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Abstract
In this work, polyurethane (PU) insulating panels containing different amounts of a microencapsulated paraffin with a 
nominal melting temperature of 24 °C, used as phase change material (PCM), were produced. The resulting panels behaved 
as multifunctional materials able to thermally insulate and simultaneously storing/releasing thermal energy near room 
temperature. The panels were characterized from a microstructural, thermal and mechanical point of view. Viscosity meas-
urements highlighted an increase in the viscosity values of the PU liquid precursors due to the addition of the capsules, and 
this could lead to some difficulties during the production stages, especially in the mixing and foaming phases. From opti-
cal microscopy micrographs and density measurements, it was observed that the introduction of paraffin tended to destroy 
the cellular structure of PU foams, and for PCM contents above 30 mass/% the foams were characterized by an open-cell 
morphology. SEM observations showed that PCM was preferentially distributed in the cell walls intersection, and a rather 
limited interfacial adhesion between capsules and PU could be detected. Thermogravimetric analysis evidenced that the 
introduction of the PCM tended to increase the degradation resistance of the foams, while from differential scanning calo-
rimetry tests it was possible to conclude that PCM addition was able to impart good thermal energy storage properties to 
the foams, with specific melting enthalpy values of 70 J g−1 for a microcapsules concentration of 50 mass/%. As expected, 
thermal conductivity (λ) of the foams increased with PCM amount, but this enhancement was not directly related to the 
higher λ of the PCM itself, but rather than to the cell opening effect promoted by the PCM introduction. The microcapsules 
addition progressively increased the stiffness of the foams, reducing the failure properties both under quasi-static and impact 
conditions. Moreover, the mechanical properties were strongly affected by the testing temperature (i.e. the physical state of 
the wax contained in the microcapsules).
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Abbreviations
µ  Viscosity (cP)
�̇�  Shear rate  (s−1)
�  Thermal conductivity (W  m−1 K−1)
λtheo  Theoretical thermal conductivity of the final 

product PU/PCM (W  m−1 K−1)

λPU  Thermal conductivity of PU (W  m−1 K−1)
λPCM  Thermal conductivity of PCM (W  m−1 K−1)
�PU  Volume fraction of PU (%)
�PCM  Volume fraction of PCM (%)
�CP  Volume fraction of close pores (%)
�OP  Volume fraction of open pores (%)
�Ptot  Volume fraction of the total porosity (%)
�CW  Volume fraction of the cell wall (%)
Tonset  Temperature associated to a mass loss of 5% 

(°C)
Tmax1  Temperature associated to the maximum degra-

dation rate of PU (°C)
Tmax2  Temperature associated to the maximum degra-

dation rate of PCM (°C)
m700  Residual mass at 700 °C (mass/%)
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Tm1  Melting temperature measured on the first DSC 
scan (°C)

Tm2  Melting temperature measured on the second 
DSC scan (°C)

Tc  Temperature of crystallization (°C)
ΔHm1  Specific enthalpy of fusion on the first DSC 

scan (J  g−1)
ΔHm2  Specific enthalpy of fusion on the second DSC 

scan (J  g−1)
ΔHc  Specific enthalpy of crystallization (J  g−1)
ΔHm1,Rel  Relative enthalpy of fusion on the first DSC 

scan (%)
ΔHm2,Rel  Relative enthalpy of fusion on the second DSC 

scan (%)
ΔHc,Rel  Relative enthalpy of crystallization (%)
t45°C  Time needed to reach 45 °C starting from 

15 °C (min:s)
E  Flexural modulus of elasticity (MPa0
R  Flexural strength (MPa)
εfb  Strain at break (mm/mm)
Fm  Maximum force reached under impact test (N)
acN  Impact strength (kJ  m−2)
Et  Tensile elastic modulus (MPa)
σy  Tensile yield point (MPa)
RS  Reduced compressive strength (MPa  cm3  g−1)
REc  Reduced compressive modulus (MPa  cm3  g−1

Introduction

Nowadays the energy consumption in the construction sector 
in the European Union covers the 41% of the total energy 
demand, and it is responsible for the 38% of the greenhouse 
gases emissions. The buildings energy consumption can 
be divided into 50–60% for heating, 10–25% for domestic 
hot water production, 3–10% for cooling and lighting sys-
tems [1]. Energy demand in building sector is expected to 
increase of about 50% in 2050, and the consumption related 
to cooling plants will triple between 2020 and 2050 [2]. It is 
therefore clear that this issue will play an important role for 
the future environmental impact and, for this reason, a mas-
sive energy consumption reduction must be achieved in the 
next decades [3]. For these reasons, it is essential to increase 
the efficiency of the buildings by using more efficient mate-
rials and technologies [1–4]. A passive way to reduce the 
energy consumption in buildings is the insulation of their 
envelope. Thermal insulating panels are a class of materi-
als specifically designed to answer to this need. Generally 
speaking, insulating materials possess low thermal conduc-
tivity (λ < 0.1 W m−1 K−1) compared with common build-
ings materials, like concrete and clay. They can be produced 
by renewable and non-renewable resources, and they can be 
recyclable or not. The choice of a thermal insulating material 

for a certain application and in a specific climatic zone does 
not depend only on the thermal conductivity values, but it 
should be performed considering an holistic approach, tak-
ing into account other important factors such as sound insu-
lation properties, resistance to fire, water vapor permeability, 
impact on the environment and on human health [5–14].

