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1. Introduction

The C14/C15 phase abundance is an important parameter in the design of a suitable AB,-based metal
hydride electrode for use in nickel metal hydride batteries. In order to separate the contribution due to
chemical composition from that of phase abundance, three multi-phase and multi-element AB, alloys
with different C14/C15 phase abundances before and after annealing were studied by scanning electron
microscope, transmission electron microscope, X-ray diffraction, pressure-concentration isotherm, half-
cell, and full-cell measurements. After annealing at 800 °C for 14 h, the C14 phase abundances increased
from 71 to 94% for the first alloy (Tii2Zr21.5V10Nig2C01.5CrgsMnsgAlp4Sng3), remained unchanged at
about 50% for the second alloy (Tij2Zr21.5V10Nig2C050Cr55Mns 1Alg 4Sng 3 ), and decreased from 32 to 7%
for the third alloy (Tii2Zr21.5V10Nig02C0g0Cr35sMng1Alg4Sng3). The effect of reduction in the amount of
non-Laves ZryNiy secondary phases by annealing was established with the second alloy while the contri-
bution of additional major phase (either C14 or C15) by annealing can be distilled by comparing various
properties between samples before and after annealing. After the comparison, C15 structure was found
to have a higher hydrogen storage capacity and higher reversibility in gas phase hydrogen storage, and
better high-rate dischargeability, hydrogen bulk diffusion, specific power, and low temperature perfor-
mance with a shortcoming of an inferior cycle life in electrochemistry. Results from gas phase hydrogen
storage measurement also agree with those from electrochemical testing. Besides, the non-Laves Zr,Ni,
secondary phases are found to play importance roles in the reversibility of hydrogen storage in the gas
phase and battery performance in activation, rate capability, charge retention, and cycle life.

© 2010 Elsevier B.V. All rights reserved.

activation and high-rate dischargeability (HRD) of the electrode
[27,28]. However, in his case, alloys with high C15 phase contents

Recently, the AB; alloys have been studied extensively for the
metal hydride electrode in the nickel metal hydride (Ni/MH) bat-
tery application [1-10]. The main storage phases for AB, alloys
here are two Laves phases, namely C14 with a hexagonal structure
and C15 with a face-center-cubic structure [11-24]. Although the
structures and stabilities of these two Laves phases were discussed
in great detail in the two-part publication by Stein et al. [25,26],
there were only a few direct comparisons of the hydrogen storage
and electrochemical characteristic of C14 vs. C15 phases [27-31].
All of these comparisons were based on varying the compositions
to alter the phase abundances and therefore the contribution of
composition cannot be eliminated from the conclusion [29-31].
For example, Song et al. reported the electrochemical comparison
results from a series of ZrMngg_,VxNij 1 (x from 0.1 to 0.8) alloys
and concluded that C15 phase with stacking faults enhanced the
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were also high in Mn in place of V. Mn is known to facilitate the acti-
vation and destabilize the metal hydride [32,33]. Consequently, the
assertion of easier activation and better HRD performance of C15
phase is less reliable. Moreover, counter argument of C14 carrying
better HRD can also be found in the comparison studies [30,34,35].
Therefore, a comparison of the hydrogen storage and electrochem-
ical properties between C14 and C15 structures with similar (if
not exactly the same) chemical compositions becomes essential to
the further improvement in the performance of AB, electrode for
Ni/MH battery application.

Rapid-quench [36-45] and annealing ([33,41,46-59] are two
common methods to alter the constituent phase abundances in
Laves phase and/or other non-Laves minor phases in AB, alloys
without changing the overall chemical composition. The drawback
of rapid-quench is the possibility of producing microcrystalline
and even amorphous components, which increases the complex-
ity of comparison [41,44]. The annealing process is not perfect
either since it will reduce the abundances of the non-Laves
phases, such as Zr7Nijg [50] or ZrgNiy;. In this case, the syner-
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getic effect between the Laves phases and the secondary phases
has to be taken into consideration in the interpretation of the
comparison results.

