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Phase Change Materials (PCM) are efficient materials for thermal management and energy storage due to
its high latent heat and recyclability. Many strategies have been employed to form stabilize PCMs
through their phase transition; however these materials are almost invariably rigid. Herein a novel
flexible form-stable PCM composite was successfully prepared by physical mixing and low temperature
curing. They were well characterized in terms of various techniques including X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), mechanical and leakage test, etc. A leakage test showed
that the composite with 50% octadecane loading was form-stable with only 2.44% leakage. From the
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Pﬁ};‘:/eOZhsange materials differential scanning calorimetry (DSC) results, the octadecane/silicone (Oct/Si) composite was found to
Flexible PCM possess a latent heat of 103.8 J/g, and an upshift in phase transition temperature was also observed from
Form stable octadecane's melting point of 30.3 °C to between 34.4 and 37.8 °C, probably due to thermal insulation or

microencapsulation by the silicone matrix. Thermogravimetric analysis (TGA) data supported its good
thermal stability within this temperature range and mechanical testing of the composites further
confirmed its flexibility and durability as evidenced by the Young's Modulus at 388.92 kPa and elon-
gation at 341.42%, making Oct/Si composites useful for application in areas of temperature regulation,

cooling, energy harvesting and wearable devices.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Thermal management

1. Introduction

Thermal energy management and storage is much sought after
in many industry sectors such as construction, logistics, electronics
etc., due to the escalating effects of global warming and increasing
inclination towards sustainable energy sources. The most direct
thermal management strategies includes using insulating materials
such as aerogels [1], wools [2], foams [3] etc., in packaging,

* Corresponding author.

** Corresponding author.

*#x Corresponding author. Institute of Materials Research and Engineering, Agency
for Science, Technology and Research (A*STAR), 2 Fusionopolis Way, Innovis, #08-
03, 138634, Singapore.

=#x% Corresponding author.

E-mail address: zhuq@imre.a-star.edu.sg (Q. Zhu).

https://doi.org/10.1016/j.mtadv.2022.100227

insulation boards and even concrete to reduce heat penetration; or
to use infrared reflective coatings and paints [4—6] to reflect heat
away. However, these technologies do not strive to make full use of
the waste heat generated. More complex solutions such as ther-
moelectric materials [7—12] are able to tap on the waste heat at a
thermal gradient to convert into useful electrical energy, but the
efficiency in energy generation can still be improved significantly.
PCM [13—17] on the other hand is able to absorb surrounding heat
for cooling effect, and store the heat for later use such as heating up
water tanks or prolonging a thermal gradient for thermoelectric
devices etc, making it a favourable solution for thermal regulation.

There are three main classes of PCM; organic, inorganic and
eutectic, and each has their own unique characteristics and disad-
vantages [18]. For near ambient conditions, organic PCMs such as
paraffin wax, fatty esters, fatty acids and fatty alcohols are most
commonly used due to their good thermal and chemical stability,
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low to no supercooling, high heat of fusion and generally non-
corrosive nature with low toxicity [18]. To counter the leakage
problem, researchers has come up with several solutions where
macroencapsulation [19] is seen as the most direct and effective
method where PCM was filled in a physical container and sealed.
However, the bulky containment may not be suitable for applica-
tions requiring small amounts of PCM or have space constrains.
Microencapsulation [20] or nanoencapsulation [21] on the other
hand confine PCM in the core of a polymeric or inorganic shell.
However, scale-up synthesis of these PCMs might be challenging
and industries often look to spray drying methods for its produc-
tion [22]. Form-stable PCM composites are a popular alternative,
where it involves adsorbing PCM in porous inorganic materials
such as expanded vermiculite [23], perlite [24], montmorillonite
[25] and diatomite [26], and carbon materials such as expanded
graphite [27], carbon nanotubes [28] and graphene aerogels [29]
via capillary forces and interfacial tension within the pores [30,31]
through vacuum impregnation. It also includes blending PCM with
an organic polymer matrix such as high density polyethylene
(HDPE) [32], polypropylene (PP) [33], low density polyethylene
(LDPE) [34], linear low density polyethylene (LLDPE) [35] etc. via
the melt method [36] or using an extruder [37]. Form-stable PCMs
are thus able to prevent leakage and maintain the shape of the
composite when held above its phase transition temperature [38].