Polyurethanes (PUs) represent a widespread class of 
materials, characterized by a great variety of properties and 
formulations. Polyurethanes find wide application in many 
industries, like shipbuilding, sports and footwear, building 
and automotive sector [15, 16]. Depending on their chemical 
composition, PUs can be thermoplastic or thermosetting, 
and they are constituted by urethane linkages produced by 
reacting diisocyanates with polyols in presence of catalysts. 
Polyol is usually a polyether or polyester, and it is consti-
tuted by low molecular weight polymers with hydroxyl end 
groups. Isocyanates can be aromatic or aliphatic precursors, 
with bifunctional or polyfunctional nature. From a com-
mercial point of view, the most widely diffused isocyanates 
are toluene diisocyanate (TDI) and diisocyanato-diphenyl-
methylene (MDI). The chemical nature as well as the func-
tionality, i.e. the number of reacting groups per molecule 
of reagents, should be chosen according to the intended 
application [17]. Additives are generally used to promote 
expansion (i.e. foaming agents) or to tailor material proper-
ties, like flame-retardant agents or the plasticizers. Foaming 
occurs when a small amount of blowing agent and water is 
added during polymerization process. Water reacts with iso-
cyanate groups giving carbamic acids, which spontaneously 
release  CO2, generating thus foam bubbles [18, 19]. It is also 
possible to perform a physical blowing process, in which 
a liquid with a low boiling point, for example pentane, is 
mixed into the polyol. The reaction is exothermic and so, as 
it proceeds, the mixture warms up and the pentane vaporizes 
[19]. In residential buildings, polyurethanes can be applied 
to produce insulating panels, or they can be expanded on 
site. The resulting materials are characterized by thermal 
conductivity values from 0.022 to 0.040 W m−1 K−1, density 
between 15 and 45 kg m−3, and specific heat from 1.30 to 
1.45 kJ kg−1 K−1. Thermal conductivity generally decreases 
when the cell size decreases. For as concerns recycling and 
combustion issues, there are the same problems reported for 
expanded polystyrene (EPS), even if flame-retardant PUs 
have been extensively investigated in the last years [5].

Thermal energy storage (TES) technology is based on 
the accumulation of the thermal energy through a stor-
age medium, in order to use it in a second time [20–22]. 
In residential buildings, TES systems could be utilized 
both for cooling and heating application, as they can allow 
a better thermal management of the indoor temperature, 
reducing thus daily temperature peaks and the overall 
energy consumption. To reach this goal, TES materials 
can be directly added into insulating panels or stocked 
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into special containers that permit heat exchange within 
the surrounding environment [3, 20–23]. TES materi-
als can be divided into two groups, sensible heat storage 
(SHS) materials and latent heat storage (LHS) materials 
[4]. SHS materials exploit their heat capacity to store ther-
mal energy, like in the case of bricks, cement, wooden 
beams, etc. On the other hand, the working principle of 
LHS materials is based on the latent heat involved in phase 
transformations. An important class of LHS materials are 
the phase change materials (PCMs), that can have organic, 
inorganic and eutectic nature [24–27]. PCMs are materials 
that absorb/release thermal energy during phase transi-
tions in a specific temperature interval. Depending on the 
intended application, several types of PCM are available 
on the market. For indoor temperature management pur-
poses, organic PCMs like paraffins are probably the best 
candidate [28–30], because their phase change tempera-
ture covers the typical indoor/outdoor temperature range. 
In order to avoid the problem of the PCM leakage at the 
molten state, PCMs can be encapsulated into organic or 
inorganic shells [29, 31–38].

Also building materials can be considered an interesting 
subject for TES applications. In fact, the use of TES materi-
als, in combination with insulating materials, is one of the 
most effective way to increase the efficiency of buildings. 
Among materials used in buildings, concrete is one of the 
most used, especially for as concerns the foundations and 
the bearing structures. For this reason, it was one of the first 
materials considered in combination with TES systems [39, 
40]. Ling et al. have shown that, even if the combination of 
concrete and encapsulated PCM is interesting from a ther-
mal point of view, the incorporation of PCM capsules leads 
to a lower fire resistance, uncertain long-term stability and 
lower mechanical strength [28]. Royon et al. looked at the 
hollow areas in a concrete floor as a possible PCMs con-
tainer. By filling those cavities, they were able to retain the 
original mechanical properties of the structure and to impart 
TES capability [27]. Even if insulating material represent a 
small part of the building envelope, they are fundamental to 
increase the thermal efficiency of buildings. Therefore, poly-
meric insulating foams were combined with different kinds 
of PCMs and deeply studied to couple together insulation 
and thermal management capabilities [23, 41–52]. Among 
them, PUs/PCM systems have been probably the most 
widely studied [30, 53–61]. This is probably due to the fact 
that PU is a very versatile insulating material, widely used 
in key industrial fields like constructions and refrigeration. 
In some of these articles, liquid PCM was directly added in 
the PU foam formulation, and it was demonstrated that PCM 
introduction could impart TES capability to the resulting 
foams. However, some problems related to the progressive 
leakage of the molten PCM after repeated thermal loads (i.e. 
day/night cycles) were evidenced [48, 55, 59]. Because of 

this reason, the researchers focused their attention mainly on 
encapsulated PCM systems [30, 53–61].

In the literature, it is possible to find some examples of 
PU base materials combined with TES materials, and the 
most important properties of these systems are reported in 
Table 1 [41–43, 53–55].

In the work of Borreguero, two different PCM were used, 
mSP-(PS-T27) (having a melting temperature of 28.5 °C) 
and MicronalVR DS 5001X (having a melting temperature 
of 27.7 °C) both encapsulated in a PMMA shell. Both PCM 
were incorporated in a Alcupol R-458/diphenylmethane-
4,40-diisocyanat resin system and their compression prop-
erties were tested. Borreguero measured for 18 mass/% of 
PCM content a reduced compression strength of 2.2 MPa 
 cm3 g−1 for the first PCM and 1.1 MPa  cm3 g−1 for the sec-
ond [39]. Serrano got similar results (3.3 2.2 MPa  cm3 g−1) 
by using 20 mass/% of the  Rubitherm® RT27 PCM encapsu-
lated in LDPE incorporated in the R-4520/Polymeric meth-
ylene diphenyl diisocyanate resin system [41].

