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a b s t r a c t
Thermal energy storage (TES) systems using microencapsulated phase change material (MPCM) have
been recognized as one of the most advanced energy technologies in enhancing the energy efﬁciency
and sustainability of buildings. In this research, we examined a way to incorporate MPCMs with building
materials through application for wood-based ﬂooring. Wood-based ﬂooring is commonly used for ﬂoor
ﬁnish materials of residential buildings in Korea. There are three types of wood ﬂooring: laminate ﬂooring, engineered ﬂooring and solid wood ﬂooring. However, wood-based ﬂooring has not performed the
characteristic of heat storage. This study is aimed at manufacturing high thermal efﬁciency wood ﬂooring
by increasing its heat storage using MPCM. To increase the heat storage of wood-based ﬂooring, MPCM
was used with adhesive for surface bonding of wood-based ﬂooring. As a result, this study conﬁrmed that
MPCM is dispersed well in adhesive through the scanning electron microscopy (SEM) analysis. From the
differential scanning calorimetry (DSC) analysis, it can be conﬁrmed that this composite has the characteristic of a thermal energy storage material. Also, we analyzed how this composition was formed by
physical combination through the Fourier transform infrared (FT-IR) analysis. Also, we conﬁrmed the
bonding strength of the material by using the universal testing machine (UTM).
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Recently, the reduction of energy consumption is an important
factor for residential buildings around the world [1]. Furthermore,
thermal energy storage systems are essential for reducing the
dependency on fossil fuels and then contributing to a more efﬁcient environmentally friendly energy use [2]. As the demand for
thermal comfort of buildings increasingly rises, the energy consumption is also increasing correspondingly in both domestic
and residential buildings. Currently, the number of residential
buildings using a radiant ﬂooring heating system is increasing
globally due to its thermal comfort. Comfort heating depends on
the mean effective temperature, which is a function of the ambient
air and the radiant surface temperatures. Therefore, it is possible to
achieve comfortable conditions with a cooler air temperature by a
large ﬂoor-heating surface, which results in reduced inﬁltration
heat losses [3]. Differences between head and feet temperatures
are small. Because the air temperature is not greater than that of
the walls, no condensation takes places on the walls and there is
no need to humidify the air in the winter. Differences in air temperatures are minimal and air convection appears to be negligible
and the movement of dust is therefore diminished. Therefore,
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radiant ﬂoor heating systems are cleaner than more conventional
heating systems [4]. The radiant ﬂoor heating system is created
by radiant heat which is created by hot water or steam ﬂowing
in the buried pipe under the ﬂoor. The increasing use of radiant
ﬂoor heating systems is due to various peculiar advantages offered
by these systems, such as the possibility of employing low temperature water and the absence of terminal heaters in the heated environment such as fan-coils that could cause particulate movement
and reduce the air quality, usually required in some important
environments such as hospitals [5]. Thermal mass integrated into
a ﬂoor heating system can be used for off-peak storage of thermal
energy. Thus, peak loads may be reduced and shifted to nighttime
when electricity costs are lower [6]. The combination of radiant
ﬂoor heating and thermal storage offers the possibility of signiﬁcantly improving building energy efﬁciency without compromising
thermal comfort [7]. Wood ﬂooring is mainly used in the radiant
ﬂoor heating system because it is harder, more durable and has
more ﬁre stability than general ﬂooring. Also, a wood ﬂoor is
appealing as it has an aesthetically good appearance for satisfying
the needs of the consumer. There are three types of wood ﬂoor
including solid wood ﬂoor, laminate ﬂoor and plywood ﬂoor. Epoxy
adhesives are used when these wood ﬂoors are installed in a building. These wood ﬂoors are applied to the radiant ﬂoor heating system such as the ondol system, and many studies have been carried
out globally on this. Also, these studies have conﬁrmed that radiant
ﬂoor heating systems have high efﬁciency. However, the thermal
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performance of these wood-based ﬂoor heating systems needs to
improve because they consist of a wood ﬂoor and epoxy adhesive
which have no characteristic of thermal storage.
Phase change materials (PCMs) can provide large latent heat
storage over the narrow range of temperature typically encountered in buildings; thus they can improve the degree of thermal
comfort. PCM was applied in many ﬁelds such as radiant ﬂoor
heating systems, solar energy systems, central airconditioning systems, energy efﬁcient buildings and industrial waste heat recovery,
due to their high energy storage density and small temperature
variation from storage to retrieval. In a latent heat storage system,
energy is stored during melting and recovered during freezing of
PCM. It performs an important role in solving the energy imbalance, improving the energy efﬁciency and protecting the environment [8–10]. PCM have been considered for thermal energy
storage in buildings since 1980. By implementing the PCM in gypsum boards, plaster, concrete or other wall covering materials,
thermal energy storage becomes part of the building structure,
useful even for light-weight buildings. In the literature, development and testing were conducted for prototypes of PCM wallboard
and PCM concrete systems, with particular interest in peak load
shifting and solar energy utilization. During the last 20 years,
new PCM products to be used in buildings appeared on the market
[1]. However, the application of PCM as itself for building is difﬁcult due to its phase instability of liquid state. Therefore, PCMs
usually need to be encapsulated in shell materials such as melamine and SiO2 In recent years, microencapsulated phase change
materials [11,12] have been studied to solve the liquid leakage
problems in the solid–liquid phase change process. Various methods have been developed for the encapsulation of PCMs, such as
complex coacervation [13], interfacial polycondensation [14] and
in situ polymerization [15]. A typical microencapsulation process
uses formaldehyde resins for the protection of PCMs, such as melamine–formaldehyde resins [16–18] and urea–formaldehyde resins [19–21]. Microencapsulated PCM provides some important
advantages such as the ability of microcapsules to handle phase
change materials as a core, as they tolerate volume changes; there
is a reduction of the reactivity of the parafﬁn wax with the outside
environment; it increases the heat-transfer area and the handling
and manipulation of parafﬁns becomes easier. In this paper, a performance evaluation was carried out of the composite epoxy adhesive with MPCM for application of a wood-based ﬂoor heating
system in buildings. Also, this paper conﬁrmed that the MPCM/
wood-based ﬂooring construction adhesive composite (MWAC)
can improve the thermal performance in its application ﬁelds.
Therefore this paper handles that enhancing thermal properties
of the construction adhesive without heat storage properties. Also
we evaluated the applicability of MWAC for applying wood-based
ﬂooring using MPCM through measurement of bonding strength
from universal testing machine (UTM) analysis. And we conﬁrmed
that MWAC has enough bonding strength to apply wood-based
ﬂooring as adhesive with heat storage performance. Also, although
MWAC has poor heat storage capacity, it could be a good material
for applying building material sector.

