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mposites of octadecane and
gallium with expanded graphite as a carrier

Yuchen Yao, ab Yuntao Cui a and Zhongshan Deng*ab

Phase change materials (PCMs) have attracted more and more attention in the field of energy and thermal

management due to the characteristic of exchanging heat with small temperature change. In order to

obtain perfect PCMs, previous researchers usually prepared various phase change composites (PCCs),

but there is still a gap toward the goal. Perhaps the development of PCMs with adjustable properties in

a wide range to meet different needs is a feasible option. Given that the properties of organic PCMs and

metal PCMs are highly complementary, using expanded graphite (EG) as a mediator, a stable PCC of

octadecane and gallium that are difficult to directly mix, was successfully prepared. Octadecane and

gallium are stored in the microstructures of EG, and the microstructures of EG play the role of storing

nucleation embryos, and the suppression of supercooling can reach more than 86.82%. The test results

showed that the properties of the PCC are indeed a balance between octadecane and gallium, and can

be adjusted in a wide range. The PCC also has good structural and chemical stability, which can

effectively avoid the corrosion risk caused by gallium leakage. The PCC samples containing equal

amounts of gallium and paraffin were selected for thermal management performance tests. The results

indicated that the PCC has application potential in related fields, and can provide a reference for the

development of other PCCs.
1. Introduction

Phase change materials (PCMs) have received great attention in
the elds of energy storage and thermal management, for the
fact that they can absorb or release a large amount of heat
without a signicant change in temperature. According to the
species of matter, PCMs can be divided into two main cate-
gories: the organic and the inorganic. The organic PCMs are
represented by paraffins, fatty acids, esters and polymers, which
have the characteristics of high latent heat per unit mass, low
thermal conductivity, and large volume change between solid
and liquid states, while the inorganic PCMs mainly include
molten salts, hydrated salts and metal.1,2 Metal PCMs have
attracted much attention in recent years, due to their
outstanding advantages in high thermal conductivity, high
latent heat per unit volume and small volume change before
and aer phase change.2,3 In particular, the value of low melting
point metal or so called “liquid metal” represented by gallium
in passive thermal management has long been reported,4,5 and
some recent studies also demonstrated its potential in ther-
moregulation and aerospace.6,7 The advantages and disadvan-
tages of the above PCMs are very clear.
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In order to obtain the best possible PCM, it is usually
necessary to prepare phase change composite (PCC) composed
of pure PCMs and functional materials to maximize strengths
and avoid weaknesses. With the purpose to overcome the
disadvantage in thermal conductivity, organic PCMs are oen
mixed with thermal conductivity enhancers or packed into
thermally conductive matrix.8 For example, Raj et al. achieved
over 60% thermal conductivity increase by adding multi-wall
carbon nano tubes/graphene nano platelets to an organic
form-stable PCM.9 Expanded graphite (EG) is a kind of classic
matrix with high thermal conductivity. In the study of Zhang
et al., while improving the thermal conductivity of PCMs, EG
with excellent absorbability can also prevent the leakage of
melted paraffin under the action of capillary force and surface
tension.10 By compounding with EG, Wang et al. improved the
thermal conductivity of the sebacic acid (SA) PCC and sup-
pressed the supercooling.11 Wu et al. also impregnated SA into
the EG matrix and obtained a PCC with anisotropic thermal
conductivity aer being compressed into a block, and the
thermal conductivity was approximately 130 times higher than
that of pure PCMs.12 In addition to EG, metal foam is another
kind of commonly used matrix. Numerical studies by Duan
pointed out that PCMs combined with metal foam can enhance
the cooling effect for concentrating photovoltaics.13 Since the
basic thermal conductivities of organic PCMs are usually very
low, it is still difficult to obtain signicant enhancement in
thermal conductivities by introducing high thermal conductive
RSC Adv., 2022, 12, 17217–17227 | 17217
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materials. At the same time, the introduction of a large amounts
of enhancers that does not undergo phase change will cause
inevitable latent heat loss and weight increase.

