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Abstract: The process of mechanically assisted hydriding and subsequent thermal dehydriding was proposed to produce 
nanocrystalline Mg and Mg alloy powders using pure Mg and Mg-5.5%Zn-0.6%Zr (mass fraction) (ZK60 Mg) alloy as the starting 
materal. The hydriding was achieved by room-temperature reaction milling in hydrogen. The dehydriding was carried out by vacuum 
annealing of the as-milled powders. The microstructure and morphology of both the as-milled and subsequently dehydrided powders 
were characterized by X-ray diffraction analysis (XRD), transmission electron microscopy (TEM), and scanning electron microscopy 
(SEM), respectively. The results show that, by reaction milling in hydrogen, both Mg and ZK60 Mg alloy can be fully hydrided to 
form nanocrystalline MgH2 with an average grain size of 10 nm. After subsequent thermal dehydriding at 300 ˚C, the MgH2 can be 
turned into Mg again, and the newly formed Mg grains are nanocrystallines, with an average grain size of 25 nm. 
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1 Introduction 
 

Because of their low density and high specific 
properties, Mg and Mg alloys are gaining increasing 
importance for applications including aerospace, 
automotive, materials handling, and portable electronic 
appliances[1−5]. However, Mg and Mg alloys usually 
suffer from relatively poor mechanical strength and are 
rarely used for high-performance structural 
applications[6−8]. In order to exploit their potential for 
such applications, the improvement of mechanical 
strength is urgently demanded. 

It is well-known that grain refining is a general way 
to improve the mechanical strength of metallic materials. 
In most cases, the yield stress σy can be related to the 
grain size d by the Hall-Petch expression σy=σ0+kyd−1/2, 
where σ0 and ky are positive constants. For Mg alloys, the 
strengthening due to grain refining can be very tempting 
because of their high ky values[1, 9]. For example, when 
the grain size is reduced to 100−200 nm, the Mg97Zn1Y2 
(molar ratio) alloy presents a yield strength as high as 
610 MPa[10−11]. 

Powder metallurgy (P/M) 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 powders by means of rapid 
solidification[12−15]. In an effort to establish an 
alternative way to produce nanocrystalline Mg and Mg 
alloy powders, we have developed the mechanically 
assisted hydriding−dehydriding process[16]. The present 
work reports an experimental investigation on the 
preparation of nanocrystalline Mg and ZK60 Mg alloy 
powders by using this new process. 
 
2 Experimental 
 

The commercially available pure Mg (≥99.5%, 
mass fraction) powders and as-cast ZK60 Mg alloy were 
used as the starting materials. The nominal composition 
of the as-cast ZK60 Mg alloy is shown in Table 1. 
Before being used for hydriding processing, the as-cast 
ZK60 Mg alloy was annealed at 450 ˚C for 5 h and then 
crushed to powders by using a mechanical method. The 
hydriding was performed by mechanical milling in 
hydrogen at room temperature. The milling device was a 
planetary type QM-DY4, and the milling vial was made 
of stainless steel. For each batch of milling operation, 5 g 
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of powders was loaded, and the mass ratio of ball to 
powder was 601׃. During milling, the mill shaft rotation 
was 400 r/min, the hydrogen pressure in the vial was 
kept above 0.5 MPa, and the pressure change was in-situ 
monitored for calculating the hydrogen absorbed by the 
alloy powders. 
 
Table 1 Nominal composition of ZK60 alloy (mass fraction, %) 

Zn Zr Mn Mg 
5.5−6.0 0.4−0.5 ≥0.20 Bal. 

 
The dehydriding of the as-hydrided Mg and ZK60 

Mg alloy powders was performed by using a home-made 
apparatus consisting of a closed volume set up with 
digital vacuum/pressure gauges, an electric heating and 
temperature monitoring system, and a vacuum pumping 
system. The mass of the powder sample for each 
desorption treatment was (0.500±0.005) g. The 
dehydriding was carried out at 300 ˚C, and the hydrogen 
was desorbed from the sample at a constant test 
temperature in the initially evacuated volume of 1×10−2 
Pa. The morphology of the powder samples before and 
after dehydriding treatment was observed by SEM, and 
the microstructure change was characterized by XRD 
and TEM, respectively. 
 
