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In this work MmNi3.5(CoMnAl)1.5 and Mg were mechanically alloyed to prepare composite
hydrogen storage alloys. The microstructural variation of the alloy resulted from the
mechanical alloying was characterized by X-ray diffraction, SEM and TEM analysis. It was
found that solid state reaction occurred between MmNi3.5(CoMnAl)1.5 and Mg components,
resulting in Mm2Mg17 phase formation. The alloy obtained by ball milling contains
homogeneously distributed Mg, MmNi3.5(CoMnAl)1.5 and Mm2Mg17 phases of nanometer
size. It was also found that Mg2Ni was formed after the mechanically alloyed samples were
annealed. The mechanism of the reaction has been proposed based on the estimation of
the heat of formation using Miedema’s theory and is in accordance with the experiment
result of lattice constant measurement of ball milled sample and its structure variation
during annealing. C© 2003 Kluwer Academic Publishers

1. Introduction
It has well been established that nanocrystalline mate-
rials exhibit many unique properties such as very high
diffusion rates, high chemical activity and high strength
[1]. The behavior of hydrogen in nanocrystalline metals
is also different, in some aspects, to that in conventional
metals. It was found, for instance, that there was an in-
crease in the solubility of hydrogen in nanocrystalline
Pd prepared by gas condensation [2]. In the past years, a
lot of effort has been made to fabricate nanocrystalline
hydrogen storage alloys and to investigate the relation-
ship among their composition, microstructure and prop-
erties [3]. Mechanical alloying (MA) was, in most of
the cases, used to synthesize nanocrystalline hydrogen
storage alloys for it is a convenient and efficient way
of preparing materials with metastable microstructure
such as amorphous, nanocrystalline and supersaturated
solid solution in various materials systems. As having
been demonstrated in many hydrogen storage alloys,
such as TiFe [4], LaNi5 [5], Mg2Ni [6] and MgNi [7],
the activity and kinetics of alloys prepared by MA were
greatly improved.

Nano-phase composite hydrogen storage alloys pre-
pared by MA have been extensively investigated in re-
cent years. This is because that superior comprehensive
properties, including hydrogen storage capacity, activ-
ity, kinetics and so on, could hardly be achieved in any
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of the AB5, AB2, AB type and Mg base alloys developed
so far. For instance, Mg base alloy has large hydrogen
storage capacity, but it reacts with H2 at temperature
over 300◦C and its hydrogen absorption/desorption ki-
netics is poor. In contrast, LaNi5 alloy system exhibits
suitable hydriding reaction temperature and good ki-
netics, but its hydrogen storage capacity is small. It
was considered that good hydrogen storage properties
could be gained by forming composite alloy constituted
of different hydrogen storage alloys and a lot of study
has been made [8–14]. Improvement of hydrogen ab-
sorption properties such as reaction rate, reaction tem-
perature and activity was observed in many previous
works. It has been found that interaction existed be-
tween different phases and high density of boundaries
is beneficial to the improvement of properties of com-
posite hydrogen storage alloys. Therefore, preparation
of nanocomposite is of significant.

It is well known that MA results in complicated
microstructure variation such as microstructure refin-
ing, metastable phase formation and solid state reac-
tion (SSR) [15]. In a previous paper [14] we reported
the preparation of Mg/MmNi3.5(CoMnAl)1.5 compos-
ite hydrogen storage alloy and apparent improvement of
hydrogen absorption properties. However, Mm2Mg17
phase was found to form after milling, which indicated
the occurrence of SSR. In this article X-ray, SEM and
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TEM analysis were used to clarify the microstructure
evolution process and mechanism of SSR in the MA of
Mg and MmNi3.5(CoMnAl)1.5.

