasing x to reach the pure C14 phase at x=0.5.
For x=0.75 (Zr, 15 Tiy7sM,), the alloy has a b.c.c. phase
(13%) and a C14 phase (87%). The alloy TiM, is pure
b.c.c. It should be pointed out that, in the present
systems, the three phases C14, C15 and b.c.c. never
appear simultaneously.

3.3. Lattice parameters

For all alloys, the lattice parameters were determined
by the Rietveld method. The only exception is the b.c.c.
alloy TiM,. For this alloy, only the 110 reflection was
used to calculate the lattice parameter (a=2.963 A).

The lattice parameters of the cubic C15 phase are
presented in Fig. 3. For the systems Zr, _HfM, and
Zr,_.NbM,, the lattice parameters decrease linearly
with increasing x. If we assume such a linear decrease
for Zr, _, TiM,, we can calculate the “expected” lattice
parameter for a possible C15 cubic phase for the alloy

Zr,sTipsM,. This calculated value (a=6.965 A) seems
to be the lower bound beyond which the C15 phase
cannot exist. Such a lower bound is also observed for
the compounds Zr, _,Nb,Fe, [7] and Zr, _,Ti,Fe, [26].
The lower bounds are 6.996 A for the former and 6.98
A for the latter. Before investigating the possible reason
for this lower bound, we should examine the lattice
parameters of the C14 phase.

The lattice parameters of the hexagonal C14 phase
are presented in Fig. 4. Because Zr and Hf atoms are
very similar in size, the compound Zr,_ Hf M, shows
a very small decrease in lattice parameter. The com-
pounds Zr, _ ,NbM, and Zr, _,Ti M, have almost iden-
tical decreases in lattice parameters with increasing x.
This situation is probably caused by their identical
Goldschmidt radii (1.47 A). However, these two systems
do not show the same behavior because TiM, is pure
b.c.c. while NbM, is pure C14. In that regard, pertinent
information is given by the ratio c/a of lattice parameters.
This ratio is shown in Fig. 5. From Fig. 5, we see that
the ratio c/a drops more rapidly for Zr, _,TiM, than
for the other two systems.

With the values of lattice parameters and atomic
positions for the C14 and C15 phases, we can now

5.18 e , 7 - 821
Z . Hf
p 8.10
5.10 ~g. > i
_ | -
< i Ti~2*~ Nb | 799 B
Z 5.02 o 5
3 —m T 9788 ~
= Hf N
© ~ =
4.94 E B Lot
i Ti B~ Nb. j}
4.86 ‘ i ! -3 17.66
0 0.25 0.5 0.75 1
X

Fig. 4. Lattice parameters of the hexagonal C14 phase for the
compounds Zr,_,AM, (A=Hf, Nb or Ti): O, @, Hf; OO, W, Ti; O,
¢, Nb; O, O3, O, g axis; @, B, ¢, c axis.
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Fig. 5. Lattice parameter ratio c/a for the hexagonal C14 phase of
the compounds Zr,_.AM, (A=Hf, Nb or Ti).
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investigate the reasons for the disappearance of the
C15 phases for certain compounds. As stated before,
the Laves phase structures are primarily determined
by size factors. In that regard, in Fig. 6, we plotted
the shortest interatomic distance. For both Cl14 and
C15 phases, this is the distance between two M atoms
(M-M distance). For the C14 phase, this is the distance
between two atoms on 6h sites (Wyckoff notation). Fig.
6 clearly shows that in the C15 phase the M—M distance
cannot be less than 2.46 A. On the contrary, for the
C14 phase, the M-M distance is 2.42 A on average.
It is well known that contacts between atoms are possible
in Laves phase structures. Therefore, let us define the
amount of compression as

Cym= (1— dz“r‘——:)loo ()

where ry is the Goldschmidt radius of an M site atom,
dynu 1S the interatomic distance between two M atoms
and Cyq, is the compression in per cent. In the present
system, we took ry as the stoichiometrically weighted
sum of the Goldschmidt radii of atoms forming the M
site (1.2675 A). We think that this average procedure
is justified because in Laves phases it is all atoms jointly
that determine all interatomic distances [27].

