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a b s t r a c t

MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 hydrogen storage alloy was prepared by single-roll rapid quenching fol-
lowed by different annealing treatments for 8 h at 1133 K, 1173 K, 1213 K, and 1253 K, respectively.
Alloy structure, phase composition, pressure–composition–temperature (PCT) properties, and electro-
chemical performance of different annealed alloys have been investigated by X-ray diffraction (XRD),
field-emission scanning electron microscope (FESEM), energy dispersion spectrometer (EDS), automatic
Sieverts-type apparatus, and electrochemical experiments. Electrochemical experiments indicate that the
ydrogen storage alloy
i/MH battery
nnealing
g-added

ow-Co

annealing treatment at 1213 K extends cycle life from 193 cycles to 358 cycles, increases the maximum
discharge capacity, and slightly decreases the activation behavior. Alloy structure analyses show that
the improvement in cycle life is attributed to the formation of a single CaCu5-type structure or the relief
of an Mg-containing AlMnNi2-type second phase. Pressure composition isotherms results illustrate that
both the hydrogen absorption capability and the dehydriding equilibrium pressure go up with increased

or it
sing s
lectrochemical performance annealing temperature. F
1213 K would be a promi

. Introduction

Nickel–metal hydride (Ni–MH) rechargeable battery has been
idely used in various portable electronic devices, electric hand

ools, and hybrid electric vehicles (HEVs), by virtue of its sev-
ral advantages: high specific capacity/power, high resistance to
vercharging/discharging, environmental friendliness, and reliable
ecurity [1–4]. Meanwhile, hydrogen storage alloy is the heart of
he Ni–MH battery. At present, only Mm-based (Mm: mischmetal)
B5-type alloy, Zr-based laves phase alloy, and RE–Mg-based (RE:
are earth) AB3–3.5 alloy have been commercialized successfully as
i/MH battery negative materials [5,6]. It says that AB3–3.5 alloy has

arger capacity and quicker rate capability than conventional AB5-
ype alloy [7,8], but AB5-type alloy has better cycle life and can be

anufactured easily. So AB5-type alloy is most important Ni/MH

attery negative materials so far, especially in China.

As a typical AB5-type alloy, MmNi3.55Co0.75Mn0.4Al0.3 demon-
trates high discharge capacity and durable cycle life by restraining
lloy pulverization during charge/discharge cycling with only about
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s good performance/cost ratio, the Mg-added low-Co alloy annealed at
ubstitution for MmNi4.05Co0.45Mn0.4Al0.3 alloy product.

© 2010 Elsevier B.V. All rights reserved.

10% Co by weight [9–17]. However, the cost of Co accounts for
almost half of the total raw material cost. Therefore, in order to
reduce the cost, several low-Co and Co-free alloys have been devel-
oped in recent years. Some elements, such as Cu, Fe, Si, Cr and
Sn [18–22], were used for Co substitution and sub-stoichiometric
or over-stoichiometric composition [23,24] was also adopted. But
high discharge capacity and durable cycle life of AB5-type alloy
could not be both satisfactory at the same time.

Maeda et al. [25,26] found that 5 at.% Mg addition improves
the cycle life of low-Co AB5-type alloys. Yang et al. [27] reported
that a small amount of Mg substitution for Mm enhances the
electrochemical performance of low-Co AB5-type alloys, of which
4 at.% Mg substitution significantly improves the cycle life. Sub-
sequently, Ozaki et al. [28] developed low-cost and high-power
Ni–MH battery using the Mg-containing alloys. Zhang et al. [29]
investigated the microstructure and electrochemical properties
of sub-stoichiometric low-cost AB5-type alloys containing small
amounts of Mg. It was also found previously that rapid quenching
and subsequent annealing [30–35] improves the electrochemical
performance of AB5-type alloys with the most evident effect on

cycle life.

In view of these ideas, the Mg-added MmNi4.2Co0.3
Mn0.4Al0.3Mgx and Mg-substituting Mm1−xMgxNi4.2Co0.3Mn0.4Al0.3
(x = 0.00–0.05) low-Co AB5-type over-stoichiometric alloys were
prepared by rapid quenching, of which 3 at.% or 4 at.% Mg-added

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zzl___@163.com
dx.doi.org/10.1016/j.jallcom.2010.04.026
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nes have better electrochemical performance. In the present
tudy, the effect of annealing treatment on structure and electro-
hemical performance of MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 quenched
lloy was investigated. A commercialized alloy with a relatively
igher Co content, MmNi4.05Co0.45Mn0.4Al0.3, is compared with
he Mg-added low-Co alloys in electrochemical performance.

