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Abstract: To address the drawback of low thermal conductivity of conventional organic phase
change materials (PCMs), a paraffin-wax-based phase change composite (PCC) was assembled
via a vacuum impregnation method, using a new type of carbon fiber network material as the
supporting matrix. The carbon fiber sheet (CFS) material exhibited a network structure comprising
high-thermal-conductivity carbon fibers, beneficial for enhancing the heat transfer properties of the
PCC. The sheet-shaped carbon fiber material was stacked and compressed, and then impregnated
with the liquid paraffin wax PCM to form the composite. The thermal conductivity, durability,
shape stability, chemical stability, and heat storage characteristics of the PCC specimen were carefully
analyzed. The maximum thermal conductivity of the PCC was 11.68 W-m~1-K~! (4670% compared
to that of pure paraffin) in the radial direction, and 0.93 W-m~1.K~! in the axial direction of the
sample, with 17.44 vol % of added CFS. The thermal conductivity retention rate after 200 thermal
cycles was 78.6%. The PCC also displayed good stability in terms of chemical structure, shape,
and heat storage ability. This study offers insights and a possible strategy for the development of
anisotropic high-thermal-conductivity PCCs for potential applications in latent heat storage systems.

Keywords: latent heat storage; PCM; thermal conductivity; composite

1. Introduction

Energy consumption management is becoming increasingly important as energy
demand increases. In 2019, the percentage of fossil-fuel-derived energy utilized as primary
energy amounted to 84%, as reported by British Petroleum (2019). The consumption of
non-renewable fossil fuels has led to numerous environmental problems, with increasing
CO; emissions being especially distressing. A reduction in fossil fuel consumption can be
realized by improving energy efficiency [1].

The recovery of waste energy is considered an effective strategy for improving energy
efficiency [2]. Phase change materials (PCMs) have received increasing attention in the
field of latent heat storage (LHS) technology due to their potential application in the
recovery of thermal energy waste. The study of PCMs for low-temperature waste heat
recovery has generally been centered on organic PCMs, such as paraffin wax, sugar alcohols,
and fatty acids, which have the advantages of high heat storage capacity, high chemical
stability, high thermal reliability, nontoxicity, corrosion and flame resistance, and low
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cost. However, the direct utilization of organic PCMs is limited by a critical disadvantage;
the heat transfer capability of organic materials is invariably inadequate, and the thermal
conductivity of organic PCMs is usually lower than 0.5 W-m~!.K~!, which is lower than
the thermal conductivity of water (0.62 W-m~1-K~!) at room temperature. Such a low
thermal conductivity leads to inadequate heat storage and sluggish heat release rates in
LHS systems. Prerequisite characteristics for the practical application of PCMs include a
high heat exchange rate, long durability, and shape stability.

Therefore, enhancing the thermal conductivity of PCMs is necessary for the develop-
ment of practical PCM-based LHS systems. The development of phase change composites
(PCCs) using pure PCMs and various functional additives has proven to be the most
fruitful strategy for PCM performance enhancement. Numerous materials have been used
as additives to enhance the heat transfer performance of PCMs, such as carbon materials
(including carbon nanotubes [3], carbon fibers [4], graphite [5], graphene [6]), metal par-
ticles and foams (Cu [7], Ni [8], and Al [9,10]), and compounds with favorable thermal
conductivity properties (BN [11], Alumina [12], Silica [13]). Burger et al. reviewed the
thermal conductivity properties of composites [14] and summarized the mechanisms by
which these properties are enhanced by the filler material. The structure and nature of
the filler determines the result of thermal conductivity enhancement. Fillers with an elon-
gated shape and a high aspect ratio result in higher thermal conductivities than those
attained with spherical particle fillers. This is because contact thermal resistance occurs at
the filler/matrix interface, and the interface area is smaller for elongated fillers than for
spherical particles. Park et al. [15] demonstrated that long MWCNTSs (55 W-m~1.K~! at
60% wt.) enhanced thermal conductivity to a significantly higher extent than short MWC-
NTs (20 W-m~1-K~! at 60% wt.) in epoxy composites. Furthermore, forming a network
structure with thermally conductive fillers can result in a higher degree of enhancement
than that achieved by adding randomly dispersed filler. Nomura et al. [16] proved that
the percolated network structure was superior to randomly dispersed fillers in terms of
increasing thermal conductivity. Numerous previous studies have likewise proven this
theory. [17,18]. Jiang et al. [19] fabricated a carbon-bonded carbon fiber network-based
composite. Using resin and carbon fibers to fabricate a porous network initially and then
impregnating paraffin into the network structure. The thermal conductivity of the com-
posite reached 13.8 W-m~!.K~1, 57 times higher than that of pure paraffin. In the studies
reviewed above, a network structure of carbon fiber in the composite was formed, and the
PCM thermal conductivity was improved to a high value.