purchased from SamChang Tech Co. Ltd. (http://www.samchangtech.co.kr/) in South Korea. The epoxy resin consists of a base with
a hardener, and the mixture ratio is 1:1.
2.2. Preparation of MWAC
The preparation process of MPCM/wood-based ﬂooring construction adhesive composite (MWAC) is as follows: First, the
MPCM, which was dried for 5 h, is prepared for the beaker. The
epoxy resin and hardener are then mixed into another beaker,
and the mixture ratio is 1:1. Then, 3 wt%, 5 wt%, 7 wt% and
10 wt% of the MPCM is added to the mixture. 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 MWAC. This MWAC is then cured in the mold for
2 days. Fig. 1 shows the schematic of the preparation process of
the MWAC.
2.3. Methods
To conﬁrm the thermal and mechanical properties of MWAC,
we have been carried out scanning electron microscopy (SEM, JEOL
JSM-6360A), Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC) and UTM measurements. The
morphology and composition of the MPCM and MWAC at different
loadings were observed by means of scanning electron microscopy
at room temperature. An SEM with an accelerating voltage of 12 kV
and working distance of 12 mm was used to collect the SEM
images. The samples were coated with a gold coating of a few
nanometers in thickness [23]. And FTIR spectroscopy (300E Jasco)
was also utilized to monitor the change of chemical groups upon
curing. Clear potassium bromide (KBr) disks were molded from
the powder and a pure KBr disk was used as the background. The
samples were analyzed over the range of 525–4000 cm 1 with a
spectrum resolution of 4 cm 1. All spectra were averaged over 32
scans. This analysis of the composites was performed at point-topoint contact with a pressure device [22]. Thermal properties such
as the melting temperature and latent heat capacity of MWAC
were measured using a DSC instrument (DSC Q 1000). DSC measurements were performed at a 5 °C/min heating and cooling rate
and a temperature range of 10–50 °C and 50–10 °C. The latent heat
capacity is not depend on a heating and a cooling rate. And a heating and a cooling rate has an effect on the absolute value of x-axis.
In this paper, we focused to ﬁnd the latent heat capacity of MPCM.
So we had chosen a heating and a cooling rate of 5 °C/min in the
measurements with the DSC. The melting temperature was measured by drawing a line at the point of maximum slope of the leading edge of the peak and extrapolating to the base line. The latent
heat of the MWAC was determined as total by numerical integration of the area under the peaks that represent the solid–solid
and solid–liquid phase transition. Also the bonding strength of
MWAC was examined by means of the universal testing machine
(Zwick Co.) according to ASTM standards D638 and D790. The
crosshead speed of tensile testing was 5 mm min 1 with the gage
length of 63 mm of a dumbbell shape. All tests were performed

