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Abstract

Shape-stabilized phase change materials (SS-PCM) are promising materials given

their potential to control leakage of liquid PCM. However, SS-PCM still has low

thermal conductivity and high flammability, which are important properties for

several applications, such as the thermal indoor comfort in buildings. In this study,

two new polymeric SS-PCM were developed and their properties were optimized

by the use of different additives. Both high-density polyethylene (HDPE) and poly-

oxymethylene (POM) work as matrix materials and MPCM 28 from Microtek acts

as PCM. Besides, the graphite was used as an additive material to increase the ther-

mal conductivity, and the magnesium hydroxide to minimize flammability of the

composite. Both inorganic fillers also help in the PCM dispersion within the

matrix. To evaluate the effect of each component, seven formulations were man-

ufactured by a single screw extruder and a set of characterization (Differential

scanning calorimetry, Thermogravimetric analyses, for thermophysical evaluation,

and dynamical mechanical analyses, for thermomechanical evaluation over 1000

thermal cycles was performed. The main outputs of the investigation are the pro-

posed formulations that have a good fire reaction performance, whereas their ther-

mal and chemical stability are guaranteed up to 1000 cycles. The HDPE samples

present around 12 kJ/kg melting enthalpy when 10 wt% microencapsulated PCM

is included in the formulation. In addition, the POM samples present around

7.5 kJ/kg when 10 wt% microencapsulated PCM is included in the formulation.

For all formulations, the melting enthalpy obtained is around 27.5�C, in concor-

dance with the reported by the manufacturer.
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1 | INTRODUCTION

One of the greatest challenges to be addressed in our
modern society is the current high energy consumption
rates. In such energy scenario, one of the most energy-
demanding sectors is commercial and private build-
ings.1,2 The building sector is responsible for 36% of
global final energy consumption, which is approximately
40% of the total overall direct and indirect CO2 emissions.
Besides, the units used to conditionate buildings indoors,
for services such as heating, ventilating and air condition-
ing, account for the 50% of the total energy consumed by
that sector.3 The main concern in the sector is that non-
renewable energies are the main sources used to satisfy
its energy demand. For that reason, thermal energy stor-
age (TES) systems in buildings have gained attention in
recent years as can potentially reduce the energy con-
sumption from cooling and heating systems. The esti-
mated energy reduction is driven by (1) switching the
peak demand, (2) reducing the maximum peak of con-
sumption and (3) filling the gap between the energy sup-
plied and the energy demand.4

Current TES technologies are mainly based on sensi-
ble heat, this kind of store is well-known to be limited by
a low energy density, low performance of storage mate-
rials and excessive thermal losses.5,6 Latent heat TES
(LHTES) uses the heat involved in a phase change mate-
rial (PCM) transition. LHTES has shown great potential
to be implemented in building envelopes, reducing up to
25% of the energy consumption in buildings.7,8 The incor-
poration of the PCMs in buildings has been studied for
several applications; in wallboard9 that provides thermal
storage distributed throughout the building indoors; in
concrete walls by incorporating microencapsulated PCMs
(mPCMs),10,11 which is a way to produce low-cost storage
materials with structural and thermostatic properties, in
building insulation materials12; or as part of one layer of
the envelope as shape-stabilized PCMs (SS-PCMs).13

LHTES have high storage densities across a wide tem-
perature range (�30�C-1000�C), and the most common
transition is the solid-liquid one.14–16 Generally, organic
PCM presents low thermal conductivity, which limits the
charge and discharge processes speed. For this reason, a
high heat transfer surface is required to guarantee the
optimal behaviour of the PCM.17 Besides, PCMs present
leakage problems, cost intensive raw materials and large-
scale manufacturing limitations; this is translated on low
technology readiness level (TRL).18,19 In this scenario,
the use of SS-PCM, which consists of a PCMs incorpo-
rated in a polymeric matrix, is the most cost-efficient
solution to overcome these limitations.20 Besides, SS-
PCM have the potential to incorporate property enhancer
additives, such as thermal conductivity enhancer and

other components, to improve mechanical strength and
flammability.19,21 Given the flexibility and mul-
ticomponent nature of SS-PCM, they bring up the possi-
bility to create a multiple heat storage system, where two
or more stores of the SS-PCM operate in different temper-
ature ranges,23–26 the so-called cascade systems.22

Nevertheless, one of the main barriers associated with
the scalability of SS-PCMs are the challenges related to
the manufacturing as most of the SS-PCM have been fab-
ricated in a laboratory scale, where specific techniques
that are unsuitable for continuous large volume produc-
tion or real conditions are applied.27 Likewise, it is diffi-
cult to establish a relation between formulation and
fabrication processes due to the lack of large-scale
manufacturing studies.