The flexural properties of these class of composites were 
studied in the works of Dorigato [42] and Fredi [43]. In the 
study of Dorigato, the Microtek MPCM43D PCM encapsu-
lated in a melamine–formaldehyde shell was incorporated 
in the Elantech EC157/W342 epoxy resin. The samples 
having 20 mass/% of PCM showed an elastic modulus of 
2 GPa and a flexural strength of 52 MPa [42]. The results 
change considerably by considering the work of Fredi where 
the  RT44HC® PCM not encapsulated was used in the same 
resin. Fredi got for the same mass fraction an elastic modu-
lus of 1.4 GPa and a flexural strength of 35 MPa. This dem-
onstrates that encapsulated PCM allow better mechanical 
properties with respect to not encapsulated PCM.

The greatest part of the works present in literature inves-
tigated the TES capability and the mechanical properties of 
the PCM-filled foams, without a comprehensive analysis of 
the relation between the processability, the microstructural 
features and the thermo-mechanical behaviour of the pro-
duced materials. On the basis of these considerations, in the 
present paper the following objectives and novelty aspects 
can be defined.

• Different amounts of a microencapsulated paraffin, hav-
ing a melting temperature of 24 °C (i.e. near room tem-
perature conditions), were added into a rigid PU matrix 
to produce thermal insulating panels having thermal 
energy storage/release capability.

• Particular attention was devoted to the investigation 
of the role played by PCM on the processability and 
the morphology of the foams, aspects that are often 
neglected in the open literature.

• The morphological aspects were then correlated to the 
most important thermo-mechanical properties of the 
samples.
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• In this sense, this work can be considered as a first 
attempt to introduce some general guidelines on the 
development of PU foams having both insulating and 
thermal management capability.

Experimental part

Materials

In this work, a rigid polyurethane foam was produced 
mixing a HDR R 150 polyol (density = 1.1 g cm−3, vis-
cosity at 23  °C = 1050 cP) and ISN 1 isocyanate (den-
sity = 1.23 g cm−3, viscosity at 23 °C = 200 cP) at a relative 
mass ratio equal to 100/130. Both precursors were provided 
by Kairos Srl (Verona, Italy). According to the informa-
tion reported in the datasheet, the mixing stage can be con-
ducted at room temperature with a cream time of 12–16 s. A 
microencapsulated paraffin MPCM 24, purchased by Micro-
tek laboratories Inc. (Dayton, USA), was utilized as phase 
change material. This PCM was constituted by a paraffinic 
core surrounded by a melamine–formaldehyde shell. The 
relative core/shell mass ratio was 85/15, and the mean size 
of the capsules was about 20 µm. The melting enthalpy of 
the capsules declared by the producer was 24 °C, the heat of 
fusion was in the range 145–155 J g−1, while the density at 
the solid state was 0.90 g cm−3. A microencapsulated PCM 
having melamine–formaldehyde shell was selected in this 
work because it was directly available on the market and the 
authors have a long experience on the processing and the 
physical properties of this system. All the materials were 
used as received, without any further treatment.

Samples preparation

The liquid precursors (i.e. isocyanate and polyol) and the 
proper amount of PCM were mixed together in a beaker for 
10 s at 100 rpm. For all the formulations, a polyol/isocyanate 
relative ratio of 100/130 was kept constant. The resulting 
mixtures were then poured in an aluminium mould having 
dimensions of 220 × 115x40  mm3, and let then expand in 
an oven at 40 °C for 20 min. In this way, neat PU foam and 
PU foams filled with different amounts of PCM (ranging 
from 10 mass/% up to 50 mass/%) were prepared. Table 2 
reports the list of the prepared samples, together with the 
adopted nomenclature and the relative concentration of the 
constituents.

Experimental methodologies

Viscosity measurements of the liquid precursors with different 
PCM amounts were performed at 23 °C through a Brookfield 
Dial RVT viscometer (AMETEK Brookfield, Middleboro, 

USA). Due to the very short cream time, viscosity could be 
measured only on separated liquid polyol and isocyanate sys-
tems. For these tests, a spindle number 21 was utilized, testing 
liquid samples with a volume of 8 mL. Optical microscope 
images of the polished surfaces of the foams were taken at 
different magnification levels by using a Zeiss Axiophot (Carl 
Zeiss AG, Oberkochen, Germany) microscope. The mean 
cell size and the cell size distribution were evaluated on the 
obtained micrographs by using the software Image  J®. Scan-
ning electron microscope (SEM) images of the cryofractured 
surface of the foams were collected by using a Zeiss Supra 40 
(Carl Zeiss AG, Oberkochen, Germany) microscope, operating 
at an acceleration voltage of 3 kV. Before to be observed, sam-
ples were metalized by applying a Pt–Pd conductive coating.

Density measurements on the foams were performed in 
order to evaluate their porosity degree. At this aim, geometri-
cal density (ρgeo) was obtained simply diving the mass of the 
foam for their volume. Cylindrical samples having a height of 
8 mm and a diameter of 10 mm were tested. In this way, a den-
sity value that considers both the open and close pores could 
be obtained. Theoretical density (ρtheo) refers to the material 
without pores, and it could be calculated through the rule of 
mixture, knowing the density of the capsules (0.90 g cm−3) and 
the bulk density of the neat PU matrix (0.04 g cm−3). Pycno-
metric density (ρpic) refers to the density determined without 
considering the open pores, and it was determined accord-
ing to the ASTM D6226 standard by using a Micromeritics 
AccuPyc 1330TC (Micromeritics Instrument Corp., Norcross, 
USA) helium pycnometer operating at room temperature, by 
using a testing chamber of 1  cm3. In this way, it was possible 
to determine the volume fraction of the open (φOP) and of the 
closed (φCP) pores along with the total porosity volume frac-
tion (φPtot), according to the expression reported in Eq. (1–3):

(1)�OP = 100 ⋅

(

1 −
�geo

�pic

)

(2)�CP = 100 ⋅ �geo ⋅

(

1

�pic
−

1

�theo

)

Table 2  List of the prepared samples

Sample PCM
(mass/%)/(vol/%)

Isocyanate-ISCN
(mass/%)/(vol/%)

Polyol-POL
(mass/%)/(vol/%)

