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A B S T R A C T   

This work aims at producing and characterizing unidirectional carbon/epoxy composites containing different 
fractions of paraffin microcapsules (MC) for thermal management applications. The viscosity of the epoxy/MC 
mixtures increases with the MC content, thereby increasing the final matrix weight and volume fraction and 
reducing that of the fibers. This is at the basis of the decrease in mechanical properties of the laminates with high 
MC concentration (the elastic modulus decreases up to 53% and the flexural strength up to 67%), but the 
application of theoretical models shows that this decrease is only due to the lower fiber volume fraction, and not 
to a change in the properties of the constituents or the fiber/matrix interaction. The MC phase is preferentially 
distributed in the interlaminar zone, which leads to a thickening of this region and a decrease in matrix-related 
properties, such as the interlaminar shear strength, which decreases of up to 70%. However, a modest MC 
fraction causes an increase in the mode I interlaminar fracture toughness of 48%, due to the introduction of new 
toughening mechanisms. On the other hand, an excessive MC content lets the crack propagating through the 
matrix and not at the fiber/matrix interface, thereby reducing the toughening mechanism provided by fiber 
bridging. For the thermal properties, the phase change enthalpy increases with the MC fraction up to 48.7 J/g, 
and this is reflected in better thermal management performance, as proven by thermal imaging tests. These 
results are promising for the development of multifunctional polymer composites with thermal energy storage 
and thermal management properties, and future works will be focused on a deeper study of the micromechanical 
properties of PCM microcapsules and on the improvement of the capsule/matrix adhesion.   

1. Introduction 

The interest in fiber reinforced polymers (FRPs) has considerably 
grown in the last decades: their high specific mechanical properties, easy 
processability, high fatigue life and corrosion resistance have broadened 
the market of lightweight composite structures with complex geome-
tries, especially in weight-critical applications such as the trans-
portation, sports and energy industries [1–3]. 

Polymer composites have recently attracted increasing attention also 
because they are suitable to produce multifunctional structures, as they 
achieve multifunctionality by gathering in one material the properties of 
multiple phases [4]. The combination of different fillers results in a 
unique set of properties, which can be tailored to respond to stimuli of 
different nature and perform different tasks at the same time. Most of the 

recent effort in multifunctional materials consists in the development of 
polymer-matrix structural composites featuring one or more additional 
non-structural functions. This strategy allows large weight savings at the 
system level, through the elimination or reduction in the number of 
multiple monofunctional constituents, and it gives better results than 
the conventional approach of optimizing the weight and geometry of the 
single subsystems individually [5,6]. 

An interesting non-structural feature that could be added to a 
structural composite is the thermal energy storage (TES) capability, i.e. 
the ability to store heat that can be released where and when needed [7]. 
TES technologies have the feature of reducing the gap between thermal 
energy demand and availability and are nowadays employed to accu-
mulate excess heat in the solar-thermal power plants [8,9], to recover 
waste industrial heat [10], to store hot or cold water [11], but also for 
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thermal management applications such as the indoor thermal regulation 
in buildings [12–15]. 

Thermal energy can be stored and released as sensible heat, latent 
heat, or through a reversible thermochemical reaction. Nowadays, 
latent heat TES is the most widely used TES method, especially in the 
low-medium temperature range (0–100 ◦C) [7,16]. Latent heat TES is 
mostly performed through organic phase change materials (PCMs) such 
as paraffins, poly(ethylene glycol)s or fatty acids [17], which store a 
considerable amount of latent heat at a nearly constant temperature and 
are chemically inert, inexpensive and easy to handle [7,18–21]. They 
also show small volume variation upon phase transition, congruent 
melting, negligible supercooling, low density, large availability, and 
non-corrosiveness [22–25]. On the other hand, as they are subjected to a 
solid-liquid phase change, they need to be confined to avoid leakage of 
material above the melting temperature [26–29]. Among all available 
confinement techniques, encapsulation in micrometric shells is the most 
common and effective method, because the shell additionally protects 
the PCM from the surrounding environment, enhances thermal stability, 
and contributes to accommodate the core’s volume variation during 
melting and crystallization [30–33]. Other solutions involve the pro-
duction of shape-stabilized PCMs, in which polymer matrices, nano-
fillers, layered or porous materials can be used as the shape stabilizing 
agent and prevent leakage of the PCM also in the molten state. More 
specifically, such nanofillers or porous materials, thanks to their high 
specific surface area, grasp the PCM molecules and avoid leakage even 
when the temperature is above the melting point of the PCM [34–36]. 

Due to their ability of maintaining the temperature nearly constant 
throughout the whole phase transition while absorbing or releasing a 
considerable amount of heat, organic PCMs are strategic for thermal 
management applications, aimed at maintaining the temperature in the 
human comfort range [12,37–39], producing thermoregulating textiles 
[40–42], protecting perishable goods such as food or drugs [43], pre-
venting overheating of electronic components [44–48], or avoiding the 
formation of ice on critical structures such as aircrafts and wind turbine 
blades [49]. Moreover, PCMs have been added to concrete materials for 
enhancing their thermal storage ability [50] or for reducing concrete 
cracking caused by temperature variations [51]. 

Apart from the case of concrete structures, the PCM is generally 
placed in a supplementary module specifically designed for TES and 
added to the main structure of a component. This can increase the 
weight and volume of the component, which can be unacceptable for all 
those applications in which weight saving is a critical performance 
parameter. On the contrary, it would be advantageous to embed the 
thermal management function in the structural elements. Therefore, 
lightweight polymer composites performing structural and TES func-
tions could be employed where it is critical to deal with weight saving 
and heat management simultaneously, such as in the fields of trans-
portation and portable electronics [52,53]. 

Although the literature reports many examples of polymer matrices 
containing PCMs [37,54–60], little has been done so far to deeply 
investigate their mechanical properties and to enhance them by adding 
reinforcing fibers [61]. Our group has recently focused on investigating 
how the introduction of a PCM impacts the thermo-mechanical prop-
erties of several classes of fiber-reinforced polymers. For example, many 
research efforts were devoted to the development of bidirectional 
epoxy/carbon laminates containing paraffin stabilized with carbon 
nanotubes (CNTs) [62–64], polyamide composites enhanced with a 
microencapsulated paraffinic PCM and reinforced with continuous or 
discontinuous fibers [65–69], and a fully biodegradable laminate based 
on thermoplastic starch, ultra-thin wood laminae and poly(ethylene 
glycol) [70]. The characterization of bidirectional laminates highlighted 
that the PCM content influences the thickness of the interlaminar region 
and the properties dependent on the matrix. However, a better under-
standing of how the PCM addition influences the fiber-related and 
matrix-related properties distinctly can be reached by characterizing a 
PCM-containing unidirectional laminate, which has never been 

described in the open scientific literature, to the best of the authors’ 
knowledge. 

This work aims at producing unidirectional carbon/epoxy laminates 
containing a microencapsulated PCM in different weight fractions, and 
at characterizing in a comprehensive way the physical, thermal and 
mechanical properties to assess how they vary with the PCM content. 
More specifically, the thermal characterization aimed at measuring the 
total phase change enthalpy measured with differential scanning calo-
rimetry (DSC) and at correlating it with the thermal management 
capability measured with thermal camera imaging. The dynamic- 
mechanical analysis (DMA) aimed at measuring how the PCM phase 
change influences the viscoelastic parameters of the composites with 
single-frequency, multifrequency and cyclic heating-cooling tests. The 
mechanical characterization not only assessed the tensile and flexural 
properties in the longitudinal and transversal directions below and 
above the melting temperature of the PCM, but evaluated also the 
impact of PCM microcapsules on the interlaminar fracture toughness, 
which has been investigated only once in the open scientific literature (i. 
e. on bidirectional glass/epoxy laminates [71]). 

2. Materials and methods 

2.1. Materials 

The epoxy base Elan-tech EC157 (density = 1.15 + 0.1 g/cm3, vis-
cosity at 25 ◦C = 550 + 50 mPa s) and the hardener Elan-tech W342 
(density = 0.95 + 0.1 g/cm3, viscosity at 25 ◦C = 50 + 20 mPa s) were 
kindly provided by Elantas Europe Srl (Collecchio, Italy). Micro-
encapsulated PCM Microtek MPCM43D was supplied by Microtek Lab-
oratories (Dayton, OH, US). The PCM phase consists of a paraffin wax 
(declared melting temperature 43 ◦C) encapsulated inside a melamine- 
formaldehyde-based shell, which constitutes approx. 10–15% of the 
total mass. The average diameter is 15–30 μm, and the melting enthalpy 
is 200–210 J/g, as declared on the product’s datasheet. Previous works 
of our group highlighted that these microcapsules retain their thermal 
and TES properties for up to 50 heating/cooling thermal cycles [72]. 
Unidirectional carbon fiber fabric UCD-15060 was kindly provided by 
Mike Compositi (Milano, Italy). The nominal areal weight was 150 
g/m2. The supplier declared that the carbon fibers composing the fabric 
are the Zoltek PX35 (Zoltek Corporation, Bridgeton, MO, US), having a 
nominal diameter of 7.2 μm, a nominal elastic modulus of 242 GPa and a 
nominal density of 1.81 g/cm3. All materials were used as received. 

