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Abstract

The microstructure and electrochemical properties of MINiz 7C0g75sMng sTigos alloys prepared by both rapid solidification and
conventional cast methods were comparatively investigated. SEM and XRD studies showed that the microstructure of conventional cast
alloy cooled slowly from its melt was of dendrite, where obvious segregation of Mn and trace second phase TiNi; were found. However, the
rapidly solidified alloy (cooling at a rate of about 10° K s~") was found to be in columnar structure, and contained CaCus type single phase
only, Mn segregation was restrained effectively as well. Electrochemical measurements showed that the rapidly solidified alloy had higher
discharge capacity, more flat discharge potential plateau and longer cycle life than conventional cast alloy, but its activation process was
longer. The improved cyclic stability of rapidly solidified alloy was attributed to its composition homogeneity and the fine columnar
structure, which showed a good resistance to pulverization and corrosion during charging/discharging cycles. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Ni/MH batteries have developed rapidly recent years for
their high discharge capacity and without poisonous element
Cd. Among all investigated hydride electrode alloys, AB5
type mischmetal based alloys have been widely used in
making practical Ni/MH batteries due to their good perfor-
mance—price ratio. As all known the electrochemical proper-
ties of the hydride electrode alloys can be greatly improved
by selecting the optimum composition of mischmetal in A
side and multiple alloying in B side [1]. However, the
properties of the alloy is closely related to microstructure
which is determined by both composition and material
processing. It is increasingly paid attention to the control
the microstructure to improve the electrochemical properties
of the alloy by changing the solidification mode. The
investigation results showed that the cycle stability of the
alloy prepared by melt-spinning [2—5], atomization [6,7] and
unidirectional solidification [8] was further improved. Rapid
solidification, as a new technology for making hydrogen
storage alloy, has displayed good prospects in developing
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and application of the hydride electrode alloys. In view of
the lack of knowledge on the relationship among solidifica-
tion mode, microstructure and electrochemical properties, it
needs further investigation. For the above reasons, micro-
structure and electrochemical properties of the alloys MI(Ni-
CoMnTi)s prepared by both rapid solidification and
conventional cast methods were systematically investigated
and the relationship between them was also discussed in this
paper, where Ml is La-rich mischmetal. The results showed
that the reasons causing the change of electrochemical
properties were fine columnar structure, single phase and
homogeneously distributed component in the rapidly soli-
dified alloy.

2. Experimental details

The alloy with a composition of MINij ;Cog 75sMng 5Tig o5
(simplified as MI(NiCoMnTi)s in rest of the paper) was
prepared by arc melt under argon atmosphere in a vacuum
levitation furnace with water cooled copper crucible. The
cooling rate of the alloy in the copper crucible was about
10K s~'. The alloy prepared by above process called as
conventional cast (CC) alloy. To ensure the uniformity of the
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alloy, it was turned over and remelted two times. The
lanthanum rich mischmetal (Ml) composition is as follows:
42 wt.% La, 11 wt.% Ce, 13 wt.% Pr, and 34 wt.% Nd. The
purity of the all metals used in alloy melting is higher than
99.95%. Rapidly solidified alloy (or RS alloy) ribbons with
thickness about 65 um were prepared by melt-spinning
(rapid solidification) method, and its cooling rate was esti-
mated about 10® Ks™! according to reference [9].

Both alloys prepared by conventional cast and rapid
solidification methods were mechanically grounded into
powders below 300 mesh for preparing electrodes and
samples in XRD and PCT experiment. About 100 mg alloy
powder were mixed with 200 mg copper powder uniformly
and then pressed into pellet electrode. Electrochemical
properties were tested in a standard trielectrode eletroana-
lysis cell open to the atmosphere. A nickel plate was used as
the counter electrode and potentials were referred to an Hg/
HgO/OH ™. The testing temperature was 25°C. The electro-
des were charged at 100 mA g~ ' for 4 h, then discharge at
the current of 50 mA g~'. The discharge cut off potential
was set at —0.6 V. Electrolyte was a 6 M KOH solution. The
PCT curves were measured with an automatic Sievert’s-type
apparatus at 298 K. The microscopic structure was observed
and analyzed by scanning electron microscope (SEM). The
manganese distribution analysis was examined with EDS.
The crystalline characteristics of both alloys were analyzed
by XRD with Rietveld method. Rietveld refinement of both
alloy samples was performed on PC computer with LS1
Software [10]. The more detail information was introduced
in [11].