PU 0.0/0.0 56.5/53.8 43.5/46.2
PU-PCM10 10.0/12.6 50.9/47.0 39.1/40.4
PU-PCM20 20.0/24.5 45.2/40.6 34.8/34.9
PU-PCM30 30.0/35.8 39.6/34.5 30.4/29.7
PU-PCM40 40.0/46.4 33.9/28.8 26.1/24.8
PU-PCM50 50.0/56.5 28.3/23.4 21.7/20.1
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The cell wall fraction (φCW) was determined according 
to the expression reported in Eq. (4):

Thermogravimetric analysis (TGA) was carried out 
by using a TA Q5000 IR machine (TA Instruments, New 
Castle, USA), operating in the temperature range between 
30 °C and 700 °C, at a heating rate of 10 °C min−1, under 
a nitrogen flow of 10 mL  min−1. In this way, the onset 
degradation temperature (Tonset), corresponding to the tem-
perature associated to a mass loss of 5%, the temperatures 
associated to the maximum degradation rate of PU (Tmax1) 
and PCM (Tmax2), and the residual mass/% at 700 °C (m700) 
were determined.

Differential scanning calorimetry measurements were 
performed through a Mettler DSC30 machine (Mettler 
Toledo LLC, Columbus, USA), testing samples under a 
nitrogen flow of 150 mL min−1 in aluminium crucibles with 
a capacity of 40 µl. After a first heating ramp from − 50 °C 
up to 100 °C, samples were cooled down to − 50 °C and 
then heated again up to 100 °C. In this way, the melting tem-
perature in the first and second heating scans (Tm1, Tm2), the 
crystallization temperature in the cooling scan (Tc) and the 
associated specific enthalpy values (ΔHm1, ΔHm2, ΔHc) were 
determined. Relative enthalpy values (ΔHm1,rel, ΔHm2,rel, 
ΔHc,rel) were computed as the ratio between specific melt-
ing/crystallization enthalpy of the samples and the specific 
melting/crystallization enthalpy of the neat PCM, taking into 
account the microcapsules weight concentration (WPCM) in 
the foams [see Eq. (5)–(7)].

Also a thermal cyclic load analysis was performed on 
PU-PCM30 sample to verify the thermal stability of the 
embedded PCM capsules. 50 cycles were performed in the 
temperature range from − 40 to 50 °C at a heating and cool-
ing rate of 10 °C min−1.

Limit oxygen index (LOI) measurements were per-
formed according to ASTM D2863 standard, by using an 
instrument provided by Ceast (Turin, Italy). Rectangular 

(3)�Ptot = 100 ⋅

(

1 −
�geo

�theo

)

(4)�CW = 100 ⋅
�geo

�theo

(5)ΔHm1,rel =

(

ΔHm1

ΔHmPCM ⋅WPCM

)

⋅ 100

(6)ΔHc,rel =

(

ΔHc

ΔHcPCM ⋅WPCM

)

⋅ 100

(7)ΔHm2,rel =

(

ΔHm2

ΔHmPCM ⋅WPCM

)

⋅ 100

specimens 1 × 1 × 10  cm3 were tested at different oxygen 
concentrations, and at least 15 specimens were tested for 
each sample.

Thermal conductivity measurements were carried out 
by using a Laser Comp FOX 314 heat flowmeter (TA 
Instruments, New Castle, USA), testing samples with 
dimensions 20  ×  300 ×  300  mm3 in a temperature range 
between 10 and 20  °C. At least three specimens were 
tested for each composition. The obtained experimental 
values were compared with the theoretical ones obtained 
applying the rule of mixture (λtheo), imposing a thermal 
conductivity of the PCM (λPCM) equal to 0.075 W m−1 K−1 
[62] and taking into account the thermal conductivity of 
the neat PU foam (λPU) and the volume fraction of the 
constituents (φPU and φPCM), as reported in Eq. (8).

Infrared thermography was utilized to assess the TES 
capability of the prepared foams. Square specimens having 
a width of 55 mm and a thickness of 35 mm were subjected 
to a heating stage in an oven from 15 °C up to 50 °C, and 
the surface temperature in the central part of the panel 
was monitored through a FLIR E60 thermal camera (FLIR 
Systems Inc., Wilsonville, USA), placed at a distance of 
30 cm from the samples. The time required to reach a 
surface temperature of 45 °C (t45°C) was thus determined.

Three-point bending tests were performed by using an 
Instron 5969 testing machine (Instron, Turin, Italy), accord-
ing to the ISO 1290–2 standard. Rectangular samples 30 mm 
wide and 15 mm thick were tested at a crosshead speed of 
20 mm/min, imposing a gage length of 180 mm. At least 
five specimens were tested for each composition. In order 
to evaluate the influence of the physical state of the PCM 
on the mechanical properties of the foams, the tests were 
performed in a thermostatic chamber at temperatures below 
(0 °C) and above (40 °C) the melting point of the PCM. 
In this way, the flexural modulus of elasticity (E), the flex-
ural strength (R) and the flexural strain at break (εfb) were 
determined. Charpy impact tests were carried out at ambient 
temperature (23 °C) by using a Ceast 3549/000 impact test-
ing machine (Instron, Turin, Italy), following the ISO 179-2 
standard. These tests were performed with a hammer having 
a length of 0.225 m, imposing an impact speed of 1 m s−1 
and a starting angle of 39°. Rectangular specimens having 
a width of 15 mm, a thickness of 6 mm and a total length 
of 80 mm were tested. A notch with a depth of 3 mm and a 
radius of 0.25 mm was produced in the middle section of the 
specimens. A span length of 62 mm was utilized for all the 
samples. At least five specimens were tested for each com-
position. In this way, the maximum force (Fm) sustained by 
the samples and the specific energy absorbed under impact 
conditions (acN) were determined.