2.2. Sample preparation 

The epoxy base and the hardener were mixed at room temperature 
(23 ◦C) at a weight ratio of 100:30, as suggested by the producer, and 
magnetically stirred at 500 rpm for 5 min. The PCM microcapsules were 
then added at different weight concentrations, i.e. 20 wt%, 30 wt% or 
40 wt%. These weight fractions were selected from a previous work on 
epoxy matrices containing the same microcapsules [72]. The resulting 
mixtures were vigorously stirred manually for 2 min to obtain a ho-
mogeneous dispersion of the microcapsules in the resin. These mixtures 
were used as matrices to prepare laminates via a wet lay-up technique. 
Eight plies were stacked together, and the resulting unidirectional 
laminates had an in-plane area of 130 × 200 mm2. The laminates were 
vacuum-bagged, left to cure at room temperature for 24 h and 
post-cured in an oven at 100 ◦C for 10 h. A carbon fiber/epoxy laminate 
without MC was prepared with the same procedure for comparison. The 
same route was followed to produce additional laminates with 16 
laminae. In such laminates, a poly(ethylene terephthalate) (PET) film 
with a thickness of 26 μm was placed in the mid plane to generate a 
pre-crack for mode I interlaminar fracture toughness tests. Table 1 dis-
plays the list of prepared laminates. The composites were denoted as 
EP-MCx-CFu, where EP, MC and CFu are the labels for the epoxy resin, 
PCM microcapsules and unidirectional carbon fibers, respectively, and x 
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represents the initial weight percentage of MC on the total mass of the 
matrix (i.e. 20, 30 and 40 wt%). The laminates labelled “-A” have 8 plies, 
while those labelled “-B” have 16 plies and the PET film in the mid plane. 
From the thicker laminates, labelled “-B”, specimens were used only for 
mode I fracture toughness and short-beam shear strength tests. All the 
other mechanical and dynamic-mechanical tests were performed on the 
thinner laminates, labelled “-A”. 

2.3. Characterization 

The experimental density of the prepared laminates was measured 
through helium pycnometry, performed with a Micromeritics AccuPyc 
1330 helium pycnometer (Micromeritics Instrument Corp., Norcross, 
GA, US) at 23 ◦C. For each specimen, 99 consecutive measurements were 
acquired, to reach stationary conditions. The same technique was 
applied to measure the density of the constituents, namely the carbon 
fibers, paraffin microcapsules and cured epoxy resin. 

The microstructure of the prepared laminates was evaluated by 
obtaining optical microscope (OM) images of polished cross sections at 
different magnification levels, through an upright incident-light optical 
microscope Zeiss (Oberkochen, Germany) Axiophot featuring Epiplan 
Neofluar objectives. For the polishing procedure, specimens were 
embedded in epoxy resin beads and polished with grinding papers with a 
grit polishing size of 240, 500, 800, 1200, and then with polishing 
clothes wetted with a 3-μm and 1-μm diamond particle solution. 

Differential scanning calorimetry (DSC) was performed to investi-
gate the melting and crystallization temperature and enthalpy of the 
PCM (Tm, Tc, ΔHm, ΔHc) and the glass transition temperature of the 
epoxy resin (Tg). All DSC tests were performed on a Mettler DSC30 in-
strument (Mettler Toledo, Columbus, OH, US), in the temperature in-
terval 0–120 ◦C, at a heating/cooling rate of 10 ◦C/min, under a nitrogen 
flow of 100 ml/min. All specimens, with a mass of approx. 10–20 mg 
each (cut through the whole laminate thickness), underwent a first 
heating scan, a cooling scan, and a second heating scan. 

Thermogravimetric analysis (TGA) was performed through a Mettler 
TG50 instrument (Mettler Toledo, Columbus, OH, US) on specimens of 
approximately 20–25 mg cut through the whole laminate specimens, at 
a heating rate of 10 ◦C/min, up to 700 ◦C, under a nitrogen flow of 15 
ml/min. The tests allowed the determination of the temperatures cor-
responding to a mass loss of 1 wt%, 3 wt%, 5 wt% (T1%, T3%, T5%), and 
the degradation temperature (Td), intended as the temperature at the 
maximum degradation rate (i.e. the position of the mass loss derivative 
peak). 

To check the overall thermal management capacity of the laminates, 
a simple test was performed with a thermal camera, both on heating and 
on cooling stages. For the tests on heating ramp, the laminates were 
inserted in an oven at a temperature of 70 ◦C, and their surface tem-
perature was recorded through an infrared thermal imaging camera 
FLIR E60 (FLIR® Systems, Inc., Wilsonville, OR, US), placed at a fixed 
distance of 30 cm from the laminate surface. For the tests during the 
cooling stage, the laminates were first heated in an oven at 70 ◦C, then 
taken out and left cooling to room temperature, while their surface 

temperature was measured with the same thermal camera. 
The thermal conductivity of the prepared laminates was measured 

via Laser Flash Analysis (LFA), implemented on a Netzsch LFA 447 in-
strument (Netzsch GmbH, Selb, Germany). Square samples with a side 
length of 12.7 mm were cut from the prepared specimens. Each spec-
imen was tested at various temperatures (25 ◦C, 35 ◦C, 45 ◦C, 55 ◦C), and 
three pulses were performed for each temperature. Data were analyzed 
with the software Proteus (Netzsch). Thermal diffusivity (α) was deter-
mined using the Cowan method with pulse correction. For the calcula-
tion of the specific heat capacity (cP), the reference material Pyrex 7740, 
was employed, according to the standard ASTM-E 1461. The thermal 
conductivity (λ) was calculated according to Equation (1) as 

λ=αρcP (1)  

where ρ is the sample density (g/cm3) determined by helium 
pycnometry. 

DMA tests were performed with a TA Q800 DMA instrument in single 
cantilever bending mode, with a distance between the grips of 17.5 mm 
and an applied strain of 0.05%. Three testing modes were applied, i.e. 
single-frequency scans, heating-cooling cycles, and multifrequency 
scans. In single frequency scans (1 Hz), the storage modulus (E’), loss 
modulus (E’’), and loss factor (tanδ) were measured between − 20 ◦C and 
160 ◦C at 3 ◦C/min. Heating-cooling cycles were carried out between 
− 40 ◦C and 60 ◦C, at the scanning speed of 3 ◦C/min, at a frequency of 1 
Hz. All laminates were subjected to a heating-cooling-heating cycle 
(sequence h-c-h), and the laminate with the highest PCM fraction (EP- 
MC40-CFu-A) was subjected to an additional complete cycle (sequence 
h-c-h-c-h). Multifrequency scans were carried out at the frequency 
values of 0.3, 1, 3, 10, and 30 Hz and heating rate of 0.3 ◦C/min. The 
activation energy (Ea) at the glass transition peak was determined 
through the Arrhenius approach, from the slope of the linear regression 
of the natural logarithm of the applied frequency plotted versus the 
reverse of the tanδ peak temperatures, as reported in Equation (2): 

Ea =R
(

d(lnν)
d
(
1
/

Tp
)

)

(2)  

where R is the universal gas constant, equal to 8.314 J/molK, ν is the 
applied frequency, and TP is the E’’ or tanδ peak temperature at the glass 
transition. A similar approach was also used to tentatively evaluate the 
activation energy involved at the PCM melting in the interval 10–50 ◦C. 

Quasi-static tensile tests were performed with a universal testing 
machine Instron 5969 (Instron, Norwood, MA, US), equipped with a 50 
kN load cell. Rectangular specimens of 10 × 120 mm2 were cut out of the 
prepared laminates with a diamond saw. The tests were carried out with 
an initial distance between the grips of 80 mm. The specimens were 
tabbed at both ends with glass fiber composite tabs, to avoid damages in 
the gripping zone. The measurement of the elastic modulus (E) was 
performed at a crosshead speed of 0.25 mm/min; the strain was 
measured with a resistance extensometer Instron 2620 with a gauge 
length of 12.5 mm. Tests were performed in the longitudinal (fiber) and 
transversal directions, and five specimens were tested for each sample 
and each direction. 

Table 1 
List of the prepared EP-MCx-CFu laminates.  

Sample MC content in the initial matrix formulation (wt%) Number of laminae PET film (y/n) Thickness (mm) 

EP-CFu-A 0 8 n 1.33 ± 0.03 
EP-MC20-CFu-A 20 8 n 2.00 ± 0.05 
EP-MC30-CFu-A 30 8 n 2.13 ± 0.03 
EP-MC40-CFu-A 40 8 n 2.42 ± 0.07 

EP-CFu-B 0 16 y 3.00 ± 0.17 
EP-MC20-CFu-B 20 16 y 4.71 ± 0.19 
EP-MC30-CFu-B 30 16 y 4.84 ± 0.04 
EP-MC40-CFu-B 40 16 y 5.58 ± 0.13  
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Flexural tests were performed at room temperature and at 65 ◦C with 
a three-point bending configuration, according to the standard ASTM 
D790, with a universal testing machine Instron 5969 equipped with a 50 
kN load cell, on specimens with nominal in-plane dimensions of 10 ×
120 mm2. The span length was 85 mm, the crosshead speed was fixed at 
9 mm/min, and at least five specimens were tested for each sample, in 
the longitudinal direction. The flexural modulus of elasticity (Ef ), the 
flexural strength (σfM) and the flexural strain at break (εfb) were deter-
mined for each specimen as described in Equations (3)–(5): 

Ef =
mL3

4bd3 (3)  

σfM =
3PL
2bd2

[

1+ 6
(

D
L

)2

− 4
(

D
L

)(
d
L

)]

(4)  

εfb =
6Dd
L2 (5)  

where L is the support span, m is the slope of the tangent to the initial 
portion of the load-deflection curve, b and d are the specimen width and 
thickness, P is the maximum load and D is the deflection at the break 
point. 

Short-beam shear (SBS) tests were performed on the laminates type B 
to assess the interlaminar shear strength (ILSS), following the standard 
ASTM D 2344, with an Instron 5969 universal testing machine equipped 
with a 50 kN load cell, in a three-point bending configuration, at a 
crosshead speed of 1 mm/min. Specimens were cut out of the prepared 
laminates with a diamond saw, and their dimensions were chosen to 
meet the conditions prescribed by the ASTM standard: named d the 
laminate thickness, the specimen width was 2d, the length 6d and the 
support span 4d. 

