Application of the thermal energy storage concept to novel epoxy–short
carbon ﬁber composites
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For the ﬁrst time, multifunctional epoxy–short carbon ﬁber reinforced composites suitable for thermal energy storage technology were developed. Parafﬁn microcapsules (MC) and short carbon ﬁbers (CFs) were added at different relative amounts to an epoxy
matrix, and the microstructural and thermomechanical properties of the resulting materials were investigated. Scanning electron microscopy images of the composites showed a uniform distribution of the capsules within the matrix, with a rather good interfacial adhesion,
while the increase in the polymer viscosity at elevated CF and MC amounts caused an increase in the void content. Differential scanning
calorimetry tests revealed that melting enthalpy values (up to 60 J/g) can be obtained at high MC concentrations. The mixing and thermal curing of the composites did not lead to breakage of the capsules and to the consequent leakage of the parafﬁn out of the epoxy
matrix. The thermal stability of the prepared composites is not negatively affected by the MC addition, and the temperatures at which
the thermal degradation process begins were far above the curing or service temperature of the composites. Flexural and impact tests
highlighted that the presence of MC reduces the mechanical properties of the samples, while CF positively contributes to retaining the
original stiffness and mechanical resistance. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47434.
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INTRODUCTION

It is well known that thermal energy storage (TES) technology is
a tool for more efﬁcient use of thermal energy. In fact, thanks to
the possibility of storing heat and releasing it when needed, it is
possible to couple energy availability and demand.1–3 TES technology
can be applied in a wide variety of sectors, ranging from powergeneration plants4,5 to buildings with low energy demands,6,7 where
the demand for thermal energy may considerably ﬂuctuate even during the same day.8 Thermal energy can be stored and released in
three main ways, namely as sensible heat (due to temperature variations within the material), through thermochemical reactions, or as
latent heat, that is, by using phase change materials (PCMs). PCMs
are subjected to reversible solid/solid or solid/liquid phase transitions
and can be classiﬁed as organic, inorganic, or eutectic.9 The advantages associated with the use of PCMs mainly consist of the possibility of storing a large amount of thermal energy per unit mass in a
very narrow temperature range, with very limited volume variations.10 Among organic PCMs, parafﬁn waxes are the most widely
used in TES applications,11,12 especially because of their elevated
energy density, narrow working temperature range, versatility, lightness, and cheapness.13,14 Thanks to these peculiar features, TES

systems based on PCMs can be successfully applied in buildings,15,16
smart textiles,17 solar plants,18 hot/cold water storage,19 and the thermal regulation of electronic devices.20 The most serious drawbacks
of organic PCMs are their intrinsic limited thermal conductivity and
the need for conﬁnement to avoid leakage when above their melting
point.21 The latter problem is nowadays addressed with two main
techniques. The ﬁrst method is the so-called “shape stabilization,”
which consists of the conﬁnement of the PCM with a polymer
matrix,22–25 a nanostructured layered material,20,26 or a percolative
network constituted of an inorganic nanoﬁller.27–29 If a metallic or a
carbon-based material is used as stabilizing agent, it is also possible
to increase the thermal conductivity of the system.27,30,31 The second
possibility is the encapsulation of the PCMs in organic or inorganic
shells, which also protect the PCM from the external environment
and enhance its thermal stability.32–34
In most technological TES applications, thermal energy storage functions are devolved to a speciﬁc added module containing PCMs.
However, it could also be interesting to develop a multifunctional
material capable of effectively contributing to the thermal management. In this framework, composite materials constituted of two or
more phases with different properties35–39 could be designed to
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combine load-bearing properties and functional capabilities. Lightweight polymer matrix composites coupling structural or semistructural functions and TES capability could be successfully applied
where weight and volume savings need to be combined with precise
temperature control. Even though several papers have recently been
published on encapsulated and shape-stabilized PCMs in various
polymer matrixes,40–43 only a few papers dealing with the development of structural composites with TES capability can be found. The
major parts of the scientiﬁc reports deal with sandwich structures for
thermal management with20 or without44,45 the introduction of a
PCM. To our knowledge, only Yoo and coworkers46,47 studied the
thermomechanical and viscoelastic properties of a glass ﬁber–epoxy
composite with microencapsulated PCM. Our group has recently
developed multifunctional epoxy–carbon ﬁber composites containing various percentages of a parafﬁn shape stabilized with carbon
nanotubes (CNTs).48,49 The thermomechanical behavior of a polyamide 12 (PA12)–glass ﬁber thermoplastic composite with TES functions was also studied.9 In all these works, it was demonstrated that
the introduction of the TES capability comes at the expense of the
thermomechanical stability of the system.
Short carbon ﬁbers are one of the most widely used reinforcements to improve the mechanical and tribological performance
of polymers. Compared to continuous ﬁber reinforced composites, short ﬁber reinforced composites (SFRCs) combine easier
processability with a low manufacturing cost. With the use of
SFRCs, it is therefore possible to ﬁll the mechanical property gap
between the continuous-ﬁber laminates used as primary structures and the unreinforced polymers used for nonstructural
applications.50 This is the main reason why in the last few years
the use of SFRCs has grown rapidly in various engineering applications, especially in the automotive and mechanical engineering
sectors.51 To the best of our knowledge, no papers dealing with
short ﬁber reinforced thermosetting composites with thermal
energy storage/release capability can be found in the open literature. Therefore, the objective of the present paper is to present a
systematic investigation of the main physical properties of multifunctional epoxy–short carbon ﬁber reinforced composites suitable for thermal energy storage technology. To this aim, parafﬁn
microcapsules (MC) having a melting temperature of about 43 C
were dispersed at different concentrations in an epoxy matrix,
keeping a constant amount of carbon ﬁber (CF). In another series
of samples, a constant MC loading was utilized to prepare samples with different CF content. The subsequent characterization
aimed to investigate the role played by the addition of MC and
CF on the microstructural, thermal, and mechanical behavior of
the prepared materials.

