
 
 

University of Birmingham

Expanded graphite – paraffin composite phase change
materials
Zhao, Yanqi; Jin, Lu; Zou, Boyang; Qiao, Geng; Zhang, Tongtong; Cong, Lin; Jiang, Feng; Li,
Chuan; Huang, Yun; Ding, Yulong
DOI:
10.1016/j.applthermaleng.2020.115015

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Zhao, Y, Jin, L, Zou, B, Qiao, G, Zhang, T, Cong, L, Jiang, F, Li, C, Huang, Y & Ding, Y 2020, 'Expanded
graphite – paraffin composite phase change materials: effect of particle size on the composite structure and
properties', Applied Thermal Engineering, vol. 171, 115015, pp. 1-12.
https://doi.org/10.1016/j.applthermaleng.2020.115015

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 18. Apr. 2024

https://doi.org/10.1016/j.applthermaleng.2020.115015
https://doi.org/10.1016/j.applthermaleng.2020.115015
https://birmingham.elsevierpure.com/en/publications/2b821599-5120-40b2-ad02-14a941a058dd


Journal Pre-proofs

Expanded Graphite – Paraffin Composite Phase Change Material: Effect of
Particle Size on the Composite Structure and Properties

Yanqi Zhao, Lu Jin, Boyang Zou, Geng Qiao, Tongtong Zhang, Lin Cong,
Feng Jiang, Chuan Li, Yun Huang, Yulong Ding

PII: S1359-4311(19)37301-6
DOI: https://doi.org/10.1016/j.applthermaleng.2020.115015
Reference: ATE 115015

To appear in: Applied Thermal Engineering

Received Date: 22 October 2019
Revised Date: 17 January 2020
Accepted Date: 26 January 2020

Please cite this article as: Y. Zhao, L. Jin, B. Zou, G. Qiao, T. Zhang, L. Cong, F. Jiang, C. Li, Y. Huang, Y.
Ding, Expanded Graphite – Paraffin Composite Phase Change Material: Effect of Particle Size on the Composite
Structure and Properties, Applied Thermal Engineering (2020), doi: https://doi.org/10.1016/j.applthermaleng.
2020.115015

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2020 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.applthermaleng.2020.115015
https://doi.org/10.1016/j.applthermaleng.2020.115015
https://doi.org/10.1016/j.applthermaleng.2020.115015


1

Expanded Graphite – Paraffin Composite Phase Change Material: Effect 

of Particle Size on the Composite Structure and Properties

aYanqi Zhao, bLu Jin, aBoyang Zou, bGeng Qiao, aTongtong Zhang, aLin Cong, aFeng Jiang, 
aChuan Li, cYun Huang and a*Yulong Ding

aBirmingham Centre for Energy Storage & School of Chemical Engineering, University of 

Birmingham, Birmingham B15 2TT, United Kingdom
bGlobal Energy Interconnection Research Institute Europe, Berlin, Germany

cInstitute of Process Engineering, Chinese Academy of Sciences, Beijing 100080, China

*Corresponding author: y.ding@bham.ac.uk

Abstract

Expanded graphite (EG) is highly thermally conductive and has a porous structure, making it 

an ideal candidate for shape stabilisation of phase change materials (PCMs). We investigated 

the effect of EG size on the structure and properties of EG based paraffin composite PCMs for 

which no reports have been found in the literature. Large EG particles have a loose vermicular 

shape with a significant number of pores and voids in irregular shapes and varied sizes, which 

links together form a strong networking structure. A higher degradation temperature with up 

to 31 °C  increase was observed for the composite phase change material (CPCM) containing 

large EG particles, which also showed a significant level of thermal conductivity enhancement 

of up to 1695% compared with the paraffin. Phase change temperature hysteresis between the 

melting and solidification temperature was observed on the CPCM using large EG particles. 

Higher loading of the EG reduced the temperature hysteresis mainly due to a higher heat 

transfer rate. Fine EG particles are primary in the form of loose graphite sheets. The structural 

defect gave worse thermal cycling stability to the composite containing fine EG particles than 

the composites using large EG particles. The CPCM made from fine EG particles also has a 

significantly higher thermal degradation temperature with up to 37 °C  increase partially due 

to the existence of interfacial thermal resistance but gives a low level of thermal conductivity 

enhancement of up to 340%.

Keywords: expanded graphite; phase change material; composite; particle size effect; 

composite structure; thermal conductivity
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1. Introduction

Organic low-molecular PCM paraffin is a promising candidate for thermal energy storage (TES) 

due to the high latent heat, good thermal reliability, low volume change during phase transition 

and low supercooling degree [1]. However, pure paraffin has a low thermal conductivity of 

roughly 0.2 W/mK. In order to improve the thermal conductivity of pure PCM, various thermal 

conductive materials have been investigated, including impregnating expanded graphite (EG) 

matrix into PCM [2], saturating aluminium foam with PCM [3], dispersing carbon fibre into 

PCM [4] and applying PCM with aluminium wire mesh [5]. 

Among all the materials, carbon-based nanomaterials have been proved to be excellent choices 

due to their high thermal conductivity and good compatibility with organic PCMs. 

Ramakrishnan [6] enhanced the thermal conductivity of paraffin/hydrophobic expanded perlite 

composites with graphite, carbon nanotube and graphene nanoplates. Results showed that 

addition of 0.5wt% carbon-based material can improve the thermal conductivity with 30% to 

49%. Sari et al. [7,8] investigated thermal property enhancement ability of carbon nanotube. 