(8)�theo = �PU ⋅ �PU + �PCM ⋅ �PCM
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Results and discussion

One of the most important process parameters in the produc-
tion of PU foams is the viscosity of the liquid precursors, 
that is greatly influenced by the presence of filler and/or 
additives in the formulation. Therefore, the shear viscosity 
(µ) of the ISCN/PCM and POL/PCM systems at different 
microcapsules amount was investigated, and its trend as a 
function of the applied shear rate is reported in Fig. 1a, b. As 
it could be expected, the viscosity decreases with the applied 
shear rate, but the introduction of the PCM at elevated con-
centrations determines an important increase in the µ values, 
especially in the low shear rate region. For ISCN/PCM sys-
tem, the shear viscosity at a shear rate of 5 s−1 increases by 
17.5 times for a PCM content of 30 mass/%, while for POL/
PCM formulations a 4.5-fold increase can be detected at the 
same shear rate with a capsule concentration of 20 mass/%. 
For higher PCM amounts, it was impossible to collect the 
shear viscosity data, because the required torque would be 
too high for the utilized testing equipment. These results 
highlight that some problems could arise during the pro-
duction steps of these foams, as the experienced viscosity 
increase could negatively affect the homogeneity and the 
microstructural behaviour of the produced foams.

Considering that the thermo-mechanical properties of 
the foams are strictly related to their morphology, optical 
microscopy observations were carried out in order to inves-
tigate the cell structure of the produced materials. In Fig. 2, 
optical microscope images of the prepared foams at differ-
ent PCM contents and at two magnification levels (16× and 
500x) are collected.

From images at 16× magnification, it can be immedi-
ately noticed that the sample microstructure changes from a 
regular close cell morphology (PU sample) to an irregular 

open pore structure (PU-PCM50 sample), meaning that the 
progressive addition of the PCM is responsible of the so-
called PCM cell opening effect. It could be thus hypoth-
esized that the viscosity enhancement observed at elevated 
PCM concentrations negatively affects the homogeneization 
of the liquid mixture and hinders the formation of a regular 
close-cell structure. On the other hand, optical microscope 
images at higher magnification level (500x) show that PCM 
microcapsules are mainly located at the cell wall intersec-
tion, and thus the extension of this region in PU-PCM30 and 
PU-PCM50 samples is significantly higher than that detected 
in the neat PU foam. Analysing the obtained micrographs 
with the Image  J® software, it is also possible to investigate 
the pore size distribution, as reported in Fig. 3.

In Table 3, the most important results of this analysis are 
expressed in terms of mean pore size and the Full Width at 
Half Maximum (FWHM) of the distribution. Considering 
standard deviation values associated to these measurements, 
it is evident that the mean pore size is not strongly affected 
by PCM addition within the PU matrix, but the FWHM val-
ues are strongly increased with the capsules amount. For 
instance, neat PU foam presents a FWHM value of about 
150 µm, while for PU-PCM50 sample a FWHM of about 
500 µm can be registered. Once again, this means that PCM 
addition somehow hinders the formation of a regular cell 
structure, and this feature will probably negatively affect 
the thermo-mechanical behaviour of the produced foams.

Another important microstructural feature that could 
strongly affect the mechanical behaviour of the resulting 
foams is related to the surface adhesion between the PU 
matrix and the capsules. Therefore, SEM images of the cryo-
fractured surface of the prepared foams were collected, and 
the micrographs taken at a magnification level of 5000 × are 
reported in Fig. 4.
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Fig. 1  a Viscosity-shear rate plots of ISCN-PCMx (x = 10–30 mass/%) and b POL-PCMx (x = 10–20 mass/%) liquid mixtures
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These images confirm that the capsules are mainly 
located at the cell wall intersection, by they also highlight 
a weak interfacial adhesion between the PU matrix and the 
microcapsules organic shell. From these micrographs, it is 
evident the presence of a partial debonding at the interface, 
especially if the PU-PCM30 foam is observed. It must be 
also considered that the chemical compatibility between the 
PU matrix and the melamine–formaldehyde shell of the cap-
sules is probably rather low, and this feature will probably 
negatively affect the failure properties of the prepared mate-
rials. Further efforts will be made in the future to improve 
the chemical compatibility between the PCM and the PU, 

trying to introduce a surface functionalization on the micro-
capsules shell.

In order to have further insights on the cell morphology 
of the foams, density measurements were performed by 
using different techniques, and the trends of the open (φOP), 
close (φCP) and total porosity (φPtot) as a function of the 
PCM amount is reported in Fig. 5.

As it could be expected observing optical microscope 
and SEM micrographs, the introduction of the PCM within 
the PU foams determines a noticeable increase in the open 
pores, at the expenses of the close porosity. If in the neat 
PU sample a φOP value of 36% can be registered, for PCM 
contents higher than 20 mass/% φOP is almost 90%. This 
means that the microstructure of the foams at elevated 
capsules amount is mainly characterized by an open-pore 
morphology. It is clear that this change in pore structure 
will play a key role on the mechanical behaviour and on 
the thermal conductivity of the resulting foams. In fact, it 
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1000 µm 1000 µm 1000 µm
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Fig. 2  Optical microscopy images of PU, PU-PCM30 and PU-PCM50 foams at different magnification levels
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Fig. 3  Pore size distribution of the prepared foams

Table 3  Pore size distribution of the prepared foams

FWHM Full Width at Half Maximum

Sample Mean pore size/μm FWHM/μm

PU 311.7 ± 63.2 148.6
PU-PCM10 217.6 ± 68.3 160.6
PU-PCM20 216.8 ± 84.1 198.2
PU-PCM30 238.6 ± 74.9 176.2
PU-PCM40 244.8 ± 108.1 254.4
PU-PCM50 355.5 ± 208.4 493.3
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is well known that close cell foams have in general higher 

mechanical resistance with respect to insulating panels with 
open pores. On the other hand, the presence of open pores 
within the materials allows the inner air to move within the 
pores, with a consequent increase in the thermal conduc-
tivity values. On the contrary, sound insulation properties 
are improved if an open-cell structure is formed [5]. It is 
therefore clear that the evaluation of the effect of the PCM 
addition in these foams is strictly connected to their intended 
application. Interestingly, both the total porosity (φPtot) and 
the cell wall concentration (φCW) are not strongly influenced 
by the PCM addition, and only a slight decrease in the pore 
concentration (from 96% up to 90%) can be detected for a 
PCM amount of 50 mass/%.

