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Abstract: The hydriding of as-cast Mg-5.5%Zn-0.6%Zr (ZK60 Mg) (mass fraction) alloy was achieved by room-temperature 
reaction milling in hydrogen, with the mechanical energy serving as the driving force for the process. The hydriding progress during 
milling was examined by hydrogen absorption measurement, and the microstructure change was characterized by X-ray diffraction 
analysis (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM), respectively. The results show 
that, by room-temperature reaction milling in hydrogen, the as-cast ZK60 Mg alloy can be fully hydrided to form a nanocrystalline 
MgH2 single-phase microstructure. In particular, the average grain size of the MgH2 phase obtained by room-temperature reaction 
milling in hydrogen for 16.2 h is about 8−10 nm, and the average particle size of the as-milled hydrided powders is 2−3 µm. 
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1 Introduction 
 

Mg alloys are gaining increasing importance for 
structural applications including aerospace, automotive, 
materials handling, and portable electronic appliances 
[1−3]. However, conventional Mg alloys exhibit 
relatively poor mechanical strength. In order to exploit 
the potential of Mg alloys for high-performance 
structural applications, improvement of their mechanical 
strength is urgently demanded.   

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+ky d−1/2, where σ0 and ky 

are positive constants for a specific material. For Mg 
alloys, the strengthening due to grain refining can be 
very tempting because of their high ky values[4−6]. For 
example, when the grain size is reduced to 100−200 nm, 
the Mg97Zn1Y2 (molar fraction, %) alloy presents a yield 
strength as high as 600 MPa[7−9].  

Powder metallurgy (PM) is a quite potential way to 
prepare nanocrystalline or ultrafine grained bulk alloys. 
By this route, nanocrystalline alloy powders have to be 

used. For most Mg alloys, however, it is difficult to 
produce nanocrystalline alloy powders by rapid 
solidification or traditional mechanical milling due to 
their thermal/physical properties and limitations in 
thermodynamic aspects. Therefore, the search for ways 
of producing nanocrystalline Mg alloy powders is of 
great significance. 

The process of hydrogenation, disproportionation, 
desorption, and recombination (HDDR) is very effective 
in grain refining. By this technique, Nd-Fe-B alloy 
powders with submicron crystallite grains can be 
produced directly from as-cast materials[10−11]. In 
particular, the incorporation of HDDR with mechanical 
milling gives rise to a new way to produce 
nanocrystalline Nd-Fe-B powders[13−14]. The key step 
of the latter new process is to produce nano-structured 
hydrided alloy powders by mechanically activated 
hydrogenation and disproportion via reaction milling in 
hydrogen[15], so that a final nanocrystalline 
microstructure is developed in the alloy after the 
subsequent desorption and recombination treatment. 
Since Mg can absorb hydrogen to form MgH2 and the 
reaction is reversible, this technique is believed to be 
also applicable to Mg alloys. In the present work, the 
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hydriding and microstructure nanocrystallization of a 
Mg-5.5%Zn-0.6%Zr (ZK60 Mg) (mass fraction) alloy by 
reaction milling in hydrogen were investigated. 
 
2 Experimental 
 

The commercially available ZK60 Mg alloy was 
used as the starting material. Before it was used for 
reaction milling in hydrogen, the alloy was crushed into 
coarse powders by using a mechanical hammer. The 
hydrogenation of the alloy powders was performed by 
room-temperature reaction ball milling in hydrogen. The 
ball-mill used was a planetary type QM-DY4. During 
milling, the hydrogen pressure in the vial was kept above 
0.5 MPa. The ball-to-powder mass ratio was 601׃, and 
the mill shaft rotation speed was 400 r/min.  