For the C15 phase, a minimum distance of 2.46 A
means a compression factor Cyn, of 3.0%. This is
slightly smaller than the compression factor of the C15
prototype Cu,Mg (Ceyco=3.5%). On the contrary, on
average, the C14 phase has Cyn=4.5%. For the Cl4
prototype (MgZn,) the compression is larger (Cznza
=7.6%). Therefore for the present system the M site
atoms cannot be compressed by more than 3.0% in
the C15 phase while the C14 phase can accommodate
larger compression.
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Fig. 6. Shortest interatomic distance between two B site atoms: O,
®, Hf; [], |, Ti; O, ¢, Nb; O, 00, O, Cl4 phase; @, B, ¢, C15
phase. For clarity, the error bars are omitted. For C15 phase, the
error bar is 0.0002. For C14 phase, because of the uncertainty in
atomic position, the error bar is much larger (0.020).

3.4. Phase stability

In order to discuss the relation between crystal struc-
ture and electrode performance, the crystal structure
stability under hydriding must be investigated. For this
purpose, we selected the alloys ZrM,, Zrg,5sTig.sM,
and Zr, sTipsM.,.

For these alloys, one part of each of the as-cast
alloys was fully hydrided and then dehydrided. Rietveld
refinement was performed in the same way as for the
as-cast alloys. The results are shown in Table 4.

Table 4 shows that the lattice parameters of both
C14 and C15 phases do not vary significantly under
hydriding. Moreover, there is no change in phase abun-
dance. In a powder diffraction pattern, the peak shape
is the convolution of an instrumental aberration function
and a specimen profile-broadening function. The spec-
imen broadening function is mainly due to crystallite
size and microstrain effects [28]. Therefore, by com-
paring the full width at half-maximum (FWHM) of X-
ray diffraction peaks, we can obtain information about
the relative crystallite size and microstrain of the dif-
ferent samples. For this purpose, we have selected the
103 reflection of the C14 phase. This particular reflection
is chosen because it is one of the most intense peaks
and it does not overlap with any C15 reflection lines.
From Table 4, we see that there is no variation in
FWHM after hydriding. This indicates that all samples
investigated have the same crystallite size and
microstrain.

No variation in lattice parameters, phase abundance
and FWHM indicates that both C14 and C15 phases
are stable under hydriding. The consistency of phase
abundance also denotes no disproportion or phase
decomposition under hydrogenation.

3.5. Pressure—composition isotherms

The PC dependence was measured at 293, 313 and
353 K for every alloy with the exception of NbM,. We
do not report the PC curve for NbM, because, up to
6 MPa, this alloy is a very poor hydrogen absorber. In
Fig. 7 we present the compound Zr,,sHf,,sM, as
representative of PC measurements. One can see that,
as the temperature increases, the hydrogen-to-metal
atom ratio [H}/[M] decreases. For every alloy, there is
no well-defined plateau at any isotherms. Because of
this absence of a plateau in the PC curves, it is impossible
to determine the heat of hydride formation.

The hydrogen equilibrium pressure as a function of
[H)/fM] for the desorption side of the systems
Zr, _HfM,, Zr,_NbM, and Zr, _, Ti M, at 313 K are
presented in Fig. 8. The desorption isotherm is chosen
because it is less dependent on experimental conditions.
All curves in Fig. 8 are smooth, showing no double
plateau or kinks. However, most of these alloys are



106 J. Huot et al. [ Journal of Alloys and Compounds 218 (1995) 101-109

Table 4

Lattice parameters and phase composition of Zr; -, Ti;M, for x <0.5, where the values in parentheses are the values of one standard deviation
in the last digits and where the full width at half-maximum is for the reflection line 103

Alloy C14

Cl15

a C
A) @A)

Abundance 103 FWHM a Abundance
(%) ©) A (%)

™, As cast
Dehydrided

5.0212(4)
5.0213(2)

4.9842(3)
4.9858(3)

4.9425(5)
4.9428(3)

8.2014(6)
8.2031(3)

8.1340(4)
8.1351(4)

8.0514(7)
8.0505(4)

Zrg75TigsMo As cast

Dehydrided

As cast
Dehydrided

ZrosTip sM,

57(1) 0.18
53.6(5) 0.18
91(1) 0.22
88.7(4) 0.22

100 0.32
100 0.28

7.0865(4) 43(1)
7.0875(2) 46.3(6)
7.0269(4) 8.7(6)
7.0290(4) 11(1)