It is also clear that the microstructural features of the pre-
pared foams could strongly influence their thermal degra-
dation behaviour. Therefore, TGA measurements were per-
formed. In Fig. 6a, b the trends of the residual mass and of 
the derivative of the mass loss with the testing temperature 
are represented, while in Table 4 the most important results 
are collected.

It is interesting to notice that the PCM microcapsules 
have a superior thermal degradation stability with respect 
to the foams, and the degradation takes places in a single 
step located at around 400 °C. On the other hand, neat PU 
foams manifest a main degradation peak at about 330 °C. 
As a consequence, the TG curves of the PU/PCM foams are 
characterized by two degradation steps, corresponding to 
the degradation of the PU matrix (Tmax1) and of the PCM 
capsules (Tmax2). The position of these peaks does not seem 
to be correlated to the PCM amount within the foams. It is 
important to observe that the introduction of the microcap-
sules is responsible of an interesting improvement in the 
thermal stability of the foams, with a progressive increase 
in the Tonset values. For the PU-PCM30 sample, a Tonset 
increase of more than 20 °C can be observed with respect 
to the neat PU foam. Once again, this feature could be inter-
esting for those applications in which insulating materials 
with improved thermal degradation resistance are required. 
Considering the mass residue at 700 °C, it can be noticed 
that the residue of the neat PCM is about 1%, while for neat 
PU foam a m700 value of 22% can be registered. Moreover, 
m700 values systematically decrease with the PCM content. 
This is probably related to the crosslinked nature of the PU 
foams and to the formation of a carbonaceous char on the 
surface of the samples, that hinders the further degradation 
of the samples core at elevated temperatures.

In order to evaluate the thermal energy storage capability 
of the prepared foams, DSC tests were performed. In Fig. 7 
DSC, curves of the samples collected in the first heating 
stage are reported, while the trend of the most important 
thermal properties is numerically shown in Table 5.

From the DSC curves, it is evident the presence of the 
endothermic peak associated to the melting of the micro-
capsules, ad its position (i.e. Tm1) does not seem to depend 
to the PCM concentration. On the other hand, a progres-
sive increase in the specific melting enthalpy with the par-
affin amount can be detected. For instance, a ΔHm1 value 
of 70 J g−1 can be registered for the PU-PCM50 sample. 
This means that TES capability of the foams increases with 
the PCM content. Also the position of the crystallization 
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Fig. 4  Scanning electron microscope images of PU, PU-PCM30 and PU-PCM50 foams (magnification 5000x)
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temperature (Tc) and of the melting temperature in the sec-
ond heating stage (Tm2) is not related to the PCM amount, 
and the specific melting enthalpy values associated to these 
transition are very similar to those registered in the first heat-
ing stage. It is also interesting to notice that relative melt-
ing enthalpy (ΔHm1,rel, ΔHm2,rel) and relative crystallization 
enthalpy (ΔHc,rel) values of the prepared foams are around 
100% for all the investigated compositions. This means that 
the microcapsules are able to retain their structural integrity 
(and thus their TES capability) even after the processing of 
the foams. A similar conclusion has been already reported 
in our previous works in which PCM capsules have been 
added to a novel reactive thermoplastic resin  (Elium®) [44].

In Fig.  8, a comparison between the heating curves 
taken at different DSC cycles for the PU-PCM30 sample is 
reported, while the most important results are summarized 
in Table 6. In the first cycle, the measured melting enthalpy 
was 40.5 J g−1, while in the fiftieth cycle it was 41.2 J g−1, 
and also the melting temperature does not substantially 

change with the application of cyclic DSC tests. From these 
results it is clear that there are no problems related to the 
PCM leakage upon repeated thermal cycles, and the micro-
capsules retain their integrity even after the applications of 
cyclic thermal loads.

In order to get further insights on the thermal degradation 
and on the flame behaviour of the prepared materials, Limit-
ing Oxygen Index (LOI) measurements were performed, and 
the results are summarized in Table 7.

It is important to underline that the introduction of the 
PCM within the PU foam leads to a slight decrease in the 
LOI values, proportionally to the capsules content. If neat 
PU samples show a LOI value of 19.7 vol/%, a decrease of 
2 vol/% can be registered for the PU-PCM50 sample. This 
result can be explained considering that PCM is constituted 
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Fig. 6  TGA results of the prepared samples. a TGA curves and b derivative mass loss curves

Table 4  Results of TGA tests on the prepared foams

Tonset temperature associated to a mass loss of 5 mass/%. Tmax1 tem-
perature corresponding to the first maximum of mass loss derivative 
curves, related to PU degradation. Tmax2 temperature corresponding to 
the second maximum of mass loss derivative curves related to PCM 
degradation. m700 residual mass at 700 °C

Sample Tonset/°C Tmax1/°C Tmax2/°C m700/
mass/%

PU 194.7 334.7 – 22.6
PU-PCM10 198.5 329.1 397.4 22.2
PU-PCM30 211.1 337.7 405.6 17.2
PU-PCM50 216.5 337.6 394.4 12.8
PCM 292.2 – 408.5 1.0
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by a paraffinic material with a rather low molecular weight, 
and it is therefore clear that the flammability of the PCM is 
lower than that of a thermosetting matrix like PU. However, 
the observed LOI decrease is not dramatic, and the foams 
with PCM retain their applicability for the greatest part of 
the technological applications in which they are currently 
utilized.

One of the key features of thermal insulating materials is 
the thermal conductivity. Moreover, this physical property 
plays a key role also in TES applications, as it determines 
the thermal diffusivity through the materials and thus its 
heat exchange capability. Therefore, thermal conductivity 
measurements were performed on the prepares foams, and 
the resulting values collected in the temperature interval 
10–20 °C (λ10-20 °C) are represented in Fig. 9.