. Experimental

.1. Alloy preparation

The Mg-added low-Co AB5-type over-stoichiometric alloy MmNi4.2Co0.3Mn0.4

l0.3Mg0.03 (Mm comprises 62 at.% La, 27 at.% Ce, 3 at.% Pr, 8 at.% Nd) was prepared by
nduction melting and subsequent single-roll rapid quenching, then was annealed at
133 K, 1173 K, 1213 K, or 1253 K for 8 h and air-cooled under an argon atmosphere.
he gross weight of raw materials is about 5000 g and the purity of that is higher than
9%. Because of its extremely high vapor pressure, magnesium element was added

n the form of nickel–magnesium alloy when all the other elements apart from Mg
n the form of pure elements were molten, in order to prevent magnesium from
vaporating and assure the safe operation. These alloys are named A0 (quenched),
1 (annealed at 1133 K), A2 (1173 K), A3 (1213 K), and A4 (1253 K), respectively.
hese alloy flakes with the thickness between 0.1 and 0.3 mm, were ground and
ieved to less than 74 �m for the testing of electrochemical performance and to
8–38 �m for X-ray diffraction (XRD) analysis.

.2. Determination of alloy composition

The composition of the A3 alloy was determined by inductively coupled plasma
tomic emission spectroscopy analysis using an IRIS Advantage spectrometer.

.3. Structure and PCT analysis

The crystal structure was identified using XRD analysis on a Bruker D8 advance
pparatus with a Cu K� radiation in the 2� range from 18◦ to 78◦ . The crystallographic
arameters of these alloys were calculated using the software of JADE 5.0. The
hase distribution and the quantitative element analysis of the phases were exam-

ned by field-emission scanning electron microscopy (FESEM) and energy dispersion
pectrum (EDS) analysis using a Hitachi S-4800 and EDAX energy spectrometer.

Pressure composition isotherms (PCTs) were determined with an automatic
ieverts-type Suzuki Shokan PCT-4SDWIN apparatus at 318 K. PCT properties
nclude the hydrogen absorption capability under 1.0 MPa and 0.3 MPa hydrogen
ressure (H/M1.0 and H/M0.3), equilibrium pressure at H/M = 0.4 dehydrogenation
Peq, MPa), hysteresis factor (Hf) calculated by log(Pa/Pd), and flat slope factor (Sf)
efined as log(P0.5/P0.25)/[(H/M)0.5 − (H/M)0.25].

.4. Testing of electrochemical performance

The electrochemical performance, which includes activation behavior (Na),
aximum discharge capacity (Cmax, charge/discharge at 60 mA g−1), and cycle life

N, charge/discharge at 300 mA g−1 and capacity retention rate 80%), was examined
n a 6 mol L−1 KOH electrolyte in unsealed cells at 298 K.

The so-called “sandwich” method was employed for the preparation of the
nsealed cells. The Mg-added low-Co alloys were used as negative electrode mate-
ials in those experimental cells. Commercialized sintered NiOOH/Ni(OH)2 plates
ere introduced as positive electrodes. Each negative electrode was placed in the

entral compartment, and two pieces of sintered positive electrodes in the same
ize were put on either side. A fluorinated polypropylene nonwoven separator was
dopted to separate the positive and negative electrodes.

The negative electrodes were produced by mixing 0.2 g alloy powder with
arbonyl nickel powder (Inco T255) in the weight ratio of 1:4. This mixture was
old-pressed under 580 MPa pressure in a special mould into a pellet of 16 mm in
iameter and about 1 mm in thickness, which was weighted and welded with nickel
trap.

During the formation process, each cell was charged at 60 mA g−1 for 7.5 h
ollowed by 5 min rest, then discharged at 60 mA g−1 to 1.0 V cutoff. To make it
ctivated, the cell was charged and discharged for five cycles. The testing of the
ycle life was conducted by charging at 300 mA g−1 for 1.3 h and discharging at the
ame current density to 1.0 V cutoff. All the electrochemical measurements were
erformed using a computer-controlled charge/discharge testing device.

. Results and discussion
.1. Alloy structure

Fig. 1 shows the whole (a) and partial (b) XRD patterns
or the quenched (A0) and annealed (A1, A2, A3, and A4)

mNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys.
Fig. 1. Whole (a) and partial (b) XRD patterns for the quenched and annealed
MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys (A0-quenched; A1-1133 K; A2-1173 K; A3-
1213 K; A4-1253 K).