2. Experiment procedure
MmNi3.5(CoMnAl)1.5 (briefly denoted as MmM5 here
after) alloy was prepared by induction melting under
protection of pure argon. The ingot was crushed to
powder with size less than 1 mm. The Mg used was
commercial powder with purity of 99.8% and size of
200 mesh. MmM5-Mg powder mixtures with com-
position of MmM5-5%Mg, MmM5-10%Mg, MmM5-
30%Mg and MmM5-50%Mg (wt pct) were put to-
gether with hardened steel balls into stainless steel
vial and milled in a Fritsch P-5 planetary ball mill
with rotating speed of 150 rpm. The weight ratio of
ball to powder was 10:1. The ball milling process
was carried out under the protection of pure argon.
X-ray diffraction analysis, SEM and TEM analysis
were used to investigate the structure variation of the
milled sample. The X-ray diffractometer used was
Rigaku D/MAX-RC with Cu Kα radiation. The SEM
and TEM used were Hitachi S-550 and Philips CM-30
respectively. Composition was analysed by an EDX
accessory attached to SEM. The preparation of speci-
men for TEM observation was similar to that described
before [16].

Figure 1 SEM micrographs of MmM5-10 wt%Mg powder mixture milled for different time: (a) 0.5 hr, (b) 2 hr, (c) 20 hr, and (d) higher magnification
of (c).

3. Results and discussions
Fig. 1a, b and c are secondary electron images of
MmM5-10 wt%Mg powder obtained by milling for 0.5,
2 and 20 hr respectively. Fig. 1d is an enlarged image
of Fig. 1c. EDX analysis proved that the bright par-
ticle in Fig. 1a corresponded to MmM5 component.
It can be seen that the MmM5 component was grad-
ually refined as milling proceeded. The typical mor-
phology of powder obtained by long time milling is
shown in Fig. 1c. It is seen that the MmM5 compo-
nent was very fine and aggregated together forming
composite particles consisted of granules. EDX result
indicated that the average composition of the particles
agreed with the nominal composition of powder mix-
ture. The morphology of powder mixture obtained by
20 hr of milling, as shown in Fig. 1c, was not appar-
ently changed in the further milling process. This means
that a steady state of microstructure was reached after
about 20 hr of milling. The formation of the microstruc-
ture mentioned above should be related to the intrin-
sic properties of the two constituents of the powder
mixture. The MmM5 phase is a very brittle intermetal-
lic compound and pure Mg is much softer compared
with MmM5. They constitute a typical brittle/tough sys-
tem. Previously, it was demonstrated in the ball milling
of brittle/tough system [17] that the brittle component
was rapidly fragmented, while deformation, fracture
and cold welding took place in tough component. The
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Figure 2 X-ray diffractograms of MmM5-30 wt%Mg powder obtained
by milling for different times: (a) 0.5 hr, (b) 2 hr, (c) 8 hr, and (d) 20 hr.

fragmented brittle component was embedded into
lamella of tough component. As the milling prolonged,
the microstructure was refined and the two components
blended together homogeneously and aggregates of
granules were formed. Thus, microstructure of very fine
MmM5 particles bonded by Mg, as is shown in Fig. 1c,
was obtained after long time milling. It is evident that
this kind of microstructure contains very high ratio of
interfaces.

More details of microstructure characteristics can
be found by X-ray diffraction and TEM analysis. The
X-ray diffractograms a, b, c and d placed in Fig. 2
were obtained in sample with composition of MmM5-
30 wt%Mg milled for 0.5, 2, 8, and 20 hr respectively.
It was found that the X-ray diffractograms were not
apparently changed in milling process beyond 20 hr.
It can be seen that diffraction peaks of both MmM5
and Mg components broadened as milling proceeded,
which indicated the reduction of grain size of both and
existence of internal strain. The estimation of grain size,
from peak broadening by the method described in refer-
ence [18], shows that the grain size of both MmM5 and
Mg was greatly reduced after 20 hr of milling. For ex-
ample, the grain size of MmM5 and Mg reached 23 and
16 nm respectively after 20 hr of milling of MmM5-30
wt%Mg mixture. The results described above proved
that nanocrystalline composite with average grain size
of 20 nm was formed in the MmM5-Mg system after
about 20 hr of milling.

