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A B S T R A C T   

Combining phase change microcapsules and various matrix materials can construct novel composite phase 
change materials (CPCMs). These composite materials hold immense potential for electronics thermal man
agement, owing to their adjustable heat storage capacity and stable shape. Most previous studies focus on 
enhancing the thermal conductivity of CPCMs by adding thermally conductive fillers or modifying the micro
capsule shells. Nevertheless, achieving both high thermal conductivity and heat storage density simultaneously 
remains a challenge. In this paper, low melting point alloy (In51Bi32.5Sn16.5) was introduced as core material of 
the microcapsule to enhance the thermal conductivity, due to its significantly higher thermal conductivity 
compared to commonly used organic or inorganic phase change materials (PCMs). In51Bi32.5Sn16.5@SiO2 
microcapsule was synthesized through the sol-gel polymerization method. Furtherly, a form-stable CPCMs 
consisting of the microcapsules and silicone rubber (SR) matrix were prepared for electronics thermal man
agement. The In51Bi32.5Sn16.5@SiO2 microcapsules exhibit an impressive thermal conductivity of 13.49 Wm− 1 

K− 1, acting as a dual-functional filler for thermal storage and thermal conduction enhancement. Hence, the 
CPCMs possess a significantly enhanced thermal conductivity of 0.45 Wm− 1 K− 1, representing a remarkable 
improvement of 350 % compared to that of pure SR. In addition, the phase change heat storage density of the 
CPCMs was as high as 71.73 J/cm3. Notable, the prepared CPCMs demonstrate exceptional heat dissipation 
performance, resulting in a remarkable 23 ◦C reduction in chip temperature when applied for thermal man
agement. This study offers a novel perspective on the preparation of microcapsule-based CPCMs for electronics 
thermal management.   

1. Introduction 

In recent years, electronic devices have been developing towards 
higher performance and integration [1,2]. The reduction in feature size 
leads to an increase in heat flow density of the chip, and the accumu
lation of heat causes over-temperature conditions that impact reliability 
and performance [3–5]. Therefore, effective thermal management is 
essential for ensuring stable operation of electronic devices. Compared 
with active cooling techniques such as forced air cooling or liquid 
cooling, passive cooling techniques using phase change materials 
(PCMs) possesses the advantages of low cost, high integration and high 
reliability which have garnered increasing attention [6–9]. PCMs can 
absorb or release large amounts of heat during the phase change process 

without a distinct temperature change themselves, exhibiting great 
prospective applications in energy storage and thermal management 
[10–13]. Based on the type of phase change process, PCMs are classified 
as liquid-gas, solid-gas, solid-liquid and solid-solid PCMs [14–16]. 
Among them, solid-liquid PCMs are currently the most commonly uti
lized due to their large latent heat, appropriate phase change tempera
ture and wide variety available. Nevertheless, leakage problems during 
the phase transition process limits their scope of application [7,17–20]. 

Microencapsulation technology is considered an effective method to 
solve the leakage issues by encapsulating PCMs as core within the shell, 
forming microencapsulated phase change materials (MEPCMs) [21,22]. 
The shell of MEPCMs consists of both organic material such as 
melamine-formaldehyde (MF) [23], polystyrene (PS) [24], poly (ethyl- 
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2-cyanoacrylate) (PECA) [25], as well as inorganic materials like SiO2 
[26,27] and TiO2 [28]. Compared to organic shells, inorganic shells 
exhibit superior stability and higher thermal conductivity. Actually, 
MEPCMs cannot be directly utilized due to their powder form [29,30]. 
Hence, MEPCMs are combined with various matrix materials to prepare 
composite phase change materials (CPCMs), which expands their 
application field for thermal management in electronic devices [31–33], 
batteries [34–36], buildings [37,38] and smart textiles [39–41]. How
ever, CPCMs incorporating microcapsules as functional fillers suffer 
from low thermal conductivity due to the low thermal conductivities of 
available MEPCMs. 