2. Experimental
2.1. Materials
The MPCM with a melting point of 27–31 °C and latent heat
capacity of 66.61 kJ/kg was obtained from the Celsius Korea company in South Korea. Also, the MPCM was prepared through the
Celsius Korea (http://www.celsius.co.kr) by using RT31 as the core
material from Rubitherm corporation (http://www.rubitherm.de)
and using melamine as the shell material. The epoxy resin was

Table 1
Contents mass ratio of epoxy resin, hardener and MPCM for preparation of MWAC.
wt% of MPCM

Epoxy resin (g)

Hardener (g)

MPCM (g)

0
3
5
7
10

50
48.5
47.5
46.5
45

50
48.5
47.5
46.5
45

0
3
5
7
10
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Fig. 1. A schematic of preparation process for MWAC: (a) compositing process, (b) stirring process, (c) hardening process.

for at least ﬁve specimens and the data was taken into account of
the average values.
3. Results and discussion
3.1. Morphology analysis
Fig. 2 shows the morphology of the MWAC after hardening. The
MWAC, of which from 0 wt% to 5 wt% MPCM is added, shows a
spherical form similar to the shape of the mold, but MWAC exceeding 7 wt% of MPCM does not show a form similar to the shape of
the mold, because the viscosity of the MWAC increases as the
wt% of the powder form of MPCM increases. Also, this caused a
reduction of the bonding strength of the MWAC. This can adversely
affect the workability for the installation of the wood ﬂoor and it
can also reduce the life of the radiant ﬂoor heating system and reduce the life of the wood ﬂoor. Finally, it negatively affects the
reduction of the building energy. Therefore, an additional study
on the reduction of workability as wt% of the MPCM increases is
needed for high thermal efﬁciency of the radiant ﬂoor heating
system.
3.2. Analysis on microstructure of MWAC
The cryogenically fractured surface of the MWAC was studied
by SEM. Fig. 3 shows the SEM photographs of the MWAC of 3%,
7% and 10% MPCM loading contents. Fig. 3a shows the micro structure of the adhesive but it does not show the spherical micro particles of MPCM. However, Fig. 3b–d shows that the dispersions of
the MPCM in the adhesive are uniform. The spherical micro particle of MPCM was well-dispersed in the adhesive [22]. Also, this
study conﬁrmed that the spherical micro particle of MPCM was