EXPERIMENTAL

Materials
The epoxy base Elan-tech EC157 (density = 1.15 g/cm3, viscosity
at 25 C = 550 mPa s) and the hardener Elan-tech W342 (density = 0.95 g/cm3, viscosity at 25 C = 50 mPa s) were kindly
provided by Elantas Europe Srl (Collecchio, Italy). Short carbon
ﬁbers, Panex 35, supplied by Zoltek (Saint Louis, MO), having a
density of 1.78 g/cm3, a diameter of 7 μm, and a length of about
0.2 mm, were used as reinforcement. Microencapsulated PCM
Microtek MPCM43D was purchased from Microtek Laboratories
(Dayton, OH). In these microcapsules, the PCM phase consists of
a parafﬁn wax with a melting temperature of 43 C, and it is
encapsulated inside a stable melamine–formaldehyde shell, which
accounts for 10–15% of the mass. These microcapsules are characterized by a mean diameter of 17–20 μm, and the melting
enthalpy declared by the producer is 190–200 J/g. All materials
were used as received.
Sample Preparation
The epoxy base and the hardener were mixed at a constant
weight ratio of 100:30 together with the CF and MC at different
relative concentrations by using a mechanical mixer at 1000 rpm
for 5 min. The resulting mixtures were then degassed under vacuum and poured into silicone molds. The samples were then
cured at ambient temperature for 24 h, followed by a postcuring
treatment of 10 h at 100 C. In this way, neat epoxy (EP) and
composite samples with various CF and MC concentrations were
prepared. The ﬂow chart representing the preparation of the samples is given in Figure 1, and the list of the prepared formulations
is reported in Table I. A ﬁrst series of samples was prepared by
keeping a constant CF amount of 10 wt % and varying the MC
content from 5 wt % up to 30 wt % of the total matrix (epoxy +
MC) fraction. In a second group of samples, the MC amount was
kept constant at 20 wt % of the total matrix fraction and the
reinforcement concentration was varied between 5 wt % and
20 wt %.
Characterization
The experimental density of the matrixes and of the composites
was measured according to the standard ASTM D792 by a liquid
displacement method in ethanol,52 using a Gibertini (Milano,
Italy) E42 analytical balance. Moreover, a theoretical density
could be obtained by knowing the density of the individual constituents and assuming a mixture rule. The comparison between
the experimental and theoretical density led to an estimation of
the void volume fraction, and subsequently of the volume distribution of ﬁbers and matrix.