In this study, the main objective is the use of a contin-
uous extrusion process with a single screw extruder to
fabricate the SS-PCMs based on high-density polyethyl-
ene (HDPE) and polyoxymethylene (POM) with
microencapsulated PCM as a latent heat component. To
achieve the main goal, two additives were used carbon
graphite (G) as a thermal conductivity enhancer and
magnesium hydroxide (M) as a fire retardant. An exhaus-
tive study of the performance of the different fabricated
SS-PCMs is presented, evaluating the thermal and chemi-
cal stability as well as the thermodynamics and thermal
cycling behaviour.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and composite synthesis

Two types of polymers were used as a matrix: high-density
polyethylene (HDPE) and polyoxymethylene (POM). Total
XSene 55060 High Density Polyethylene (HDPE) was pur-
chased from Total Petrochemicals (FRA) and supplied in
~2 mm pellets form whereas POM was high-quality
recycled polymer. A microencapsulated phase change
material MPCM 28 from Microtek (mPCM) was as the
selected thermal energy storage materials and two different
additives were used to improve the thermal conductivity,
graphite (G), and the flame reaction, magnesium hydroxide
(M), respectively. Graphite powder was supplied by Inoxia
Ltd (UK) (98.6% purity carbon graphite powder). The main
attributes of the materials used to fabricate the different
composites are summarized in Table 1.

A single screw extruder with a 4.5 mm diameter dye
was used to manufacture the composites. The different
components were mixed and introduced in the hopper.
The temperature along the screw of the extruder was con-
trolled from the inlet to the outlet in seven different
heating zones from 100�C to 120�C to achieve well mix
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composite and avoid the degradation of some of the com-
ponents of the mixture. Extrusion speed and pressure
along the screw were monitored during the process.
From the combination of the polymers, flame retardant
and graphite seven formulations were designed, their
compositions and nomenclature for your reference are
listed in Table 2. These compositions were studied based
on previous extrusion proofs manufactured at our
laboratories.

2.2 | Characterization

The thermal stability of the composites fabricated was
evaluated by a thermocycling test, up to 1000 thermal
cycles. Each cycle consists of a heating stage, from 15�C
to 45�C at 5�C�min�1, an isothermal step at 45�C for
3 minutes and a cooling stage from 45�C to 15�C at
5�C min�1. The thermal properties of the cycled samples
were then evaluated using differential scanning calorime-
try (DSC), the device used was a DSC 822e Star3+ by
Mettler Toledo, measuring the enthalpy and the melting
temperature of the PCM composites. The tests were per-
formed from 15�C to 180�C with a heating rate of
1�C min�1 in a nitrogen atmosphere with a 50 mL min�1

of gas flow.
In addition, Fourier-Transform Infrared spectroscopy

(FT-IR), Perkin Elmer (Spectrum Two) instrument, was
used to evaluate chemical changes caused by the degra-
dation of the samples after the thermocycling test.

A Thermogravimetric Analyser, from TA Instruments
(SDT Q600), was used to study the thermal stability and
degradation of the samples. The test was carried out at
50 mL min�1 N2 gas flow, from 150�C to 500�C with a
heating rate of 10�C�min�1.

Furthermore, a dripping test was performed to evalu-
ate the flammability behaviour, described in the UNE
2372728 standard. This test evaluates the flame and its
propagation in a fire scenario-case like. SS-PCM samples
were weighed and introduced into a ceramic crucible,
which was placed on a metallic grid 3 cm below a heat
source of 500 W.