The majority of previous studies have focused on enhancing the thermal conductivity
and shape stability of PCMs, and many have also centered on improving the durabil-
ity of PCCs, latent heat, and shape stability. However, only a few reports have focused
on the durability of enhanced PCMs; the high thermal conductivity of the enhanced
PCM must also be durable for practical utilization. In this study, we report the fabri-
cation of a PCC using long carbon fiber networks to enhance the thermal conductivity,
durability, and shape-stability of paraffin wax PCM. The PCC was fabricated via a vacuum
impregnation method, and the carbon fiber sheet material comprises long carbon fibers
and binders and was generated by traditional papermaking technology. The microstruc-
ture, thermal conductivity, durability, shape-stability, chemical stability, and heat storage
performance of the PCC were carefully investigated.

2. Experimental
2.1. Materials

Paraffin wax (PW) was used as the PCM in this study. Paraffin wax is widely utilized
for low-temperature LHS systems, owing to its suitable melting point, high latent heat,
and low cost. A high-thermal-conductivity carbon fiber sheet developed by Azumi Co.,
Ltd. was used to enhance the thermal performance of the paraffin PCM. The elementary
properties of these two raw materials are listed in Table 1.
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Table 1. Basic properties of raw materials.

Material Density Latent Heat Specific Heat =~ Thermal Conductivity
[kg-m—3] [kJ kg1 [kJ-kg—1-K-1] [W-m-1.K-1]
Paraffin wax 0.90 220 2.259 0.24
Carbon fiber sheet 2.09 - 0.72 > 900

2.2. Experimental Method

The PW/CFS phase change composite was fabricated via the vacuum impregnation
method, as shown in Figure 1. The carbon fiber sheets were cut into 10 cm x 10 cm pieces.
Then, 20, 22, 24, and 26 pieces of CFSs were compressed and fixed by two aluminum plates
to increase the volume fraction of CFS in the composite. Then, the fixed samples were
impregnated with liquid paraffin at 100 °C in a vacuum oven for 3 h. The impregnated
samples were cut along the vertical and horizontal directions and polished into disks
(diameter = 1 cm, height = 1-3 mm) for thermal conductivity measurements.

lem X lem CES

Vacuum,3h

Compressed &Fixed

Cutim?2

Paraffin Wax (Solid)

directions

Paraffin Wax d=10mm
*

(Liquid) 100°C h=3mm

Figure 1. Schematic representation for fabricating a phase change composite by the vacuum impregnation method along

with the sample preparation for laser flash measurements.

Additionally, a durability cycling test and shape-stability test were performed to in-
vestigate the performance of the PCC samples after long-term repetitive use. The durability
test was performed using a motive furnace device. The sample was heated at 100 °C
for 20 min and cooled at room temperature (25 °C) for 40 min to accomplish a complete
melting-solidification cycle. The samples were tested over 20 and 200 cycles. After the dura-
bility test, the thermal characteristics and properties of the PCC were analyzed. The shape
stability test of the PCC was conducted by heating paraffin and PCC in an oven at 100 °C
for 20 min; by comparing the two samples during melting, the shape stability and leakage
prevention capabilities of the PCC could be inferred.