The researchers found that when 1wt% and 2.5wt% of carbon nanotube were added into 

polyethene glycol/raw diatomite composite and myristic acid/silica fume composite, the 

thermal conductivity can be improved by and 43.8% and 93%, respectively. 

EG is another promising carbon-based material with excellent thermal property and cost 

advantage. The porous material has pores and voids which is consisted of many large and thin 

graphite flakes. The graphite flakes have high in-plane thermal conductivity and it provides EG 

with high thermal conductivity [9]. The capillary forces of the pores and voids in EG can pull 

PCM into the matrix. In this way, it confines the PCM in the pores and voids and increases the 

thermal conductivity of the composite [10]. Karaipekli et al. [11] improved the thermal 

conductivity of stearic acid using EG. Results showed a linear relationship between the thermal 

conductivity and mass fraction of EG, with 10% of EG the thermal conductivity was increased 

by 266.6% and reached 1.1 W/mK. Sari et al. [12] developed a novel palmitic acid/EG 

composite with excellent thermal stability. FTIR results confirmed that after 3000 times of 

thermal cycling the chemical structure of the composite material remains the same. DSC results 

also showed that change of melting and solidification temperature and latent heat of the 

composites were at an acceptable level. Sari et al. [13] also studied the paraffin/EG composite 

material and found that with 10 wt% EG the thermal conductivity of the composite was 

measured to be 0.82 W/mK. Zhang et al. [14] investigated the flammability of 
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EG/paraffin/high-density polyethene composites. The results showed that flame retardancy of 

the composite can be improved with the existence of EG, as EG could form a char layer with 

good strength and stability under heating. 

The thermal property of CPCM is affected by the particle size of the supporting material. For 

particulate composites, if the particle is too small, interfacial thermal resistance dominates the 

influence on thermal conductivity of the composite. If the particle size is relatively large, the 

thermal conductivity of the composites is decided by the bulk property [15]. Chirtoc et al. [9] 

investigated the role of particle size and interfacial thermal resistance in determining the 

thermal conductivity enhancement ability of EG. The authors found that a large particle size 

leads to high thermal conductivity enhancement. When the particle size of EG is lower than 

the threshold (Kapitza radius), the interfacial thermal resistance will reduce the thermal 

conductivity enhancement. Luo et al. [16] studied the effect of particle size on the thermal 

transport between graphene and paraffin numerically. The researchers concluded that 

elongating graphene flake could enhance the thermal transport hence improving the thermal 

conductivity of the composite. Every et al. [17] observed that thermal conductivity of ZnS was 

improved when large particle size diamond was added but lowered by adding sub-micron size 

particles of the diamond. The authors proposed a theory as interfacial thermal resistance 

becoming dominant when the particles become small. 

When confined in pores and voids of EG, PCM exhibits different phase change behaviour from 

the bulk PCM and a shift on the phase change temperature of the PCM will happen. The shift 

of the melting and freezing temperatures was explained by the Clapeyron–Clausius equation, 

as the enthalpy and volume of the PCM changes during the phase change. The change on the 

phase change behaviour could also be due to the interaction between the PCM surface and the 

pore surface [18,19]. Pore structure could also be the reason which causes the change in the 

phase change temperature. According to Awschalom and Warnock’s research [20], the 

geometry of the PCM changes when confined in pores, leading to different property unlike that 

of pure PCM. It causes the observed increase in hysteresis. 

Through literature review, it was found that researches on the effect of particle size on the 

thermal property of the composite have also been inadequate. Besides many present studies of 

EG/composite material neglect the temperature hysteresis between the PCM and EG/PCM 

composites. When confined in EG, PCM was believed to have little or no change in the phase 

change temperature. The shift of melting and solidification temperature of the PCM could 
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cause problems in the real application as it will cause deviations from the expected working 

temperature. In the current research, composites with different particle sizes of EG and 

different mass fractions of EG were prepared. In order to study the effect of particle size on the 

thermal property, the prepared materials were examined in terms of surface morphology and 

3D structure using scanning electron microscope (SEM) and X-ray nano-ct system (XRT), 

respectively, and thermal property and thermal stability were studied by differential scanning 

calorimetry (DSC), laser flash apparatus (LFA) and simultaneous thermal analyser (STA). 

2. Experimental  

2.1 Material 

Table 1 Physical properties of the raw material (RT 28HC)

Physical property Parameter

Peak Melting temperature（°C） 28.02

Peak Solidification temperature （°C） 26.24

Specific heat（kJ/kg·K） 2

Latent heat (kJ/kg） 220

Density（Liquid）（kg/m3） 0.77

Density（Solid）（kg/m3） 0.88

Flash point（°C） 165

Paraffin (RT28HC) was purchased from Rubitherm as the phase change material for this study, 

characteristics of the PCM were listed in Table 1 (the property was supplied by Rubitherm). 

Three EG with different particle size were purchased from Donghai Anfa International trade 

company Ltd. EG1 and EG2 were in large micrometres scale (i.e. hundreds ), while particles μm

of EG3 were in lower micrometres scale (i.e. below 10 ). EG particles were sieved first μm

using sieves with different sizes. The size of the EG particles was then verified using SEM, 

their dimensional information is given in Table 2.
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Table 2 Particle size of different EGs

Type of EG Diameter/width ( )μm Length ( )μm

EG1 400 1000

EG2 120 200

EG3 Less than 1 10

2.2 Preparation of EG/paraffin composites

Shape stabilized PCM composites were prepared by physical blending and impregnating of the 

PCM into different EGs. Paraffin was pre-melted using a magnetic hotplate stirrer. Then EG 

was slowly added to the melted paraffin with continuous stirring. The mixture was stirred for 

10 minutes to ensure the homogeneity of the mixture. Next, the mixture was transferred into 

an ultrasonic water bath to accelerate the impregnation of liquid paraffin. After the 

impregnation, the surface of EG was coated with paraffin and the pores of the EG were filled 

with paraffin. The prepared sample was then cooled at room temperature and compacted using 

a Lloyd LS100 Plus materials testing machine. Samples were compressed into a solid matrix 

with a flat cylindrical shape. The process of sample preparation is illustrated in Figure 1.
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Figure 1 the process of the CPCM sample preparation.