Figure 1. Flow chart representing the preparation of the composite samples. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Table I. Prepared Samples with Nominal Weight Percentages of the
Constituents

Sample

Epoxy
(wt %)

Microcapsules
(wt %)

Carbon
ﬁbers (wt %)

EP

100.0

0.0

0.0

MC

0.0

100.0

0.0

EP-CF10

90.0

0.0

10.0

EP-MC5-CF10

85.5

4.5

10.0

EP-MC15-CF10

76.5

13.5

10.0

EP-MC30-CF10

63.0

27.0

10.0

EP-MC20

80.0

20.0

0.0

EP-MC20-CF5

76.0

19.0

5.0

EP-MC20-CF10

72.0

18.0

10.0

EP-MC20-CF15

68.0

17.0

15.0

Scanning electron microscopy (SEM) micrographs of the cryofractured surfaces of the prepared composites were acquired
using a Zeiss Supra 60 ﬁeld emission scanning electron microscope (FESEM; Oberkochen, Germany), after Pt–Pd sputtering.
The surface of the samples was thus coated with a nanometer
layer of a metallic material to increase its electrical conductivity.
Thermogravimetric analysis (TGA) was performed with a TA
Q5000IR instrument (TA Instruments, New Castle, DE). Samples
of approximately 10 mg were tested at a heating rate of 10 C/min
up to 700 C under a nitrogen ﬂow of 100 mL/min. These tests
allowed the measurement of the temperatures associated with a
mass loss of 1% (T1%), the degradation temperature (Td), taken
as the temperature associated with the maximum mass loss rate,
the total residual mass fraction (mr), and the mass fraction of carbon ﬁbers (mc). Here, mc is determined from the mr values,
through eq. (1):
mc = mr − mðrEÞ × wt%ðEÞ

ð1Þ

where mr(E) is the residual mass of the sample without carbon
ﬁbers, and wt %(E) is the weight fraction of the epoxy in the
samples.
Differential scanning calorimetry (DSC) tests were performed
with a Mettler DSC30 machine (Mettler Toledo, Columbus, OH)
in the temperature interval between 0 C and 130 C at a heating/cooling rate of 10 C/min under a nitrogen ﬂow of 100 mL/min.
All specimens, with a mass of approximately 10 mg each, underwent a ﬁrst heating scan, a cooling scan, and a second heating
scan. Through these tests, it was possible to measure the melting
and crystallization temperatures (Tm, Tc) and the phase change
enthalpy values (ΔHm, ΔHc) of the parafﬁn microcapsules and
the glass-transition temperature (Tg) of the epoxy resin. The relative melting enthalpy values (ΔHm,rel) were determined by dividing the ΔHm values of the composites by the ΔHm values of the
neat capsules, taking into account their relative weight concentration in the composites.
Three-point ﬂexural tests were performed according to ASTM
D790 with an Instron 5969 universal testing machine (Norwood,
MA) equipped with a 50 kN load cell. The nominal dimensions

of the tested specimens were 70 × 10 × 3 mm3. The span length
was ﬁxed at 50 mm and the crosshead speed at 1.5 mm/min. At
least ﬁve specimens were tested for each sample. The ﬂexural
modulus of elasticity (Ef), the ﬂexural strength (σb), and the ﬂexural strain at break (εb) were determined for each specimen as
reported in eqs. (2), (3), and (4):
Ef =

mL3
4bd3

ð2Þ

σb =

3PL
2bd 2

ð3Þ

εb =

6Dd
L2

ð4Þ

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.
Charpy impact tests were performed at ambient temperature
according to ISO 179 using a Ceast (Darmstadt, Germany)
machine equipped with a hammer having a mass of 1.18 kg and
setting an initial impact speed of 1 m/s. Rectangular samples of
70 × 10 × 3 mm3 with a notch depth of 2 mm and a notch tip
radius of 0.25 mm were utilized. A span length of 62 mm was
used, and at least ﬁve specimens for each sample were tested. The
test allowed the measurement of the maximum force reached during the tests (Fmax), the speciﬁc energy adsorbed at the maximum
load (Emax), and the speciﬁc energy adsorbed at break (Etot).
RESULTS AND DISCUSSION

