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ABSTRACT: A series of fatty acid binary eutectic mixture/expanded
graphite (FABEM/EG) composite phase change materials (CPCMs) were
prepared by absorbing a liquid FABEM into the EG. The thermal
properties, thermostability, and thermoreliability were determined by
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and thermal cycling tests, respectively. Fourier transform infrared
spectrometry (FT-IR) and scanning electron microscopy (SEM) were used
to analyze the chemical structure and microstructure, respectively. Thermal
conductivity measurements and heat storage/release experiments were
carried out to study the heat transfer performance. The DSC test results
show that the phase transition temperatures and latent heat of these
CPCMs are in the range of 17.8−55.2 °C and 134.9−176.2 J/g,
respectively. FT-IR analysis indicates there is only a simple physical
adsorption between EG and the PCM and no chemical reaction occurs. SEM results show that the fatty acid binary eutectic mixtures
are well adsorbed in the pores of EG, and EG can provide a certain mechanical strength and prevent phase change materials from
leaking. The thermal conductivity measurement and heat storage/release experiment show that the addition of EG greatly improves
the thermal conductivities of the CPCMs. TGA test results and thermal cycle tests show that the CPCMs have excellent thermal
stability and long-term cycling thermal reliability.

1. INTRODUCTION
Energy storage technology is one of the effective methods to
solve the energy crisis, and it has broad application prospects
in the fields of shifting peaks and valleys of power, solar energy
utilization, industrial waste heat recycling, building heating,
and air conditioning.1−5 Thermal energy storage can generally
be divided into chemical energy storage,6−8 sensible heat
storage,9 and latent heat storage.10,11 Latent heat storage has
many advantages, including high energy storage density, low
temperature change, excellent material stability, and high
safety, so it has received a significant amount of attention and
application.12−16 Fatty acids have attracted much attention for
their appropriate phase change temperature, high phase change
latent heat, nontoxicity, noncorrosiveness, no or small volume
change, small degree of subcooling, good thermal reliability,
abundant raw materials, easily obtainable, and other advan-
tages.17,18 More importantly, two or more fatty acids can be
mixed into a eutectic mixture according to the eutectic effect of
fatty acids to reduce the phase change temperature and expand
its temperature application range.19,20 Although fatty acid
eutectic mixtures have many advantages, they also have the
disadvantages of poor thermal conductivity and easy
leakage.21−23 At present, the common method to solve these

problems is to add materials with high thermal conductivity
and porous structures to fatty acid PCMs.24−26 Due to its low
density, high thermal conductivity, and porous structure,
expanded graphite (EG) is frequently utilized as a substrate
material, which not only minimizes liquid leakage but also
significantly improves the thermal conductivity of the
PCMs.27−30

Fei et al. prepared capric−palmitic acid/expanded graphite
(CA−PA/EG) with the EG optimum mass content of 11.1%;
the results confirmed that the addition of EG may enhance the
heat conductivity together with boosting the heat storage/
release speed of CA−PA, and the CA−PA/EG CPCM with
the optimum mass ratio provides superior heat stableness and
chemical stability.31 Huang et al. prepared the pahnitic acid−
stearic acid/bentonite/expanded graphite CPCMs with
bentonite used as the supporting material and expanded
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graphite used to prevent eutectic mixtures from leaking while
also improving the thermal conductivity of the CPCMs, and
the experimental results of heat storage/release show that the
heat transfer of the CPCMs with EG is enhanced.32 Sari
prepared bentonite-based form-stable composite PCMs (Bb-
FSPCMs) with an EG mass content of 5 wt % and found that
the addition of EG enhanced the heat transfer performance.33

Most studies focus on a few fatty acid binary eutectic
mixture/expanded graphite (FABEM/EG) CPCMs, and
systematic theoretical research and experimental character-
ization have not been carried out. In this paper, on the basis of
our previous research,23,34,35 10 FABEM/EG CPCMs were
prepared by the physical adsorption method with fatty acid
binary eutectic mixtures as PCMs and expanded graphite as the
substrate material. The maximum absorption mass ratio
(MaxAMR) of the FABEM in CPCMs is determined. The
thermal properties, thermostability, and thermoreliability were
determined by DSC, TGA, and thermal cycling tests,
respectively. FT-IR and SEM were used to analyze the
chemical structure and microstructure, respectively. A thermal
conductivity measurement and heat storage/release experi-
ment were carried out to study the heat transfer performance.
The findings provided guidance for the application of
FABEM/EG CPCMs.