2. Experimental setup

Two melting methods were used to prepare the ingot samples. Samples from
arc melting and induction melting of similar AB, alloys were compared before and
the conclusion was the difference is very minor and does not affect the structural,
thermo dynamical, and electrochemical properties of the alloys [60]. For preparing
structural analysis samples, arc melting was performed under flowing argon with a
non-consumable tungsten electrode and a water-cooled copper tray. Before each arc
melt, a piece of sacrificial titanium underwent a melting-cooling cycle a few times to
reduce the residual oxygen concentration. Each 10-g ingot was re-melted and turned
over a few times to ensure uniformity in the chemical composition. For prepar-
ing samples for sealed cell study, induction melting was performed under an argon
atmosphere ina 2 kg induction melting furnace using a MgAl, 04 crucible, an alumina
tundish, and a steel pancake-shape mold. The annealing of ingots was done in a vac-
uum furnace with diffusion pump and mechanical pump reaching a base pressure of
1 x 10~ Torr. The annealing condition was 2-h ramp-up to 800 °C, hold at 800 °C for
14 h, and followed by natural cooling in vacuum (about 10 h to room temperature).
The chemical composition of each sample was examined by a Varian Liberty 100
inductively coupled plasma (ICP) system. A Philips X'Pert Pro X-ray diffractometer
(XRD) was used to study the microstructure, and a JOEL-JSM6320F scanning elec-
tron microscopy (SEM) with energy dispersive spectroscopy (EDS) capability was
used to study the phase distribution and composition. Elemental microanalysis was
carried out with a Bruker “Quad SDD” silicon drift detector energy dispersive X-ray
spectrometer (SDD-EDS) mounted on a JEOL8500F thermal field emission electron
probe microanalyzer/SEM. Pressure-concentration-temperature (PCT) character-
istics for each sample were measured using a Suzuki-Shokan multi-channel PCT
system. In the PCT analysis, each sample was first activated by a 2-h thermal cycle
between 300°C and room temperature at 25 atm H; pressure. Then PCT isotherms
at 30°C were measured. Details of both electrode and cell preparations as well as
measurement methods have been reported before [60,61].

3. Results and discussion

Three AB, compositions were selected for this study,
#177(Tiq22r21.5V19Nigo2Co15Crg sMnsgAlg 4Sng 3), #190(Tiq2
Zr1.5V10Nigp2C050Cr5 5Mns 1Alo 4Sng 3), and #193(TijaZra1.5V10
Nigp2CogoCr3sMng1Alg4Sng3). While compositions of other ele-
ments were kept constant, amounts of Co, Cr, and Mn were varied
to cover a range of average electron density (e/a), which is known
to affect the C14 and C15 phase abundance ratio [11,52,62-65].
Based on experience, the C14/C15 threshold of e/a is between 6.9

Fig. 1. XRD spectra using Cu-K, as the radiation source for alloys #177 before (a)
and after annealing (b), #190 before (c) and after annealing (d), and #193 before (e)
and after annealing (f).

[66] and 7.1 [64] for this family of AB, alloys suitable as metal
hydride (MH) electrode. Three compositions in this study were
designed to be C14-rich (#177, efa=6.91), C14/C15-equal (#190,
e/a=7.01), and C15-rich (#193, e/a="7.09) before annealing.

3.1. XRD phase analysis

The XRD spectra of three as-received (#177, #190 and #193)
and three annealed samples (#177A, #190A, and #193A) are plot-
ted in Fig. 1. The main components for these alloys are C14 and

Fig.2. EDS Cr-mappings for as-prepared #177 (a), #190 (b), and #193 (c). The bright,
gray, and dark regions in the micrographs are C14, C15, and interdendritic B2 phases,
respectively.
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C15 with small amount of ZrgNi;; secondary phases before anneal-
ing. Phase abundances were calculated by Rietveld method and
are listed in Table 2. Both pattern factor (R,) and weighted pat-
tern factor (Rwp) are less than 3.5% indicating good curve fitting.
The results of predominance of C14 phase for alloy #177 and C15
phase for alloy #193 follow the design. After annealing, the non-
Laves secondary phases were substantially suppressed as reported
before [49,57]. The annealing increases the abundance of domi-
nating phase (C14 in #177 and C15 in #193), which agrees with
the previous work reported by Zhang et al [50]. The new finding is
that for an alloy with about equal C14/C15 abundances (#190), the
annealing does not change the phase abundance ratio. This alloy
(#190) is very important in setting the baseline for the study of
annealing effects due to the elimination of non-Laves secondary
phase but not the changes in the phase structure. The contri-
bution of extra C14 and C15 can be distilled by comparing the
characteristics before and after annealing #177 and #193 alloys,
respectively, and stripping out the contribution from non-Laves
secondary phase.

