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a b s t r a c t

The phase abundances of 16 alloys with various contents of Sn, Co, Al, and Fe additives were studied by X-
ray diffraction analysis. Due to relative small percentages, the relative abundances of these minor phases
were obtained through smoothing, curve fitting, and area integration and correlated qualitatively to the
amount of additives in the alloys. In the Laves phases, Sn, Co, and Fe with more outer-shell electrons than
that of the host alloy promote C15 phase. Al, with less outer-shell electrons, on the other hand, promotes
C14 phase. In the AB phases, Sn promotes the formation of ZrNi phase and suppresses the formation of
ydrogen absorbing materials
ransition metal alloys
etal hydride electrode

lectrochemical reactions

TiNi phase. In the competition between Zr7Ni10 and Zr9Ni11 (both are the products from a solid-state
transformation), Sn promotes Zr7Ni10 while both Fe and Al promote Zr9Ni11. The phase abundances were
further correlated to the gas phase and electrochemical properties of the alloys. C14, Zr9Ni11, and TiNi
phases were found to increase both the gas phase and electrochemical storage capacities, lower the
hydrogen equilibrium pressure, decrease the half-cell high-rate dischargeability, improve both charge

nd sli
work
retention and cycle life, a
ZrNi, and Zr7Ni10 phases

. Introduction

Laves phase AB2 alloys are strong candidates to replace misch-
etal based AB5 alloys used as metal hydride (MH) electrode in

ickel metal hydride (Ni/MH) battery due to their higher storage
apacity and flexibility in composition design [1–22]. The AB2 alloys
uitable for the Ni/MH application are multi-phased with the main
hase consisting of C14, C15, or both Laves phases and one or more
econdary phases including TiNi, Zr7Ni10, Zr9Ni11, ZrNi, or BCC-
tructured non-Laves phases [23–29]. Although the microstructure
nd solidification path of these complicated AB2 MH alloys have
een studied [30,31], reports on the contribution of each phase to
he electrochemical properties are very limited [32,33]. Most of
he comparisons were based on varying composition to alter the
14/C15 phase abundance and therefore the contribution of com-
osition cannot be eliminated from the conclusion [34–38]. Our
revious report was able to isolate the contribution from C14/C15
bundance by comparing the microstructures and properties of
hree alloys before and after annealing [21]. The C15 structure was

ound to have higher hydrogen storage capacity and reversibility in
as phase hydrogen storage, and better high-rate dischargeability
HRD), hydrogen bulk diffusion, specific power, and low temper-
ture performance with a shortcoming of inferior electrochemical
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E-mail addresses: kyoung@ovonic.com, kwoyoung@yahoo.com (K. Young).
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ghtly decrease the capacity recovery after storing at 45 ◦C for 60 days. C15,
in the opposite manner.

© 2010 Elsevier B.V. All rights reserved.

cycle life. The contribution from secondary phases as a whole was
also studied in the same paper by comparing the properties before
and after the annealing process. After annealing, most of the sec-
ondary phases were eliminated and the electrochemical properties
deteriorated, as reported by Visintin et al. previously [39]. These
non-Laves ZrxNiy secondary phases as a group were found to play
an importance role in the activation, rate capability, charge reten-
tion, and cycle life of Ni/MH battery. Changes in the electrochemical
properties of AB5 compounds due to annealing were also reported
recently [40–42]. The function of each non-Laves phase is not clear
and will be discussed in this paper.

2. Experimental setup

The sample preparation, gas phase characteristic measurement, half-cell testing,
and sealed-cell assembly and testing have been described in a previous publication
[16]. In this report, a new set of samples were prepared by arc melting for the X-
ray diffraction (XRD) study. The microstructures of the samples made by induction
melting and arc melting have been compared previously and the results are very
close to each other [8]. A Rigaku Miniflex XRD was used to study the microstruc-
ture. The phase abundances of secondary phases were estimated by comparing the
integration of XRD intensities over the characteristic deflection peak regions.

3. Results and discussion
Designed with a modified L-16 orthogonal array, 16 alloys with
the general formula Ti9Zr27−wV5Ni38Cr5−xMn16−y−zSnwCoxAlyFez

were prepared to study the effects of Sn, Co, Al, and Fe as addi-
tives to the C14/C15 mixed Laves phase alloy in Ni/MH battery [16].

dx.doi.org/10.1016/j.jallcom.2010.11.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
a and c lattice constants of C14 and phase abundances in % found from XRD analysis.

