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The paraffin is one of important thermal energy storage materials with many desirable characteristics
(i.e., high heat of fusion, varied phase change temperature, negligible supercooling, self-nucleating, no
phase segregation and cheap, etc.), but has low thermal stability and flammable. Hence, a novel form-sta-
ble phase change materials (PCM) based on high density polyethylene (HDPE)/poly(ethylene-co-vinyl
acetate) (EVA)/organophilic montmorillonite (OMT) nanocomposites and paraffin are prepared by
twin-screw extruder technique. The structures of the HDPE–EVA/OMT nanocomposites and the form-sta-
ble PCM are evidenced by the X-ray diffraction (XRD), transmission electronic microscopy (TEM) and
scanning electronic microscope (SEM). The results of XRD and TEM show that the HDPE–EVA/OMT nano-
composites form the ordered intercalated nanomorphology. The form-stable PCM consists of the paraffin,
which acts as a dispersed phase change material and the HDPE–EVA/OMT nanocomposites, which acts as
the supporting material. The paraffin disperses in the three-dimensional net structure formed by HDPE–
EVA/OMT nanocomposites. The thermal stability, latent heat and flammability properties are character-
ized by thermogravimetry analysis (TGA), dynamic Fourier-transform infrared (FTIR), differential scan-
ning calorimeter (DSC) and cone calorimeter, respectively. The TGA and dynamic FTIR analyses
indicate that the incorporation of suitable amount of OMT into the form-stable PCM increase the thermal
stability. The DSC results show that the latent heat of the form-stable PCM has a certain degree decrease.
The cone calorimeter shows that the heat release rate (HRR) has remarkably decreases with loading of
OMT in the form-stable PCM, contributing to the improved flammability properties.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Energy needs for a wide variety of applications were depended
on time and some energy resources. Therefore, the storage of en-
ergy was necessary to meet these energy needs. Among the differ-
ent methods of thermal energy storage, the latent energy storage
was a particularly attractive technique, since it provided a high en-
ergy storage density and had the capacity to store heat as latent
heat of fusion at a constant temperature corresponding to the
phase transition temperature of the phase change materials
(PCM). The applications of the PCM were very extensive, such as
wall [1], gypsum board [2], concrete [3–6] and floor [7]. The results
showed that the building materials with PCM could provide the
constantly indoor temperature and comfortably livings environ-
ments. Much attention had been paid to the form-stable PCM,
which represented a rational alternative to traditional PCM. Among
ll rights reserved.
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the various kinds of PCM of interest, paraffin had been found to ex-
hibit many desirable characteristics, such as high heat of fusion,
varied phase change temperature, negligible supercooling, lower
vapor pressure in the melt, chemically inert and stable, self-nucle-
ating, no phase segregation and commercial availability at reason-
able cost [8,9].

In recent years, many literatures had reported the preparation,
physical and chemical properties of the form-stable PCM based on
paraffin. Lee and Choi [10] studied the durability of HDPE/paraffin
blends as energy storage materials by investigation of the seepage
behavior of paraffin. The results showed that the total stored en-
ergy was comparable with that of the traditional PCM. Ye and Ge
[11] prepared a PE/paraffin compound (PPC) acting as a form-sta-
ble PCM. They recommended that the form-stable PCM containing
75 wt% paraffin was a desirable one for application in low temper-
ature heat storage, since it was cheap and easy to be prepared and
its latent heat could be comparable with traditional PCM.

Meanwhile, the thermal conductivity was also an important
parameter for the practical application of the form-stable PCM.
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http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman


Table 1
Samples identification and compositions

Samples Compositions

PCM1 Paraffin75 wt% + HDPE–EVA25 wt%
PCM2 Paraffin75 wt% + HDPE–EVA22.5 wt% + OMT2.5 wt%
PCM3 Paraffin75 wt% + HDPE–EVA20 wt% + OMT5 wt%
PCM4 Paraffin75 wt% + HDPE–EVA15 wt% + OMT10 wt%
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Many ways had been studied to enhance the thermal conductivity
property of the form-stable PCM. Sari [12] had prepared com-
pounds with two different types of paraffin (Tm = 42–44 �C and
56–58 �C) and HDPE acting as form-stable solid–liquid phase
change materials. The thermal conductivity of the form-stable
P1/HDPE and P2/HDPE composites was increased, respectively,
about 14% and 24% by the addition of expanded graphite (EG) as
little as 3 wt%. Xiao et al. [13,14] prepared a shape-stabilized
PCM by composing paraffin with a thermoplastic-elastomer poly
(styrene–butadiene–styrene) and established its thermal perfor-
mance during the melting and solidification processes. They con-
cluded that the shape-stabilized PCM exhibited the same phase
transition characteristics of paraffin and could be up to 80% of
the latent heat of paraffin. And the thermal conductivity of
shape-stabilized PCM was increased significantly by introducing
EG. Moreover, Zhang et al. [15,16] improved the thermal conduc-
tivity of the shape-stabilized PCM by adding some high thermal
conductivity solid powers, such as diatomite, wollastonite, organic
bentonite, CaCO3 and graphite. The theoretical models (a cubic
additive model and a spherical model) predicted well the effective
thermal conductivity property. Zhang et al. [17] prepared the par-
affin/expanded graphite composite phase change thermal storage
material with a large thermal storage capacity, improved thermal
conductivity and no liquid leakage during its solid–liquid phase
change. Liu et al. [18] encapsulated the form-stable PCM with an
inorganic silica gel polymer and study the hydrophilic–lipophilic
properties. The results indicate that the enthalpy of the microen-
capsulated PCM was reduced little, while their hydrophilic proper-
ties were enhanced largely. However, the studies of the thermal
stability and flammability properties of the form-stable PCM were
rare and influenced severely the application in buildings. There-
fore, it was significant to enhance thermal and flammability prop-
erties of the form-stable PCM.

Based on the above literature survey, it was worthwhile to note
that the form-stable PCM acted a direct heat storage medium. And
it can be made into granular material with desirable dimensions.
In our previous work [19,20], we had investigated combustion char-
acteristics of form-stable PCM with different flame retardant sys-
tems. It has been found that the intumescent flame retardant (IFR)
was optimum and environmental flame retardant system. Mean-
while, the synergistic effect between IFR and OMT in the form-stable
PCM was also studied. The results showed that the loading of OMT
caused to a significant decrease of the HRR, contributing to the im-
proved flammability. Clay fillers could become a popular ‘‘green”
alternative to current flame-retardant additives for polymer and
nanoclay will act as an interfacial agent in the multiphase polymer
blends. The polymer/clay nanocomposites have superior mechani-
cal, thermal stability, flame retardancy, dimensional and barrier per-
formances. Therefore, in this paper, the objective of the study will
introduce nanocomposite technology into the PCM and prepare
the novel form-stable PCM based on the HDPE–EVA/OMT nanocom-
posites (supported material) and the paraffin (dispersed phase
change material) compounds. The aim is in order to improve the
thermal stability and flame retardant properties of the form-stable
PCM, and thus apply best in buildings. The results show that the
incorporation of OMT improves notably the thermal stability and
flammability properties of the form-stable PCM.

2. Experiments

2.1. Materials

The HDPE and EVA (containing 18 wt% vinyl acetate) were sup-
plied as pellets by Daqing Petrochemical Company, ChinaPetro-
leum and Beijing Petrochemical, respectively. Paraffin was
available commercially with melting temperature (Tm = 56–60 �C)
and latent heat of 167.03 kJ/kg. The organophilic montmorillonite
(OMT) was kindly provided by the Keyan Chemical Company.

2.2. Formation of the HDPE–EVA/OMT nanocomposites and the
form-stable PCM

The HDPE, EVA and desired amounts of OMT were premixed in
high-speed blender for 10 min. The ratio of HDPE/EVA was fixed as
75/25 by weight and the detailed mass ratio of HDEP/EVA and OMT
was listed in Table 1. Then the mixture was extruded at 180 �C
using a twin-screw extruder (TE-35, KeYa, China). The extruded
strands were pelletized, dried at 80 �C, and yielded finally the
HDPE–EVA/OMT nanocomposites.

Then, the form-stable PCM with the aforementionedly resulting
pellets and paraffin were premixed and prepared by using a twin-
screw extruder. The temperature range and the screw speed of the
twin-screw extruder were set at 120–170 �C and 450 rpm, respec-
tively. The detailed compositions of the form-stable PCM were
listed in Table 1.