Thermally conductive fillers were introduced into the polymer ma
trix to improve thermal conductivity in previous studies. Ma et al. [32] 
synthesized a series of composite materials by incorporating the 
MEPCMs, multi-walled carbon nanotubes and hexagonal boron nitride 
(h-BN) in polymer matrix. The thermal conductivity was improved to 
0.44 Wm− 1 K− 1 with 3 wt% multi-walled carbon nanotubes and 10 wt% 
h-BN, which was 95.5 % higher than pure polymer matrix. Kang et al. 
[36] reported a phase change composite consisting of microcapsules and 
graphene sheets embedded in silicone rubber (SR). The thermal con
ductivity of composite materials was improved to 2.69 Wm− 1 K− 1 with 
the addition of 30 wt% graphene sheets. Liao et al. [29] prepared a 
composite material based on steric acid@SiO2 phase change microcap
sules and surface-modified boron nitride (m-BN). With the incorporation 
of 28 wt% m-BN, the thermal conductivity of the CPCMs reached 0.506 
Wm− 1 K− 1. Unfortunately, the introduction of thermally conductive 
fillers inevitably leads to a decrease in volume latent heat for CPCMs. 

In order to avoid reducing the heat storage density when utilizing 
thermally conductive fillers, the most direct and effective approach is to 
enhance the thermal conductivity of microcapsules. Yuan et al. [42] 
prepared paraffin@SiO2/GO microcapsules with a remarkable thermal 
conductivity of` 1.162 Wm− 1 K− 1, which was 13 % improvement than 
that of paraffin@SiO2. Feng et al. [43] synthesized spherical paraf
fin@modified graphene-oxide particles with a core-shell structure by 
emulsion method, which presented a high thermal conductivity of 1.662 
Wm− 1 K− 1. It should be noted that the thermal conductivity of micro
capsules remains relatively low despite potential further enhancements 
in the thermal conductivity, primarily due to their typically low shell- 
core ratio. Therefore, the primary solution to this issue is to enhance 
the thermal conductivity of the internal phase change heat storage core. 
Compared to common paraffin PCMs, the low melting point alloy pos
sesses higher thermal conductivity and heat storage density, which can 
effectively enhance the overall thermal conductivity of microcapsules 
[44,45]. In addition, the phase change properties can be tailored by 
adjusting proportion of various metallic constituents [44,46]. As a 
result, the utilization of alloy microcapsules not only enable efficient 
heat storage, but also facilitates thermal conductivity enhancement by 
serving as thermally conductive fillers. In this way, simultaneous 
enhancement of thermal conductivity and thermal storage of the com
posite material can be realized. 

In this work, low melting point alloy In51Bi32.5Sn16.5 was selected as 
the core material due to its suitable phase change temperature of 60 ◦C. 
In51Bi32.5Sn16.5@SiO2 MEPCMs were synthesized through the sol-gel 
polymerization method. The morphology, chemical compositions, 
phase change properties, and thermal conductivities of the prepared 
MEPCMs were systematically characterized. Subsequently, the CPCMs 
were prepared by incorporating these microcapsules into the SR matrix, 
and their thermal conductivity and latent heat were measured. Finally, 
the heat dissipation performance of the CPCMs was evaluated. The 
CPCMs composed of SR and In51Bi32.5Sn16.5@SiO2 microcapsules with 
high thermal conductivity and heat storage density would be an efficient 
approach for the electronic thermal management. 

2. Experiment 

2.1. Materials 

Low melting point alloy In51Bi32.5Sn16.5 microparticle was purchased 
from Chongqing Ziyi New Material Technology Co., Ltd. Tetraethox
ysilane (TEOS), ammonia (NH3⋅H2O), 3-aminopropyl triethoxysilane 
(APTES), and anhydrous ethanol were provided by Sinopharm Chemical 
Reagent Co., Ltd. Silicone rubber consisting of component A (vinyl sil
icone oil) and B (hydrogen-containing silicone oil) was obtained from 
Shenzhen Jipeng Silicon Fluoride Materials Co., Ltd. Karstedt's catalyst 
and 1-Ethynyl-1-cyclohexanol were supplied by Wuhan Lullaby Phar
maceutical Chemical Co., Ltd. 

