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Abstract
Submicrometer-sized Ga particles were dispersed in polymethylmethacrylate (PMMA) matrix
by an ultrasonic vibration and sedimentation method. The solid phase transition from γ -Ga to
δ-Ga and its Ga particle size dependence were studied by means of differential scanning
calorimeter measurements. It was shown that a solid–solid phase transition corresponding to the
γ -Ga → δ-Ga one happened in Ga particles upon cooling. Moreover, the ratio of the particles
undergoing the solid phase transition to all particles increases with decrease of the particle size.

1. Introduction

Ga is a peculiar metal which has many stable and metastable
phases. The physical properties of Ga have been studied
extensively in the past few decades [1–6]. Although great
effort has focused on the undercooling property [7, 8],
confined geometry effect [9–11], size effect [12, 13] and
new phase structures of fine Ga particles [14–16], the
formation process and formation mechanism for metastable
Ga phases are still unclear. In these previous studies,
it was shown that metastable Ga phase structures were
crystallized directly from the undercooled liquid metal in a
cooling process and the metastable Ga melt changed to the
liquid in a heating process [17–19]. Recently, Di Cicco
et al [20] have found solid–solid phase transitions of Ga
particles embedded in epoxy resin by means of energy-
dispersive x-ray diffraction (EDXRD) and x-ray absorption
fine structure (XAFS), in a warming process. However,
no solid phase transitions of Ga have been reported in
cooling processes. In this paper, we study the solid–solid
phase transition of fine Ga particles confined in PMMA
matrix in a cooling process by using a differential scanning
calorimeter (DSC) method. The aim of the present paper is
to study the peculiar phase transition processes in fine Ga
particles.

1 Author to whom any correspondence should be addressed.

2. Experiments

Ga particles dispersed in PMMA matrix were prepared
according to the method described previously [12]. The
procedures of sample preparation were as follows: firstly,
methylmethacrylate (MMA) monomer was rinsed with 5 wt%
of caustic soda solution in a delivery flask until the color of
the MMA became achromatic, in order to remove the inhibitor
(hydroquinone). Then the solution was rinsed with distilled
water to make it neutral, and this was followed by desiccating
with anhydrous sodium sulfate. Secondly, ultrasonic vibration
was used to fragment and disperse Ga (purity: 99.9999%) into
the MMA monomer liquid. The mass proportion of the metal
to the mixture was set at 20%. Thirdly, dibenzoyl peroxide was
added to accelerate the polymerization. The liquid mixture was
injected into an 80 × 50 × 3 mm3 glass mold and annealed in
the air. The temperature was set at 60 ◦C for 2 h and then 80 ◦C
for 1 h. Finally, after removing the mold, solid PMMA with
well-dispersed Ga droplets was obtained. Unlike Ga particles
in other matrices such as porous glass and opal, the Ga particles
in the PMMA matrix are isolated from each other.

These Ga/PMMA composites were sliced at different
distance (D) from the bottom of the same sample. Figure 1
is a schematic diagram of the Ga/PMMA composites and
the sampling position (D). The particle size was measured
using a JEM-100SX transmission electron microscope (TEM).
The specimen for TEM observation was made using an
ultramicrotome, and the thickness of the specimen is about
70 nm. In order to obtain statistics for the droplet size
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Figure 1. Schematic diagram of the Ga/PMMA composites and the
sampling position (D).

distribution, 400 particles for each sample were counted in our
experiment.

The differential scanning calorimeter (DSC) experiments
were carried out with Perkin-Elmer Pyris Diamond DSC
equipment. The DSC measurement procedures for each sample
were carried out in the temperature range from 50 to −160 ◦C.
Cooling was performed using liquid nitrogen with a cooling
scanning rate of 20 ◦C min−1. Then the sample was heated
with a heating scanning rate of 5 ◦C min−1. During the DSC
measurements, helium gas was introduced into the sample
chamber in order to prevent the liquid nitrogen from freezing.
The amount of each specimen loaded in the aluminum pan for
DSC measurement was about 10 mg, and the thickness of the
DSC specimens is about 0.2 mm.

3. Results and discussion

Solid PMMA with well-dispersed Ga droplets was obtained
by procedures of ultrasonic vibration and sedimentation. Due
to the great difference in the specific gravity ρ between Ga
and MMA, Ga droplets with bigger diameter sediment more
quickly than the smaller ones. Moreover, in order to reduce
the surface energy, those droplets that have reached the bottom
may have a high aggregate possibility of becoming bigger ones.
Detailed explanation can be found in our recent report [13].
And the TEM observation confirmed that Ga particles are
distributed in PMMA matrix with a size gradient.