As shown in Fig. 1(a), all these alloys have almost the same
diffraction peaks, which correspond to the hexagonal CaCu5-type
(SG: P6/mmm) structure, except a tiny (1 0 7) diffraction peak of
the A0 alloy at 33.4◦ and a tiny (2 2 0) diffraction peak of the A1 and
A2 alloys at 43.8◦, which can only be visible in Fig. 1(b) showing
Square-root-intensity vs. 2Theta.

Combined with the phase composition in these FESEM back-
scattered-electrons images, it can be seen in Fig. 2(a) that 0.4%
Ce2Ni7-type (SG: P63/mmc) second phase appears in the A0 alloy. It
can also be seen in Fig. 2(b and c) that 2.6% and 1.3% AlMnNi2-type
(SG: Fm3m) second phase is precipitated along grain boundaries
in the A1 and A2 alloys. As shown in Fig. 2(e), some second phase
in composition contrast does appear in the A4 alloy in spite that
no characteristic peaks exist in its XRD pattern. Moreover, the
A3 alloy is characterized by a single-phase structure as shown in
Fig. 2(d).

The crystallographic parameters, including grain size (XS), lat-
tice constants in the a and c axes (a, c), unit cell volume (V) of
the CaCu5-type matrix phase of these alloys are summarized in
Table 1. It can be found that the grain size increases from 667 Å
to 1082–1232 Å after the A0 alloy was annealed at 1133–1253 K,
which is beneficial for the reduction of crystalline defects such as
grain boundary.

After the A0 alloy was annealed at 1133 K, the lattice constant
in the a-axis expands from 5.0084 Å to 5.0110 Å and that in the c-
axis shrinks from 4.0555 Å to 4.0518 Å. Thus, the c/a ratio decreases
from 0.8097 to 0.8086. Subsequently, with the increase of anneal-

ing temperature, the lattice constant in the a-axis decreases to
5.0053 Å and that in the c-axis increases to 4.0599 Å. So, the c/a
ratio increases to 0.8111 gradually, which can improve cycle life
of the CaCu5-type hydrogen storage alloys. The reason for this is
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ig. 2. Phase composition for the quenched and annealed MmNi4.2Co0.3Mn0.4Al0.3M
elieved to be that the larger face distance between the face per-
endicular to c-axis, which are the faces for closet packing of crystal,
uppress the extension of the lattice. Consequently, the stress is
estrained and the developing distances for cracks become smaller
26].

able 1
rystallographic parameters for the quenched and annealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.0

Alloys Grain size Lattice constant

XS (Å) a (Å)

A0 667 ± 5 5.0084 ± 0.0004
A1 1082 ± 12 5.0110 ± 0.0007
A2 1102 ± 12 5.0097 ± 0.0005
A3 1125 ± 13 5.0070 ± 0.0006
A4 1232 ± 17 5.0053 ± 0.0004
lloys (a) A0-quenched; (b) A1-1133 K; (c) A2-1173 K; (d) A3-1213 K; (e) A4-1253 K.
The unit cell volume of the CaCu5-type matrix phase remains
almost constant between 88.10 and 88.11 Å3 for quenched (A0) and
some annealed (A1, A2) alloys, then decreases to 88.07 or 88.09 Å3

for the other annealed (A3 or A4) alloys, which could have a smaller
hydrogen storage capacity.

3 alloys.

Cell volume

c (Å) V (Å3) c/a ratio

4.0555 ± 0.0003 88.10 0.8097
4.0518 ± 0.0005 88.11 0.8086
4.0540 ± 0.0003 88.11 0.8092
4.0563 ± 0.0005 88.07 0.8101
4.0599 ± 0.0004 88.09 0.8111
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Fig. 3. Phase distribution for the quenched and annealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys (a) A0-quenched; (b) A1-1133 K; (c) A2-1173 K; (d) A3-1213 K; (e) A4-1253 K.

Table 2
Second phase constituent for the quenched and annealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys.

