HYDROGEN ABSORBABILITY IMPROVEMENT
OF TI-BASED QUASICRYSTAL WITH MAGNESIUM
POWDER SYNTHESIZED BY MECHANICAL
ALLOYING PROCESS

Jittima Varagul!, Nitirut Phongsirimethi’, Somsak
Siwadamrongpong®”, Akito Takasaki 3, Susumu Uematsu?,
and Alicja klimkowicz*

Received. April 01, 2020; Revised. August 18, 2020; Accepted. August 21, 2020

Abstract

Hydrogen is an interesting choice as alternative energy due to promising properties: clean,
environmentally friendly, as well as being one of the most exuberant elements on earth.
Nowadays, various materials and methods have been proposed as hydrogen storage by many
researchers. Ti-based quasicrystal alloy (Ti-Zr-Ni) was reported as excellent hydrogen
storage materials with 140 sites of interstices, which are higher than the number of sites found
in other crystals. As well as magnesium (Mg), is known as one of the most famous hydrogen
reservoir materials due to the lower cost and good stability when reacting with hydrogen.
However, the enthalpy and temperature hydrogen absorption were quite high of MgH2 and
reports on Ti-Zr-Ni-Mg alloys were limited. In order to improve the capacity of hydrogen
storage, this research has been conducted by adding Mg into the Ti-Zr-Ni quasicrystal alloy
as TiasZrgNizMga. The samples were mixed by mechanical alloying under two conditions (1)
600 rpm with 20 h milling time and (2) 630 rpm with 30 h milling time. The samples were
annealed to form quasicrystal. The gas-phase hydrogen absorption has been observed by
pressure composition isotherm (PCT) measurements. Morphology and structural analysis
were analyzed by XRD and SEM. The measurements showed the maximum capacity
achieved by 600 rpm with 20 h milling time. The hydrogen-to-metal (H/M) of the former
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condition has revealed a higher capacity of hydrogen storage with H/M = 1.99 than the latter

condition with H/M = 1.58.

Keywords: Quasicrystal, mechanical alloying, hydrogen storage, magnesium

Introduction

The quasicrystal has a new type of
translational long-range order and rotational
symmetry. The quasicrystal contain more
tetrahedral interstitial sites than normal
crystals due to the structure has Bergman two-
shell atomic cluster. The reports indicated that
Bergman two- shell cluster contains 20
tetrahedral interstitials within its inner shell
and 120 between its inner and outer shells
(Morozov et al., 2006; Takasaki and Kelton,
2006). A large number of interstices were also
found in the icosahedral quasicrystal (i-phase)
and these interstices may become appropriate
sites for hydrogen storage. This result was
consistent with the result reported by Tominaga
et al. (2015) which icosahedral quasicrystal
was appropriate properties for hydrogen storage.

Quasicrystal ~was  discovered by
Shechtman et al. (1984). It has been found in
an aluminum alloy and later has been found to
be thermodynamically stable in many alloys
(Shechtman et al., 1984; Takasaki and Kelton,
2006; Samavat et al., 2012). One of the most
famous compounds was Ti-based quasicrystal
(Ti-Zr-Ni). Ti-based quasicrystal was the second
largest group of the stable quasicrystals, which
was the thermodynamic stable, strong in
chemical affinity with hydrogen and
inexpensive. Especially, TissZrssNii; showed a
very high hydrogen storage capacity. Which
hydrogen concentration hydrogen-to-metal
ratio (H/M) was 1.30 (Tominaga et al., 2015).
There were mainly two phases in Ti-based
quasicrystal; (i) icosahedral quasicrystal and
(ii) crystal phase (Ti2Ni). lcosahedral quasicrystal
could contain a large number of tetrahedral
interstices which could absorb more hydrogen
than normal crystals as mentioned earlier. For
crystal phase (Ti2Ni), it could contain several
of interstitial sites for hydrogen storage
(Xiangyu et al., 2010). However, the crystal
phase (Ti2Ni) was sensitive to react with oxygen,

thus controlling the oxygen in the process
became a critical parameter (Takasaki and
Kelton, 2006).