A main challenge of applying liquid metal to thermal
management system as PCM is that the density is too high to be
suitable for weight-sensitive applications.14 In order to achieve
lightweight, hollow glass microspheres have been incorporated
into liquid metal to prepare a composite that can even oat on
water.15 However, hollow glass microspheres are not suitable for
use in PCC for the natural negative effects on thermal conduc-
tivity. The supercooling problem of gallium-based liquid metal
is another challenge that affects the application in PCMs. Zhang
et al. systematically studied the effects of thermal history and
nucleating agent particle on the undercooling of gallium, and
concluded that 0.5 wt% TeO2 works best among various addi-
tives.16 Considering the problem of corrosion between metal
PCMs andmetal container, Huang et al. and Liu et al.mixed low
melting point alloys with melting points at about 70 and 140 �C
respectively with EG, and utilized the porous microstructure to
constraint the liquid metal, meanwhile, by adjusting the pres-
sure during the molding, the apparent density of the PCC can
also get controlled.17,18 Similar to the reports on the organic
PCMs, the graphite network was also used to improve the
thermal conductivity of PCC, which was discussed earlier in the
study about compressed expanded natural graphite by Zhong
et al.19 In addition to EG, graphite foam has also been shown to
substantially increase the thermal conductivity of Wood's
alloy.20 Zhao et al. impregnated low melting point alloys into
poco foam (carbon foam), and the performance of PCMs was
effectively improved.21 Also using copper foams as high thermal
conductivity matrix, to prepare a thermal buffer, Yang et al.
inltrated eld's alloys into copper foams to improve the
thermal conductivity of PCC.22

Despite the efforts of previous researchers, obtaining perfect
PCMs that is excellent in all aspects is still a formidable chal-
lenge, so a more realistic strategy is to create more PCM
candidates to meet the different requirements. This means that
it is necessary to adjust the thermophysical parameters of PCMs
(or PCC) in a wide range. It is worth noting that organic PCMs
and metal PCMs are highly complementary in properties such
as latent heat, density, thermal conductivity, and cost, so an
organic/metal PCC that compromise the properties of the two
types of material will denitely bring about more new options.
However, to the best of our knowledge, there is no report on
such organic/metal PCC, andmost researchers focus onmaking
the two types of material play their respective roles with various
additives. For example, Raj et al. added 5 wt% nano-
encapsulated liquid eutectic Ga–In alloy to organo-metallic
Mn based layered perovskite solid–solid PCM (SS-PCM),
although both thermal conductivity and phase change
enthalpy were improved, the thermal conductivity is still at
a low level.23 Salyan et al. mixed 0.1 wt% and 0.5 wt% gallium
with D-Mannitol by ball milling, and gallium played the role of
thermal conductivity enhancer and nucleating agent in the
composite.24 In order to reduce the weight and cost of the liquid
metal PCM heat sink, Huang et al. proposed and numerically
analyzed a dual PCMs heat sink, which can even achieve the
17218 | RSC Adv., 2022, 12, 17217–17227
effect close to that of a pure liquid metal heat sink by adjusting
the ratio of liquid metal and paraffin arranged alternately.25 Yu
et al. designed a macro phase change capsule with eutectic Bi–
In–Sn alloy/EG/Ecoex composite as the elastic shell and octa-
decane as the core, the alloy improved the thermal conductivity
of the shell and also contributed 20% of the latent heat
density.26 The above works either involve only a small amount of
liquid metal or still separate the metal and the organic rather
than effectively mixing, failing to achieve the desired organic/
metal PCC.

Due to the huge difference in properties between organic
and metal, it is very difficult to directly mix them and form
a stable composite. Here, considering that EG with low density
and high thermal conductivity has been successfully used to
encapsulate a variety of PCMs, we used EG as a carrier to
encapsulate octadecane and gallium uniformly, forming a class
of organic/metal PCC with adjustable properties. Combined
with the distribution of octadecane and gallium in the PCC and
the DSC test results of the samples, the potential dispersant
effect of octadecane on gallium and the phase change behavior
were discussed. According to the DSC test results, the inhibitory
effect of EG on the undercooling of gallium was revealed. Due to
the complementary properties of octadecane and gallium,
a variety of PCCs with vastly different properties can be obtained
by adjusting the formulation. The structural stability of
octadecane/gallium PCC was investigated by examining the
appearance and weight changes of the PCC before and aer
phase change, respectively. The corrosion characteristics of the
PCC was evaluated through the appearance change of the
aluminum foil substrate contacted with the sample. The
chemical stability was tested by comparing FT-IR spectrum.
Through the DSC curves before and aer 100 thermal cycles, the
phase change performance stability was evaluated. The passive
thermal management performance of octadecane/gallium PCC
was also compared respectively with octadecane and gallium,
proving its application value in related elds.
2. Material and methods
2.1. Preparation of PCC