3 Results and discussion 
 

Fig.1 shows the hydrogenation kinetics curves of 
Mg and ZK60 Mg alloy by room-temperature 
mechanical milling in hydrogen. It was seen that the 
hydrogenation of both Mg and ZK60 Mg alloy was 
featured by a three-stage kinetics, i.e. slow−fast− 
saturation, as seen in our earlier study[17]. In the starting 
stage, the alloy absorbed hydrogen very slowly, which 
may be explained by the formation of Mg(H) solid 
solution (α phase) as a result of H adsorption and 
diffusion into the Mg lattice since powder surface and 
lattice defects were gradually developed in the as-milled 
powders with increasing milling time. After that, due to 
the initiation of the Mg hydriding reaction, that is, the 
transition of Mg(H) (α phase) to MgH2 (β phase), the 
hydrogen absorption kinetics was apparently accelerated, 
and this was seen to continue until the almost completion 
of the transition of α phase to β phase. In the final stage, 
the hydrogen absorption kinetics was again very slow, 
because the hydriding reaction was almost completed 
and gradually the hydrogen in the crystal lattice was 
saturated. Furthermore, it was found that the milling time 
to achieve full hydrogenation for Mg and ZK60 Mg alloy 
was about 16 h and 12 h, respectively, suggesting that the 
hydrogenation kinetics of ZK60 Mg alloy was faster than 
that of Mg. This can be attributed to alloying element Zr 
in the ZK60 Mg alloy, which is more affinitive to 
hydrogen. However, the alloying element Zn in the ZK60 

alloy, which cannot absorb hydrogen, has a negative 
effect on the final hydrogen content achieved upon 
complete hydrogenation. Therefore, in the present study, 
the maximum hydrogen content achieved upon full 
hydrogenation in Mg was higher than in ZK60 Mg alloy, 
with the former being about 6.9% and the latter about 
6.6% (mass fraction), respectively. 
 

 
Fig.1 Hydrogenation kinetics curves of Mg and ZK60 Mg alloy 
during milling in hydrogen 
 

Fig.2 shows the hydrogen desorption kinetics curves 
of the as-hydrided Mg and ZK60 Mg alloy powders 
during vacuum dehydriding at 300 ˚C. The desorption 
kinetics of the as-hydrided ZK60 alloy was found to be 
faster than that of the as-hydrided Mg. It may be 
attributed to the possible substitution of some alloying 
element Zr or Zn to the Mg atoms in the MgH2 lattice, so 
that the MgH2 phase is to some extent destabilized. 
However, this needs to be further studied. By hydrogen 
discharge measurement, the time needed to achieve 
complete dehydriding upon vacuum annealing at 300 ˚C 
was found to be about 120 min for Mg, and 80 min for 
ZK60 Mg alloy. 

Fig.3 shows the XRD patterns of the starting, the 
mechanically hydrided, and the subsequently thermally 
dehydrided Mg and ZK60 Mg alloy powders. For both 
 

 
Fig.2 Desorption kinetics curves of as-hydrided Mg and ZK60 
Mg alloy at 300 ˚C 
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Fig.3 XRD patterns of starting, as-hydrided and subsequently 
dehydrided Mg and ZK60 Mg alloy 
 
Mg and ZK60 Mg alloys, the XRD patterns were well fit 
with the standard diffraction peaks of Mg, but the peaks 
of ZK60 Mg alloy were a bit shifted to larger angles. 
This suggests that the ZK60 Mg alloy has a single 
Mg-based solid solution structure, and the major alloying 
element Zn in ZK60 Mg alloy does reduce the Mg lattice 
parameters by forming solid solution, as addressed by 
LIANG et al[18−19]. In comparison, after full 
hydrogenation by mechanical milling in hydrogen, no 

Mg diffraction peaks could be observed, except for those 
of the newly formed MgH2 phase. This indicates that the 
Mg phase has been fully hydrided by the mechanically 
driven solid−gas reaction: 
 
Mg+H2→MgH2                             (1) 
 