2.3. Characterization

X-ray diffraction (XRD) experiments were performed directly
on the samples using a Japan Rigaku D/max-rA X-ray diffractome-
ter (30 kV, 10 mA) with Cu Ka (k = 1.54178 Å) irradiation at a rate
of 2�/min in the range of 1.5–10�.

Transmission electronic microscopy (TEM) images were ob-
tained on a Jeol JEM-100SX transmission electron microscope with
an acceleration voltage of 100 kV. The HDPE–EVA/OMT nanocom-
posites specimen was cut at room temperature using an ultrami-
crotome (Ultracut-1, UK) with a diamond knife from an epoxy
block with the films of the nanocomposites embedded.

Scanning electronic microscope (SEM) observations were per-
formed for the form-stable PCM. The form-stable PCM specimens
were broken in liquid nitrogen and the fractured surfaces were
coated by gold before SEM investigations. SEM images were ob-
tained on a PHILIPS XL30ESEM microscope.

Thermogravimetry analyses (TGA) were conducted with a NET-
ZSCH STA409C Thermal Analyzer instrument. In each case, the
10 mg specimens were heated from 25 to 800 �C with a linear heat-
ing rate of 10 �C/min under N2 atmosphere.

The Fourier-transfer infrared (FTIR) spectra were scanned using
a Nicolet MAGNA-IR 750 spectrometer for characterization of the
form-stable PCM at room temperature. Dynamic Fourier-transform
infrared (FTIR) spectra were recorded using a Nicolet MAGNA-IR
750 spectrophotometer equipped with a ventilated oven having a
heating device. The film samples were placed in a ventilated oven
at a heating rate of 10 �C/min for the dynamic measurement of
FTIR spectra in the condensed phase during the thermo-oxidative
degradation. The intensity of peaks is expressed in terms of area
of the peaks. The area of the peaks at 20 �C is used as a standard
(100%). The intensity of peaks at higher temperature is evaluated
relative to the intensity of peaks at 20 �C.

Differential scanning calorimeter (DSC) was carried out in a
nitrogen atmosphere by means of Perkin–Elmer Diamond DSC
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thermal analyzer from 20 to 200 �C with a linear heating rate of
5 �C/min. The nitrogen flow rate was 20 ml/min. The precision on
calorimeter and temperature measurements are ±2.0% and
±2.0 �C, respectively. Indium was used as a reference for tempera-
ture calibration. Samples were measured in a sealed aluminum pan
with a mass of about 5.0 mg. The latent heat was calculated as the
total area under the peaks of solid–solid and solid–liquid transi-
tions of the paraffin in the form-stable PCM by thermal analysis
software.

Flammability property was characterized by cone calorimeter.
The signals from the cone calorimeter were recorded and analyzed
by a computer system. All samples (100 � 100 � 3 mm3) were
examined in a Stanton Redcroft cone calorimeter according to
ISO5660 under a heat flux of 35 kW/m2. Exhaust flow rate was
24 L/s and the spark was continued until the sample ignited. The
typical results from cone calorimeter were reproducible to within
±10%.