Dynamic mechanical analysis (DMA) was used to
evaluate the thermomechanical properties of the samples

under study. The instrument used was a DMA Q800 from
TA Instruments. Rectangular samples, 35 � 15 � 5 mm,
were cut from the prepared composites and analysed
using a dual cantilever clamp. The frequency sweep
mode was set and the deformation was strain-controlled
(0.1%). A temperature ramp was applied from �145�C to
100�C with a heating rate of 3�C min�1, the stress applied
was 1 Hz.

3 | RESULTS AND DISCUSSION

3.1 | HDPE-based composites

Figure 1 shows the thermal stability results of the HDPE
composites, where the enthalpy and the melting tempera-
ture before and after the thermal cycles were evaluated.
It should be noted that HDPE10mPCM has less enthalpy
than HDPE10mPCM20M, despite the PCM content is the
same (10% wt). This result is related to a filler stabiliza-
tion behaviour, hence helps in the formation of an SS-
PCM. After 1000 thermal cycles, a 33%, 27% and 36%
enthalpy decrease is detected in HDPE10mPCM,
HDPE10mPCM20M and HDPE20mPCM20M, respec-
tively. The melting temperature remains constant after
the cycles and slightly increases by the content of PCM
and magnesium hydroxide.

Figure 2 shows the thermal decomposition of the
HDPE-based composites.29 The total weight loss was
around 89% and 95% for the samples with and without

TABLE 1 Properties of the

materials used
Material Function ΔH (J/g) Tm (�c)

HDPE Matrix and TES material 175 137

POM Matrix and TES material 49 135

Micro-encapsulated paraffin TES material and plasticizer 185 28

Graphite Thermal conductivity enhancer — —

Magnesium hydroxide Flame retardant — —

TABLE 2 Composition of the different blends prepared

Sample

wt%

HDPE POM mPCM M G

HDPE 100 — — — —

HDPE10mPCM 90 — 10 — —

HDPE10mPCM20M 70 — 10 20 —

HDPE 20mPCM20M 60 — 20 20 —

POM — 100 — — —

POM10mPCM — 90 10 — —

POM10mPCM3G — 87 10 — 3
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magnesium hydroxide, respectively. The first decomposi-
tion steps were attributed to the oxidative thermal degra-
dation at temperatures up to 435�C, followed by the
decomposition of the oxidation products at temperatures
up to 500�C.30 The paraffin containing samples, mPCMs,
two additional steps appear, the paraffin decomposition
at temperatures up to 370�C and the acrylic shell decom-
position at temperatures up to 430�C,31 which overlaps
with the HDPE decomposition. Table 3 presents the

thermo-oxidative temperatures at 5% and 10% mass loss
and the non-volatile inorganic residue at 495�C. The ini-
tial thermo-oxidative temperature range at which
HDPE10mPCM20M sample loses 5% and 10% of the mass
was between 33�C and 34�C, is higher than the
HDPE20mPCM20M one.

This might be due to the high content of mPCM in
the HDPE20mPCM20M sample that produces a faster
thermal degradation leading to lower the thermo-
oxidative temperatures than HDEP10mPCM20M sample.
Similar behaviour is observed for the samples with and
without magnesium hydroxide: the HDPE10mPCM20M
sample presents higher values of T10% than HDPE and
HDPE10mPCM samples. This phenomenon can be
explained given the fire retardant behaviour of magne-
sium hydroxide (endothermic decomposition), along with
the water release and the formation of a stable oxide
around 330�C.32 Hence, the char residue of these samples
is higher than the others.

Figure 3 and Table 4 present the ignition/extinction
periods obtained in the dripping test for the different
HDPE-based composites. The peaks and the valleys rep-
resent the time when the sample ignites and extinguishes
respectively, and the average time between the ignition
and the extinction represents the combustion time. In the
case of the HDPE (see Figure 3A), the dripping test shows
that once it is ignited, the HDPE keeps burning until the
fuel is exhausted (combustion behaviour). The addition
of mPCM (see Figure 3B) curve does not introduce signif-
icant changes in the fire behaviour. In contrast,
Figures 3C and 4D profiles show a high number of igni-
tion and extinctions during the test; this is related to the
fire-retardant behaviour of the magnesium hydroxide.
The higher the content magnesium hydroxide, the better
self-extinguished flame reaction behaviour measured.

