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dy of the thermal storage and
mechanical properties of microencapsulated phase
change composites during a supersonic cruise

C. Zhang,a Y. Wang,a Z. G. Jin,b H. B. Kec and H. Wang *a

Microencapsulated phase change composites, one of the high-efficiency thermal protection media, are

widely used in the thermal protection of supersonic aircraft. The phase transition occurring during the

cruise of supersonic aircraft leads to a change in the mechanical properties of microencapsulated phase

change composites (MPCMs). In this study, we experimentally studied the variations of the mechanical

properties of MPCMs during cruise. The effects of the volume fraction ratio of core to shell on the

thermal storage and mechanical properties of the microencapsulated phase change composites are

investigated. Results show that the latent heat capacity increases with an increase in the volume fraction

ratio of core to shell. The deformation mode translates from a brittle fracture into a brittle deformation

status during the phase transition. The mechanical properties of the MPCMs decrease at three conditions

without phase transition, during phase transition and complete phase transition, respectively, with an

increase in the ratio of core to shell as well as increased temperature. The above-mentioned findings

can guide the design of a best thermal management system for supersonic aircraft.
1. Introduction

Phase change materials (PCMs) are normally regarded as a good
candidate for thermal management. The high abilities of PCMs
to release and store energy in the form of latent heat promotes
them to be applied in numerous applications, such as thermal
protection,1,2 electronic cooling systems,3,4 and energy storage
systems.5–7 Microencapsulation is widely adopted to prevent the
leak of melted PCMs (also called microencapsulated phase
changematerials, MPCMs), and control the volume uctuations
when the phase transition occurs.8 Thus, they are widely used
for reducing the heat damage to supersonic aircra.1

The latent heat capacity and thermal conductivity properties
of MPCMs are mainly considered in literature.9–14 For the latent
heat capacity, the methods of controlling the core/coating mass
ratio,15 shape of MPCM inclusions,16 and polydopamine-
functionalized graphene oxide17 are frequently used to enhance
the latent heat capacity of MPCM. For example, Al-Mudhafar
et al.18 designed a webbed tube heat exchanger to increase the
latent heat thermal energy storage capacity of MPCMs. Besides,
as the thermal conductivity of pure PCMs is usually low to
impede the heat transfer capacity in the MPCM structure, high
thermal conductivity materials, such as metal foam,19 graphite,20
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graphene oxide,21 carbon ber sheet,22 Ag doped ZnO materials,
are usually considered to be added into the MPCMs.23 Dong
et al.22 found that a 14.4% (in volume) carbon ber sheet can
improve the effective thermal conductivity of the MPCM
composite by 24.4 W m�1 K�1. Dinesh et al.24 investigated the
effects of the metal foam geometry in the MPCM composite
structure on the total energy absorption. They found that the
optimum porosity is dependent on the heat transfer duration.

In fact, the MPCMs are oen carried out in a phase change
condition during cruise for the supersonic aircra; therefore,
the mechanical properties of the MPCMs are inuenced by the
aerodynamic force, particularly for the function of bearing
capacity.25 Djamai et al.26 found that the ductile mechanical
behavior of textile reinforced concrete composites is main-
tained in the presence of microencapsulated PCMs. However,
they found that the mechanical performance of the PCM-textile
reinforced concrete will decrease with an increase in the PCM
rate. Young et al.27 studied the volumetric thermal deformation
in the microstructure of MPCMs. Results show that the thermal
deformation coefficient of MPCMs exists near the shell material
because the capsules are not completely lled with the MPCMs.
Gürbüz et al.28 reported that the compressive strength can be
lost when the addition phase change materials are signicantly
compensated. Wei et al.29 carefully studied the effects of the
MPCM inclusions, compliant on the cracking resistance of the
cementitious composites. However, they found that the addi-
tions of MPCMs do not alter the cracking sensitivity of the
MPCMs material. As reviewed above, the mechanical properties
of the MPCM structure during cruise for the supersonic aircra
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
have never been investigated, particularly for the three typical
conditions, without phase transition, during phase transition
and complete phase transition.