Nevertheless, form-stable PCMs are generally stiff and rigid, and
may not be applicable in areas that require some degree of flexi-
bility such as wearable devices and thermal lagging that lines
irregular shaped objects. In electronics, high rigidity may lead to
high thermal contact resistance between the PCM composites and
target devices, which may reduce the performance of the device
[39]. Hence, flexible form-stable PCM composites would be useful
for such purposes. Several flexible form-stable PCMs have been
reported, where some of their works have been summarized in
Table S1 [40—44]. These flexible form-stable PCM systems in gen-
eral include either organic PCMs such as paraffin wax, octadecane
and PEGs, or metal salt-based inorganic PCMs, with various poly-
mers as matrixes, for example, block copolymer [40], polymer
hydrogel [41,44] and silicone (this work). Wang et al. reported the
flexible paraffin (PA)/olefin block copolymer composite [40] when
the temperature is above Ty, of PA. However, this may render its
applications slightly inconvenient, as heat has to be applied before
the block copolymer is flexible for shaping. On the other hand, the
PEG composite reported by Yuan et al. [41] deforms only under a
specific temperature range when force is applied, which is useful
for applications that require fixed shape components. However,
care must be taken to shield it from external forces so as not to lose
its shape, which poses an additional consideration during process.
Lu et al. [42] prepared ethylene propylene diene monomer (EPDM)/
PA shape-memory PCM, but requires a multi-step fabrication
involving extruder and high temperature vulcanization. Liu et al.
[43] and Jiang et al. [44] both prepared a stretchable yet durable
form-stable PCM that is easier to use for irregular shaped compo-
nents. In comparison, the use of inorganic based PCM may not be
ideal as they suffer from supercooling, poor thermal cyclability and
melting incongruency [45]. In this work, we fabricated a silicone-
based flexible organic form-stable PCM which was prepared by
physically mixing octadecane with silicone, and then curing at low
temperature. They are versatile in applying for irregular shaped
objects. Studies showed that they exhibited good thermal stability
with flexibility and durability as evidenced by the measurement of
Young's Modulus and elongation, making them useful for applica-
tions in areas of temperature regulation, cooling, energy harvesting
and wearable devices.

Octadecane is a long chain hydrocarbon with a high latent heat
of approximately 244 J/g and a melting point of about 28 °C [46].
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With its working range close to ambient temperature, octadecane is
commonly used as a PCM for heat regulation or energy storage in
buildings [47], batteries [48], fabrics [49] and many other areas.
Silicone is known for its durability and flexibility, and is highly
chemical resistant, non-flammable and a good insulator. It has been
extensively researched in areas such as stretchable wearable elec-
tronics [50,51] and biomedical applications [52]. As far as we know,
no research was done for incorporating PCM into silicone to
harness its flexible properties for thermal management. Most
research involved silicone as a shell material for microencapsulated
PCM [53]; as a form-stable PCM matrix to blend with micro-
encapsulated PCM [54]; or a stiff form-stabilised PCM-silicone
composite [55]. With flexible electronics and wearables gaining
importance for real time monitoring of human health, and the ever-
persistent issue of global warming, there is a need for a flexible
energy harvesting or thermal regulating component to comple-
ment the existing technologies.

Herein, we successfully incorporated octadecane into silicone to
generate a highly flexible form-stable PCM. Composites with
different octadecane loading in silicone matrix were prepared and
evaluated for its leakage, form-stability, thermal properties, and
phase change properties at different Oct/Si mass ratios. The as-
prepared Oct/Si composites exhibit great flexibility with moder-
ately high latent heat storage capacity, making them a useful ma-
terial for thermal energy storage applications.