3. Results and discussion

3.1. Dispersibility of HDPE–EVA/OMT nanocomposites and the
corresponding form-stable PCM

The XRD patterns of (a) MMT, (b) OMT (c) HDPE–EVA/OMT
(5 wt%) nanocomposites, (d) PCM3 and (e) PCM4 are shown in
Fig. 1. The peaks correspond to the (001) plane reflection of the
clays. The average basal spacing of OMT increases from 1.5 nm of
original MMT to 2.4 nm. The increased spacing suggests the chains
of hexadecyl trimethyl ammonium bromide (C16) intercalate into
the gallery of MMT and expand it. The intercalated morphology
of HDPE–EVA/OMT (5 wt%) nanocomposites (Fig. 1c) is proved by
the interlayer spacing, which is derived from the d001 peak of
montmorillonite and is increased from 2.4 nm for OMT (Fig. 1b)
to 3.8 nm. The 1.4 nm galley height increase indicates the interca-
lated nanostructure has been formed. The basal spacing of PCM3
(Fig. 1d) and PCM4 (Fig. 1e) is 3.9 nm, which has a 1.5 nm gallery
height increase compared with OMT. However, the diffraction peak
intensity of the form-stable PCM is evidently stronger than that of
the HDPE–EVA/OMT (5 wt%) nanocomposites. The reasons may
have two aspects. Firstly, the morphology of the HDPE–EVA/OMT
(5 wt%) nanocomposites is an intercalated-delaminated structure,
which leads to the width of peak. Secondly, the OMT itself is also
a kind of supporting material [21]. The paraffin could intercalate
partly into the silicate layers of OMT during the melt-mixing pro-
cess. The similar results have been reported in another study [20].
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Fig. 1. XRD patterns of (a) MMT, (b) OMT, (c) HDPE–EVA/OMT (5 wt%) nanocom-
posites, (d) PCM3 and (e) PCM4.
Fig. 2 demonstrates the TEM microscopy of HDPE–EVA/OMT
(5 wt%) nanocomposites. Homogenous and ordered dispersion of
the individual clay layers and the tactoids throughout the HDPE/
EVA blend are observed. The reasons include several aspects.
Firstly, the vinyl acetate (VA) groups in the EVA chains promote
the interaction with clay layers by penetration of the EVA chains
into the clay galleries. Secondly, the EVA acts as a reactive compat-
ibilizer and improves the interfacial function between HDPE and
OMT. And the EVA is more polar, leading to the silicate clay migrate
more towards to the EVA phase. Thirdly, the clay acts as an inter-
facial agent for polymer blends system [22–26], the intercalated
silicate layers are pushed towards the interphase due to the com-
mon intercalation and are shared by the two polymers, which lead
to a reduction in interfacial tension. Meanwhile, HDPE is compati-
ble with EVA in the amorphous region, which leads to a good dis-
persion of the clay in the matrix [27].

The morphology of the form-stable PCM are investigated by
SEM. The images of PCM1, PCM2, PCM3 and PCM4 are shown in
Fig. 3. SEM studies show that the HDPE–EVA alloy can contain
commendably the paraffin and form compact three-dimensional
net structure. The paraffin is well dispersed in the HDPE–EVA alloy.
Meanwhile, the OMT acts as an interfacial modifier for polymer
blend and itself is also a kind of supporting material [21]. So the
additive of OMT makes the coalescent more compact between
the HDPE–EVA alloy and the paraffin.

3.2. FTIR characterization

Fig. 4 displays the FTIR spectra of form-stable PCM1 and PCM3.
Both the form-stable PCM1 and PCM3 have the characteristic
bands: 2917 cm�1, 2850 cm�1, 1741 cm�1, 1634 cm�1, 1468 cm�1,
1380 cm�1, 1240 cm�1 and 719 cm�1. The assignments of the main
peaks of FTIR spectra are listed in Table 2. Besides these bands, the
form-stable PCM3 also has the characteristic bands of montmoril-
lonite: 1033 cm�1, 520 cm�1, 465 cm�1, corresponding to the
stretching vibration of Si–O–Si, the stretching vibration of Al–O
and Si–O bending vibration of montmorillonite, respectively. The
result shows that the HDPE–EVA/OMT nanocomposites is formed.

3.3. Thermal degradation stability of the form-stable PCM

Clay layers have good barrier action, which can improve the
thermal stability of polymer/clay nanocomposites. On the other
hand, the alkylammonium cations in the organophilic montmoril-
lonite could suffer decomposition following the Hofmann elimina-
tion reaction [28,29], and its product would catalyse the
degradation of polymer matrixes. Thirdly, the clay itself can also
catalyse the degradation of polymer matrixes. The latter two ac-
Fig. 2. TEM micrographs of HDPE–EVA/OMT (5 wt%) nanocomposites.



Fig. 3. The SEM images of the (a) PCM1, (b) PCM2, (c) PCM3 and (d) PCM4.

Fig. 4. FTIR curves for the form-stable PCM1 and PCM3 at room temperature.

Table 2
FTIR band assignments of the form-stable PCM1 and PCM3

Absorption peak (cm�1) Band assignment

2917 Asymmetric stretching vibration of C–H
2850 Symmetric stretching vibration of C–H
1741 Stretching vibration of C@O
1634 Stretching vibration of C@C
1468 CH2or CH3 deformation vibration
1380 CH3 (end-group)
1240 C–O stretching vibration
1033 Si–O–Si stretching vibration of montmorillonite

719 CH2 rocking vibration of (CH2)n, n P 4
520 Al–O stretching vibration of montmorillonite
465 Si–O bending vibration of montmorillonite
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tions would reduce the thermal stability of polymer/clay nanocom-
posites [30]. Thermal degradation stability is an important prop-
erty for which the polymer/clay nanocomposite plays an
important role. The TGA data corresponding to the 5 wt% loss tem-
perature (T�5 wt%), the maximum temperature of mass loss (Tmax1

and Tmax2) obtained from the DTGA curves are listed in Table 3.
In this article, only DTGA curves for the form-stable PCM are pre-
sented (Fig. 5).