Figure 2(a–d) shows the SEM micrographs of the composites
with an MC content of 20 wt % at two different CF amounts
(5 and 15 wt %). In general, it can be noticed that the capsules
have a dimension between 5 and 20 μm and are homogeneously
distributed within the polymer matrix. The adhesion between the
epoxy and the melamine–formaldehyde shells, even though not
optimal, seems rather good and comparable to that observed
between the polymer matrix and the carbonaceous reinforcement.
No microcapsule agglomerates can be detected, and the uniform
distribution of the capsules creates a morphological continuity in
the matrix, which is important for the mechanical performance
of the composites. It is interesting to note that some capsules are
broken. Considering that the preparation of the samples was performed under low-shear mixing conditions and that the epoxy
was in the liquid state, it is reasonable to assume that the breakage of the microcapsule shells occurred during the cryofracturing
operations. No substantial morphological differences can be
detected by varying the CF content. The morphological features
of the materials are similar to those highlighted in our previous
paper on PA 12/MC blends.9
Table II reports the values of the theoretical density (ρth) of the
prepared samples compared with those of the experimental density (ρexp), and their pore volume fraction (θv). It is important to
underline that for the neat epoxy sample only an experimental
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Figure 2. SEM micrographs of the cryofractured surfaces of the prepared composites: (a) EP-MC20-CF5, 500×; (b) EP-MC20-CF5, 5000×; (c) EPMC20-CF15, 500×; (d) EP-MC20-CF15, 5000 × . [Color ﬁgure can be viewed at wileyonlinelibrary.com]

value can be determined (the theoretical values may depend on
the base/hardener ratio and the curing conditions), and therefore
the pore volume fraction was considered equal to zero
(a microstructural analysis, not reported for the sake of brevity,
conﬁrmed this hypothesis). It can be noticed that the introduction of an increasing amount of MC leads to a decrease in the
density values. This is not surprising since the density of MC

reported by the producer is 0.90 g/cm3. On the other hand, MC
addition produces a progressive increase in the pore volume fraction. For instance, a θv value of 6.5% was determined for the EPMC30-CF10 sample. This could negatively affect the mechanical
resistance of the material, and it can be explained by considering
that the introduction of MC into polymeric materials produces
an increase in the viscosity, which hindered the degassing

Table II. Theoretical Density, Experimental Density, and Pore Volume Fraction of the Composites
Sample

ρth (g/cm3)
a

ρexp (g/cm3)

ϑv (vol %)

EP

1.1470

1.1470  0.0014

0

EP-CF10

1.2093

1.2005  0.0002

0.73  0.02

EP-MC5-CF10

1.1982

1.1774  0.0018

1.73  0.15

EP-MC15-CF10

1.1760

1.1310  0.0028

3.82  0.24

EP-MC30-CF10

1.1426

1.0686  0.0009

6.48  0.08

EP-MC20

1.0976

1.0573  0.0014

3.67  0.13

EP-MC20-CF5

1.1312

1.0736  0.0013

5.09  0.11

EP-MC20-CF10

1.1648

1.0998  0.0012

5.58  0.10

EP-MC20-CF15

1.1985

1.1184  0.0006

6.68  0.05

Density of Et-OH 96 vol % (measured with a sphere of calibrated volume 0.71863 cm3) = 0.7848 g/cm3.
a
The theoretical value was by default set equal to the experimental one.
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operation and caused the presence of air bubbles in the cured
composite. Similar results were also obtained in a previous work
of this group,9 in which thermoplastic composite laminates with
TES capability were prepared by combining a glass fabric and a
PA 12 matrix with two different PCMs, that is, the same parafﬁn
microcapsules as used in this work, and a parafﬁn wax shape stabilized with carbon nanotubes. It was shown that the melt ﬂow
index (MFI) of the PA 12/PCM blends considerably decreased
with the PCM concentration,9 which is a clear indicator of a rise
in viscosity. Considering the present work, the same trend in
pore concentration can be seen in samples with an increasing
amount of CF at a constant MC loading (20%). Also in this case,
this result can be ascribed to the increase in the viscosity of the
mixture.
TGA was performed to investigate trends in the thermal degradation resistance, as MC generally presents a lower thermal stability
with respect to the polymer matrixes in which it is inserted.
Figure 3(a,b) shows TGA thermograms of the EP-MCx-CF10
(x = 5, 10, 15) samples, and Figure 3(c,d) shows TGA curves of
the EP-MCx-CF10 (x = 5, 15, 30) compositions. The most
important results of the thermogravimetric analysis are summarized in Table III. It can be noticed that neat MC has a slight