2.2. Preparation of In51Bi32.5Sn16.5@SiO2 microcapsules 

Fig. 1a shows the synthesis schematic of the In51Bi32.5Sn16.5@SiO2 
microcapsules through sol-gel polymerization method. Firstly, 2 g of 
In51Bi32.5Sn16.5 was mixed with 20 ml of anhydrous ethanol in a beaker 
at room temperature, followed by ultrasonic stirring for 10 min to 
ensure sufficient dispersion and depolymerization of the microparticles. 
The treatment was performed in a 20 s cycle for a total of 30 cycles, with 
3 s of ultrasonic operation and 17 s of pause. The power of the device is 
set to 195 W. Secondly, 1 ml of APTES and 1 ml of TEOS were thor
oughly mixed with 3 ml deionized water. Thirdly, the two compounds 
were mixed and stirred on a magnetic stirrer at a stirring rate of 800 rpm 
for 12 h. Afterwards, 3 ml of NH3⋅H2O and 3 ml of deionized water were 
slowly dropped into the mixture to accelerate the reaction [30,47]. 
Under alkaline conditions, the hydrolysis rate of TEOS was significantly 
higher than its condensation rate, resulting in ortho-silicic acid being 
predominantly formed as the main product. The monomer produced 
through hydrolysis easily adhered to the surface of alloy microparticle 
and gradually self-assembled into a silica shell. Finally, 
In51Bi32.5Sn16.5@SiO2 microcapsule powder was obtained through 
centrifugation and drying. 

2.3. Preparation of SR/In51Bi32.5Sn16.5@SiO2 composite phase change 
materials 

Fig. 1b shows the preparation process of composite phase change 
materials. Initially, the SR was synthesized by blending component A 
and component B at a mass ratio of 4:1. Subsequently, trace amounts of 
1-Ethynyl-1-cyclohexanol and Karstedt's catalyst were successively 
added to the mixture. Then, different volume fractions of 
In51Bi32.5Sn16.5@SiO2 were mixed with the SR through mechanically 
stirring. Subsequently, the obtained mixtures were transferred into 
polytetrafluoroethylene (PTFE) molds to shaping in a vacuum environ
ment. Finally, the mixtures were cured at 50 ◦C for 12 h to obtain a series 
of SR/In51Bi32.5Sn16.5@SiO2 CPCMs named CPCM-1, CPCM-2, CPCM-3, 
CPCM-4, as shown in Table 1. The pure SR sample was also prepared 
through the same method for comparison. 

2.4. Characterization and measurements 

The morphology and microstructure of microcapsules and CPCMs 
were observed by a field-emission scanning electron microscope (Nova 
NanoSEM 450, FEI). Energy dispersive spectrometry (EDS) analysis 
combined with SEM observation was conducted to obtain the elemental 
mapping of the microcapsules. The cross section elemental distribution 
of In51Bi32.5Sn16.5@SiO2 core-shell structure was analyzed by electron 
prob. micro-analyzer (EPMA-8050G, SHIMADZU). The thermal stability 
of the samples was analyzed using a thermogravimetric analyzer (TGA, 
Netzsch STA 2500). Measurements were made in a nitrogen atmosphere 
with a temperature range of 20 ◦C to 700 ◦C and a heating rate of 5 ◦C/ 
min. The chemical composition of MEPCM and CPCM were investigated 
by Fourier transform infrared spectra (FTIR, IRTracer-100) from 4000 
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cm− 1 to 400 cm− 1. In addition, the phase change properties of the 
samples were characterized using a differential scanning calorimeter 
(Diamond DSC, Perkin Elmer) in nitrogen atmosphere with a heating/ 
cooling rate of 10 ◦C/min from 45 ◦C to 80 ◦C. The thermal conduc
tivities of the composites were measured by laser flash analyzer (LFA 
457, Netzsch). To evaluate the performance of CPCMs in chip thermal 
management, the following devices were employed: a ceramic element 
(∅14 mm × 1.3 mm, customizable heat power from Beijing youpu sci
ence and Technology Centre) was utilized as the simulated chip, pow
ered by a DC power supply (0–30 V/0–10 A, MS-3010D, Dongguan 
Maisheng Power Technology Company Ltd). The temperature data was 
recorded by a data acquisition instrument (MIK-6000F, Hangzhou 
Meacon Automation Technology Company). Besides, the surface tem
perature of chip was obtained by the infrared thermograph (SC620, 
FLIR). 