Fig. 5 shows that the maximum mass loss temperatures of the
form-stable PCM. The DTGA curves display a two-stage thermal
degradation process for the form-stable PCM. The first step is
roughly from 200 to 450 �C, corresponding to the degradation of
the deacylation reactions of the poly(ethylene-co-vinyl acetate)
(EVA), paraffin molecular chain and surfactant molecule (C16)
coming from the Hofmann elimination reaction [28,29]. The T�5 wt%

degradation temperature and the maximum loss temperature
(Tmax1) of the form-stable PCM containing OMT are higher than
those of the HDPE–EVA/paraffin compound (PCM1). This may be
attributed to the nano-dispersed silicate layers, which can slow
the decomposition and increase the temperature of degradation
by acting as an excellent thermal insulator and mass transport bar-
rier. At the same time, the T�5 wt% and the Tmax1 of the form-stable
PCM decrease slightly with increasing OMT loading. The reason
may be that the lewis or Bronsted acid sited in the clay layers gen-
erates at 200 �C according to the Hofmann degradation mechanism
for OMT which has a catalyst effect on the deacylation of EVA [27].
Table 3
TGA data of the form-stable PCMs

Samples T�5 wt% (�C) Tmax1 (�C) Tmax2 (�C) Residue (800 �C)

PCM1 270.1 359.6 473.7 1.33
PCM2 290.3 373.0 476.6 3.93
PCM3 287.8 378.4 465.5 5.06
PCM4 281.7 368.8 459.0 15.26
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Fig. 5. DTGA curves of the form-stable PCM.

Fig. 6. Dynamic FTIR spectra at different pyrolysis temperature: (A) PCM1 and (B)
PCM3.

Table 4
Effect of pyrolysis temperature on the relative intensities (%) of peaks (2917 cm�1 and
2850 cm�1) of the form-stable PCM1 and PCM3

Temperature (�C) Sample PCM1 Sample PCM3

20 100 100
150 86.7 92.5
200 79.8 84.4
250 72.5 76.1
300 61.6 64.4
350 52.0 53.2
400 42.0 43.8
450 26.1 32.5
480 10.5 23.6
500 4.95 11.5
520 2.16 6.38
550 0 2.45
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The second step is about from 450 to 500 �C. It may be assigned to
the degradation of the HDPE and the backbone of the EVA, which
formed in the first step. On elevating the temperature above
450 �C, thermal stability of the form-stable PCM in the second
stage does not vary significantly from that of the PCM1. The
charred residue of the form-stable PCM at 800 �C is simultaneously
listed in Table 3. The charred residue amount increases in the order
of PCM4 > PCM3 > PCM2 > PCM1. The char residue amount of the
form-stable PCM with OMT is notably higher than that of PCM1,
probably because the OMT is more advantageous to form high-per-
formance carbonaceous-silicate charred layer building up on the
surface which insulates the underlying material and slows the es-
cape of the volatile products generated during thermal degrada-
tion, The results explain the enhancement of thermal stability of
the form-stable PCM compared with HDPE–EVA/paraffin
compound.

In summary, the OMT has two opposing functions in the ther-
mal stability of the polymer/clay nanocomposites. One is its barrier
effect, which should improve the thermal stability, and the other is
the catalysis effect towards the degradation of the polymer matrix,
which would decrease the thermal stability. Adding a low fraction
to the polymer matrix, the clay layers should be well dispersed and
the barrier effect is predominant. But with increasing clay loading,
the catalyzing effect rapidly rises and becomes dominant so that
the thermal stability of the nanocomposites decreases [30].