2. MATERIALS AND METHODS
2.1. Materials. Capric acid (CA, analytically pure), lauric

acid (LA, analytically pure), myristic acid (MA, analytically
pure), palmitic acid (PA, analytically pure), and stearic acid
(SA, analytically pure) were obtained from Shanghai Zhunyun
Chemical Co, Ltd., China. Expandable graphite (350 meshes,
100 mL/g expansion coefficient, carbon content >99%) was
purchased from Qingdao Hengrunda Graphite Products Co,
Ltd., China.
2.2. Preparation of Fatty Acid Binary Eutectic

Mixture/Expanded Graphite CPCMs. Expanded graphite
is obtained by heating dry expandable graphite in a very
ceramic crucible for 40 s in a 800 °C muffle furnace, and its
pore diameter is 2−100 nm. Ten FABEM PCMs were
prepared according to our previous studies, and the eutectic
points are shown in Table 1.36,37 Certain amounts of FABEM

PCM and EG are placed inside the exact same beaker.
Subsequent to blending the sample together consistently, the
film-sealed beaker is positioned in a vacuum drying oven at a
certain temperature for 48 h. To ensure that the FABEM PCM
is uniformly adsorbed in the EG, it is stirred every 2 h. Then,
the beaker was taken out of the vacuum drying oven and
cooled to room temperature and the FABEM/EG CPCM was
obtained.
2.3. Characterization. The phase transition temperature

(melting and freezing temperature, Tm and Tf) and latent heat
(melting and freezing latent heat, Hm and Hf) of FABEM

PCMs and FABEM/EG CPCMs were determined using a
differential scanning calorimeter (DSC, NETSZCH 214Poly-
ma, Germany). Samples between 5 and 10 mg were placed in
an aluminum crucible and sealed. Then, the samples were
scanned at a heating rate of 5 °C/min under a nitrogen
atmosphere. The accuracy of phase change temperature and
latent heat is ±0.1 and ±4%, respectively. The chemical
structure of the material was analyzed using a Fourier
transform infrared spectrometer (FT-IR, Thermo Scientific
Nicolet iS10), which was operated from 400 to 4000 cm−1 with
a resolution of 2 cm−1, using KBr pellets. Scanning electron
microscopy (SEM, Phenom LE, Phenom-World, The Nether-
lands) is used to observe the micromorphology of the
FABEM/EG CPCMs.
The thermal conductivity of the samples was investigated

using a thermal conductivity tester (DRE-III, Xiangtan Xiangyi
Instrument and Instrument Co., Ltd., China). The sample is
made into cakes with a smooth surface and different densities,
and then, its thermal conductivity is obtained by the
measurement. Heat storage and release experiments are carried
out on the sample within a certain temperature range, and the
temperature is recorded every 10 s.
The thermostability of the samples was studied using

thermogravimetric analysis (TGA, TA TGA5000IR) with the
CPCMs heated from 20 to 400 °C at a heating rate of 10 °C/
min under a nitrogen atmosphere with an error of ±0.2%. The
thermoreliability of the CPCM was determined by the thermal
cycling test. After multiple thermal cycles, the DSC test was
repeated again to detect the thermal properties of the recycled
PCM.

3. RESULTS AND DISCUSSION
3.1. MaxAMR of Fatty Acid Binary Eutectic Mixtures

in CPCMs. In general, the more the phase change material
content in CPCMs, the greater the latent heat of the CPCMs.
To make CPCMs contain more fatty acids without leakage, it
is necessary to conduct experiments on the ratio of PCMs to
EG and determine the MaxAMR of PCMs in CPCMs.
According to the method of the percentage determination of
penetration diameter in the literature,38 we determined the
MaxAMR of 10 fatty acid binary eutectic mixtures in FABEM/
EG CPCMs, and the results are shown in Table 2. It can be
seen that the MaxAMR of fatty acid binary eutectic mixtures in
CPCMs is in the range of 92.0−93.2%.