Mode I interlaminar fracture toughness was evaluated on the type B 
laminates according to the standard ASTM D5528-13, with an Instron 
5969 universal testing machine equipped with a 50 kN load cell. The 

tests were performed on specimens with in-plane dimensions of 20 ×
130 mm2, cut out of the prepared laminates with a diamond saw. At least 
three specimens were tested for each composition. The initial crack 
formed in the middle plane was made by inserting a PET film with a 
thickness of 26 μm in the stacking process of the laminates. In this way, a 
pre-crack of 55 mm was produced. Specimens were loaded at 0.25 mm/ 
min until an increment of delamination crack growth of 3–5 mm and 
then unloaded at 25 mm/min, and the tip of the pre-crack was noted. 
The specimens were then reloaded at 2.5 mm/min until the crack had 
propagated for at least 50 mm from the tip of the pre-crack. The test was 
recorded with a LogiTech C920 USB video camera, to correlate each 
advancement of the crack tip with the corresponding load value. The 
specimens were finally unloaded at 25 mm/min. The value of critical 
strain energy release rate (GIC) was calculated with Equation (6): 

GIC =
3Pδ

2b(a + |Δ|)
(6)  

where P is the applied load, δ is the load point displacement, b is the 
specimen width, a is the delamination length, and the term |Δ| is 
introduced to take into account the rotations that may occur at the 
delamination front. Δ was determined experimentally by generating a 
least squares plot of the cube root of compliance (C1/3) as a function of 
delamination length a, where C = δ/P, as specified in the standard. 

3. Results and discussion 

The optical microscope (OM) images of the polished cross sections of 
the laminates are shown in Fig. 1(a-d). The neat EP-CFu laminate Fig. 1 
(a) shows fibers homogeneously distributed in the laminate thickness, 
without evident matrix-rich zones. The porosity present in this laminate 
derives from the hand lay-up technique, and it is evident also in the 
other compositions. For the laminates containing MC (Fig. 1(b-d)), the 
micrographs show zones rich in CF and other zones rich in MC, and the 
PCM phase is preferentially distributed in the interlaminar region and 

Fig. 1. Optical microscope micrographs of the polished cross section of the laminates EP-MCx-CFu-A. (a) EP-CFu-A; (b) EP-MC20-CFu-A; (c) EP-MC30-CFu-A; (d) EP- 
MC40-CFu-A. 
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not among the fibers of the same tow. This phenomenon, also due to the 
relative sizes of microcapsules (average diameter 20 μm) and fibers 
(average diameter 7 μm), could decrease the interlaminar properties of 
the laminate and create a preferential path for damage propagation, as 
described more in detail with the results of the mode I interlaminar 
fracture toughness test. Moreover, the thickness of the interlaminar re-
gion increases with the initial MC fraction in the epoxy/MC mixtures, 
with a consequent decrease in the relative fiber volume fraction in the 
laminates, as described hereafter. The concentration of the PCM phase in 
the interlaminar region and the thickening of this zone were also 
observed in previous works on laminates containing bidirectional car-
bon fibers [63,73]. 

Fig. 2 shows representative DSC thermograms of the laminates EP- 
MCx-CFu-A, while the main DSC results for type A and type B compos-
ites are summarized in Table 2. The thermograms of the type B laminates 
were not reported for the sake of brevity, as they are qualitatively 
similar to those of the corresponding type A samples. 

All samples exhibit glass transition at approx. 100 ◦C, and the sam-
ples containing MC also show endo-/exothermic peaks at the PCM phase 
change. The endothermic melting peak is observable in the heating scan 
at 40–60 ◦C, while the exothermic crystallization peak is appreciable in 
the cooling scan at 40-15 ◦C, as observed in previous works on the same 
PCM microcapsules [74,75]. The glass transition is shifted to slightly 
higher temperatures with an increase in the MC loading, while the rise in 
melting temperature and the decrease in crystallization temperature are 
probably linked to a reduction in thermal diffusivity and conductivity of 
the samples, as confirmed by the results of the LFA analysis presented 
hereafter. Moreover, the melting temperature of the PCM in the type B 
laminates is generally higher and the crystallization temperature 
generally lower than those measured on the type A laminates; this can be 
due to the fact that the specimens cut out of the type B laminates are 
generally thicker than those obtained from type A laminates, which 
could have slightly modified the heat transmission in the specimen 
during the test. However, the melting and crystallization temperature 
intervals are not considerably affected by the composition of the lami-
nate, which indicates that the working temperature interval of the PCM 
remains almost constant in the range 20–40 ◦C, independently from the 
MC content. 

The phase change enthalpy increases with the MC loading up to 48.7 
J/g for the sample EP-MC40-CFu-A. While preparing the laminates, the 
nominal and experimental weight fractions of MC in the initial EP/MC 
mixtures were known (0, 20, 30 and 40 wt%), but the MC weight frac-
tion in the laminates is also influenced by the resultant weight fraction 

of fibers and matrix, which is affected by the matrix viscosity that in turn 
depends on the starting MC loading. Since the MC addition increases the 
viscosity of the EP/MC mixtures considerably, as demonstrated in a 
previous work on epoxy/MC samples [72], it is reasonable to expect that 
a high fraction of MC hinders the flowing of the matrix out of the carbon 
fabric during vacuum bagging, thereby increasing the final matrix 
weight fraction. This will be better described hereafter. The final MC 
weight fraction in the composites can be calculated from the phase 
change enthalpy measured with DSC, by dividing the melting enthalpy 
measured on the laminates by that measured on the neat MC. This can be 
done by assuming that the MC maintain their energy storage efficiency 
also after the lamination process, which is reasonable if considering the 
results of previous works on epoxy composites containing the same 
microcapsules used in this work [72,73]. The values of experimental MC 
weight fraction (ωMC) are also reported in Table 2. The MC weight 
fraction increases with the initial MC loading in the epoxy mixture and 
ranges from 13.2 wt% to 22.0 wt%, without remarkable differences 
between the type A and type B laminates, which indicates that the final 
MC loading is not largely influenced by the number of layers in the 
laminate. 

The effective fiber weight fraction of the laminates was then inves-
tigated through TGA, which was also useful to assess their thermal 
stability. The results of this characterization are reported in Fig. 3 and 
Table 3. All tested samples present a single degradation step, which 
corresponds to the degradation of the epoxy and MC phases and is 
observable as a single peak also in the signal of the mass loss derivative. 
This happens because the EP and MC phases degrade in the same tem-
perature interval, and therefore it is impossible to measure the relative 
mass fraction of these two phases by studying the degradation profile 
[72]. On the other hand, the residual mass after the test (mr) allowed the 
calculation of the fiber weight fraction, which was computed by 
considering the residual mass of the EP/MC systems determined in a 
previous work [72] and that of the employed carbon fibers that resulted 
as 96.0 wt%. The carbon fiber mass fraction (ωf ) can be determined with 
Equation (7) as: 

ωf =
mr − Rm

Rf − Rm
(7)  

where Rf and Rm are the residual masses of the fiber and the matrix 
phases after TGA test, respectively. The fiber weight fraction of the 
laminates calculated in this way is reported in Table 3. ωf decreases with 

Fig. 2. Representative DSC thermograms of laminates EP-MCx-CFu-A. First 
heating scan and cooling scan. 

Table 2 
Results of the DSC tests on the laminates EP-MCx-CFu-A and EP-MCx-CFu-B (first 
heating scan and cooling scan).  

Sample Tg(◦C)  Tm(◦C)  ΔHm(J/ 
g)  

Tc(◦C)  ΔHc(J/ 
g)  

ωMC(wt 
%)  

MC – 46.5 221.7 27.6 223.5 100 
EP-CFu-A 87.1 – – – – 0 
EP-MC20- 

CFu-A 
89.0 45.4 29.3 27.0 29.8 13.2 

EP-MC30- 
CFu-A 

95.9 47.8 40.3 25.5 40.2 18.2 

EP-MC40- 
CFu-A 

93.4 48.2 48.7 24.9 48.7 22.0 

EP-CFu-B 84.7 – – – – 0 
EP-MC20- 

CFu-B 
90.5 49.2 30.6 23.8 30.5 13.8 

EP-MC30- 
CFu-B 

93.1 51.0 42.0 21.9 41.9 19.0 

EP-MC40- 
CFu-B 

94.2 53.7 47.5 19.4 47.1 21.4 

Tg = glass transition temperature of the epoxy phase (◦C); Tm = melting tem-
perature of the PCM (◦C); ΔHm = PCM melting enthalpy (J/g); Tc = crystalli-
zation temperature of the PCM (◦C); ΔHc = PCM crystallization enthalpy (J/g); 
ωMC = experimental microcapsule weight fraction calculated from the measured 
melting enthalpy (wt%). 
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an increase in the MC loading and it is lower for the type B laminates, 
which indicates that the flow of the matrix out of the CF fabric is hin-
dered by the viscosity increase determined by the MC addition and by 
the increase in the laminate thickness. ωf ranges from 71.5 wt% of the 
sample EP-CFu-A to 41.8 wt% for the sample EP-MC40-CFu-B, and the 
decrease does not follow a linear trend with the MC content. As the TGA 

is performed on specimens of few milligrams, the test was repeated on at 
least three specimens and the standard deviation of the final calculated 
values of ωf never overcomes 1.5 wt%. The lower fiber content, and the 
consequent higher epoxy and MC weight fraction, is probably at the 
basis of the reduced thermal stability of the laminates with the highest 
MC loading, as can be appreciated from the shift of T1%, T3%, and T5% to 
lower temperatures. On the other hand, the degradation interval is not 
remarkably affected by the composition of the laminate, and the lowest 
degradation peak temperature is 387.6 ◦C, which is 14 ◦C lower than 
that of the laminate EP-CFu-A. In all cases, the thermal degradation is far 
above the operative temperature interval for which these materials are 
intended. 