Alloy # a (in Å) c (in Å) C14 C15 ZrNi TiNi Zr7Ni10 Zr9Ni11 Total secondary phases

1 5.0032 8.1693 81.6 16.8 0.09 0.63 0.37 0.49 1.59
2 4.9995 8.1621 71.2 27.2 0.08 0.52 0.32 0.68 1.61
3 5.0019 8.1633 70.8 26.9 0.13 1.00 0.30 0.86 2.30
4 5.0008 8.1622 71.2 27.1 0.11 0.56 0.23 0.77 1.67
5 5.0018 8.1589 68.3 30.1 0.20 0.45 0.30 0.63 1.58
6 4.9991 8.1596 60.3 38.2 0.08 0.53 0.30 0.55 1.47
7 5.0031 8.1655 69.4 29.5 0.14 0.39 0.26 0.34 1.13
8 4.9982 8.1562 58.6 40.0 0.15 0.51 0.33 0.40 1.39
9 4.9983 8.1568 73.3 24.7 0.14 0.59 0.40 0.87 1.99

10 5.0024 8.1655 74.0 24.4 0.18 0.53 0.29 0.64 1.64
11 4.9997 8.1646 49.3 49.4 0.19 0.54 0.38 0.14 1.26
12 4.9952 8.1577 56.2 42.3 0.23 0.51 0.39 0.42 1.55
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13 5.0047 8.1629 71.0 27.4
14 4.9982 8.1659 68.7 29.7
15 4.9964 8.1577 49.8 49.0
16 4.9945 8.1551 42.9 55.7

rthogonal arrays are designed to reduce the number of experi-
ents while still being capable of obtaining statistically relevant

onclusions. In this design of experiments, we only need 16 alloys
nstead of the full matrix of 256 alloys with four variables at four
evels each. The designed composition, gas phase storage, and elec-
rochemical properties of these alloys are summarized in Table 1
nd Table 4 of Ref. [16].

.1. XRD phase analysis

The XRD spectra ranging from 30 to 60◦ 2� for alloy #1 to #16
repared by arc melting are shown in Figs. 1a and 2a. The lattice
onstants a and c of C14 structure were calculated from the XRD
pectra and are listed in Table 1. The C14 and C15 phase abun-
ances were calculated from the integration of diffraction peaks
sing a calibration with previous samples done by Rietveld method.
he results of C14 abundance are shown in Table 1. The C14 phase
bundance correlates very well with the average electron density
e/a), as shown in Fig. 3. A transition threshold of approximately
.95 is observed, which agrees well with previous reports [43,44].

In order to identify and quantify the secondary phases, 2� range
rom 35 to 45◦ in each XRD spectrum was expanded and illustrated
n Figs. 1b and 2b. The major diffraction peak profiles of these sec-
ndary phases were processed (smoothing, curve fitting, and area
ntegration) and used to estimate the phase abundances as listed
n Table 1. Without a cross-calibration with a second phase anal-
sis, the phase abundances reported here are only for comparison
urpose and may be different from the actual value.

.2. Correlation between phase abundance and chemical
omposition

The C14 phase abundance is plotted against the amount of vari-
us additives in Fig. 4a. Each data point was obtained by averaging
he four values of C14 phase abundance from the corresponding
lloys with a specific amount of a particular additive. The general
rends of all correlations are in agreement with the prediction from
/a values. Sn, Co, and Fe have more outer-shell electrons than the
/a values of the alloys (about 7) and consequently lower the C14
hase abundance, and Al with less outer-shell electrons (3) has the
pposite effect. Since the total non-Laves secondary phase abun-
ances (Table 1) are small and vary in a narrow range (most are
ithin 1 and 2%), the trends of C15 phase abundance dependency
n composition variation are contrary to those of C14. Same trends
f C15 phase abundance as functions of Fe, Co, and Al can also be
ound in a series of Zr7Ni10-based quinary alloys [44].