Due to the overlap of C15 and some of the C14 peaks, only the
lattice parameters for C14 were calculated and are listed in Table 2.
In all three compositions, both a and c decrease after annealing
and consequently result in smaller volumes for both unit cell and
hydrogen occupation site. This outcome is in agreement with study
on C14/BCC mixed alloys [51]. The shrinkage of unit cell volume
is in the order #177 (0.2 A3)<#193 (0.4A3)<#190 (0.5 A3). Lower
hydrogen storage capacity of C14 phase is expected after annealing.
The a/caspect ratio remains the same for C14-dominating #177 and
is identical to the ideal ratio (1/3/8 = 0.6124). The a/c aspect ratio
increases from the ideal ratio for C14/C15-par #190 and decreases
toward the ideal ratio for C15-dominating #193 after annealing.
The crystallite size was estimated from the full-width at half the
maximum of a few major XRD diffraction peaks by the Scherrer
equation [67] and is listed in Table 2. In all cases, the size of the
reflection domain increases as the result of annealing.

3.2. SEMJEDS structural analysis

The EDS mappings of Cr for the three alloys before annealing
show the best contrasts among phases and are shown in Fig. 2.
The microstructures of this series of as-received, arc-melt prepared
samples were also studied by transmission electron microscopy
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and reported before in a two-part publication [68,69]. The forma-
tion of various phases can be summarized as (1) dendritic growth
of hexagonal C14 Laves phase (area with the brightest contrast);
(2) peritectic solidification of cubic C15 Laves phase (area with the
gray contrast); and (3) formation of cubic B2 phase in the inter-
dendritic regions (area with the darkest contrast). The B2 phase
decomposesin the solid state into a complex multivariate plate-like
structure containing Zr;Nijg-type, ZrgNiq1-type and martensitic
phases. The transformations obey crystallographic orientation rela-
tionships between the high-temperature parent BCC phase and
Zr-Ni-type intermetallics, and consequently lead to a complex mul-
tivariant structure of faceted domains. The areas of the phases in
each alloy agree with the phase abundance calculation from XRD
data. The brightest area with C14 structure decreases from alloy
#177, through #190, to #193, but the phase solidification formation
remains unchanged.

The composition in each phase for the as-received samples was
calculated by averaging several EDS results and is listed in Table 1.
The distribution of Sn is very uneven and is absent in the areas we
performed the SEM/EDS study. Similar uneven distribution of Sn
was reported on similar alloys without annealing [61]. The e/a val-
ues calculated from the compositions can be used to identify the
phases: C14 phase has an e/a value close to the lower end of the
threshold, and C15’s e/a value is higher than the same threshold.
The B/A stoichiometry of C14 phase is always above 2 (2.04-2.10)
while that of C15 phase has a wider spread from 1.93 to 2.13. Devi-
ations from the ideal stoichiometry of C14 and C15 Laves phases
have been discussed before and agree with our findings here [70].
There is no major difference in the chemical composition between
C14 and C15 phases in the same alloy (only slightly higher Ni and
lower Cr contents can be found in C15 phase). However, B2 phase
is certainly high in Ti and Ni and low in V, Cr, and Mn. The low sol-
ubility of these B-elements in the non-Laves secondary phase was
reported before on a study of Zr;Ni;o based alloys [66]. The B/A
stoichiometric ratios of the B2 phase (1.31 and 1.40) are between
that of ZrgNiyq (1.22) and Zr7Niqg (1.43).

