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a b s t r a c t

This part of our series of papers reports our efforts to predict sealed cell cycle life from lattice constant
a/c ratio and/or PCT hysteresis based on correlations established from our previous studies reported in
Part 1. In the case of Ti21Zr12.5V14Ni21.5−xCr10Mn21Snx alloys, as x is increased the a/c ratio increases and
vailable online 4 January 2009

eywords:
ydrogen absorbing materials
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etal hydride

the PCT hysteresis decreases resulting in extended cycle life for the battery. This is in agreement with the
results from Part 1. In the case of Ti18Zr15.5V14Ni24.2−xCr10Mn18−ySn0.3CoxAly alloys, the a/c ratio trend was
not observed due to existence of more than one C14 phase, but the correlation between PCT hysteresis
and cycle life was maintained. In the case of Ti21Zr12.5V10Ni40.2Cr8.5−xMn5.6−yCo1.5+x+yAl0.4Sn0.3 alloys, the
cycle life was dominated by the corrosive nature of the alloy affected by the Cr content. As a consequence,
predictions from a/c ratio and PCT hysteresis can only be applied to the degree of pulverization in gas

the se
lectrochemical reactions phase cycling and not to

. Introduction

The nickel metal hydride (NiMH) battery is an emerging technol-
gy used both in portable electronic devices and vehicle propulsion
pplications. The Laves phase AB2 alloy is a good candidate for
he negative electrode hydrogen storage material in the NiMH bat-
ery. The nature of these AB2 alloys is multi-component with a
igh degree of disorder [1,2]. The interactions among various con-
tituent components improve the electrochemical characteristic
hrough a synergetic effect [3,4]. When compared to another com-

only used misch-metal based AB5 material, AB2 alloy shows a
horter cycle life in NiMH batteries [5–13]. One of the failure modes
f the alloy is pulverization through cycling, which has prompted
any researchers to focus on controlling the degree of pulveriza-

ion [14–20]. However, the fabrication and cycle life testing of NiMH
atteries are costly and time-consuming. Therefore a technique
o forecast the pulverization behavior through a simple testing

ethod is highly desirable to researchers when designing and pre-
creening alloy candidates.

In Part 1 of the current series of papers, the mechanic stabil-
ty of C14 Laves phase alloys was found to be strongly tied with the

ysteresis of pressure–concentration–temperature (PCT) isotherms
21]. A larger lattice constant ratio a/c produces a smaller hys-
eresis between absorption and desorption curves resulting in less
tress between � and � phases in the hydride and less pulveriza-

∗ Corresponding author. Tel.: +1 248 293 7000; fax: +1 248 299 4520.
E-mail address: kwoyoung@yahoo.com (K. Young).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2008.12.115
aled cell cycle life.
© 2009 Elsevier B.V. All rights reserved.

tion occurring during charge/discharge cycling. Liu et al. reported
the same correlation between pulverization rate and the PCT hys-
teresis for over-stoichiometric C15 Laves phase alloy [22]. C15 is
a face-centered-cubic structure; therefore no correlation can be
established between the shape of the unit cell and the PCT hystere-
sis. Li et al. also reported that pulverization resistance improved
with a decrease in PCT hysteresis and an increased a/c ratio in
Zr–Mn–Fe alloys [16]. PCT hysteresis was demonstrated to be
closely related to the pulverization rate during gas phase cycling
of AB5 alloy [23]. In that case, a smaller lattice constant ratio a/c
in AB5 alloys corresponded to a smaller hysteresis. Considering the
interactions of alloy with hydrogen may be quite different with or
without the presence of voltage and electrolyte, Feng et al. used
the equilibrium potential to obtain an electrochemical version of
PCT isotherm, which is closer to the real hydride/dehydride process
happened in a sealed NiMH cell [24].

For this paper, we measured lattice constant, PCT hysteresis, and
battery cycle life for three independent alloy systems. The correla-
tion among these measured properties will be analyzed in hopes of
developing a pre-screening technique to predict the cycle perfor-
mance of NiMH batteries.