There are two AB phases observed in the XRD analysis. One has
lattice parameter about that of ZrNi crystal structure, and the
0.46 0.54 0.38 1.61
0.43 0.60 0.24 1.60
0.30 0.45 0.18 1.17
0.36 0.60 0.23 1.37

other one’s is close to that of TiNi crystal structure. The former was
found to follow the phase evolution from ZrNi + Zr9Ni11 to Zr9Ni11,
Zr9Ni11 + Zr7Ni10, and finally Zr7Ni10 [44]. The ZrNi phase, with a
B33 (CrB) structure [45], was never found to coexist with Zr7Ni10
through composition variation [44,46–49]. It is possibly a remnant
of the precursor material for the consequent solid transformation
into Zr9Ni11 and Zr7Ni10 phases [30]. B2 and B33 structures are
related. With increasing level of Co substituting Ni in ZrNi alloy,
the B33 phase changes into B2 phase [45]. TiNi may be one of the
products of solid phase transformation, which forms an alterna-
tive band structure with Zr7Ni10 phase as observed from Fig. 16a
in Ref. [31]. With the Zr/Ti content at 21.5/12, only TiNi struc-
ture was found in the XRD analysis [18]. When the Zr/Ti content
changes from 21.5/12 to 26/9, ZrNi phase starts to appear [16]. As
the Zr/Ti content moves to 32.3/9, only ZrNi phase is found [32].
The lattice parameters of both AB phases indicate the occupan-
cies of Zr and Ti in the A-sites. The fine structure of this group
of alloys will be investigated by transition electron microscope
and reported elsewhere. The ZrNi and TiNi phase abundances are
plotted against the amount of additives in Fig. 4b and c, respec-
tively. The only major correlation is from Sn additive. As more Sn is
added into the alloy to substitute Zr, the ZrNi content increases
almost linearly, and the general trend of TiNi phase abundance
is decreasing. With reducing Zr-content in the alloy from 26.6 to
26.0 at.%, the amount of ZrTi increases while that of TiNi decreases.
Sn may play a crucial role in determining which AB phase is to be
formed.

Zr7Ni10 phase was reported to have good hydrogen storage
capability [23,50,51]. The structural and electrochemical proper-
ties of TixZr7−xNi10 alloys were reported before [52]. Its abundance
is plotted against the content of additives in Fig. 4d. Higher Sn lev-
els (0.6 and 0.8 at.%) increase the Zr7Ni10 phase abundance by a
large amount; however, higher Fe levels demonstrate the oppo-
site results. The trends of Co and Al are less obvious. In the study
of modifiers in Zr7Ni10 based quinary alloys, Al, Co, and Fe were
shown to reduce the phase abundance of Zr7Ni10 in favor of Laves
phases [44].

Zr9Ni11 phase is a very good catalyst for hydrogen absorp-
tion/desorption [23,29]. Its abundance is plotted against the
content of additives in Fig. 4e. The general trends with Sn, Fe, and Al
are in the opposite direction to those of Zr7Ni10, and the trend with
Co is identical to that of Zr7Ni10. Al and Fe promote Zr9Ni11 while
Co and Sn suppress it. As a comparison, Al, Co, and Fe in Zr7Ni10

based quinary alloys were shown to first increase the Zr9Ni11 phase
abundance and then converge to a similar value (∼35 at.%) at higher
content of substitution [44].

The total non-Laves secondary phase abundance (ZrNi, TiNi,
Zr7Ni10, and Zr9Ni11) is listed in Table 1 and plotted against the
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ig. 1. XRD spectra using Cu-K� as the radiation source for alloys #1 (a), #2 (b), #3
c), #4 (d), 5 (e), #6 (f), #7 (g), and #8 (h). b is magnified from a to emphasize the
econdary phases.

mount of additives in Fig. 4f. The trends with Al and Fe are sim-
lar: the total amount of secondary phases remains the same at
ower level of substitution (0.4 at.%), increases by a large amount
t the replacement level of 0.8 at.%, and then decreases when fur-
her increasing to 1.2 at.%. The trend with Co is decreasing in the
eginning and stabilized afterward. The trend with Sn is not clear.
.3. Correlation between phase abundance and properties

The correlations between various properties (both gas phase and
lectrochemical) of a series of Laves phase based AB2 MH alloys
Fig. 2. XRD spectra using Cu-K� as the radiation source for alloys #9 (a), #10 (b), #11
(c), #12 (d), 13 (e), #14 (f), #15 (g), and #16 (h). b is magnified from a to emphasize
the secondary phases.

to Ni, Cr, Mn, Sn, Co, and Al-content of were reported previously
[11]. In this paper, the correlations of the same properties to the
phase abundances of Laves main phases and the non-Laves sec-
ondary phases are discussed. The correlation factor (R2) obtained
from linear interpolations using Microsoft Excel are listed in Table 2.
Higher R2 values indicate a stronger correlation. The sign after each

R2 value in Table 2 indicates the direction of dependency. The pos-
itive sign is assigned to a positive correlation while the negative
sign represents a negative correlation. Numbers in bold have values
higher than 0.35 and are considered to be very significant.
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ig. 3. The C14 phase abundance vs. the average electron density (e/a) of the alloys.
C14/C15 threshold was found at around e/a = 6.95.