3.2. Thermal Properties of the CPCMs. The phase
transition temperature and latent heat of CPCMs can be
measured by DSC. The DSC curves of the 10 FABEM PCMs
and FABEM/EG CPCMs are shown in Figure 1, and the phase
transition parameters are shown in Table 3. The phase
transition temperatures and latent heat of the FABEM/EG
CPCMs are in the range of 17.8−55.2 °C and 134.9−176.2 J/
g, respectively. The phase transition temperature of the PCM is

Table 1. Eutectic Point of 10 Fatty Acid Binary Eutectic
Mixtures

CPCMs eutectic mass ratio CPCMs eutectic mass ratio

CA−LA 62.0/38.0 LA−PA 70.7/29.3
CA−MA 72.2/27.8 LA−SA 81.2/18.8
CA−PA 81.1/18.9 MA−PA 60.3/39.7
CA−SA 89.7/10.3 MA−SA 71.8/28.2
LA−MA 60.4/39.6 PA−SA 62.1/37.9

Table 2. MaxAMR of Fatty Acid Binary Eutectic Mixtures in
CPCMs

CPCMs MaxAMR (%) CPCMs MaxAMR (%)

CA−LA/EG 92.0 LA−PA/EG 93.2
CA−MA/EG 92.2 LA−SA/EG 93.0
CA−PA/EG 92.4 MA−PA/EG 92.8
CA−SA/EG 92.2 MA−SA/EG 92.6
LA−MA/EG 92.2 PA−SA/EG 92.8
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slightly different from that of the CPCM, which is mainly due
to the weak interaction between EG and PCMs and the
measurement error. The phase change latent heat of CPCMs is
lower than that of PCMs and can be calculated by formula 1.

=H xHmCPCMs mPCMs (1)

where HmCPCMs is the calculated latent heat of the CPCMs, x is
the mass content of PCMs in the CPCMs, HmPCMs is the latent
heat of the PCMs. The calculation results and comparison with
experimental values are shown in Table 4. The relative errors
between the experimental values and the theoretical values are
less than ±5%, which shows that the expanded graphite only
plays the role of an adsorbent in the CPCMs but not heat
storage. These findings demonstrate that these FABEM/EG
CPCMs can be used for low-temperature thermal energy
storage with appropriate temperature and high phase transition
latent heat.

3.3. Infrared Spectral Analysis of the CPCMs. Fourier
transform infrared spectrometry was used to characterize the
FABEM PCMs and the FABEM/EG CPCMs, and the FT-IR
curves are shown Figure 2. In the spectrograms, the absorption
peak of C�O appears at about 1710 cm−1 and the bending
vibration peak of −CH2− appears at about 1466 cm−1, and the
absorption peak in the wavenumber range of about 2925−
2854 cm−1 overlaps with the C−H stretching vibration
absorption peak of the aliphatic group, which is the hydroxyl
O−H stretching vibration absorption peak. The above-
mentioned data show that the spectral curves of FABEM
PCMs and FABEM/EG CPCMs are similar, and the
characteristic peaks correspond to each other one by one. It
indicates that no new substances are produced in the CPCMs
after adding expanded graphite, the structure has not changed,
and there is no chemical reaction between the FABEM and
EG, and the two are combined together by capillary force and
surface tension.
3.4. Microstructure of the CPCMs. The EG and

FABEM/EG CPCMs were placed under a scanning electron
microscope to observe their micromorphology, and the SEM
pictures are shown Figure 3. It can be seen from Figure 3 that
EG has a network porous structure formed by the super-
position of graphite flakes and a large number of irregular
pores, which can make EG better adsorb the FABEM. It can
also be seen from Figure 3 that the fatty acid binary eutectic
mixtures are evenly adsorbed in the honeycomb-like structure
of EG, and leakage does not easily occur. Figure 4 shows the

Figure 1. DSC curves of 10 fatty acid binary eutectic mixtures (a) and 10 FABEM/EG CPCMs (b).

Table 3. Thermal Performance Parameters of the 10 Fatty
Acid Binary Eutectic Mixtures and 10 CPCMs

melting freezing

PCMs/CPCMs Tm (°C) Hm (J/g) Tf (°C) Hf (J/g)