3. Results and discussion 

3.1. The morphology and chemical composition of MEPCMs 

Fig. 2a–d shows the SEM micrographs of pristine In51Bi32.5Sn16.5 
alloy particles and In51Bi32.5Sn16.5@SiO2 MEPCMs. The pristine 

In51Bi32.5Sn16.5 present a regular spherical shape with a smooth surface, 
as illustrated in Fig. 2a and b. On the contrary, a relatively rougher 
coating layer was observed on the surface of the microcapsules, as 
shown in Fig. 2c and d, revealing that the In51Bi32.5Sn16.5 was well 
encapsulated through sol-gel polymerization method. Furthermore, 
statistical analysis reveals that the size distribution of MEPCMs is 
concentrated within the range of 40–60 μm, with an average of 48.2 ±
6.2 μm. In addition, EDS analysis was conducted to detect the elemental 
composition of the pristine In51Bi32.5Sn16.5 and MEPCMs, as illustrated 
in Fig. 2f and g. The characteristic peaks of Sn, In and Bi could be 
observed from Fig. 2g, conforming the chemical components of the 
PCMs. Furtherly, the characteristic peaks of Si and O elements were 
probed from the shell in MEPCM, which demonstrates the successful 
synthesis of the SiO2 shell. Table 2 shows weight percentage and atomic 
percentage of each element. The relative percentages of In, Sn, and Bi 
elements are basically the same before and after encapsulation. The 
content of Si is 1.98 wt%, which means that the surface of MEPCM is a 
thin SiO2 shell. 

Fig. 3a shows the structure diagram of samples for elemental dis
tribution analysis of In51Bi32.5Sn16.5@SiO2 core-shell structure. Among 
them, epoxy resin was chosen for the matrix material to detect the dis
tribution of silicon elements conveniently, and the microcapsules are 
randomly distributed within the resin matrix material. Fig. 3b–f show 
the cross-sectional images and elemental distribution of the microcap
sule. The MEPCMs are embedded in the resin matrix and meticulously 
polished to achieve a smooth cross-section surface, as depicted in 
Fig. 3b. The core-shell structure of microcapsules can be clearly 
observed from Fig. 3c–f. Notably, there is an accumulation of Si element 
on the surface of the microcapsule, while elements In, Sn, and Bi are 
concentrated in the core section surrounded by a circle of Si element 
wrapping them up together. But they are not forming a single phase, as 

Fig. 1. The preparation process of (a) In51Bi32.5Sn16.5@SiO2 micro-encapsulated phase change material, (b) SR/In51Bi32.5Sn16.5@SiO2 composite phase 
change material. 

Table 1 
Sample identification and composition.  

Samples Silicone rubber (vol%) In51Bi32.5Sn16.5@SiO2 (vol%) 

SR  100  0 
CPCM-1  90  10 
CPCM-2  80  20 
CPCM-3  70  30 
CPCM-4  60  40  
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indicated by their complementary concentration distributions shown in 
mappings analysis results. Additionally, elemental line analysis from 
core to surface was conducted to measure shell thickness, revealing that 
the shell thickness is approximately 4.4 μm according to variation of Si 
content in Fig. 3h. 

