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Abstract: Low melting point metals (Ga, In, Sn) as alloy elements were used to prepare Al-In—Sn and Al-Ga—In—Sn alloys through
mechanical ball milling method. The effects of mass ratio of In to Sn and Ga content on the hydrolysis properties of aluminum alloys
were investigated. X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy disperse spectroscopy (EDS) were
used to analyze the compositions and morphologies of the obtained Al alloys. The results show that the phase compositions of
Al-In—Sn ternary alloys are Al and two intermetallic compounds, In;Sn and InSny. All Al-In—Sn ternary alloys exhibit poor
hydrolysis activity at room temperature. Al-In—Sn alloy with the mass ratio of In to Sn equaling 1:4 has the highest hydrogen yield.
After Ga is introduced to the ternary alloys, the hydrolysis activity of aluminum alloys at room temperature is greatly improved. It is
speculated that the addition of Ga element promotes the formation of defects inside the Al alloys and Ga—In;Sn—InSn, eutectic alloys
on the alloys surface. Al atoms can be dissolved in this eutectic phase and become the active spots during the hydrolysis process. The

small size and uniform distribution of this eutectic phase may be responsible for the enhancement of hydrolysis activity.
Key words: aluminum alloy; low melting point metal; hydrolysis; hydrogen generation; mechanical ball milling method

1 Introduction

As a kind of green and renewable energy, hydrogen
has been considered as one of the ideal alternatives for
fossil fuels [1]. However, the storage and generation of
hydrogen are still main issues needed to be solved
urgently regarding the use of hydrogen as fuel [2,3].
Recently, the use of aluminum—water reaction to
generate hydrogen has attracted more and more
attention [4—15]. The main reason is that aluminum is
very rich in resources and it also has high hydrogen
storage value, thus aluminum can be used as the portable
hydrogen source. Furthermore, aluminum—water reaction
system is very simple and the hydrolysis reactants can be
easily recycled [16]. It is known that pure aluminum is

hard to react with water for hydrogen production due to a
dense oxide layer on its surface [17,18]. In order to
improve the aluminum reactivity under mild conditions,
this dense oxide layer should be destroyed or removed,
thus water can come into contacting with the fresh
aluminum surface for reaction.

Till now, two ways have been developed to improve
the aluminum reactivity for hydrogen production. One is
to use salts or oxides as additives to ruin the oxide layer
on the aluminum surface by mechanical ball milling
method [6,8]. The other is to use low melting point
metals, such as Bi, Ga, In and Sn, as alloy elements to
moisten the surface and destroy the
surface oxide layer by mechanical ball milling method or
melting method. For comparison, the aluminum alloys
prepared by the second way exhibited higher hydrolysis
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activity under mild conditions than those obtained from
the first way. Therefore, the preparation and hydrogen
generation of aluminum alloys have been reported in
Refs. [9—15]. FAN et al [9,10] found that the addition of
Bi could produce a lot of defects on the aluminum
surface during the ball milling process and greatly
promote the reaction at room
temperature. The highest hydrogen generation volume
and hydrogen conversion efficiency can reach
1050 mL/g and 93.4%, respectively. ILYUKHINA
et al [11] prepared a series of aluminum alloys with low
melting metals, such as Ga, In, Sn and Zn, by mechanical
milling method. These alloys could react well with water
at 20 and 25 °C. The hydrogen conversion efficiency of
the aluminum alloy with 6% Ga (mass fraction) nearly
reached 90%. Our group [12] also fabricated aluminum
alloys containing Ga, In and Sn through mechanical ball
milling method which had a high hydrogenation rate
(1080 mL/(g'min)) at room temperature. For the
aluminum alloys prepared by melting method, the
hydrogen conversion efficiency of aluminum alloy
50%Al1-34%Ga—11%In—5%Sn (mass fraction) could
reach 83% at room temperature [13]. It was also
observed that the hydrolysis activity of aluminum alloys
gradually declined at room temperature with the decrease
of Ga addition content [14]. However, the current
researches about the causes of the differences on the
hydrogen conversion efficiency are very few. Especially,
the relationship between the hydrolysis reactivity of
aluminum alloys and its element compositions, including
the element component and their relative mass ratio, has
not been well studied and explained reasonably.