2. Experimental setup

Induction melting was performed under an argon atmosphere in a 2 kg induction

melting furnace using a MgAl2O4 crucible, an alumina tundish, and a steel pancake-
shape mold. A Philips X’Pert Pro X-ray diffractometer (XRD) was used to study the
micro-structure, and a JOEL-JSM6320F scanning electron microscope (SEM) with X-
ray energy dispersive spectroscopy (EDS) capability was used to study the phase
distribution and composition. A Horiba La-300 Laser Scattering Particle Size Ana-
lyzer was used to measure the particle size distribution. PCT characteristics for each

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kwoyoung@yahoo.com
dx.doi.org/10.1016/j.jallcom.2008.12.115
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ample were measured using a Suzuki–Shokan multi-channel PCT system. In the
CT analysis, each sample was first activated by a 2-h thermal cycle between 300 ◦C
nd room temperature at 25 atm H2 pressure. PCT isotherm absorption–desorption
ysteresis was calculated as the difference in ln(absorption equilibrium pressure at
.5 wt.% storage) and ln(desorption equilibrium pressure at 0.5 wt.% storage).

For preparation of the sealed battery cells, the ingot was first ground and
hen sieved below 75 �m. The resulting powder was continuously fed into a roll-
ompaction mill through a screw feeder together with expanded Ni substrate to form
continuous spool of negative electrode without using any binding material (for a
etailed description, see [25]). The typical thickness of the electrode ranged from
.27 to 0.33 mm. Half cell measurements were conducted using 3.8 cm × 14.0 cm test
lectrodes cut-out of the continuous belt. The test electrode was initially activated
n a 30% KOH bath at 110 ◦C for 4.5 h. The activated electrode was discharged with
current of 0.05 A (close to 5 mA/g) and then was cycled through charge/discharge

ycles with a charge current of 50 mA/g, a discharge current of 50 mA/g and a low rate
ischarge of 5 mA/g. The cut-off voltage that determined the end of discharge was
et at −0.7 V with respect to two pre-activated sintered Ni(OH)2 counter electrodes
andwiching the test electrode.

C-size NiMH batteries were made with metal hydride electrodes cut from the
ry compacted continuous belt, combined with pasted Ni(OH)2 counter electrodes
powder A in [26]), 6 M KOH electrolyte, and grafted PP/PE separators. The N/P
apacity ratio design was 1.4 to maintain a good balance between the over-charge
eservoir and the over-discharge reservoir. The cycle life of each battery was tested
y repeating a charge/discharge scheme performed at room temperature. Charging
as performed at a C/2 rate with a −�V termination method. In the −�V termi-
ation method, the charging process is terminated when a 3 mV decrease from the
aximum cell voltage is detected, indicating the completion of charge and start

f hydrogen–oxygen recombination. Discharge was performed at a C/2 rate with a
ut-off voltage set at 0.9 V.

. Results and discussion

.1. Partial replacement of Ni with Sn

Four alloys substituting Sn for Ni (0, 0.1, 0.2, and 0.4 at.%) in
he base alloy Ti21Zr12.5V14Ni21.5Cr10Mn21 were made by induction

elting (alloys #1–#4 in Table 1). Both structural and electrochem-
cal properties were previously reported [27]. Results from XRD
nalysis indicated the alloys are all dominated by the C14 crys-
al structure and calculated lattice constants are listed in Table 1.
s the amount of Sn-substitution increased, the lattice constant
atio a/c decreased. PCT isotherms measured at 30 ◦C are plotted in
ig. 1 and the hysteresis for these four alloys measured at 0.5 wt.%
apacity is listed in Table 1. As Sn amount increased, the PCT hys-
eresis increased, which follows the trend of lattice constant ratio
s predicted in Part 1 [21].

These four alloys were made into NiMH batteries and their cycle
ife was previously reported [27]. In Fig. 2, both PCT hysteresis mea-
ured at 30 ◦C and 60 ◦C were plotted against the end-of-life cycle,
hich is defined as the first cycle the cell capacity drops below

0% of its initial value. It is clear from this figure that alloys with
ower PCT hysteresis cycle are better than alloys with higher hys-
eresis. Therefore, we conclude that a/c ratio, PCT hysteresis, and
ycle life performance are all in good agreement in the case of partial
eplacement of Ni with Sn.