3.4. Thermo-oxidative degradation of the form-stable PCM

Thermo-oxidative degradation (TOD) of the form-stable PCM is
investigated by dynamic FTIR. The changes of C–H absorption
intensities of aliphatic groups in the 2500–3200 cm�1 regions are
generally used to evaluate the thermal stability of polymers during
TOD studies [31]. Fig. 6 presents the dynamic FTIR spectra obtained
from the PCM1 (Fig. 6A) and PCM3 (Fig. 6B) at different pyrolysis
temperatures. The important absorption peaks at 2917 cm�1 and
2850 cm�1 are the characteristic bands of the –CH2 asymmetric
and symmetric vibrations, respectively. The relative intensity of
the –CH2 absorption peaks decrease with the increasing tempera-
ture. The changes of the relative intensities are presented in Table
4. It can be seen that the relative peak intensities of the PCM3 are
much higher than that of the PCM1 at the same temperature,
revealing that the incorporation of OMT increase the thermo-oxi-
dative degradation stability of the main chains than that of the
HDPE–EVA/paraffin compound (PCM1).
3.5. Latent heat of the form-stable PCM

The typical DSC curves of the paraffin, HDPE and the corre-
sponding form-stable PCM are presented in Fig. 7. The DSC curves
show that the paraffin has two phase change peaks. The first minor
peak at the left about 42 �C corresponds to the solid–solid phase
transition of the paraffin and the second sharp or main peak corre-
sponding to 58 �C represents the solid–liquid phase change of the
paraffin. At the same time, the molten peak of HDPE also occurs
at around 127 �C. Fig. 7 shows that the phase change peaks of
the paraffin are still existence in the form-stable PCM. This is be-



Fig. 7. The DSC curves of the HDPE, paraffin and the corresponding form-stable
PCM.
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cause the paraffin is a homologous compound of HDPE and there is
no chemical reaction among the paraffin, HDPE–EVA and OMT dur-
ing the preparation of the form-stable PCM. However, the phase
change peaks of the paraffin are weaker than the pure paraffin,
probably because the three-dimensional net structure partly con-
fines the molecule heat movement of paraffin in the phase change
temperature range. It is easy to find that the melting peak of the
HDPE is ahead of schedule comparing to the pure HDPE. The main
reasons have two aspects. On the one hand, the HDPE and EVA,
OMT form polymer alloy nanocomposites. On the other hand, the
HDPE and paraffin form polymer alloy in the form-stable PCM.
The above two reasons reduce the melting temperature of HDPE.
The similar results have also been investigated in the literature
[11,19,20].

In Table 5, the thermal properties of the pure paraffin and form-
stable PCM, such as transition temperature (Tt), melting tempera-
ture (Tm) and the latent heat obtained through the DSC measure-
ment are given. As indicated in Table 5, the Tt and Tm values for
both the form-stable PCM approach those of the pure paraffin.
However, the latent heat values of the paraffin decrease markedly
compared to the pure paraffin. The latent heat of both form-stable
PCM should be 125.27 kJ/kg by multiplying the latent heat of the
dispersed paraffin (167.03 kJ/kg) with its mass fractions (75 wt%).
It may be that the three-dimensional net structure confines the
molecule heat movement of paraffin in form-stable PCM and the
paraffin partly intercalates the interlayer of the organophilic mont-
morillonite (OMT). Furthermore, the latent heat of the paraffin dis-
persed in form-stable PCM decreases with the increase of the OMT
amount. The reasons may be that a great deal of paraffin molecular
intercalates into the interlay of the excessive OMT, thereby confin-
ing the release of the latent heat during the phase change temper-
ature. Although the latent heat of the form-stable PCM has a
certain degree decrease, their thermal stability has marked
enhancements.
Table 5
Latent heat of the paraffin and the form-stable PCMs

Samples Tt (�C) Tm (�C) Latent heat (kJ/kg)

Paraffin 42.35 57.59 167.03
PCM1 42.33 57.65 111.52
PCM2 42.34 57.92 99.78
PCM3 41.90 57.13 97.21
PCM4 42.04 57.33 91.66
In addition, it is observed that liquid leakage does not occur
while the form-stable PCM are performing the phase change from
solid to liquid, owing to the fact that the paraffin is dispersed in the
formed three-dimensional network structure of the HDPE–EVA/
OMT nanocomposites. The similar results are also investigated in
the other literatures [11,12,17,19,20].