Fig. 4 shows the FTIR spectra of SiO2, In51Bi32.5Sn16.5 PCM and 
In51Bi32.5Sn16.5@SiO2 MEPCM. In the spectrum diagram of SiO2, the 
peak at 472 cm− 1 is the bending vibration of the Si-O-Si bond, while the 
peaks at 810 cm− 1 and 1100 cm− 1 represent the symmetric vibration, 
and asymmetric vibration of the Si-O-Si bond, respectively [31,36]. 
There are several small peaks in the spectrum diagram of PCM. It is due 
to the large specific surface area of the micron-grade alloy material. 
Therefore, the surface is prone to adsorption of water and oxidation to 
form oxides, resulting in some absorption peaks. As the reaction pro
ceeds, the hydroxyl sharp peak at 3430 cm− 1 transforms into a broad 
peak. The spectrum diagram of MEPCM is composed of that of SiO2 and 
PCM, including the most typical 1100 cm− 1 peak of SiO2, as well as a 
merged peak at 900 cm− 1. In summary, the FTIR results verify that the 
surface of the PCM core is wrapped with a shell layer of SiO2. 

3.2. Characterization of phase change microcapsules 

The DSC curves of pristine In51Bi32.5Sn16.5 and In51Bi32.5Sn16.5@SiO2 
microcapsules are presented in Fig. 5. The DSC curves of the micro
capsules are similar to that of the pristine PCMs, revealing that the 
encapsulation shell has no effect on the phase transition characteristics 
of the In51Bi32.5Sn16.5. Table 3 lists the phase change properties of PCM 
and MEPCM. The melting and freezing peak temperature of 
In51Bi32.5Sn16.5 are 62.5 ◦C, 57.5 ◦C, respectively, which exhibits a 
subcooling of only 5 ◦C, enabling the immediate release of stored latent 

heat at the desired temperature to ensure optimal energy utilization. In 
addition, the melting and freezing enthalpy of In51Bi32.5Sn16.5 are 28.98 
J/g, and 24.24 J/g, respectively. The microcapsules exhibit a slight 
reduction in both melting enthalpy and freezing enthalpy compared to 
pure PCM, with values of 26.83 J/g and 23.15 J/g, respectively, which 
can be attributed to the formation of the silica shell. The encapsulation 
ratio (R) and encapsulation efficiency (E) are important parameters to 
evaluate the heat storage capacity of MEPCMs, which can be calculated 
by Eqs. (1) and (2) [22,27], respectively. 

R =
ΔHm,MEPCM

ΔHm,PCM
× 100% (1)  

E =
ΔHm,MEPCM + ΔHc,MEPCM

ΔHm,PCM + ΔHc,PCM
× 100% (2)  

where ΔHm,MEPCM and ΔHc,MEPCM are the melting and freezing enthalpy 
of MEPCM, respectively. ΔHm and ΔHc represent the melting and 
freezing enthalpy of PCM, respectively. Therefore, the encapsulation 
ratio and encapsulation efficiency of the MEPCMs could be calculated as 
92.6 % and 93.9 %, respectively. In addition, the thermal conductivity of 
the microcapsules was detected through laser flash method. Firstly, the 
In51Bi32.5Sn16.5@SiO2 microcapsule powders were pressed into a disk to 
minimize the contact thermal resistance and interface thermal resis
tance. Then, the thermal conductivity of the round sheets was tested 
through laser flash analyzer. The results revealed that the microcapsules 
exhibited a significant thermal conductivity of 13.49 Wm− 1 K− 1 at 
25 ◦C. The exceptional thermal conductivity of these microcapsules 
enables them to function as highly efficient thermally conductive fillers, 
establishing an effective network for heat transfer within the matrix. 

