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Abstract

Effects of cooling rate on microstructure and electrochemical performances of superstoichiometric AB, aloys with 5 wt.% Co have
been investigated. Flakes of thickness ranging from 30 to 100 pm were obtained by melt spinning. The aloy microstructure was
characterised using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and energy
dispersive X-ray (EDX) microanalysis. Electrochemical evaluation did not show significant effect of the cooling rate on the initial
capacity, but a noticeable effect was observed on cycle life and on corrosion rate after cycling. These results are discussed in terms of
microstructural observations. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Ni—MH batteries made of AB alloy containing misch-
metal (Mm), Ni, Mn, Al and 10 wt.% Co as a negative
electrode material are now widely used in portable or
electric vehicles (EV). Their performances in terms of
capacity and cycle life are satisfactory but for mass market
like EV applications, the cost must be reduced. In the
negative electrode, an important way of cost reduction isto
decrease the Co content in the alloy. However, it is well
known that the decrease of Co content is detrimenta in
terms of battery cycle life [1]. Indeed, lowering the Co
content induces an increase of the aloy corrosion, mainly
due to an enhanced aloy decrepitation (fracture of the
alloy upon hydriding dehydriding cycles). An alternative
for reducing decrepitation of AB alloys is to incresse the
stoichiometric ratio B/A [2-5]. Besides, a beneficia
effect, in terms of corrosion resistance, of AB. alloys
prepared by rapid cooling process has been aready re-
ported [5-9].

The objective of this work is to study the effect of the
cooling rate on the microstructure and electrochemical
performances of superstoichiometric low cost alloys con-
taining about 5 wt.% Co.

* Corresponding author.

2. Experimental
2.1. Preparation and characterisation of alloys

Ingots (800 @) containing about 5 wt% Co were
prepared by r.f. induction melting and casting under argon
atmosphere. Then ingot lumps of 50 g were remelted and
quenched to flakes, on a Cu—(Co—Be) whedl, following the
planar flow casting technique under argon atmosphere. The
flake thickness and the related cooling rate depend essen-
tially on the linear velocity of the wheel. Various con-
ditions of casting, corresponding to different linear wheel
velocities ranging from 6 to 20 m s~ *, were applied for
obtaining flakes of different thickness. Main parameters
and flake characteristics are reported in Table 1.

The average composition of samples, determined by
inductively coupled plasma (ICP) spectroscopy was
MI(Ni, Mn, Al), 5,C0, 4, (Stoichiometry=5.29 with 0.004
standard deviation), where Ml is a La-rich mischmetal with
10% Ce. No significant deviation from this composition
was observed with respect to the melt spinning conditions.

Table 1

Preparation conditions and thickness of the studied alloys

Alloy A B C D
Wheel linear velocity V, (ms™) 6 9.8 15 19
Thickness (um) 100 55 38 30
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Flake thickness was measured by optical microscopy of
polished cross sections. The alloy microstructures were
examined by scanning electron microscopy (SEM) using a
JEOL JSM 6330 F microscope equipped with an energy
dispersive X-ray (EDX) microprobe of size ~1 pm. Thin
specimens were obtained from flakes by Ar™ ion sputtering
and were examined by transmission electron microscopy
(TEM) using an AKASHI-TOPCON microscope (1.8 A
point resolution) with an EDX probe 20 nm in size. The
aloy crystallographic structure was investigated by X-ray
diffraction (XRD) using a Siemens D5000 diffractometer
with Ko Cu anticathode.

2.2. Electrochemical evaluation

For electrochemical evaluation, alloys were pulverised
by mechanical grinding and powders were sieved between
20 and 63 pm. Afterwards, negative electrodes were
prepared with a mixture consisting of aloy powder, PTFE
as a binder and Ni powder for electrical conductivity. Then
negative limited vented cells were assembled in plastic
cases with one negative electrode isolated by a polyolefine
separator from two positive foam electrodes containing
Ni,_,_,Co,Zn,(OH), active material and Co compounds
as conductive material. Finally, the cells were filled with a
standard 8.7 M KOH aqgueous solution as electrolyte. For
each aloy five cells were tested.

