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Abstract: Microstructure and phase evolutions of Mg—Al powders ball milled in hydrogen atmosphere were investigated. Both in
Mg—3%Al (mass fraction) and Mg—9%Al systems, f-MgH, phase was observed upon a short milling time of 4 h and its maximum
content of ~80% was reached after 32 h. Neither as-milled powders of the in the two systems contain Mg;;Al;,. However, heating the
milled powders of Mg—9%Al powders to 350 °C resulted in the precipitation of Mg;;Al;,. DTA/TG analyses of those powders milled
for 8—40 h showed that either well-developed peak doublets or shoulders were observed, which plausibly corresponded to the
separate hydrogen desorption from different particle fractions of f-MgH,.
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1 Introduction

Nanocrystalline and ultrafine grained materials have
received considerable attention during the past decades
owing to their improved properties as compared with
conventional coarse grained materials [1]. Powder
metallurgy is a quite potential way to prepare
nanocrystalline or ultrafine grained bulk alloys. For most
Mg alloys, however, it is difficult to produce
nanocrystalline alloy by means of rapid solidification
[2—-5]. Another possible technique to refine grain size is
hydrogenation—disproportionation—desorption—recombi-
nation (HDDR) treatment which was first used to
produce Nd—Fe—B permanent magnetic alloy [6]. The
key step of this process is to obtain nano-structured
hydride alloy powders through hydrogenation. Since Mg
can absorb hydrogen to form MgH, and the reaction is
reversible, HDDR technique is believed to be applicable
to Mg alloys [7]. However, the application of HDDR in
Mg alloys is precluded because of the high
thermodynamic stability, high desorption temperature,
low plateau pressure, and slow sorption kinetics of

MgHZ

One efficient approach to produce nano-structure
metal hydride powders is mechanically assisted
hydrogenation via ball milling at room temperature [8].
The mechanical energy provided by ball milling can be
totally converted to the heat energy for driving the
reaction of Mg and hydrogen, so the hydrogenation
reaction can occur at room temperature rather than much
high temperature. Controlled reactive mechanical milling
is a one-step method through which the hydride synthesis
accompanied by nanostructurization of phases occurs in
due course of milling and it facilitates in-situ formation
of nanocrystalline hydrides [9,10] at room temperature.

WANG et al [11] have prepared nanocrystalline Mg
and Mg alloy powders using pure Mg and ZK60
(Mg—5.5%Zn—0.6%Zr) alloy as the starting material by
the process of ball-milling hydrogenation and subsequent
thermal dehydrogenation. The hydrogenation kinetics
curves of Mg and ZK60 alloy by room temperature
mechanical milling in hydrogen indicated that both Mg
and ZK60 were featured by a three-stage kinetics, i.e.
slow—fast—saturation, which could be explained by
the formation of Mg(H) solid solution, the transition of
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Mg(H) (o phase) to MgH, (8 phase), and gradually the
saturation of hydrogen in the crystal lattice, respectively
[11]. The milling time to achieve full hydrogenation for
Mg and ZK60 suggested that the hydrogenation kinetics
of ZK60 was faster than that of pure Mg, which could be
attributed to the higher affinity of Zr to hydrogen.

In the work of SUN et al [1] nanocrystalline bulk
Mg—3Al-Zn alloy with an average grain size of 48 nm
was prepared by powder metallurgy assisted
hydriding—dehydriding process. The results showed that
by milling in hydrogen for 60 h, using pure Mg, Al and
Zn powders mixed in mass ratio of 96:3:1 as the starting
material, as-hydrided powders possessed an average
grain size of 5.9 nm.

GENNARI et al [12] also found that f and y phases
of MgH, were synthesized by reactive mechanical
alloying (RMA) at room temperature under hydrogen
atmosphere with elemental magnesium granules (purity
>99.9%) as starting material. The results indicated that
the RMA process could result in size reduction of
particle and crystalline and the formation of metastable
y-MgH,.

All above results indicated that, nanostructures can
be achieved in Mg and Mg alloy by the mechanically
driven solid-gas reaction: Mg+H,—»MgH, through
mechanically assisted hydrogenation process which is
the key step of application of HDDR in Mg alloys. Most
researchers have mainly focused on the final state of the
powders milled in hydrogen and cared more about alloys
after dehydrogenation. However, few researches have
studied the process and microstructural evolution during
ball-milling induced hydrogenation at room temperature.
Considering the above, a systematic study of
microstructure and phase evolutions of mixed Mg—Al
powders ball milled in hydrogen atmosphere is carried
out in the present work. This work may hopefully help
throw light upon the comprehension of the mechanically
assisted hydrogenation process via ball milling of
magnesium based alloys and hence help promote the
application of HDDR in more Mg alloys.