In this study, the thermal storage capacity of the MPCMs is
examined by differential scanning calorimetry (DSC). Further-
more, the mechanical properties of the MPCM structure during
cruise for the supersonic aircra was experimentally studied.
The effects of the volume fraction ratio of core to shell on the
mechanical properties of MPCMs are considered in details.
2. Background

In the present study, a simulated reusable condition is applied
as the service condition for the MPCM blunt structures. Fig. 1
shows the typical structure of blunt aircra with the thermal
protection structure. The MPCM blunt structure consists of
three parts: the ablation resistant layer, regular insulating layer
and heat storage layer. The ablation resistant layer usually
includes a high-temperature layer made of C/SiC. The insu-
lation layers involve a regular insulating material, and the heat
storage layer is MPCMs. As the temperature caused by the
aerodynamic heat around the aircra can reach up to over
1000 �C at stratosphere pressure and the aerodynamic force
caused by the compressed air can reach up to about 6MPa atMa
¼ 5. The C/SiC layer plays an essential role in directly bearing
a high temperature and structural loads, while the insulation
layer is responsible for delaying the internal heat transfer. Thus,
the temperature reaching up to the bottom of the heat storage
layer should not be higher than 100 �C because the electronic
devices cannot be subjected to excessive temperatures. In this
study, the MPCM structure can afford above conditions.
Therefore, during cruise, there will be three typical conditions
for the MPCM structure, namely without phase transition,
during phase transition and complete phase transition.
Fig. 1 Thermal protection system for the supersonic aircraft during cru

© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Experimental program
3.1. Material design

The synthesis process of the microencapsulated phase change
composite structure involves three steps, namely mixture,
mould pressing, solidication, as displayed in Fig. 2. Fig. 2
shows the detail synthesis process of microencapsulated phase
change composites. The paraffin wax is selected as phase
change materials. The paraffin is treated as the core, and the
melamine-formaldehyde resin is treated as the shell, which is
used as thermosetting resin. First, the epoxy resin, curing agent,
butanone and phase change microcapsules are mixed several
times, and then, the mixture is placed in the fume hood for
about 1 h at 20 �C. A viscous mixture can be obtained aer the
partial volatilization of butanone solvent. Three kinds of phase
change microcapsules are synthesized by controlling the
volume fraction ratio of core to shell. The volume fraction ratios
of core to shell are 70 : 30, 90 : 10 and 96 : 4 with a constant
ratio of epoxy resin and curing agent in all the MPCMs,
respectively. This is because that above three cases widely exist
in the practical application and the production process is more
mature. In future, different volume fraction ratios can be
chosen to synthesize. They are also named as Case 1(C1), Case
2(C2), Case 3(C3), respectively. Second, the mixture is put in the
mold. Then, it is compacted aer the mold is closed, while
pressure is set at about 13–14 MPa with 2 min. Later, the screw
is locked in the mold. Third, the mold is placed in an oven at 50
� 5 �C for 72 h to remove the butanone. Then, aer the
temperature is dropped to 20 �C, the mold is removed. The
microencapsulated phase change composites are obtained, as
shown in Fig. 2.
3.2. Characterization measurement

DSC test was carried out to obtain the thermal properties of the
MPCMs. The sample mass is about 5 g. The latent heat of
ise.

RSC Adv., 2022, 12, 6114–6121 | 6115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08434h


Fig. 2 Flow chart for the preparation of microencapsulated phase change composites.
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MPCMs during the melting and solidication is obtained on
a data acquisition instrument in DSC equipment. The DSC
curve is measured by NETZSCH DSC 214 (Analytical & Testing
Center of Northwestern Polytechnical University). The experi-
mental temperature ranges from 10 �C to 150 �C, and the
heating rate is 2 �C min�1.

3.3. Mechanical property test

The loading states for the MPCM structure were determined, as
shown in Fig. 3. The test piece of microencapsulated phase
change composites is a cube with a size of 20 � 20 � 20 mm3.
Uniaxial compression experiments are conducted by using an
Fig. 3 Equipment of the environment box with an electronic universal t

6116 | RSC Adv., 2022, 12, 6114–6121
electronic universal tester (DDL100, Changchun Institute of
Mechanical Science Co., Ltd). In the test process, the values of
time, displacement, and load are recorded at a frequency of
10 Hz. The experiments are performed at a constant strain rate
of 1 � 10�4 s�1. The corresponding beam compression speed is
0.12 mm min�1. The test temperature is determined by the
endothermic and exothermic conditions of the DSC curve.
Herein, the temperatures before, during and aer the phase
transition, corresponding to 20 �C, 68 �C and 90 �C are chosen.
In order to ensure the accuracy and reliability of the test, at least
three samples are tested under the same experimental condi-
tions. The details of the equipment of environment box are
ester.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 3, which include the fan, thermocouple, cabinet,
passage of loading bar and electric heating wire, respectively.
Fig. 5 Stress–strain curve at temperatures of 20 �C, 68 �C and 90 �C,
respectively.
4. Results and discussion
4.1. Latent heat of microencapsulated phase change
composites