As shown in Fig. 1, rst, expandable graphite (Shanghai Aladdin
Biochemical Technology Co., Ltd., China) was placed in a drying
oven at 100 �C for 6 hours to remove moisture. Then put
expandable graphite in the beaker, and place it in a 700 W
microwave oven (Midea Inc., China) for 1 minute continuous
heating to prepare EG.

Octadecane (99%, Shanghai Macklin Biochemical Co., Ltd.,
China) and gallium (99.99%, Hangzhou Keneng New Material
Co., Ltd., China) were melted in a water bath at 40 �C and added
into the beaker contained with EG. Then the mixture was
continuously stirred for 30 minutes by a mechanical mixer at
400 rpm in a 60 �C water bath to achieve uniform PCC. In this
study, the mass fraction of EG was controlled at 5%, and 7 kinds
of PCCs with different ratios of octadecane and gallium were
prepared and named as PCC 1–7. The mass ratios of octadecane
and gallium are listed in Table 1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the preparation process of octadecane/
gallium PCC.

Table 1 Composition of samples

Sample number
Mass ratio of octadecane
to gallium Content of EG (wt%)

PCC 1 Octadecane only 5
PCC 2 5 : 1 5
PCC 3 3 : 1 5
PCC 4 1 : 1 5
PCC 5 1 : 3 5
PCC 6 1 : 5 5
PCC 7 Gallium only 5
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Aer cooling to ambient temperature, the above-mentioned
samples were transferred to a mold, then cold-compressed at
300 MPa for 1 minute to form a block-shaped PCC for subse-
quent testing and characterization. Before cold pressing, the
mold and the PCC in it need to be put into the refrigerator at
�80 �C for 5 minutes to avoid leakage of octadecane and
gallium during the compression process.

2.2. Property characterization

A scanning electron microscope (QUANTA FEG 250, FEI, USA)
was used to observe the microstructure of EG and PCCs. The
melting point, latent heat, subcooling degree, and specic heat
capacity of the PCCs were measured with differential scanning
calorimetry (DSC, equipment model: NETZSCH DSC
200F3Maia). During DSC test, the temperature range was set
from�40 to 60 �C and the same rate of 10 �Cmin�1 was applied
for temperature control during both cooling and heating
procedures. Isothermal stages with 5 minutes were set aer
cooling and heating, respectively. The densities of these
samples were measured with the assistance of the drainage
method density measurement component of precision balance
(XSE105, METTLER TOLEDO). Combined with the density
measured above, the thermal conductivity of bulk samples at
© 2022 The Author(s). Published by the Royal Society of Chemistry
20 �C was measured and calculated by the laser ash analyzer
(LFA467, NETZSCH).

To test the structural stability of the PCCs during the phase
change process, the samples were placed in a drying oven at
40 �C for 30 minutes and cooled down to room temperature.
This process was repeated 3 times. In order to see if there is
a risk of corrosion to other structural metals caused by gallium
leakage, each sample was placed on a piece of aluminum foil
that had been sanded to remove the oxide, while a gallium
droplet weighing 300 mg (almost equal to the gallium content
in PCC 4) was placed on the surface of aluminum foil, served as
a control group for corrosion phenomena.

The chemical stability was evaluated by comparing the
results of the Fourier transform infrared spectroscopy (Excal-
ibur 3100, varian, USA) before and aer the above process. By
comparing DSC results before and aer 100 thermal cycles
consistent with the DSC test described above, the thermal
stability of the material aer multiple thermal cycles was
examined.
2.3. Thermal management performance test