2 Experimental

The reagent grade fine Mg and Al powders
(provided by Sinopharm Chemical Reagent Co. Ltd,
China) with purity higher than 99.0% were used for
reactive mechanical alloying in hydrogen to form
magnesium hydride. Their diameters were both
approximately 100 um. Mechanical milling was carried
out with a QM-3SP2 planetary ball milling machine
operated at 400 r/min for 0.8 h of rolling and 0.2 h of
dwelling and the total milling duration varied from 4 to
40 h. The Mg and Al powders were mixed in stainless
steel vial in mass ratio of 97:3 and 91:9, respectively.

The mass ratio of ball to powder was 40:1. The mass of
mixed powder for each milling batch was 3 g and
correspondingly 120 g of balls (60 g big ones and 60 g
small ones). During the whole milling process, the
hydrogen pressure of the vial was charged to 4.5 MPa at
the very beginning. To prevent the powders from
oxidation, the powders were always handled in a glove
box filled with pure argon.

The as-milled and reference powders were
characterized by D/Max B X-ray diffractometer equipped
with a Cu K, (4=0.15406 nm) radiation source. The
separation of crystallite size and strain was obtained
from broadening of Bragg peaks using approximation
and linear regression plots by software Jade 5. The
standard reference material Si was used for subtracting
the instrumental broadening of Bragg peaks.

The thermal behavior of the powders was studied by
differential thermal analysis (DTA) coupled with
thermogravimetry (DTA/TG, NETZSCH STA 449 F3)
using a ~20 mg powders sample, a heating rate of 5
K/min and an argon flow rate of 40 mL/min. The mass
change and the temperature of the phase change were
calculated from the measured DTA/TG profiles. The
microstructure characterization of the powders was
conducted by transmission electron microscopy (TEM)
of JEOL-2100 type.

3 Results and discussion

3.1 Mechanical milling induced hydrogenation in

Mg—3%Al system

Figure 1 shows the XRD patterns of the initial
mixed powders (3% Al) and the powders milled in
hydrogen for various durations. The initial one was well
fitted with Mg and Al diffraction peaks. Upon a short
milling time of 4 h, tetragonal S-MgH,(JCPDS 12-0697)
phase was observed while the relative diffraction
intensity of the Al phase didn’t decline, suggesting that
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Fig. 1 XRD patterns of Mg—3%Al powder milled in hydrogen
with different time
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the absorption of hydrogen and the hydrogenation of Mg
by the mechanically driven solid—gas reaction
Mg+H,—MgH, was prior to the formation of Mg—Al
solid solution. With the increase of milling time, the
relative diffraction intensity of the A-MgH, phase
increased with a decreasing speed due to the
consumption of hydrogen, and that of the Mg (JCPDS
12-0697) phase decreased correspondingly. Indeed, after
milling for 32 h, the diffraction peaks of the Mg phase
nearly disappeared, meaning that almost all Mg was
hydrogenated to form f-MgH, phase.

VIGEHOLM et al [13] estimated the enthalpy and
corresponding entropy of MgH, formation as —70.0
kJ/mol and —126 J/(mol'K), respectively. The high
energy ball milling is able to create high density of
lattice defects and interfaces in the powders and thus
increases the free energy of the system. The increased
free energy along with the local temperature rising helps
to overcome the needed energy barrier for the formation
of MgH, [14].

Figure 2 shows the evolution in percentage of
different phases with milling durations, which was
calculated using the integrated intensity of diffraction
peaks and the value of reference intensity ratio (RIR) of
each phase. For powders milled from 8 to 40 h, the
percentage of Al phase was always lower than 3% due to
the formation of Mg(Al) solid solution, which was
reflected in the reduction of the lattice constants a and ¢
of Mg. However, the percentage of Al in the powders
milled for 16 h, 1.37%, violated the decreasing tendency
with increasing milling time. This may be attributed to
the continuous reaction between Mg(Al) solution and
hydrogen [7,15,16], which forms f-MgH, and pushes Al
out. After 24 h milling, no diffraction peaks of Al phase
were observed, suggesting that the Al element dissolved
again either in residual Mg or in MgH, phases. Indeed,
both the lattice parameters of Mg and MgH, have
changed after a long time milling.
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Fig. 2 Phase constitution of powders milled in hydrogen for
different time in Mg—3%Al system

By calculation based on the half width of the XRD
peaks, the average grain size of f-MgH, formed by
mechanical milling of the Mg—3%Al powders in
hydrogen was estimated, which shows a decreasing
tendency with the increasing milling duration, as seen in
Fig. 3. After milling for 16 h, the average grain size of
S-MgH, was smaller than 10 nm, reaching approximately
8.35 nm. Since the key step of hydrogenation—
disproportionation—desorption—recombination (HDDR)
treatment is to produce nanostructured hydride powders
by hydrogenation, the process to produce nanocrystalline
MgH, powders in the present work is considerable in
HDDR, therefore, it is potential to be applied in other
Mg alloys.