The FT-IR spectra of the different samples, after and
before the thermal cycling, are shown in Figure 4,
where the three characteristic zones of the mixtures are
plotted: 3100-2600 cm�1 (A), 1800-1250 cm�1 (B) and
1190-450 cm�1 (C). Figure 4A shows the 2915 and
2847 cm�1 bands of C H stretching vibrations of
the HDPE and paraffin.33–35 This band is associated
with a C H stretching normally found in polypropyl-
ene.36 Figure 4B presents the 1470 and 1446 cm�1

bands of -CH2 bending of the HDPE and the

FIGURE 1 Results of enthalpy and melting temperature at

0 and 1000 cycles

FIGURE 2 Thermogravimetric analysis of HDPE-based

composites

TABLE 3 Thermo-oxidative

temperatures, at 1%, 5% and 10% of

mass loss from initial mass and chart

residue

T1% (�C) T5% (�C) T10% (�C) Residue at 495�C (%)

HDPE 282 332 353 4.61

HDPE10mPCM 255 328 355 3.28

HDPE10mPCM20M 244 325 367 13.57

HDPE20mPCM20M 201 291 334 11.78
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overlapped band of 1466 cm�1 of the C H scissoring
of the paraffin.33–35 In addition, O H vibration is
detected at 1420 cm�1 due to the presence of magne-
sium hydroxide. Figure 4C presents the 730-700 cm�1

bands of CH2 rocking of the HDPE, the overlapped
band 720 cm�1 of the bending C H of the paraffin,33–35

the 876 and 592 cm�1 bands are associated to Mg O Mg
stretching vibration37 and 482 cm�1 bands of Mg O vibra-
tions.38 Based on the main FT-IR results obtained, there is

not any degradation process active after the thermal
cycling test.

The dynamic mechanical properties of HDPE-based
composites as a function of temperature are shown in
Figure 5. All the samples present curves corresponding to
a semi-crystalline structure, HDPE 80% crystallinity.39

The storage modulus (E'), plotted in Figure 5A, is pro-
portional to the stiffness of the materials,40 hence the
pure HDPE and HDPE10mPCM20M are the samples
which present the highest stiffness. The HDPE 10mPCM
and HDPE20mPCM20M present the lowest E' values.
The addition of PCM is expected to reduce the storage
modulus, while the use of ceramic fillers like magnesium
hydroxide, which are stiffer, increase the E'. The results
show the contribution of these opposite effects, being the
mPCM content the most relevant. Figure 5B,C presents
the loss modulus (E") and tan(δ) curve respectively, in
where three main transitions are detected γ-, β- and
α-transitions. The values of peak temperature associated
with each transition are summarized in Table 5, extracted
from Figure 5B. The γ- and β-transitions are associated
with chain motion in the amorphous phase and the
α-transition is directly related to crystalline degree, hence
is the lamellar motion in the crystalline phase.41–45 The
γ-transition of pure HDPE was detected at �117.63�C,
which is the glass transition temperature (Tg).

43,45 The
α-transition appears at 54.98�C for the pure HDPE, the
intensity and α-transition temperature (Tα) decrease andFIGURE 3 Dripping test results of HDPE-based composites

TABLE 4 Dripping test results for HDPE-based composite

Sample Ignition time (s) N� of ignitions Average combustion time (s)

HDPE 12 1 272

HDPE10mPCM 10 3 288

HDPE10mPCM20M 20 27 360

HDPE20mPCM20M 12 37 369

FIGURE 4 FT-IR spectra of HDPE-based composites before and after the thermal cycles
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moves to lower temperatures by the addition of the differ-
ent components. This is triggered by the addition of other
components into the HDPE structure, which promotes
the formation of thinner and separated lamellas, requir-
ing less energy for relaxation of the hard segments.43

Also, an α1-transition is detected in the magnesium
hydroxide of the manufactured samples, due to the
behaviour of the filler as a nucleating agent that pro-
motes an induced crystallization of HDPE at the particle
surface.46 The β-transition is the movement either of the
branches or the main chain segment in the amorphous
phase.43 Moreover, β-transition appears in PE samples
with a higher percentage of amorphous phase,42 indicat-
ing that the formulations with mPCM and magnesium
hydroxide have lower crystallinity than pure HDPE.