The test bench for thermal management performance includes
a heat source, a PCM container made of stainless steel, a laptop
and an Agilent 34970 Data Acquisition Unit. The volume of the
PCM in container was controlled at 10 mL (liquid volume for
octadecane and gallium), and the temperature was measured
with a type T thermocouple placed at the center of the bottom
surface of the container. The heat source was wrapped in
insulation foam except for the contact surface with the
container. The thermal management performance of PCC 4 was
evaluated according to the temperature response curves under
different heat uxes, and compared respectively with the
performances of octadecane and gallium. For the periodic
thermal shock test, in one cycle, the heat ux was set as 7500 W
m�2, and aer continuous heating for 3 minutes, the device was
cooled down with fan assistance for 12 minutes. The above
process was repeated 10 times.
3. Result and discussion
3.1. Morphological characterization

The PCCs obtained aer cold pressing are in the shape of solid
cylindrical blocks. Aer cutting the PCC 1–7 vertically, the micro
morphology on the cross section is observed with SEM to
analyze the distribution of octadecane and gallium in the
composites. The microscopic images of EG and PCCs are shown
in Fig. 2. As shown in Fig. 2(a), there are scalelike structures and
micron-sized pores on the surface of EG. As exhibited in Table 1,
PCC 1 does not contain gallium, so the material lled between
the scalelike structures in Fig. 2(b) is octadecane. Obviously,
octadecane can fully penetrate into EG. As the addition of
gallium increases, the presence of gallium particles can be
clearly observed in the SEM images (Fig. 2(c)–(h)). It could be
seen that, unlike octadecane, gallium cannot entirely penetrate
into the crevices on the surface of EG and can just adhere to the
larger cavities. Considering that the permeation and adsorption
RSC Adv., 2022, 12, 17217–17227 | 17219
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Fig. 2 SEM images of EG and PCCs. (a) EG. (b) PCC 1. (c) PCC 2. (d) PCC 3. (e) PCC 4. (f) PCC 5. (g) PCC 6. (h) PCC 7.
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are affected by capillary force and surface tension, it is more
difficult for gallium with larger surface tension to directly enter
into smaller pores, resulting in this distribution difference. The
size and number of gallium particles embedded in the middle
of the composites increase with the increase of the mass frac-
tion of gallium. For example, in Fig. 2(c), only sporadic micron-
sized gallium particles can be seen, while in Fig. 2(g), it can be
clearly seen that gallium particles with diameter of more than
100 mm are embedded in the composite. At the same time as the
gallium content rises, the gallium dispersibility gets worse, so
that in the case of the complete absence of octadecane, it can be
seen in Fig. 2(h) that the undispersed gallium is squeezed into
the EG matrix. In addition to the increased difficulty of
dispersion due to the increased gallium content, this change in
metal dispersibility also suggests that octadecane likely played
a role as dispersant during the preparation. The above results of
the internal micro-morphology of PCCs indicate that the effec-
tive mixing of octadecane and gallium mediated by EG can be
achieved by mechanical stirring, and then uniform organic/
metal PCC with graphite framework can be formed aer cold
pressing.
3.2. Thermophysical properties of PCC

For thermal management or energy storage, the phase change
properties of PCMs are crucial. By analyzing the DSC curves, the
melting point, latent heat of melting, and subcooling degree of
each sample can be obtained.

In addition to the curves of each PCC introduced in Table 1,
Fig. 3(a) also shows the DSC curves of octadecane and gallium
as raw materials to illustrate the change in the phase change
behavior aer the materials are composited together. The phase
change properties of these materials are shown in Table 2.

It can be deduced from Fig. 3(a) that the supercooling degree
of gallium is 58.4 �C under the test condition described above,
while octadecane has almost no supercooling. Furthermore, it
is worth noting that, in Fig. 3(b), except for the presence of
severe undercooling in a small fraction, the main solidication
peak of PCC 7 has moved to the position corresponding to the
freezing point of 22.9 �C, and the degree of supercooling is
17220 | RSC Adv., 2022, 12, 17217–17227
reduced by 86.82% compared with that for pure gallium. The
research of Zhang et al., showed that, the nucleating agent of
gallium should have a lattice constant close to that of gallium,16

but it is known that graphite does not meet this condition, so
the decrease of supercooling degree is unlikely to be owing to
the nucleation effect of EG. The possible cause of this
phenomenon is that some micro gallium droplets or particles
are adsorbed or squeezed into the narrow cavities and cracks of
EG under the pressure during the mechanical stirring and cold
pressing to form nucleation embryos. According to Turnbull's
theory, these embryos can be retained even the temperature
exceeds the melting point, and when the radius at the cavity
opening equals or exceeds the critical radius for nucleation, the
solidication of the supercooled liquid can be triggered.27 In
fact, seeding is already a common nucleation-triggering
strategy, and in this study, EG with complex micro-porous
structures may well play a similar role while supporting and
encapsulating metal PCMs.28