A comment shall be made on the degradation behavior in TGA of the 
carbon fibers used in this work, for which the residual mass is 96.0 wt%, 
with a mass loss of 4.0 wt%. For other continuous carbon fibers used in 
combination with the same epoxy resin in previous works [63,76], the 
mass loss in TGA performed with the same instrument and at the same 
testing conditions resulted as approx. 99 wt%, with a mass loss of less 
than 1 wt% attributed to the sizing agent. This implies that the fraction 
of organic degradable phase over these CFu is not negligible and claimed 
a deeper investigation of their surface. Such investigation, performed 
with SEM (not reported for the sake of brevity), revealed a certain 
amount of organic residues on the fiber surface, which could explain 
their degradation behavior. In fact, this residues were not anymore 
present on the surface of the fibers after TGA. This surface state could 
not only influence the degradation behavior of the fibers, but also their 
mechanical properties and the fiber/matrix adhesion, of the final com-
posites. However, the aim of this work is to study the effect of the 
introduction of microcapsules in a unidirectional epoxy composite and 

Fig. 3. TGA thermograms of the laminates EP-MCx-CFu-A and EP-MCx-CFu-B. Residual mass and mass loss derivative as a function of temperature.  

Table 3 
Results of the TGA tests on the laminates EP-MCx-CFu-A and EP-MCx-CFu-B.  

Sample T1%(◦C)  T3%(◦C)  T5%(◦C)  Td(◦C)  mr(%)  ωf (wt 
%)  

EP-CFu-A 310.5 358.1 368.9 401.2 70.6 71.5 
EP-MC20-CFu- 

A 
199.2 307.6 330.2 388.1 53.2 52.6 

EP-MC30-CFu- 
A 

207.3 301.1 328.4 387.2 51.9 51.0 

EP-MC40-CFu- 
A 

226.4 307.6 333.4 387.6 50.9 50.0 

EP-CFu-B 301.3 357.5 365.5 397.2 67.0 67.5 
EP-MC20-CFu- 

B 
237.6 310.4 330.5 390.3 50.6 49.6 

EP-MC30-CFu- 
B 

215.3 306.6 329.5 388.2 48.4 47.2 

EP-MC40-CFu- 
B 

192.5 282.6 323.6 387.6 43.6 41.8 

T1%, T3%, T5% = temperature corresponding to a mass loss of 1%, 3%, 5%; Td =

temperature of the maximum degradation kinetics (peak of the mass loss de-
rivative); mr = residual mass; ωf = weight fraction of carbon fibers determined 
from the TGA residual mass. 
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make a comparison between the neat epoxy/carbon laminate and those 
containing MC. Therefore, the fibers were used as received and the 
properties of the MC-containing laminates were compared to those 
measured on the neat laminate without MC. 

The DSC and TGA data allowed the calculation of the weight frac-
tions of MC and CFu in the laminates, respectively. These data, reported 
in Table 4, allowed the calculation of the theoretical density (ρth) of the 
laminates, by knowing the density of the microcapsules (0.923 ± 0.002 
g/cm3), of the CFu (1.633 ± 0.027 g/cm3) and of the EP phase (1.158 ±
0.002 g/cm3), all measured via helium pycnometry. It is worth noting 
that the density measured for the fibers is lower than that indicated on 
the producer’s datasheet (1.75–1.80 g/cm3), which matches the values 
of density for carbon fibers generally reported in the literature. This 
could be partially attributed to the organic residues on the fiber surface 
and agrees with the results of TGA. 

The same helium pycnometry technique was employed to measure 
the experimental density (ρexp) of the prepared laminates, reported in 
Table 4. The comparison between ρth and ρexp allowed the calculation of 
the porosity, and then of the volume fraction of the fibers, the micro-
capsules and the EP phase. As already reported in previous works [73], 
the fiber volume fraction and the MC volume fraction follow opposite 
trends. This is mainly due to the viscosity increase of the EP/MC mix-
tures, which reduces the matrix flowing out of the carbon fabric during 
the vacuum bag process. Moreover, for the same initial MC fraction, the 
fiber volume fraction is lower for the laminates type B than for the type 
A. Additionally, it can be observed that the experimental MC weight 
fraction in the matrix, reported in Table 4 as MC/(MC + EP), is almost 
everywhere higher than the initial nominal one, equal to 0 wt%, 20 wt%, 
30 wt% or 40 wt%. This implies that during vacuum bagging the EP 
phase flows out of the carbon fabric more easily than the microcapsules, 
thereby increasing the resulting MC concentration in the matrix. Finally, 
the porosity (ϑv) increases with the MC concentration, which is once 
again linked to the increased matrix viscosity, but is not remarkably 
different for the laminates type A and type B. 

Although the DSC test is the main characterization technique that 
gives quantitative information on the heat absorption and release in a 
certain temperature range, it has the limitation of being performed on 
samples of few milligrams. Therefore, to study the thermal management 
properties of the prepared laminates on a slightly bigger scale, a simple 
yet effective test was performed with thermal imaging techniques. Fig. 4 
reports the values of the surface temperature of the laminates as a 
function of time during both the heating and the cooling stages. As 
observed for other PCM-containing laminates [67,73,76], the tempera-
ture trend shows plateau-like regions, caused by the latent heat absor-
bed during melting and released during crystallization of the PCM, and 
this phenomenon causes a remarkable increase in the time needed to 
reach the temperature of the surrounding environment. For example, on 
the heating phase, the neat EP-CFu-A laminate reaches the temperature 
of 60 ◦C in 2.3 min, while the same temperature is reached by the 
laminate EP-MC40-CFu-A in 8.2 min. In the same way, in the experiment 
on cooling, the two laminates reach the temperature of 30 ◦C in 3.4 min 

and 15.8 min, respectively. It should be pointed out that the rate of 
heating/cooling is also dependent on the laminate mass, which varies as 
a consequence of the variation in the matrix weight fraction. However, 
the observed plateau-like trends are a clear sign of the variation in the 
thermal behavior of the laminates (and therefore of the thermal man-
agement capability) as a function of the MC content. 

The results of the LFA tests on the laminates EP-MCx-CFu-A are 
shown in Fig. 5. The thermal diffusivity of the neat EP-CFu-A decreases 
slightly at higher temperatures and ranges from 0.40 mm2/s to 0.42 
mm2/s, while the specific heat capacity and thermal conductivity follow 
the opposite trend. The thermal conductivity varies in the range 
0.61–0.63 W/(m⋅K). For the laminates containing MC, the thermal 
diffusivity and thermal conductivity are lower than those of the neat 
laminate EP-CFu-A, which is in large part due to the lower fraction of 
carbon fibers and not to the thermal conductivity of the MC phase, since 
it was observed that the thermal conductivity of the epoxy/MC samples 
slightly increases with the MC content [72]. On the other hand, for these 
laminates, the specific heat increases with the MC content. The thermal 
conductivity shows a maximum at 35 ◦C, as the PCM is approaching the 
solid-liquid phase change, as already observed in previous works of our 
group [63,67] and in other works from the literature [77]. However, the 
variations are small and the bands of standard deviation partially 
overlap, which suggests that this effect might be not significant with 
these compositions. Moreover, it can be generally observed that the 
thermal conductivity is lower when the PCM is completely molten (i.e. 
at 55 ◦C) than when the PCM is completely solid (i.e. at 25 ◦C). 

As reported in the experimental section, DMA characterization 
comprises single-frequency, multifrequency and heating/cooling cyclic 
tests, all performed in single cantilever mode. This analysis was carried 
out to understand how the PCM addition affects the viscoelastic prop-
erties and the glass transition of the host laminate, and how these pa-
rameters change before, during and after the PCM phase change 
temperature. Moreover, this study aims at assessing the suitability of the 
DMA techniques to study the PCM phase transition, which is an unusual 
application for this test. 

The results of the single-frequency scans are illustrated in Fig. 6(a-c). 
To facilitate the comparison among the samples, the values of E’ have 
been normalized to the value at − 20 ◦C. The storage modulus of the 
laminate EP-CFu-A (Fig. 6(a)) decreases with increasing temperature 
throughout all the investigated temperature interval, but the decrease is 
particularly evident at the glass transition of the epoxy phase. At this 
temperature, E˝ and tanδ peaks can be detected (Fig. 6(b)). In the MC- 
containing composites, two main steps are observable in the trend of E’; 
the first at the paraffin melting, the second at the glass transition of the 
EP phase. The drop of E’ at the first step increases with the MC fraction. 
Interestingly, the correlation between the E’drop amplitude and the MC 
weight fraction or the melting enthalpy is linear, with R2 values of 0.998 
(Fig. 6(c)). This was observed also in other works on thermoplastic 
polymer laminates containing a PCM [73]. These trends were obtained 
by dividing each value of E’ by the value at 0 ◦C. However, if a 
normalization is made to the initial value of E’ at − 20 ◦C, the slope of the 

Table 4 
Theoretical and experimental density and relative concentration of the constituents of the prepared laminates.  