30

259
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Average grain size/nm
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4 8 16 24 32 40

Milling time/h

Fig. 3 Evolution of average grain size of f-MgH, during
mechanical milling in Mg—3%Al system

3.2 Mechanical milling induced hydrogenation in

Mg-9%Al system

Figure 4 shows the XRD patterns of the initial
mixed powders (9% Al) and the powders milled in
hydrogen for various durations. With increasing the
milling time, the tendency of structural evolution in the
Mg—9%Al system was just like that in the Mg—3%Al
system as described above. However, Mg;Al},
intermetallic phase was observed in milled Mg—9%Al
powders after heat treatment at 350 °C, as shown in Fig.
5. Both the facts that the integrated intensity of
diffraction peak 35.9° (the second strong peak of
f-MgH,) was bigger than that of 27.9° (the strongest
peak of f-MgH,) and the abnormal broadening of peak
35.9° suggested that there was a peak ~36.1° matching
the strongest diffraction peak of Mg;Al, phase. Besides,
the three peaks, located at 33.86°, 41.72° and 43.46° in
XRD patterns, confirmed the existence of Mg,Alj,.
Based on the percentage of Mg;;Al;; phase obtained by
the same way as mentioned above, the mass ratio of Al to
Mg was determined to be 0.01084, which was much
smaller than the nominal value, 9%/91%=0.09890. That
is to say, although there was precipitation of Mg;;Al,
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Fig. 4 XRD patterns of Mg—9%Al powder milled in hydrogen
with different time
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Fig. 5 XRD patterns of Mg—9%Al powders milled for 16 h
before and after heat treatment at 350 °C
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Fig. 6 TEM images of Mg—9%Al powders milled for 16 h in hydrogen and heat treated at 350 °C for 20 min: (a) Bright field TEM

image and SAED pattern; (b) Corresponding dark field TEM image

phase during the heat treatment, most Al still existed in
the solid solution. In addition, mechanical alloying was
known to extend the solubility between metals. In the
present case, the maximum solubility of Al in Mg may be
higher than 3%, so that no precipitation of Mg;;Al,
phase occurred in the heat treated Mg—3%Al system.

Figures 6(a) and (b) show a typical bright field
TEM image and the corresponding dark field image for
the Mg—9%Al powders milled for 16 h in hydrogen
atmosphere followed by heat treatment at 350 °C for 20
min. The selected area electron diffraction (SAED)
pattern obtained from a region with a diameter of 500 nm
is shown in the inset of Fig. 6(a). Based on the
indexation of each diffraction ring, Mg, f-MgH, and
Mg,;Al,, phases were detected, as shown in Fig. 6(a). To
reveal the morphology and distribution of Mg;Alj;
phase, the Mg;;Al;; (332) plane was chosen to do a dark
field image, as shown in Fig. 6(b). It shows that the
precipitated Mg;Al;,  particles  distributed  quite
homogenously with grain size ranging from several to 20
nm.

TAKAMURA et al [17] investigated the
hydrogenation of AZ31 and showed that the AZ31 alloy
exhibited a disproportionation reaction, resulting in the
formation of MgH,, Mgy4Algsg and Al phases. The
results also indicated that most of solute atoms in the
AZ31 alloy were expelled from the matrix phase.
According to the Mg—Al binary phase diagram, the
meta-stable phase Mgy 4Alyss can be formed by a
peritectic reaction of Mg;;Al;; and Mg,Al;. While in the
present work, after milling for 24 h and longer, neither Al
nor Mg—Al phase were detected by XRD analysis. That
is to say, considering the solubility of Al in Mg at 100 °C
(1.9%), all Al existed in Mg—Al solution and were
preserved in the supersaturated lattice after milling in
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both Mg—3%Al and Mg—9%Al systems due to the very
high mechanical energy provided by ball milling.

3.3 Hydrogen desorption behaviors of as-milled

powders

Figure 7 shows the DTA/TG curves of the ball
milled Mg—3%Al powders. Since in as-milled powders,
H element only exists in MgH,, the percentage of H can
be calculated according to the percentage of MgH,,
which actually agrees quite well with the mass change in
DTA/TG as shown in Table 1 and Fig. 7, indicating that
the calculated percentage of each phase in Fig. 2 was
reliable. In all the DTA/TG curves of powders milled
from 8 h to 40 h, either well-developed peak doublets or
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shoulders were observed. The onset dehydrogenation
temperature (Z,,), the peak temperature for
temperature dehydrogenation (f,,) and the peak
temperature for high temperature dehydrogenation (#yigh)
in the doublet, as marked in Fig. 7, are listed in Table 2.
The peak splitting phenomenon suggested an overlap of
two types of hydrogen desorption reactions. In contrast, a
single endothermic peak with the maximum at ~415 °C
characterized hydrogen desorption from a coarse particle
of as-received commercial MgH, [18]. All milled
powders in the present work had a lower ¢y, than the
as-received commercial MgH,. The shorter milling time
(8 h) gave a relatively higher o, fiow and tgh than other
longer milling times. While after milling for 16 h and

low
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Fig. 7 TG/DTA curves for Mg—3%Al
powders ball milled for: (a) 8 h; (b) 16 h;
(c)24h;(d)32h;(e)40 h
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Table 1 Comparison of hydrogen content in as-milled
Mg—3%Al powders from calculation and DTA/TG test