2. Experimental section
2.1. Materials

Silicone rubber cured by a two-part system, PlatSil® 73-20 Part
A and PlatSil® 73-20 Part B, at room temperature was purchased
from Polytek Development Corp. n-Octadecane with chemical pu-
rity 98% was purchased from by Beyond Industries (China) Limited.
All chemicals were used without further purification.

2.2. Preparation of Octadecane:Silicone (Oct/Si) composites

The compositions of pure silicone and Oct/Si composites are as
shown in Table 1. Pure silicone rubber was prepared by mixing
PlatSil® 73-20 Part A and PlatSil® 73-20 Part B in the same mass
ratio. For the preparation of Oct/Si composites, as the silicone
rubber mixture has a pour time of 5 min upon mixing of the two
different components, Part B was mixed homogeneously with
octadecane prior to mixing with Part A. Melted octadecane was
added to Part B at 40 °C with constant stirring at 500 rpm using an
overhead mechanical stirrer. To the homogenous mixture, Part A
was then added and the mixture was allowed to stir for a further
2 min until homogenous. Thereafter, the composite mixture was
casted onto a mold and cured at 35 °C for 4 h, followed by at room
temperature for another 24 h.

2.3. Characterizations

2.3.1. Chemical and structural analysis

Crystallinity of Octadecane, Silicone and Oct/Si composites were
characterized by X-ray diffraction (XRD) using an automatic pow-
der diffractometer (D8 Discover XRD, Bruker, USA) with Cu-Ka ra-
diation at a voltage of 50 kV and current of 0.8 mA. Samples were
scanned at a rate of 16° min~' in the 26 range of 10—60°. Structural
analysis of the Oct/Si composites and silicone was studied by
attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy and octadecane was analyzed by FTIR transmission
mode (Spectrum 2000, PerkinElmer, USA), and the spectra were
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Table 1
Composition of octadecane and silicone for the respective sample composites.
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Sample Octadecane/Silicone (mass ratio) Octadecane (g) PlatSil® 73-20 Part A (g) PlatSil® 73-20 Part B (g)
(MOct)

Si 0/1 0 4 4

500ct-Si 5/5 4 2 2

600ct-Si 6/4 4.8 1.6 1.6

700ct-Si 7/3 5.6 1.2 1.2

800ct-Si 8/2 6.4 0.8 0.8

recorded between a frequency range of 4000 to 600 cm~! with a
resolution of 4 cm~! and a total of 16 scans.

2.3.2. Form stability and leakage test

Oct/Si composites were subjected to a leakage test to determine the
form stability as a form-stable PCM composite. Each sample was
casted into a circular shape, and the respective initial mass, Mg was
measured using an analytical balance. The composites were placed on
a filter paper in a petri dish, at a temperature of 40 °C in an oven. The
mass of each composite, My, was measured at an interval of 1 h for over
n hours. For each interval, the composites were taken out from the
oven and gently dapped dry on the surface to remove residual leaked
octadecane prior to weighing. The filter paper on the petri dish was
then replaced, and the composites were placed back into the oven to
continue the leakage test. The leakage test was conducted for 10 h. The
leakage rate of octadecane can be calculated as

L = (Mg — Mp) / Mg x 100 % Eq (1)

and the percentage of octadecane loading during the leakage
test can be calculated as

Octadecane Loading = (M — Sit) / My x 100 % Eq (2)
where Sit is the total mass of Silicone (Part A and B) added for each
sample.

2.4. Thermal analysis

The thermal stability of the Oct/Si composites was investigated
using the thermal gravimetric analyzer (Q500, TA Instruments,
USA) under a nitrogen gas flow rate of 60 mL/min. Samples were
weighted between 8 mg and 12 mg into an alumina crucible, and
heated from room temperature to 900 °C at a heating rate of 20 "C/
min. The phase transition properties were investigated via the
differential scanning calorimeter (Q100, TA Instruments, USA) un-
der nitrogen gas with a flow rate of 50 mL/min. Samples were
weighed between 3 mg and 7 mg and sealed in aluminum hermetic
pans, and tested between a temperature range of —20°C—70°Cata
heating rate of 10 "C/min.