3.3. Characterization of SR/In51Bi32.5Sn16.5@SiO2 composite phase 
change materials 

Fig. 6a shows the optical images of the pure SR and CPCMs with 
varying volume fractions of the microcapsules. Pure SR presents a white 
and transparent appearance, while its color deepens to gray-black as the 
concentration of microcapsules increases. The cross-sectional morphol
ogies are depicted in Fig. 6b–f. Pure SR presents a smooth section, while 
CPCMs display rougher profiles due to the presence of embedded mi
crocapsules. It is worth noting that MEPCMs within the SR maintain 
their complete spherical shape, indicating excellent shape stability. This 

Fig. 2. SEM images of (a-b) In51Bi32.5Sn16.5 PCM and (c-d) In51Bi32.5Sn16.5@SiO2 MEPCM, (e) the particle distribution of In51Bi32.5Sn16.5@SiO2 MEPCM, and EDS 
analysis of (f) In51Bi32.5Sn16.5 PCM, (g) In51Bi32.5Sn16.5@SiO2 MEPCM. 

Table 2 
EDS data of PCM and MEPCM.  

Elements In51Bi32.5Sn16.5 In51Bi32.5Sn16.5@SiO2 

Weight % Atomic % Weight % Atomic % 

In 51.54 60.24  41.68  20.74 
Bi 30.77 19.76  25.67  7.02 
Sn 17.69 20.00  13.37  6.44 
O – –  17.30  61.77 
Si – –  1.98  4.03  
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distribution pattern facilitates the establishment of a thermal conduc
tivity network, particularly for high-filling composites. As illustrated in 
the Fig. 6b–f, the density of thermal conductivity channels gradually 
increases with the filling ratio increasing from 0 vol% to 40 vol%. 

The DSC curves of CPCMs with different proportions of microcap
sules are presented in Fig. 7a–d. The detailed parameters are listed in 
Table 4. The phase change enthalpy of CPCMs gradually increases with 
the volume fraction of In51Bi32.5Sn16.5@SiO2 microcapsules. CPCM-4 

Fig. 3. (a) Structure schematic diagram, (b) cross-sectional image of MEPCM, EPMA mapping of element (c) Si, (d) In, (e) Sn, (f) Bi. And (g) schematic diagram of 
scanning area and direction, (h) elemental line scan of element Si. 

Fig. 4. FTIR spectra of SiO2, In51Bi32.5Sn16.5, and In51Bi32.5Sn16.5@SiO2.  Fig. 5. DSC curves of In51Bi32.5Sn16.5 PCM and In51Bi32.5Sn16.5@SiO2 MEPCM.  
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(40 % volume fraction of microcapsules) exhibits a melting and freezing 
enthalpy of 21.16 J/g, 18.19 J/g, respectively, which enables them great 
potential in thermal management. Additionally, Fig. 7e–f illustrates the 
phase change temperature profiles of both CPCMs and 
In51Bi32.5Sn16.5@SiO2 microcapsules, where Tm represents the onset 
temperature for the melting process and Tc denotes the onset tempera
ture for the freezing process. All the samples present almost uniform 
phase transition temperature, revealing that the composite process with 
SR has no effect on the phase transition properties of the PCMs. 

Fig. 8a illustrates the thermal conductivities of CPCMs with varying 
volume fractions of microcapsules. For the results of the experiment, the 
pure SR exhibits an extremely low thermal conductivity of 0.1 Wm− 1 

K− 1. It is worth noting that the thermal conductivities of the composites 
gradually increase with the volume fraction of MEPCMs. Notably, 
CPCM-4 demonstrates the highest thermal conductivity of 0.45 Wm− 1 

K− 1 among CPCMs, which is significantly increased by 350 % compared 

to pure SR. This remarkable improvement in CPCM-4 can be attributed 
to the establishment of efficient thermal channels within the composite 
structure. Additionally, the Bruggeman model is utilized for theoretical 
calculation of thermal conductivity, specifically tailored for composite 
systems with high volume fraction [48,49]. The corresponding equation 
employed in this specific calculation is as follows: 