Sample ωf (wt%)  ωMC(wt%)  MC
MC + EP

(wt%)  ρth(g/cm3)  ρexp(g/cm3)  ϑv(vol%)  ϑf (vol%)  ϑMC(vol%)  

EP-CFu-A 71.5 0 0 1.462 ± 0.003 1.428 2.31 62.5 0.0 
EP-MC20-CFu-A 52.6 13.2 27.8 1.315 ± 0.002 1.226 6.78 39.4 17.5 
EP-MC30-CFu-A 51.0 18.2 37.1 1.290 ± 0.002 1.223 5.14 38.2 24.1 
EP-MC40-CFu-A 50.0 22.0 44.0 1.272 ± 0.002 1.163 8.53 35.6 27.7 

EP-CFu-B 67.5 0 0 1.441 ± 0.003 1.423 1.25 58.8 0.0 
EP-MC20-CFu-B 49.6 13.8 27.4 1.300 ± 0.004 1.236 4.90 37.6 18.5 
EP-MC30-CFu-B 47.2 19.0 36.0 1.271 ± 0.003 1.225 3.68 35.4 25.1 
EP-MC40-CFu-B 41.8 21.4 36.8 1.241 ± 0.002 1.140 8.14 29.2 26.5 

ωf = fiber weight fraction determined through TGA; ωMC = MC weight fraction determined via DSC; ρth = theoretical density; ρexp = experimental density 
measured via pycnometry; ϑv = porosity; = fiber volume fraction; = MC volume fraction. 
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linear fitting and the value of R2 would have resulted 89 ± 3 J/g and 
0.998, respectively. These values are not significantly different from 
those reported in Fig. 6(c), which indicates that the variation in E’ be-
tween − 20 ◦C and 0 ◦C is negligible. The trends of E˝ and tanδ show 
peaks in correspondence of the melting step. These peaks shift to higher 
temperatures and their intensity increases with the PCM content. 

As the structural TES composites must withstand repeated thermal 
cycles around the phase change temperature of the PCM, the variation of 
the dynamic-mechanical behavior was investigated not only on heating, 
but also on cooling, between − 40 ◦C and 60 ◦C. The results of this 
analysis are reported in Fig. 7(a), which shows the trend of E’ in a 
heating-cooling-heating (h-c-h) scan performed at 3 ◦C/min on the 
prepared laminates. To verify the behavior after the first cycle and 
detect any first-cycle effects, two complete cycles (sequence h-c-h-c-h) 
were performed on the laminate with the highest PCM content, i.e. EP- 
MC40-CFu-A. E’ decreases with increasing MC concentration and man-
ifests a decreasing step at the PCM melting, which is almost completely 
recovered on cooling as it reaches approx. 95% of the initial value. More 
specifically, this value is 99.6% of the initial value for the neat EP-CFu-A 
laminate, 94.4% for the laminate EP-MC20-CFu-A, 94.6% for the lami-
nate EP-MC30-CFu-A, and 95.8% for the laminate EP-MC40-CFu-A 
(95.0% of the initial value after the second full cycle). This recovery 
happens with a certain hysteresis, which can be also observed in the 
trends of E˝ (Fig. 7(b)) and tanδ (not reported), for which the crystalli-
zation peaks occur at a lower temperature than the melting peaks. A 
similar result was evidenced also in our previous works on carbon fiber 
laminates containing a PCM [73,78]. 

Multifrequency DMA scans were performed to assess the effect of 
frequency on the PCM melting and the glass transition of the matrix in 
the prepared composites. The results of the laminates EP-CFu-A and EP- 
MC40-CFu-A are shown in Fig. 8(a–c). 

For the composite EP-CFu-A (Fig. 8(a)), the frequency increase de-
termines a shift of all parameters to higher temperatures; this effect, 
although present in the whole investigated temperature range, is more 
evident at the glass transition of the EP phase. For the composite EP- 
MC40-CFu-A (Fig. 8(b)), and for the other MC-containing laminates, 
the frequency dependence is observable not only at the glass transition, 
but also at the PCM melting between 5 ◦C and 45 ◦C. It is worth noting 
that the melting peak is located at lower temperatures that those 
measured in DSC, which is a direct consequence of the lower heating 
rate (0.3 ◦C/min instead of 10 ◦C/min). Moreover, in this temperature 
range, the frequency sensitivity of all the viscoelastic parameters is 

higher below the melting peak temperature than above it. Therefore, 
when the PCM is almost completely molten, the frequency dependence 
weakens considerably. This was observed also for other polymer lami-
nates containing the same microencapsulated PCM [73]. 

These tests allowed the calculation of the activation energy of the 
glass transition (Ea(Tg)) from the tanδ peak temperatures through the 
Arrhenius approach. The results of this analysis, presented in Fig. 8(c) 
and Table 5, show that Ea(Tg) generally increases with the MC concen-
tration, which implies that the glass transition is hindered by the pres-
ence of an increasing amount of filler [79,80]. 

Since the peaks of E˝ and tanδ at the PCM melting also appear to 
depend on frequency, an attempt was made to apply the Arrhenius 
approach to calculate the activation energy of the melting transition. 
The results of this attempt are also reported in Fig. 8(c). It can be clearly 
seen that the linear fitting of these data is considerably less precise than 
that of the data at the glass transition. In any case, the calculated results 
for the activation energy of the melting transition, Ea(Tm), are also re-
ported in Table 5. The higher activation energy for the laminates EP- 
MC30-CFu-A and E-MC40-CFu-A could be attributed to the combined 
effect of the real melting temperature of PCM, the apparent shifting at 
higher temperature proportional to PCM content, and the frequency 
dependence of the polymer mobility and its viscosity in the mushy and 
molten state. However, the large standard deviations, which follow the 
poor linear fitting and are reflected in a small R2, hinder an accurate 
data analysis. Moreover, the authors are aware that this provisional 
interpretation should be further investigated with other compositions 
and systems. 

This investigation contributed to provide an interesting insight on 
the use of DMA to study a melting/crystallization phase change and the 
effects of such transition on the dynamic-mechanical properties of the 
host laminate, which is extremely important for composites designed to 
combine the structural and TES functions and to work across the PCM 
phase change temperature. This approach also experimented the un-
common use of DMA to study a melting/crystallization phase change 
and found noteworthy correlations between DMA and DSC parameters. 

To assess the mechanical properties of the prepared laminates, four 
techniques were applied, i.e. quasi-static tensile tests, three-point 
bending tests, short-beam shear tests and mode I interlaminar fracture 
toughness tests. 

The results of the tensile tests are reported in Fig. 9, in which the 
values of tensile moduli in the fiber direction (longitudinal, EL) and in 
the transversal direction (ET) are plotted as a function of the MC content. 

Fig. 4. Results of the thermal camera imaging tests on the laminates EP-MCx-CFu-A. Surface temperature of the laminates as a function of the testing time.  
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EL decreases with an increase in the MC fraction, which is mostly due to 
the decrease in the fiber volume fraction. To separate the contribution of 
the decrease in the fiber content to that of the change in the properties of 
the matrix due to MC addition, a theoretical elastic modulus was 
calculated via the mixture rule reported in Equation (8) [1]: 

Ec =Ef ⋅ϑf + Em⋅
(
1 − ϑf

)
(8)  

where Ec is the longitudinal modulus of the composite, Ef and Em are the 
moduli of the fibers and the matrix, respectively, and ϑf is the fiber 
volume fraction. 

The calculation of the theoretical elastic modulus was performed as 
follows. First, the experimental value of elastic modulus of the neat 
laminate EP-CFu-A was used to calculate an experimental value of Ef via 
the mixture rule reported in Equation (8), by knowing ϑf (calculated 
with data from TGA) and Em (measured on neat epoxy samples) for this 
laminate. This value of Ef was applied to calculate theoretical values of 

Fig. 5. Results of the LFA measurements on the laminates EP-MCx-CFu-A in the 
temperature interval 25–55 ◦C. 

Fig. 6. Results of the single-frequency DMA tests on the laminates EP-MCx- 
CFu-A. (a) Storage modulus as a function of temperature, normalized to the 
value at the beginning of the test (− 20 ◦C); (b) Loss modulus and tanδ as a 
function of temperature; (c) Value of E’ after PCM melting (60 ◦C) normalized 
to the value at 0 ◦C, as a function of the melting enthalpy, with the results of the 
linear fitting. 
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Ec for the MC-containing laminates, with the previously measured 
values of ϑf for these laminates, via the mixture rule reported in Equa-
tion (8). As the mixture rule requires the value of Em, two approaches 
were adopted: the first was to put Em equal to that of the neat epoxy resin 
in all cases (i.e. 2.5 ± 0.3 GPa, see Ref. [72]), and the second was to vary 
Em according to the MC content, by considering the elastic moduli of the 
epoxy/MC samples measured in a previous work on epoxy/MC samples 
[72]. The results of the calculations with these two approaches are re-
ported in Fig. 9, as “EL theoretical (matrix is EP)” and “EL theoretical 
(matrix varies)”, respectively. 

The two theoretical approaches give approximately the same results, 
which was expected as the elastic modulus of the matrix has little 
relevance when calculating the modulus of a unidirectional carbon- 
reinforced composite in the fiber direction. Additionally, the theoret-
ical values of EL are equal to (or in some cases even lower than) the 
experimental values, which means that the decrease in elastic modulus 
with an increase in MC concentration is entirely due to a decrease in the 
fiber volume fraction, and the MC introduction does not actively 
contribute to decrease it, which could have been the case if the MC 
decreased the fiber alignment. In some cases, as for the laminate EP- 
MC20-CFu-A, the MC phase seems even to contribute positively to the 
elastic modulus, as the experimental value deviates positively from the 

Fig. 7. Cyclic DMA tests. (a) Storage modulus as a function of temperature 
during the thermal cycles; (b) Loss modulus as a function of temperature during 
the thermal cycles (1 = first heating scan; 2 = first cooling scan; 3 = second 
heating scan; 4 = second cooling scan; 5 = third heating scan). 

