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Abstract

The mechanical aloying process (MA) has been introduced to produce nanocrystalline ZrCr, and Mg,Ni type metal hydride. MA has
recently emerged as a novel technique for producing alloy powders whose structures are nanocrystalline. The Zr—Cr—Ni and Mg—Ni
systems were prepared using a planetary ball mill, starting from mixtures of elemental powders. In the Zr—Cr—Ni system, nanocrystalline
C14 structure could not be obtained after ball-milling but could be obtained from heat-treatment of ball-milled powders. The heat-treated
Zr—Cr—Ni powders showed a similar discharge capacity to the arc-melted aloy, but the activation was much easier. In contrast to
Zr—Cr—Ni system, nanocrystaline Mg,Ni alloy could be formed by ball-milling. In comparison with the polycrystalline one,
nanocrystalline Mg,Ni showed a lower temperature for hydrogenation and a much higher discharge capacity at 30°C. The partial
substitution of Zr for Mg resulted in a microstructure different from mechanically alloyed Mg,Ni and greatly improved the discharge

capacity at 30°C. The discharge capacity of 120 h-milled 1.8Mg-0.2Zr—Ni electrode was 465 mAh g~*.
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1. Introduction

A number of studies have been carried out extensively
on the AB (TiFe), AB, (ZrCr,, TiCr,), AB; (LaNi;) and
A,B (Mg,Ni) type hydrogen storage alloys which have
been developed as the anodic materials of Ni/MH batteries
[1,2]. Among these types, Zr-based Laves phase aloys are
attractive due to their higher discharge capacities but they
have a disadvantage of requiring many charge—discharge
cycles for activation [3]. Mg,Ni type aloys are promising
materials because of their high hydrogen storage capacity
(up to 3.6 wt%), low material cost and rich mineral sources
[4,5]. However, they can absorb and desorb hydrogen at
high temperature (above 300°C) and the discharge capacity
is very low at low temperature (below 30°C) [6]. More-
over, it is very difficult to synthesize Mg,Ni type alloys by
conventional melting processes due to their large differ-
ences in melting temperature.

In this study, a mechanica alloying process has been
introduced to produce AB,, (ZrCr,) and A,B (Mg,Ni) type
metal hydride. Mechanical aloying is a dry, high energy
ball milling process, which has been used to prepare
several dispersion strengthened alloy powders [7,8]. More
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recently, this process has been adopted to synthesize
intermetallics and other inorganic nonmetallics. When the
mechanical alloying process by the ball milling technique
is used for such synthesis, the powders show unusual
characteristics such as nanocrystalline structures [9], amor-
phous materials [10,11] and aloys with extended solu-
bilities [12]. Moreover, some interest has developed in
nanocrystalline aloys since their hydriding properties are
different from those of conventional crystalline ones [13—
16].

In the present study, Zr—Cr—Ni and Mg—Ni systems
were prepared by the planetary ball mill, starting from the
elemental powders. The synthesized nanocrystalline alloys
were expected to improve the hydrogenation and electro-
chemical characteristics of the metal hydride electrode. In
order to improve the electrode characteristics of mechani-
caly alloyed Mg,Ni, partial substitution of Zr for Mg was
carried out.

2. Experimental
The starting materials for the ball milling were the

mixtures of the elemental powders. To prepare the starting
materials from elemental powders, the elemental powders
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with a particle size of less than 46 um and purity 99.9%
were mixed to give the desired composition. The particle
size of Mg was less than 175 um. The specific com-
positions made for this report were: Zr—Cr—Ni, 2Mg—Ni
and 1.8Mg-0.2Zr—Ni. These starting materials were put
into a CrNi-steel bowl together with stainless steel balls
(SUS304, 2/16 inch in diameter). The handling of the
powders was done in an argon-filled glove box in order to
prevent oxidation of powders. Mechanical aloying was
carried out using a planetary ball mill (Fritsch Pulverisette
5) at a speed of 300 rpm for the Zr—Cr—Ni system and 100
rpm for the Mg—-Ni system. Milling speed could not
exceed 100 rpm for the Mg—Ni system because ductile Mg
and Ni were cold-welded to ball and bowl.