The SEM backscattering images of the samples after annealing
are shown in Fig. 3. The chemical compositions of the numbered
areas were studied by EDS and are listed in Table 1. In the case
of #177A, besides occasional high-Sn inclusions (Zr,Ni,Sn identi-
fied in Ref. [51]), the alloy is mainly C14-structured. The high-Sn
phase does not appear in the XRD spectrum due to its low volume

Table 1

The design composition (in bold) and the compositions measured by EDS in atomic percentages. The corresponding areas are in Figs. 2 and 3.
Area # Ti Zr v Ni Co Cr Mn Al Sn B/A ela Phase
177design 12.0 215 10.0 40.2 1.5 8.5 5.6 0.4 0.3 1.99 6.91
177-C14 10.3 223 9.9 423 1.1 7.6 5.6 0.8 0.0 2.06 7.01 Cl4
177-C15 10.0 22.0 10.2 43.1 1.3 7.2 5.5 0.9 0.0 2.13 7.06 C15
177-B2 21.8 19.8 1.6 52.8 0.7 0.9 1.8 0.6 0.0 1.40 7.29 B2-Mixture
190design 12.0 215 10.0 40.2 5.0 5.5 5.1 04 0.3 1.99 7.01
190-C14 11.6 21.3 11.1 38.4 5.1 5.6 5.5 1.5 0.0 2.04 6.94 Cl4
190-C15 13.1 21.0 8.4 422 4.6 4.4 4.6 1.7 0.0 1.93 7.06 C15
190-B2 25.5 17.7 1.7 47.6 3.6 0.9 1.8 1.2 0.0 1.31 7.12 B2-Mixture
193design 12.0 215 10.0 40.2 8.0 35 4.1 04 0.3 1.99 7.09
193-C14 10.1 22.1 12.1 354 9.0 4.7 5.2 1.3 0.0 2.10 6.93 Cl14
193-C15 114 214 10.5 39.9 84 3.7 4.7 0.0 0.0 2.05 7.13 C15
193-B2 26.8 16.5 1.8 45.8 5.9 0.5 1.7 1.1 0.0 1.31 7.12 B2-Mixture
177A-1 4.5 36.0 0.8 39.5 0.4 0.7 1.3 0.4 16.5 1.47 5.79 Zr;NizSn
177A-2 12.2 214 10.4 40.5 1.6 7.2 5.7 0.6 0.5 1.98 6.91 C14
177A-3 13.0 21.2 9.9 41.0 1.6 6.7 5.5 0.6 0.6 1.93 6.91 C14
190A-1 9.1 35.8 3.7 35.7 2.5 1.5 22 0.4 9.2 1.23 6.03 Zr;NizSn
190A-2 10.8 272 10.5 35.5 5.0 5.1 5.0 0.5 0.4 1.63 6.72 C14
190A-3 11.7 26.9 9.3 37.7 4.8 4.2 4.5 0.5 0.4 1.59 6.79 C14
190A-4 322 14.8 13 44.2 4.9 0.4 1.6 0.4 0.2 1.13 6.95 B2-Mixture
193A-1 8.5 30.5 3.8 38.8 3.9 0.7 1.9 0.4 115 1.56 6.17 Zr;NiySn
193A-2 10.7 21.9 11.5 39.8 8.5 2.3 43 0.5 0.4 2.06 7.08 C15
193A-3 11.9 215 10.3 41.1 8.3 1.9 4.0 0.6 0.4 1.99 7.12 C15
193A-4 322 115 2.3 413 9.7 0.2 1.7 0.6 0.5 1.29 7.04 B2-Mixture
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Fig. 3. SEM backscattering images for annealed #177 (a), #190 (b), and #193 (c).
The compositions in the numbered areas were measured by EDS and the results are
listed in Table 1.

fraction. Small variations in contrast are due to different crystal-
lographic orientations. In the cases of #190A and #193A, some
remaining B2-inclusions can be found. In the C14/C15-par #190A,
the segregation of phases is larger than the current SEM scanning
area (130 wm x 100 wm). Therefore, only one phase (in this case,
C14)is seen from the micrograph. In general, results from SEM/EDS
analysis agree with those from XRD analysis.

3.3. Gas phase study

Gas phase hydrogen storage properties of the alloys before
and after annealing were studied by PCT. The resulting absorp-