3.6. Flammability properties

Cone calorimeter is one of the most effective bench-scale meth-
ods for studying the flammability properties of materials. Cone cal-
orimeter investigations can be used as a universal approach to
ranking and comparing the fire behavior of materials. Therefore,
it is not surprising that the cone calorimeter is finding increasing
implementation as a characterization tool in research and develop-
ment of fire retardant polymer materials. Heat release rate, in par-
ticular peak HRR, has been found to be the most important
parameter to evaluate fire safety [19,20,32].

The heat release rate (HRR) plots for the HDPE–EVA/paraffin
compound and the HDPE–EVA/OMT/paraffin compounds with
different OMT loading at a heat flux of 35 kW/m2 are shown in
Fig. 8. The peak HRR values (PHRR) are 1573.18 kW/m2

(PCM1), 1378.30 kW/m2 (PCM2), 1031.28 kW/m2 (PCM3) and
920.52 kW/m2 (PCM4), respectively. The results show that the
PHRR have remarkably decreases with the increase of the OMT
loading. The PHRR of the HDPE–EVA/OMT/paraffin compounds
with 5 wt% and 10 wt% OMT loadings are decreased by about
34.4% (PCM3) and 41.5% (PCM4) compared with that of HDPE–
EVA/paraffin compound (PCM1). Gilman [32] reports that the
reduction of the HRR peak is a typical feature of polymer layered
silicate hybrid, the lower flammability of polymer/clay hybrids is
not due to retention of a large fraction of flammable molecules
but in the form of carbonaceous char in the condensed phase.
The improved flammability properties may be that the ablative
reassembling of the silicate layers may occur on the surface of
the burning hybrid, creating a physical protective barrier on
the surface of the materials during combustion. The reassem-
bling layers would act as a protective barrier and thus limit oxy-
gen diffusion to the substrate and retard the volatilization of the
flammable decomposition products [20,33]. Fig. 9 is digital pho-
tos for the residues of the form-stable PCM after combustion by
cone calorimeter tests. The results show that the HDPE–EVA/par-
affin compound (PCM1) is almost burnt out but for the HDPE–
EVA/OMT/paraffin compounds a thick, intact charred layer is
formed. It can be seen from Fig. 9 that the charred layer is tigh-
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Fig. 8. Heat release rate (HRR) curves of the form-stable PCM.



Fig. 9. Digital photos of the residues after combustion: (a) PCM1, (b) PCM2, (c) PCM3 and (d) PCM4.
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ter and denser with the increase of OMT loadings, contributing
to the barrier property of the silicate clay. Meanwhile, the abla-
tive reassembling of the silicate layers may occur on the surface
of the burning hybrid, creating a physical protective barrier on
the surface of the materials during combustion [20]. The strong
charred layers increase the flammability property of the form-
stable PCM.
4. Conclusion

The compounds based on the HDPE–EVA/OMT nanocompos-
ites and paraffin, which acting as a novel form-stable phase
change materials (PCM) are prepared by twin-screw extruder
technique. The results of XRD and TEM show that the HDPE–
EVA/OMT nanocomposites form the ordered intercalated nano-
morphology. The SEM analysis indicates that the form-stable
PCM is made of the paraffin (a dispersed phase change material)
and the HDPE–EVA/OMT nanocomposites (a supporting mate-
rial). The paraffin disperses in the three-dimensional net struc-
ture formed by HDPE–EVA/OMT nanocomposites. The DSC
results show that the latent heat of the form-stable PCM has a
certain degree decrease. The reasons may be that the three-
dimensional net structure and the silicate layers of the OMT con-
fine partly the molecular heat movement of paraffin in form-sta-
ble PCM. The TGA and dynamic FTIR analyses indicate that the
incorporation of suitable amount of OMT into form-stable PCM
increases the thermal stability. Both the T�5 wt% of the form-sta-
ble PCM with 2.5 wt% OMT and the Tmax1 of the form-stable PCM
containing 5 wt% OMT have about 20 �C enhancements com-
pared to the HDPE–EVA/paraffin compound, contributing to the
barrier effect of silicate layers. And with the loading of OMT,
the charred residue amount has remarkably improvement, which
is another reason for the higher thermal stability. It is notewor-
thy that the physical–chemical effect between the polymer ma-
trix and the OMT has an important role in the thermal
degradation process. The cone calorimeter indicates that the
PHRR have remarkably decreases with the increasing loading of
OMT, contributing to the improved flammability properties.
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