Second phase Element content (wt.%)

La Ce Pr Nd Mg Ni Co Mn Al

b0 18.83 9.08 0.63 2.81 2.64 54.31 3.90 5.94 1.85
b1 12.25 5.64 0.48 1.43 1.27 53.06 4.17 15.63 6.08
b2 13.87 5.96 0.36 1.64 1.27 53.21 4.01 13.85 5.83
b3 17.06 8.46 1.16 2.01 0.66 53.74 3.93 9.11 3.87
b4 15.31 9.84 0.78 2.31 3.43 57.11 4.46 5.47 1.30
A3 a 20.07 8.64 0.92 2.56 0.17 56.86 4.02 4.83 1.93

a The composition of the A3 alloy measured by ICP-AES.
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Fig. 3 presents phase distribution for the quenched (A0) and
nnealed (A1, A2, A3, and A4) MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys.
t can be observed that all these alloys consist of the matrix phase
a0, a1, a2, a3, a4) and second phase (b0, b1, b2, b3, b4), respectively.
he constituents of the second phase in these alloys measured by
DS analysis are listed in Table 2.

By calculation from Table 2, the second phase of the A0 alloy,
0, can be expressed in terms of the following chemical for-
ulas Mm0.67Mg0.33Ni2.78Co0.20Mn0.33Al0.21 with the atomic ratio

/A of 3.51, which agrees with a Ce2Ni7-type structure char-
cterized by XRD. In the same way, the second phase b1 and
2 can be represented by Mm0.73Mg0.27Ni4.66Co0.37Mn1.47Al1.16
nd Mm0.75Mg0.25Ni4.34Co0.33Mn1.21Al1.04 with the B/A of 7.66
nd 6.92, respectively. To our knowledge, there were no reports
bout hydrogen storage alloys or phases in the composition of
Mm, Mg)(Ni, Co, Mn, Al)7–8. However, excluding La, Ce, Pr, Nd,

g, classified as “A” elements, b1 and b2 can be shown as
l0.44Mn0.56Ni1.77Co0.14 and Al0.46Mn0.54Ni1.93Co0.14. This is the
onstituent evidence for the existence of the AlMnNi2-type phase
ecognized by XRD. A small amount of the second phase b3,
m0.88Mg0.12Ni3.94Co0.29Mn0.72Al0.62 or Al0.46Mn0.54Ni2.95Co0.21,

s definitely found in the A3 alloy in spite that no characteristic
eaks exist in its XRD pattern under this test conditions. More-
ver, the second phase b4, Mm0.59Mg0.41Ni2.84Co0.22Mn0.29Al0.14
ith the B/A of 3.49, which has a relatively higher Mg content than
B3–3.5 alloy [6,7], does exist in the A4 alloy though there are no
haracteristic peaks for Ce2Ni7-type or Gd2Co7-type structure.

It can be confirmed that a single-phase CaCu5-type hydrogen
torage alloy, containing a relatively small amount of Mg only
bove impurity levels, can be obtained through the proper anneal-
ng treatment. It was reported that Mg substitution for Mm results
n some segregation of an Mg–Mn–Al phase [27], or promotes the
ormation of an AlMnNi2 second phase in as-cast alloy [29]. How-
ver, in this paper, the Ce2Ni7-type second phase is found in the
uenched alloy and the Mg-containing AlMnNi2-type second phase

s precipitated in the annealed alloys, A1 and A2. The reason for this
ould be due to the difference in preparation methods and alloying
omposition.

.2. PCT properties

Fig. 4 shows the pressure composition isotherms during dehy-
riding for the quenched (A0) and annealed (A1, A2, A3, A4)
mNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 318 K. The data for the PCT

roperties, derived from Fig. 4, are shown in Table 3.
The H/M1.0 value increases from 0.867 (A0) to 0.887–0.888 (A1,

2), then decreases to 0.876–0.877 (A3, A4). The H/M0.3 value

xhibits the same changing rule. The increase of hydrogen absorp-
ion capability of the A1 and A2 alloys thanks to the enlargement
n unit cell volume of the CaCu5-type matrix phase and maybe the
xistence of the AlMnNi2-type phase with higher hydrogen absorp-
ion capability. Meanwhile, the decrease of hydrogen absorption

able 3
CT properties of the quenched and annealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 318

Alloys Hydrogen absorption capability Dehydriding equil

H/M1.0a H/M0.3a Peq (MPa)b

A0 0.867 0.797 0.053
A1 0.887 0.826 0.049
A2 0.888 0.826 0.051
A3 0.877 0.807 0.057
A4 0.876 0.806 0.060

a H/M1.0 and H/M0.3 are the hydrogen absorption capability under 1.0 MPa and 0.3 MPa
b Peq is the equilibrium pressure at H/M = 0.4 dehydrogenation.
c Hf is the hysteresis factor calculated by log(Pa/Pd).
d Sf is the flat slope factor defined as log(P0.5/P0.25)/[(H/M)0.5 − (H/M)0.25].
Fig. 4. Pressure composition isotherms during dehydriding for the quenched and
annealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 318 K (a) A0-quenched; (b) A1-
1133 K; (c) A2-1173 K; (d) A3-1213 K; (e) A4-1253 K.

