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Epoxy resin has excellent characteristics of moisture, low toughness, solvent and
chemical resistance, low shrinkage on cure, superior electrical and mechanical
resistance properties, and good adhesion to many substrates. In this experiment, we
prepared epoxy resin with shape stabilized phase change material (SSPCM) to
enhance the thermal properties of epoxy resin. The SSPCM was prepared through
the vacuum impregnation method, and the SSPCM/epoxy resin composites were
prepared through the shear stirring process and curing process. In the preparation
process, the epoxy resin and hardener were mixed in a beaker at a one-to-one ratio.
Then, 5, 10, 15, and 20 wt.% of the SSPCM was added to the mixture. The thermal
properties and chemical properties of epoxy resin with SSPCM were analyzed from
scanning electron microscopy, differential scanning calorimetry, thermal gravimetric
analysis, and universal testing machine analyzer. From the analysis, we determined
that the prepared epoxy resin with SSPCM has heat storage capacity and high
thermal conductivity, compared with the epoxy resin.
Keywords: epoxy resin; SSPCM; xGnP; heat storage; thermal properties

1. Introduction
The latent thermal energy storage system (LTES) using phase change materials (PCMs)
is one of the most preferred forms of energy storage, which can provide high energy
storage capacity, and isothermal operating characteristics.[1–4] In the LTES, PCMs are
used to balance temporary temperature alternations, and to store energy in several
practical application areas, from electronics to the automobile industry, and also buildings.[5–7] Latent heat storage material has a higher heat storage density than sensible
heat storage material.[8] PCMs have received attention for various applications in solar
heating systems,[9–11] and building energy conservation systems;[12–14] and the
PCMs provide high amounts of thermal energy, without the large structural mass
associated with sensible heat storage.[15–17] Also, PCM can reduce building energy
consumption, through reducing heating and cooling peak load, and it has a positive
effect on the indoor temperature.[18] PCM is divided into three kinds, which are
organic PCM, inorganic PCM, and eutectic PCM. These are used as storage media in
latent thermal energy storage, which can be classiﬁed into two major categories:
organic and inorganic compounds. Inorganic PCMs include salt hydrates, salts, metals,
and alloys; whereas organic PCMs are comprised of hexadecane, octadecane, parafﬁn
*Corresponding author. Email: skim@ssu.ac.kr
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and fatty acids/esters, etc. Also, eutectic PCMs mean mixtures of PCM which are made
by composition of organic-organic, organic-inorganic, and inorganic-inorganic PCMs.
Because organic PCMs have various advantages, most researchers have studied organic
PCM in their research. Among the investigated PCMs, organic PCMs have been widely
used in thermal energy storage applications, due to their large latent heat, and proper
thermal characteristics, such as little or no super cooling, low vapor pressure, good
thermal and chemical stability, and self-nucleating behavior.[19–21]
However, PCM has a problem, which is liquid leakage, after the change from solid
state to liquid state. In order to overcome the leakage of liquid, PCM usually needs to
be encapsulated in containers that increase the extra cost. In recent years, microencapsulated PCMs [22,23] and shape-stabilized PCMs [24] have been studied, to solve the
liquid leakage problems in the solid–liquid phase change process.[25] Also, this kind
of PCM is not easy to be directly used in practical solar thermal applications, because
of their low thermal conductivity, etc. As a result, many microencapsulated PCMs have
been developed to overcome these difﬁculties.[2,3] Therefore, in previous research, we
prepared n-hexadecane based shape stabilized phase change material (SSPCM) with
Exfoliated graphite nanoplatelets (xGnP) by the vacuum impregnation method, to prevent the leakage of liquid state of PCM, and enhanced the low thermal conductivity of
PCM. The xGnP, usually produced from graphite intercalated compounds, are particles
consisting of several layers of graphene sheets. They have a very high aspect ratio,
comparable to that of carbon nanotubes. Drzal et al. successfully developed a
microwave exfoliation and ultrasonic grinding process to prepare exfoliated graphite
nanoplatelets of different sizes and surface areas. These particles have been