3.2 | POM-based composites

The thermal stability of the POM based composites is pres-
ented in Figure 6. The results show that the graphite con-
taining sample has less enthalpy compared to the sample
without graphite. This result can be related to an increase
of the thermal conductivity of the sample that improves
the heat transfer, but also could be attributed to a bad
homogeneity of the sample. After the thermal cycling, a
slight decrease of enthalpy in the POM10mPCM sample is
detected, a decrease of 3.7%, and in the POM10mPCM3G

sample, the decrease is even higher, a decrease of 50%. The
melting temperature shows values around 27�C in both
samples, before and after the thermal cycling.

The thermogravimetric analysis of POM composite
samples shows that thermal degradation takes place
between 150�C and 500�C. In Figure 7, the mass % and
the weight corrected heat flow are plotted. The total
weight loss was 97% for the samples without graphite
and 88% for the sample with graphite. The decomposition
steps attributed to POM were the oxidative thermal deg-
radation at temperatures up to 380�C and the decomposi-
tion of the oxidation products at temperatures up to
495�C. The paraffin containing composites show an addi-
tional decomposition step in between attributed to the
mPCM shell degradation.31 The thermo-oxidative tem-
peratures at 5% and 10% of mass loss, and the non-
volatile matter, the residue at 495�C, are presented in
Table 6. The POM and POM10mPCM samples present
similar values of T5% and T10%, which are higher than
POM10mPCM3G. In contrast, the sample that presents
higher residue is the graphite containing sample. The
presence of graphite in the formulation POM10mPCM3G

FIGURE 5 DMA results of HDPE-based composite: A. Storage modulus curve; B. Loss modulus curve; C. Tan(δ) curve

TABLE 5 Summary of the peak temperature transitions of the

HDPE-based composite, extracted from the Loss modulus curve

Formulation Tγ Tα Tβ Tα1

HDPE �117.63 54.98 — —

HDPE10MPCM �118.72 52.67 �25.82 —

HDPE10MPCM20M �120.04 37.54 �31.36 74.45

HDPE20MPCM20M �118.61 35.98 �33.50 79.21

FIGURE 6 Enthalpy and melting temperature of POM-based

composites
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favours the degradation at a lower temperature, probably
because of the higher thermal conductivity improving the
heat transfer. Otherwise, the graphite contributes to
the stabilization at higher temperatures and clearly
induces the formation of a solid char of unburned
residue.

Again, the maximum working temperature corre-
sponds to a sample loses of 1% in weight. Therefore,
the maximum working temperature is T1% plotted in
Table 6.

The results of the dripping test are illustrated in
Figure 8 and Table 7. In the POM sample, Figure 8A,
only a single ignition is detected, and the sample keeps
burning until the extinction of the fuel (combustion
behaviour). By the addition of the mPCM, non-significant
changes are observed, the flammability behaviour
remains as combustor material. In contrast, with the
addition of the graphite, a higher number of ignition and
extinction were produced, and a delay on the ignition
time is detected, due to the effect of the graphite forming
a char with a barrier effect.

Figure 9 shows the FT-IR spectra of the POM based
composites, before and after the thermal cycles. The three
main regions of the spectra were studied: 3040-2600 cm�1

(A), 1780-1160 cm�1 (B) and 1200-560 cm�1 (C). Figure 9A
shows the 2916-2848 cm�1 bands corresponding to the
C H stretching of POM and paraffin.35,47 In this region,
no new bands were detected, hence no degradation was

detected. Figure 9B presents the 1473-1462 cm�1 bands of
CH2 bending of the POM and paraffin34,35 and the
1434-1383 cm�1 bands of CH3 and the 1237 cm�1 band
C O C bending are associated to the POM.47,48 Also, a
low-intensity extra band around the 1741 cm�1 is detected,
due to the presence of a carbonyl group, meaning that
some oxidation took place during cycling or the shaping
process.48 Figure 9C shows the asymmetric and symmetric
bands of skeletal stretching of C O C at 1089, 932 and
902 cm�1, the CH2 rocking vibration at 730-719 cm�1 and
the O C O bending at 632 cm�1.47