In this study, a series of aluminum alloys were
prepared using mechanical ball milling method. By
carefully controlling the kinds of added alloy elements
and their content, the effects of added alloy elements,
including Ga, In and Sn, on the microstructure and the
hydrolysis properties of aluminum alloys were analyzed
and measured. The activation mechanism of added alloy
elements was also discussed.

aluminum—water

2 Experimental

Industrial pure Al powder (~75 pm, 99.99%), Ga
(99.8%), Sn (~75 pm, 99.9%), In (~75 pm, 99%) were
used as starting materials. The typical preparation
process was expressed as follows. Firstly, 20 g mixture
with different alloy elements and mass ratios was
weighed and put into the milling tanks. For each mixture,
the mass ratio of Al powder to low melting point metals
was set as 9:1. The detailed chemical compositions of
mixtures are shown in Table 1. Secondly, 200 g grinding
ball (Ball-to-powder ratio equals 10:1) was added to the
mixtures. After that, the milling tanks were sealed in an

argon-filled glove box. The mechanical alloying process
was performed in a planetary ball miller. The milling
speed and milling time were set as 360 r/min and 12 h,
respectively. After the ball milling process, the
as-prepared aluminum alloys were collected in an
argon-filled glove box and stored in the argon-filled
sample bag for further use. Although the preparation
process may cause the mass ratio to deviate from the
original experimental design, the deviation degree may
be negligible for ball milling which is a uniform mixing
process. Therefore, it was suggested that the element
mass ratio of each sample was similar to the
experimental design.

Table 1 Element compositions of aluminum alloys (mass
fraction, %)

No. Al Ga In Sn
1 90 0 5 5
2 90 0 33 6.7
3 90 0 2 8
4 90 0 6.7 33
5 90 0 8 2
6 90 1 3 6
7 90 2 2.7 5.3
8 90 3 23 4.7
9 90 1 1.8 7.2
10 90 2 1.6 6.4
11 90 3 1.4 5.6

The aluminum—water hydrolysis reaction test was
carried out in a 500 mL four-necked bottle. For each test,
1 g aluminum alloy was added to 300 mL water in a
four-necked bottle. The hydrogen volume was tested
through drainage gas-collecting method. The hydrogen
generation rate was calculated by the hydrogen volume
and reaction time.

The phase compositions were recorded by an XD—2
type diffractometer (Beijing Purkinje General Co., Ltd.)
with Cu K, radiation. The step size was set as
0.02 (°)/step and the time per step was 1.2 s. The
morphology and element analysis of aluminum alloys
were characterized by field emission scanning electron
microscopy (FE-SEM) (Quanta FEG 450) equipped with
an energy-dispersive spectrometer (EDS).

3 Results and discussion

Figure 1 shows the hydrogen yields of as-prepared
Al-In—Sn ternary alloys reacting with water at room
temperature. The as-prepared Al-In—Sn ternary alloys
were designed and produced with different mass ratios of
In to Sn in order to study the effect of the mass ratio of
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In to Sn on the hydrolysis properties of aluminum alloys.
It can be seen from Fig. 1(a) that the mass ratio of In to
Sn has an obvious effect on the final hydrogen yields of
ternary aluminum alloys. When the mass ratio of In to Sn
equals 1, the hydrogen yield is only 330 mL, which is the
lowest among all the samples. With the increase of either
In or Sn mass, the hydrolysis activity of Al-In—Sn
ternary alloys is enhanced. Especially, Al-In—Sn ternary
alloy with the mass ratio of In to Sn equaling 1:4 exhibits
the highest hydrogen yield, reaching 430 mL. The
hydrogen conversion efficiency of Al-In—Sn ternary
alloys with different mass ratios of In to Sn is revealed in
Fig. 1(b). It indicates that there is an optimum mass ratio
of In to Sn for activating Al-In—Sn ternary alloys.
Furthermore, the Al-In—Sn ternary alloys with higher Sn
content demonstrates enhanced hydrolysis activity.
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Fig. 1 Hydrogen yields (a) and conversion efficiency (b) of