Magnesium (Mg) was known as one of
the most famous hydrogen reservoir materials,
in the form of MgH., due to its low cost and
good stability when reacting with hydrogen.
The magnesium hydride (MgHz) has high
thermodynamic stability to storage hydrogen
of 7.6 wt% (Jain et al., 2010; Wang and Wang,
2017). However, the enthalpy and temperature
for hydrogen absorption were very high.
In 2017, Wang has reported that there were
many methods for improving magnesium
hydride including (i) alloying (ii) nano scaling
(iii) nanoconfinement (iv) adding catalysts and
(v) mixing with other metal hydrides (Wang and
Wang, 2017).

When Magnesium was added into a
Ti-based quasicrystal structure, Mg2Ni crystal
phase was reported to appear after the
annealing process (Reilly and Wiswall, 1968;
Zaluski et al., 1995). The crystallized phase
(Mg2Ni) was one of the most important
hydrogen storage materials. The advantage of
MgzNi was high hydrogen capacity up to 3.6
wit% (Zaluski et al., 1995). It was also reported
that hydrogen-absorbing of Mg:Ni has relatively
high kinetic compare to other forms of Mg
crystals. However, Mg.Ni cannot absorb
hydrogen under normal conditions. The usual
hydrogenation condition of Mg.Ni was between
250°C and 350°C for hydrogen-absorbing.

The authors have also carried out the
investigation of quasicrystal phase appearing
in Ti-based Ti-Zr-Ni-Mg compound (Nitirut
et al., 2019). There was reported that the
icosahedral and crystal phases were formed
from  TissZrssNi;zMgz  compound  which
revealed high potential as hydrogen storage
material. Therefore, in this research, pressure
composition isotherm (PCT) measurements
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were performed to obtain the hydrogen-to-
metal ratio (H/M) of TissZrssNiizMg2 compound
produced by the mechanical alloying process.

Materials and Methods

Commercially pure powders Ti (99.9%), Zr
(99.9%), Ni (99.9%), and Mg (99.9%) were
used as starting materials for mixing of the
sample with the chemical composition of
TissZrssNiszMgz. A mixture compound was
mechanically alloyed by the mechanical
alloying (MA) process in a planetary ball
mill machine (Fritsch Pulverisette-7). The
commercially pure powders were poured into
the stainless-steel vials with five stainless steel
milling balls (15 mm in diameter). The MA
process was carried out under argon
atmosphere to avoid the oxidation of the
samples because the oxidation could reduce
the potential of hydrogen storage. The total
mass of the powder mixture for MA was
10.383 g which consisted of Ti 3.253 g,
Zr 5.478 g, Ni 1.576 g and Mg 0.076 g. The
mass of mixed powder was calculated from
a ball-to-powder ratio of 8:1, which suitable for
intermediate ball-milling conditions: medium
milling energy (Zaluska et al., 1999; Takasaki
and Kelton, 2006). The MA process was
conducted for two conditions; (1) the rotation
speed of 600 rpm with 20 h (Tominaga et al.,
2015) and (2) the rotation speed of 630 rpm
with 30 h (Azuha et al., 2020) shown in Table 1.

After the MA process, the samples have
been supposed to be amorphous phases. Thus,
the samples were then annealed at annealing
temperature, shown in Table 1, for a period of
2 h (Takasaki et al., 2002; Takasaki and Kelton,
2006), in a high vacuum of >1.00x10"* Pa by
a turbo molecular pump (Azuha et al., 2020).
The phase transformation from amorphous to
form icosahedral quasicrystal phase (i-phase)
was expected. The annealing temperature was

achieved from Differential scanning calorimetry
(DSC) measurements. DSC measurements were
carried out between room temperature and
desired temperature using a scan rate of
5°C-min* under an argon atmosphere. The
annealing temperature was conducted at 500°C
for the sample from the rotation speed of 600
rpm with 20 h and 550°C for the rotation speed
of 630 rpm with 30 h.