The samples were weighed within the error of ± 0.1mg. The prepared samples have the same 

weight of 0.24g, 13mm in diameter and roughly 3mm in height. All samples should have the 

same density as this property is directly related to the thermal conductivity and porosity 

estimation of composites. Wang et al. found out that increased compression pressure on 

expanded graphite will cause the change of thermal conductivity and permeability [21]. 

Because the selected EGs possess different density initially, thus the compression strength was 

ranging from 0.2 to 30KN to attain a similar density of final composites. During the 

compression, no leakage of paraffin was observed which indicated the sufficient adsorption of 

the paraffin. Composites were prepared with paraffin and different particle size of EG, with the 

EG mass ratio in 5% increments from 15% to 25%. 



7

2.3 Characterization of EG/paraffin composite

The surface morphology of EG and paraffin/EG composites were observed using a scanning 

electronic microscope (SEM, HITACHI Microscope TM3030). The observations were 

performed at different magnifications with different acceleration voltages. 

Nano-CT system (XRT, Bruker SKYSCAN 2211) was used to attain the porosity information 

of paraffin/EG composites. XRT is a non-destructive technique wherein thousands of 2D raw 

images are acquired from different angular positions of the composite. Using the 2D 

reconstructed images of the samples will be able to build a 3D volume rendering which enables 

to reveal the impregnated PCM in EG matrixes. The 3D model gives the structure parameter 

of the EG matrix and distribution condition of the PCM. Flat-panel X-ray detector was used, 

and 1200 images were generated with the scanning step angle of 0.3°. In order to obtain the 

structure parameters from the 3D models, VOI (volume of interest) needs to be carefully 

defined firstly. It refers to the sub-volume of the dataset within which EG matrix is exactly 

included. The images also need to be segmented, i.e. to confirm the suitable grey level (0-255) 

threshold. Same segmentation method was applied to all the samples. After segmentation, 

voxels that reprsent the porosity were efficiently distinguished from the EG constituent. An 

example of the 3D binary XRT image and the grey level frequency histogram after 

segmentation is shown in Figure 2. The specific surface area was defined as the object surface 

area per object volume space. Pore volume is the difference between the VOI and the EG matrix 

volume. The porosity was calculated as follows:

%Porosity = 1 ―
𝐸𝐺 𝑚𝑎𝑡𝑟𝑖𝑥 𝑣𝑜𝑙𝑢𝑚𝑒

𝑉𝑂𝐼 𝑣𝑜𝑙𝑢𝑚𝑒
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Figure 2 One of the Cut surface of the EG1 3D binary image (Left), selected grey level 

of the image (right).

Thermal properties of paraffin/EG composites, such as latent heat, specific heat, melting and 

solidification temperature, were measured by differential scanning calorimeter (DSC, Mettler 

Toledo DSC 3). The tests were performed in a nitrogen atmosphere from 0 to 50 °C and 50 to 

0 °C at a heating/cooling rate of 5 °C/min. Samples were weighted using a high precision 

balance (Mettler Toledo XP6U Micro Comparator) with the readability of 0.0001 mg. The 

weight of the samples was controlled in the range of 3-6mg. All samples were tested under 

three heating and cooling cycles. Specific heat was measured using the sapphire method 

according to DIN 51007 [22]: 

𝐶𝑝 =
(Φ𝑚𝑒𝑎𝑠 ― Φ𝑏𝑙)

𝑚𝑠𝑎𝑚
∗

𝑚𝑠𝑎𝑝

(Φ𝑠𝑎𝑝 ― Φ𝑏𝑙)
∗ 𝐶𝑝.𝑠𝑎𝑝

where  and  are known that represent the weight and specific heat of the sapphire, 𝑚𝑠𝑎𝑝 𝐶𝑝.𝑠𝑎𝑝

respectively.  and  denote the heat flow applied on the sapphire and blank, respectively.  Φ𝑠𝑎𝑝 Φ𝑏𝑙

 is the measured total heat flow and  is the measured sample weight. Φ𝑚𝑒𝑎𝑠 𝑚𝑠𝑎𝑚

Thermal conductivities of EG/paraffin composites were measured by Laser Flash Apparatus 

(LFA, NETZSCH LFA 427). The measurements were performed under a nitrogen atmosphere 

from 30 to 70 °C with a measurement interval of 10°C. At each temperature set point, the 

measurement was repeated five times in order to ascertain the correct values.

The thermal stability of materials was characterized by a simultaneous thermal analyser (STA, 

NETZSCH STA 449 F3 Jupiter) from 25 °C to 400 °C with a heating rate of 10°C/min. Leakage 

phenomenon was also studied by comparing the weight of the samples before and after cycling. 

