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Abstract: The hydrogen storage alloys Lag ;Mg 3C00.45Niz55.,Cuy (x =0, 0.1, 0.2, 0.3, 0.4) were prepared by casting and rapid

quenching. The effects of the rapid quenching on the microstructures and electrochemical performances of the specimen alloys

were investigated in detail. The results obtained by XRD, SEM and TEM show that the as-cast and quenched alloys have a

multiphase structure, including the (La, Mg)Nis phase, the LaNis phase and the LaNi, phase. The rapid quenching has no much

influence on the phase compositions of the alloys, but it obviously changed the phase abundances of the alloys. The rapid

quenching can significantly improve the composition homogeneity of the alloys and markedly decrease the grain size of the

alloys. The results obtained by the electrochemical measurement indicate that the rapid quenching obviously enhances the

cycle stability of the alloys, but it decreases the discharge capacity and the activation capability of the alloys. The rapid

quenching had an obvious influence on the discharge potential of the alloys. When the quenching rate was larger than 15 m/s, it

clearly decreased the discharge plateau potential and increased the slopes of the discharge potential plateaus of the alloys.
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Science recent 30 years, a series of metal hydride
electrode materials have been discovered, including the
rare-earth-based ABs-type alloys''), the 4B,-type Laves
phase alloys'”, the V-based solid solution alloys"), and
the Mg-based alloys'Y. Among them, 4Bs-type hydrogen
storage alloy has realized large-scale industrialization in
many countries, especially in Japan and Chinal®®.
However, the rechargeable Ni-MH cells are encountering
serious competition from Li-ion cells since A4Bs-type
electrode alloy as the negative electrode material in
Ni-MH cell has a comparatively low capacity. Recently,
Europe and major developed countries in the world
issued one after the other decree for forbidding the
Ni-Cd battery to be continually used, which provides a
good chance for the development of the Ni-MH battery.
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However, all of the currently commercialized electrode
alloys, including 4Bs and A4B,-types, can not meet the
need of the power battery owing to their low capacities
and high production costs. Therefore, finding the new
type electrode alloys with higher capacity and longer
cycle life becomes one of the main challenges faced by
researchers in this field. Recently, several new and good
hydrogen storage alloys have been reported. The most
promising candidates are the La-Mg-Ni system alloys in
view of their higher electrochemical capacities (360~410
mAh/g) and low production costs. However, for com-
mercial application, the relative poor cycle stabilities of
the La-Mg-Ni system alloys have to be further improved.
For this purpose, the researchers in the world have
carried out a lot of the investigations and obtained some
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important results”’ ', It is well known that the element
substitution is one of the effective methods for
improving the overall properties of the hydrogen storage

(11121, and the preparation technology is extremely

alloys
important for improving the performances of the alloys.
Therefore, it is expected that an alloy with high
discharge capacity and good cycling stability may be
produced by an optimized amount of Cu substitution in
La-Mg-Ni system alloy and a selected rapid quenching
systematic

technique. Therefore, in this

investigation on the effects of the rapid quenching on the

paper a

microstructures and the electrochemical performances of
the Lag ;Mg 3C0.45Niy 55.,Cu, (x=0~0.4) electrode alloys
was made.

1 Experimental Methods

The experimental alloys were melted in an argon
atmosphere in a vacuum induction furnace. The purity of
all the component metals (La, Ni, Co, Mg and Cu) was
99.8% at least. A binary La-Mg intermediate alloy
(30%Mg+70%La) was beforehand
electrolytic synthesis and a positive argon pressure of 0.1

prepared by

MPa was applied for preventing the volatilization of
magnesium during melting. After induction melting, the
melt was poured into a copper water cooled mould, and a
cast ingot was obtained. Part of the as-cast alloys was
re-melted and quenched by melt-spinning with a rotating
copper wheel. The quenching rate was expressed by the
linear velocity of the copper wheel and the quenching
rates used in the experiment were 15, 20, 25 and 30 m/s,
respectively. The nominal composition of the inves-
tigated alloys was Lag ;Mg 3C0g.45Niy s5..Cu, (x =0, 0.1,
0.2, 0.3, 0.4). Corresponding with Cu content, the alloys
were denoted by Cuy, Cuj, Cu,, Cu; and Cuy,
respectively.