CA−LA 17.7 155.2 18.6 142.2
CA−LA/EG 17.8 142.5 18.7 141.0
CA−MA 19.4 150.9 18.4 149.2
CA−MA/EG 19.7 137.3 18.8 139.8
CA−PA 22.1 165.6 20.0 159.7
CA−PA/EG 21.5 151.7 20.7 149.5
CA−SA 23.4 150.5 23.4 148.0
CA−SA/EG 23.0 134.9 25.3 133.7
LA−MA 36.1 158.9 32.8 149.7
LA−MA/EG 33.3 153.9 33.9 144.3
LA−PA 37.8 164.0 34.6 154.8
LA−PA/EG 34.7 152.6 32.9 142.8
LA−SA 39.9 167.1 35.6 158.3
LA−SA/EG 37.2 158.7 38.8 143.3
MA−PA 44.1 182.2 40.4 171.9
MA−PA/EG 41.3 162.1 42.1 152.3
MA−SA 44.8 186.9 43.7 184.4
MA−SA/EG 44.1 174.2 44.6 171.9
PA−SA 57.1 193.0 53.7 188.6
PA−SA/EG 55.2 176.2 54.9 175.6

Table 4. Comparison of the Experimental and Calculated
Values of Hm

CPCMs

PCM mass
content in CPCM

(x, %)
experimental
value (kJ/kg)

calculated
value
(kJ/kg)

relative
error
(%)

CA−LA/EG 92.0 142.5 142.8 0.20
CA−MA/EG 92.2 137.3 139.1 1.33
CA−PA/EG 92.4 151.7 153.0 0.87
CA−SA/EG 92.2 134.9 138.8 2.86
LA−MA/EG 92.2 153.9 146.5 −4.80
LA−PA/EG 93.2 152.6 152.8 0.16
LA−SA/EG 93.0 158.7 155.4 −2.08
MA−PA/EG 92.8 162.1 169.1 4.31
MA−SA/EG 92.6 174.2 173.1 −0.65
PA−SA/EG 92.8 176.2 179.1 1.65
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microstructure of the CA−LA/EG, CA−MA/EG, and CA−
PA/EG after heating and cooling, and there is no leakage in the
CPCMs. It shows that the adsorption efficiency of EG toward
eutectic mixtures is good, which can prevent the leakage of
PCMs and improve the strength of CPCMs.
3.5. Heat Transfer Performance Experiments. The

thermal conductivities of CPCMs are significantly improved
with the addition of EG. The bulk density of CPCMs

influences their thermal conductivity because of the honey-
comb-like structure of EG. The thermal conductivity increases
with increasing density. Taking LA−PA/EG CPCMs as an
example, the bulk densities are 312.51, 356.46, 392.32, 456.37,
501.67, 557.25, and 603.58 kg/m3, and the corresponding
thermal conductivities are 1.718, 2.358, 2.852, 3.057, 3.564,
4.084, and 4.327 W/(m·K), respectively, as shown in Figure 5.
The bulk density and thermal conductivity of LA−PA/EG

Figure 2. FT-IR curves of 10 fatty acid binary eutectic mixtures (a) and 10 FABEM/EG CPCMs (b).

Figure 3. SEM pictures of the 10 FABEM/EG CPCMs and EG. (a) EG, (b) CA−LA/EG, (c) CA−MA/EG, (d) CA−PA/EG, (e) CA−SA/EG,
(f) LA−MA/EG, (g) LA−PA/EG, (h) LA−SA/EG, (i) MA−PA/EG, (j) MA−SA/EG, and (k) PA−SA/EG.
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were found to be linearly related through fitting analysis. The
fitting formula is y = −0.76161 + 0.00858x (R2 = 0.97105).
The thermal conductivity of LA−PA is about 0.152 W/(m·K).
The thermal conductivity of LA−PA/EG CPCM is as high as
2.852 W/(m·K) when the packing density is 392.32 kg/m3,
and this value is about 18 times higher than that of LA−PA.
The addition of EG improves the thermal conductivities of

CPCMs, which can also be verified from the heat storage and

release test of CPCMs. The same volume of FABEM PCMs
and FABEM/EG CPCMs was put into a beaker individually,
and the heat storage/release rate was measured by measuring
the time when the central temperature of PCMs and CPCMs
reaches the set temperature during melting and freezing
processes. Taking LA−PA and LA−PA/EG as examples, the
volume of the samples after compaction is 60 mL, the bulk
density of LA−PA/EG is 392.32 kg/m3, the thermal

Figure 4. SEM pictures of CPCMs after heating and cooling. (a) CA−LA/EG, (b) CA−MA/EG, and (c) CA−PA/EG.

Figure 5. Thermal conductivity of LA−PA/EG CPCMs varies with packing density.