tion and desorption isotherms measured at 30°C are shown in
Fig. 4. The information obtained from PCT study is summarized in
Table 2. The maximum hydrogen storage at 30 °C of the alloy #190
reduces after annealing as consequence of shrinkage of storage
site and elimination of catalytic non-Laves phase. The decrease
of hydrogen storage in Cl14-predominating #177 and increase
in C15-predominating #193 after annealing suggest that C15
phase may have better storage capacity as suggested by higher
possible storage of C15 phase (4 H per AB, formula [11] vs. 3.4
H per AB, formula in C14 phase [71]). Comparing the reversible
hydrogen storage of the same alloys before and after annealing,
the Cl14-predominating #177A has the worst reversibility and
the C15-predominating #193A has the best reversibility. Such
results indicate that easier hydrogen release from the hydride of
C15 structure. This assumption will be confirmed by the half-cell
and diffusion measurements in the later section of this paper.
The other possibility is that the remaining 0.4% of the non-Laves
phase in #193A may assist in the reversibility of hydrogen storage.
The desorption curve of #193A shows a typical two-component
hydride material with close proximity, which was observed on
some two-component vanadium-free AB, alloys before.

The mid-point pressure in the desorption isotherm is an indi-
cation of average metal-hydrogen bond strength. The changes in
the mid-point pressures in alloys #177 and #190 after annealing
are relatively small. It is because the change in phase abundance
is small and overall average composition remains unchanged after
annealing. Therefore, the average metal-hydrogen bond strength is
not changed by annealing. The reduction in the mid-point pressure
of #193 after annealing is due to the formation of a new hydride
phase indicated by the second plateau in the desorption curve of
#193A.

Slope factor (SF), as defined by the ratio of storage capacity in the
absorption plateau region (between 0.01 and 0.5 MPa) to the total
capacity, was used to quantify the inclination of the PCT curve. SF is
a measurement of the uniformity of the alloy [72,73]. For the C14-
and C15-predominated alloys, the SF increases (corresponding to
a flatter isotherm) as the abundance of the major phase increases
and consequently suggests that the alloy becomes more uniform,
which is in agreement with the results from the annealing works
done on ZrVy 7Mng 5Niy » alloy [46]. For alloy #190, the abundances
of C14 and C15 do not change much after annealing and therefore
the SF remains almost unchanged.

3.4. Electrochemical measurement

Discharge capacities of the six alloys were measured in the
flooded cell against the partially pre-charged Ni(OH), as the pos-
itive electrode. Capacities measured at the slowest discharge rate
(8 mA/g) for the first 10 cycles for each alloy are plotted in Fig. 5a.
After 2-3 cycles, the full capacities stabilized and are listed in
Table 3. The higher discharge capacity of #177 (401 mAh/g)is due to
the lower e/a design. Higher e/a value has a stronger repelling force
toward the extra electron brought in by the addition of hydrogen
atom and thus weakens the hydrogen-metal bond strength. After
annealing, similar losses in full storage capacity among the three
compositions, independent of the phase component, are observed
and can be linked to the shrinking of hydrogen occupation site. The
HRD, defined as the ratio of the capacity measured at a fast rate
(100 mA/g) to the total capacity, is plotted in Fig. 5b for the first 10
cycles of each alloy. The evolution of HRD in the first few cycles is
related mainly to the pulverization rate of the alloy. The reduction
in the initial pulverization in #190 after annealing can be attributed
to the elimination of the non-Laves phase. The increases in the
initial pulverization in #177 (C14-predominated) and #193 (C15-
predominated) after annealing are due to their less ductile nature
resulted by the larger grain size (seen from the SEM micrographs
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Fig. 4. 30°C PCT isotherms of alloys #177 and #177A (a), #190 and #190A (b), and #193 and #193A. Open and solid symbols are for absorption and desorption curves,

respectively.

in Fig. 3) and fewer grain boundaries. The HRD values at cycle 10
(HRD1g) are listed in Table 3. With the reduction in B2-precipitate,
which is known to facilitate the Ni/MH battery activation process
[27], the HRD1¢ of #190 decreases from 94% to 92% after annealing.
The HRD1( of #177 remains the same while that of #193 increases
from 90% to 94% after annealing. Therefore, increase in C15 phase
abundance seems to correlate to the increase in HRD1g value, but
not in the case of C14. This study suggests that C15 phase has a bet-
ter HRD than C14 phase, which agrees with the observation from
PCT analysis.