2.3. Characterization

The thermal diffusivity (x) of the PCC fabricated in this study was measured using
an ULVAC TC-7000 laser flash system (ULVAC, Inc. Kanagawa, Japan), known to be
an accurate and reliable method. The PCC samples were cut and polished into disks
(diameter = 10 mm, height = 2 mm), and every sample was analyzed in both vertical
and horizontal directions. The accuracy of thermal diffusivity measurement was %+ 5.0%.
The measurement was repeated 5 times for each specimen.

The thermal conductivity (k) of materials can be calculated as

k= op-Cp 1
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where o is the thermal diffusivity of the PCC directly measured by laser flash, p is
the density of the PCC measured by an ultrapycnometer (Quantachrome Instruments,
Ultrapycnometer 1000, with an accuracy of £0.01%), Cp is the specific heat of the PCC
calculated using the volume fraction of each component and the specific heats of paraffin
and CFS.

The latent heat and thermal characteristics of the PCCs and pure PCM were inferred
from differential scanning calorimetry (DSC, METTLER TOLEDO DSC823) measurements,
conducted at a heating/cooling rate of 10 °C/min. The composition of PCM and PCC
specimens were measured by X-ray diffraction (XRD, Rigaku Miniflex600, Tokyo, Japan,
D/teX Ultra2, Cu Kw).

3. Results and Discussion
3.1. Effective Thermal Conductivity of the PCC

The low thermal conductivity of conventional paraffin PCM is the principal drawback
restricting the practical utilization of latent heat storage systems. The thermal conductivity
of paraffin wax is approximately 0.25 W-m~1-K~!. Thus, we utilized a new carbon-based
network to enhance the thermal conductivity of paraffin wax. The thermal conductivities
of the PCC samples measured in the radial and axial directions are shown in Figure 2.
The measured thermal conductivities of the composite samples from the radial direction
are 7.30, 9.92, 10.82, and 11.68 W-m 1.K~! corresponding to 13.49%, 14.70%, 16.47%,
and 17.44% volume fraction of CFS added, respectively. The thermal conductivity of
the paraffin PCM was enhanced by up to 46.7-fold compared to that of pure paraffin.
The thermal conductivities of the PCCs in the axial direction were only 0.75, 0.74, 0.87,
and 0.93 W-m~1.K~!. The highly crystalline carbon fiber markedly enhanced thermal
conductivity even at low volume fractions; the PCC also exhibited strong anisotropy in
thermal conductivity after enhancement, and the thermal conductivity in the axial direction
was significantly lower than that in the radial direction.

B Horizonal direction

M Vertical direction enhanced to PW

7.30 W-m1- K1

11.68 W-m1-K-1,48 times

10.82 W-m-K?!

9.92 W-m!'K!

W-m1- K1
.9 times

13.49% 14.70% 16.47% 17.44%
Volume fraction of CFS

Figure 2. Thermal conductivity of paraffin wax/carbon fiber sheet (PW/CFS) composites in vertical direction and horizonal

direction.