Figure 6. Solidification (a) and fusion (b) curves of LA−PA and LA−PA/EG.
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conductivity of LA−PA/EG is 2.852 W/(m·K), and the
temperature range is set to 15−55 °C, and the test results are
shown in Figure 6. Figure 6a shows the solidification curves of
LA−PA and LA−PA/EG, and Figure 6b shows the fusion
curves. Figure 6 shows that the LA−PA/EG CPCM achieves

the target temperature faster than the LA−PA PCM,
suggesting that the thermal conductivity of LA−PA/EG has
been greatly improved compared with that of LA−PA. It
indicates that the porous structure of EG optimizes the thermal
conductivity of the CPCMs.

Figure 7. TGA curves of 10 FABEM/EG CPCMs. (a) CA−LA/EG, (b) CA−MA/EG, (c) CA−PA/EG, (d) CA−SA/EG, (e) LA−MA/EG, (f)
LA−PA/EG, (g) LA−SA/EG, (h) MA−PA/EG, (i) MA−SA/EG, and (j) PA−SA/EG.
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3.6. Thermostability and Thermoreliability of the
CPCMs. The thermostability of the FABEM/EG CPCMs was
analyzed by TGA. In a nitrogen environment, the samples were
heated from room temperature to 400 °C. Figure 7 and Table
5 show the TGA test results of 10 FABEM/EG CPCMs.

Taking LA−PA as an example, it can be seen from the
thermogravimetric curves in Figure 7f and Table 5 that the
initial weight loss temperature is about 138.8 °C, suggesting
that the LA−PA eutectic mixture progressively starts to
evaporate, the epitaxial initiation temperature is 188.6 °C,
and the primary weight loss region is between 150 and 230 °C.
The maximum temperature of weight loss rate is 225.9 °C.
Finally, LA−PA evaporates completely at about 272.5 °C, and
the remaining components are expanded graphite and
impurities. It can be concluded that 10 CPCMs have good
thermal stability in application scenarios at temperature below
100 °C.
Thermoreliability is really a vital function to assess the

service life of composite materials. After multiple thermal
cycles, the DSC test is performed once more to determine
whether the FABEM/EG CPCMs still have adequate thermal
reliability. Taking LA−PA/EG CPCMs as an example, the

DSC curves are shown in Figure 8. It can be concluded from
Figure 8 that after 200 and 1000 thermal cycles, the melting
temperature decreased by 0.60 and 1.70 °C, respectively, the
melting latent heat reduced by 0.78 and 5.70%, respectively,
and the modified values may be disregarded. These results
show that these CPCMs have adequate thermal reliability.

4. CONCLUSIONS
The MaxAMR of FABEM PCMs in FABEM/EG CPCMs is
92.0−93.2%, which provides a basis for the preparation of
FABEM/EG CPCMs. The phase transition temperatures and
latent heat of the FABEM/EG CPCMs are in the range of
17.8−55.2 °C and 134.9−176.2 J/g, respectively. There is only
a simple physical adsorption between EG and PCMs and no
chemical reaction occurs. The FABEM PCMs are well
adsorbed in the pores of EG, and EG can provide a certain
mechanical strength and prevent the phase change materials
from leaking even when the PCMs are in the molten state. The
addition of EG greatly improves the thermal conductivities of
CPCMs, which can also be proved by the heat storage/release
experiment. The FABEM/EG CPCMs have good thermal
stability and excellent thermal cycling reliability in application
scenarios at temperature below 100 °C. The above-mentioned
results show that the FABEM/EG CPCMs can be used in low-
temperature latent heat thermal energy storage systems such as
building energy saving, waste heat recovery, and solar energy
storage.
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Table 5. Thermal Performance Parameters of 10 Fatty Acid
Binary Eutectic Mixtures and 10 FABEM/EG CPCMs

CPCMs

initial weight
loss

temperature
(°C)

epitaxial
initiation
temperature

(°C)

maximum
temperature of

weight loss rate (°C)
CA−LA/EG 106.2 152.6 191.8
CA−MA/EG 107.4 152.3 184.3
CA−PA/EG 108.6 156.3 191.3
CA−SA/EG 111.3 161.1 194.2
LA−MA/EG 124.1 177.1 219.2
LA−PA/EG 138.8 188.6 225.9
LA−SA/EG 143.5 190.5 232.7
MA−PA/EG 156.1 204.5 242.1
MA−SA/EG 159.5 205.4 247.3
PA−SA/EG 173.6 220.1 265.1

Figure 8. DSC curves of LA−PA/EG CPCMs before and after thermal cycling.
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