Fig. 4 shows the DSC curves for the solidication process of
MPCMs. It can be found that two main transition peaks are
clearly observed. This is because the paraffin contains
numerous carbon atoms, and the a peak should be attributed to
the heterogeneously nucleated rotator–liquid transition and
b peak to the homogeneously nucleated crystal–rotator transi-
tion, as described in the ref. 30. The total latent heat of MPCMs
is 125.1 J g�1 for C1, 128.2 J g�1 for C2 and 136.8 J g�1 for C3,
respectively. It can be found that the latent heat capacity
increases with an increase in the ratio of core to shell. It can also
be seen from Fig. 3 that the phase transition starts from 60 �C,
and then ends at 80 �C, and the maximum rate of latent heat
absorption occurs at 71.1 �C for C1; the phase transition starts
from 60 �C, and then ends at 80 �C, and the maximum rate of
latent heat absorption occurs at 71.4 �C for C2; the phase
transition starts from 60 �C, and then ended at 75 �C, and the
maximum rate of latent heat absorption occurs at 72.6 �C for
C3, respectively. This means that the maximum rate of latent
heat absorption also increases with an increase in the ratio of
core to shell.
4.2. Mechanical properties for microencapsulated phase
change composites

Compressive stress–strain curves for three different volume
fraction ratios of core to shell (70 : 30, 90 : 10 and 96 : 4) at
temperatures of 20 �C, 68 �C and 90 �C at a constant strain rate
of 1 � 10�4 s�1 are displayed in Fig. 5. It can be found that the
stress for three cases decreases with an increase in temperature.
At 20 �C, for the case without phase transition, the stress
Fig. 4 DSC curves of microencapsulated phase change composites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
increases exponentially, and aer reaching the maximum, it
decreases rapidly. This illustrates that at this stage, the defor-
mation mode belongs to a brittle fracture status. When the
temperature reaches up to the transformation temperature (68
�C), the stress increases slowly and then decreases. This is
because the brittle deformation behavior is improved, and the
strength decreases while the plasticity increases. When the
temperature exceeds the phase transition temperature (90 �C),
the stress slowly increases linearly, and the mechanical prop-
erties of the test sample display an obviously soening
phenomenon, which shows no obvious failure stress, and only
the stress gradually increases aer the compaction. Besides, the
maximum peak stress of C1 can reach up to 25 MPa, which is
the highest compared with that of C2 and C3 in three condi-
tions, and this illustrates that the shell plays the main role in
the process of bearing external force.

Fig. 6 shows photographs of typical test pieces before and
aer compression at temperatures of 20 �C, 68 �C and 90 �C,
respectively. It can be seen that when the compressed temper-
ature is set at 20 �C before the phase transition, the samples
show an obvious brittle fracture with more obvious shear bands
and cracks. At 68 �C during the phase transition, the mechan-
ical properties of the samples show that the toughness
increases, and the failure mode shows certain toughness and
brittle fracture cracks. At 90 �C aer the phase transition, the
samples show obvious toughness and its height decreases. The
material has no obvious brittle failure or shear band failure. It
can be seen that the phase change composite has an evident
liquid outow, which is the paraffin in the microcapsule box
transformation material.

At rst, at 20 �C, the phase change material paraffin is in
a completely solid state. Under the protection of the shell, its
strength is high, up to 25.05 MPa (for C1), which is about 10
times higher than that of pure paraffin. As the content of the
shell becomes lesser and lesser, its strength becomes lower and
lower (21.41 MPa for C2 and 13.80 MPa for C3) because the shell
with high strength provides a lot of support for the strength.
With the increase in temperature, particularly aer exceeding
RSC Adv., 2022, 12, 6114–6121 | 6117
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Fig. 6 Pictures of before and after compression at temperatures of 20 �C, 68 �C, 90 �C, respectively.