capability of the A3 and A4 alloys is mainly due to the shrinkage
in unit cell volume of the matrix phase. The existence of the b4
second phase with relatively lower hydrogen absorption capability
is suggested to be another reason for the A4 alloy. In general, the
annealing treatments under 1133–1253 K can improve the hydro-
gen absorption capability of the quenched Mg-added alloy.

With increased annealing temperature, the dehydriding equi-
librium pressure elevates from 0.049 MPa (A1) to 0.060 MPa (A4),
which is mainly in inverse relation to the change of unit cell volume
of the CaCu5-type single-phase alloys [36]. The hysteresis factor
falls down from 0.080 (A1) to 0.057 (A4), and the flat slope fac-
tor goes up from 0.123 (A1) to 0.255 (A4) gradually. It is suggested
that the existence of the AlMnNi2-type phase obviously changes
the hysteresis property and benefits the PCT plateau property of
the A1 and A2 alloys.

The annealing treatments lead to an improvement in the hydro-
gen absorption capability, a continuous increase in the dehydriding
equilibrium pressure. The hysteresis becomes smaller. However,
the flat becomes sloping slightly.

3.3. Electrochemical performance

3.3.1. Activation behavior and maximum discharge capacity
Fig. 5 shows the activation behavior and maximum discharge

capacity of the quenched (A0) and annealed (A1, A2, A3, and
A4) MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 298 K. It can be found
that the quenched alloy has a faster activation behavior than the

annealed ones. Within only two cycles, the A0 alloy reaches the
maximum discharge capacity (Cmax) of 329.7 mAh g−1. The A1 and
A2 alloys reach their Cmax of 336.7 and 335.9 mAh g−1 after three
cycles. Moreover, after five or four cycles, the A3 or A4 alloy reaches
the Cmax of 335.1 or 334.9 mAh g−1, respectively.

K.

ibrium pressure Hysteresis factor Flat slope factor

Hf
c Sf

d

0.065 0.231
0.080 0.123
0.077 0.155
0.065 0.240
0.057 0.255

hydrogen pressure.
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ig. 5. Activation behavior and maximum discharge capacity of the quenched and
nnealed MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 298 K (A0-quenched; A1-1133 K;
2-1173 K; A3-1213 K; A4-1253 K).

As shown above, the Cmax increases after the quenched alloy
as annealed at 1133–1253 K for 8 h, which corresponds to the

mprovement of hydrogen absorption capability in PCT curves. The
max of the Mg-added over-stoichiometric alloys is higher than
07 mAh g−1 of the Mg-added sub-stoichiometric as-cast alloy in
ef. [29]. Meanwhile, to compare the electrochemical performance
ith that of a commercialized alloy, MmNi4.05Co0.45Mn0.4Al0.3 alloy
ith a relative higher Co content is introduced (named Ml-03). In

ecent years, its sales volume takes up 30–50% of the total volume
f hydrogen storage alloys in China. The Cmax of the Mg-added over-
toichiometric alloys is also higher than 330 mAh g−1 of the Mg-free
igh-Co Ml-03 alloy product.

.3.2. Cycle life
Fig. 6 presents the cycle life curves of the quenched (A0) and

nnealed (A1, A2, A3, and A4) MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys
t 298 K.

Judging from the slope coefficient of these curves, it can be
oncluded obviously that the proper annealing treatment, A3, sig-
ificantly extends the cycle life from 193 cycles (A0) to 358 cycles.

oreover, the higher temperature annealing treatment, A4, slightly

hortens the cycle life from 358 cycles to 329 cycles. The cycle life
f the A3 and A4 alloys is superior to that of the Ml-03 commer-
ialized alloy (300 cycles) and the Mg-added sub-stoichiometric
s-cast alloy (less than 300 cycles) in Ref. [29]. However, the lower

ig. 6. Cycle life curves of the quenched and different annealed
mNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloys at 298 K (A0-quenched; A1-1133 K; A2-1173 K;

3-1213 K; A4-1253 K).
ompounds 501 (2010) 47–53

temperature annealing treatment, such as A1 and A2, do not change
the cycle life of the quenched alloy effectively.