The XRD pattern of the sample after the
MA process, after annealing and after
hydrogen absorption could be identified by
X-ray diffraction (XRD) measurement using
Rigaku SmartLab with Cu-Ko radiation at
30 kV and 40 mA. The surface morphology of
the samples before and after PCT were observed
by Scanning Electron Microscope (SEM),
model JEOL/JSM-7610F (Azuha et al., 2020).

The hydrogen absorption and desorption
pressure-composition isotherms (PCT) were
measured at a constant temperature 0f573 K
(Takasaki and Kelton, 2006) by a Sieverts-type
apparatus. The vessel that has a hydrogen-free
sample inside was heated by an electric heater
and kept constant at 573 K. After that, the
hydrogen gas was gradually released by the
PCT program control. In case that the sample
could absorb hydrogen during pressure
increase, the pressure will be dropped, and
additional hydrogen will be loaded until the
pressure become stable. The hydrogen absorption
capacity (H/M ratio) will be determined from
the total pressure change (Kim et al., 1999;
Tominaga et al., 2015).

Results and Discussion

Figure 1 shown the X-ray diffraction (XRD)
patterns of mechanically alloyed TisZrssNiizMg».
Both conditions could be observed in almost
all amorphous phase. Please note that in
the range 20 of 30-35 deg. a tiny peak of
Magnesium-Zirconium Alloy (Mg-Zr) phase

Table 1. Materials composition and the annealing temperature obtained from DSC analysis

Parameters Annealing
Composition Conditions Speed Milling time Temperature
(rpm) () (W)
Ti43Zf33Ni17Mgz (1) 600 20 550
(2) 630 30 500
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was observed. The results were in accordance
with the previous works that the i-phase could
not be obtained outright after the MA process
(Takasaki and Kelton, 2006). Determination of
the annealing temperature could be obtained
from the onset temperature of the DSC peak

(1) TigsZrgNiy-Mg, 600 rpm, time 20 h
(2) TijyZrygNi,; Mg, 630 rpm, time 30 h

*: Mg-Zr

[8))

X-ray Intensity

2

30 as 40 45 30 55 60 65 70 75 80
208 (degree)

Figure1l. XRD patterns for TissZrssNiizMg2
powders after mechanical alloying
process
(1) TiasZrssNizzMgz2 Rotation speed
600 rpm, time 20 h,

(2) TissZrssNiizMgz Rotation speed
630 rpm, time 30 h

TiysZrsgNi,Mg, 600 rpm, 20 h

Heat Flow

300 400 500 600
Temperature (*C)

TigZrsgNi;;Mg, 630 rpm, 30h

Heat Flow

300 400 500 600
Temperature (*C)

Figure 2. Differential scanning calorimetry
for TissZrasNiizMg2 powders after
mechanical alloying

(2a) TissZrssNiizMgz at 600 rpm 20 h,

(2b) TiasZrasNiizMg2 at 630 rpm 30 h,

results because the onset-temperature should
suffer unchanged when peak-temperature
shifts due to heating rate and sample mass.
(Fucke et al., 2010; Floriano et al., 2013).
From the DSC curve, condition 1 showed the
onset temperature of the crystallization at
550°C (Figuer 2(a)) and the temperature of
500°C (Figuer 2(b)) was observed for condition
2. Table 1 summarized the observed temperature
at each condition for the annealing process.
From Table 1, it was clearly demonstrated
that the annealing temperature of conditions 2
was lower than that of condition 1. Higher
rotational speed and a longer time for milling
of powders might yield smaller particle sizes
of the compounds so that the transformation
temperature of the amorphous phase becomes
lower. Figure 3 shows the morphology of
particle, the conditionl (average particle of
size 46.77 pm) was generally larger than that
of the condition 2 (average particle of size
38.75 um). It was also reported that the small

Figure 3. Particles of size by SEM measurements
(3A) TissZrssNiizMg2 compound with
600 rpm with 20 h milling time,