The SEM images of the CFS and PCC surfaces and cross-sections are shown in Figure 3.
In Figure 3a,b, a network structure comprising long carbon fibers can be clearly observed;
this type of continuous network structure contributes to enhancing the thermal conductivity
of the PCM. After impregnation, the spaces and pores among the carbon fibers were filled
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by paraffin, as seen in Figure 3c,d, with no visible pores remaining after impregnation (low
porosity provided less pores, and gas pores were detrimental to heat transfer because of
the low thermal conductivity of the gas). The majority of the carbon fibers were aligned
only on the horizonal plane of the CFS; after impregnation and polishing, carbon fibers
were still located on the horizontal plane and no fibers were aligned along the vertical
direction. This anisotropic alignment of carbon fibers explains the appreciable difference
between the thermal conductivities in the vertical and horizontal directions of the PCC.
In practical applications of the LHS system (especially industrial waste heat recovery),
anisotropic thermal conductivity of the PCC could be advantageous for achieving directed
heat transfer and reducing heat loss in the unwanted direction. Directed high-speed heat
transfer during system charging and discharging can improve the heat recovery efficiency,
thereby reducing heat loss to the environment [20].
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Figure 3. SEM images of (a) CFS surface before impregnation, (b) CFS cross-section before impregnation, (c) phase change
composite (PCC) surface after impregnation, (d) PCC cross-section after impregnation.

3.2. Durability and Form Stability of the PCC

To operate under practical application conditions, the cyclability of latent heat systems
needs to be long. Therefore, the fabricated PCC should be durable; we tested the durability
of our PCC samples using a motive-furnace-based heating system. Twenty and 200 melting-
solidification thermal cycles were completed, and the thermal conductivities of the samples
were measured after the durability test. The results are shown in Figure 4. After 20 and
200 thermal cycles, the PCC samples (horizontal direction) retained 85.9% (20 cycles) and
78.6% (200 cycles) of their thermal conductivity. This result indicates that the carbon fiber
network in the CFS material remains stable after several thermal cycles; the binders in
the CFS are stable at the working temperature of the PCC and can resist the expanding
force of the melting paraffin PCM. We believe that leakage during PCM melting and the
increase in contact thermal resistance in the CFS are the two chief reasons for PCC thermal
conductivity degradation. PCM leakage forms small air pores with extremely low thermal
conductivity in the PCC, and the binders in the CFS may undergo some degradation during
heating, affecting the structure of the carbon fiber network.
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100%
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Figure 4. Thermal conductivity retention rate of the PCC after 20 and 200 thermal cycles.

The form-stability of the PCC was investigated during heating, whereby pure paraffin
and the PCC sample were heated in a vacuum oven at 100 °C for 20 min. Photographs were
taken at 0, 5, and 20 min to compare the shape change of each sample. From the results in
Figure 5, during paraffin heating, pure PCM cannot maintain its form, melting to liquid
state, while the PCC maintained its shape and the liquid PCM largely remained in the PCC
after melting, as numerous studies have reported previously [21,22]. The shape stability of
carbon-based network structures can enhance the form-stability of PCCs. The stability of
the carbon fiber network structure in the CFS can maintain the shape of the PCC during
heating, and the micrometer-scale pores in the carbon fiber network possibly allow for
capillary force to prevent PCM leakage.

Pure paraftin Par/CFS composite

G e
SN :
W by
¥
: i

Figure 5. Leakage test result of pure paraffin and the PW/CFS composite.
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In summary, the PCC exhibited excellent durability for over 200 cycles and good
shape-stability during heating and cooling. The results of the durability and shape-stability
tests indicated that the carbon fiber network structure in the PCC remained stable during
practical operation.