(1 − V)3
=

λm

λc

(
λc − λf

λm − λf

)3

(3)  

where V is the volume fraction of thermally conductive filler, λ repre
sents thermal conductivity, and the subscripts m, f, and c mean matrix 
material, thermally conductive filler, and composite material, respec
tively. The thermal conductivity was calculated for various volume 
fractions, as illustrated in Fig. 8a. In comparison, the theoretical calcu
lations and experimental data trends exhibit excellent agreement with 
an overall average relative error below 10 %, particularly at high vol
ume fractions. In addition, the increase in thermal conductivity of the 
composites is more significant along with the increase in volume frac
tion of In51Bi32.5Sn16.5@SiO2. Therefore, the CPCMs composed of 
In51Bi32.5Sn16.5@SiO2 microcapsules and SR possess high thermal stor
age capacities and thermal conductivities simultaneously, which is 
beneficial for the electronic thermal management. Compared to previ
ous studies, the CPCMs prepared in this work exhibit competitive 
properties as shown in Fig. 8b [50–52]. In particular, 
In51Bi32.5Sn16.5@SiO2-based CPCMs simultaneously achieved high 
thermal conductivity with high phase change heat storage density. For 
CPCM-4, it presents excellent performance with thermal conductivity of 
0.45 Wm− 1 K− 1 and volume phase change enthalpy of 71.73 J/cm3. 

Fig. 9 shows the photography of appearance and FTIR spectra of 
CPCM. The shape of the CPCM remains stable before and after 50 
thermal cycles. The spectrogram exhibits the primary characteristics of 
the siloxane group through an asymmetric stretching peak at 1006 cm− 1 

Table 3 
The phase change properties of PCM and MEPCM.  

Samples Melting process Freezing process 

Tm (◦C) ΔHm (J/g) Tc (◦C) ΔHc (J/g) 

In51Bi32.5Sn16.5  61.53  28.98  58.67  24.24 
In51Bi32.5Sn16.5@SiO2  61.25  26.83  58.53  23.15  

Fig. 6. Photography of the composite phase change materials with different 
volume fractions of In51Bi32.5Sn16.5@SiO2 microcapsule (a) appearance of all 
samples, with SEM images of (b) pure SR, (c) CPCM-1, (d) CPCM-2, (e) CPCM-3, 
(f) CPCM-4. 

Fig. 7. DSC curves of (a) CPCM-1, (b) CPCM-2, (c) CPCM-3, (d) CPCM-4, (e) the melting point of MEPCM and CPCMs, (f) the freezing point of MEPCM and CPCMs.  

Table 4 
The thermophysical and phase change properties of CPCMs.  

Samples Density 
(g/cm3) 

Melting process Freezing process 

Tm 

(◦C) 
ΔHm 

(J/g) 
ΔHm,v 

(J/cm3) 
Tc 

(◦C) 
ΔHc 

(J/g) 

CPCM-1  1.59  61.52  6.82  10.84  58.03  6.03 
CPCM-2  2.19  61.58  17.10  37.45  57.98  14.66 
CPCM-3  2.79  61.55  19.38  54.07  57.80  16.94 
CPCM-4  3.39  61.28  21.16  71.73  58.28  18.19 

ΔHm,v means phase change enthalpy per unit volume of the CPCMs. 
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and a symmetrical stretching peak at 800 cm− 1 [27,29]. In the range of 
1000 cm− 1 to 1200 cm− 1, the characteristic peaks of Si-O-Si of silicone 
rubber and SiO2 are superimposed, as evidenced by a broader peak. The 
absorption peak observed at 2960 cm− 1 corresponds to the stretching 
vibration of the C–H bond, while the peak at 1257 cm− 1 is indicative of 
the bending vibration associated with the Si-CH3 group. Upon compar
ison before and after cycling, the primary characteristic peaks remained 
unaltered, indicating that CPCM developed in this study exhibits 
favorable chemical stability. 