In the same plot, also the theoretical values (λtheo) deter-
mined through the rule of mixture [see Eq. (8)] are reported. 
As expected, the thermal conductivity increases with the 
PCM content, but the observed enhancement is not dramatic 
until a capsules amount of 30 mass/%. Due to the substan-
tial difference between the density of the PU foam and that 
of the PCM, it is clear that the volume concentration of 
paraffin within the prepared samples is rather low, even at 
elevated PCM concentrations. This means that the thermal 
insulating properties of the foams are not heavily impaired 
upon microcapsules addition. On the other hand, the heat 
exchange capacity of the resulting foams remains rather lim-
ited, even at elevated PCM concentrations. It is interesting 

Table 5  Results of DSC tests on the prepared foams

ΔHm1 specific melting enthalpy (first heating scan), ΔHc specific crystallization enthalpy (cooling scan), ΔHm2 specific melting enthalpy (second 
heating scan), Tm1 melting temperature (first heating scan), Tc crystallization temperature (cooling scan), Tm2 melting temperature (second heat-
ing scan), ΔHm1,rel relative melting enthalpy (first heating scan), ΔHc,rel relative crystallization enthalpy (cooling scan), ΔHm2,rel relative melting 
enthalpy (second heating scan)

Sample Tm1/°C ΔHm1/J g−1 ΔHm1,rel/% Tc/°C ΔHc/J g−1 ΔHc,rel/% Tm2/°C ΔHm2/J g−1 ΔHm2,rel/%

PU-PCM10 19.36 12.54 93.4 11.91 14.14 100.9 19.55 13.60 101.4
PU-PCM20 19.27 26.89 100.2 11.79 26.06 93.0 19.55 27.76 103.5
PU-PCM30 19.61 40.15 99.7 11.45 41.92 99.7 19.64 39.61 98.5
PU-PCM40 20.10 53.52 99.7 11.13 59.54 106.2 20.12 54.01 100.7
PU-PCM50 20.78 70.50 105.1 9.82 70.49 100.6 20.97 71.34 106.4
PCM 21.59 134.19 – 10.69 140.14 – 21.61 134.05 –
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Fig. 8  DSC curves of the PU-PCM30 foam at different number of 
thermal cycles

Table 6  Results of the DSC tests performed on PU-PCM30 at differ-
ent number of thermal cycles

Cycle Tm1/°C ΔHm/J g−1 Tc/°C ΔHc/J g−1

1 19.60 40.51 14.29 44.29
5 19.79 41.50 14.12 43.32
10 19.92 41.81 13.96 42.53
15 19.78 41.75 13.80 42.33
20 19.62 41.27 13.97 43.14
25 19.77 41.12 13.97 42.26
30 19.60 40.32 13.98 41.70
35 19.77 41.03 14.15 41.88
40 19.77 41.46 14.14 42.06
45 19.61 41.26 13.97 41.92
50 19.77 41.19 13.89 41.34

Table 7  Limiting Oxygen Index 
(LOIs) values of the prepared 
foams

Sample LOI
(vol/%  O2)

PU 19.7 ± 0.1
PU-PCM10 18.9 ± 0.1
PU-PCM20 18.8 ± 0.2
PU-PCM30 18.6 ± 0.2
PU-PCM40 18.1 ± 0.1
PU-PCM50 17.6 ± 0.2
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to notice that experimental values follow the theoretical 
ones until a paraffin amount of 30 mass/%, while for higher 
PCM contents a substantial deviation from λtheo values can 
be detected. This discrepancy can be explained consider-
ing the cell opening effect promoted by PCM addition in 
elevated concentrations. As reported in optical microscope 
images (Fig. 2), the regular cell structure is destroyed in 
PU-PCM50 sample, and an open-cell morphology can be 
detected. In these conditions, the entrapped air can freely 
move within the pores, with a consequent thermal conduc-
tivity enhancement.

In order to simulate the TES behaviour of the prepared 
foams under real exercise conditions, some panels were sub-
jected to a thermal cycle from 15 °C up to 50 °C, and the 
trends of the surface temperature (Tss) with the testing time 
were collected. The TSS values of the foams at different PCM 
amounts are reported in Fig. 10, while the time required 
to reach a surface temperature of 45 °C (t45°C) is shown in 
Table 8.

From this plot, it is immediately evident that the intro-
duction of PCM is responsible of an important tempera-
ture shift, and the foams at elevated PCM contents show a 
delayed heating with respect to the neat PU. For instance, 
if the neat PU foam reaches a surface temperature of 45 °C 
after 2 min, a delay of more than 20 min can be detected 
with a PCM amount of 40 mass/%. This confirms the TES 
capability of the prepared foams at elevated PCM contents, 
and the possibility to use these materials for thermal man-
agement applications in the building sector.

Finally, the mechanical behaviour of the prepared foams 
was evaluated, and the flexural properties of the samples 
below (0 °C) and above (40 °C) the melting temperature 
of the PCM were determined. In Fig. 11a, b representative 

stress–strain curves collected at 0 °C and 40 °C are, respec-
tively, collected, while in Fig. 11c–e the trend of the flexural 
modulus (E), of the flexural strength (R) and of the strain at 
break (εfb) as a function of the PCM amount is, respectively, 
reported. Regardless to the testing temperature, it is clear 
that neat PU foam has a rather high deformation at break 
(some samples were not broken during the tests), while the 
introduction of PCM is responsible of an increase in the 
stiffness, associated to a substantial reduction in the strain 
at failure. In fact, the stiffness of the PU-PCM50 sample 
is about two times than that of the neat PU foam, while εfb 
values are considerably reduced, even at limited PCM con-
tents. Quite interestingly, the stress at break does not seem 
to be heavily affected by the paraffin introduction, neither 
at elevated PCM amounts. The reduction in the strain at 
break detected in Fig. 11e can be probably related to the 
low interfacial adhesion between the PU matrix and the 
microcapsules detected in SEM micrographs (see Fig. 4) 
and to the aggregation of the capsules at the cell wall inter-
section (see Fig. 2). Also the cell opening effect promoted 
by PCM introduction at elevated concentrations should be 
taken into account. In these conditions, PCM acts as a defect 
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Table 8  Time required to 
reach a surface temperature of 
45 °C of the prepared foams, 
from infrared thermal camera 
measurements

t45°C time required to reach 
45 °C, starting from 15 °C

Sample t45°C
(min:s)