The phase structures and compositions of the alloys
were determined by XRD diffractometer of D/max/2400.
The diffraction was performed with Cu Ko, radiation
filtered by graphite. The experimental parameters for
determining phase structure were 160 mA, 40 kV and
10°/min, respectively. The polished samples were etched
with a 60% HF solution, and the morphologies and the
micro-zone compositions of the alloys were examined by
SEM. The powder samples were dispersed in anhydrous
alcohol for observing the grain morphology with
transmission electron microscopy (TEM), and the
crystalline state of the specimen was determined with
selected area electron diffraction (SAD).

Round electrode pellets with 15 mm in diameter
were prepared by mixing 1 g of alloy powder with fine
nickel powder in a mass ratio of 1:1 together with a

small amount of polyvinyl alcohol (PVA) solution as
binder, and then compressed under a pressure of 35 MPa.
After drying for 4 h, the electrode pellets were immersed
in a 6 mol/L KOH solution for 24 h in order to wet the
electrodes fully before the electrochemical measurement.
The experimental electrodes were tested in a
tri-electrode open cell, consisting of a metal hydride
working electrode, a NiOOH/Ni(OH), counter electrode
and a Hg/HgO reference electrode. The electrolyte was a
6 mol/L KOH solution. The voltage between the negative
electrode and the reference electrode is defined as the
discharge voltage. In every cycle, the alloy electrode was
charged with a constant current of 100 mA/g for 5 h,
after resting 15 min, it was then discharged at 100 mA/g
to a —0.500 V cut-off voltage. The environment
temperature of the measurement was kept at 30 C.

2 Results and Discussion

2.1 Effect of rapid quenching on the microstructure

The XRD patterns of the as-cast and quenched Cu,
alloy were shown in Fig.1. It can be seen in Fig.l that
the as-cast and quenched alloys exhibited a multiphase
structure, composed of the (La, Mg)Nis, the LaNis and
the LaNi, phases. The rapid quenching did not have great
influence on the phase composition of the alloy, but it
obviously changed the phase abundance of the alloy.
Rapid quenching reduced the amount of LaNi, phase in
the Cu, alloy. The lattice parameters of the LaNis and
(La, Mg)Ni; main phases in the as-cast and quenched
Cu, alloy, which were calculated from the XRD data by a
software of Jade 6.0, are listed in Table 1. The results
indicate that the rapid quenching leads to the increase of
¢ axis and the slight decrease of a axis and cell volume
of the LaNis and (La, Mg)Ni; main phases.
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Fig.1 The X-ray diffraction patterns of the as-cast and quenched
Cu, alloy

The morphologies of the as-cast and quenched Cu,
alloy were inspected by SEM, as shown in Fig.2. The
results indicate that the as-cast and quenched alloys were
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of multiphase structure, containing both the (La, Mg)Ni;
and the LaNis phases. Because the amount of the LaNi,
phase was small and it attached the (La, Mg)Ni; phase in
the process of growing, it is difficult to see the
morphology of the LaNi, phase. It can be seen from
Fig.2a that the grains of the as-cast alloy were very
coarse and the composition homogeneity was very poor.
Comparing with the morphologies of the as-cast alloys,
the rapid quenching markedly refined the grains and
significantly improved the composition homogeneity of
the alloys, and the grain sizes of the as-quenched alloy
shortened with increasing of quenching rate. The mor-
phologies and the crystalline state of the as-quenched
Cug and Cu, alloys were examined by TEM, as shown in
Fig.3. Fig.3 displays that Cu, alloy had a clear crystal
characteristic, but Cu, alloy showed a like amorphous

one. This indicates that the substitution of Cu for Ni is
favourable to the formation of an amorphous phase.