Figure 2 is a representative TEM picture of Ga/PMMA
composite; it shows that the spherical Ga droplets with
different sizes are well separated in PMMA. Figure 3 is the
particle size distribution histogram for different samples. It can
be seen that the average particle size gradually shifts toward
smaller size from sample 1 to sample 2 and sample 3. The
average sizes of the particles obtained at the positions D = 0
(sample 1), 3 (sample 2), 30 mm (sample 3), were about 0.51,
0.44 and 0.31 μm, respectively. The average size is hereafter
taken as the size of the particles in the matrix.

Figures 4(a)–(f) is the DSC heating trace for sample 2,
which was heated after cooling down to −160 ◦C, −140 ◦C,
−130 ◦C, −120 ◦C, −100 ◦C, and −80 ◦C, respectively. In
figures 4(a)–(d), three endothermal peaks with the onset
temperature located at −33.7, −17.7 and −14.7 ◦C were
detected. And there was no evident endothermal peak

Figure 2. TEM image of Ga particles dispersed in PMMA at
position D = 3 mm (sample 2). The distance from the bottom of the
Ga/PMMA composite samples was defined as D.

Figure 3. Particle size distribution histograms for Ga particles in
PMMA matrix determined from the TEM images of different
samples corresponding to D = 0 mm (a), 3 mm (b), and 30 mm (c),
respectively.

within the temperature range from −160 to −50 ◦C. These
three peaks can be related to the melting processes of
γ -Ga (−35.6 ◦C), δ-Ga (−19.4 ◦C) and β-Ga (−16.2 ◦C),
respectively [12, 17]. However, the onset temperature of
each peak is about 2 ◦C higher than the melting temperatures
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Figure 4. DSC heating traces for sample 2 after cooling down to
particular temperatures. (a), (b), (c), (d), (e) and (f) are the DSC
traces with the starting heating temperature −160 ◦C, −140 ◦C,
−130 ◦C, −120 ◦C, −100 ◦C, and −80 ◦C, respectively.

from the literature [21], which might be due to the poor heat
conduction of the PMMA matrix. It can be found that only two
endothermal peaks with the onset temperature located at −33.7
and −14.7 ◦C were observed in figures 4(e) and (f). This means
the δ-Ga can only appear when the sample is cooled down to
below −120 ◦C.

For comparison, the DSC heating and cooling curves for
pure PMMA matrix were also obtained. Figure 5 shows
that there was no evident peak within the temperature range
from −150 to 60 ◦C for pure PMMA. This indicates that the
peaks which have been observed in both DSC heating and
cooling curves in Ga/PMMA composites were caused by the
Ga particles, not by the PMMA matrix.

Figure 6 shows the DSC cooling traces for three samples.
The samples were cooled down from 50 to −160 ◦C with

Figure 5. DSC heating and cooling curves for pure PMMA matrix.

Figure 6. DSC cooling traces for sample 1, sample 2 and sample 3.

a cooling rate of 20 ◦C min−1. There are two broadened
exothermic peaks with the onset temperatures of −80 and
−120 ◦C. Comparing with figure 4, it can be found that
the exothermic peaks located at −80 ◦C can be attributed to
the freezing transition of γ -Ga and β-Ga. And the −80 ◦C
exothermic peaks decrease with decrease of the particle size.
However, the peak at −120 ◦C had not been reported before.
We consider that this exothermic peak may correspond to a
solid–solid phase transition of γ -Ga → δ-Ga, which can be
seen clearly in figure 7.

Figure 7 shows the starting heating temperature depen-
dence of the areas under the endothermal peaks for the
various phases of Ga particles in DSC heating measurements.
The X -axis gives the starting heating temperatures of the
samples which had already cooled down; the Y -axis gives the
normalized endothermal peak area which represents the mass
for the various phases. All points on the curves are obtained
from a series of DSC heating traces. As can be seen, the curves
for the three samples have similar change tendencies for β-Ga,
γ -Ga and δ-Ga phases. For sample 1, the endothermal peaks
of α-Ga can also be found; however, this peak is very small,
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Figure 7. The starting heating temperature dependence of the areas
under the endothermal peaks of the various phases of Ga particles in
DSC heating measurements. The X-axis gives the starting
temperature of the DSC heating measurement, and the Y -axis gives
the normalized endothermal peak area acquired from the DSC
heating curve. (a), (b) and (c) correspond to sample 1, sample 2, and
sample 3, respectively.