After 10 cycles of activation, accelerated cycle tests
were carried out at the C rate (300 mA g %) for 48 min in
discharge (80% depth of discharge, DOD) and 52 min in
charge (8% overcharge). Capacities were periodically
measured using the following conditions: (i) 16 h charge at
the C/10 rate (30 mA g *); (ii) discharge at the C/5 rate
(60 mA g™ %), 0.9 V cut-off voltage.

After electrochemical evaluation, corrosion rates were
measured by ICP analysis of Al eluted out of the alloy and
trapped in the positive electrode [10,11]. Besides, cycled
negative electrodes were examined by SEM in order to
estimate alloy decrepitation.

3. Results

Four alloys (A to D) were obtained in the form of flakes
with thickness ranging from 30 to 100 um (Table 1),
which correspond approximately to cooling rates between
10° and 10° K s™*. It arises that flake thickness decreases
when the linear velocity V, increases.

3.1. Microstructural characterisation

Lattice parameters of the aloys and the unit cell
volumes (Table 2) were calculated from the XRD patterns,
assuming a single hexagonal structure of the CaCu, type.
The parameter ¢ does not depend significantly on the flake

Table 2

Results of microstructural characterisation of the alloys

Alloy A B C D
Thickness (um) 100 55 38 30

a (,:A) 5.038 5.037 5.035 5.030
c (Ao) 4.058 4.059 4.060 4.061
V (A% 89.21 89.19 89.15 89.00
G (nm) 1-25 05-2 05-1.3 0.3-1

L attice parameters of the CaCu, hexagonal phase and unit cell volume
V from XRD. Grain sizes G from TEM examinations.

thickness. But the aloy D, relating to the highest cooling
rate, seems to exhibit a lower parameter a, and conse-
guently a lower unit cell volume V, than the other aloys.

SEM examinations showed a single phase microstruc-
ture whatever the thickness. An EDX (1 pm probe) semi-
quantitative line scan did not show any heterogeneity in
terms of composition through the thickness of one 100-
pm-thick flake of alloy A (Fig. 18). However, variations of
Ni and Mn contents were observed through one 200-pm-
thick flake of the same alloy (Fig. 1b). Specimens of aloys
B-D appeared homogeneous in terms of chemical com-
position within the spatial resolution of the EDX probe (20
nm) associated with TEM and no segregation was detected
at the grain boundaries.

Typica microstructure of rapidly quenched alloys was
observed by TEM. The grains are elongated and the grain
boundaries exhibit non-equilibrium high curvatures. Grain
size ranging from 2.5-1 pm to 1-0.3 um is related to the
guenching rate and then the fraction of intercrystalline
regions (grain-boundaries and triple junction) increases
sharply when the quenching rate increases. In addition, a
significant amount of disordered plate-like extended de-
fects were observed in sample D, referring to the specimen
having the highest cooling rate. Besides, TEM revealed
contrasts associated to lattice distortions and dislocations
pile-up in all samples. However, the level of distortions
and dislocation density increased with the flake thickness.

3.2, Electrochemical evaluation

Specific capacity variations (symbols) during cycling are
compared with those of a standard 10 wt.% Co AB; aloy
of composition MmNizgMny ,Aly;Cou,5 (Mm=
mischmetal with 48% Ce) in Fig. 2. A linear regression
line has been drawn for each aloy. The intercept Q, and
the slope P, interpreted as the initial specific capacity after
activation and a measure of the capacity loss, are presented
in Table 3. Fig. 2 and Table 3 show that the initial
capacities were not significantly different from one
another. On the contrary, the capacity losses ranged from
0.04 mAh g~ * cycle™ for aloy C (38 um) to 0.25 mAh
g ' cycle* for alloy A (100 pm thick). Comparatively,
the 10 wt.% Co standard alloy loss was 0.054 mAh g™*
cycle . Infact, it can be considered that the cycle stability
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Fig. 1. Variations of Ni, Mn and Co contents in aloy A, as determined by semi-quantitative EDX line scan. (@) Through one 100-pum-thick flake, (b)

through one 200-pum-thick flake.
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Fig. 2. Results of the electrochemical cycling a room temperature.
(Cycling at the C rate, 80% DOD, 8% overcharge. Capacities measured at
the 0.2 C discharge rate, 0.9 V cut-off voltage after 16 h charge at the 0.1
C rate).