(3B) Ti4sZrasNizzMg2 compound with

630 rpm with 30 h milling time
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particle size might lead to lower hydrogen
absorption capacity than large particles size
(Chung and Perng, 2003; Rongeat and Roué,
2004). It was discussed due to the small
particles might stable with oxide than large
particles and vyield in the reduction of
hydrogenation rate (Zaluska et al., 1999).
Figure 4 displayed the XRD patterns of
TissZr3gNii7Mg: after the annealing process. It
has appeared that the i-phase was observed in
both conditions (Takasaki and Kelton, 2006).
Two types of crystal phases including Ti2Ni
and Mg:Ni were observed. The i-phase in the
Tia3ZrssNiizMgz compound could be observed
in both conditions in the two thetas of 35-40
degrees and 65 degrees. However, the peaks at
about 44 degrees and 76-78 degrees were
implied that rotation speed of 600 rpm with

I: Fphase
i M: Mg:Ni
T: TizNi

X-ray Intensity

30 40 50 60 70 80
20 (degree)

Figure4. XRD patterns for TissZrssNiiZMg2
powders after annealing
(4a) TissZrssNiizMgz2 Rotation speed
600 rpm, time 20 h, Temp 550°C,
(4b) TiasZrssNiizMgz Rotation speed
630 rpm, time 30 h, Temp 500°C

=3

=0~ Rotation speed 600 rpm, 20 hr
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Figure 5. Hydrogen absorption and desorption
pressure-composition

20 h milling time was yielded a higher amount
of i-phases than a rotation speed of 630 rpm
with 30 hours milling time. Therefore, from
the viewpoint of the i-phase amount, the
TissZragNiizMg2 compound with 600 rpm with
20 h milling time results in a slightly higher
amount than TissZrssNiizMg, compound with
630 rpm with 30 hours milling time. On the
other hand, crystal phases (Ti>Ni and MgzNi)
were observed for both conditions. Thus, based
on the results, that could be implied that
Tia3ZrssNii7Mgz compound with 600 rpm with
20 h milling time showed better potential as
hydrogen storage materials by considering
from amount of i-phase appearing. After the
annealing process, samples were brought into
the hydrogenation process by PCT. The result
of the hydrogen to metal ratio (H/M) at 573 K
showed that the maximum H/M ratio was
about 1.99 for TissZrssNiizMgz, compound
with 600 rpm with 20 h milling time (condition
1). It was obviously higher than the H/M ratio
of 1.58 for TissZrssNiizMgz compound with
630 rpm with 30 h milling time (condition 2)
as shown in Figure 5. This results provided
evidence that conditions 1 of MA could absorb
hydrogen more than that of MA condition 2.
The hydrogen to metal (H/M) ratio could be
obtained by the following equation; proposed
by Viano et al. (2010).

H_ 0
aq —4q

@

H —
M~ 0.1974

From the equation, af represents quasi-
lattice parameter at the hydrogen concentration
of interest and aj measured quasi-lattice
parameter for the non-hydrogenated i-phase.
The value 0.197 was measured from a slope of
the quasi-lattice that expands linearly with
hydrogen concentration. The X-ray patterns of
the sample after hydrogenation was shown in
Figure 6. From Deriving Bragg’s Law to
explain the interference pattern of X-rays
scattered by crystals could be obtained by the
following equation.

niA = 2dsiné 2
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where n is a parameter of integer, A is the
wavelength of the X-rays, d is the spacing
between planes in the atomic lattice of the
sample and 0 is the diffraction angle in degrees
(Elton and Jackson, 1966). So considers

rotation speed 600 rpm, 20h

nna(>
=
&
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g
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X-ray Intensity

between a high peaks positions of i-phase
(110000i) in Figure 6(b) (before hydrogenation)
and Figure. 6(c) (after hydrogenation). It could
be seen that the shift of i-phase peak after
hydrogenation. If comparing the lattice

© rotation speed 630 rpm, 30h

/
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X-ray Intensity
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Figure 6.

s
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X-ray diffraction patterns for the i-phase powder Rotation speed 600 rpm, 20h: (6a)

before annealing process, (6b) after annealing process, (6¢) after pressure-composition
isotherm (PCT) measurements at 573 K and rotation speed 630 rpm, 30h: (6e) before
annealing process, (6f) after annealing process, (6g) after pressure-composition isotherm

(PCT) measurements at 573 K

Figure 7. Result of SEM analysis to compare the surface morphology of compounds before and

after hydrogenation process.