Fig. 10a–b illustrate the thermogravimetric curves of PCM, MEPCM, 
and CPCM. With the increasing of temperature, the mass of alloy PCM 
and MEPCM have no obvious changes, showing excellent thermal sta
bility. In particular, the mass is almost constant in the interval less than 
200 ◦C in Fig. 10b, which is favorable for practical applications in 
thermal management of electronic devices. And in the high temperature 
range of 200 ◦C to 700 ◦C, the mass begins to increase slowly due to the 
presence of trace amounts of oxygen in the nitrogen. Compared to pure 
PCM, MEPCM still maintains mass stability at 400 ◦C due to the pro
tective effect of the SiO2 shell, with a weight increase of only 0.09 %. In 
Fig. 10a, CPCM-2 shows a 1.66 % mass reduction in the range of 20 ◦C to 
100 ◦C because of the evaporation of the residual water. Subsequently, 
the mass decreases by only 0.56 % in the interval from 100 ◦C to 250 ◦C. 

And the overall mass of CPCM-2 continues to decrease after further 
heating due to the decomposition of the organic silicone at high tem
perature. The silicone rubber decomposes rapidly after 300 ◦C and the 
sample stabilizes at 700 ◦C with mass of 61.6 %. 

3.4. Application of the composites in chip thermal management 

To evaluate the thermal management performance of CPCMs in 
thermal management of chip, a testing system was designed as shown in 
Fig. 11a. Specifically, both pure SR and CPCMs were assembled between 
the simulated chip and the constant temperature plate of 20 ◦C. A data 
acquisition device monitors the upper surface temperature of the chip 
during a heating period of 240 s. Fig. 11b shows the results of test 
samples at 1.6 W heating power. As the volume fraction of phase change 
microcapsules increased, the temperature rise rate of the chip gradually 
slows down. After heating for 240 s, the temperature of chip with pure 
SR reaches 97.1 ◦C, while chips employing CPCMs exhibited signifi
cantly lower temperatures. Notably, CPCM-4 demonstrated superior 
temperature control performance with a final temperature of 73.6 ◦C, 
representing a reduction of 24 % compared to pure SR, indicating that 
the prepared CPCMs effectively delay the temperature rise of the chip on 
account of the high phase change enthalpy and thermal conductivity. 
Fig. 11c illustrates the infrared images of the chip at the final moment. It 
is evident that introducing CPCM-4 leads to significantly lower tem
peratures on the simulated chip surface compared to other cases without 
CPCMs present. Overall, the CPCMs exhibit excellent heat transfer per
formance and their promising potential within thermal management 
applications. 

Fig. 8. (a) Comparison of experimental data with theoretical calculation data of CPCMs, (b) comparison with other representative studies on microcapsules 
based CPCMs. 

Fig. 9. Photography of appearance and FTIR spectra of CPCM before and after 
50 thermal cycles. 

Fig. 10. Thermogravimetric curves of (a) all samples, (b) comparison between 
PCM and MEPCM. 
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4. Conclusions 

In this study, In51Bi32.5Sn16.5@SiO2 MEPCMs were synthesized 
through the sol-gel polymerization method. The microstructures and 
chemical composition of the MEPCMs were detected and proved by the 
test of SEM, EDS, EPMA and FTIR. Furtherly, CPCMs consisting of 
In51Bi32.5Sn16.5@SiO2 MEPCMs and SR matrix were prepared through 
vacuum template method. The enthalpy of the CPCMs can reach as high 
as 21.16 J/g and 71.73 J/cm3 with 40 % of MEPCMs loading. Notably, 
the thermal conductivity of the CPCMs was increased to 0.45 Wm− 1 K− 1, 
representing a remarkable 350 % improvement compared to pure SR. 
Furthermore, a series of CPCMs were applied to thermal management of 
chip. Among them, CPCM-4 exhibits a 24 % reduction in chip temper
ature compared to pure SR, resulting in a remarkable decrease of 23 ◦C. 
Consequently, the utilization of CPCMs holds great promise in the field 
of electronic thermal management due to their exceptional thermal 
conductivity, adjustable thermal energy storage capacity, and thermal 
stability. 
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