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Abstract - Various methods for hydrogen storage have been proposed by many researchers. Magnesium (Mg) was known as 
one of the most famous hydrogen reservoir materials due to its low cost and good stability when reacting with hydrogen. 
However, the energy and temperature used for hydrogen adsorption of Mg was quite high. In order to improve these 
disadvantages, alloying method was used by adding Mg into Ti-based quasicrystal (Ti-Zr-Ni) . The Ti-based quasicrystal 
was a high capability material for hydrogen absorption due to a large number of interstices in the icosahedral quasicrystal (i-
phase).This study was to investigate the icosahedral quasicrystaland crystal phase of mixed materials between Ti-based 
quasicrystals (Ti-Zr-Ni) and Magnesium (Mg).Mechanical alloying process was conducted under two conditions including; 
(i) rotation speed of 600 rpm with 20 hours milling time and (ii) rotation speed of 630 rpm with 30 hours milling time. The 
nominal composition was Ti45-xZr38Ni17Mgx (x = 2, 4).The results from XRD analysis indicated that i-phases and crystal 
phase were appeared for both conditions that the proposed materials could be used as a hydrogen storage material. 
 
Keywords - Quasicrystal, Mechanical Alloying, Hydrogen Storage Material, Magnesium. 

 
I. INTRODUCTION 
 
The quasicrystalis a new type of translational long-
range order; however, it is a non-crystallographic 
which shows rotational symmetry patterns. For 
tetrahedral interstitial sites of quasicrystals contain 
more than normal crystals due to the structure of 
quasicrystals has Bergman two-shell atomic cluster. 
Takasaki et al. [1, 2]indicatedthatBergman two-shell 
of quasicrystalscontain 20 tetrahedral interstitials 
within its inner shell and 120 between its inner and 
outer shells. A large number of interstices were also 
found in the icosahedral quasicrystal (i-phase)and 
these interstices may provide appropriate sites for 
hydrogen storage. This result was consistent with the 
result reported by Tomoki et al.[3], whichicosahedral 
quasicrystal was appropriate properties for hydrogen 
storage.  
Quasicrystal was discovered by Shechtman et al.[1, 4, 
5]. Ithas been found in an aluminum alloy and 
laterhave been found to be thermodynamicallystable 
in many alloys[4].One of the famous compound was 
a Ti-based quasicrystal (Ti-Zr-Ni. Ti-based 
quasicrystalwas the second largest group of the stable 
quasicrystals,which wasthe thermodynamic 
stability,strong chemical affinity with hydrogen and 
low cost. Especially, Ti45Zr38Ni17shows a very high 
hydrogen storage capacity (H/M)of1.5[6, 7]. 
There were two phases of Ti-based quasicrystal; (i) 
icosahedral quasicrystal and (ii) crystal phase (Ti2Ni). 
Icosahedral quasicrystal contained large number of 
tetrahedral interstices which couldadsorbmore 

hydrogen than normal crystals. For crystal phase 
(Ti2Ni),it contained a large number of interstitial sites 
for hydrogen storage[8]. However, crystal phase 
(Ti2Ni) was sensitive to react with oxygen, thus 
controlling the oxygen in the process became critical 
parameter[1]. 
Magnesium (Mg) was known as one of the most 
famoushydrogen reservoir materials, in the form of 
MgH2, due to its low cost and good stabilitywhen 
reacting with hydrogen. The structure of magnesium 
hydride (MgH2) hadhigh thermodynamic stability 
ability to storage hydrogen of7.6 wt. %[9, 
10].However,the energy and temperature for 
hydrogen adsorption were very high.In 2017,Wang et 
al.[9]has reportedthat there were manymethods for 
improving magnesium hydride including(i) alloying 
(ii) nano scaling (iii) nano confinement (iv) adding 
catalysts and (v) mixing with other metal hydrides. 
When Magnesiumwas added into Ti-based 
quasicrystal, Mg2Ni crystal phase could be found to 
appearafter annealing process[11, 12].Thecrystallized 
phase (Mg2Ni)was one of the most important 
hydrogen storagematerials. The advantage 
ofMg2Niwas high hydrogen capacity up to 3.6 wt. % 
[12]. It was also reported thatabsorbing hydrogen of 
Mg2Nihas relatively highkinetic compare to other 
form of Mg crystals. However,Mg2Nicannot absorb 
hydrogen under normal conditions.The usual 
hydrogenation condition of Mg2Niwas between 250 
and 350 °C. 
This research was aimed to studythe appearing of 
quasicrystal in Ti-based Ti-Zr-Ni-Mg compound 
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materials mixing by mechanical alloying method. The 
benefit of this research was to achievepotential of Ti-
Zr-Ni-Mg compound materials as ahydrogen storage 
material. 
 