Fig. 7 Simulation of temperature and liquid fraction contour at
temperatures of 20, 68, 90 �C, respectively.
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the phase transition temperature of paraffin, paraffin becomes
liquid. At this time, the strengthmainly comes from two factors:
one is the compressive strength of the shell itself (taking the test
piece as a whole), and the other is the strength of the shell to
resist tension under pressure (taking a microcapsule as
a whole). As the material of the shell is the same, the greater the
content (proportion) of the shell per unit volume, the greater its
strength, and the corresponding yield strength is about
1.64 MPa, 1.51 MPa, 0.73 MPa for C1, C2, and C3, respectively.

Those phenomena also can be also further illustrated by
Fig. 7.

In order to explain the mechanical properties of MPCMs
under working conditions, the temperature and liquid fraction
contours are calculated using the ANSYS Fluent soware. The
uniform temperatures for all the surfaces of the simulation
model are adopted. The detailed process can be referred from
Soares et al.31 Fig. 7 shows the simulation results of the
temperature and liquid fraction contours at the temperatures of
20 �C, 68 �C, and 90 �C, respectively. It can be found that
temperatures of the MPCMs at three conditions show uniform
distribution. This indicates that the heat in the box is uniform.
The liquid fraction contours change from 0 to 0.6 and then to
1.0, which represents the conditions before the phase transi-
tion, during the phase transition and aer the phase transition,
respectively.

In order to obtain the basic mechanical properties of the
MPCMs at temperatures of 20, 68, 90 �C, the stress–strain curves
6118 | RSC Adv., 2022, 12, 6114–6121
are analyzed, which is shown in Fig. 8. We nd that the slope
product of the initial stage of the stress–strain curve is the
elastic modulus. When the strain reaches 0.2%, the corre-
sponding stress is called the yield stress. For comparison, the
rst maximum stress is also calculated. The elastic modulus,
yield strength, and rst stress peak at different test temperature
are shown in Table 1. It is shown that the elastic modulus, yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Analysis of the stress–strain curve, which is used to extract the elastic modulus, yield strength and first stress peak.

Table 1 Elastic modulus, yield strength, and first stress peak at different test temperature

Materials
Test temperature
(�C)

Elastic modulus
E (MPa)

Yield strength
s0.2 (MPa)

First stress
peak (MPa)

C1 20 1546.61 13.09 25.05
68 236.17 4.79 9.24
90 108.27 1.64 —

C2 20 1174.94 11.07 21.41
68 467.72 4.55 8.81
90 77.77 1.51 —

C3 20 1945.09 9.68 13.80
68 142.62 3.74 5.79
90 54.41 0.73 —
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strength, and rst stress peak increases with an increase in the
volume fraction ratio of core to shell, while it decreases with the
increase in temperature.

In this study, we mainly focus on the mechanical properties
of microencapsulated phase change composites during
a supersonic cruise. This part has never been reported in the
literature, so it is difficult to compare with the other works. In
summary, we can nd that the maximum rate of latent heat
adsorption for MPCMs is at about 70 �C. The structural strength
of theMPCM structure can afford the aerodynamic force around
the aircra. The above MPCM structure can be used during
cruise for the supersonic aircra. The latent heat capacity
increases with increase in the ratio of core to shell, while the
peak stress decreases with an increase in the ratio of core to
shell, which means a thorough consideration of the percentage
© 2022 The Author(s). Published by the Royal Society of Chemistry
of MPCMs should be done for the optimal MPCM thermal
protection system of the supersonic aircra.
5. Conclusions

The present work experimentally studies the change process of
thermal storage and mechanical properties for the micro-
encapsulated phase change composites during cruise for the
supersonic aircra. The inuences of the volume fraction ratio
of core to shell on the mechanical properties of micro-
encapsulated phase change composites in the working condi-
tion are discussed. The latent heat capacity increases with
increase in the ratio of core to shell. The temperature region for
the MPCM phase transition ranges from 60 �C to 80 �C and the
maximum rate of latent heat adsorption is at about 70 �C.
RSC Adv., 2022, 12, 6114–6121 | 6119
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Different deformation modes are found in three conditions.
The deformation mode changes the brittle fracture to plasticity
during the phase transition. The mechanical properties of the
phase change composites decreases at three cases of without
phase transition, during phase transition and complete phase
transition, and also decreases with an increase in temperature.
Therefore, a thorough consideration of the percentage of
MPCMs is needed for the thermal protection of the supersonic
aircra.
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