Fig. 8. Results on the DMA multifrequency scans on the samples EP-MCx-CFu- 
A. Investigated frequencies: 0.3-1-3-10-30 Hz. (a) Sample EP-CFu-A; (b) Sample 
EP-MC40-CFu-A; (c) Natural logarithm of frequency as a function of 1000/T 
(peaks of tanδ at glass transition (left) and at paraffin melting (right). The solid 
lines represent the result of the linear fitting. 

Table 5 
Results of the multifrequency DMA scans on the samples EP-MCx-CFu-A.  

Sample EP-CFu- 
A 

EP-MC20-CFu- 
A 

EP-MC30-CFu- 
A 

EP-MC40-CFu- 
A 

Ea(Tg) (kJ/ 
mol)  

365 ±
14 

395 ± 9 434 ± 17 419 ± 13 

R2(Tg) 0.996 0.998 0.995 0.997 

Ea(Tm) (kJ/ 
mol)  

– 615 ± 63 955 ± 100 865 ± 102 

R2(Tm) – 0.97 0.97 0.96 

Ea(Tg) ¼ activation energy of the glass transition calculated from the tanδ 
peaks; Ea(Tm)¼ activation energy of the melting transition calculated from 
the tanδ peaks; R2 ¼ values of R2 of the linear regression. 
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theoretical trend, but further analysis is needed to verify this hypothesis. 
This approach is conservative, as it does not take into account the pore 
volume fraction in the calculation of the theoretical moduli, which 
would have resulted in even lower values. 

A similar analysis was performed on the values of the transversal 
modulus, but in this case the inverse mixture rule was applied, as re-
ported in Equation (9) [1]: 

1
Ec

=
ϑf

Ef
+

1 − ϑf

Em
. (9) 

The results of this calculation are reported in Fig. 9. 
In this case, the two approaches for the calculation of the theoretical 

moduli gave remarkably different results, because a variation in Em 
determines important variations in the transversal modulus, and since 
the elastic modulus of the epoxy/MC samples decreases with an increase 
in the MC content, also the theoretical transversal modulus of the 
composites is lower when in is calculated with the approach “matrix 
varies”. The experimental values of ET are higher than the theoretical 
values calculated with this approach, so a much lower decrease in ET 
was expected if considering the elastic moduli of the epoxy/MC samples. 
On the other hand, the experimental values of ET are closer to those 
calculated only by considering a decrease in the fiber volume fraction 
(approach “matrix is EP”). Therefore, it can be concluded that the lon-
gitudinal and transversal moduli of these composites are affected by the 
MC phase only because it determines an increase in the matrix viscosity 
and thus a decrease in the final fiber volume fraction. This conclusion is 
similar to that obtained in a previous study on epoxy/carbon laminates 
containing a shape-stabilized PCM [63]. In those laminates, the fiber 
volume fraction was almost independent from the PCM content, and in 
fact the flexural elastic modulus was not significantly affected by the 
laminate composition. 

The results of the three-point bending tests are shown in Fig. 10(a–b). 
Fig. 10(a) shows representative load-displacement curves, which show a 
behavior similar to that observed on other PCM-containing laminates 
[63,73]. 

The curves of all samples present an initial linear zone, but the 

behavior after the maximum load of the neat EP-CFu laminate is 
different from that of the MC-containing laminates. The neat laminate is 
subjected to a catastrophic failure, which always started from the 
tensile-stressed mid-lower region of the specimen. Such failure mode is 
often associated to a good interlaminar adhesion [81,82]. On the other 
hand, the PCM-containing laminates are subjected to a progressive 
failure and present a drop-plateau sequence, which indicates a dissipa-
tion of mechanical energy also during damage propagation. The damage 
was observed starting either in the mid-upper zone, subjected to 
compression, or in the interlaminar zone. This is observable also from 
the optical microscope micrographs of the specimens after the tests, 
shown in Fig. 11(a-h). This failure mode has been described as typical of 
materials having a tensile in-plane strength considerably higher than the 
interlaminar shear strength, which is the case for the MC-containing 
laminates reported in this work. 

Fig. 10(b) summarizes the main results of the three-point bending 
tests, as it shows the trends of the flexural elastic modulus, stress and 
strain at break as a function of the MC weight fraction. Fig. 10(b) also 
shows the values of interlaminar shear strength (ILSS) obtained during 
short-beam shear tests on the type B laminates. The elastic modulus is 
seen decreasing with an increase in the MC content, which is due to the 
reduction in the fiber volume fraction. However, also the flexural 
strength decreases, and this is probably related to the introduction of 
new damaging mechanisms such as the delamination and interlaminar 
fracturing. The same phenomena are also at the basis of the observed 

Fig. 9. Experimental and theoretical tensile moduli of the laminates EP-MCx- 
CFu-A. The theoretical moduli EL and ET were calculated via the direct and 
inverse mixture rule, respectively, starting from the properties measured on the 
neat laminate EP-CFu-A. 

Fig. 10. (a) Representative load-displacement curves obtained in three-point 
bending tests on the laminates EP-MCx-CFu-A at room temperature. The 
value in brackets represents the laminate thickness; (b) Flexural modulus (Ef ), 
strength (σfM), and strain at break (εfb), and interlaminar shear strength (ILSS) 
as a function of the MC weight fraction. 
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reduction of the ILSS. 
The same three-point bending tests were performed at 65 ◦C, above 

the PCM melting temperature. Fig. 12 shows a representative load- 
displacement curve with a comparison between the laminate EP- 
MC20-CFu-A tested at room temperature and at 65 ◦C, while the re-
sults of this characterization are reported in Table 6. 

The elastic modulus is only marginally affected by temperature, as 

the values are approximately the same as those measured at room 
temperature for the laminate EP-MC20-CFu-A and slightly lower for 
greater MC concentrations. On the other hand, the decrease in the 
properties at failure (flexural strength and strain at break) is more 
dramatic, and the decrease is higher for higher MC content. This is 
probably due to a decrease in the mechanical properties of the micro-
capsules when the core is melted, which causes further decrease in the 

Fig. 11. Optical microscope micrographs of the specimens after three-point bending tests at room temperature. (a–b) EP-CFu-A; (c–d) EP-MC20-CFu-A; (e–f) EP- 
MC30-CFu-A; (g–h) EP-MC40-CFu-A. 
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mechanical properties of the interlaminar region. Moreover, the 
behavior of the load-deflection curve in the region of the defect propa-
gation was different from that observed at room temperature, as re-
ported in Fig. 12; all tested specimens containing MC presented a long 
plateau, and for some of them the load did not drop to zero. 

Fig. 13(a) shows representative load-displacement curves obtained 
in mode I interlaminar fracture toughness tests, while Fig. 13(b) shows 
the obtained R-curves, i.e. the delamination resistance as a function of 
the crack length, for the four prepared compositions. All load- 
displacement curves are a subsequence of load drops and plateaus, 
especially that of the neat laminate EP-CFu-B, which may impair the 
reliability of the results. 

Table 7 collects the mode І critical strain energy release rates for 
crack initiation (GIi) and steady-state propagation (GIc). The GIi is 
determined at the initial delamination of the specimen, when the pre- 
crack start to grow. The first point of GIi can be evaluated in different 
ways; the way adopted in this work is the deviation from the linearity of 
the load-displacement curve. The GIc is obtained as the average value in 
the steady state region, after approx. 5–10 mm of crack propagation (a 
>60 mm). 

Generally, GIi is independent from the fiber volume fraction, while 
GIc can vary as a function of this parameter [83,84]. For the laminate 
EP-MC20-CFu-B, both GIi and GIc are higher than those of the neat 
EP-CFu-B, which implies that the introduction of a modest amount of 
MC activates different toughening mechanisms; such mechanisms could 
be the particle debonding, crack pinning, crack deflection and 
micro-cracking. On the other hand, above a certain MC concentration, 
both GIi and GIc decrease with increasing MC content, which can be due 

to an excessive thickening and decrease in the mechanical properties of 
the interlaminar region, in turn caused by a poor capsule/matrix 
adhesion and by the intrinsic low mechanical properties of the MC. 

From a visual observation of the specimens during the test, the 
samples EP-CFu-B and EP-MC20-CFu-B showed fiber bridging, while this 
phenomenon was not observed for the laminates with a higher MC 
concentration, for which the crack propagated mostly through the ma-
trix (Fig. 14(a-b)). 

4. Conclusions 

This work presented the thermo-mechanical characterization of 
unidirectional carbon/epoxy composites containing paraffin microcap-
sules. The MC phase increased the viscosity of the epoxy matrix, which 
limited the flow of the epoxy/MC mixtures out of the fiber fabric, 
thereby increasing the matrix weight (and volume) fraction and 

Fig. 12. Representative load-deflection curves obtained during three-point 
bending tests on the laminate EP-MC20-CFu-A at room temperature (RT) and 
at 65 ◦C. 

Table 6 
Results of the three-point bending tests on the laminates EP-MCx-CFu-A per-
formed at 65 ◦C. Values of flexural modulus (Ef ), strength (σfM), and strain at 
break (εfb) and relative values compared to the results at room temperature.  