The HRD is further studied by the bulk diffusion coefficient (D)
and the surface exchange current (I,) measured and analyzed by
a previously published method [74]. Both values for each alloy are
listed in Table 3. In the case of bulk diffusion, the C15-predomited
alloy is superior to the Cl14-predominated alloy, which can be
attributed to two possible reasons: the higher density of stack-

ing faults observed by transmission electron microscope [27] and
higher hopping rate between hydrogen storage sites measured by
quasielastic neutron scattering [75]. Marginal increases in D for
#177 and #193 and substantial reduction in #190 are observed
after annealing. The fine distribution of the non-Laves phase and
the loss of the B2-precipitate [64,76,77] are the two causes for the
decreased D value of #190A. The I, values are similar for the three
alloys before annealing, and all increase after annealing. There are
two possible mechanisms to explain the increase in I, by annealing.
The first one is that the precipitation of Zr,Ni,Sn phase contributes
to the increase in the surface reaction. With the largest number of
Zr,NiySn inclusion, #190A shows the highest I, value. The second
argument is that with the reduction in the Ni-rich B2 phase through
annealing [46], the average Ni-content increases, which is known
to be crucial to the surface reactivity [78,79]. In either case, the
surface activity is more related to the chemical composition than



Table 2
Summary of XRD and gas phase storage properties of alloys in this study.
Alloy number  Phase Phase Phase C14 lattice C14 lattice a/c aspect C14 unit C15 lattice C15 unit XRD Max Reversible Mid-point 30°CPCT
abundance  abundance  abundance constant a, constant c, ratio cell constant a, cell crystallite H-storage H-storage pressure at  slope factor
C14,% C15,% ZrNiy,% volume, A3 A volume, A3  Size, A at30°C, % at30°C, % 30°C Des.,
MPa
177 71 26 4 4.9771 8.1288 0.6123 174.4 551 1.40 1.16 0.066 0.79
190 53 46 1 4.9647 8.1072 0.6124 173.1 530 1.14 1.01 0.16 0.81
193 32 67 1 49621 8.0977 0.6128 172.7 7.015 345.2 795 0.93 0.81 0.24 0.74
177A 94 6 0 4.9757 8.1266 0.6123 174.2 >1000 0.98 0.38 0.097 0.83
190A 57 43 0 4.9625 8.0941 0.6131 172.6 >1000 0.79 0.56 0.098 0.82
193A 7 93 0 49578 8.0962 0.6124 172.3 7.011 344.7 >1000 1.08 0.89 0.13 0.84
Table 3
Summary of electrochemical properties of alloys in this study.
Alloy number Full capacity, High-rate dis- Diffusion Exchange Precharge, 70% cycle 30 Days charge Specific Low temp,
mAh/g chargeability at coefficient (D), current (I), mAh/g life retention, % power, %
cycle 10, % x10719 cm? (s mA/g W/kg
177 401 89 5.6 25.8 17 615 40 155 85
190 360 94 111 28.7 21 675 31 200 93
193 335 90 121 243 28 545 25 130 86
177A 377 89 6.5 36.3 3 450 28 160 78
190A 344 92 74 449 0 365 13 108 93
193A 307 94 13.9 31.1 1 260 10 175 95
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Fig.5. The full discharge capacity (a) and high-rate dischargeability (b), as functions
of formation cycle for all alloys in this study.

to the crystal structure. Therefore, the better HRD performance of
C15 structure is due to its higher diffusion rate of hydrogen in the
bulk. In the case of C14-predominating #177 alloy, although the
surface exchange current increases by 40%, the HRD remains the
same with a smaller increase in the diffusion coefficient. This is
another proof that bulk diffusion plays more important role in the
HRD. In this experiment, HRD is done in the flooded-cell config-
uration, there are other factors causing the no change in HRD of
#177 after annealing. The specific power measured in a sealed cell
configuration shows a small increase in alloy #177 after annealing
corresponding to the higher D value.

Four kilograms of alloys were prepared by induction melt. Half
of the ingot was annealed under the same condition as the arc-melt
prepared sample. The composition and structure were verified to
be the same as the arc-melt sample by ICP and XRD analyses. Elec-
trode and sealed cell were fabricated as reported before [33]. The
initial discharge capacity before any charge was from the hydrogen
generated during the metal oxidation by the alkaline solution in the
activation bath, and it can be used to quantify the ease of activa-
tion [80]. A higher initial discharge capacity can be correlated to an
easier oxidation/activation of the alloy. The amount of precharge
in mAh/g for each alloy is listed in Table 3. The precharge capacity
increases as the Cr content in the alloy decreases. Cr is known to
increase the surface resistance to alkaline solution [77,81-90]. After
annealing, minimal precharge was observed in any alloy, which
raises a major shortcoming of annealing: it makes the activation
tougher than before annealing. There are two mechanisms related
to the decrease in precharge capacity after annealing: the elimi-
nation of high Ti-content B2 phase, which is believed to facilitate

the Ni/MH battery formation [27,34,91,55], and the decrease in the
grain boundary density, as pointed out before a crucial parameter
to the pulverization rate [92]. In both cases, the activation is less
sensitive to the choice of main Laves phase in the alloy.