incorporated into different thermoplastic, thermoset materials, and PCMs, to improve
the electrical, thermal, and mechanical properties of nanocomposites.[26,27]
Recently, wood ﬂooring is mainly used in the radiant ﬂoor heating system, because
of its hardness, durability, ﬁre stability, and good appearance. Epoxy resins are used
when these wood ﬂoors are installed in a building.[28] In the modern polymer industry,
epoxy resins have been widely applied industrially for surface coatings, adhesives,
painting materials, potting, composites, encapsulants for semiconductors, insulating
materials for electric devices, laminates, etc.,[29–31] because of their excellent characteristics of moisture, low toughness, solvent and chemical resistance, low shrinkage on
cure, superior electrical and mechanical resistance properties, and good adhesion to
many substrates.[32] This paper deals with how the n-hexadecane based SSPCM with
xGnP and sodium lauryl sulfate (SLS) affects the thermal properties and chemical properties of epoxy resin, using scanning electron microscopy (SEM), differential scanning
calorimetry (DSC), and thermal gravimetric analysis (TGA). Also, we analyzed the
bonding strength of SSPCM/epoxy resin composites through universal testing machine
(UTM) analysis. Finally, we evaluated the effect of xGnP in SSPCM/epoxy resin composites, through thermal analysis and mechanical analysis. In addition, we evaluated
the applicability of using composite epoxy resin in wood-based ﬂooring using SSPCM.
Also, we evaluated the applicability of using composite epoxy resin in wood-based
ﬂooring, using n-hexadecane based SSPCM with xGnP, for energy saving in building.
2. Experimental
2.1. Materials
In the experiment, we used n-hexadecane, which has a latent heat capacity of 254.7 J/g
and melting point of 20.84 °C. This n-hexadecane was purchased from the Celsius
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Korea Company in South Korea. The xGnP used was prepared from sulfuric acid
intercalated expandable graphite (3772), and it was obtained from Asbury Graphite
Mills, NJ in USA, by applying a cost and time effective exfoliation process initially
proposed by Drzal’s group.[33] The SSPCM was prepared from the above mentioned
two materials by the vacuum impregnation method. The epoxy resin and hardener were
purchased from SamChang Tech Co. Ltd in South Korea. A kind of amine is used as
hardener in this experiment. The epoxy resin consists of a base with a hardener, and
the mixture ratio is 1:1. This mixture ratio has been used in the actual construction
ﬁled. The SLS was obtained from DaeJung Chemicals & Metals Co. Ltd in South
Korea.
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2.2. Preparation
Firstly, the SSPCM was prepared through the vacuum impregnation method. The preparation process was as follows. One hundred grams of dried xGnP was put inside a ﬁltering ﬂask, and the air in the pore space of the xGnP was drawn out, by using a
pump. Two hundred grams of liquid PCM was ﬂowed into the ﬂask, to ﬁll the pore
structure of xGnP. The vacuum process was continued for 90 min. After the penetrating
process, the excess PCM remaining in the ﬂask was removed through ﬁltering process.
Finally, the ﬁltered samples were dried in a vacuum drier at 80 °C for 48 h. As the next
process, the SSPCM/epoxy resin composites were prepared. The epoxy resin and hardener were mixed in a beaker at a one-to-one ratio. Then, 5, 10, 15, and 20 wt.% of the
SSPCM were added to the mixture. Then, the SLS was added into the composite epoxy
resin with SSPCM, and at this time, the amount of SLS was 10 wt.% of SSPCM. In
fact, the SSPCM which was prepared by vacuum impregnation method may be
occurred leakage of PCM during stirring process. Therefore, we used the SLS as surfactant for enhancing compatibility with epoxy resin and SSPCM. This mixture was
continuously stirred at a rate of 1000 rpm for 10 min with a shearing stirrer at room
temperature. Table 1 shows the contents of the mass ratio of SSPCM/epoxy resin composite. The composites were then cured in the mold for two days at room temperature.
2.3. Characterization techniques
The morphology and microstructure of SSPCM/epoxy resin composites were observed
by means of scanning electron microscopy (SEM: JEOL JSM-6360A; www.jeol.co.kr)
at room temperature. A SEM with an accelerating voltage of 12 kV and working
distance of 12 mm was used to collect the SEM images. The latent heat capacity and
melting and freezing temperature of the composites were measured using differential