(7a) before hydrogenation of TissZrssNiizMg2 Rotation speed 600 rpm, 20 h
(7b) after hydrogenation of TissZrssNii7Mg2 Rotation speed 600 rpm, 20 h
(7¢) before hydrogenation of TissZrssNiizMgz Rotation speed 630 rpm, 30 h
(7d) after hydrogenation of Tis3ZrssNii7Mgz Rotation speed 630 rpm, 30 h
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parameter of spacing between planes in the
atomic lattice of the sample, it could be found
the expansion of the lattice after hydrogenation
approximately 5.87 % for the MA condition of
600 rpm and 20 hours. It was found to larger
than the expansion of the lattice for MA
condition of 630 rpm with 30 h which the
expansion of the lattice was approximately
3.00%. The expansion of the lattice after
hydrogenation could be considered due to the
insertion of hydrogen into the lattice, which
agrees with the evidence as described by SEM
results in Figure 7. The similar results were also
found in previous work (Takasaki and Kelton,
2006). Figure 7 exhibited the morphology
before and after hydrogenation of the samples.
It was found that crack has appeared after
hydrogenation, it may be induced by lattice
volume expansion (Diego et al., 2008; Balcerzak,
and Jurczyk, 2015). Figure 7(b) (condition 1)
could be considered the larger and deeper
crack comparing with the cracks on the sample
of condition 2 as indicated in Figure 7(d). This
evidence was in accordance with to higher
expansion according to alongside the higher
value of H/M ratio. Other works have reported
that TiNi alloy (Ti2Ni) has hydrogen storage
ability up to 0.83 H/M, Nobuki et al. (2019),
and Ti-Ni-Mg alloy could rise H/M ratio up to
1.6, Mori et al. (2007). It was implied that Mg
might play an important role to enhance
hydrogen absorbability. Therefore, it might be
discussed that the higher hydrogen storage
capacity in this work could be discussed
because of magnesium doping into the Ti-based
alloy with the appropriated mechanical
alloying condition as shown in Table 2.
Desorption of hydrogen from the sample
of condition 1 seem not to release hydrogen as
low as pressure compared with the sample of

condition 2, as shown in Figure 5. It might be
discussed as the phase change of the i-phase
after hydrogen absorption and cause to
irreversible lattice expansion which exhibited
in a shift of the peak after the 1% hydrogenation
as shown in Figure 6 and cracks in Figure 7.
To confirm the hysteresis of hydrogen absorption
and desorption of Ti-Zr-Ni-Mg alloy, the 2"
hydrogenation test should be carried out in
further study.

Conclusions

This research was undertaken to investigate the
formation of icosahedral quasicrystal (i-phase)
and crystal phases of mixed materials between
Ti-based quasicrystals (Ti-Zr-Ni) and Magnesium
(Mg) by using a mechanical alloying (MA)
process, and capacity of hydrogen storage,
hydrogen-to-metal (H/M) was also investigated.
MA process was conducted under two
conditions; (i) rotation speed of 600 rpm with
20 h milling time and (ii) rotation speed of 630
rpm with 30 h milling time. The following
conclusion can be drawn from this study:

(1) The TissZrssNiizMg2  compound
after MA was transformed from amorphous to
icosahedral and crystal phases after the
annealing process.

(2) The TissZrsgNiiZMg2  compound
with 600 rpm with 20 h milling time was
yielded high capacity for hydrogen storage
with hydrogen-to-metal ratio (H/M) of 1.99
which was higher than that compound with
630 rpm with 30 h milling time.

(3) The higher capacity of hydrogen
storage might be influenced by Mg doping into
Ti-Zr-Ni system with an appropriated
mechanical alloying condition.

Table 2. Estimated the hydrogen to metal atom (H/M) ratio with that of the other Ti-based i-phases

Parameters
Composition Speed Milling time H/M Authors
(rpm) (h
TissZrsgNis7 600 20 1.30 Tominaga and Takasaki
etal. (2015)
Ti432r33Ni17Mgz 600 20 1.99 This work
Ti43Zf33Ni17Mgz 630 30 1.58 This work
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