The suppression effect of EG on subcooling is also reected
in the DSC results of PCC 2–6, which are mixtures of octadecane
and gallium mediated by EG. As shown in Fig. 3(c), it is worth
noting that with the increase of octadecane content, the
decrease of supercooling degree is more obvious, which may be
related to the dispersing effect of octadecane that facilitates the
generation and preservation of small gallium particles as
nucleation embryos.

In addition to the above seeding mechanism, the latent heat
of octadecane per unit mass is nearly 3 times that of gallium,
which is reected in the DSC curves that the peak area of the
former is also nearly 3 times that of the latter. Although the
melting point of octadecane is slightly lower than that of
gallium, the phase change peak of gallium is completely
covered by octadecane in Fig. 3(c), resulting in that the DSC
curves of PCC 1–4 are closer to octadecane. Only when the mass
of gallium in the composite reaches more than 3 times that of
octadecane, the phase change characteristics of gallium (e.g.,
supercooling) can be displayed more clearly, making the
supercooling inhibitory effect of PCC 5–6 appear to be reduced.
In addition to the degree of subcooling, a similar effect can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DSC curves of octadecane, gallium and PCC. (a) octadecane and gallium. (b) PCC 1 and PCC 7. (c) PCC 2–6.
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observed on the melting point of composite. Until the mass of
gallium reaches 3 times that of octadecane, the measured
melting point of the composite is close to octadecane.

From the experimental data shown in Table 2, the melting
latent heat of the PCC is affected by the mass ratio of octade-
cane to gallium. As the gallium content increases, the latent
heat of the CPCM gradually decreases. The theoretical melting
latent heat DHt of the PCC can be calculated by eqn (1):

DHt ¼ DHoctwoct + DHgawga (1)

where DHoct and DHga represent the melting latent heat of
octadecane and gallium; woct and wga represent the mass frac-
tion of two raw PCMs of the PCC, respectively. As shown in
Table 2, all the relative errors between the experimental results
of the melting latent heat and the theoretical values are less
than 6%. Due to the random sampling during the test, this
result indicates that aer stirring and cold pressing, the
distribution of octadecane and gallium in the sample is
uniform.

Considering that in actual use, the space le for PCMs is
oen limited, so the latent heat per unit volume of PCC is
sometimes more meaningful than the latent heat per unit mass.
Aer the density of the sample is measured by the drainage
method, the latent heat storage density (i.e., the latent heat per
unit volume) can be calculated using eqn (2):
Table 2 Phase change properties of raw materials and samplesa

PCM Tm (�C) Subcooling degree (�C)

Octadecane 25.4 0.8
Gallium 30.7 58.4
PCC 1 26 0.8
PCC 2 25.8 0.9
PCC 3 25.8 0.6
PCC 4 25.8 0.8
PCC 5 25.9 0.7 (8.7) (15.1)
PCC 6 28.9 3.9 (17.5)
PCC 7 30.6 7.7 (50)

a When the DSC curve of a PCC has multiple solidication points, the hig

© 2022 The Author(s). Published by the Royal Society of Chemistry
DHv ¼ rDHm (2)

The latent heat storage density of the samples is shown in
Fig. 4(a), and its changing trend with the increase of gallium
content is opposite to the latent heat of melting, which is due to
the fact that the energy storage density of gallium is nearly 2
times higher than that of octadecane. Besides, as the gallium
content increases, shown in Fig. 4(b), the density and thermal
conductivity of the sample increases simultaneously. The
reason for this synchronization is that the density and thermal
conductivity of gallium are much larger, which has a decisive
inuence on the nal density and thermal conductivity of the
composites. Since gallium is dispersed and embedded in the EG
impregnated with octadecane, it is relatively difficult to form
a thermally conductive path, and then the thermal conductivity
of the composite has a slower response to the gallium content as
compared with density. Although EG could improve thermal
conductivity and adjust density in previous studies on organic
PCMs, considering the consistent mass fraction of EG in each
PCC sample, the thermal conductivity and density of PCC 1–7 in
this study are dominated by the ratio of octadecane to gallium.
In other words, aer EG-mediated mixing, octadecane is
a lightweight additive with considerable latent heat for gallium,
while gallium is an enhancer of thermal conductivity and
energy storage density for octadecane.