2.5. Mechanical test

The tensile performance of the Oct/Si composites was tested
using Instron 5569 Table Universal testing machine with a 100 N
load cell capacity at a crosshead speed of 50 mm/min and a gauge
length of 50 mm. The composites were cut into a rectangular stripe
with dimensions of 110 mm x 10 mm with a thickness of approx-
imately 3 mm. A total of five samples were prepared and tested for
each composite. Tensile modulus, tensile strength, percentage
elongation, and tensile toughness were determined along with the
standard deviation.

3. Results and discussion
3.1. Chemical and structural analysis of PCMs

The crystallinity behavior of octadecane, silicone and Oct/Si
composites was analyzed by X-ray diffraction (XRD) (Fig. S1). Sili-
cone displayed a flat signal, indicating an amorphous structure.
Octadecane showed clear indication of a crystalline structure with
two crystal phases [56] where peaks at 26 = 11.38, 15.32, 39.54 and
44.48° correspond to the (003), (004), (0—22) and (117) planes of
the a-crystal, and peaks at 20 = 19.24, 19.74, 23.28 and 34.92° are
assigned to the (010), (011), (102) and (009) planes of the B-crystal
form respectively [57,58]. The presence of o and B forms is due to
the heterogeneous and homogeneous nucleation when in the melt
state respectively [58]. Octadecane's main crystalline peaks were
observed in all the Oct/Si composites, confirming its presence and
composition in the respective composites.

ATR-FTIR and FTIR spectra of Oct/Si composites were measured
and are given in Fig. S2. The characteristic stretching vibration of
Si—0—Si backbone of silicone at 1007 cm ™~ was observed, while the
peak at 785 cm~! is due to coupling of —CH3 rocking and Si—C
stretching vibrations [59—61]. FTIR spectrum of octadecane dis-
played peaks at 2917 cm~' and 2849 cm~! corresponding to the
stretching of C—H bonds. Peaks at 1471 cm~! and 1369 cm™!
correspond to C—H bending, and peak at 717 cm~! is due to in-
plane rocking of —CHy- groups [57]. The spectrums of the Oct/Si
composites shows a combination of the characteristic silicone and
octadecane peaks with no new peaks formed. The trend of
increased intensity of octadecane peaks for samples 500ct-Si to 80
Oct-Si was also in good agreement with the increase in octadecane
loading, suggesting that the two components were physically
mixed well.

3.2. Form-stability

The composite samples were prepared as described in Section
2.2 and were poured into a circular mold for curing. The composites
were subject to a leakage test as described in Section 2.3.1 to
investigate its form stability as a PCM composite and the optimum
octadecane loading capacities, and the results are summarized in
Fig. 1. It was observed from Fig. 1A and B that a higher loading of
octadecane led to a larger mass loss and thus percentage leakage,
and this could be attributed to having lesser silicone as the matrix
to interact with octadecane and encapsulate or bind them into the
composite. 800ct-Si resulted in the highest overall leakage of
68.53%, while 500ct-Si gave the lowest leakage of 2.44%. This
makes lower octadcane loading composites more favourable for the
containment and encapsulation of the octadecane PCM material.
Though higher octadecane loading samples led to higher percent-
age leakage, the final octadecane loading for 500ct-Si to 700ct-Si
after 10 h was observed to hover between a narrow range of
43—48% as in Fig. 1C. This is especially so for 500ct-Si and 60-Oct-Si,
where the percentage leakage (Fig. 1B) and percentage octadecane
remaining in each composite (Fig. 1C) seem to taper off close to
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Fig. 1. A) Graph of mass of composite at nth hour time interval against time. B) Graph of leakage rate of octadecane against time. C) Graph of percentage of octadecane loading

during the leakage test against time.