Al-In—Sn alloys with different mass ratios of In to Sn at room

temperature

From Fig. 1, it can be observed that the hydrogen
yields and conversion efficiency of Al-In—Sn ternary
alloys are very low at room temperature. For further
studying the hydrolysis properties of Al-In—Sn alloys,
the ternary alloys with higher Sn content were selected
and hydrolyzed in water at 60 °C. As this temperature is

much lower than the boiling point of water, little water
steam will be produced. Therefore, the water steam may
have little influence on the final hydrogen yields. The
hydrogen yields of these three Al-In—Sn ternary alloys
with different mass ratios of In to Sn are shown in
Fig. 2(a). The variation trend on hydrogen yields at
60 °C is similar to that obtained at room temperature.
The Al-In—Sn ternary alloy with the mass ratio of In to
Sn equaling 1:4 shows the highest hydrogen yield,
reaching 690 mL. The hydrogen generation rates of
Al-In—Sn ternary alloys at 60 °C were calculated and are
shown in Fig. 2(b). For each aluminum alloy, higher
hydrogen generation rate is obtained at 0—400 s. After
400 s, the hydrogen generation rate declines obviously
although the reaction still continues. The total hydrolysis
reaction ends in 4000 s. Figure 2(b) also shows that the
hydrogen generation rate increases rapidly when the
reaction is induced. It gets the maximum value at the
reaction time of about 20 s. The highest hydrogen
generation rate is 14.6 mL/(g's) for Al-In—Sn ternary
alloy with the mass ratio of In to Sn equaling 1:4 at
60 °C. Compared with Fig. 1, Fig. 2 also demonstrates
that higher reaction temperature may promote the
hydrolysis activity of aluminum alloys and can obtain
higher hydrogen yields as well as higher hydrogen
generation rates.
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Fig. 2 Hydrogen yields (a) and generation rates (b) of
Al-In—Sn alloys reacting with water at 60 °C
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In order to improve the hydrolysis activity of
Al-In—Sn ternary alloys at room temperature, low
melting point metal Ga was added to prepare
Al-Ga—In—Sn quaternary alloys. The total alloy
elements amount accounts for 10% of mass of quaternary
alloys, while the mass ratio of In to Sn is fixed as 1:2 or
1:4 and the Ga content varies from 1% to 3%. Figure 3
shows the hydrogen yields of Al-Ga—In—Sn alloys
reacting with water at room temperature. For comparison,
the hydrolysis curves of Al-In—Sn ternary alloys with
the mass ratios of In to Sn equaling 1:2 and 1:4 were also
added in Fig. 3. For both kinds of Al-Ga—In—Sn alloys
with the mass ratios of In to Sn equaling 1:2 and 1:4, the
lower the Ga content, the higher the hydrogen yield.
Interestingly, AlI-Ga—In—Sn alloys with the mass ratio of
In to Sn equaling 1:2 exhibit higher hydrolysis activity at
room temperature in contrast to those with the mass ratio
of In to Sn equaling 1:4, which is different from the
Al-In—Sn ternary alloys. Al-1%Ga—3%In—6%Sn
quaternary alloy shows the highest hydrogen yield,
reaching 840 mL.
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Fig. 3 Hydrogen yields of AlI-Ga—In—Sn alloys with various Ga

contents and mass ratios of In to Sn at room temperature

From Fig. 3, it can be found that the addition of
metal Ga greatly improves the hydrolysis activity of
aluminum alloys at room temperature. The total
hydrogen yield and hydrogen conversion efficiency of
Al-Ga—In—Sn quaternary alloys (m(In):m(Sn)=1:2) with
1% Ga are 2.1 times those of Al-In—Sn ternary alloys
(m(In):m(Sn)=1:2), as shown in Fig. 4.