mass decrease at relatively low temperatures (above 150 C), followed by a more pronounced mass loss at about 420 C. Even
though the temperature associated with the maximum mass loss
rate of MC is higher than that shown by neat epoxy, it is conﬁrmed that MC presents a lower thermal stability than the polymer matrix. From Table III it is interesting to note that CF
introduction leads to a systematic increase in the T1% values,
while Td does not seem to be affected by the presence of the reinforcement. The mc values are coherent with the effective carbon
ﬁber content in the samples. It is also worthwhile to note that the
presence of CF in the composites leads to mr values higher than
10%. This result can be explained considering that CF hinders
the combustion process in the polymer matrix, promoting the
formation of a carbonaceous char on the surface of the materials.
This behavior has been widely demonstrated in the literature, by
using both microﬁllers and nanoﬁllers.53 On the other hand, the
introduction of an increasing amount of MC causes a reduction
in the T1% parameter, and for MC contents higher than 15%, a
T1% value lower than that shown by the neat epoxy can be determined. At a constant MC amount of 20%, the addition of an
increasing amount of CF does not seem to promote an enhancement of the thermal stability of the material, and T1% and Td
values lower than those shown by the EP and EP-MC20 samples

Figure 3. TGA thermograms of neat epoxy, neat microcapsules, and of the relative composites: (a) samples EP-MCx-CF10 (x = 5, 15, 30), mass loss as a
function of temperature; (b) samples EP-MCx-CF10 (x = 5, 15, 30), derivative mass loss as a function of temperature; (c) samples EP-MC20-CFx (x = 5,
10, 15), mass loss as a function of temperature; (d) samples EP-MC20-CFx (x = 5, 10, 15), derivative mass loss as a function of temperature.
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Table III. TGA Test Results

Sample

T1%
( C)

Td
( C)

mr
(wt %)

mc
(wt %)

EP

171.7

346.7

7.35

0

MC

122.4

421.0

0.14

0

EP-CF10

208.2

340.4

16.79

10.20

EP-MC5-CF10

196.6

341.4

16.86

10.60

EP-MC15-CF10

162.6

338.2

17.40

11.50

EP-MC30-CF10

156.6

342.4

15.42

10.80

EP-MC20

165.0

339.9

4.96

0

EP-MC20-CF5

163.5

329.1

10.43

4.84

EP-MC20-CF10

163.8

330.8

16.42

11.13

EP-MC20-CF15

158.3

327.9

20.17

15.17

can be detected. Once again, at elevated CF concentrations, the
formation of a carbonaceous layer within the samples is promoted, given the mr values of the EP-MC20-CF10 and EPMC20-CF15 samples are higher than the corresponding mc
values. However, it can be generally concluded that the thermal
stability of the prepared composites is not seriously impaired by
the presence of the microcapsules, and the temperatures at which
the thermal degradation process begins are considerably above
the curing and service temperatures of the epoxy resin.
The determination of the melting/crystallization behavior is fundamental to designing materials for TES applications. Therefore,
DSC tests were carried out on the prepared composites. Figure 4
(a,b) shows the DSC thermograms relative to the ﬁrst heating
and to the cooling of the EP-MCx-CF10 (x = 5, 15, 30) samples,
respectively. The data and the thermograms of the second heating
scans are not reported for the sake of brevity, as no relevant differences were detected between the ﬁrst and second heating
scans. The main parameters measured by DSC analysis are summarized in Table IV. In the thermograms, the endothermic/
exothermic peak associated with the melting/crystallization of the
MC can be detected, together with an inﬂection point related to