The structures of the ball-milled powders were char-
acterized by X-ray diffraction (XRD) analysis using CuKa
radiation (A=15418 A). Microstructure studies were
performed by SEM and TEM. In order to determine the
heat-treatment condition, differential thermal analysis
(DTA) was carried out. Heating was performed at a rate of
5K min~* in a pure argon flow.

The aloy powders were mixed with electrolytic Ni
powder in a weight ratio of 1:2 and mechanically pressed
into a pellet of 1.0 cm in diameter under a pressure of 5
ton cm? to prepare working electrodes. The negative
electrode had an active material of about 0.1 g. The
electrochemical measurements were conducted in a half
cell which consisted of metal hydride as a working
electrode, a platinum counter electrode and a Hg/HgO
reference electrode in 6 M KOH electrolyte. Cycle tests
were performed at 30°C using an automatic galvanostatic

charge—discharge unit (Maccor series 4000) at a constant
current of 10 mA g~ *. The discharge cut-off potential was
set to —0.60 V with respect to the reference electrode. The
resting time between charge and discharge was 5 min.
Pressure—composition (P—C) isotherms were measured at
various temperature by a conventional Sievert's type
apparatus. About 1 g of powder was put into the stainless
steel reactor.

3. Results and discussion
31 Zr-Cr—Ni system

31.1. Microstructure analysis

Fig. 1 shows the XRD patterns of the Zr—Cr—Ni system:
(@ the 30 h bal-milled powders and (b) heat-treated
powders after 30 h ball-milling. In the 30 h-milled Zr—Cr—
Ni powders, the elemental peaks were visible even though
their intensities decreased. Moreover, instead of the forma-
tion of the ZrCr, type compound, other phases (such as
Ni,Zr,, Ni,,Zr, and ZrO,) appeared. HREM observation
was performed in order to further characterize the micro-
structure of the 30 h-milled Zr—Cr—Ni powder. As shown
in Fig. 2, the nanocrystalline atomic arrays (such as Zr,
Ni,Zr,, Ni, Zry, and ZrO,) with different orientations
were observed and some areas showed an amorphous-like
structure. However, no evidence of ZrCr, type Laves
phase could be aso found in the HREM observation.
Further milling did not result in the formation of hydrogen
storage ZrCr, type dloy. In this study, the XRD pattern
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Fig. 1. X-ray diffraction patterns of the 30 h-milled and the hest-treated Zr—Cr—Ni powders: (&) 30 h ball-milled; (b) heat-treated (900°C, 3 h).
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Fig. 2. HREM micrographs of the 30 h-milled Zr—Cr—Ni powder.

and HREM results were in good agreement with the work
of the Hellstern and Schultz [10,11]. They reported that the
V-Zr and the Cr—Zr system can not be mechanically
alloyed due to low heat of mixing but consist of a
microscopic mixture of the starting elements after milling.
To study the chemica driving force for the ball milling,
Hellstern and Schultz calculated the heat of mixing within
the TM (transition metal)—Zr system using the semiempiri-
cal approach of Niessen et al. [17]. Their results showed
that the Ni—Zr had a large negative free enthalpy of mixing
but the Cr—Zr possessed the lowest mixing tendency in the
TM—Zr series. In this study, therefore, it seems likely that
some Ni—Zr compounds (such as Ni,Zr,, Ni,,Zry) are
formed, but mostly the ball-milled Zr—Cr—Ni powder
consists of a microscopic mixture of the starting elements.

In order to synthesize nanocrystalline Zr(Cr,;Ni, ),
alloy of Cl14 structure, 30 h-milled Zr—Cr—Ni powders
were heat-treated. The phase transformation behavior of 30
h-milled Zr—Cr—Ni powders during heat-treatment was
examined by DTA. As shown in Fig. 3, the DTA curve
consists of two exothermic peaks and one endothermic
peak. The first (554°C) and second (850°C) exothermic
reactions are probably the release of the stored energy
introduced by mechanical deformation and the formation
of ZrCr, type Laves phase, respectively. The last endo-
thermic peak (1351°C) implies the melting of the powder

by the eutectic reaction of Zr—Cr according to the equilib-
rium diagram of Zr—Cr [18].