not shattered during the stirring process, and is composed of a
physical combination rather than a chemical combination. In this
SEM analysis, we checked existence of the spherical micro particles
and it seems to be MPCM particles. So we considered that the particles were not shattered because of conservation of its shape. Of
course, maybe some particles are supposed to be shattered, however we conﬁrmed that the most of all particles are not shattered
because latent heat peaks were increased as increasing MPCM
loading contents from DSC analysis. And the numbers of spherical
micro particles of MPCM increased as the MPCM loading contents
increased due to good dispersion. In this respect, the thermal performance of MWAC in which MPCM was well dispersed in the
adhesive structure is revealed for the application of a radiant ﬂoor
heating system.

3.3. FT-IR analysis
FTIR results on the MWAC are shown in Fig. 4. As the MPCM
uses melamine as the shell material, we checked the melamine
peaks from the FTIR spectra. Melamine has a molecular formula
of C6H2N6, and it is relevant to molecular structural 1,3,5-triazine-2,4,6-triamine, and it is also used widely due to the superior
thermal resistance, water prooﬁng and mechanical strength. The
3369 cm 1 and 3298 cm 1 of the peak appeared on the FTIR spectra due to the NH2 group of melamine. Also, this peak increased as
the MPCM load contents increased. Also, the N–CH3 combination
peak was shown on the FTIR spectra, due to the combination of
the CH3 group of the core material which consists of parafﬁn.
The N–CH3 peak is shown as 2775–2765 cm 1. These numerical
peaks are shown in Table 2. And we checked that FTIR peaks of
the adhesive are maintained after mixing with MPCM. Also
increasing peaks in the FTIR graph show the N–CH3 and NH2 group

Fig. 2. The morphologies of MWAC after hardening: (a) adhesive, and the MWAC with (b) 3 wt%, (c) 5 wt%, (d) 7 wt%, (e) 10 wt% of loading contents of MPCM.
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Fig. 3. Microstructure of the adhesive and MWAC: (a) adhesive, and MWAC with (b) 3 wt%, (c) 7 wt%, (d) 10 wt% of loading contents of MPCM.

Fig. 4. FT-IR spectra of adhesive and MWAC.
Fig. 5. DSC graph of the adhesion and MWAC with 5 wt%, 10 wt% of MPCM.

Table 2
The FTIR spectra of the amin group and N–CH3 bonding.
Vibration

Wavenumber range (cm

Asymmetric NH2 stretch
Symmetric NH2 stretch
N–(CH3)2 bonding

3369
3298
2775–2765

3.4. Analysis of thermal characteristic of MWAC
1

)

and it is MPCM peaks which were consist of melamine as shell
material. In this results show the peaks of shell material and adhesive are not changed. So I judged that MWAC was composed of a
physical combination rather than a chemical combination.

In the case of the combination of epoxy resin and hardener,
MPCM has no properties of heat storage. Therefore, the composition of MPCM and adhesion was carried out in this paper to provide
the characteristic of heat storage. The MPCM used in the experiment has 66.61 kJ/kg of heat storage capacity and the phase change
temperature range is 27–31 °C. The heat performance of the adhesive and 5 wt% and 10 wt% of MPCM are analyzed by DSC measurement to carry out the heating and cooling process. At this point, we
found the differences between the melting temperature and the
solidiﬁcation temperature. It is caused by supercooling during
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Table 3
Heat storage capacity of the adhesive and MWAC with 5 wt%, 10 wt% of MPCM.
wt% of MPCM

Heating (kJ/kg)

Cooling (kJ/kg)

Calculated (kJ/kg)

0
5
10

0
3.278
6.220

0
3.230
6.130

0
3.331
6.661

Fig. 6. The bonding strength of the adhesive and MWAC with increased loading
contents of MPCM.

