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Abstract: The influence of annealing temperature on the electrochemical properties and structure of the rapidly quenched LPC

(NiAIMn) 4. 25Cog, 75 hydrogen storage alloys was investigated, in which LPC represents the abbreviation of N free La Ce Pr mis-

chmetal after the extraction of most of Ce and Nd. After the annealing treatment between 700 =900 C for rapidly quenched alloys,

their discharge capacity becomes larger and the P- G-T plateau tends to be flatter and lower. The alloy annealed at 700 C has the

highest discharge capacity and flattest plateau. The analyses by X-ray diffraction (XRD), different thermal analysis( DTA), scamr

ning electron microscopy ( SEM) and transmission electron microscopy (TEM) indicate that the microstructure reversion and re-

crystallization occur during the heating, and their feature temperatures are 477 C and 696 °C respectively. The annealing treat-

ments make cell volume increase, dislocations and strain decrease, and the distribution of alloy composition become homogeneous.
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1 INTRODUCTION

As the negative material, the MH/Ni batteries using
hydrogen storage alloys have been developed and have be-
come the main competitor to N Cd batteries due to the
higher power densities, low memory effects and more en-
vironmentally friendly constituents. It has been found that
the performance of the alloy depends on the alloy
composition as well as the preparation conditions' '®.
Sakai et al'" * 7! researched the electrochemical proper-
ties of ABstype cast alloys. Compared with the cast al-
loy, the durability of the rapidly quenched alloy can be
greatly improved at the expense of a small decrease in ca-
pacity, and rapid quenching can also flatten the discharge
voltage plateau, but the rapidly quenched alloy slowed
down the initial activation rate!™ *'. In addition, the in-
fluence of the annealing on the quenched alloy with the
composition of ML ( NiCol'i)s has been studied '™ .
Annealing treatment improves the electrochemical proper
ties to a large degree. In this work, distinctive composi-
tion —Sichuan LPC mischmetal is adopted, which is the
remainder of Sichuan mischmetal after extracting the ele-
ments of Ce and Nd. The exploitation and application of
LPC mischmetal make the LPC mischmetal a better appli-

cation and balance the development of rare earth industry.

2 EXPERIMENTAL

LPC(NiAIMn) 4,25 Cop. 75 hydrogen storage alloy was
adopted in this work. The composition of A-side is LPC
mischmetal. The compositions are listed in Table 1.

Table 1 Compositions of Sichuan LPC mischmetal
( mass fraction, %)

La Ce Pr Nd

Total of RE

77~ 84 5710 9712 <1.0 9

A based ingot of the LPC(NiAIMn) 4 25Cop 75 alloy
was prepared by vacuum induction melting and cooling in
a copper mould which was cooled by water. The ascast
alloy was re-melted and rapidly quenched to flakes by
melt spinning with a molybdenum wheel. The rapidly
quenched alloys were vacuum annealed separately for 10 h
at 400, 550, 700, 800 and 900 C.

All alloys were crushed and ground mechanically,
then sieved. The size of the fine powder is less than 75
Hm.

Electrode pellets with 10mm in diameter were pre-
pared by mixing alloy powder with fine copper powder in a
mass ratio of 1: 2. As counter and reference electrode, a

sintered nickel hydroxide (Ni( OH) 2/ NiOOH) plate and a
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Hg/HgO (6 mol/ L. KOH+ 20 g/ L. LiOH) electrode were
employed, respectively.

The crystal structure of the alloy powders before
charge discharge cycling was identified by X-ray diffrac-
tion experiments with Co Kg; radiation. The microstruc
ture of the alloys, the distribution of elements and the
surface morphology were studied by Hitachi X-650 scan-
ning electron microscope ( SEM) and energy dispersive X-
ray detector.

The microstructure of the alloys was investigated by
using a H-700 transmission electron microscope (TEM) .
The relation between the phase transformation of the an-

nealed alloy and the temperature was determined by

DUPONT 1090 DTA analysis.
3 RESULTS AND DISCUSSION

3.1 XRD analysis

The as-quenched and the annealed samples were an-
alyzed by XRD. The comparison of the width of diffraction
peaks of the alloys annealed at different temperatures is
listed in Table 2. It can be seen that the width of diffrac-
tion peaks of (200), (111), (002) crystal surface be
comes smaller after annealing treatments. The higher the

temperature is, the smaller the peak is.

Table 2 Comparison of width of
diffraction peaks at different temperatures

Crystal Annealing temperature/ C

face  A¢ quenched 400 550 700 900
(200)  0.4568 0.4479 0.4222 0.3307 0.3257
(111)  0.4568 0.4479 0.4222 0.3307 0.3257
(002)  0.4568 0.4479 0.4222 0.3206 0.308 3

Compared with the width of diffraction peak of the
as-quenched alloy, the width of diffraction peaks of the
alloys annealed at 400 C and 550 C does not show obvi-
ous difference, but when the annealing temperature is 700
‘C, the width of diffraction peaks becomes smaller obvi-
ously. This phenomenon indicates that the annealing
treatment reduces the lattice strain and defects, and the

alloys annealed become more homogenous.