The samples were cycled between 15 and 45 °C for 50 times and weight loss were calculated 

according to the following equation [23] :

weight loss% = 100 ―
(𝑚𝑏𝑒𝑓𝑜𝑟𝑒 ― 𝑚𝑎𝑓𝑡𝑒𝑟)

𝑚𝑏𝑒𝑓𝑜𝑟𝑒 ∗ 𝑤 ∗ 100

where  is the weight of the sample before cycling,  is the weight of the sample 𝑚𝑏𝑒𝑓𝑜𝑟𝑒 𝑚𝑎𝑓𝑡𝑒𝑟

after cycling,  is the mass fraction of the paraffin. 𝑤
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3. Results and Discussions

Figure 3 Particle size observation of different EG particles: (a) EG1, (b) EG2, (c) EG3

Particles size of the EG particles were examined and confirmed through SEM imaging on 

different samples. Figure 3 shows SEM images of the purchased EGs (more pictures see in 

supplementary material). A distinct difference in the morphology was observed between EG3 

and the other two EGs. EG1 and EG2 were in large micrometres scale with the loose vermicular 

shape. On the surface of EG1, sets of graphite sheets were arranged in parallel, gaps with an 

approximate size of (30 *200  ) in between each graphite sheet set. Whereas EG3 with μm  μm

the micro-scale presented in the shape of graphite sheets with an irregular arrangement. 

  

                   （a)                                         （b)                                        （c)

3.1 Microstructure of the composites

3.1.1 Morphology observation

(a) ~ 400 *1000   (w*l) μm (b) ~ 120 * 200   (w*l) μm (c) ~ <1 * 10   (w*l) μm
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(d) (e) (f)

  

(g) (h)  (i)

Figure 4 Pores of varied sizes on the surface of infiltrated EG1, EG2 and EG3 

particles. (a) EG1 ( 500) (b) EG1 ( 1200) (c) EG1 ( 12000); (d) EG2 ( 500) (e) × × × ×

EG2 ( 1200) (f) EG2 ( 12000); (g) EG3 ( 500) (h) EG3 ( 1200) (i) EG3 (× × × × ×

12000)

Continually zooming on the surface of EG1 and EG2, as shown in Figure 4, pores with varied 

sizes in a range of 1-60  were observed. These pores intersected with each other, formed an μm

irregular networking structure. However, when the particle size of EG reduced to the small 

micrometre scale (i.e. EG3), there was lack of the connected networking structure, particles 

were primarily in the form of loose graphite sheets, see Figure 4 (g, h and i). 
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                                 (a)                                                                    (b) 

                                 (c)                                                                     (d)

                                 (e)                                                                     (f)

Figure 5 Cut surfaces of composites at different magnification. Light area- RT28HC, 

Dark area- EG (a) EG1 Composite, 300. (b) EG1 Composite, 1200. (c) EG2 × ×
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Composite, 300. (d) EG2 Composite, 1200. (e) EG3 Composite, 300. (f) EG3 × × ×

Composite, 1200.×

Figure 5 presents the cut surfaces of the composite tablets based on the different type of EGs. 

Paraffin exhibited good compatibility with EG and when paraffin is confined in the graphite 

pores interaction could be observed between the paraffin and graphite layer. Patrik et al. [24] 

carried out detailed X-ray diffraction study on low-density polyethene, paraffin and expanded 

graphite composites. The results proved the partial intercalation of the paraffin wax chains 

between the graphite layers. The highest intercalation was observed with the highest amount 

of EG and paraffin wax. The existence of the various pore sizes on the EG matrix, especially 

of EG1 and EG2, contribute to the adsorption of most of the paraffin. 

These different structural arrangements of EG had a great impact on paraffin adsorptions. The 

SEM pictures (Figure 5) illustrate that composites based on EG1 and EG2 revealed different 

adsorption behaviours towards paraffin, compare with composite based on EG3. In the case of 

composites based on EG1 and EG2, paraffin was absorbed into large pores and the gaps built 

among EG particles, crystallised and aggregated into big particles (see Figure 5 a and c). In 

addition to this, owing to the capillary force, a mass of the paraffin was retained in relatively 

small pores of the networking structure. In these circumstances, the morphology of paraffin 

appeared as needle shapes as indicated in the green area of Figure 5 a. Moreover, the paraffin 

can be easily impregnated into the void and pore structures of the large micrometre scale EG, 

also due to the high wetting ability of paraffin in the liquid phase. Li et al. [25] carried out 

observation on the EG with 180  size and found a large number of microvoids on the EG.  μm

The voids are constituted by parallel and collapsed layers which were concluded to be the key 

reason for EG’s excellent adsorption. 

On the contrary, by the reason of lacking the compact networking structure, therefore the 

capability of the adsorption reduced a great extent. Only a small amount of the PCM was 

confined in the voids formed among loosed EG3 particles. Most of the paraffin sit on the 

surface of graphite sheets, so largely white colour can be seen in Figure 5 (e) and (f). 

The compact networking structure of EG1 and EG2 matrixes provided good thermal behaviour 

to the composite. While in the case of EG3 composites, interfacial thermal resistance existed 

among the small particles, which hinders the heat transfer among the composites. Subsequently, 

the phase change temperature, thermal conductivity and thermal degradation temperature were 
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affected by the structure, which will be discussed in the following chapters. 

3.1.2 3D structural characterization of the pure EG matrix and paraffin/EG composites. 

Pure EG matrix based on different particle sizes were imaged in 3D using a Nano-CT system 

(XRT). Porosity and specific surface area of EG matrixes were obtained from the 3D binary 

images (see Table 3). It was found that EG1 and EG2 have relatively large porosity and specific 

area compared with EG3.

Table 3 Structure parameters of the pure EG matrix.