However, Mg content of powder mixture has appar-
ent influence on grain size of MmM5 component. The
dependence of grain size of MmM5 phase on milling
time for the samples of different Mg contents is shown
in Fig. 3a and b. It has been found that the change of
grain size on milling time can be described by following
formula [19]:

D = At−b (1)

(a)

(b)

Figure 3 The dependence of grain size of MmM5 phase on milling time
for the sample of different Mg contents: (a) MmM5-5%Mg and MmM5-
10%Mg and (b) MmM5-30%Mg and MmM5-50%Mg.

where D is grain size, t is milling time, A and b are
constant. For the milling of single component, b is 2/3.
The curves of grain size of MmM5 and Mg phase on
milling time were fitted using Equation 1 and the re-
sults obtained were listed in Table I. It can be seen that
b value for MmM5 phase is very close to 2/3 when Mg
content in powder mixture is low (5 wt% Mg), while b
value for Mg phase is very close to 2/3 when Mg con-
tent in powder mixture is high (50 wt% Mg). For other
compositions, the b value is deviated from 2/3. This is
because that the powder mixture behaves like MmNi5
or Mg single phase system when Mg content is low
or high respectively. The grain size of MmM5 phase
obtained by 20 hr of milling in powder mixture of dif-
ferent Mg content is given in Fig. 4. It can be seen that
the grain size is larger when Mg content is high. These
results reveal that the existence of Mg influences the
refining of MmM5 and the existence of MmNi5 influ-
ences the refining of Mg. This is probably owing to the

TABLE I The value of A and b for MmM5 and Mg phase for samples
of different Mg contents

Fitting result for Fitting result for
MmM5 phase Mg phase

Composition of samples A b A b

MmM5-5% wt Mg 164.36 0.6688
MmM5-10% wt Mg 78.995 0.4315
MmM5-30% wt Mg 135.05 0.5624 77.023 0.3798
MmM5-50% wt Mg 2126.5 1.1469 84.182 0.679
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Figure 4 Dependence of average grain size of MmM5 component on
Mg content in MmM5-Mg powder mixture with different Mg contents
milled for 20 hr.

fact that the stress of collision applied to MmM5 com-
ponent was reduced with the increasing of Mg content
since the MmM5 particles were embedded into Mg as
described before. It was likely that Mg acted as a buffer
to the impact on MmM5 in the milling.

It can be observed in Fig. 2 that the relative intensity
of the diffraction peaks of Mg reduces comparing with
that of MmM5 as milling proceeded. Meanwhile, as
shown in Fig. 2c, the relative intensity of some diffrac-
tion peaks, as indicated by “�”, increased and a new
peak, as indicated by the arrow “↓”, appeared. The

Figure 5 Morphology and electron diffraction pattern of MmM5-30%Mg specimen obtained by milling for 20 hr: (a) BF, (b) electron diffraction
pattern, (c) DF imaged by 222 reflection of La2Mg17, and (d) DF imaged by 300 reflection of MmM5.