Since the above reaction is reversible, the MgH2 
phase can be turned into Mg after dehydriding treatment. 
As shown in Fig.3, the XRD patterns of the dehydrided 
Mg and ZK60 Mg alloy were again well fit with the 
standard diffraction peaks of Mg. By calculation based 
on the half width of the XRD peaks, the average grain 
size of MgH2 formed by mechanical milling of Mg and 
ZK60 Mg alloy in hydrogen was estimated to be about 
10 nm, while that of the newly formed Mg phase upon 
full dehydriding at 300 ˚C was about 25 nm. Though the 
grain size of the Mg phase after dehydriding treatment 
was to some extent coarser than that of the precursor 
MgH2 phase, it was still typically nanocrystalline and 
much smaller than the average grain size of 85 nm for 
the AZ31 Mg alloy obtained by mechanical milling in 
argon for 100 h[20]. That is to say, by the mechanically 
assisted hydrding−dehydriding process, microstructure 
nanocrystallization can be easily achieved in Mg and Mg 
alloy. 

Fig.4 shows TEM images and the corresponding 
 

 
Fig.4 TEM images and diffraction patterns of as-hydrided and subsequently dehydrided Mg and ZK60 Mg alloy: (a) As-hydrided Mg; 
(b) As-hydrided ZK60 alloy; (c) Dehydrided Mg; (d) Dehydrided ZK60 alloy 
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electron diffraction patterns of both the as-hydrided and 
the subsequently dehydrided Mg and ZK60 Mg alloy, 
respectively. In the as-hydrided state (Figs.4(a) and (b)), 
MgH2 was identified to be the absolutely dominant phase, 
and the average grain size was estimated to be 10 nm. 
After dehydriding treatment at 300 ˚C, complete 
dehydriding was achieved with the formation of a single 
Mg phase (Figs.4(c) and (d)). By TEM observation, most 
grains of the Mg phase obtained upon complete 
dehydriding were estimated to be 20−30 nm in size. 
Obviously, TEM observations agree well with the XRD 
results. 

Fig.5 shows SEM morphologies of the starting, the 
as-hydrided, and the subsequently dehydrided Mg and 
ZK60 Mg alloy powders. The starting Mg and ZK60 Mg 
alloy powders were coarse particles with their average 
size above 100 µm (Figs.5(a) and (d)). After hydriding 
by mechanical milling in hydrogen, the particle size was 
greatly reduced. The as-hydrided Mg and ZK60 Mg alloy 
powders were featured by individual submicron-sized 
particles with a size of 0.5−1 µm and some agglomerates 
consisting of such submicron-sized particles (Figs.5(b) 
and (e)). After full dehydriding, though it seemed that a 
small fraction of individual submicron-sized particles 
agglomerated to form larger composite particles, little 
change could be observed in both the morphology and 
the size for most powders (Figs.5(c) and (f)). This 

suggests that, in general, the thermal dehydriding process 
carried out in the present study will not lead to sintering 
or severe agglomeration of the powder particles. 
 
4 Conclusions 
 

1) Nanocrystalline Mg and ZK60 Mg alloy powders 
can be produced by the mechanically assisted hydriding 
and subsequent thermal-dehydriding process. 

2) The hydrogenation process of Mg and Mg alloy 
during mechanical milling in hydrogen is featured by a 
three-stage, i.e. “slow−fast−saturation”, kinetics, which 
can be attributed to the development of a Mg(H) solid 
solution, the transformation of Mg(H) to MgH2, and the 
formation of a full MgH2 microstructure, respectively. 

3) The mechanically assisted fully-hydrided Mg and 
ZK60 Mg alloy powders are featured by a single MgH2 
phase microstructure with an average grain size of 10 nm. 
By subsequent vacuum dehydriding at 300 ˚C, the 
nano-structured MgH2 can be turned to nanocrystalline 
Mg phase with an average grain size of 25 nm. 

4) By mechanically assisted hydriding, the particle 
size of Mg and Mg alloy powders can be greatly reduced. 
In particular, the as-hydrided Mg and ZK60 Mg alloy 
powders obtained were 0.5−1 µm in average size, and 
sintering or severe agglomeration of the powder particles 
was not observed during thermal dehydriding. 

 

 

Fig.5 Morphologies of starting, as-hydrided and subsequently dehydrided Mg and ZK60 Mg alloy powders: (a) Starting Mg; (b) 
As-hydrided Mg; (c) Dehydrided Mg; (d) Starting ZK60 alloy; (e) As-hydrided ZK60 alloy; (f) Dehydrided ZK60 alloy 
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