Material Porosity (%) Specific area (1/mm)

EG1 38.01 13.07

EG2 30.06 11.86

EG3 18.03 9.04

The pore size distribution of different pure EG matrixes before the adsorption is shown in 

Figure 6 (a). It illustrates that EG3 had relatively narrow porosity distribution. The pore size of 

EG3 was also relatively small, sitting within 27-180 . The pore size of EG1 and EG2 mainly μm

located in the range of 135 - 243  which was relatively larger than the EG3 matrix. The  μm

latter one mostly consists of small particles without significant compact pore structure. These 

small particles loosely arranged to form unconnected voids (see Figure 4 g-i), the void size was 

relatively small, compared with the porous structure in EG1 and EG2 matrix. The conclusion 

can be also confirmed by SEM pictures. EG/paraffin composites were also studied 

preliminarily. The 3D surface-rendered models were shown in Figure 6 (b). Different material 

components were visualised in a different colour according to material density (x-ray opacity). 

In this study, the brown colour indicates low density which is EG, blue colour indicates high 

density which is paraffin.  The results demonstrate the impact of particle size on the EG 

matrix/PCM adsorption. The pronounced colour difference illustrates that EG matrixes with 

the connected porous structure have a better capability on PCM adsorption and confinement. 

EG1 and EG2 have connected pore structure, and PCM are confined in the pores of EG, hence 

few blue colours are observed at the cross-section of the 3D model. However, in the case of 

composite with EG3, PCM is not reserved in pores and it is held in the void between small EG 
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particles. The cross-section of the 3D model almost consists of blue colour which is paraffin, 

and it indicates the bad adsorption of paraffin into EG. 

a b

EG2 composite EG3 composite EG1 composite

Figure 6 (a) Pore size distribution of EG matrixes, calculated from the binary images 

(b) 3d surface-rendered models of the cross-section of EG/Paraffin composite with 

25wt% of EG loading (brown to blue scale bar indicates the density changing from low 

to high).

3.2 Thermal characterization 

3.2.1 Phase change behaviour study 

The phase change temperature of the composites was affected by both thermal conductivity 

and the porous structure of the EG in a complex manner. In this paper melting peak temperature 

( ) and solidification peak temperature ( ) are chosen for studying the melting and 𝑇𝑝,𝑚 𝑇𝑝,𝑠

solidification behaviours of the composites. 

(a) (b) (c)

Figure 7 DSC scanning curve for EG based composites. (a) EG1 based composites (b) 

EG2 based composites (c) EG3 based composites

L

H
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In Figure 7, the DSC result of the composites displays the well-defined peaks which are 

associated with the melting and solidification events. The position of the peak varies with the 

different mass content of EG. 

Table 4 Characteristic temperatures obtained from DSC measurement

Material  (°C)𝑇𝑝,𝑚  (°C)𝑇𝑝,𝑠 = -∆T 𝑇𝑝,𝑚 𝑇𝑝,𝑠

15wt% 29.9 24.33 5.57

20wt% 29.45 24.77 4.68EG1

25wt% 28.32 25.48 2.84

15wt% 28.85 23.31 5.54

20wt% 28.38 24.62 3.76EG2

25wt% 28.16 24.75 3.41

15wt% 28.19 25.79 2.4

20wt% 28.17 26.34 1.83EG3

25wt% 28.16 25.72 2.44

RT28HC 28.02 26.24 1.78

Table 4 gives the characteristics temperatures obtained and derived from the DSC 

measurements. It was found that the maximum difference of  and  between the  𝑇𝑝, 𝑚 𝑇𝑝,𝑠

composites and the raw PCM can reach 1.88 and 2.93 °C, respectively. The  of both EG1 𝑇𝑝,𝑚

and EG2 based composites was increased comparing with pure RT28HC. In contrast to the 

, the shift of the  of EG1 and EG2 from bulk RT28HC were negative. Pronounced 𝑇𝑝,𝑚 𝑇𝑝,𝑠

hysteresis between solidification and melting were observed on the present of EG content. The 

temperature difference ( ) of  and  of the composites were increased by up to 3.79 °C, ∆T 𝑇𝑝,𝑚 𝑇𝑝,𝑠

compared with the raw material. The shift on the phase change temperature of the PCM was 

also observed by some other researchers [26–28].
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The phase change behaviour of PCM confined in pores is influenced by the pore pressure. It 

could be explained by the Clausius-Clapeyron equation: 

𝑑𝑃
𝑑𝑇 =

𝐿
𝑇∆𝑉

where   is the slope of the tangent to the coexistence curve at any point which is positive for 
𝑑𝑃
𝑑𝑇

most PCMs,  is the specific latent heat,  is the temperature,  is the specific volume change 𝐿 𝑇 ∆𝑉

of the phase transition. 

In the case of RT28HC,  is 220 kJ/ kg, T is 301K and  is roughly 10%. It brings to a positive 𝐿 ∆𝑉

value of  . The increased volume of the PCM during the solid to liquid phase transition led 
𝑑𝑃
𝑑𝑇

to increased pressure in the matrix, which in turn results in increasing melting temperature. 

Similarly, the solidification process of the PCM was influenced by the confinement condition. 

The decreased volume of PCMs during the solidification led to a decreased pressure, therefore 

led to a decrease in the solidification temperature. 

Moreover, the change of the phase change behaviour could also be affected by the interface 

between the PCM surface and the pore surface. Alkane form solid adsorbed monolayers at a 

graphite surface, which lead to the interfacial phenomena of adhesion. The strong interaction 

between the PCM surface and pore surface resulted in elevated melting temperature and 

depressed solidification temperature. 