Table 1 Lattice parameters and cell volume of the LaNis
and (La, Mg)Niz main phases for the as-cast and

quenched Cus; alloy

Lattice constant/nm Cell volume/
3

Alloy states Main phase

a C nm

As-cast  (La, Mg)Niz  0.506  2.4324 0.5393
LaNis 0.5036  0.4051 0.089

15m/s  (La, Mg)Ni; 0.5058  2.4331 0.539
LaNis 0.5033  0.4055 0.089

20m/s  (La, Mg)Ni; 0.5055  2.4341 0.5386
LaNis 0.5031  0.4057 0.0889

25m/s  (La, Mg)Ni; 0.5048  2.4349 0.5373
LaNis 0.5026  0.4060 0.0888

30m/s  (La, Mg)Ni; 0.5041  2.4352 0.5359
LaNis 0.5021  0.4064 0.0887

Fig.3 The morphology and SAD of the as-quenched (30 m/s) Cug and Cu, alloys taken by TEM (a) and (b) morphology and SAD

of Cuy alloy; (c) and (d) morphology and SAD of Cu, alloy

2.2 Effect of rapid quenching on the electrochemical
performance

2.2.1 Discharge capacity
The discharge capacities of the alloys as a function
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of the quenching rate are shown in Fig.4, and the
charge-discharge current density is 100 mA/g. It is clear
to see that an increase of the quenching rate means an
obvious decrease of the discharge capacity of the alloys
with a fixed alloy. When the quenching rate increased
from 0 (As-cast is defined as quenching rate of 0 m/s) to
30 m/s, the capacity of Cu, alloy decreased from 396.4
to 364.6 mAh/g, and that of Cu, alloy from 382.4 to
349.1 mAh/g. The discharge capacity of the alloy is
relevant to its crystal structure, phase composition and
structure, grain size, composition homogeneity and
surface state. The influence of rapid quenching on the
capacity is complicated. Both the improvement of the
composition homogeneity and the decrease of the grain
size of the alloys as result of rapid quenching are
favourable for the capacity on one hand, but the increase
of the lattice stress is unfavourable on the other hand"*.
Therefore, whether rapid quenching would increase or
decrease the capacity of the alloy depends on the relative
predominance of the above effects. The lattice stress and
an amorphous phase are mainly responsible for the
capacity of the alloys which decreases with increasing of
quenching rate because the discharge capacity of an
amorphous phase is about half as large as that of the

crystalline alloy!.
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Fig.4 Evolution of the discharge capacity of the alloys with the

quenching rate

2.2.2 High rate discharge capability (HRD)

The high rate discharge ability (HRD) determining
mainly the kinetic property of the hydrogen storage alloy
electrode is defined and calculated according to the
following formula: HRD = Cggo/C100%x100%, where Cgg
is the discharge capacity of the electrode discharged at
the current density of 600 mA/g, and Cjo is the
discharge capacity measured at a discharge current
density of 100 mA/g. The quenching rate dependence of
the HRDs of the alloys is illustrated in Fig.5. The figure
exhibits that the rapid quenching has different influences
on the HRDs of the alloys. The HRD of the Cu-free alloy

had a maximum value with variety of the quenching rate,
but the HRDs of the alloys containing Cu monotonously
decreased with the incremental change of the quenching
rate. The decisive factor of the alloy’s HRD is the
diffusion capability of the hydrogen atoms in the alloy.
The grain refinement produced by rapid quenching is
favourable for improving the HRD of the alloy because
the grain boundaries provide good diffusion tunnel for
the diffusion of the hydrogen atoms, but an amorphous
phase is unfavourable for it. For Cu-free alloy, the
influence of the grain refinement was dominating when
15 m/s.
quenching rate over 15 m/s, a negative function of an

quenching rate was less than Increasing
amorphous phase became stronger. Therefore, the HRD
of the Cu, alloy had a maximum value with the variety
of the quenching rate. The substitution of Cu expedited
the formation of an amorphous phase, which led to a
monotonous decrease of the containing Cu alloys’ HRDs
with the variety of the quenching rate.
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Fig.5 Evolution of the HRD of the alloys with the quenching rate