.2. Changing Ni/Co/Al contents

Four alloys were made by induction melting to study the effect of
dding Co contents in the alloy formula (alloys #5–#8 in Table 1).
he base alloy, Ti18Zr15.5V14Ni24.2Cr10Mn18Sn0.3, is a modification
f alloy #1 with a higher Zr/Ti ratio to increase the capacity of the
lloy [28]. Additionally, 0.5 at.% of Al was added to #6, #7, and #8
o improve the high-rate discharge performance.

The C14 Laves phase dominated the XRD spectra for alloys
5–#8 as shown in Fig. 3. There are two C14 phases observed in

lloys #5, #6, and #8 (multi-component features peak around 73◦).
he calculated a, c, and a/c values are listed in Table 1. Due to the
xistence of more than one C14 phase, a clear trend of a/c ratio
imilar to the previous case cannot be established. PCT isotherms
btained from 30 ◦C measurement for alloys #5–#8 are plotted in Ta
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Fig. 1. PCT absorption and desorption isotherms measured at 30 ◦C for alloys #1
(
i

F
t
H
c

c
i
a
c
r
h
c

F
c

Three alloys were made by induction melting with different
Cr/Mn/Co contents and their compositions are listed as alloys #9,
#10, and #11 in Table 1. The average atomic radii for A atoms and B
atoms were calculated based on the atomic radii of constituent ele-
a, �), #2 (b, �), #3 (c, �), and #4 (d, �), where solid symbols are for absorption
sotherms while open symbols are for desorption isotherms.

ig. 4. The small amount of additional Co and Al do not change
he maximum hydrogen storage capacity or the plateau pressure.
owever, a substantial reduction in PCT hysteresis can be seen from
alculated values listed in Table 1.

Alloys #5–#8 were made into C-size NiMH batteries and the
ycle life testing results are plotted in Fig. 5. As more Co was added
nto the formula at the expense of Ni, the cycle life was extended,
s predicted from the smaller PCT hysteresis. Therefore, the con-
lusion of this section is that for a multi-component system, the a/c
atio is not a good indicator in predicting cycle performance but PCT

ysteresis still correlates very well with the cycle life in the sealed
ell.

ig. 2. Plot of 30 ◦C and 60 ◦C PCT hysteresis at 0.5% storage vs. cycle number when
apacity dropped below 70% of its original capacity.
Fig. 3. XRD spectra using Cu K� as the radiation source for alloys #5 (a), #6 (b), #7
(c), and #8 (d).

3.3. Increase of Co at the cost of Mn and Cr

In the previous two examples, all of the alloys have a predom-
inantly C14 crystal structure and a correlation between PCT and
cycle life was demonstrated. Below we report some work on mixed
C14/C15 phase alloys where the correlation between larger a/c
and smaller PCT hysteresis is still valid but the final cycle life was
affected by other factors, such as the co-existence of another major
hydrogen storage phase and/or alloy corrosion.
Fig. 4. PCT absorption and desorption isotherms measured at 30 ◦C for alloys #5 (�),
#6 (�), #7 (�), and #8 (�), where solid symbols are for absorption isotherms while
open symbols are for desorption isotherms.
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ig. 5. Cycle life of sealed NiMH batteries measured by a C/2 charge rate with a −�V
f 3 mV termination and a C/2 discharge rate with a cut-off voltage of 0.9 V for alloys
5 (a, ©), #6 (b, ♦), #7 (c, �), and # 8 (d, �).

ents listed in ref. [29]. The rA/rB ratio increases from 1.217 for alloy
9 to 1.218 for alloy #10 and then to 1.219 for alloy #11. The ratios are
pproaching but still lower than the C14/C15 threshold at 1.225 and
predominantly C14 crystal structure is expected based on work
one with Zr-based Laves phase alloys [30]. XRD analysis was per-
ormed and the resulting spectra are plotted in Fig. 6. All reflections
rom C15 structure align very well with some of those from C14
tructure. The Rietveld analysis of alloys #9, #10, and #11 indicated
hat the percentage of C15 phase in the alloys are 13%, 47%, and 72%,
espectively. The C15 percentages increase as the alloys rA/rB ratios
ncrease. The general trend of lattice structure is consistent with
he prediction from atomic radii with a lower C14/C15 threshold
1.218–1.219 in stead of 1.225). The real atomic radius of the element
ill deviate from the metallic radius according to the difference in

lectronegativity between neighboring atoms [31] and therefore
shift in the C14/C15 threshold is acceptable. Furthermore, the