solidiﬁcation. So, melting temperature is higher than solidiﬁcation
temperature in DSC analysis. As shown in Fig. 5, we conﬁrmed that
the adhesive has no DSC peak because the adhesive has no characteristic of heat storage. However, as MPCM loading contents increase in the adhesive structure, the DSC peaks also increase. The
latent heat of the parafﬁn is obtained as the total area under the
peaks of the solid–solid and solid–liquid transitions of the MPCM
in the composite by numerical integration. In the case of the latent
heat of 5 wt% of MPCM in MWAC, the 3.278 kJ/kg and 3.230 kJ/kg
were measured by heating and cooling. Also, in the case of
10 wt% of MPCM in MWAC, the 6.220 kJ/kg and 6.103 kJ/kg were
measured by heating and cooling. These results are similar to those
of the calculated latent heat. Also, the numerical DSC peaks are
shown in Table 3. Therefore, we conﬁrmed that the performance
of the heat storage capacity is increased when MPCP loading contents in MWAC increase. As expected, we conﬁrm that the adhesive
with performance of heat storage is useful for application in a
wood-based heating system.
3.5. Analysis of bonding strength of MWAC
To determine the bonding strength between the adhesive and
MWAC, we performed a test with a universal testing machine
(Zwick Co.). Fig. 6 shows the change of the bonding strength with
increasing loading contents of the MW. The bonding strength of
adhesive is 13.73 MPa as seen in Fig. 6. However, the bonding
strength of MWAC is reduced by increasing the loading contents
of the MPCM. In the case of the 3 wt% and 5 wt%, these bonding
strengths indicate the 11.33 MPa and 10.85 MPa, respectively. This
shows that there are no signiﬁcant differences of bonding strength
compared to the adhesive. However the bonding strength strongly
decreased as from beyond the 7 wt% of loading contents of MPCM.
Also, the bonding strength of the MWAC which has 10 wt% of
MPCM did not attain half of the adhesive. The reduction of bonding
strength caused the reduction of the durability of wood ﬂooring.
And we estimate that this research will be supplied as reference
and over the 7 wt% of MPCM loading contents bring decrease of
bonding strength drastically. Also we conﬁrmed that the bonding

strength of MWAC which has 10 wt% of MPCM loading contents
is 5 MPa. It is more than 0.8 MPa which is the minimum adhesive
bonding strength in the Korea Housing corporation standard to apply wood ﬂooring.
4. Conclusions
Recently, many studies have been carried out on the reduction
of energy consumption. We applied the PCM to wood-based ﬂoor
for the reduction of energy saving to improve the thermal efﬁciency through latent heat storage. In this study, the properties
of MWAC that had been used in the test were measured and an
MWAC was made by stirring the epoxy resin, hardener and MPCM,
having a latent heat storage performance, with MPCM based on
mass ratio. In order to check the micro structure and chemical
reaction of the MWAC between the MPCM and adhesive, SEM
and FTIR tests were performed. A DSC analysis and UTM analysis
were also performed to measure the heat storage and bonding
strength of the MWAC. According to the morphology test results,
the MWAC with over 7 wt% of loading contents of MPCM did not
show a form similar to the shape of the mold, because the viscosity
of the MWAC is high. Also, we conﬁrmed that the spherical micro
particle of MPCM was well-dispersed in the adhesive from SEM
analysis. Furthermore, we checked the properties of heat storage
revealed in MWAC through the DSC analysis. According to the FTIR
test results, the MWAC consists of the MPCM and adhesive by
physical reaction not chemical reaction. Finally, the increasing of
loading contents of MPCM caused the reduction of bonding
strength.
Actually, MWAC was consists of maximum 10 wt% of MPCM,
but it has a poor latent heat capacity. However we conﬁrmed that
MWAC has heat storage properties which are not existence to
adhesive. Also we checked that MWAC with 10 wt% of MPCM could
apply to wood-based ﬂooring as adhesive because its bonding
strength is strong enough as 5 MPa. A minimum adhesive bonding
strength is 0.8 MPa according to the Korea Housing corporation
standard to apply wood-ﬂooring. Therefore if MWAC could get
minimum workability, MWAC with 10 wt% of MPCM loading contents could be a good material as adhesive has with heat storage
properties.
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