II. MATERIALS AND METHODS 
 
Commercially pure Ti (99.9%), Zr (99.9%), Ni 
(99.9%) and Mg (99.9%) elemental powders were 
used as starting materials. The nominal composition 
of compound was Ti45-xZr38Ni17Mgx (x = 2, 4). A 
weight of powder totally 10.34 g was weighted, 
mixed and poured into a stainless steel vial which 
contained five stainless steel balls. Weight of ball to 
powder ratio was 8:1. All the operations was 
performed under argon atmosphere. Allsamples were 
mechanically alloyed using planetary ball mill 
machine.  The parameters for MA were given in 
Table 1. The structures ofTi45-xZr38Ni17Mgx (x = 2, 
4)were analyzed by using X-ray diffraction 
(XRD).Takasaki et al. [13] reported that the i-phase 
cannot be obtained directly by MA. However, the 
amorphous phase wastransformed into i-phase 
andTi2Ni crystal phaseafter annealingprocess. 
The powders after MA were analyzedby 
usingDifferential Scanning Calorimetry 
measurements (DSC)under argon atmosphere.3 
milligrams of the powder was usedfor DSC analysis. 
Heating rate of 5oC/min was carried out in this 
study[14].The temperature for annealing process can 
be observed from the peak of DSC result.For 
annealing process, powder sample was annealed 
under vacuum condition for 2 hours.  
Quasicrystals (i-phase), crystal phase (Ti2Ni) and 
(Mg2Ni) of Ti45-xZr38Ni17Mgx(x = 2, 4) after annealing 
process were analyzed by using X-ray diffraction 
(XRD). 

 

Compositions 
Parameters 

Speed (rpm) 
Milling 

time(hour) 

Ti43Zr38Ni17Mg2 
600 20 
630 30 

Ti41Zr38Ni17Mg4 
600 20 
630 30 

Table1:Materials Composition and Parameters 
 
III. RESULTS AND DISCUSSION 
 
Figure 1 shows XRD patterns after MA ofTi45-

xZr38Ni17Mgx; (x = 2, 4) powders.The results 
indicatedthatno peak was observed in all 
compositions and conditions, the Ti45-xZr38Ni17Mgx 
samples wereamorphous after mechanical alloying 
process.The results fromDifferential 
ScanningCalorimetrymeasurements (DSC) 
analysiswere shown inFig. 2. The temperature for 
annealing process can be obtainedfrom the onset 
temperature of the peak of DSC results. Table 
2summarizedtheobserved temperature at each 

condition for annealing process.  It was obvious that 
the annealing temperature of sample with 
composition Ti43Zr38Ni17Mg2was lower than that 
ofTi41Zr38Ni17Mg4 composition. 
Figure 3 showed the XRD patterns ofTi45-

xZr38Ni17Mgx after annealing process. It was found 
that quasicrystal was observed inall compositions and 
conditions inboth theicosahedral (i-phase) and crystal 
phases. For crystal phases, two types of crystal phases 
were appeared includingTi2Ni and the Mg2Ni. 
 