As the hydrolysis properties of aluminum alloys are
determined by their chemical compositions and
microstructures, the crystal structures and morphologies
of different alloys were analyzed using XRD and SEM
techniques. Figure 5(a) shows the XRD patterns of
different Al-In—Sn ternary alloys. All samples contain
the diffraction peaks of crystalline Al phase, while single
In and Sn phases are not found. Two intermetallic
compounds, In;Sn and InSny, are found in the patterns

which may be ascribed to the low solid solubility of In
and Sn in the aluminum matrix [19]. Both kinds of
compounds exist in Al-In—Sn ternary alloys with the
mass ratios of In to Sn equaling 1:1 and 1:2. When the
mass ratio of In to Sn decreases to 1:4, only the
diffraction peaks of InSny are observed in the pattern. In
the meanwhile, In;Sn and Al phases are detected in
Al-In—Sn ternary alloy when the mass ratio of In to Sn
increases to 4. The diffraction peaks of InSny compound
phase are not found in the XRD pattern. Actually, the
relative atomic mass of In element (114.818) nearly
equals that of Sn (118.710), thus the mass ratio of In to
Sn can be regarded as the mole ratio. Therefore, it is easy
to understand the change of intermetallic compounds
with the increase of mass ratio of In to Sn.
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Fig. 4 Hydrogen yields and conversion -efficiencies of
Al-Ga—In—Sn alloys reacting with water at room temperature

The crystal structures of Al-Ga—In—Sn quaternary
alloys were also detected, as shown in Fig. 5(b).
However, the XRD patterns are nearly the same as those
of Al-In—Sn alloys. No diffraction peaks of Ga are found
in the patterns. The same result was also reported by
FAN et al [10] who prepared aluminum alloys using Ga
as alloy element by mechanical ball-milling
method. This may be attributed to the high solid
solubility of Ga in the aluminum matrix (10%, mole
fraction) and the low content of metal Ga (less than 3%,
mass fraction).

The SEM images of Al-Ga—In—Sn quaternary
alloys with the same mass ratio of In to Sn (1:2) and
different Ga contents (1% and 3%) are shown in Fig. 6.
A lot of defects, including cracks and grooves, form on
the surface of alloys. It has been studied that low melting
point metals (Ga, In, Sn) can be deposited on the surface
of aluminum as single or multiple atoms and produce a
lot of defects, resulting in the alumina membrane
separating and abating [10—12]. The newly formed
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Fig. 6 FE-SEM images of Al-1%Ga—3%In—6%Sn (a, b) and Al1-3%Ga—2.3%In—4.7%Sn (c, d)

aluminum surface during the process of mechanical ball
grinding could react well with water at room temperature.
From Fig. 6, it can also be found that there are alloy
phases which are distributed on the surface of alloys.
Furthermore, these alloy phases are smaller and more
uniform in Al-1%Ga—3%In—6%Sn alloy than those in
Al-3%Ga—2.3%In—4.7%Sn alloy.

In order to investigate the chemical compositions of
these alloy phases, EDS map and spot scannings have
been used to analyze Al-3%Ga—2.3%In—4.7%Sn alloy
which are shown in Figs. 7 and 8, respectively. From
Fig. 7, it can be observed that Ga element is
homogeneously dispersed in the whole alloy, while In
and Sn alloy elements gather together. The spot scanning

results (Fig. 8) of the alloy phases demonstrates that they
are mainly composed of Al, Ga, In and Sn. The detailed
mass fraction and mole fraction of different elements at
spot A are shown in Table 2. According to the XRD
results (Fig. 5) and Refs. [15,19], it can be speculated
that these alloy phases may be Ga—In;Sn—InSn,
(Ga—In—Sn) eutectic alloy where a lot of Al atoms are
solved in it. They are similar to the zinc amalgam formed
on the surface of aluminum when zinc powder and
mercury were added to the aluminum matrix [20].