The structure of the confined PCM is relevant to determinate the melting and freezing 

temperature. As it was observed in this study, EG matrix has a tight network structure. The 

pore networking effect influenced the hysteresis. The interconnected pores affect the melting 

and solidification of the PCM and cause larger hysteresis, leading to different property unlike 

that of pure PCM. 

  

(a) (b)
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Figure 8 Melting and solidification peak temperatures of EG based composites in 

comparison with the bulk PCM

The morphology of EG was not the only factor that affected the phase change temperature of 

the PCM. Figure 8 illustrates the impact of the EG amount on the PCM phase change behaviour. 

The melting temperature of the EG1 and EG2 based composites decreased with the increase of 

EG mass percentage so that composites with 25wt% EG content had the lowest , and the 𝑇𝑝,𝑚

value was close to the  of the raw material. The  in this case was increasing with the 𝑇𝑝,𝑚 𝑇𝑝,𝑠

increased mass percentage of EG.  of composites with 25wt% EG content was also close to 𝑇𝑝,𝑠

the  of the raw material. Hence the hysteresis of EG1 and EG2 based composites were 𝑇𝑝,𝑠

reduced with more EG content. 

The difference in the thermal conductivity of composites results in the differences discussed 

above. Increased EG content improved the thermal conductivity of composites, and it 

strengthens the heat transfer among the composites. In the case of solidification, heterogeneous 

nucleation of the PCM was also benefited from the increased EG content.

The    of EG3 based composites were not observed with an obvious phase change 𝑇𝑝, 𝑚 and 𝑇𝑝,𝑠

temperature alteration behaviour. As indicated in the SEM study (see Figure 4 and Figure 5), 

EG3 did not appear like a complex networking structure because of the small particle size. 

Although a limited number of micro-pores ( 15 ) still existed among the EG3 particles, it ~ μm

had an insignificant impact on the phase change behaviour of the PCM. 

3.2.2 Latent heat and specific heat study

Table 5 demonstrates that the latent heat and specific heat of the composite were affected by 

the different mass percentage of EG. Latent heat ( ) was obtained by the integration of the ∆ℎ

area between the peak and an extrapolated based line. The results of the latent heat 

measurement of the EG composites with different mass percentage are shown in Figure 9 and 

Table 5. 
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Figure 9 Variation of latent heat versus EG mass percentage at different EG particle 

size

Table 5 Latent heat and the specific heat (of both liquid and solid phases) of composites 

obtained from the DSC measurements

Material Latent heat (kJ/kg)
Solid state 

specific heat 

Liquid state 

specific heat 

15wt% 196  1.47± 1.16 2.13

20wt% 183  1.15± 0.88 1.79EG1

25wt% 175  1.73± 0.76 1.12

15wt% 196  0.75± 2.19 2.81

20wt% 189  1.00± 1.83 2.35EG2

25wt% 178  1.14± 1.79 2.1

EG3 15wt% 195  1.48± 1.65 1.92



19

20wt% 186  0.84± 1.52 1.91

25wt% 178  1.53± 1.43 1.82

The latent heat of composites was inversely proportional to the EG content, which decreased 

by 5% with the 5wt% increase of EG content. 

The results of the specific heat of the composites are also displayed in Table 5. The specific 

heat of EG in the range of 0.47 ~ 0.65 kJ/(kg K) at ambient temperature [29], while RT28HC 

has a specific heat of 2 kJ/(kg K) at the same condition. With more EG presented, the specific 

heat of the composite decreased as EG has a lower specific heat than the RT28HC. 

3.2.3 Thermal stability study

The thermal stabilities of the composites with different mass percentage and different particle 

size of EG were evaluated by TG analysis. In this paper, the onset degradation temperature 

( ) and peak degradation temperature ( ) were chosen as the criteria for studying the 𝑇𝑜𝑛,𝑑 𝑇𝑝,𝑑

thermal characteristics of the composites. As shown in Figure 10 (a), extrapolated onset 

temperature ( ) indicated the beginning of the weight loss and the peak degradation 𝑇𝑜𝑛,𝑑

temperature ( ) was the point that has the greatest changing rate on weight loss.𝑇𝑝,𝑑

(a) (b) (c)

Figure 10 DTG curve for EG based composites. (a)EG1 based composites (b)EG2 based 

composites (c)EG3 based composites

The derivative thermogravimetry (DTG) result of the composites is shown in Figure 10. The 

degradation temperatures and the charred residue amount after the degradation are shown in 

Table 6. 
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Table 6 Thermal stability properties obtained from the DTG curve (  is onset 𝑻𝒐𝒏,𝒅

degradation temperature,  is the peak degradation temperature)𝑻𝒑,𝒅

Materials   (oC)𝑇𝑜𝑛,𝑑   (oC)𝑇𝑝,𝑑 Charred residue (%)

15wt% 219 251 16.40

20wt% 205 234 19.96EG1

25wt% 196 231 27.15

15wt% 212 243 15.98

EG2 20wt% 207 237 21.66

25wt% 199 229 25.60

15wt% 227 255 14.83

EG3 20wt% 227 255 19.55

25wt% 230 257 25.91

RT28HC 196 220 0.38

It can be seen from Figure 10 that the thermal degradation process completed in one step for 

all composites, corresponding to the degradation of RT28HC. A larger amount of the charred 

residues was observed from measurements of the composite with more weight percentage of 

EG content. Because of the degradation temperature of EG is more than 800 oC. Besides, the 

charred amount was almost consistent with the EG content of the corresponding composite. 