Three gas phase properties are correlated to the phase abun-
ances and the correlation factors are listed in the first three
olumns of Table 2. The maximum storage capacity correlates
ery strongly in the negative direction with the amount of ZrNi
hase in the alloy (Fig. 5). As discussed in the section above, ZrNi

s the precursor phase for the further solid-state transformation
nto Zr7Ni10 and Zr9Ni11 phases. A more complete transforma-
ion may be beneficial to the maximum storage capacity. Zr7Ni10
hase is found to decrease the storage capacity. Two pressures
ere used to characterize the plateau position due to the nature

f plateau region’s larger slope in Ni-rich AB2 alloys. Both pres-
ures show the same trend in dependency on the abundance of
ach individual phase. While C14, Zr9Ni11, and TiNi phases reduce
he plateau pressure, C15, Zr7Ni10, and ZrNi phases increase the
lateau pressure (Figs. 6–8). However, in a previous study compar-

ng AB2 alloys before and after annealing, C15 phase was found to
ncrease the hydrogen storage capacity [21]. Therefore, the conclu-
ion reached before in Ref. [18] may be only applicable in a small
omposition range of these complicated multi-phase AB2 alloys.
omparing to Zr7Ni10, pure Zr9Ni11 has weaker metal-hydrogen
ond strength and higher plateau pressure. However, in this case,
heir contributions to plateau pressure are opposite to the pre-
iction from pure binary alloys. Compared to ZrNi, TiNi also has
weaker metal-hydrogen bond strength and is expected to raise

he plateau pressure. Nevertheless, in our observation, TiNi phase
educes the plateau pressure and ZrNi raises it. With the compli-
ated proximity effect among various phases, the behaviors of the
hases are very different from those of the simple binary alloys.

The next three columns of Table 2 (4th–6th) summarize the cor-
elation factors between the electrochemical properties measured
rom half-cell testing and phase abundances. Precharge is a mea-
urement of the ease of activation and has been described before
12,17,18]. In this group of alloys, only C14 shows a negative impact
o the ease of formation while contributions from other phases are
egligible. In the case of discharge capacity, C14, TiNi, and Zr9Ni11
ontribute positively while C15, ZrNi, and Zr7Ni10 have the opposite
ffect. The discharge capacity is plotted against the C14 phase abun-
ance in Fig. 9, and a positive dependency is shown. The signs of the

orrelations of half-cell HRD are identical to those of PCT plateau
ressure and are opposite to those of both gas phase and electro-
hemical storage capacities. Alloys with higher plateau pressure
how better HRD in exchange for lower overall capacity. Ta
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ig. 4. The phase abundance of C14 (a), ZrNi (b), TiNi (c), Zr7Ni10 (d), Zr9Ni11 (e), an
e.

The last seven columns of Table 2 (7th–13th) list the corre-
ations of various Ni/MH battery performance characteristics to
hase abundance. While most of the correlation factors are small,
harge retention and cycle life are the two properties which have
ome stronger correlations to phase abundance. C14, TiNi, and
r9Ni11 enhance charge retention while C15, ZrNi, and Zr7Ni10
ct oppositely. The positive correlation between charge retention

nd Zr9Ni11 phase abundance is shown in Fig. 10. In the cycle life
ategory, C14, TiNi, and Zr9Ni11 are beneficial while C15, ZrNi,
nd Zr7Ni10 are detrimental. Similar cycle life advantage of C14
ver C15 phase was reported before [21]. The negative correla-
ion of cycle life vs. ZrNi phase abundance is shown in Fig. 11.
sum of all secondary phases (f) vs. the amount of additives including Sn, Co, Al, and