The charging and discharging of the vials were 
performed in a glove box filled with pure argon. Before 
milling, the charged vial was evacuated and then filled 
with high-purity hydrogen until a pressure of about 0.6 
MPa was achieved. This procedure was repeated for 
subsequent operations either to take sample powders or 
to re-fill hydrogen. During milling, the hydrogen 
pressure in the vial was in-situ monitored by a pressure 
gauge, and the hydrogen absorbed by the alloy was 
calculated referring to the vial pressure change.  

The progress in hydrogenation and the 
corresponding phase transition of the alloy were studied 
by XRD characterization of the as-milled sample 
powders obtained at different milling stages, and the 
change of phase crystallite size was estimated by 
calculations based on the XRD results. The morphology 
of the as-milled alloy powders was observed by SEM. 
The microstructure and grain size of the final 
fully-hydrogenated alloy powders was observed by 
TEM. 
 
3 Results and discussion 
 
3.1 Hydrogenation kinetics 

Fig.1 shows the variation of the hydrogen content in 
the alloy with the milling time. It is seen that the 
hydrogenation of the alloy during milling can be divided 
into three stages, as shown byⅠ, Ⅱ, and Ⅲ, respectively. 
In stageⅠ, the alloy absorbed hydrogen very slowly. It 
was believed that stageⅠ was the incubation stage for 
the hydriding reaction of Mg to MgH2, during     
which surface and lattice defects were gradually 
developed in the powders with increasing milling time, 
and Mg(H) solid solution (α phase) formed as a result of 
H adsorption on the powder surface and further diffusion 
into the Mg lattice. In stage Ⅱ, the hydrogen absorption 

 

 
Fig.1 Variation of hydrogen content in alloy with milling time 
 
kinetics was apparently accelerated, attributing to the 
initiation of the Mg hydriding reaction, that is, the 
transition of Mg(H) solid solution (α phase) to MgH2 (β 
phase), with the mechanical energy transferred by the 
ball collision serving as the activation energy. Therefore, 
in this stage, the hydrogen absorption kinetics at first 
followed a self-accelerating course up to the maximum 
absorbing rate corresponding to the slope of the 
quasi-rectilinear part of the curves, and then decelerated 
gradually, due to the fact that the fraction of the α phase 
remained became less and less with further increasing of 
the milling time, until the almost completion of the 
transition of α phase to β phase. In stage Ⅲ, since the 
hydriding reaction was almost completed and the fraction 
of the remained α phase was very low, the hydrogen 
absorption rate was correspondingly slow. Indeed, upon 
milling up to 16.2 h, the hydrogen content in the alloy 
was stabilized, suggesting that no more hydrogen could 
be absorbed during further milling. The hydrogen 
content upon saturation was found to be about 6.55% 
(mass fraction), which is a little lower than the 
theoretical hydrogen absorption capacity of the alloy 
(7.11%), calculated on the assumption that all the Mg in 
the alloy is transformed into the MgH2 phase. This can 
be attributed to the fact that actually the molar ratio of 
Mg to H at such local sites as grain boundaries and 
crystal defects is much lower than 12׃, the theoretical 
value for the MgH2 phase. 
 
3.2 XRD analysis 

Fig.2 shows the XRD patterns of the alloy powders 
milled in hydrogen for various times. The alloy milled 
for 3.2 h was well fitted with the Mg diffraction peaks. 
This suggested that, in the initial milling stage, hydrogen 
was absorbed by forming Mg(H) solid solution. By 
further milling in hydrogen for 7.2 h, MgH2 phase was 
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Fig.2 XRD patterns of ZK60 Mg alloy powders milled in 
hydrogen for various times 
 
observed and the diffraction intensity of the Mg phase 
decreased correspondingly, suggesting that a portion of 
the Mg phase was hydrided to MgH2 by the mechanically 
driven solid-gas reaction Mg+H2→MgH2. With the 

increase of the milling time, the fraction of MgH2 phase 
increased while that of Mg phase decreased 
correspondingly. Indeed, after milling for 16.2 h, the 
diffraction peaks of the Mg phase disappeared, and Mg 
in the alloy was fully hydrided to MgH2 phase. Therefore, 
XRD results confirmed that a full hydriding of Mg to 
MgH2 was achieved by 16.2 h of milling. Calculation 
based on the XRD patterns revealed that the average 
crystallite size of the MgH2 phase obtained by milling for 
16.2 h was about 8 nm. 
 