Therefore, the residue from the degradation tests was mainly EG.  

 and  were influenced by the particle size and mass percentage of the EG. The  𝑇𝑜𝑛,𝑑 𝑇𝑝,𝑑 𝑇𝑜𝑛,𝑑

and  of RT28HC are 196oC and 220oC, respectively. It could be observed from the results 𝑇𝑝,𝑑

that EG had a positive effect on the degradation of composites, leading to a significant increase 

in the degradation temperatures. The maximum increase in the  of composites were 34 oC 𝑇𝑜𝑛,𝑑

comparing with RT28HC. The increase in  of the composites obtained in the range of 9-37 𝑇𝑝,𝑑

oC 
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Figure 10 and Table 6 can conclude that the existence of EG had a great contribution to the 

thermal stability of the composites. In the case of EG with the large particle size (i.e. EG1 and 

EG2), the PCM was confined in the pores on EG particles. The porous structure on the EG 

particles was therefore advantageous for slowing the escape of the volatile products generated 

during thermal degradation. Hence it hindered the degradation process and improved the 

thermal stability of the composites. Although EG3 with small particle size has an unconnected 

porous structure, it also increased the degradation temperature of the composites and had a 

positive effect on the thermal stability. The fine EG particles built matrix that could also help 

with the escape of the paraffin vapour. Interfacial thermal resistance dominated the heat 

transfer in the composite, which further increased the thermal degradation temperature. 

The amount of EG content played a role in the degradation temperatures. In the case of EG1 

and EG2 based composites, a higher weight percentage of EG led to a lower thermal 

degradation temperature. When comparing the composites at the different mass percentage of 

EG1, 23oC and 20 oC of difference were observed on the  and , respectively. The 𝑇𝑜𝑛,𝑑 𝑇𝑝,𝑑

difference between the  and  was 13 oC and 14 oC in the case of EG2 based composites, 𝑇𝑜𝑛,𝑑 𝑇𝑝,𝑑

respectively. With a higher mass percentage of the EG content, the thermal conductivity of the 

composites was improved. In such a way, it strengthened the heat transfer inside the composite, 

thus led to attaining a lower degradation temperature. Composites contained EG3 were not 

observed with a significant difference in the degradation temperatures. 

3.2.4 Leakage study

(a) (b) (c)

Figure 11 PCM mass ratio change after 50 thermal cyclings. (a)EG1 based composites 

(b)EG2 based composites (c)EG3 based composites

The leakage phenomena of the composites was also studied through thermal cycling the 

samples. Figure 11 shows the mass ratio change of the PCM in the composites based on EG 1, 
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EG2 and EG3 with 10%, 15% and 25 wt% EG after 50 thermal cyclings. It can be indicated 

from the results that the most pronounced leakage occurred in EG3 composite using 15 wt% 

EG. After the first cycling, 24 wt% of PCM leaked from the composite and the leakage then 

continued at a rate of 5 wt% PCM/5 cycle until 25 cycles. The PCM leakage within the EG3 

composites was improved when the mass ratio of EG was improved. After 50 cycles EG3 

composite with 20 wt% EG remained 87 wt% PCM, and EG3 composite with 25 wt% EG was 

not observed with significant leakage.

Regarding the composites using large particle size EG, the composites containing 20 wt% and 

25 wt% EG was observed to be form stable as after 50 cycles there was less than 5 wt% PCM 

leakage. The composites with 15 wt% large particle EG has slightly worse cycling stability and 

15 wt% EG1 composite and 15 wt% EG2 composite were found to have 8 wt% and 6 wt% 

PCM leakage after 50 cycles, respectively. 

From the results, it can be concluded that the mass ratio of EG is the determining factor for the 

cycling stability of EG based composites. After 50 cycles the weight of PCM remained in the 

composites with 20 wt% and 25 wt% large particle size EG were maintained nearly constant, 

and the leakage was significantly reduced when the mass ratio of EG3 in the composite was 

improved to 20 % and 25 %. Particle size is another factor which influences the composite 

cycling stability. Comparing EG3 with EG1, after 50 cycles the remaining PCM mass ratio of 

EG3 was 46 %, 8 wt% and 4 wt% less than EG1 with 15 wt%, 20 wt% and 25 wt% EG content, 

respectively. The difference between the composites using different particle size EG is due to 

the different EG structure. Large EG particles have pores and voids which are able to confine 

the PCM, while small EG particles are lack of pore structure and are not able to preserve PCM. 

3.2.5 Thermal conductivity study

The thermal conductivity result of composites with different mass percentage and different 

particle size of EG is shown in Figure 12 and Table 7. 
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Figure 12 Thermal conductivity of solid and liquid phases as a function of temperature. 

(a) EG1 EG based composites (b) EG2 EG based composites (c) EG3 EG based 

composites

With the present of EG, the thermal conductivity of the composites was improved effectively. 

The larger particle size of the EG had a more pronounced effect on the thermal conductivity of 

the composites. The thermal conductivity of the composites increases in the order of 

EG1≈EG2> EG3. For instance, with 25wt% of EG loading, EG1, EG2 and EG3 composites 

had a thermal conductivity of 3.16, 2.74 and 0.38 W/mK at 30 oC, respectively. Regarding the 

large micrometres scale EG, the thermal conductivity increased with the EG loading. However, 

in the case of EG3 presented, the rising tendency was unnoticeable. The decreased thermal 

conductivity with decreased particle size can be attributed to the effect of interfacial thermal 

resistance. When the particle is small, the interfacial thermal resistance would dominate the 

influence on thermal conductivity of the composite. Nevertheless, if the particle size is 

relatively large, the thermal conductivity of the composites was decided by the bulk property. 