Four important Ni/MH technical parameters (cycle life, charge
retention, specific power, and low temperature performance) for
metal hydride electrode made from each alloy are listed in Table 3.
For the cycle life reaching 70% of the original capacity, all three
compositions degraded after annealing, which are opposite to the
results from ABs alloys. One possible explanation for the mech-
anism causing this degradation in cycle life by annealing is that
the equiaxial grain has a poorer cycle life than the dendrite-shape
grain [93]. Dendrite-shape grain before annealing has a higher grain
boundary density and is more difficult to pulverized, and thus con-
tributes to a longer cycle life. The C15 phase with relatively higher
Ni-content is assumed to carry a better cycle life due to the increase
in ductility. However, the C15-predomianted #193 has the worst
cycle life before annealing, and it became even worse after anneal-
ing. The reason may be that the higher hydrogen storage capability
of C15 causes large lattice expansion and thus higher pulverization
rate and lower cycle life.

Cr is known to improve the charge retention of AB, alloy
by increasing the corrosion resistance to alkaline electrolyte
[22,33,94]. As a result, the 30-day charge retentions of the alloys
before annealing follow the order of the Cr content. The order
remained unchanged but the value deteriorated after annealing.
From the comparison, there is no clear correlation between the
charge retention and the crystal structure of the main phase in the
alloy. The degradation in charge retention by annealing may be
connected to the formation of Zr, Ni,Sn phase and/or the reduction
in grain boundary density. A detail study of the corrosion behav-
ior of Zr;Ni,Sn phase is necessary to identify the cause for the
degradation in charge retention by annealing.

The specific power of #190 dropped down to half after annealing
due to the same reason in the reduced HRD value-reduction in the
non-Laves phase. While the specific power of C14-predominated
#177 remains about the same after annealing, in the specific power
of the C15-predominated #193 increases as the C15 phase abun-
dance increases after annealing. While increasing the majority
phase abundance in the alloy by annealing improves the spe-
cific power in both C14 and C15 cases, the specific power from
a C15-predominating #193A is higher than that from the C14-
predominating #177A. Therefore, aside from the proximity effect
from B2-related secondary phases, C15 phase appears to be higher
in specific power.

The low temperature performance (ratio of the capacity mea-
sured at 0.5 Crate and —10 °C to the capacity measured at the same
rate and room temperature) is originally believed to be related only
to the surface area and surface reactivity [95]. By comparing the
datainTable 3, a clear correlation can be established. As the amount
of C14 phase increases, the low temperature performance deterio-
rates. However, the increase in C15 phase has a positive effect on the
low temperature performance. Therefore, it seems that low tem-
perature performance is also structure-related and C15 is a better
choice for the low temperature application.

4. Summary

Three compositions with different e/a were designed to fab-
ricate alloys with different C14/C15 ratios. After annealing, the
abundance of the dominating phase (either C14 or C15) increases,
the B2-precipitate is much reduced, and a new Zr;Ni,Sn phase is
created. In the case of almost equal amount of C14/C15, the anneal-
ing does not change the C14/C15 ratio. By comparing the results
obtained from samples before and after annealing, we conclude the
following:
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1. Annealing in AB; alloy reduces the lattice constants, cell volume,
hydrogen storage capacity, electrochemical discharge capacity,
HRD, diffusion constant, charge retention, cycle life, specific
power, and makes activation harder.

2. In the gas phase, C15 structure offers higher hydrogen storage
capacity and higher reversibility.

3. In electrochemical testing, the C15 structure offers better HRD,
hydrogen bulk diffusion, specific power, and low temperature
performance with a shortcoming of an inferior cycle life.
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