linearity with time. This suggests a favourable interaction between
octadecane and silicone matrix at optimum loading capacity,
helping to maintain a form-stable composite that retains at least
45% of PCM. 700ct-Si appeared to be subjected to further minor loss
of octadecane with time, while 800ct-Si had a significant loss of
octadecane with only 36.28% remaining at the end of the 10 h
leakage test. These two higher loading composites has lesser sili-
cone to interact with octadecane, leading to poorer performance in
retaining the PCM.

With more octadecane leaked from higher loading composites,

vV

as observed in Fig. 2, there is no change in Silicone sample com-
posite, 500ct-Si and 600ct-Si composites appears relatively un-
changed with slight decrease in sample diameter and thickness,
while 700ct-Si and 800ct-Si has significant shrinkage and de-
formities on the surface after the leakage test. From Fig. 3, silicone a
natural elastomer exhibits great flexibility, where bending with the
fingers allows it to conform to any desired shape without breaking.
Both 500ct-Si and 600ct-Si also showed signs of flexibility before
and after the leakage test, where it could be bent easily without
breaking. This supports silicone as a suitable matrix for form-

Fig. 2. Octadecane-Silicone Composites before and after subjected to leakage test from A) front view and B) side view.

4
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DOct-Si (Before) >

Fig. 3. Physical bending test for flexibility of composites. Red arrow points to crack observed.

stabilised octadecane-silicone composites. Tensile tests of these
composites have been performed and results will be discussed in
Section 3.3. As for 700ct-Si and 800ct-Si, the initial composites
were rather stiff due to high loading of octadecane which domi-
nates the characteristics of the composite, giving rise to a rather
crystalline structure. Slight bending showed signs of crack, and this
was especially evident in 800ct-Si (indicated with a red arrow in
Fig. 3). This rigid character was reduced after a significant amount
of octadecane was leached out from the leakage test, and the
composites consequently became more flexible but with a reduced
thermal storage capacity.

3.3. Phase change properties and thermal stability

DSC analysis of the Oct/Si composites before and after the
leakage test was performed, and the results are summarized in
Fig. 4 and Table 2. From Fig. 4, octadecane was observed to give a
single peak melting temperature (Tp,) at 30.33 °C with an enthalpy

Peak 1 Peak 2

Octadecane

800ct-Si (Before)
. 800ct-Si (After)

700ct-Si (Before
700ct-Si (After)

| 600ct-Si (Before)
600ct-Si (After)

Relative Heat Flow

500ct-Si (Before
| 500ct-Si (After)

10 20 30 40 50 60 70
Temperature (°C)

20 -10 0

Fig. 4. DSC curves for Oct/Si PCM composites before and after the leakage test
respectively.

of 215.6 ]J/g. However, two melting peaks were observed for the
melting process of the Oct/Si composites with Peak 1 at a lower
peak Ty, corresponding to the melting of bulk octadecane, and Peak
2 at a higher peak Ty, between 34.4 and 37.8 °C. Since silicone is an
insulator, this shift to a higher Ty, could be due to a thermal insu-
lation barrier formed by the silicone matrix, requiring a larger
amount of energy to penetrate the matrix and melt the core octa-
decane [62]. Therefore, as the loading of octadecane decreased and
consequently insulative silicone matrix content increased, Peak 1 is
gradually suppressed while Peak 2 is enhanced. Another plausible
possibility is due to the formation of metaphase for micro-
encapsulated octadcane by silicone matrix. The microencapsulated
octadecane is first encapsulated into a new metastable rotator
phase from isotropic liquid rather than directly into the triclinic
phase, as is the case for pure octadecane [63]. This observation is
indeed indicative of successful trapping of octadecane in the sili-
cone matrix, forming a form-stable PCM with low leakage [62].
Similarly with a portion of octadecane leaked out from the com-
posites to almost similar levels between 35 and 50% (Fig. 1C) after
the test, Peak 2 is enhanced with similar DSC profiles within the
series. The composites with higher percentage leakage showed a
more drastic change in the before and after DSC curves.