3.3. Thermal Properties of the PCC

The heat storage capacity of the PCC samples was measured by DSC, and Figure 6
depicts the DSC curves and heat storage capacities of the PCC before and after 20 and
200 thermal cycles. The thermal characteristics of each sample are shown in Table 2.
The DSC curves resemble each other, and the melting point shifts for the PCM and PCC
were minimal. The latent heat of pure paraffin during the melting process was 217.7 J-g !
while that of the PCC before the durability test was 158.5 J-g~!, which is very close to the
theoretical latent heat (156.7 J-g~!) calculated using the mass fraction of paraffin (72%) in
the PCC. This verifies that the latent heat of the paraffin PCM in the PCC was not affected
by the addition of CFS, and there was no chemical reaction between paraffin and carbon
fiber during impregnation. After the durability test, the melting latent heat of the PCC
decreased to 147.67 J-g~! (20 cycles) and 139.96 J-g~! (200 cycles). The latent heat of the
PCC remained at 88% of its original value after 200 thermal cycles. After the durability test,
we noted that a small amount of PCM had leaked out and attached to the aluminum foil
package. A comparison of the PCC weight before and after 200 cycles indicated a sample
weight loss of approximately 12%, which caused a reduction in the latent heat. For practical
applications, a more compact packaged PCC unit should be formed to prevent the leakage
of PCM more effectively. Nevertheless, the latent heat of the PCC remained stable after
200 cycles after eliminating the effect of PCM leakage, and latent heat degradation of the
PCM did not occur.
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Figure 6. Thermal characteristics of paraffin wax phase change materials (PCM) and PW /CFS composite before and after

durability test.
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Table 2. Thermal characteristics of PCM and PCC.
Specimen Melting Point Latent Heat Solidification Latent Heat (s)
P (peak) [°C] (m)[k]-kg~1] Point (peak) [°C] [k]-kg—1]
PCM 57.35 217.70 50.96 215.40
PCC 60.54 158.50 47.24 158.41
PCC 20 cycles 59.90 147.67 49.46 148.26
PCC 200 cycles 57.58 139.96 50.09 138.98

3.4. Chemical Stability of the PCC

The PCM is expected to be a chemically stable material during its heat storage and
release process; therefore, investigating the enhancement of chemical stability of the PCC
is crucial. The XRD patterns of pure paraffin, pure CFS, and the PCC before and after
thermal cycling are shown in Figure 7. The CFS exhibited a carbon crystal peak at 26.6°
and one sub-peak; paraffin wax exhibited two major peaks at 21.8° and 24.2°. All of these
paraffin and CFS characteristic peaks can be detected in the PCC pattern before and after
the durability test, and no additional peaks were detected. Combining the SEM images
and thermal properties with the XRD results, it is evident that no chemical reaction had
occurred during the fabrication and cyclic working process of the PCC. In the PCC, the CFS
network and paraffin PCM are physically combined and the composite displayed favorable
chemical stability during practical thermal cycles.

_d. PCCafter 200 thermal cycles

c. PCC without thermal cycles

Inernsity (a.u.)

b. Pure Carbon fibre sheet

—

a. Pure Paraffin wax

. N —\

10 20 30 40 50 60
20 (degree)

Figure 7. XRD patterns of (a) pure paraffin, (b) pure carbon fiber sheet, (c) PCC before thermal cycles
and (d) PCC after 200 thermal cycles.

4. Conclusions

A new type of paraffin-wax-based latent heat storage composite material was suc-
cessfully fabricated in this study. The thermal transfer performance, thermal storage
performance, and microstructure of the PCC were investigated. The conclusions of this
research can be summarized as follows:

1. The thermal conductivity of the PCM was enhanced from 0.24 W-m™.K! to
11.68 W-m™1-K™! (4670%) in the horizontal direction with a CFS content of 17.44 %. The PCC
exhibited a strongly anisotropic high thermal conductivity in the horizontal direction.
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2. The PCC displayed good durability and shape stability; the thermal conductivity
retention rate of the PCC was 85.9% and 78.6% after 20 and 200 thermal cycles, respectively.
The composite also showed a good shape-stability and leakage-proof ability during the
melting of PCM. The stability of the carbon fiber network structure in the CFS contributed
to this favorable outcome.

3. The PCC proved to be chemically stable during fabrication and practical thermal
cycling, as evident from the XRD results, which indicated only the physical combination
between the CFS and paraffin.

4. The thermal characteristics of the PCM and PCC verify that the heat storage capacity
and the heat storage/release temperature of the PCC remained stable and that the addition
of the CFS did not have an effect on the heat storage capacity of the PCC. The latent heat of
the PCC attained 158.50 J-g 1.
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