10
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Fig. 7. PC isotherms of the Zrg;sHf,,sM~H, system: @, O, 20 °C;
W, 0, 40 °C; ¢, O, 80 °C; O, [, ©, absorption; @, M, ¢, desorption.

multiphase. To investigate the possibility that one phase
absorbs hydrogen while another does not, we consider
the alloy ZrM, (x=0 on the figure). This alloy is
composed of 57% of C14 phase and 43% of C15 phase.
The asymptotic value of [H]}/[M] is 1.2. If we assume
that only the C14 phase absorbs hydrogen, this phase
should have [H/[M]=2.1. In the same way, if only the
C15 phase absorbs hydrogen then [H}/[M]=2.8 for that
phase. These [H]/[M] values are higher than those of
any other Laves phase alloys [10]. Furthermore, ac-
cording to the Schoemaker—Schoemaker [29] exclusion
rule, the upper limit of [H)/[M] is 2.0 for C15 phase
and 2.1 for C14 phase. We therefore conclude that
both phases could absorb hydrogen. These muitiphase

alloys absorb hydrogen in the same way as a single-
phase alloy does.

In the system Zr, ,NbM, (Fig. 8(b)) the ratio [H)/
[M] decreases with increasing x. The compound NbM,
does not absorb hydrogen up to 5 MPa. As stated
earlier, in Laves phases the A site atom has to be a
strong hydride former. Because the niobium hydride
capacity (NbH,s) is less than zirconium (ZrH,), it is
understandable that by replacing zirconium by niobium
on the A site the hydrogen capacity of the alloy
decreases.

The system Zr, HfM, (Fig. 8(c)) shows a small
decrease in [H}/[M] with increasing x. Hafnium has the
same capacity (HfH,) as zirconium, but zirconium hy-
dride is more stable than hafnium hydride (—82 kJ
(mol H) ! for ZrH, compared with —66 kJ (mol H) ™!
for HfH,) [30]. This may explain the decrease in [H}/
[M] when zirconium is replaced by hafnium.

The system Zr,_,Ti,M, shows a very interesting be-
havior. From Fig. 8(a), we see that forx=0 and x=0.25
the general shape of the curves is the same as for the
system Zr,_,HfM,. This could be expected because
the heat of formation of TiH, (~68 kJ (mol H) ') is
almost the same as that of HfH,. At x=1 (TiM,), the
alloy is pure b.c.c. However, that b.c.c. phase can also
absorb hydrogen. The shape of the PC curve of the
pure b.c.c. alloy TiM, is quite different from that of
the other PC curves.

3.6. Electrode performance

Having determined the crystal structure and PC
isotherms of the alloys, we now analyze the actual and
theoretical electrode performances with respect to the
crystal structure. The measured discharge capacity of
the alloys is shown in Fig. 9. At a low discharge current
(20 mA (g-alloy)™") the alloy ZrM, has the highest
capacity. This is also the alloy with the highest proportion
of C15 phase. The effect of substituting Hf, Ti or Nb
for Zr is to reduce the discharge capacity linearly with
increasing x. For x=0 and x=0.25 these alloys compare



J. Huot et al. | Journal of Alloys and Compounds 218 (1995) 101-109 107

0.0 0.0

1
0 02 040608 1 12 14
H/M

0 0204 0608 1 12 14
H/M

P/MPa

"0 02040608 1 12 14
H/M

Fig. 8. Dzsorption PC diagrams of Zr, ,AM,-H, systems at 313 K: (a) Zr,_, Ti,My; (b) Zr,_,NbMy; (¢) Zr, _ H{M,.

G\o [«

% 400 TS

z 300

Q |

[}

& 200%

(5]

Q

=Y¢}

5 100 -

'_c L

@ ]

[mn) 0 ! | !
0 0.25 0.5 0.75 1

X

Fig. 9. Discharge capacity of Zr,_,A:M; as a function of x: O, @,
Hf; O, m, Ti; O, ¢, Nb; O, O, O, discharge current of 20 mA g~ %;
®, W, ¢, discharge current of 70 mA g~'.

very favorably with the other metal hydrides cited in
the literature [6,31]. At the relatively higher discharge
current of 70 mA (g alloy) ™, there is a large drop in
discharge capacity for most alloys. However, the two
alloys having the pure Cl14 phase (NbM, and
Zr, sTiy sM,) do not show a drop in capacity. Also, the
capacity drop is quite small for the alloys having a
b.c.c. phase (Zrg,5Tip7sM; is 89% C14 and 11% b.c.c.;
TiM, is 100% b.c.c.).