the glass-transition temperature (Tg) of the resin. The Tg values
do not seem to be substantially affected by the MC or CF addition and remain in the interval between 90 C and 95 C. Also, the
melting (Tm) and crystallization (Tc) temperatures of the MC do
not substantially change if they are inserted into the polymer
matrix, and the presence of CF does not seem to inﬂuence the
transition temperatures in the composites. From Table IV it can
be noticed that interesting melting enthalpy values can be
obtained at elevated MC concentrations. For instance, a ΔHm
value of 61 J/g was detected for the EP-MC30-CF10 composite. It
is also important to underline that the ΔHm,rel values for all of
the samples are near 100%, which conﬁrms that the mixing and
thermal curing of the composites did not cause the breakage
of the capsules and underlines that the thermal energy storage/
release capability of the MC is retained after the incorporation
into the polymer matrixes. In a previous work of our group on
PA 12/MC blends,9 it was demonstrated that a partial breakage
of the microcapsules occurred during the melt-compounding
operations, thereby reducing the ΔHm,rel values and the TES
capability of the systems. It can be hypothesized that the shear
stresses generated during the compounding of a thermoplastic
polymer in the molten state are more intense than those to which
MC are subjected during the mixing of a thermosetting liquid
resin. Therefore, it is clear that the viscosity of the polymer
matrix during the production process plays a crucial role in the
thermal energy storage/release capability of the resulting materials. The structural integrity of the capsules is also conﬁrmed by
the fact that the ΔHc values detected in the cooling scan are close
to the corresponding ΔHm values measured in the ﬁrst heating
stage.
The mechanical behavior of the prepared composites was investigated through quasi-static ﬂexural tests. Figure 5(a,b) shows representative load–displacement curves, and Table V summarizes
the most important ﬂexural properties. It is evident that CF addition causes an important increase in the ﬂexural modulus (Ef),
accompanied by a strong reduction in the strain at break (εb), as
expected. For instance, for the EP-CF10 sample, an enhancement
in the elastic modulus of 65% with respect to the neat epoxy can
be determined, while the εb is reduced by 50%. Moreover, the

Figure 4. DSC thermograms of the samples EP-MCx-CF10 (x = 5, 15, 30): (a) ﬁrst heating scan; (b) cooling scan.
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Table IV. DSC Analysis Results
Sample

Tg ( C)

Tm ( C)

ΔHm (J/g)

Tc ( C)

ΔHc (J/g)

EP

94.3

—

—

—

—

MC

—

44.1

200.2

29.6

198.9

EP-CF10

94.7

—

—

—

—

EP-MC5-CF10

93.3

42.8

10.6

28.2

10.5

EP-MC15-CF10

92.8

46.5

29.5

25.8

29.1

EP-MC30-CF10

93.6

46.4

60.8

26.2

60.8

EP-MC20

95.8

47.8

47.3

24.2

46.9

EP-MC20-CF5

92.7

45.7

43.0

26.7

42.5

EP-MC20-CF10

90.0

45.9

40.2

26.3

39.6

EP-MC20-CF15

90.1

45.0

39.8

27.8

39.3

Figure 5. Representative load–displacement curves obtained in the three-point bending tests: (a) samples EP-MCx-CF10 (x = 5, 15, 30); (b) samples EPMC20-CFx (x = 5, 10, 15).

stress at break (σb) is slightly reduced. The observed reduction of
the failure properties is not surprising, since the utilized ﬁbers are
unsized. The application of a surface treatment with silane or
other types of coupling agents could probably help to improve
the ﬁber–matrix adhesion, thereby increasing the failure properties of the composites. The introduction of an increasing amount
of MC causes a systematic reduction in the material stiffness, but
the Ef values of the EP-MC20-CF10 sample are still higher than
that shown by the neat epoxy. This result is probably due to the
fact that the intrinsic stiffness of the MC is much lower than that
of a thermosetting matrix. In fact, in a previous work of our
group54 on thermoplastic polyurethane blends with thermal
energy storage capability, it was possible to determine an elastic
modulus of only 28 MPa for parafﬁn microcapsules, through the
application of the Halphin-Tsai model. On the other hand, the failure properties are further reduced at elevated MC concentrations.
As already reported in our previous work on polymer composites
with TES capability,9,48,49,55 this behavior is probably due to the
nonoptimal adhesion between MC and the polymer matrixes.
In these conditions, MC adds micrometer-sized defects within the
materials, which lead to the premature failure of the samples.
Many efforts will be devoted in the future to synthesizing surfacefunctionalized parafﬁn MC with tailored surface properties and

submicrometer dimensions. Considering the mechanical properties
of the EP-MC20-CFx (x = 5, 10, 15) samples, it is interesting to note
that the introduction of an increasing amount of CF helps to retain
the original stiffness of the material, and for the EP-MC-CF10 composite, the Ef values are higher than that of the neat matrix. CF addition at elevated amounts can also increase the stress at break,
limiting the σb reduction by the presence of MC, while εb values are
further reduced. However, it can be concluded that MC addition
Table V. Main Results of the Three-Point Bending Tests
Sample

Ef (GPa)

σb (MPa)

εb (%)