PU 2:32
PU-PCM10 7:00
PU-PCM20 10:18
PU-PCM30 18:40
PU-PCM40 23:12
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in the material, producing thus a strong embrittling effect. 
A similar trend has been also observed by our group in a 
TPU matrix filled with paraffin microcapsules [48, 49]. It is 

also important to investigate the effect of the physical state 
of the PCM on the mechanical properties of the resulting 
foams. In fact, this aspect is often neglected in the open 
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literature. From the plots reported in Fig. 11c, d it is possible 
to observe that both the stiffness and the stress at break of 
the foams tested at 40 °C are systematically lower than those 
detected at 0 °C.

However, considering the standard deviation values 
associated to these measurements and the obtained trends, 
it is difficult to assess if the observed drop above the melt-
ing temperature of the PCM is due to the decrease in the 
mechanical properties of the capsules at the molten state or 
to a drop of the mechanical performances of the PU matrix 
at elevated temperature. It is probable that both these aspects 
will affect the mechanical behaviour of the foams at 40 °C, 
but further efforts will be necessary to have a better compre-
hension of these aspects.

Also the impact properties of the prepared foams were 
evaluated, and in Fig. 12 representative force–time curves 
from Charpy impact tests are reported, while the most 
important numerical results in terms of maximum force 
(Fm) and specific impact strength (acN) are summarized in 
Table 9.

In accordance with quasi-static flexural tests, it is evident 
that the PCM introduction is responsible of an important 
embrittlement of the samples, even at limited microcapsules 
contents. For instance, PU-PCM30 sample shows a specific 
impact strength corresponding to one third of that of the 
neat PU (it was impossible to tests the samples with higher 
microcapsules amount, because they were too brittle). In 
this case, also the maximum force is heavily reduced upon 
PCM addition. Once again, this embrittling effect is related 
to the low homogeneity of the pore structure, to the aggre-
gation of the PCM at the cell wall intersection and to the 
rather low interfacial adhesion between the PU matrix and 
the capsules. The decrease in the toughness observed both 

under quasi-static and impact conditions must be seriously 
taken into account considering the possible application of 
these materials as thermal insulating panels, and further 
efforts will be made in the future to improve the dispersion 
of the PCM within the PU matrix. Some attempts will be 
also made to introduce a functionalization on the surface of 
the capsules, in order to improve the interfacial adhesion.

Conclusions

Novel multifunctional thermal insulating panels, able to 
store/release thermal energy near room temperature, were 
prepared combining a PU foamed matrix with a microencap-
sulated paraffin at different concentrations. Different analy-
ses were performed on the produced material to study its 
morphological, thermal and mechanical properties. Accord-
ing to the obtained results, some conclusions can be drawn.

• The viscosity of the liquid precursors was considerably 
increased upon the PCM addition, leading to some dif-
ficulties in the mixing and the foaming steps.

• Microstructural characterization and density meas-
urements evidenced that capsules addition at elevated 
amounts led to the formation of an open-cell morphol-
ogy, increasing also the statistical dispersion of the 
pore size.

• TGA tests highlighted that PCM addition was respon-
sible of an increase in the thermal degradation resist-
ance, while flame behaviour was slightly deteriorated 
upon paraffin introduction, with a limited decrease in 
the LOI values.

• DSC tests and infrared thermal camera images demon-
strated that the presence of microcapsules within the 
PU foams at elevated concentrations was able to impart 
good TES properties to the foams.

• The experienced increase in the thermal conductivity 
at a PCM content of 50 mass% was directly related to 
the cell opening effect due to the PCM introduction.

• Regardless to the testing temperature (i.e. the physical 
state of the PCM), microcapsules addition within the 
foams was responsible of an important stiffening effect, 
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Fig. 12  Representative force–time curves from Charpy impact tests 
on the prepared foams

Table 9  Results of Charpy impact tests on the prepared foams

Fm maximum impact force, acN Charpy notched impact strength

Sample Fm/ N acN/kJ  m−2

PU 7.34 ± 0.24 0.24 ± 0.03
PU-PCM10 5.92 ± 0.22 0.14 ± 0.02
PU-PCM20 4.69 ± 0.27 0.08 ± 0.01
PU-PCM30 3.78 ± 0.21 0.07 ± 0.01
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associated to a substantial decrease in the failure prop-
erties both under quasi-static and impact conditions.

From the results of this study, it is evident that a com-
mon insulating material such as a polyurethane rigid 
foam could also be endowed with thermal energy storage 
capability by incorporating PCM capsules in the proper 
amount. This feature could be helpful to reduce the ther-
mal energy wastes, to increase the energy efficiency of the 
buildings and to reduce the greenhouse gases emissions in 
the building sector. In this study, the most promising com-
position was PU-PCM30 for its good compromise between 
mechanical and thermal properties. Considering a price of 
3.40 €/kg for the PU foam and 50.00 €/kg for the micro-
capsules (data taken from the producers), a cost increase 
between 6 and 7 times can be expected for this material. 
According to the authors’ opinion, this cost increase is 
still not sustainable. Nevertheless, future cost reduction in 
the PCM due to scale economy and the increasing interest 
towards thermal management issues in residential sector 
can be expected.

Future research activities should be focused on the 
production of foamed polymers having higher amount of 
PCM and superior mechanical properties. In this sense, 
the adhesion between PCM capsules and PU matrix should 
be enhanced to limit the interfacial debonding during the 
application of mechanical loads.
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