By analysis of the XRD, FESEM, and EDS results above, the A3
alloy exhibits the longest cycle life because it has the smallest
amount of Al–Mn–Ni phase containing 0.66% Mg by weight, and is
characterized by almost a single-phase structure. Thus, most of the
Mg atoms enter into the CaCu5-type structure. However, 2.6% and
1.3% AlMnNi2-type second phase containing 1.27% Mg by weight
appears in the A1 and A2 alloys, which is supposed to weaken the
bond strength between the grain boundaries and reduce the Mg
content in the CaCu5-type matrix phase. Therefore, the formation
of this Mg-containing AlMnNi2-type second phase is believed to
have a negative influence on cycle life of the annealed alloys.

The Mg content in the matrix phase, only above impurity lev-
els, is difficult to determine accurately by EDS. According to the
content of second phase and the Mg content in it as shown in
Table 2, the tendency of Mg content in the matrix phase is deter-
mined indirectly as follows: a3 > a0 > a2 > a1 > a4. Compared with
the tendency of the c/a ratio in the CaCu5-type structure in Table 1,
a4 > a3 > a0 > a2 > a1, it can be concluded that the entrance of Mg
atoms leads to an increase of the c/a ratio for the matrix phases,
which implies an improvement in the cycle life [26], except the a4
phase. For the reverse relationship of Mg content vs. c/a ratio in
the a4 phase, which could be attributed to a different mechanism,
further researches are needed.

It has been reported that Mg substitution for Mm can improve
the cycle life of the AB5 alloys by reducing the expansion ratio of
cell volume and lattice constant in the c-axis after hydriding [27].
In this paper, in order to achieve a durable cycle life, it is essential to
ensure the incorporation of Mg atoms into the CaCu5-type matrix
phase structure, and then obtain a single-phase structure by appro-
priate annealing treatment on the Mg-added alloy. The repeated
experiments of the performance and preparation show that cycle
life of the Mg-added alloys depends strongly on the relief of the
Mg-containing AlMnNi2-type second phase.

From these factors, it can be concluded that the appropriate
annealing treatment, A3, significantly improves the cycle life of
the Mg-added low-Co CaCu5-type MmNi4.2Co0.3Mn0.4Al0.3Mg0.03
quenched alloy with a small increase in the maximum discharge
capacity and slight decrease in the activation behavior. As discussed
previously, the formation of the CaCu5-type single-phase structure
is confirmed to be critical for the durable cycle life of the Mg-added
annealed alloys.

4. Conclusions

The effect of annealing treatment on structure and electrochem-
ical performance of the quenched MmNi4.2Co0.3Mn0.4Al0.3Mg0.03
hydrogen storage alloy has been studied. Some conclusions can be
summarized:

(1) Annealing treatment has an important influence on phase
composition and crystallographic parameters for the matrix
phase of the quenched MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloy. The
annealing treatment at 1213 K benefits the formation of a sin-
gle CaCu5-type hexagonal structure. However, the annealing
treatments at 1133 K and 1173 K lead to the formation of 2.6%
and 1.3% Mg-containing AlMnNi2-type second phase along the
grain boundaries. Moreover, the annealing treatment at 1253 K
promotes the formation of a second phase in the composition of
Mm0.59Mg0.41(Ni,Co,Mn,Al)3.49. With increased annealing tem-

perature, the grain size grows up from 667 Å to 1232 Å. The c/a
ratio for the CaCu5-type matrix phase firstly falls down from
0.8097 to 0.8086, and then goes up to 0.8111 gradually.

(2) With the increase of annealing treatment, both the hydrogen
absorption capability and the dehydriding equilibrium pres-
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sure of the Mg-added alloy go up. The hysteresis becomes
smaller. However, the flat becomes sloping slightly. The appro-
priate annealing treatment at 1213 K extends cycle life of
the Mg-added alloy from 193 cycles to 358 cycles, increases
the maximum discharge capacity, and slightly decreases the
activation behavior. The improvement in cycle life is con-
firmed to be attributed to the formation of a single CaCu5-type
structure containing a small amount of Mg only above
impurity levels. For its good performance/cost ratio, the Mg-
added low-Co MmNi4.2Co0.3Mn0.4Al0.3Mg0.03 alloy annealed
at 1213 K for 8 h would be a promising substitution for
MmNi4.05Co0.45Mn0.4Al0.3 alloy product.
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