By comparing the theoretical and measured discharge
capacities, a better understanding of the effect of higher
discharge current on discharge capacity can be achieved.
The theoretical discharge capacity C,, is obtained from
the relation

_ FIH)M]

Clh(mA h g—l) 3.6M. (3)

where F (9.6487 x 10* C mol ~ ') is the Faraday constant,
[H)/[M] is the hydrogen-to-metal atom ratio, and M,,
is the average atomic weight of the alloy. We arbitrarily
choose £ MPa as the reference pressure to determine
the [H)/[M] value, because it is near the maximum

pressure reached and, for most alloys, the ratio [H]/
[M] is near saturation at this pressure.

In Fig. 10 we present the ratio of the measured
discharge capacity over the calculated discharge capacity
for the systems Zr;_TiM, Zr,_NbM, and
Zr,_ HfM,. Fig. 10(a) shows that the Zr, _,Ti,M, alloys
which are a mixture of C15 and C14 phases (x=0 and
0.25) show a significant drop in discharge capacity when
the discharge current is increased. On the contrary,
the alloy with the pure C14 phase (x=0.5) does not
show any drop in capacity while the pure b.c.c. alloy
(x=1) presents a small drop in capacity. It is hard to
obtain a definitive explanation for this behavior. One
possibility is that, for this system, the Cl4 phase in
itself shows a higher discharge capacity at a high
discharge current than does the C15 phase. Another
explanation is that the interaction at the boundary
between C14 and Cl15 phases is responsible for the
drop in discharge capacity at high current. Also, because
the surface of the Laves phase alloys differs from that
of ABs-type alloys, it is expected that surface effects
on the kinetics in the Laves phase are different from
AB;-type alloys.

Fig. 10(b) presents the system Zr, ,Nb,M,. The ratio
of the measured to the theoretical discharge capacity
decreases from x=0 to x=0.5 and increases forx=0.75.
However, from x=0 to x=0.75 the discharge capacity
decreases from 420 to 85 mA h g~' at a low discharge
current. At a high discharge current the discharge
capacity decreases from 215 to 62 mA h g~ '. Because
of this important decrease in discharge capacity, we
think that Fig. 10(b) should be viewed with great caution
and that it is hard to see a general trend with such
small values.

The system Zr, ,HfM, is shown in Fig. 10(c). At
a high discharge current, the ratio of the measured to
the theoretical discharge capacity steadily increases from
x=0 to x=1. On the contrary, at a low discharge
current, this ratio is constant. From Fig. 2 we see that,
in this system, the proportion of C14 phase increases
from x=0 to x=0.5 and is constant from x=0.5 to
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Fig. 10. Ratio of the measured discharge capacity to the calculated discharge capacity for the Zr, _,A,M, system for discharge currents of
20 mA g~' (O, ¢, O) and 70 mA g~! (W, ¢, @): (a) Zr, _, Ti,M,; (b) Zr,_,NbM,; (¢) Zr,_HIM,.

x=1. Consequently, we conclude that, at a low discharge
current, the increase in the ratio of the measured to
the theoretical discharge capacity is due partly to the
higher content of C14 phase and partly to the substi-
tution of the Zr atom by the Hf atom.

4. Conclusion

In this work, by the Rietveld method we have es-
timated the phase abundance of the alloys. We found
that two Laves phases can coexist for a wide variation
of the A site for the Zr, _,A M, system (A=Ti, Hf or
Nb). The presence of the C15 phase seems to be related
to the bond distance between two M site atoms. The
phase stability under hydriding has been established.
From PC isotherm measurements, we observe that
multiphase alloys act as a single phase. For the system
Zr, _, TiM,, there is a smooth transition from the Laves
phase to the b.c.c. solid solution phase. Also, we find
that the b.c.c. phase is a hydrogen absorber. For battery
application, in the system Zr, ,TiM,, the alloys with
the C15 phase present a large reduction in discharge
capacity when the discharge current is increased. For
the alloys composed of only the C14 phase, the discharge
capacity does not change significantly when the discharge
current is increased.
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