In Figure 12 (c), the sudden drop in the thermal conductivity of the EG3 composites suggests 

there was a significant interfacial thermal resistance among the small graphite particles. 

Table 7 Thermal conductivity data obtained from the LFA measurement.

Thermal conductivity (W/mK)

Material 30oC 40oC 50oC 60oC 70oC

15wt% 2.45  0.19± 2.29  0.01± 2.24  0.09± 2.20  0.09± 2.16 0.09±

20wt% 2.53  0.07± 2.69  0.03± 2.64  0.05± 2.57  0.05± 2.41 0.05±EG1

25wt% 3.16  0.15± 3.57  0.10± 3.59  0.14± 3.42  0.01± 3.25 0.06±

(a) (b) (c)
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15wt% 2.50  0.03± 2.56  0.06± 2.56  0.03± 2.51  0.02± 2.44 0.03±

20wt% 2.64  0.04± 2.62  0.06± 2.69  0.05± 2.64  0.04± 2.62 0.05±EG2

25wt% 2.74  0.06± 2.76  0.11± 2.92  0.07± 2.90  0.06± 2.82 0.06±

15wt% 0.71  0.09± 0.64  0.06± 0.60  0.03± 0.64  0.05± 0.67 0.02±

20wt% 0.88  0.04± 0.83  0.04± 0.81  0.02± 0.74  0.01± 0.74 0.02±EG3

25wt% 0.38  0.06± 0.41  0.04± 0.40  0.05± 0.39  0.02± 0.38 0.02±

In this study, the two-form Maxwell-Eucken model was also used for theoretically predicting 

the thermal conductivity of EG composites. The model is defined as following [30]: 

Κ =
𝑘1𝑣1 + 𝑘2𝑣2

3𝑘1

2𝑘1 + 𝑘2

𝑣1 + 𝑣2
3𝑘1

2𝑘1 + 𝑘2

Where  is the effective thermal conductivity of the composites,  is the thermal conductivity Κ 𝑘1

of the continuous phase (EG),  is the volume fraction of the continuous phase,  is the 𝑣1 𝑘2

thermal conductivity of the dispersed phase (paraffin),  is the volume fraction of the 𝑣2

dispersed phase. 
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Figure 13 A comparison between the theoretical predictions and experimental measured 

thermal conductivities of EG composites.

The thermal conductivity of pure EG1, EG2 and EG3 matrix was measured to be 3.23, 3.92 

and 0.5 W/mK, respectively. Xia et al. [27] observed the distribution of EG in the EG/PCM 

composite using a polarizing optical microscope and found out that  EG matrix forms a 

continuous phase when the mass percentage of EG in the composite is more than 4%. In this 

study, the mass fraction of the EG was more than 15wt%, hence the EG matrix presented as 

the continuous phase, and RT28HC was the dispersed phase. It can also be observed from the 

SEM picture of the cut surface of composites that EG matrix existed continuously. The volume 

fraction of the continuous phase was achieved from the measured value. The volume fraction 

of the dispersed phase was calculated from the weight and density of the dispersed phase at 

solid-state. The predicated data is shown in Figure 13. The results show that the predicted data 

has good agreement with experimental data. 

4. Conclusion

It has been observed that EG particles with different particle size have different structures, 

results in dissimilarities on EG matrix structures. SEM pictures showed that large EG particles 

(i.e. EG1 and EG2) with loose vermicular shape possessed interconnected pore structure, while 

the small EG particles (i.e. EG3) was primarily in the form of loose graphite sheets without 

connected networking structure. 3D structure characterization revealed that large EG matrix 

had higher porosity and higher pore/void size comparing with the small EG matrix. Different 

structural arrangements of EG had a great impact on paraffin adsorptions, hence affects the 

thermal behaviour of EG/paraffin composites. 

The interconnected pore structure of large EG matrix confined PCM in the pores and voids and 

led to an increased temperature hysteresis comparing with the pure paraffin. The pore structure 

of the large EG matrix could help with confining the EG and it had advantageous in slowing 

the escape of the volatile products generated during thermal degradation. The confinement 

behaviour was further confirmed in the thermal cycling test.  The test showed composites using 

large particle size EG has a significantly lower PCM loss than composites using small size EG. 

It was also revealed that the mass ratio of the EG content is the determining factor of the 

composite cycling stability. Thermal stability of composites containing large EG particles was 

effectively improved as indicated by the results from TG analysis. The thermal conductivity of 
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composites with large EG particles increased by 1360% - 1695% because of the high thermal 

conductivity of the EG matrix. In the case of small EG particles, interfacial thermal resistance 

dominates the influence on thermal conductivity, which results in less improvement in thermal 

conductivity. A 90 ~ 340% increment on thermal conductivity was obtained regarding different 

EG contents. Interfacial thermal resistance also helped with improving the thermal stability of 

the composite.
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 Particle size effect of expanded graphite on the thermal property of expanded 
graphite/paraffin material was investigated.

 Thermal conductivity enhancement of up to 1695% was observed in large particle size 
expanded graphite/paraffin material compared with the paraffin PCM.

 After 50 cycles less than 5wt% PCM leakage was found in large particle size 
expanded graphite/paraffin material.

 A higher degradation temperature with up to 37 °C increase was observed for the 
composite containing small EG particles when compared with the paraffin PCM. 