EP

2.8  0.5

117  19

5.1  0.4

EP-CF10

4.6  0.2

100  7

2.4  0.2

EP-MC5-CF10

4.1  0.3

93  2

2.5  0.3

EP-MC15-CF10

3.9  0.2

77  2

2.4  0.1

EP-MC30-CF10

3.6  0.1

60  1

2.0  0.1

EP-MC20

2.0  0.4

52  3

3.1  0.2

EP-MC20-CF5

2.5  0.2

53  2

2.6  0.3

EP-MC20-CF10

3.5  0.2

60  7

2.0  0.2

EP-MC20-CF15

4.5  0.3

72  2

2.0  0.1
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Figure 6. Representative load–time curves obtained in the Charpy impact tests: (a) samples EP-MCx-CF10 (x = 5, 15, 30); (b) samples EP-MC20-CFx
(x = 5, 10, 15).

does not dramatically deteriorate the ﬂexural properties of the samples, and the presence of CF positively contributes to the material
stiffness and strength. It is also important to underline that the presence of CF within the materials could also increase their thermal
conductivity, thereby leading to a more efﬁcient heat diffusion within
the material. Thermal conductivity tests will be carried out in the
future on these samples to verify this hypothesis.
One of the main drawbacks related to the use of epoxy resins is
their intrinsic brittleness under impact conditions. Therefore, it
could be important to evaluate the effect of CF and MC addition
with Charpy impact tests. In Figure 6(a,b), representative load–
time curves of the prepared materials are reported, and the most
important results are collected in Table VI. The introduction of
CF within the epoxy causes a slight decrease in the maximum
force (it should be noted that all of the samples have the same
dimensions) and of both the Emax and Etot values. Once again,
this is probably due to nonoptimal ﬁber–matrix interfacial adhesion. It is interesting to note that the addition of an increasing
concentration of MC does not lead to substantial variations in
Fmax, while both Emax and Etot parameters are even higher than
those displayed by the EP-CF10 sample. These results can be
explained by considering the plasticizing role played by parafﬁn
microcapsules within the material under impact conditions. On
the other hand, the impact properties displayed by the EP-MC20
Table VI. Charpy Impact Test Results
Sample

Fmax (N)

Emax (kJ/m2)

Etot (kJ/m2)

EP

138  52

3.5  0.3

3.6  2.3

EP-CF10

110  22

1.6  0.6

1.7  0.6

EP-MC5-CF10

131  3

2.7  0.2

3.0  0.5

EP-MC15-CF10

123  5

2.5  0.2

2.5  0.2
1.8  0.1

EP-MC30-CF10

116  13

1.7  0.2

EP-MC20

97  10

1.6  0.5

1.7  0.5

EP-MC20-CF5

126  19

2.0  0.5

2.2  0.4

EP-MC20-CF10

132  6

1.8  0.2

1.9  0.1

EP-MC20-CF15

163  9

2.0  0.1

2.2  0.1

sample are lower than those of the neat matrix, but the addition
of an increasing CF loading causes an increase in the Fmax values
up to a level comparable to that of the neat epoxy, and the Emax
and Etot values are also slightly improved. As reported for ﬂexural
tests, it can be generally concluded that the reduction in the
impact properties of the prepared composites is not dramatic,
and the presence of CF helps to increase the impact resistance of
the materials.
CONCLUSIONS

The presented work concerns the preparation and characterization of multifunctional epoxy–short carbon ﬁber composites having thermal energy storage/release capability, obtained by adding
parafﬁn microcapsules and CF at different relative concentrations
to an epoxy matrix. A uniform distribution of the capsules within
the matrix, with a rather good interfacial adhesion, was observed
through SEM images, while the increase in the void volume fraction detected by density measurements was probably due to the
increase of the polymer viscosity at elevated CF or MC amounts.
Noteworthy melting enthalpy values (up to 60 J/g) were obtained
at elevated MC concentrations, which indicates that the production process of the composites did not cause capsule breakage or
parafﬁn leakage out of the composite. The thermal stability of the
samples was not remarkably compromised by MC introduction,
given that the service temperature of the material is far above the
level at which the thermal degradation of the capsules occurs.
MC addition decreased the mechanical properties of the samples,
while CF introduction positively contributed to the material stiffness and strength. This work demonstrated the possibility of
developing novel multifunctional carbon ﬁber reinforced composites combining thermal energy storage/release capability and
good thermomechanical properties.
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