 
 Fig.1 XRD patterns for Ti45-xZr38Ni17Mgx; (x = 2, 4) powders 

after mechanical alloying process  
(a.)Ti43Zr38Ni17Mg2 600 rpm 20 hr., 
(b.) Ti43Zr38Ni17Mg2 630 rpm 30 hr.,  
(c.) Ti41Zr38Ni17Mg4 600 rpm 20 hr., 
(d.) Ti41Zr38Ni17Mg4 630 rpm 30 hr. 
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Fig.2 Differential scanning calorimetry for Ti45-xZr38Ni17Mgx; 
(x= 2, 4) powders after mechanical alloying 

(a.) Ti43Zr38Ni17Mg2 at 600 rpm 20 h, 
(b.) Ti43Zr38Ni17Mg2 at 630 rpm 30 h, 
(c.) Ti41Zr38Ni17Mg4 at 600 rpm 20 h, 
(d.) Ti41Zr38Ni17Mg4 at 630 rpm 30 h. 

 

Compositions 
Parameter Annealing 

Temperature 
(oC) 

Speed 
(rpm) 

Milling 
time (h) 

Ti43Zr38Ni17Mg2 
600 20 550 
630 30 500 

Ti41Zr38Ni17Mg4 
600 20 576 
630 30 585 

Table2: The annealing temperature obtained from DSC 
analysis 

 
It was also observed from the XRD patterns that the i-
phase in Ti45-xZr38Ni17Mgx;(x = 2, 4) compoundcould 
be observed in all compositions and conditions, 35-40 
degree.  However, the peaks at about 65 degree and 
76-78 degree were revealed that rotation speed of 600 
rpm with20 hours milling time wasyielded higheri-
phase thanusing rotation speed of 630 rpm with 30 
hours milling time.  
 
On the other hands, crystal phase(Ti2Ni and the 
Mg2Ni) were observed for all compositions and 
conditions.   Therefore, on the view of i-phase 
amount, Ti43Zr38Ni17Mg2 compound with 600 rpm 
with 20 hours milling time results slightly higher 
amount than Ti41Zr38Ni17Mg4 compound. Thus, based 
on results of this study, it could be concluded that 
Ti43Zr38Ni17Mg2 compound with 600 rpm with 20 
hours milling time showed potential as hydrogen 
storage materials. 

 
Fig.3XRD patterns for Ti45-xZr38Ni17Mgx; (x = 2, 4) powders 

after annealing  
(a.) Ti43Zr38Ni17Mg2 at 600 rpm 20 h 550oC,  
(b.) Ti43Zr38Ni17Mg2 at 630 rpm 30 h 500oC,  
(c.) Ti41Zr38Ni17Mg4 at 600 rpm 20 h 576oC, 
(d.) Ti41Zr38Ni17Mg4 at 630 rpm 30 h 585oC. 

 
IV. CONCLUSIONS 
 
This research was undertaken to investigate the 
icosahedral quasicrystal (i-phase) and crystal phase of 
mixed materials between Ti-based quasicrystals (Ti-
Zr-Ni) and Magnesium (Mg) by using mechanical 
alloying process. 
 
This process was conducted under two conditions 
including; (i) rotation speed of 600 rpm with 20 hours 
milling time and (ii) rotation speed of 630 rpm with 
30 hours milling time.The followingconclusion can 
be drawn from this study: 
1. Theannealing temperature of 

Ti43Zr38Ni17Mg2compound was lower than that of 
Ti41Zr38Ni17Mg4 compound. 

2. The Ti45-xZr38Ni17Mgx compound was 
transformed from amorphous to icosahedral and 
crystal phase after annealing process.  

3. The Ti43Zr38Ni17Mg2 compound with 600 rpm 
with 20 hours milling time had potential as 
hydrogen storage materials. 

4. In further study, hydrogenation process should be 
investigated for determination of hydrogen 
adsorption of the Ti-Zr-Ni-Mg compound.  
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