3. Results and discussion

3.1. Microscopic structure and Mn distribution

Fig. 1 is microscopic structure of MI(NiCoMnTi)s pre-
pared by rapid solidification and conventional cast methods

observed on SEM. The results show that the microscopic
structure of slowly cooled CC alloy is coarse dendrite and
the distance between main trunks is about 50 pm (see
Fig. 1a). While the microscopic structure of rapidly solidi-
fied alloy is very fine columnar structure whose size is about
0.3 pm (see Fig. 1b). High cooling rate in solidification of
the melt alloy often causes large supercooling and makes the
alloy formed fine grain and nano-scale crystallite. The large
supercooling will be benefit to the melt alloy to form
columnar structure also.

Fig. 2 shows the EDS analytical results of Mn distribution
in the CC and RS alloys. EDS scanning line in CC alloy is
undulant, which means the segregation of manganese in the
alloy (shown in Fig. 2a). However, the EDS scanning line in
RS alloy is flat, there is no obvious segregation observed (see
Fig. 2b). Above results indicate that rapid solidification
process can effectively eliminate the composition segrega-
tion in MI(NiCoMnTi)s. Manganese-bearing ABs type
alloys usually form dendrite or equi-axis grain only due
to the accelerating nucleation effect of manganese [12]. But
in the rapidly solidified condition in our research, the cool-
ing rate is as high as 10° K s~ '. Large temperature gradient
is formed in the alloy along the direction of normal line of
the copper roller, which restrains the manganese segregation
during solidification and promotes to form fine columnar
structure also. Above result is in accordance with that in
Lm(NiCoMnAl)s [13].

3.2. XRD analysis

The results of powder XRD analysis of MI(NiCoMnTi)s
prepared by conventional cast and rapid solidification meth-
ods is shown in Fig. 3. The data of XRD are analyzed with
Rietveld method and summarized in Table 1. In RS alloy,
there is only CaCus type phase discovered and no amor-
phous or any other phase appear. However, in the slowly
solidified CC alloy, there also exists small amount TiNi;
phase besides the main phase with CaCus type structure (see

Fig. 1. Microstructure of the alloy MI(NiCoMnTi)s prepared by different methods (SEM): (a) conventional cast; (b) melt-spinning (coated by carbon film).
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Fig. 2. Manganese distribution in the alloys MI(NiCoMnTi)s prepared by (a) conventional cast and (b) melt-spinning.
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Fig. 3. The X-ray powder diffraction pattern with Cu Ko radiation for
MI(NiCoMnTi)s prepared by (a) rapid solidification and (b) conventional
cast. The tick marks below the pattern represent the position of all possible
Bragg reflections for CaCus type structure and TiNis.

Fig. 3b). According to the result calculated by Rietveld
method (shows in Table 1), there is 2.5 wt.% TiNij3 phase in
the CC alloy. Above results show that rapid solidification
process could restrain TiNiz phase to form in MI(Ni-
CoMnTi)s. Table 1 also indicates the cell parameters and
crystallite of both alloys. There is only small difference
between the CC alloy and RS alloy on cell parameters.

3.3. Electrochemical properties

3.3.1. Activation and discharge capacity

Fig. 4 shows the activation process of MI(NiCoMnTi)s
prepared by rapid solidification and conventional cast meth-
ods. The activation process of RS alloy is slightly longer
than that of CC alloy. The RS alloy needs five cycles to
activate and reaches the maximum discharge capacity of
312mA h g~', while CC alloy needs only three cycles to
activate and reaches the maximum capacity of
302mAhg ' The discharge capacity of RS alloy is
10mAh g ' higher than that of CC alloy. The longer
activation cycles of RS alloy is believed concerning to
the decrease of crack formed during cycling. The increase
of the discharge capacity of RS alloy is ascribed to single
phase (CaCus type) structure and disappearance of TiNi;
phase that often appears in slowly cooled CC alloy.