The thermomechanical results of the POM based
composites are shown in Figure 10, where the behaviour
of a semi-crystalline polymer is observed.39 Figure 10A
presents the E' curve showing that at low temperature
(T < 0�C) the POM10mPCM3G has the highest stiffness
while above higher temperatures (T > 0�C) the three
samples present similar stiffness. Figure 10B presents the
E" curve and (C) the tan(δ) curve, in where two of
the three main transitions of POM are observed: β- and
γ-transitions and the glass transition γ-transition.49 The
β-transition is a cooperative motion of long chains in the
amorphous phase that is observed after a fast cooling and
disappear with ageing at room temperature. The sample
POM10mPCM3G clearly shows this peak, due to the
presence of graphite increasing the thermal conductivity
and thus the heat transfer during cooling. The PCM also
affect the cooling, and the peak of this transition is lower
in the POM10mPCM sample than the graphite sample,
while it is not observed in the pure POM. The
α-transition is not detected as it happens at 130�C, 49 but

FIGURE 7 TGA of POM-based composites

TABLE 6 Thermo-oxidative

temperatures at 1%, 5% and 10% of mass

loss from initial mass and chart residue

T1% (�C) T5% (�C) T10% (�C) Residue at 495�C (%)

POM 253 277 288 2.29

POM10mPCM 238 271 281 4.27

POM10mPCM3G 218 264 274 11.70

FIGURE 8 Dripping test results of POM-based composites
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in Figure 10C, it can be seen that tan(δ) values for three
samples continuously increase with temperature.

4 | CONCLUSIONS

In this article, a novel manufacturing route, the single
screw extruder, has been applied to obtain the fabrication
of a SS-PCM. Seven formulations of polymer-based
SS-PCMs were manufactured by using the following
components; HDPE and POM as polymeric matrix;
microencapsulated PCM; and two additives, graphite and
magnesium hydroxide. To ensure the feasibility of the
shape-stabilized composites, the samples were cycled for
1000 thermal cycles.

The chemical stability of HDPE composites was dem-
onstrated up to 1000 cycles, due to the FT-IR results,
where no changes were detected. Nevertheless, in POM
samples indications of degradation were detected. The
HDPE and POM based composite are stable over the
working temperature range (20�C-200�C) for buildings
applications since the maximum working temperature
(T1%) for all the samples is higher than 200�C. Besides,
the thermal stability is favoured by the flame retardant
properties of magnesium oxide, as shown in the
dripping test.

The DSC results show an increment of the storage
capacity by the addition of magnesium hydroxide,
improving the stabilization of the PCM in the matrix. In
contrast, the addition of graphite decreases the storage

TABLE 7 Dripping test results for

HDPE-based compositeSample
Ignition
time (s)

N� of
ignitions

Average combustion
time (s)

POM 24 1 285

POM10mPCM 24 3 285

POM10mPCM3G 24 35 389.4

FIGURE 9 FT-IR spectra of POM-based composites

FIGURE 10 DMA results of POM-based composites
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capacity but an increment in the thermal conductivity is
expected. In all the samples, a decrease of enthalpy was
detected at 1000 thermal cycles, 33%-36% in HDPE sam-
ples, and 4% and 50% in POM samples.

The DMA results show that the mPCM incorporation
produces a decrease of the E' especially at lower tempera-
tures for both HDPE and POM composites. Otherwise, the
addition of magnesium hydroxide to HDPE composites
increases the E' and the results of HDPE composites com-
bine these effects. The graphite addition is less significant
for the POM samples. Besides, the incorporation of mPCM
in the HDPE produces a decrease of the crystallinity as
shown in the β-transition, and the magnesium hydroxide
acts as a nucleating agent as observed in tan(δ) curves.

Overall, this study proves that extrusion is a viable
manufacturing route that can be potentially used for
SSPCM fabrication to ease the commercial path of this
TES composite by using a polymeric materials conven-
tional route. Although further studies regarding the effect
of the extrusion parameters on the TES attributes should
be undertaken, this article paves the way for using extru-
sion in SS-PCMs.
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