Table 1. Contents mass ratio of SSPCM, Epoxy resin, Hardener, and surfactant for the preparation of epoxy resin with SSPCM.
SSPCM wt.% of samples
0/wt.%
5/wt.%
10/wt.%
15/wt.%
20/wt.%

SSPCM

Epoxy resin (g)

Hardener (g)

0
5
10
15
20

50
47.5
45
42.5
40

50
47.5
45
42.5
40

Surfactant (g)
0
0.5
1
1.5
2
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scanning calorimetry (DSC: Q 1000; www.tainstuments.com). Measurements were
performed at a 5 °C/min heating and cooling rate, and a temperature range of −20
to 50 °C and 50 to −20 °C. The thermal durability of the prepared sample was determined using thermogravimetric analysis (TGA: TA Instruments, TGA Q 5000; www.
tainstruments.com). Finally, the thermal conductivity of the prepared composites was
measured, using a TCi thermal conductivity analyzer. The TCi developed by C-Therm
(www.ctherm.com) Technologies Ltd is a device for conveniently measuring the
thermal conductivity of a small sample, by using the modiﬁed transient plane source
method. Also, the tensile shear adhesive strength of samples were examined by means
of a universal testing machine (UTM: WL2100; www.tasatec.com), according to ASTM
standards D 1002.
3. Results and discussion
3.1. Microstructure analysis of epoxy resin with SSPCM
Figure 1 shows SEM images of the epoxy resin and its composites with SSPCM.
Figure 1(a) shows the epoxy resin, and its microstructure shows that the epoxy resin
has a solid surface, as compared with the others. We conﬁrmed that the epoxy resin
with SSCPM has xGnP nanoparticles in the SEM images. This means that the xGnP

(a)

(b)

(c)

(d)

Figure 1. Microstructure of (a) epoxy resin and epoxy resin, with (b) 5 wt.%, (c) 10 wt.%, and
(d) 20 wt.% of SSPCM.
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was well dispersed into the structure of the epoxy resin. However, the epoxy resin with
more xGnP had weak cohesiveness among the xGnP of SSPCM, because the epoxy
resin with low content of SSPCM had more solid surface, in comparison with the other
adhesive composites with high SSPCM content. It means that the adhesives with lower
loaded SSPCM have more bonding strength. Through SEM analysis, we conﬁrmed that
the SSPCM that contained n-hexadecane and xGnP was well dispersed into the
structure of epoxy resin, and it led the heat performance of the epoxy resin.
3.2. Thermal properties analysis of epoxy resin with SSPCM
The DSC curves of epoxy resin and its composites with SSPCM, and thermal properties analysis during heating and freezing are shown in Figure 2 and Table 2. In the
DSC graphs, the epoxy resin with 5, 10, 15, and 20 wt.% of SSPCM melts at 5.75,
10.08, 13.31, and 14.07 °C, respectively and these samples freeze at 1.92, 6.03, 9.46,
and 10.12 °C, respectively. This shows that the adhesive composite more loaded with
SSPCM has a higher phase change temperature, in comparison with adhesive composites with low-loaded SSPCM. The prepared hexadecane based SSPCM has 21.8 °C of
melting temperature, and 14.6 °C of freezing point. Its latent heat capacity is 96.4 J/g
at heating, and 94.8 J/g at freezing. In comparison with SSPCM, the prepared adhesive
composites have lower phase change temperature, due to the inﬂuence of epoxy resin
and surfactant. Also, the phase change temperature of adhesive with SSPCM is lower
than in previous research, in which research was carried out on the composition of pure
n-hexadecane and epoxy resin. This shows that adhesive composite with high amounts
of n-hexadecane has the higher phase change temperature. The epoxy resin with 5, 10,
15, and 20 wt.% of SSPCM have 1.565, 5.675, 10.29, and 18.25 J/g at heating, and
2.965, 7.271, 14.08, and 16.07 J/g at freezing. Therefore, to acquire more heat storage
properties and a higher phase change temperature, more loaded SSPCM has to combine
with the epoxy resin. And, we analyzed the enthalpy of the adhesives with SSPCM. Its
graph is shown as Figure 3. As shown in the graph, we conﬁrmed that the enthalpy
slope is steep at the phase change range because of the effect of latent heat capacity of
SSPCM in the samples. In case of the adhesive with 20 wt.% of SSPCM showed highest steep curve in the enthalpy graph compared to others. However, all samples exclude
the adhesive with 20 wt.% of SSPCM showed linear graph. It means that loading more
20 wt.% of SSPCM inﬂuence the effective thermal performance to the sample. Also,
we determined that the adhesive with high-loaded SSPCM showed high total enthalpy.
As a result, the adhesive composite with high-loaded SSPCM shows a high latent heat
storage property. However, the latent heat capacities of each epoxy resin with SSPCM
are lower than its calculated latent heat capacity. This is caused by bonding of the
epoxy resin, SSPCM, and SLS. After study, we needed to prepare the adhesive with
high latent heat capacity.
3.3. Thermogravimetric analysis
Figure 4 shows thermogravimetric analysis of the epoxy resin with hexadecane based
SSPCM. In the graphs, the main peak of the epoxy resin occurred at 339.60 °C. The
ﬁrst peak of derivative weight of epoxy resin with 5, 10, 15, and 20 wt.% of SSPCM
occurred at 163.78, 152.09, 141.60, and 144.01 °C, respectively. This result shows that
the adhesive composite with high-loaded SSPCM has a lower ﬁrst peak temperature. It
shows the oxidation peak of the n-hexadecane in SSPCM, because the used
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(a) DSC graph of adhesive with 10wt% of SSPCM.