To confirm the crystallization of 30 h-milled Zr—Cr—Ni
powder, by heat-treatment, XRD, HREM observation were
carried out. The ball-milled powder was heat-treated for 3
h at 900°C under vacuum (5-10° Torr). As shown in Fig.
1b, the XRD pattern was of the C14 type Laves phase after
heat-treatment. The electron diffraction pattern of the heat-
treated powder was aso of the C14 Laves phase and the
microstructure consisted of small grains less than 100 hm
(Fig. 4). This result also suggests that a nanocrystalline
aloy can be produced by means of heat-treatment after
ball-milling.

31.2. P—C isotherms and electrochemical measurements

Fig. 5 shows the hydrogen desorption characteristics at
30°C for ball-milled Zr—Cr—Ni and hegt-treated powders.
For the 30 h-milled Zr—Cr—Ni powder, a very small
amount of hydrogen was absorbed and desorbed. It is
related to the microstructure of the ball-milled powder
which consists of the microscopic mixture of the starting
elements and has no hydrogen storage compounds. How-
ever, the P—C isotherm of heat-treated Zr—Cr—Ni powder
showed that the hydrogen uptake equals about 1.3 wt% of
hydrogen at 5 MPa and the reversible amount of desorbed
hydrogen is about 0.9 wt% at the plateau pressure of 0.3
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Fig. 3. DTA curve of the 30 h-milled Zr—Cr—Ni powders.

Mpa. Thisis probably due to the formation of the C14 type
Laves phase after the heat-treatment.

Fig. 6 shows the variation of discharge capacity with
cycle number. The discharge capacity of 30 h-milled Zr—
Cr—Ni was very low because hydrogen storage materia
was not formed. However, the heat-treated Zr—Cr—Ni
electrode showed a discharge capacity of 238 mAh g™,
dlightly lower than in the as-melted one which was
reported by Jung et al. [19,20]. Additionally, the heat-
treated electrode was activated after five charge—discharge
cycles which is three times faster than that of as-melted
electrode. Jung et a. [20] reported that the discharge
capacity of as-melted Zr(Cr,;Ni, ), €electrode reached a
maximum value (257 mAh g~ *) after the 15th cycle. The
improved activation characteristics seems to be related to

Zone Axis [001]

Fig. 4. HREM micrographs of the heat-treated Zr—Cr—Ni: (a) bright field;
(b) electron diffraction pattern.

the small grain size (=100 nm) and the defects introduced
by mechanical deformation. Also Zaluski and coworkers
reported that the activation of nanocrystalline Fe—Ti was
much easier [21,22].

3.2, Mg—Ni system

3.2.1. Microstructure analysis

Fig. 7a shows the XRD pattern of 120 h-milled 2Mg—Ni
powders. Although the trace of elemental Ni remained, Mg
disappeared completely and transformed to Mg,Ni phase.
The trace of elemental Ni peaks did not disappear on
further milling. The diffraction pattern of 120 h-milled
powders exhibits broadening of peaks which is the charac-
teristic of nanocrystalline material. The 120 h-milled
powders were examined by TEM. Fig. 8 shows the bright-
field image (), dark-field image (b) and SAD pattern (c) of
120 h-milled 2Mg—Ni powders. It was found that a typical
nanocrystalline particle (less than 20 nm) was produced by
the mechanical aloying and the electron diffraction pattern
shows that the phase in this area is Mg,Ni. Similar
observations have been reported by Singh et a. and
Zauski et al. [23,24].