One other result worth mentioning here is the sealed-cell HRD,
defined by the ratio of capacities obtained from 2 C and 0.5 C dis-
charge rates. The correlations are weak but the signs are totally
opposite to those in half-cell HRD. Both the abundant amount of
electrolyte and lower hydrogen pressure in a half-cell configura-
tion may contribute to different electrochemical results comparing
to sealed-cell one. In the sealed cell, the surface of MH electrode

is semi-starved of electrolyte, causing a deficiency of hydroxide
ions near the surface which will recombine with proton from
the discharged MH electrode. In this case, the thickness, porosity,
and shape of tunnels in the surface oxide play important role in
the half-cell HRD measurement, but not in a half-cell configura-
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Fig. 5. Maximum gas phase storage capacity from PCT analysis vs. ZrNi phase abun-
dance.

Fig. 6. Gas phase mid-point pressure from PCT analysis vs. C14 phase abundance.

F
p

t
a
p
c
p
c

Fig. 8. Gas phase equilibrium pressure @ 1.1 wt.% storage from PCT analysis vs. ZrNi
phase abundance.
ig. 7. Gas phase equilibrium pressure @ 1.1 wt.% storage from PCT analysis vs. C14
hase abundance.

ion. The hydrogen partial pressure in a sealed cell ranges from

few to 25 atm, which is much higher than the 1 atm of H2 gas

ressure in the bubble formed on the MH electrode during over-
harge. In a fast discharge, MH electrode with a relatively lower
lateau pressure will be more difficult to discharge in a sealed
onfiguration.
Fig. 9. Electrochemical discharge capacity measured at C/70 rate vs. C14 phase
abundance.

One interesting feature can be observed from Table 2: of all the
meaningful correspondences (R2 > 0.03), the signs of dependency
are always opposite for these three pairs—C14 vs. C15, ZrNi vs. TiNi,
and Zr7Ni10 vs. Zr9Ni11. The C14 vs.C15 standoff comes from the
fact that they are the dominating phases and the amount of sec-
ondary phases is small and similar to each other. The ZrNi vs. TiNi
standoff may originate from the same stoichiometry (AB), and the
sum may be fixed considering balancing the stoichiometry of the
constituent phases. In the last standoff, Zr7Ni10 vs. Zr9Ni11, both
phases are solidified at the same time and the sum is also fixed due
to the balance of stoichiometry. The sums from the last two pairs
are plotted in Fig. 12 to illustrate the small variations among the
alloys.

Another finding is that in most cases C14, Zr9Ni11, and TiNi share
the same sign of dependency with various properties while C15,
Zr7Ni10, and ZrNi are the opposite. One possible reasoning is as
following: by comparing C14, Zr9Ni11, and TiNi phase abundances
vs. the additive concentration in Fig. 4a, c, and e, only Sn shows
similar trends. As Sn-content increases, the abundances of those
three phases decrease. In a previous study, Sn is shown to be detri-
mental to both charge retention and cycle life [16]. Therefore, by

reducing Sn-content in the alloy, both charge retention and cycle
life performance improve.
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Fig. 10. 30-day charge retention in Ni/MH battery vs. Zr9Ni11 phase abundance.

Fig. 11. Cycle life of Ni/MH battery reaching 2Ah capacity vs. ZrNi phase abundance.
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orthogonal array with four different levels of four additives (Sn, Co,
Al, and Fe) are correlated to the compositions of the alloys. The
functions of the additives can be summarized as:

n: Promotes C15, ZrNi, and Zr7Ni10 phases while suppresses C14,
TiNi, and Zr9Ni11 phases.

o: Promotes C15 phase, and suppresses C14 and Zr9Ni11 phases.
Al: Promotes C14 and Zr9Ni11 phases, and suppresses C15 phase.
Fe: Promotes C15 and Zr9Ni11 phases, and suppresses C14, ZrNi,

and Zr7Ni10 phases.

The phase abundances were also correlated with both the gas
phase storage and electrochemical properties of the alloys. The
contributions from C14, Zr9Ni11, and TiNi phases are always the
opposite of those from C15, ZrNi, and Zr7Ni10 phases. The first group
of phases increases both the gas phase and electrochemical stor-
age capacity, lowers the hydrogen equilibrium pressure, decreases
half-cell HRD, improves both the charge retention and cycle life,
and slightly decreases the capacity recovery after storing at 45 ◦C
for 60 days.
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