The latent heat can be estimated from the integration of the area
under the peaks of the DSC heating curves, and the respective
latent heat of each composite is summarized in Table 2. The latent
heat of a PCM is directly proportionate to its composition within the
mixture. Therefore, the latent heat of octadecane in the Oct/Si
composite can be calculated based on the following equation:

AHO = AHOct . mo

where AHop is the latent heat of octadecane, and mg is the mass
fraction of octadecane within the composite. This is in line with the
DSC results in Table 2, where the latent heat increased with the
percentage loading of octadecane, and decreased after the leakage
test to almost similar values.

TGA was performed for the Oct/Si composites to investigate its
thermal stability, and the respective curves are shown in Fig. 5.
Octadecane degraded almost completely through a one-step pro-
cess, which started at about 90 °C and completed at around 230 °C.
On the other hand, silicone was observed to be degraded via a
three-step process, where the first degradation appeared to start
from about 100 °C and ended at about 470 °C due to volatilization of
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Table 2
DSC results of Octadecane/Silicone composites before and after the leakage test.
Sample Latent Heat (J/g) T (Peak 1) (°C) Tm (Peak 2) (°C) Tonset (°C)
Octadecane 215.6 30.33 NA 25.71
500ct-Si Before 103.8 28.85 36.71 26.90
After 82.95 27.25 36.26 26.21
600ct-Si Before 117.9 28.84 36.38 27.24
After 105.7 28.97 35.97 27.28
700ct-Si Before 149.2 30.30 37.17 27.49
After 107.8 — 34.37 27.53
800ct-Si Before 172.8 29.90 37.80 27.63
After 108.7 - 35.76 26.53
A B
— S —Si
100 4 Octadecane 100 4 Octadecane
== 500ct-Si (Before) = 500ct-Si (After)
600ct-Si (Before) 600ct-Si (After)
80 - 700ct-Si (Before) 80 == T700ct-Si (After)
—_ < 800ct-Si (Before) —_ — 800ct-Si (After)
S 2
= £ 604
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'S [
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= =
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Temperature (°C)

Temperature (°C)

Fig. 5. A) TGA curves of Silicone, Octadecane and Oct/Si composites before leakage test. B) TGA curves of Silicone, Octadecane and Oct/Si composites after leakage test.

water and degradation from unzipping of terminal Si—OH groups
[64—66]. The second degradation step commenced immediately
and ended at about 620 °C, due to degradation and breakage of the
main silicone polymer chain [67,68]. The last degradation step,
which ended at around 800 °C was due to the conversion of silicone
to silica [65,67,68], leaving behind a residue of 57.55 wt%. The
composites before and after the leakage test showed a clear two-
step degradation, where the first step generally starting at around
90—100 °C was attributed to the degradation of octadecane, and the
percentage mass loss for each curve was in line with the amount of
octadecane present in the respective composite. The second step
was due to silicone degradation, and it commenced almost
immediately after the first step. These DSC and TGA results indicate
that the Oct/Si composites have been successfully prepared and
possess good phase change properties and thermal stability during
a temperature range of between 25 °C to 45 °C. It is also noteworthy
that with the interaction between octadecane and silicone, the
peak melting temperature is shifted from octadecane's melting
temperature of 30.33 °C to the human body temperature range of
34.4—37.8 °C. This makes the composite more suitable for appli-
cations involving human body contact such as body temperature
regulation and cooling, electronic wearable devices, human body
waste heat harvesting and other potential applications.