Zr was partidly substituted for Mg and the mixture of
these elemental powders was ball-milled for 120 h. The
XRD pattern of substituted alloy is shown in Fig. 7b. The
pattern of 1.8Mg—0.2Zr—Ni shows broad peaks different
from that of 120 h-milled 2Mg—Ni. The microsturcture of
120 h-milled 1.8Mg-0.2Zr—Ni seems to be amorphous
structure. Fig. 9 shows the bright-field image (&) and SAD
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Fig. 5. Pressure—composition isotherms of 30 h-milled and heat-treated Zr—Cr—Ni powders measured at 30°C.

pattern (b) of 120 h-milled 1.8Mg—0.2Zr—Ni powders by
TEM observation. It was found that amorphous matrix and
nanostructured precipitate was produced by mechanical
aloying. The precipitates were confirmed as Mg,Ni phase
in SAD pattern. The differences between 2Mg—Ni and
1.8Mg-0.2Zr—Ni observed in microstructure analysis were
expected to result in different hydrogenation and electro-
chemical characteristics.

322 P-C isothermal measurements

Fig. 10 shows the hydrogen desorption characteristics at
various temperature for the 120 h-milled 2Mg—Ni. The
P—C isotherm at 300°C shows that the hydrogen uptake
equals about 3.75 wt% of hydrogen at 5 Mpa and the

reversible amount of desorbed hydrogen is about 3.2 wt%
at the plateau pressure of 0.2 MPa. The result at 300°C is
similar to that of the polycrystalline one which was
reported by Reilly and Wiswall [4].

The P—C isotherm at 30°C shows that nanocrystalline
Mg,Ni powders absorbed 0.7 wt% of hydrogen and
desorbed a small amount of hydrogen. It means that
nanocrystalline Mg,Ni does not improve the poor hydro-
genation characteristics of conventional polycrystalline one
at 30°C.

However, at 200°C, the amount of 2.8 wt% hydrogen
was absorbed at 5 MPa and the reversible amount of about
1.5 wt% hydrogen was desorbed at the plateau pressure of
8.0-10 % MPa. The result at 200°C means that nanocrystal-
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Fig. 6. Discharge capacity variation of 30 h-milled and heat-treated Zr—Cr—Ni electrodes with cycle number at room temperature.
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Fig. 7. X-ray diffraction patterns of 120 h-milled 2Mg—Ni and 1.8Mg-0.2Zr—Ni powders: (a) 120 h-milled 2Mg—Ni; (b) 120 h-milled 1.8Mg—0.2Zr—Ni.
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Fig. 8. TEM micrographs of the 120 h-milled 2Mg—Ni powders: (8) bright field; (b) dark field; (c) electron diffraction pattern.
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Fig. 9. TEM micrographs of the 120 h-milled 1.8Mg—0.2Zr—Ni powders:

(@ bright field; (b) electron diffraction pattern.

line Mg,Ni powders can absorb and desorb a large amount
of hydrogen at lower temperature than 300°C and the
required temperature for hydrogenation of nanostructured
Mg,Ni is lower than that of the conventional polycrystal-
line one. The absorption amount at 200°C is similar to the
result of mechanically alloyed Mg,Ni reported by Zaluski
et a. [24], however, the desorption results have not been
reported yet.

Fig. 10 also shows the hydrogen desorption characteris-
tics at 30°C and 200°C for the 120 h-milled 1.8Mg—0.2Zr—
Ni powders. The P-C isotherm at 30°C shows that
1.8Mg-0.2Zr—Ni powders absorbed 2.3 wt% of hydrogen
which is three times larger than that of 120 h-milled
2Mg-Ni. At 200°C, hydrogen uptake equals about 3.0
wt% and the reversible amount of about 2.0 wt% hydrogen
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Fig. 10. Pressure—composition isotherms of 120 h-milled 2Mg-Ni and 1.8Mg—0.2Zr—Ni powders.

was desorbed at the plateau pressure of about 2.0-10 2
MPa.. The amount of desorbed hydrogen at plateau
pressure is increased by substitution of Zr for Mg and the
plateau pressure was shifted to higher pressure at 200°C.
The difference between 2Mg—Ni and 1.8Mg—0.2Zr—Ni in
P—C isotherms seems to result from different microstruc-
ture and alloy composition. P—C isothermal results at 30°C
and 200°C imply that hydrogenation characteristics at low
temperature (below 300°C) can be improved by partial
substitution of Zr for Mg.