Milling time/h 8 16 24 32 40
Calculated/% 1.69 4.87 5.15 6.15 6.01
By DTAtest/(WW'mg ') 172 5.02 525 591 5.72

Table 2 Results of DTA/TG test: fo, fiow and tyig, of as-milled
powders in Mg—3%Al system

Milling time/h ton/°C tow/°C thigh/°C
8 396.8 409.2 425.7
16 3533 380.9 419.3
24 365.0 387.6 419.2
32 351.8 378.0 413.9
40 361.2 381.5 413.0

longer, powders had similar t,,, fiow and #gn, indicating
that the desorption behavior of MgH, in that powders
was fairly similar, though the grain size of MgH,
decreased with the increasing milling time, as shown in
Fig. 3. In the work of VARIN et al [18,19], quantitative
evidence showed that two factors, namely the refined
powder particle size and the p-MgH, phase residing
within the powder particles, acting additively, were
responsible for a substantial reduction of the hydrogen
desorption temperature of MgH, hydride. However, in
the present work, no y-MgH, was observed beside the
size reduction of MgH, after milling for 16 h.

Peak doublets and shoulders on DSC curves of
hydrogen desorption have been observed by some other
researchers. GENNARI et al [12] demonstrated that the
low-temperature DSC peak was due to the total
decomposition of y-MgH, and the partial decomposition
of f-MgH,, which was destabilized by the metastable
phase y-MgH,, whereas the high-temperature DSC peak
corresponds to f-MgH,. Another explanation was based
on the findings of SCHIMMEL et al [20], they reported
that in a ball milled nanostructured MgH, there may exist
a non-stoichiometric nanostructured MgH, hydride phase
(where x<2), which likely exhibited a much faster
diffusion of hydrogen due to the large concentration of
vacancies and could release hydrogen at
temperature than the stoichiometric f-MgH,. However,
in the present work, there was no y-MgH,, which was
always formed during milling through the transformation
of f-MgH, at a high pressure [21]. Besides, the
possibility of the existence of such a non-stoichiometric

lower

nanostructured MgH, hydride phase in powders milled
for only 40 h or shorter duration was fairly low.
However, an alternative explanation was proposed
by VARIN et al [19]. In their postulation, the coexistence
of two fractions of powder particles: small ones and large
ones, is believed to be responsible for the presence of

two desorption peaks. In order to demonstrate such a
two-step hydrogen desorption occurring owing to the
co-existence of two fractions of small and large particles
rather than the separate desorption of y-MgH, and
p-MgH,, the 40 h-milled Mg—3%Al powders were
heated to the temperature between the lower and higher
peaks, 395 °C. As shown in Fig. 8, apart from Mg, there
were only some f-MgH, left and MgO generated during
the heat treatment. In addition, the milled particles tend
to form agglomerates due to cold welding. As a result, it
is quite plausible that low and high temperatures DTA
peaks in doublet correspond to the hydrogen desorption
from smaller and larger particle fractions. This intriguing
phenomenon of this two-step dehydrogenation behavior
of single-phase f-MgH, is worth further studies.
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Fig. 8 XRD patterns of Mg—3%Al powders milled for 40 h
before and after heat treatment at 395 °C

4 Conclusions

The microstructure and phase evolutions in the
Mg—Al powders milled under high pressure hydrogen
were investigated. The reaction of Mg with hydrogen
during milling formed the stable f-MgH,, which reached
its maximum percentage of about 80% after 32 h milling
and declined when milling time increased. Al atoms were
found to dissolve completely into either Mg or MgH,
after a long time milling. In the Mg—9%Al system, when
the milled powders were heated to 350 °C, precipitation
of Mg;;Al;, occurred, while it was not observed in the
Mg—3%Al system. The average grain size of f-MgH,
formed by mechanical milling in hydrogen decreased
with increasing milling duration. DTA/TG curves
revealed that the onset dehydrogenation temperature of
the milled Mg—AIl-H powders was much lower than that
of the commercial MgH,. In addition, powders milled for
8 h and longer durations showed a two-step hydrogen
desorption behavior, which might be attributed to the
hydrogen desorption from smaller and larger particle
fractions in the milled Mg—Al—H powders.
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