indexing proved that the newly appeared peak
corresponded to the reflection of La2Mg17
phase(Considering that mish metal was used in
this work, the La2Mg17 phase was actually Mm2Mg17
phase. We denote it as Mm2Mg17 in this paper).
Those peaks indicated by “�” can be indexed as
the reflection of both MmM5 and Mm2Mg17 phases.
However, comparing with diffraction peak of MmNi5
phase in Fig. 2a, in which only MmNi5 and Mg
phase existed, the relative intensity of those peaks
indicated by “�” increased. Therefore, the intensity
increase was likely owing to the superposition of
MmNi5 and Mm2Mg17 phases. This result means that
Mm2Mg17 was formed by SSR between MmM5 and
Mg in the milling process. The peak indicated by the
arrow can hardly be observed in the diffractogram
of 20 hr milled sample. This is because the grain
size was refined to 10–20 nm and high density of
defect was created in the alloy. That weak peak of
Mm2Mg17 diminished due to strong background
scattering. Actually, the diffraction of Mm2Mg17 can
be clearly observed in the electron diffraction pattern,
given in Fig. 5, of 20 hr milled sample. In order to
clarify the microstructure of the mechanically alloyed
MmM5/Mg in more detail, TEM observation was
made on the as milled powder. Fig. 5a and b show the
morphology and corresponding electron diffraction
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pattern of MmM5-30%Mg specimen obtained by
milling for 20 hr. The indexing of the diffraction
pattern proved that the constituent phases are MmNi5,
Mg and Mm2Mg17. This result coincidences with the
X-ray diffraction analysis described before. Fig. 5c
and d are dark field images formed by 222 reflection of
Mm2Mg17 phase and 300 reflection of MmM5 phase
respectively (a section of diffraction hollow was circled
by objective aperture to make dark field image). They
clearly show that the constituent phases are homoge-
neously distributed and their size is about 10–20 nm,
which is in agreement with the result deduced from
X-ray diffraction analysis. In this sense it is considered
that a nano-phase composite has been obtained.

SSR initiated by MA has been reported in many sys-
tems [20, 21]. It is believed that large strain and high
interfacial energy induced by MA trigger the reaction
in the fresh interface created by MA. The formation of
Mm2Mg17 phase after milling meant that SSR between
MmM5 and Mg took place. There are, at least, three
possible reactions, as given below, in MmM5-Mg sys-
tem (For simplify, we use La to replace mish metal Mm
in the following calculation).

2LaNi5 + 17Mg → La2Mg17 + 10Ni (2)

2LaNi5 + 37Mg → La2Mg17 + 10Mg2Ni (3)

2LaNi5 + 17x · Mg → 2La(1−x)Ni5 + xLa2Mg17 (4)

The enthalpy of formation, �H , of LaNi5 and Mg2Ni
are −126 KJ/mol and −39 KJ/mol respectively, which
was obtained from the data experimentally measured
[22]. Since the �H value of La2Mg17 and La(1−x)Ni5
was not found in literature, Miedema’s empirical equa-
tion [22], as given in Equation 5, was used to calculate
them and they are −133 JK/mol and −79.46 (for x =
0.05) respectively.

�H = cA f A
B · V 2/3

A(
n−1/3

ws
)

av

[
P(�φ∗)2

+Q
(
�n1/3

WS

)2 − R∗] (5)

Then, we have the enthalpies of reaction for (2), (3)
and (4) which are 172.5, −217 and −18.6 (x = 0.05)
KJ/mol respectively. Apparently, reaction (2) is impos-
sible to take place for its positive enthalpy of reaction.
It was also proved that no Ni, which would appear if
reaction (2) occurred, was observed in X-ray diffrac-
tion and TEM analysis. As conjectured from enthalpy
value, it is possible that both reaction (3) and (4) hap-
pen in milling process. If reaction (3) took place Mg2Ni
phase should be observed. Although Mg2Ni phase was
not observed in X-ray diffraction and TEM analysis
in the as milled sample, there was possibility that the
formed Mg2Ni phase was transformed into amorphous
state during milling. This consideration was further sup-
ported by experiment evidence. As shown in Fig. 6, re-
flection peaks of Mg2Ni phase appeared in the sample
annealed at 673 K after 20 hr of milling (a), but there is
no diffraction peaks of Mg2Ni phase in the sample an-
nealed at the same condition after milling for 0.5 hr (b).
Therefore it was likely that reaction (2) did take place.

Figure 6 X-ray diffractograms of MmM5-30%Mg powder annealed at
673 K for 0.5 hr after milled for 0.5 hr (a) and 20 hr (b).