3.4. Flexibility and durability

The Oct/Si composite samples were subject to mechanical
testing to determine its flexibility and durability for applications
such as wearable devices. As seen in Fig. 3, 700ct-Si and 800ct-Si
composites started to crack upon light bending via the fingers, and

thus these samples were deem unsuitable for mechanical tests. The
Young's modulus, tensile strength, elongation at break and tough-
ness were measured and calculated for the other three remaining
samples, and the results are as given in Fig. 6. Silicone is a known
elastomer [69] which has a low Young's modulus and a large
elongation at break. The silicone used in this experiment was Platsil
73, and the technical data provided for this product was a tensile
strength of 230 psi (equivalent to 1585.8 kPa) and an elongation of
460%. This is fairly consistent with the experimental data obtained
for Si, where the tensile strength was 1497.07 kPa and elongation at
break was 447.63%. It is clearly evident that pure silicone has high
flexibility given its low Young's modulus of 235.41 kPa and a high
toughness of 2685.64 kJ/m>. As octadecane replaced half the
amount of silicone in the composite (500ct-Si), flexibility is slightly
reduced where Young's modulus increased to 388.92 kPa, but the
tensile strength of the composite dropped drastically to 386.89 kPa.
This is possibly due to presence of octadecane within the silicone
matrix, which disrupts the smooth polymeric network linkage
throughout silicone. Consequently, the elongation at break drops to
341.42% and toughness is reduced by more than 3.5 times to
776.47 KkJjm>. Increasing the octadecane concentration to 60%
(600ct-Si) reduced its flexibility by about 3.5 times, with Young's
modulus jumping to 814.88 kPa, and tensile strength, elongation at
break and toughness dropping to 224.15 kPa, 246.18% and 396.0 kJ/
m?> respectively. Despite the drastic decrease in Young's modulus
when octadecane loading is more than half its composition, the two
Oct/Si composites still exhibit great flexibility, just less durable
compared to silicone itself. Hence, a form-stable PCM composite
made of Oct/Si with 50% or 60% octadecane loading is still useful in
various applications that require mild flexibility or conforming to
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irregular shapes. We demonstrated a good example by using Oct/Si
composites for flexible heat absorption and storage pads (More
details are given in the Supporting Information).

4. Conclusion

PCMs have been widely used for thermal management appli-
cations; however, the leakage issue during phase change and its
structural rigidity has hindered its wide applicability in industry. In
this paper, a novel flexible form-stable PCM composite was suc-
cessfully prepared by using silicone to encapsulate octadecane.
Leakage tests showed minimal leakage for 50% octadecane loading
samples (500ct-Si) at 2.44%, and the composites eventually
retained about 46—48% of the PCM. The DSC results indicated a shift
in the melting peak of octadecane from 30.3 °C to a temperature
between 34.4 and 37.8 °C, possible due to thermal insulation or
microencapsulation by the silicone matrix. TGA data further
confirmed its good thermal stability within this temperature range.
Since the octadecane loading eventually stabilizes at around
46—48%, an initial loading of 50% octadecane for preparing the
form-stabilised PCM would suffice, giving a significantly large
latent heat of 103.8 J/g. The mechanical testing results exhibited
that a 50% loading composite was flexible and durable, with
Young's modulus of 388.92 kPa and elongation of 341.42%. Never-
theless, the tensile strength and toughness did fall short at
386.89 kPa and 776.47 kj/m>, but still acceptable for applications
requiring mild flexibility. 500ct/Si composite was also further
fabricated into a heat absorption pad for energy storage application,
showcasing the ability to absorb the waste heat from circular pipes.

In conclusion, an octadecane/silicone based form-stable PCM was
successfully prepared, and 50% octadecane loading in its silicone
matrix provides low leakage, good form stability, acceptable latent
heat, good thermal stability, flexibility and durability for a wide
range of applications requiring conformity to irregularities. This
would open up a new direction for flexible form-stable PCMs with
great potential for thermal management and energy. In our future
works, we will be looking to integrate this flexible form-stable PCM
composite with TE modules, electronics, wearable devices, and
body temperature regulators for effective energy harvesting and
management.
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