3.3 SEM and TEM observation 

Fig.3 shows SEM micrographs of the alloy powders 
milled in hydrogen for various times. Before the MgH2 
phase was formed, the effect of milling on particle size 
refining was not significant. Therefore, the powders after 
milling for 3.2 h were still rather coarse, with an average 
particle size of about 100 µm (Fig.3(a)). With the 
increase of the milling time, MgH2 phase was formed in 
the surface layer of Mg particles. Since MgH2 is 
intrinsically brittle, it is very easy to break down during 

 

 
Fig.3 SEM micrographs of ZK60 Mg alloy powders milled in hydrogen for various times: (a) 3.2 h; (b) 7.2 h; (c) and (d) 16.2 h 
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milling. Therefore, very fine MgH2 particles were 
observed on the surfaces of the coarse original Mg 
particles (Fig.3(b)). That is to say, the hydriding of Mg to 
MgH2 helps to produce very fine powders. Upon milling 
in hydrogen for 16.2 h when the Mg phase was fully 
hydrided to MgH2, the average particle size was reduced 
to 2−3 µm, as shown in Figs.3(c) and (d), which is much 
finer than the average particle size of 15−20 µm of the 
AZ31 Mg alloy powders obtained by conventional 
mechanical milling in argon for 100 h[16]. This can be 
attributed to the intrinsic brittleness of the MgH2 phase 
formed during reaction milling. 

Fig.4 shows a representative TEM image and the 
corresponding electron diffraction patterns of the fully 
hydrided alloy powders by reaction milling in hydrogen 
for 16.2 h. The TEM observation confirmed that the 
as-hydrided alloy powders were typically 
nano-structured, with the grain size being estimated to be 
8−10 nm in average (Fig.4(a)). Compared with the 
average grain size of 85 nm of the AZ31 Mg alloy 
powders mechanically milled in argon for 100 h[16], the 
grain size of the as-hydrided ZK60 Mg alloy powders 
obtained in the present study is almost 10 times finer, 
suggesting that the mechanically driven hydriding reaction 
 

 

Fig.4 TEM image (a) and corresponding electron diffraction 
patterns (b) of fully hydrided ZK60 Mg alloy by reaction 

milling in hydrogen for 16.2 h 
plays a key role in microstructure nanocrystallization. By 
electron diffraction analysis, MgH2 was identified to be 
the exclusive phase of the fully hydrided alloy (Fig.4(b)). 
Obviously, the TEM study was in agreement with the 
XRD results. 
 
4 Conclusions 
 

1) By room-temperature reaction milling in 
hydrogen, the as-cast ZK60 Mg alloy can be hydrided to 
MgH2 phase, with the hydrogen content absorbed upon 
full hydriding, i.e., hydrogen saturation, achieving about 
6.55% (mass fraction). 

2) The hydrogenation of the ZK60 Mg alloy during 
reaction milling shows a three-stage hydrogen absorption 
kinetics, which can be interpreted as the development of 
Mg(H) solid solution, the fast transformation of Mg(H) 
to MgH2, and the final hydriding to hydrogen saturation 
with the formation of the full MgH2 microstructure, 
respectively.  

3) The as-hydrided ZK60 Mg alloy powders 
prepared via reaction milling in hydrogen are typically 
nano-structured, with a nanocrystalline MgH2 
single-phase microstructure. In particular, the average 
grain size of the MgH2 phase obtained by reaction 
milling in hydrogen for 16.2 h is 8−10 nm, and the 
average particle size of the as-hydrided powders is 2−3 
µm. 
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