(This figure is in colour only in the electronic version)

so we do not shown it in figure 7(a). When the samples were
cooled below −80 ◦C both γ -Ga and β-Ga phases appeared.
For γ -Ga, the peak area rapidly increases to a maximum
at about −100 ◦C with temperature decrease, and remains
almost unchanged until the obvious decrease at −120 ◦C

Table 1. Areas under the γ -Ga endothermal peaks at −120 and
−140 ◦C determined using DSC.

Size (μm) Aγ−120 ◦C (J g−1) Aγ−140 ◦C (J g−1) �Aγ (%)

Sample 1 0.51 23.26 15.07 35.2
Sample 2 0.44 13.05 8.05 38.3
Sample 3 0.31 3.33 1.72 48.3

occurs. Meanwhile, within the temperature range from −120
to −140 ◦C, the δ-Ga peak appears and its area rapidly
reaches a maximum. This temperature range corresponds to
the exothermic peak with the onset temperature at −120 ◦C.
According to the analysis above, it can be concluded that there
is a solid phase transition of γ -Ga to δ-Ga at −120 ◦C. For β-
Ga, the peak area slightly increases on cooling down to low
temperatures and reaches a maximum at −120 ◦C. Since a
portion of β-Ga disappears within the temperature range from
−120 to −140 ◦C, this might be assigned to a solid phase
transition too.

Table 1 lists the γ -Ga peak areas at −120 and −140 ◦C
for three samples. Aγ is the normalized area under the
endothermal peak of γ -Ga. Here we use the following
equation:

�Aγ = Aγ,−120 ◦C − Aγ,−140 ◦C

Aγ,−120 ◦C

× 100% (1)

to evaluate �Aγ , which represents the amount of γ -Ga
undergoing the solid phase transition. For samples 1, 2 and
3, �Aγ is 35.2%, 38.3% and 48.3%, respectively. It can be
seen that the ratio of the solid phase transition from γ -Ga to
δ-Ga increases with decreasing particle size. The DSC cooling
traces of the three samples in figure 6 confirm the presence
of the size-dependent solid phase transition phenomena too.
That is because the areas of the two exothermic peaks can be
used to evaluate the mass of the Ga particles undergoing the
liquid–solid (with the onset temperature at −80 ◦C) and solid–
solid (with the onset temperature at −120 ◦C) phase transitions.
In figure 6 it is clear that, after the complete freezing of Ga
liquid droplets at −120 ◦C, solid particles in sample 3 are more
favorably transformed to δ-Ga phase than ones in sample 1.
This behavior indicates there is a size effect on the solid phase
transition for Ga particles.

In our experiment, the phase transition of γ -Ga to δ-
Ga is a first-order phase transition, so it should be governed
by kinetic effects such as nucleation and growth. As we
know, undercooling is a very important factor in the nucleation
process. When the particles of γ -Ga phase are cooled down
to the transition temperature at −120 ◦C, it transforms to δ-Ga
phase, which might be more stable at lower temperature. The
size effect on the solid phase transition might have two reasons.
On the one hand, since the specific area and surface energy
are inversely proportional to the size of the droplets, particles
of different sizes might have different driving forces for solid
phase transitions, which determine the phase transitions in
nucleation and crystal growth processes. On the other hand,
the confined geometry effect of the PMMA matrix should also
be taken into account. In our experiment, except for a small
amount of α-Ga phase being found in sample 1, the stable
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phase α-Ga in ambient conditions was absent from samples
2 and 3. Since Ga is a water-like element, it expands when
frozen into a α-Ga phase structure [20]. Perhaps pores with
different sizes in PMMA matrix have different influences in
the solid phase transition process. As the phase structures of
Ga are more complicated than those of most metals, further
investigations on the phase transitions are needed.

4. Conclusion

In summary, the solid–solid phase transition from γ -Ga to δ-
Ga for fine Ga particles confined in PMMA matrix was first
observed when cooling down to below −120 ◦C from DSC
measurements. Moreover, the solid phase transition shows
size-dependent phenomena. It is found that the ratio of the
particles undergoing the solid phase transition to all particles
increases with decrease of the particle size.
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