Sample E65 ◦C
f 

(GPa)  
E65 ◦C

f

ERT
f

(%)  
σ65 ◦C

fM 

(MPa)  
σ65 ◦C

fM

σRT
fM

(%)  
ε65 ◦C

fb 

(%)  
ε65 ◦C

fb

εRT
fb

(%)  

EP- 
MC20- 
CFu-A 

69.8 ±
0.9 

99.2 447 ±
26 

74.1 0.69 ±
0.05 

78.6 

EP- 
MC30- 
CFu-A 

50.1 ±
2.2 

85.3 290 ± 1 59.2 0.60 ±
0.06 

70.2 

EP- 
MC40- 
CFu-A 

40.9 ±
2.1 

92.6 238 ± 1 58.9 0.67 ±
0.10 

70.0  

Fig. 13. (a) Load-displacement curves obtained in mode I interlaminar fracture 
toughness tests on the laminates EP-MCx-CFu-B; (b) R-curves of the laminates 
EP-MCx-CFu-B. The results of two to four specimens are shown for each sample. 

Table 7 
Mode І critical strain energy release rates for crack initiation (GIi) and steady- 
state propagation (GIc) for the laminates EP-MCx-CFu-B.  

Sample GIi(kJ/m2)  GIc(kJ/m2)  

EP-CFu-B 0.15 ± 0.03 0.27 ± 0.01 
EP-MC20-CFu-B 0.34 ± 0.02 0.40 ± 0.01 
EP-MC30-CFu-B 0.27 ± 0.02 0.32 ± 0.01 
EP-MC40-CFu-B 0.24 ± 0.02 0.30 ± 0.02  
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reducing that of the fibers. This was at the basis of a decrease in the 
mechanical properties of the prepared laminates with high MC con-
centration, but the application of theoretical models showed that this 
decrease was only due to the decrease in the volume fraction of the 
reinforcement and not to a change in the matrix composition. 

The MC phase was preferentially distributed in the interlaminar re-
gion, which led to a thickening of this region and a decrease in matrix- 
related properties such as the interlaminar shear strength. On the other 
hand, a modest MC fraction led to an increase in the mode I interlaminar 
fracture toughness, probably due to the introduction of new toughening 
mechanisms, such as the debonding, crack deflection, and micro-
cracking. However, an excessive MC content reduced the values of GIc, 
because the crack propagated through the matrix and not at the fiber/ 
matrix interface, thereby reducing the fundamental toughening mech-
anism of fiber bridging. 

For the thermal properties, the melting enthalpy increased with the 
initial MC fraction and reached a value of 48.7 J/g. Therefore, the TES 
and thermal management capability of the prepared laminates increased 
with the MC fraction, as also demonstrated by thermal imaging tests. 
The DMA characterization highlighted the variation of the viscoelastic 
parameters as a function of temperature, composition and testing mode 
(single-frequency, multifrequency, cyclic heating-cooling tests). This 
technique was proven a useful complement to DSC to study the melting 
and crystallization process of a PCM when embedded in a polymer 
composites. 

These results are promising for the development of multifunctional 
polymer composites with thermal energy storage and thermal manage-
ment properties in the temperature range 10–50 ◦C. Future works will 
focus on a deeper study of the micromechanical properties of PCM mi-
crocapsules and on the improvement of the capsule/matrix adhesion. 
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[33] G. Fredi, S. Dirè, E. Callone, R. Ceccato, F. Mondadori, A. Pegoretti, Docosane- 
organosilica microcapsules for structural composites with thermal energy storage/ 
release capability, Materials 12 (2019) 1286/1–1286/26, https://doi.org/ 
10.3390/ma12081286. 

[34] I. Krupa, P. Sobolciak, H. Abdelrazeq, M. Ouederni, M.A. Al-Maadeed, Natural 
aging of shape stabilized phase change materials based on paraffin wax, Polym. 
Test. 63 (2017) 567–572. 

[35] P. Sobolciak, H. Abdelrazeq, M. Ouederni, M. Karkri, M.A. Al-Maadeed, I. Krupa, 
The stabilizing effect of expanded graphite on the artificial aging of shape 
stabilized phase change materials, Polym. Test. 46 (2015) 65–71. 

[36] A.S. Luyt, I. Krupa, H.J. Assumption, E.E.M. Ahmad, J.P. Mofokeng, Blends of 
polyamide 12 and maleic anhydride grafted paraffin wax as potential phase change 
materials, Polym. Test. 29 (1) (2010) 100–106. 

[37] G. Kastiukas, X.M. Zhou, J. Castro-Gomes, Development and optimisation of phase 
change material-impregnated lightweight aggregates for geopolymer composites 
made from aluminosilicate rich mud and milled glass powder, Construct. Build. 
Mater. 110 (2016) 201–210, https://doi.org/10.1016/j.conbuildmat.2016.02.029. 

[38] K. Biswas, J. Lu, P. Soroushian, S. Shrestha, Combined experimental and numerical 
evaluation of a prototype nano-PCM enhanced wallboard, Appl. Energy 131 (2014) 
517–529, https://doi.org/10.1016/j.apenergy.2014.02.047. 

[39] A. Dorigato, D. Rigotti, A. Pegoretti, Thermoplastic polyurethane blends with 
thermal energy storage/release capability, Front. Mater. 5 (2018), https://doi.org/ 
10.3389/fmats.2018.00058. 

[40] A.S. Carreira, R.F.A. Teixeira, A. Beirão, R. Vaz Vieira, M.M. Figueiredo, M.H. Gil, 
Preparation of acrylic based microcapsules using different reaction conditions for 
thermo-regulating textiles production, Eur. Polym. J. 93 (2017) 33–43, https://doi. 
org/10.1016/j.eurpolymj.2017.05.027. 

[41] S.X. Wang, Y. Li, J.Y. Hu, H. Tokura, Q.W. Song, Effect of phase-change material on 
energy consumption of intelligent thermal-protective clothing, Polym. Test. 25 (5) 
(2006) 580–587. 

[42] B.A. Ying, Y.L. Kwok, Y. Li, Q.Y. Zhu, C.Y. Yeung, Assessing the performance of 
textiles incorporating phase change materials, Polym. Test. 23 (5) (2004) 541–549. 

[43] S. Singh, K.K. Gaikwad, Y.S. Lee, Phase change materials for advanced cooling 
packaging, Environ. Chem. Lett. 16 (3) (2018) 845–859, https://doi.org/10.1007/ 
s10311-018-0726-7. 

[44] S.C. Fok, W. Shen, F.L. Tan, Cooling of portable hand-held electronic devices using 
phase change materials in finned heat sinks, Int. J. Therm. Sci. 49 (1) (2010) 
109–117, https://doi.org/10.1016/j.ijthermalsci.2009.06.011. 

[45] S.K. Sahoo, M.K. Das, P. Rath, Application of TCE-PCM based heat sinks for cooling 
of electronic components: a review, Renew. Sustain. Energy Rev. 59 (2016) 
550–582, https://doi.org/10.1016/j.rser.2015.12.238. 

[46] Y. Tomizawa, K. Sasaki, A. Kuroda, R. Takeda, Y. Kaito, Experimental and 
numerical study on phase change material (PCM) for thermal management of 
mobile devices, Appl. Therm. Eng. 98 (2016) 320–329, https://doi.org/10.1016/j. 
applthermaleng.2015.12.056. 
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[48] A. Lazrak, J.-F. Fourmigué, J.-F. Robin, An innovative practical battery thermal 
management system based on phase change materials: numerical and experimental 
investigations, Appl. Therm. Eng. 128 (2018) 20–32, https://doi.org/10.1016/j. 
applthermaleng.2017.08.172. 

[49] K. Zhu, X. Li, J. Su, H. Li, Y. Zhao, X. Yuan, Improvement of anti-icing properties of 
low surface energy coatings by introducing phase-change microcapsules, Polym. 
Eng. Sci. 58 (6) (2018) 973–979, https://doi.org/10.1002/pen.24654. 

[50] X. Bao, Y. Tian, L. Yuan, H. Cui, W. Tang, W.H. Fung, H. Qi, Development of high 
performance PCM cement composites for passive solar buildings, Energy Build. 194 
(2019) 33–45, https://doi.org/10.1016/j.enbuild.2019.04.011. 

[51] B. Savija, Smart crack control in concrete through use of phase change materials 
(PCMs): a review, Materials 11 (5) (2018), https://doi.org/10.3390/ma11050654. 

[52] W. Yuan, X. Yang, G. Zhang, X. Li, A thermal conductive composite phase change 
material with enhanced volume resistivity by introducing silicon carbide for 
battery thermal management, Appl. Therm. Eng. 144 (2018) 551–557, https://doi. 
org/10.1016/j.applthermaleng.2018.07.095. 

[53] A. Pegoretti, G. Fredi, Editorial corner - a personal view. Thermal management 
with polymer composites, Express Polym. Lett. 13 (10) (2019), https://doi.org/ 
10.3144/expresspolymlett.2019.73, 844-844. 

[54] D. Rigotti, A. Dorigato, A. Pegoretti, 3D printable thermoplastic polyurethane 
blends with thermal energy storage/release capabilities, Mater. Today Commun. 
15 (2018) 228–235, https://doi.org/10.1016/j.mtcomm.2018.03.009. 

[55] K. Resch-Fauster, F. Hengstberger, C. Zauner, S. Holper, Overheating protection of 
solar thermal façades with latent heat storages based on paraffin-polymer 
compounds, Energy Build. 169 (2018) 254–259, https://doi.org/10.1016/j. 
enbuild.2018.03.068. 

[56] K. Resch-Fauster, M. Feuchter, Thermo-physical characteristics, mechanical 
performance and long-term stability of high temperature latent heat storages based 
on paraffin-polymer compounds, Thermochim. Acta 663 (2018) 34–45, https:// 
doi.org/10.1016/j.tca.2018.03.004. 

[57] Y. Wu, C. Chen, Y. Jia, J. Wu, Y. Huang, L. Wang, Review on electrospun ultrafine 
phase change fibers (PCFs) for thermal energy storage, Appl. Energy 210 (2018) 
167–181, https://doi.org/10.1016/j.apenergy.2017.11.001. 