of the superstoichiometric 5 wt.% Co alloys (A-D)
increases when the flake thickness decreases (Fig. 3).
Corrosion rates at the end of the test (Table 3) increased
from 8.9% for alloys C and D (thickness <40 um) to
24.7% for aloy A (100 wm). Comparatively corrosion rate
for the standard 10% Co aloy was 8.3%. These corrosion
rates are well correlated with the capacity losses, as seenin
Fig. 3. The corrosion rate behaviour as a function of the
cooling rate can be explained because the level of decrepi-
tation decreases when the thickness decreases (Fig. 4).

Table 3
Results of electrochemical tests and of corrosion measurements after
cycling

Alloy A B C D 10% Co
Thickness (m) 100 55 38 30 dloy
Q, (mAhg™) 311 312 311 306 305

P X 100 —24.6 —-117 —-4.1 —-49 —54
(mAhg™* cycle™)

Corrosion rate (%) 24.7 15.8 8.9 8.9 8.3

Q, is the intercept and P is the slope of the regression line drawn in
Fig. 2.

4. Discussion

Within the limit of the spatial resolution of the TEM
EDX probe, local chemica variations may not be directly
associated to the change in cycle life. In addition, an
amorphous phase is unlikely to exist, because amorphous
phase induces low capacities [8] and al the initial capaci-
ties are amost equal.

On the other hand, it is well known that the mechanical
strength of an aloy increases as the inverse square root of
the grain size (Hall Petch relationship). The limitation of
this relationship has been discussed for very small grains
[12], but seems to be valid for grains with size in the range
of 150 nm and over [13]. The aloy grain size was reduced
from 1-2.5 pm to 0.3-1 pm when the wheel velocity V,
rose from 6 to 19 m s~ *. It can then be assumed that the
mechanical strength of the studied alloys increases with the
cooling rate.

TEM observations showed somehow, semi-quantitative-
ly, that strains (and stresses) resulting from rapid cooling
decreased when the cooling rate increased. This could be
explained by an easier relaxation of stresses in inter-
crystalline regions, when the flake thickness decreases. So,
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Fig. 3. Influence of the flake thickness on the corrosion rate and the
capacity loss.
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Fig. 4. SEM examination of alloy decrepitation after 483 electrochemical cycles. Grey areas consist of Ni powder added in electrodes. (8) Alloy A; (b)

aloy D.

it can be assumed that the strain and stress level rise with
the flake thickness.

In summary, we can assume that the alloy mechanical
strength decreases and internal stresses increase when the
flake thickness was augmented. If it is the case, more
external stresses (due to hydrogen insertion for instance)
would be necessary to reach the alloy strength of thinner
flakes. This could explain, at least partly, the limited extent
of decrepitation with higher cooling rates.

5. Conclusion

Alloys of superstoichiometric AB, composition con-
taining 5 wt.% Co have been synthesised by melt spinning
with different cooling rates as flakes of thickness ranging
from 30 to 100 wm. Their microstructures were character-
issed by XRD, SEM and TEM associated with EDX
microanalyses. Their electrochemical performances were
evaluated in terms of capacity and cycle life.

Microstructural examinations did not show composition
heterogeneity for flake thickness lower than 100 pm. But
higher cooling rates led to smaller grain size (beneficia in
terms of mechanical strength) and lower strain (or stress)
levels.

The results of electrochemical tests showed that

* 5 wt.% Co superstoichiometric AB. alloys can be
obtained with electrochemical performances compar-
able with those of standard 10 wt.% Co ones

* their capacity does not depend on the cooling rate

* high cooling rates are beneficial in terms of stability and
corrosion resistance during cycling.

This beneficial effect in terms of cycle life results from a
decreasing extent of decrepitation with increasing cooling
rate. As the chemical composition appeared to be homoge-
neous in most cases, this reduction of decrepitation is
attributed, at least partly, to an increase of the mechanical
strength (due to the decreasing grain size) and/or to a
decreasing level of strains (and stresses) when the cooling
rate increases.
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