(b) DSC graph of adhesive with 15wt% of SSPCM.

(c) DSC graph of adhesive with 20wt% of SSPCM.
Figure 2.
SSPCM.

DSC graph of epoxy resin, with (a) 10 wt.%, (b) 15 wt.%, and (c) 20 wt.% of
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Heat storage properties of epoxy resin with SSPCM.
Latent
heat (J/g)

PCM samples
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Epoxy
Epoxy
Epoxy
Epoxy

resin
resin
resin
resin

Figure 3.

with
with
with
with

5 wt.% of SSPCM
10 wt.% of SSPCM
15 wt.% of SSPCM
20 wt.% of SSPCM

Melting
point (°C)

Freezing
point (°C)

Solid–liquid
melting

Liquid–solid
freezing

5.75
10.08
13.31
14.70

1.92
6.03
9.46
10.12

1.565
5.675
10.29
18.25

2.965
7.271
14.08
16.07

Enthalpy graph of epoxy resin with SSPCM.

n-hexadecane has lower thermal resistant properties, compared with epoxy resin. Also,
we conﬁrmed that the high loaded xGnP helped heat absorption of the adhesive
composites, due to its high thermal conductivity. From the result of the second peak
of derivative weight, epoxy resin showed 339.60 °C and adhesive with 5, 10, 15, and
20 wt.% of SSPCM showed 346.75, 354.25, 350.16, and 353.47 °C, respectively. In
this graph, epoxy resin with SSPCM has a higher second peak temperature, compared
with adhesive composite without SSPCM. We determined also that xGnP affected the
thermal durability of samples. However, the ﬁnal mass loss of the adhesive composites
with SSPCM is higher than epoxy resin, because the n-hexadecane in SSPCM has lowthermal durability properties. Therefore, the adhesive composites with high-loaded
SSPCM have high-mass loss. This result is shown in Table 3.
3.4. Thermal conductivity analysis
The thermal conductivity analysis of epoxy resin composites with SSPCM is shown in
Figure 5. In the analysis, the thermal conductivity of epoxy resin shows 1.092 W/mK,
and adhesive composites with 5, 10, 15, and 20 wt.% of SSPCM show 1.099, 1.133,
1.409, and 1.612 W/mK, respectively. As the amounts of xGnP in SSPCM increased,
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Figure 4.

Table 3.

Thermogravimetric analysis of epoxy resin with SSPCM.

Thermogravimetric analysis of the epoxy resin with SSPCM.