In order to more intuitively show the distribution range and
variation of the above thermophysical properties, the density,
DHm (J g�1) DHt (J g
�1)

Relative error
(%)

215.00 — —
78.01 — —
211.00 204.25 3.30
187.30 182.54 2.61
176.70 171.71 2.91
136.40 139.18 2.42
106.80 106.64 0.15
99.83 95.82 4.18
70.19 74.11 5.29

her degree of subcooling is recorded in parentheses.
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Fig. 4 Latent heat storage density, apparent density and thermal conductivity of PCC. (a) Comparison of latent heat of melting and storage
density. (b) Apparent density and thermal conductivity.
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latent heat and thermal conductivity of the PCC 1–7 are inte-
grated in Fig. 5. The area of the colored part on the x–y plane
corresponds to the energy storage density of the sample. PCC 1
and PCC 7 are two extreme points. In theory, each PCC on the
curve between the two extreme points can be prepared by the
method proposed in this study to obtain the corresponding
properties.

Table 3 gives a comparison of the thermophysical properties
of octadecane/gallium PCC with those of PCCs in the recent
literature. To enhance the comparability of data, the melting
points of the selected PCCs are all close to those of octadecane/
gallium PCC (about 20–45 �C). Density was not considered in
this comparison since it was not a concern in some studies. It is
easy to see that the existing studies are unlikely to achieve the
same large-scale performance tuning as this work by adjusting
the material ratios. At the same time, the thermophysical
properties of octadecane/gallium PCC proposed in this work are
also competitive within this melting point range.
Fig. 5 The distribution of PCC thermophysical properties.

17222 | RSC Adv., 2022, 12, 17217–17227
Since the specic heat capacity measures the ability of the
material to store sensible heat before and aer phase change, it
is also an important thermophysical property of PCM in addi-
tion to the latent heat. Fig. 6 shows the specic heat-
temperature curves of the PCC before and aer phase change.
Different from the change pattern of density and thermal
conductivity, the specic heat of the sample with more octa-
decane is signicantly larger before and aer phase change due
to the greater specic heat of octadecane compared to gallium.

Due to the existence of latent heat, phase change can roughly
be regarded as a heat exchange process with high equivalent
specic heat. Therefore, the specic heat curves rise and fall
signicantly before (Fig. 6(a)) and aer (Fig. 6(b)) phase change.
Since octadecane is an amorphous PCM, it can be seen in
Fig. 6(a) that the curve of PCC 1 has already started to rise
rapidly before the temperature reaches the melting point (26
�C), which means that a part of the octadecane begins to absorb
latent heat prematurely. This phenomenon is a potential
disadvantage for thermal management applications. In
contrast, the curve of PCC 7 without octadecane is almost
completely horizontal before the melting point. In organic/
metallic PCCs, the situation is improved with increasing
gallium content, showing that although octadecane has greater
effect on the melting point, the presence of gallium makes the
phase change region of the PCC more concentrated.
3.3. Structural and chemical stability analysis

It is very important to its normal function for PCC to maintain
its structure, composition, and properties during phase change.
Since the PCMs are impregnated inside the EG, the PCCs ob-
tained aer cold pressing are apparently a solid–solid PCMs,
which is benecial to suppress the volume change in phase
change and also reects the structural stability. Fig. 7(a) shows
the changes in appearance of PCC 1–7 before and aer struc-
tural stability test. Structurally, each sample maintained its
initial state. More leaked octadecane was observed around PCC
1 and the edges of the structure became blurred. More metal
distribution was observed on the surface of each organic/
metallic PCC than before the test, but no spherical droplets,
which are characteristic of liquid metal leakage,17 were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of thermal properties of octadecane/gallium PCC with those of PCCs in the literature

PCM Carrier DHm (J g�1)
Thermal conductivity
(W (m�1 K�1)) Ref.