[58] S.-G. Jeong, S. Kim, W. Huh, Preparation of epoxy resin using n-hexadecane based 
shape stabilized PCM for applying wood-based flooring, J. Adhes. Sci. Technol. 28 
(7) (2014) 711–721, https://doi.org/10.1080/01694243.2013.865331. 

[59] J. Giro-Paloma, E. Rayón, J.J. Roa, M. Martínez, A.I. Fernández, Effect of the filler 
on the nanomechanical properties of polypropylene in contact with paraffinic 
phase change material, Eur. Polym. J. 63 (2015) 29–36, https://doi.org/10.1016/j. 
eurpolymj.2014.11.029. 

[60] A. Serrano, A.M. Borreguero, I. Garrido, J.F. Rodriguez, M. Carmona, The role of 
microstructure on the mechanical properties of polyurethane foams containing 
thermoregulating microcapsules, Polym. Test. 60 (2017) 274–282. 

[61] S. Yoo, E. Kandare, G. Mahendrarajah, M.A. Al-Maadeed, A.A. Khatibi, Mechanical 
and thermal characterisation of multifunctional composites incorporating phase 
change materials, J. Compos. Mater. 51 (18) (2017) 2631–2642, https://doi.org/ 
10.1177/0021998316673894. 

[62] G. Fredi, A. Dorigato, L. Fambri, A. Pegoretti, Wax confinement with carbon 
nanotubes for phase changing epoxy blends, Polymers 9 (9) (2017) 405/1–405/16, 
https://doi.org/10.3390/polym9090405. 

[63] G. Fredi, A. Dorigato, L. Fambri, A. Pegoretti, Multifunctional epoxy/carbon fiber 
laminates for thermal energy storage and release, Compos. Sci. Technol. 158 
(2018) 101–111, https://doi.org/10.1016/j.compscitech.2018.02.005. 

[64] G. Fredi, A. Dorigato, L. Fambri, A. Pegoretti, Thermal energy storage with polymer 
composites, in: K. Kalaitzidou (Ed.), American Society for Composites 2019 - 
Thirty-Fourth Technical Conference, US, Atlanta, GA, 2019. 

[65] G. Fredi, A. Dorigato, A. Pegoretti, Multifunctional glass fiber/polyamide 
composites with thermal energy storage/release capability, Express Polym. Lett. 12 
(4) (2018) 349–364, https://doi.org/10.3144/expresspolymlett.2018.30. 

[66] A. Dorigato, G. Fredi, A. Pegoretti, Novel phase change materials using 
thermoplastic composites, in: AIP Conference Proceedings of the 9th International 
Conference “Times of Polymers and Composites”, TOP, 2018, 020044/1-020044/4. 

[67] G. Fredi, A. Dorigato, S. Unterberger, N. Artuso, A. Pegoretti, Discontinuous carbon 
fiber/polyamide composites with microencapsulated paraffin for thermal energy 

G. Fredi et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.eurpolymj.2008.07.047
https://doi.org/10.1016/j.apenergy.2016.05.097
https://doi.org/10.1016/S1359-4311(02)00192-8
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref20
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref20
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref20
https://doi.org/10.1016/j.icheatmasstransfer.2018.09.011
https://doi.org/10.1016/j.apenergy.2015.12.043
https://doi.org/10.1016/j.apenergy.2015.12.043
https://doi.org/10.1016/0038-092X(83)90186-X
https://doi.org/10.1016/0038-092X(83)90186-X
https://doi.org/10.1016/j.eurpolymj.2018.02.011
https://doi.org/10.1016/j.eurpolymj.2018.02.011
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref25
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref25
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref25
https://doi.org/10.1016/j.tifs.2019.07.003
https://doi.org/10.1021/acs.energyfuels.8b01347
https://doi.org/10.1021/acs.energyfuels.8b01347
https://doi.org/10.1016/j.eurpolymj.2012.01.016
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref29
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref29
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref29
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref29
https://doi.org/10.1016/j.solmat.2015.06.039
https://doi.org/10.1016/j.solmat.2015.06.039
https://doi.org/10.1016/j.solmat.2010.03.014
https://doi.org/10.1016/j.solmat.2010.03.014
https://doi.org/10.1002/pen.24951
https://doi.org/10.3390/ma12081286
https://doi.org/10.3390/ma12081286
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref34
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref34
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref34
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref35
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref35
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref35
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref36
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref36
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref36
https://doi.org/10.1016/j.conbuildmat.2016.02.029
https://doi.org/10.1016/j.apenergy.2014.02.047
https://doi.org/10.3389/fmats.2018.00058
https://doi.org/10.3389/fmats.2018.00058
https://doi.org/10.1016/j.eurpolymj.2017.05.027
https://doi.org/10.1016/j.eurpolymj.2017.05.027
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref41
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref41
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref41
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref42
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref42
https://doi.org/10.1007/s10311-018-0726-7
https://doi.org/10.1007/s10311-018-0726-7
https://doi.org/10.1016/j.ijthermalsci.2009.06.011
https://doi.org/10.1016/j.rser.2015.12.238
https://doi.org/10.1016/j.applthermaleng.2015.12.056
https://doi.org/10.1016/j.applthermaleng.2015.12.056
https://doi.org/10.1016/j.jpowsour.2017.12.071
https://doi.org/10.1016/j.applthermaleng.2017.08.172
https://doi.org/10.1016/j.applthermaleng.2017.08.172
https://doi.org/10.1002/pen.24654
https://doi.org/10.1016/j.enbuild.2019.04.011
https://doi.org/10.3390/ma11050654
https://doi.org/10.1016/j.applthermaleng.2018.07.095
https://doi.org/10.1016/j.applthermaleng.2018.07.095
https://doi.org/10.3144/expresspolymlett.2019.73
https://doi.org/10.3144/expresspolymlett.2019.73
https://doi.org/10.1016/j.mtcomm.2018.03.009
https://doi.org/10.1016/j.enbuild.2018.03.068
https://doi.org/10.1016/j.enbuild.2018.03.068
https://doi.org/10.1016/j.tca.2018.03.004
https://doi.org/10.1016/j.tca.2018.03.004
https://doi.org/10.1016/j.apenergy.2017.11.001
https://doi.org/10.1080/01694243.2013.865331
https://doi.org/10.1016/j.eurpolymj.2014.11.029
https://doi.org/10.1016/j.eurpolymj.2014.11.029
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref60
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref60
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref60
https://doi.org/10.1177/0021998316673894
https://doi.org/10.1177/0021998316673894
https://doi.org/10.3390/polym9090405
https://doi.org/10.1016/j.compscitech.2018.02.005
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref64
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref64
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref64
https://doi.org/10.3144/expresspolymlett.2018.30
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref66
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref66
http://refhub.elsevier.com/S0142-9418(20)30936-3/sref66


Polymer Testing 91 (2020) 106747

16

storage, J. Appl. Polym. Sci. 136 (16) (2019) 47408/1–47408/14, https://doi.org/ 
10.1002/app.47408. 

[68] G. Fredi, A. Dorigato, L. Fambri, A. Pegoretti, Multifunctional Polymer Composites 
Reinforced with Discontinuous Carbon Fibers for Thermal Energy Storage, ECCM 
2018 - 18th European Conference on Composite Materials, Megaron Athens 
International Conference Centre (MAICC), Athens, Greece, 2020. 

[69] A. Dorigato, G. Fredi, T. Meneghini, A. Pegoretti, Thermo-mechanical Behaviour of 
Thermoplastic Composite Laminates with Thermal Energy Storage/release 
Capability ECCM 2018 - 18th European Conference on Composite Materials, 
Megaron Athens International Conference Centre (MAICC), Athens, Greece, 2020. 

[70] A. Dorigato, G. Fredi, M. Negri, A. Pegoretti, Thermo-mechanical behaviour of 
novel wood laminae-thermoplastic starch biodegradable composites with thermal 
energy storage/release capability, Front. Mater. 6 (2019) 1–12, https://doi.org/ 
10.3389/fmats.2019.00076. 

[71] S. Yoo, Characterisation of Multifunctional Composites Exhibiting Mechanical and 
Thermal Management Capabilities, School of Engineering, College of Science 
Engineering and Health, RMIT University, Melbourne, Australia, 2016. 

[72] G. Fredi, A. Dorigato, L. Fambri, A. Pegoretti, Detailed experimental and 
theoretical investigation of the thermo-mechanical properties of epoxy composites 
containing paraffin microcapsules for thermal management, Polym. Eng. Sci. 60 
(2020) 1202–1220, https://doi.org/10.1002/PEN.25374. 

[73] G. Fredi, A. Dorigato, A. Pegoretti, Novel reactive thermoplastic resin as a matrix 
for laminates containing phase change microcapsules, Polym. Compos. 40 (9) 
(2019) 3711–3724, https://doi.org/10.1002/pc.25233. 

[74] G. Fredi, H. Brünig, R. Vogel, C. Scheffler, Melt-spun polypropylene filaments 
containing paraffin microcapsules for multifunctional hybrid yarns and smart 
thermoregulating thermoplastic composites, Express Polym. Lett. 13 (12) (2019) 
1071–1087, https://doi.org/10.3144/expresspolymlett.2019.93. 

[75] A. Dorigato, G. Fredi, A. Pegoretti, Application of the thermal energy storage 
concept to novel epoxy/short carbon fiber composites, J. Appl. Polym. Sci. 136 
(21) (2019) 47434/1–47434/9, https://doi.org/10.1002/app.47434. 
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