2.2.3 Discharge potential characteristic

The discharge potential characteristic characterized
by the potential plateau of the discharge potential curve
of the alloy is an important performance of the electrode
alloy. The longer and the more horizontal the discharge
potential plateau, the better the discharge characteristic
of the alloy. The discharge potential curves of the as-cast
and quenched Cu, alloy are shown in Fig.6. The rapid
quenching had a clear influence on the discharge
potential of the alloy, and led to a melioration of the
plateau characteristic of the discharge potential curves
< 15 m/s. When the
quenching rate was larger than 15 m/s, it notably

when quenching rate was

decreased the discharge plateau potential and raised the
slopes of the discharge potential plateaus of the alloy.
Generally, the plateau potential is closely relative to the
internal resistance of the battery, including ohmic
The
discharge reaction of the hydrogen storage electrode

internal resistance and polarization resistance.
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mainly depends on the diffusion of hydrogen atoms in
the alloy, and internal resistance of the alloy electrode
reduces with the increase of the diffusion coefficient of
the hydrogen atom!'>). The substitution of Cu leads to a
sharp reduction of the f the diffusion coefficient of the
hydrogen atom, for which the amorphous phase and the
oxidation layer on the surface of the alloy electrode are
mainly responsible. Therefore, it seems to be self-
evident that the substitution of Cu impaired the
discharge potential characteristics of the alloys.
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Fig.6 The discharge potential curves of the as-cast and quenched

Cus, alloys

2.2.4 Cycle life

The cycle life, indicated by N, is characterized by
the cycle number. The quenching rate dependence of the
cycle life of the alloys is presented in Fig.7. It can be
seen in Fig.7 that the cycle lives of the alloys prolonged
with the increase of the quenching rate. When the
quenching rate increased from 0 to 30 m/s, the cycle
lives of Cuy alloy increased from 81 to 105 cycles and
that of the Cu, alloy from 97 and 131 cycles.
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Fig.7 Change of the cycle life of the alloys with the quenching

rate

The cycle stability of electrode alloy is an
overwhelming factor of the life of Ni-MH battery. The
root cause of leading to battery lose efficacy is on

negative electrode rather than on positive electrode. The

U617 confirmed that the funda-

result in the literatures
mental reasons for the capacity decay of the electrode
alloy are the pulverization and oxidation of the alloy
during charge-discharge cycle. The rapid quenching
significantly enhanced the anti-pulverization capability
and the cyclic stability of the alloy in virtue of the grain
refinement and the formation of an amorphous phase.
The smaller the grain size, the stronger the anti-
pulverization capability, and an amorphous phase can
increase not only the anti-pulverization ability but also

the anti-corrosion capability of the alloy!'®).

3 Conclusions

1) Rapid quenching has no much influence on the
phase compositions of the Lag;Mgg3C0¢45Nips5.,Cu, (x
=0, 0.1, 0.2, 0.3, 0.4) alloys, but it obviously changes
the phase abundances of the alloys. Rapid quenching
leads to a slight increase of ¢ axis and an imperceptible
decrease of a axis and cell volume of structural data of
the alloys, and it significantly improves the composition
homogeneity and markedly decreases the grain size of
the alloy.

2) The rapid quenching clearly enhances the cycle
stability of the alloys, but the discharge capacity of the
alloys decreases with the increase of the quenching rate.
The HRD of the Cu-free alloy has a maximum value with
variety of the quenching rate, but the HRDs of the alloys
containing Cu monotonously decreases with the
incremental change of the quenching rate. The influence
of rapid quenching on the discharge potential
characteristic of the alloy is changeable with the variety
of the quenching rate. When quenching rate was <15
m/s, rapid quenching leads to the melioration of the
plateau characteristic of the discharge potential curves.
But when the quenching rate is larger than 15 m/s, it
notably decreases the discharge plateau potential and
raises the slopes of the discharge potential plateaus of
the alloy.
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