Eutectic hydrated salt Porous diatomite & PUA 99.8–109.7 0.32–0.41 29
Paraffin Scaffold loaded with SiCNFs 180.5 1.29 30
Eutectic hydrated salt Macro-porous melamine sponge & PU 186.6 0.2287 31
Fatty acid Diatomite & EG 75.84–87.33 0.219–0.467 32
Paraffin CNTs/EP 95.98–103.85 0.107–0.516 33
Paraffin CNTs/EP 157.43–161.18 0.15–0.32 34
Gallium & octadecane EG 70.19–211 2.639–39.158 This work
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observed. However, this phenomenon is not as pronounced on
the surface of PCC 7 containing only gallium and the highest
content of gallium compared with that of organic/metallic PCC,
indicating that octadecane also plays an important role behind
this phenomenon. In the melting process, octadecane and
gallium have three main differences: (a) octadecane has
a slightly lower melting point, so it melts before gallium; (b)
when octadecane melts, its volume expands while gallium
contracts abnormally; (c) liquid octadecane has lower surface
tension, more likely to ow out of EG. According to the study of
Lopez et al., in the composite composed of graphite and PCM,
the volume expansion of the PCM during the melting process
will cause the internal pressure increase,35 and Huang et al. also
pointed out that if the pressure increase is not released, the
liquid Wood's Alloy will be squeezed out.17 Different from most
PCMs, gallium shrinks during themelting process, so for PCC 7,
the overpressure problem summarized in previous research is
not a concern. When octadecane is present, the melted octa-
decane may ow out to expose some of the metal that was
previously covered. In addition, as mentioned in the previous
section, octadecane can easily penetrate into the microstructure
of EG, reducing the porosity, while gallium can only be adsor-
bed on larger pores and cracks. This means that when the
octadecane overows due to expansion, gallium is likely to
block on the channel, thereby being pushed towards the surface
Fig. 6 Specific heat capacity – temperature curves of samples (a) befor

© 2022 The Author(s). Published by the Royal Society of Chemistry
of the composite. Since octadecane will choose the route with
lower resistance, the thrust and extrusion on gallium are
limited, leaving most of the gallium still embedded in the
composite rather than being extruded into spherical particles.

To determine if serious gallium leakage occurred, the
samples were placed on the aluminum foil polished in advance.
Gallium droplet was used as control. As shown in Fig. 7, the
gallium droplets caused severe corrosion to the aluminum foil.
Fig. 7(b) shows the contact surface between the sample and the
aluminum foil before and aer the test. The results show that
the PCC almost caused no change to the aluminum foil, indi-
cating that the corrosion risk caused by gallium leakage has
been effectively suppressed. The mass loss rates of PCC 1–7
during the test are 10.79%, 8.37%, 4.86%, 1.42%, 0.62%, 0.07%,
and 0.02%, respectively. It can be concluded that the loss rate
decreases with the decrease of octadecane content. For PCC 7
containing only gallium, the mass loss is negligible, indicating
that the leakage for the PCC is mainly octadecane rather than
gallium. As for how to further reduce the leakage of octadecane,
according to experience, it can be adjusted by changing the
mass fraction of EG and the pressure during the cold pressing,
which is worthy of further study.

By comparing the FT-IR spectrum of Fig. 8(a) and (b), it can
be seen that there is no signicant change in the positions of
absorption bands aer the test, which indicates that these PCCs
e and (b) after the phase change.
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Fig. 7 Structural stability test results. (a) Appearance of the samples and the control group before and after the test; (b) the contact surface of the
sample and the control group with the polished aluminum foil before and after the test.
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possess a good chemical stability during the phase change
cycles. Except for PCC 7, which has almost no response peak,
the positions of absorption bands of the other samples are
consistent with PCC 1, which indicates that gallium and octa-
decane are independent of each other in the system without
chemical reaction.