PCM samples
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

resin
resin
resin
resin
resin

with
with
with
with

5 wt.% of SSPCM
10 wt.% of SSPCM
15 wt.% of SSPCM
20 wt.% of SSPCM

First peak of
derivative
weight (°C)

Second peak of
derivative
weight (°C)

Mass loss
(wt.%)

–
163.78
152.09
141.60
144.01

339.60
346.75
354.25
350.16
353.47

26.19
27.54
28.54
29.85
33.79

the thermal conductivity of samples also increased. This means that xGnP led to an
enhancement of thermal conductivity. Finally, the adhesive composite with 20 wt.% of
SSPCM has a nearly 150% increase of thermal conductivity, compared with epoxy
resin. Through the thermal conductivity analysis, we determined that the thermally
enhanced adhesive composite is more useful, than previous applied in its ﬁeld.
3.5. Analysis of tensile shear adhesive strength
To measure the tensile shear adhesive strength of epoxy resin with SSPCM bonding
strength, we performed a test with a UTM (WL2100), which satisﬁed the ASTM D
1002 (Standard Test Method for Apparent Shear strength of Single Lap Joint Adhesively Bonded Metal Specimens by Tension Loading). Specimen for analyzing tensile
shear adhesive strength is presented in the following sentence. Stainless steel plates
with dimensions of 101.6 mm × 25.4 mm were used to perform the single lap shear
test for two different composites. The thickness of the composites layer was 1.2 mm
because the adhesives were installed normally at a 1.0–1.5 mm thickness. The acrylic
plastic was used to form a uniform adhesives layer. Figure 6 shows the change of the
tensile shear adhesive strength with increasing loading contents of SSPCM. The tensile

Downloaded by [Soongsil University] at 17:07 09 January 2014

Journal of Adhesion Science and Technology

Figure 5.

Thermal conductivity of adhesive composites with SSPCM.

Figure 6.

Tensile shear adhesive strength of epoxy resin with SSPCM.
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shear adhesive strength of epoxy resin shows the value of 0.85 N/mm2, whereas the
tensile shear adhesive strength of the adhesive with 5, 10, 15, and 20 wt.% of SSPCM
shows 0.77, 0.70, 0.43, and 0.42 N/mm2, respectively. This shows that the adhesive
with high loaded SSPCM has weak tensile shear adhesive strength. In the experiment,
the reduction of tensile shear adhesive strength is small by the adhesive 10 wt.% of
SSPCM; however, the samples with over 10 wt.% of SSPCM show nearly half the
value of tensile shear adhesive strength, compared with pure epoxy resin. As a result,
we determined that the reduction of tensile shear adhesive strength of epoxy resin with
SSPCM was caused by the loading of SLS and n-hexadecane in SSPCM.
4. Conclusion
Epoxy resins have been widely applied industrially for surface coatings, adhesives,
painting materials, potting, composites, encapsulants for semiconductors, insulating
materials for electric devices laminates, etc., because of their excellent characteristics of
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moisture, low toughness, solvent and chemical resistance, low shrinkage on cure,
superior electrical and mechanical resistance properties, and good adhesion to many
substrates. In this experiment, we analyzed how the n-hexadecane based SSPCM with
xGnP and SLS affects the thermal properties and chemical properties of epoxy resin,
using SEM, DSC, TGA, and UTM analyzer. As a result, the SSPCM was well
dispersed in the structure of epoxy resin, which was conﬁrmed from SEM analysis. We
conﬁrmed from DSC analysis that the adhesive composite with high loaded SSPCM
shows a high latent heat storage property. From the TGA analysis, we revealed that the
xGnP gave thermal durability to the prepared samples; also the epoxy resin with
SSPCM shows higher thermal conductivity, compared with pure epoxy resin, because
of the xGnP effect. Finally, from the tensile shear adhesive strength analysis, the reduction of tensile shear adhesive strength of epoxy resin with SSPCM was caused by the
loading of SLS and n-hexadecane in SSPCM. However, the difference of reduction is
small. Consequently, we expect the prepared epoxy resin with SSPCM to be useful in
applications in wood ﬂooring system or other application ﬁelds, due to its high thermal
properties, by the n-hexadecane and xGnP in SSCPM.
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