3.3.2. High rate dischargeability

Below 1C discharge current (1C =300 mA g '), the
high rate dischargeability (HRD) of both alloys is almost
the same, but with the discharge current increase, the CC
alloy shows better high rate dischargeability (see Fig. 5).
The HRD of hydrogen storage alloy is concerned in elec-
trode reaction dynamics, electrochemical catalytic activity,
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Table 1

Cell parameters and phase abundance of the alloys MI(NiCoMnTi)s prepared by different methods

Solidification mode Phase abundance (wt.%)

Cell parameters

240,

Discharge capacity / mAh/g

ABs TiNi; a (nm) ¢ (nm) V (nm®)
Conventional cast 97.5 2.5 0.5003 0.4028 0.0873
Rapid solidification 100 - 0.5006 0.4024 0.0874
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Fig. 4. Activation process of conventional cast and rapidly solidified
alloys (298 K).

surface area of electrode, hydrogen diffusion velocity and
other factors. However, the mechanism affected the high rate
dischargeability of rapidly solidified MI(NiCoMnTi)s is not
clear and further investigation is needed.

3.3.3. PCT curves and discharge potential plateau

It can be seen from discharge curves of both alloys (shows
in Fig. 6) that the potential plateau of RS alloy is slightly
lower than that of CC alloy, but the plateau of RS alloy is
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Fig. 5. High rate dischargeability of MI(NiCoMnTi)s prepared by
conventional cast and rapid solidification methods at different discharge
current (298 K).

Fig. 6. Discharge potential curves of the alloys MI(NiCoMnTi)s prepared
by different methods at discharge current 50 mA g~'(298 K, 50th cycle).

more flat. This is accordance with result of melt-spinning
alloy reported early [4]. Fig. 7 shows the PCT curves of both
CC and SR alloys. The SR alloy has more flat and wider
pressure plateau. The uniformity of the alloy composition is
one of the main factors that affect the characteristic of
pressure plateau of hydrogen storage alloy. Just as men-
tioned above, rapid solidification process could effectively
restrain the composition segregation and make the composi-
tion distribution more uniform, which leads to more flat
pressure plateau in PCT curve. The discharge potential
plateau is related to the pressure plateau. The flat pressure
plateau of hydrogen storage alloy often leads to a flat
discharge potential plateau and improves discharge property
of hydride electrode and Ni/MH batteries.
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Fig. 7. PCT curves for desorption at 298 K for MI(NiCoMnTi)s prepared
by conventional cast and rapid solidification methods.
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Fig. 8. Cycle stability of conventional cast and rapidly solidified alloys
(298 K).

3.3.4. Cycle life

Fig. 8 is long term cycle life of MI(NiCoMnTi)s prepared
by rapid solidification and conventional cast methods. The
result shows that the cycle life of RS alloy is remarkably
improved by rapid solidification process. After 600 cycles,
the remained capacity of RS alloy is about 70%, while that
of CC alloy is below 40%. The cycle stability of hydride
electrode is an important property that affects the cycle life
of Ni/MH batteries. It is closely related to the rate of
pulverization and alloy surface corrosion. The cycle stability
remarkably improved is mainly ascribed to fine columnar
structure formed in rapid solidification process. As the
columnar structure contains a lot of parallel grain boundaries
which could release the lattice strain of the alloy caused by
absorbing hydrogen, the RS alloy has very good pulveriza-
tion-resistance. On the other hand, rapid solidification pro-
cess eliminates the composition segregation in RS alloy and
lessens the dissolution rate of component like Mn, La and
other elements in cycling, which conduce to raise corrosion-
resistance and further improves the cycle stability of the
RS alloy.

4. Conclusions

1. The microstructure of slowly cooled conventional cast
alloy MI(NiCoMnTi)s is coarse dendrite. There ob-
viously exists manganese segregation and TiNiz sec-
ondary phase. However, the microstructure of rapidly
solidified alloy is fine columnar structure, the manga-
nese segregation is greatly restrained and TiNiy phase is
completely suppressed.

2. Compared with conventional cast alloy, the cycle
stability of rapidly solidified alloy MI(NiCoMnTi)s is
remarkably improved, but the activation process is
slightly prolonged. The electrochemical property change
is mainly ascribed to the fine columnar structure that
enhances the pulverization-resistance as the alloy
absorbing hydrogen. Composition distributed more
homogeneous in the rapidly solidified alloy is another
reason for prolonging cycle life, which improves
corrosion-resistance of the alloy.

3. The discharge capacity of the rapidly solidified alloy is
about 10 mA h g~ higher than that of conventional cast
alloy because the TiNiz secondary phase is completely
disappeared in rapid solidification process.

4. The high rate dischargeability of rapidly solidified alloy
MI(NiCoMnTi)s is poorer than that of conventional cast
alloy, especially at large discharge current.
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