3.2.3. Electrochemical measurements

Fig. 11 shows the variation of discharge capacity at
30°C with cycle number. The discharge capacity of 120
h-milled Mg,Ni electrode was 170 mAh g™ *. It is much
higher than that of the polycrystalline one which was
reported by Iwakura et al. [4] and Cui et a. [25]. Iwakura
et a. reported that the discharge capacity of the poly-
crystalline Mg,Ni alloy electrode was very low (about 20
mAh g™ %) at 30°C but increased greatly at 70°C (maximum
400 mAh g™ ') and 90°C. Cui et al. reported that Mg, Ni
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Fig. 11. Discharge capacity variation of 120 h-milled 2Mg—Ni and 1.8Mg-0.2Zr—Ni electrodes with cycle number at 30°C.



J.H. Woo et al. / Journal of Alloys and Compounds 293—295 (1999) 556—563 563

electrode prepared by the sintering method has very low
discharge capacity (8 mAh g~ *). The formation of nano-
structured aloys by mechanical aloying improved the
electrochemical hydrogenation ability of Mg,Ni electrode
at low temperature and this result coincides with the result
of P—C isotherms.

The discharge capacity of the electrode of 120 h-milled
Mg,Ni was maximum at the first cycle but decreased
rapidly. Similar to the Zr—Cr—Ni system, the good activa-
tion characteristics of Mg,Ni seems to be related to the
small grain size and the defects introduced by mechanical
deformation. The rapid degradation seems to result from
corrosion of Mg in the alkaline KOH solution. Lui et al.
[26] reported that the corrosion of Mg in the amorphous
Mg-Ni aloy into Mg(OH), in the akaline KOH solution
was the main cause for the capacity deterioration of
amorphous Mg—Ni electrode. In contrast to electrochemi-
cal measurement, nanocrystalline Mg,Ni alloy was not
rapidly degraded in the P—C isothermal experiment.
Therefore, the degradation of this alloy electrode seems to
be due to the 6 M KOH alkaline solution. A further study
is being performed for the degradation mechanism of
nanocrystalline Mg,Ni electrode.

Fig. 11 also shows the discharge capacity of substituted
aloy electrode with cycle number. The partial substitution
of Zr for Mg increased the discharge capacity of
nanocrystalline Mg,Ni electrode to 465 mAh g~*. The
increase of the discharge capacity at low temperature
seems to be related with the greatly increased hydrogen
absorption amount at 30°C and the increased amount of
absorbed and desorbed hydrogen at 200°C.

4. Conclusions

The discharge capacities of the ball-milled electrodes
was much lower than that of the as-melted one because
ZrCr, type hydrogen storage alloy was not formed by 30 h
ball milling. However, the ball-milled powder could be
transformed into the C14 type Laves phase by heat-treat-
ment with the microstructure of grain size smaller than 100
nm, and showed a similar discharge capacity as the as-
melted Zr(Cr, 5Ni, 5),. In addition, the activation behavior
was improved owing to the smaller grain size and the
defects from the mechanical deformation.

In contrast to the Zr—Cr—Ni system, nanostructured
Mg,Ni alloy was formed by 120 h-milling of elemental
powders. Nanostructured Mg,Ni powders absorbed and
desorbed a large amount of hydrogen at 200°C, which
means that the required temperature for hydrogenation of
nanostructured Mg,Ni is lower than that of conventional
the polycrystalline one. Nanocrystalline Mg,Ni electrode
had a much higher discharge capacity than that of the

polycrystalline one and a good activation characteristic at
low temperature (30°C), but they were degraded rapidly
with cycle. The partial substitution of Zr for Mg increased
hydrogen absorption and desorption amounts at low tem-
perature (30°C, 200°C) and greatly improved the discharge
capacity of the nanostructured Mg,Ni electrode at 30°C.
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