14/C15 mixtures in alloys #10 and #11 do not conform to the crite-
ion functions for forming the C15 phase as predicted from valance

harge density using equation 12 from ref. [32] and from average
lectron concentration [33]. The multi-element, multi-phase alloys
re too complicated to be handled by models built from simple
inary alloys.

ig. 6. XRD spectra using Cu K� as the radiation source for alloys #9 (a), #10 (b),
nd #11 (c). Miller indices from C15 reflection are in bold to distinguish them from
14 reflections.
Fig. 7. PCT absorption and desorption isotherms measured at 30 ◦C for alloys #9 (a,
�), #10 (b,�), and #11 (c,�), where solid symbols are for absorption isotherms while
open symbols are for desorption isotherms.

Lattice constants a and c from the C14 phase, and the calculated
a/c ratio are listed in Table 1. Lattice constant a remains roughly
the same while lattice constant c decreases as the amount of Co
is increased. The shrinkage of cell volume comes from the rela-
tively smaller size of Co when compared to Cr and Mn. The a/c ratio
increases with higher Co which should contribute to a reduction in
PCT hysteresis according to the discussion in the Part 1 of these two
consecutive papers [21].

PCT isotherms were taken at 30 ◦C for all three alloys and are
plotted in Fig. 7. The plateau pressure increases with the amount of
Co, which is the consequence of both a smaller lattice volume and a
higher valence electron density. As expected there was a reduction
in PCT hysteresis with a higher Co content, which complies with
the prediction from a higher a/c ratio.

C-sized cells were made from alloys #9 to #11. The cycle life
testing results are plotted in Fig. 8. The cycle life of cells made
from alloy #9 was greater than that of cells made from alloy #10,
which in turn was greater than the cycle life of cells made from
alloy #11. This electrochemical cycling result is different that what
is predicted by the a/c ratio and PCT hysteresis. In order to study the
discrepancy, we performed a gas phase cycling experiment. After 50
hydride/dehydride cycles, the particle size distribution of each alloy
was measured and is plotted in Fig. 9. Alloy #9 with the smallest
a/c ratio and largest PCT hysteresis is the one which was pulverized
the most (curve a in Fig. 9). Therefore the electrochemical cycle life
shown in Fig. 8 was not dictated by the pulverization rate.

In order to eliminate the possibility of C14/C15 phase mixture
causing the short cycle life, SEM analysis was performed on alloys
#9–#11 with the back scattering image micrographs shown in
Fig. 10. EDS results from selected areas on each micrograph identi-
fied by numbers are listed in Table 2. The brightest spots are from
Zr metal and the darkest areas are from ZrO2. The main phases are
all AB2-stoichiometric with very small variations in chemical com-

position. The AB2 phase size and proximity in all three alloys are
similar. Besides the main AB2 phase, TiNi (a1, b5, and c5) and Zr9Ni11
(b2) secondary phases are found. Since the multi-component fea-
tures in alloys #9–#11 are similar, we came to the conclusion that
phase segregation was not the main factor driving cycle life perfor-
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Fig. 8. Cycle life of sealed NiMH batteries measured by a C/2 charge rate with a −�V
of 3 mV termination and a C/2 discharge rate with a cut-off voltage of 0.9 V for alloys
#9 (a), #10 (b), and #11 (c).

Fig. 9. Particle size distribution curves for alloys #9 (a, �), #10 (b, �), and #11 (c, �)
after 50 gas phase hydride/dehydride cyclings.

Table 2
EDS results measured from spots identified in micrographs shown in Fig. 10. All
numbers listed here are in atomic percents.