Thus, the effects of different alloy elements on the
hydrolysis properties of aluminum alloys as well as its
activation mechanism can be discussed. Firstly, the
low melting point metals (Ga, In, Sn) may promote the



Fan-qiang WANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 152—159 157

Fig. 7 SEM image (a) and EDS mappings (b—e) of Al-3%Ga—2.3%In—4.7%Sn alloy
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Fig. 8 EDS pattern of spot 4 labeled in Fig. 7(a)

Table 2 Mass fraction and mole fraction of different elements
at spot 4 in Fig. 7(a)

Element wi% x/%
C 9.50 17.26
0] 37.58 51.24
Al 34.50 27.89
Ga 1.48 0.46
In 4.42 0.84
Sn 12.51 2.30

formation of defects and second phase in the aluminum
matrix during the mechanical ball milling process, as
shown in Fig. 6. It is known that the embrittlement of
metal can be caused by Rebinder’s effect through
simultaneously adding liquid metal and mechanical
loading. Therefore, the addition of low melting point
metals during the mechanical ball milling process can
lead to the embrittlement of aluminum powder. The

aluminum cracks form and the alumina membrane is
abated. Apparently, more cracks are produced, and more
seriously the alumina membrane are destroyed. The
liquid low melting point metals will cover and protect the
fresh aluminum surface without the oxide layer [11].
Meanwhile, these second phases may enlarge the contact
area with water during the aluminum—water reaction.
Therefore, the aluminum can react well with water at
room temperature. Secondly, Ga can form the eutectic
alloy with In;Sn and InSn, phases, which may have a
lower melting point than itself. Al atoms may be easily
solved in the liquid eutectic alloy Ga—In;Sn—InSn4
considering the solubility of Al in Ga, In and Sn [19,21].
As the chemical activities of Ga, In and Sn are very low,
which may protect Al atoms from oxidation. Thus, this
part of Al atoms may become the active spots during the
hydrolysis. As the aluminum—water reaction is an
exothermal reaction, the Ga—In;Sn—InSn, eutectic alloy
may become semisolid state and Al atoms are more
easily to be solved in this kind of eutectic alloy with the
development of reaction. More Ga—In;Sn—InSn, eutectic
alloy with small size and uniform distribution will obtain
activity alloys.
Furthermore, a part of Ga dissolved in aluminum matrix
may distribute along the grain boundary and increase the
activated area of aluminum alloys [22]. Therefore, it can
be well explained that the hydrogen yield of Al-1%Ga—
3%In—6%Sn is higher than that of other aluminum
alloys.

higher hydrolysis of aluminum

4 Conclusions

1) Two intermetallic compounds InSny and In;Sn
form in the aluminum alloys. The highest hydrogen yield
was obtained at room temperature for ternary alloys with
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the mass ratio of In to Sn equaling 1:4.

2) After Ga was introduced to the ternary alloys, the
hydrolysis activity of alloys was greatly improved. It is
interesting that the quaternary alloy Al-1%Ga—3%]In—
6%Sn with the mass ratio of In to Sn equaling 1:2
exhibits the highest hydrogen yield, reaching 840 mL at
room temperature. However, the higher the content of Ga
is, the lower the hydrolysis activity of Al-Ga—In—Sn
quaternary alloys is.

3) The experiment results indicate that the alumina
membrane on the Al surface may be separated and
abated during the mechanical process for the addition of
low melting point metals. The newly formed Al surface
can react well with water, thus improving the hydrolysis
activity of Al alloys.

4) The formation of Ga—In;Sn—InSn, eutectic alloy
on the quaternary alloy surface can dissolve Al atoms
and protect it from oxidation, which may become the
active spots during the hydrolysis. The Ga—In;Sn—InSny
eutectic alloy with smaller size and more uniform
distribution will obtain higher hydrolysis activity of
aluminum alloys.
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