As shown in Fig. 9, the DSC curves of PCC 4 before and aer
100 thermal cycles almost overlap, which means that the main
thermophysical parameters such as melting point, freezing
point, subcooling, latent heat remain stable during repeated
melting and freezing processes, indicating its excellent perfor-
mance in thermal stability.
Fig. 8 Fourier transform infrared spectroscopy of PCCs (a) before and (

17224 | RSC Adv., 2022, 12, 17217–17227
3.4. Thermal management performance

Considering that the thermophysical parameters of PCC 4 are
all at the intermediate level, it was selected to investigate the
thermal performance of the composite. Using the experi-
mental device shown in Fig. 10(a), the passive thermal
management performance was evaluated by testing the ability
of the octadecane/gallium PCC to control the interface
temperature within 30 minutes under the shock of 2500–
10 000 W m�2 heat ux (Fig. 10(b)). With the increase of heat
ux, the nal interface temperature increases gradually. For
2500 and 5000 W m�2 heat ux, PCC 4 has a relatively good
b) after phase change.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DSC curves of PCC 4 before and after 100 thermal cycles.
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thermal management performance and can maintain the
interface temperature within 30 minutes lower than 45 �C.
Until the heat ux reaches 10 000 W m�2, the PCC still has
Fig. 10 Thermal management performance test setup and results. (a) Sc
curves at different heat fluxes; (c) temperature response curves of octad
response under periodic thermal shock test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
good performance in temperature control. As mentioned
above, organic PCMs and metal PCMs have obvious comple-
mentarity, so the PCC proposed in this study is a good balance
between the properties of octadecane and gallium. To further
demonstrate this, octadecane, PCC 4 and gallium were tested
against the same heat ux. As shown in Fig. 10(c), the
temperature response curve of PCC 4 is indeed located in the
middle position of octadecane and gallium. Considering that
in the thermal management applications with PCMs, the
chips or devices oen work intermittently, the periodic
thermal shock test is performed with heat ux of 7500 W m�2.
Each cycle consists of 3 minutes of heating and 12 minutes of
forced air cooling. As shown in Fig. 10(d), the highest
temperature gradually increased for the rst four cycles, and
then stabilized at 40.723 to 41.348 �C since the h cycle.
Compared with the temperature increase for the case without
PCM, PCC 4 shows excellent performance in temperature
control. Combined with the material properties and the above
test results, it indicates that PCC 4 has the potential to be used
in phase change thermal control for wearable electronic
devices, interactive device or related applications, where
thermal comfort for human body is a major concern.
hematic diagram of the experimental setup; (b) temperature response
ecane, gallium and PCC 4 at heat flux of 5000 W m2; (d) temperature
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4. Conclusion

In this study, using EG as a carrier of octadecane and gallium,
a novel organic/metallic PCC was successfully prepared by stirring
and cold pressing. The SEM images of the samples show that
octadecane can be fully impregnated into the microstructure of
EG, and the gallium is packed in larger pores and crevices with
a relatively uniform distribution. The DSC test results show that
the introduction of EG can effectively suppress the undercooling
of gallium, which may be related to the preservation of gallium
embryos in the microcavity of EG. Since the thermophysical
properties of octadecane and gallium are highly complementary,
by changing the formulation, the properties of the PCC proposed
in this study can be adjusted in a wide range. For the tested
samples of octadecane/gallium PCC, the density can vary from
0.912 to 4.998 g mL�1, the corresponding latent heat can vary
from 211 to 70.19 J g�1, and the corresponding thermal conduc-
tivity can vary from 2.639 to 39.158 W (m�1 K�1). In general, the
latent heat is the result of a proportional balance between octa-
decane and gallium. Octadecane dominates latent heat of melting
and specic heat capacity while reducing the weight. Gallium
dominates energy storage density and thermal conductivity while
making the phase change range of PCC more concentrated. The
PCC has good structural stability, and can effectively suppress the
leakage of gallium during the phase change process, thereby
reducing the risk of corrosion. The results also indicate its
excellent performance in chemical and thermal stabilities.
Thermal management testing shows that the PCC has excellent
performance in temperature control, and the potential to be used
in phase change thermal control for wearable electronic devices,
interactive device or related applications. The octadecane/gallium
PCC proposed in this study creates more candidate PCMs for
relatedelds, and provides new idea and guidance for subsequent
researchers to prepare PCCs with desired properties. Since this
study mainly focused on the property balance between octade-
cane and gallium, the mass fraction of EG and preparation
process are xed, and their inuence on the nal performance
deserves more research in the future. In addition, the inuence of
other additives such as nanoparticles on the composite system is
also worthy of further discussion in the future.
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