3.2 PCT isotherms

It can be seen from Fig. 1 that the plateau region of
the alloys become flat after the annealing treatments at
700, 800 and 900 C compared with that of the as
quenched one. The alloys annealed at 400 'C and 550 C
show hardly any difference. This behavior can be attribut-

ed to the enhancement of compositional homogeneity and
the decrease of lattice strain after annealing treatments. A

similar annealing effect of AB5type alloys was also ob-
served by Sakai et all™ >+ 1
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Fig.1 PCT curves of as quenched and
annealed LPC(NiAIMn) 4 25Cop, 75 alloy

3.3 Influence of annealing temperature on capacity
and cycle life

The  highest capacities of LPC

(NiAIMn) 4. 25Co0. 75 alloy at 0. 2C discharge rate treated at

discharge

different annealing temperatures are shown in Fig. 2. It
can be seen that the discharge capacity is enhanced obvi-

ously when the annealing temperature is above 550 C.
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Fig. 2 Highest discharge capacity of
LPC(NiAIMn) 4. 25Coo, 75 treated at
different annealing temperatures
Fig. 3 gives a comparison of electrochemical cycling
stability between the as-quenched and the annealed sam-
ples under the same condition of charge-discharge 1. 0C
rate. As seen in Fig. 3, the annealing treatment improves
the cycling stability greatly. XRD analysis shows that the

annealing treatment restrains pulverization by eliminating
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the lattice defects and decreasing the strain of lattice dis-
tortion. The highest discharge capacity of sample annealed
at 900 ‘C under charge-discharge 1. 0C rate is 285 mA *
h/g. The capacity retention after 500 cycles is 76% .
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Fig. 3 Relation between high discharge
rate capability and annealing temperature

Fig. 4 shows the influence of annealing treatments on
the discharge capacity. The discharge capacity of the al-
loys with annealing treatments is higher than that of the
as-quenched alloys. The increasing trend of the annealed
sample is in good agreement with that of PCT data as show
in Fig. 1. The discharge curves of the annealed samples
are also flatter than that of as-quenched sample.

Fig. 5 shows the SEM images of the alloys annealed at
different temperatures. The particle size of as quenched
alloy is small and columnar. When the annealing temper-
ature is 400 C, the microstructure of the alloy keeps
same and the growth of the particle is not obvious. When
the annealing temperature is 900 C, the particle size of
the annealed sample is obviously larger than that of the
as-quenched sample. The organization of the alloy is

characteristic the as
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Fig. 4 Discharge capacity of as quenched and
annealed LPC(NiAIMn) 4 25Coy. 75 alloy at
different temperatures
quenched alloy disappears. The grain boundaries are dis-
ordered. This is due to the recrystallization of the alloys.
The phenomenon of the recrystallization of the alloys can

be proved by DTA patterns.

The DTA patterns of the annealed alloys are shown
in Fig. 6. There are two exothermic peaks at 477 C and
696 C. The as quenched alloy has distortion and de-
fects, so the alloy has high energy. When heating the al-
loy, the met-stable phase with high energy turns to stable
phase with low energy. The first peak corresponds to the
elimination of defects and the flabbiness of strains. The
second peak corresponds to the recrystallization of the al-
loy, in which large energy is transformed. Annealed at
low temperatures, the microstructures of the alloys don t
change while the defects decrease and the macro-strains
become flab. The annealing treatments under 700 C
make little change of appearance and electrochemical
properties. The recrystallization of alloy is a process of re-
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Fig. 5 SEM photographs of LPC(NiAIMn) 4 25Coo. 75 alloy
(a) —As quenched; (b) —Annealed at 400 C; (c¢) —Annealed at 900 C
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Fig. 6 DTA curves for LPC( NiA]Mn) 4,25(:0(), 75 3110}/

by nucleation and growth, i. e. the new non-distortion
particles take the place of the distortion organizations.

Thus the electrochemical properties change greatly.

3.4 Influence of annealing temperature on rate ca-
pability

Fig. 7 shows the dependence of the discharge capaci-
ty on the discharge current at different temperatures. The
temperature sensitivity is not obvious at low discharge rate
(0. 2C), while the temperature sensitivity of high dis-
charge rate (1. 0C) is obvious. Under 1. OC discharge
rate, the discharge capacity at 20 C is lower than that at
40 ‘C. This result shows that the high rate discharge abil-
ity tends to increase with the increasing of annealing tem-

perature.
4 CONCLUSIONS

The influence of annealing temperature on the elec

trochemical ~ properties  of  rapidly  quenched
LPC(NiAIMn) 4 25Cop, 75 hydrogen storage alloys was in-
vestigated, and the mechanism of annealing on hydrogen
storage alloy was discussed. Annealing treatments make
cell volume increase, dislocations and strain decrease,
and the alloy composition become homogeneous. After the
annealing treatment for rapidly quenched alloys, the P-C-
T plateau tends to be flatter and lower, the discharge ca-
pacity and the cycle stability are also improved. After an-
nealing at 700 C, the alloy has the highest discharge ca-
pacity and flattest plateau compared with others. The
analyses by XRD, SEM, DTA indicate that the mi
crostructure recrystallization occurs during the heating,
and its feature temperature is 696 C. The highest dis-

charge capacity of the alloy after annealing treatment at

Fig. 7 Dependence of discharge capacity of
LPC(NiAIMn) 4. 25Cop, 75 alloy on

annealing temperature
(a) —0. 2C discharge rate; (b) —1.0C discharge rate

900 C under 1. 0C charge discharge rate is 285 mAh/g.
The capacity retention after 500 cycles is 76% .
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