Figure 7 The dependence of lattice constant of MmNi5 phase on time
of milling in MmM5-30%Mg powder mixture.

With respect to reaction (3), if it took place, some of La
atoms in LaNi5 phase should be caught by Mg to form
La2Mg17 phase. This should cause the decrease of lat-
tice constant of LaNi5 phase for the radius of La atom,
which is 0.187 nm, is larger than that of Ni, which is
0.125 nm. Thus, the change of lattice constant of the
LaNi5 phase in accordance with time of milling was
measured and the result was given in Fig 7. It shows
that the lattice constant reduced as the milling time in-
creased. Therefore, it was likely that reaction (4) also
took place in the milling process.

As it was shown in a previous report [14], the hydro-
gen absorption kinetics of the nano-phase composite
was better than that of cast single phase MmNi5−x Mx

alloy. It was also noted, for the nano-phase compos-
ite alloy, that Mg participated hydrogen absorption in
some way at room temperature, while it is known that
Mg can hardly absorb hydrogen at room temperature.
The results obtained by microstructure analysis in this
work give some hints for the previous results on hydro-
gen absorption properties of the nano-phase composite.
It can be realized, at least, that the following aspects
are related to the hydrogen absorption properties of the
nano-phase composite. The first is that part of Mg in the
composite has formed Mm2Mg17 and Mg2Ni by reac-
tion with MmNi5. The hydriding kinetics of Mm2Mg17
and Mg2Ni phase are better than that of Mg. Second,
the alloys obtained are nano-phase composite. There are
high density of interphases and crystal defects, which
are beneficial to the hydriding reaction. Besides, the
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presence of nano-sized MmNi5 phase can act as catalyst
to speed up hydrogenation kinetics. In fact, the fitting of
kinetic curve of the nano-phase composite shows that
an auto-catalytic reaction mechanism of hydriding pro-
cess [23]. In recently, improvement of hydrogen sorp-
tion kinetics by forming nanocomposite structure has
been reported. For examples, MgH2-(V,Nb) nanocom-
posite shows very fast hydrogen sorption kinetics [24].
By forming Pd/Mg/Pd multi-layer film, the hydrogena-
tion temperature of Mg can be lowered to 373 K [25].
Therefore, it is a potential way to improve the hydrid-
ing kinetics of Mg-base alloy by milling Mg with other
hydrogen storage alloys to form nano-phase composite.

4. Summary
In the present work the microstructure characteristics of
MmNi5−x Mx -Mg composite hydrogen storage alloys,
synthesized by mechanical alloying, have been inves-
tigated by SEM, TEM and X-ray diffraction analysis.
It has been found that composite particles were formed
by high energy ball milling. Meanwhile, Mm2Mg17
phase was formed as the milling proceeded, which in-
dicated the occurrence of solid state reaction between
MmNi5−x Mx and Mg. Accompanying the formation of
Mm2Mg17 phase, lattice constant of MmM5 phase de-
creased. It has also been found that Mg2Ni phase was
formed when the milled powder was annealed at 673 K
while no Mg2Ni phase was found in the annealed sam-
ple without prior MA. This indicated that Mg2Ni phase,
in the form of amorphous, was probably formed in MA
process. In order to understand the reaction took place
in milling process, the reaction enthalpy of possible re-
actions forming Mm2Mg17 phase was estimated using
Miedema’s model. Based on the results of experiment
and enthalpy calculation, two reactions were conjec-
tured to be responsible for the formation of Mm2Mg17
in MA of Mg and MmM5. TEM and X-ray diffraction
analysis proved that all the phases obtained after MA
were homogeneously distributed and their grain size
was about 10–20 nanometer. In this sense, the com-
posite obtained was not simply a mixture of Mg and
MmNi5−x Mx but a nano-phase composite constituted
of Mg, MmNi5−x Mx , Mm2Mg17 and Mg2Ni phases.
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