Zr Ti V Ni Cr Mn Co Al

a1 19.8 21.8 1.6 52.8 0.9 1.8 0.7 0.6
a2 22.2 10.3 9.9 42.3 7.6 5.6 1.1 0.8
a3 22.0 10.0 10.2 43.1 7.2 5.5 1.3 0.9
a4 22.1 11.5 8.8 44.9 5.9 5.0 1.1 0.7
a5 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
b1 34.7 13.0 6.8 34.3 3.1 3.5 3.6 0.9
b2 20.9 13.0 9.7 39.9 5.1 5.1 4.9 1.3
b3 21.3 11.6 11.1 38.4 5.6 5.5 5.1 1.5
b4 21.0 13.1 8.4 42.2 4.4 4.6 4.6 1.7
b5 17.7 25.5 1.7 47.6 0.9 1.8 3.6 1.2
b6 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c1 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c2 22.2 10.1 12.1 35.4 4.7 5.2 9.0 1.3
c3 21.3 10.8 10.7 39.3 4.0 4.6 8.3 1.1
c4 21.4 11.4 10.5 38.8 3.7 4.7 8.4 1.2
c5 16.5 26.9 1.8 45.8 0.5 1.7 5.9 1.1

Fig. 10. SEM backscattering electron image micrographs for alloys (a) #9, (b) #10,
and (c) #11. Numbers in each micrograph indicate EDS analyses were done in these
areas and chemical compositions are summarized in Table 2.
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ance. Further XRD studies from the partially hydrided alloys #10
nd #11 indicated that both C14 and C15 phase absorbed hydrogen
t the same time and no wedge effect was found between these two
hases.

The only remaining untouched difference among alloys #9–#11
s the chemical composition. The enhancement of cycle durabil-
ty in Ti–Zr–V–Mn–Ni alloy by adding the proper amounts of Cr,

ainly due to its contribution to the corrosion resistance, have
een reported [14,34–36]. We have performed corrosion studies on
hese three alloys by preparing a polished ingot surface and mea-
uring the polarization resistance (Rp) using the linear polarization
ethod with a voltage swing of 20 mV about the open-circuit volt-

ge with respect to a Hg/HgO reference electrode. The corrosion
urrent was then calculated using the Stern–Geary relationship:

corr(A/cm2) = BaBc

2.3(Ba + Bc)Rp

here Ba and Bc are the anodic and cathodic tafel slopes, respec-
ively. Since the tafel slopes could not be calculated from this data,
.12 V/decade are often used resulting in the Stern–Geary coeffi-
ients (SGC) [37]:

GC = BaBc

2.3(Ba + Bc)
= 0.026

corr(A/cm2) = 0.026
Rp

The obtained corrosion current densities are 43, 56, and
0 �A/cm2 for alloys #9–#11, respectively. It is apparent from the
ata that with decreasing amounts of Cr the corrosion current
ensity increased, therefore more metal corrodes resulting in a
egraded cycle life.

The cycle life is always a difficult problem to solve and can
e affected by many factors. Pulverization due to stress from
ydride/metal interface is one factor causing degradation of cycle

ife. Pulverization can be predicted from a/c ratio and/or PCT hys-
eresis. After eliminating pulverization issues, other factors, such as
urface corrosion, oxide passivation, phase segregation, dissolution
nd poisoning positive electrode, etc. start to play an important role
n cycle life performance.

. Conclusions

In this second of two consecutive papers on the PCT hysteresis of
aves phase alloys, three examples are presented to validate the cor-
elation developed in Part 1 using simple ternary alloys. In the case

f changing Ni/Sn content in C14-predominated alloys, a higher a/c
atio results in a smaller PCT hysteresis, and also an improvement in
he electrochemical cycle stability. In the case of multi-C14 present
n the alloy, only the correlation between PCT hysteresis and cycle
ife can be established. In the case of C14/C15 mixed alloys, a higher

[
[
[
[

ompounds 480 (2009) 434–439 439

a/c ratio leads to a smaller PCT hysteresis and less pulverization
in the gas phase cycling test. However, the electrochemical cycle
life tests were greatly affected by the corrosive nature of the alloys.
Although alloy #11 has the largest a/c ratio, its cycle life was lim-
ited by the relatively poorer corrosion resistance due to a reduction
in Cr-content. Therefore we conclude that either a/c ratio or PCT
hysteresis can be used to predict the degree of pulverization during
cycling, but more factors have to be taken into consideration with
battery cycle life.
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