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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 recent effort in multifunctional materials consists in the development of

polymer-matrix structural composites featuring one or more additional

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
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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

E-mail addresses: giulia.fredi@unitn.it (G. Fredi), alessandro.pegoretti@unitn.it (A. Pegoretti).

https://doi.org/10.1016/j.polymertesting.2020.106747

Received 11 April 2020; Received in revised form 24 June 2020; Accepted 13 July 2020

Available online 1 August 2020
0142-9418/© 2020 Elsevier Ltd. All rights reserved.


mailto:giulia.fredi@unitn.it
mailto:alessandro.pegoretti@unitn.it
www.sciencedirect.com/science/journal/01429418
https://http://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2020.106747
https://doi.org/10.1016/j.polymertesting.2020.106747
https://doi.org/10.1016/j.polymertesting.2020.106747
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2020.106747&domain=pdf

G. Fredi et al.

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
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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/cm®, 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 pm, 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/m?. 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 pm, a nominal elastic modulus of 242 GPa and a
nominal density of 1.81 g/cm®. 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 x 200 mm?. 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 pm 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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Table 1
List of the prepared EP-MCx-CFu laminates.
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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

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-ym and 1-pm diamond particle solution.

Differential scanning calorimetry (DSC) was performed to investi-
gate the melting and crystallization temperature and enthalpy of the
PCM (T, T., AHp, AH;) 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% (T10, T30, T50%), and
the degradation temperature (Ty), 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 (a) 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 (1) was calculated according to Equation (1) as

A=apcp (€8]

where p is the sample density (g/cm®) 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 (tans) were measured between —20 °C and
160 °C at 3 °C/min. Heating-cooling cycles were carried out between
—40 °Cand 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 (E,) 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 tans peak temperatures, as reported in Equation (2):

5=r(ii7m) @

where R is the universal gas constant, equal to 8.314 J/molK, v is the
applied frequency, and Tp is the E** or tans 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 x 120 mm? 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.
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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 x
120 mm?. 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 (Ey), the
flexural strength (o7) and the flexural strain at break (eg) were deter-
mined for each specimen as described in Equations (3)-(5):

mL?
= o ®
3PL D\’ D\ (d
w1 o(2) ~4(2) ()] @
en="00 ®)

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
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tests were performed on specimens with in-plane dimensions of 20 x
130 mm?, 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 pm 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):

3PS

Gre=——
T 2b(a+4))

©

where P is the applied load, § is the load point displacement, b is the
specimen width, a is the delamination length, and the term |4]| is
introduced to take into account the rotations that may occur at the
delamination front. A was determined experimentally by generating a
least squares plot of the cube root of compliance (C'/3) as a function of
delamination length a, where C = §/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

(d)

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 pm) and fibers
(average diameter 7 pm), 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

exoT

heating
—_—

\_/

EP-CFu-A

EP-MC20-CFu-A|

EP-MC30-CFu-A|  [EP-MC40-CFu-A

EP-MC40-CFu-A EP-MC30-CFu-A

heat flow (W/g)

EP-MC20-CFu-A

EP-CFu-A

i
0.25 Wig cooling

T T T T T T T T T T

20 40 60 80 100 120 100 80 60 40 20 O
temperature (°C) temperature (°C)

Fig. 2. Representative DSC thermograms of laminates EP-MCx-CFu-A. First
heating scan and cooling scan.
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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 T,(°C) T,(°C) AH,(J/ T.(°C) AH.(J/ opc(wt
2) 8 %)

MC - 46.5 221.7 27.6 223.5 100

EP-CFu-A 87.1 - - - - 0

EP-MC20- 89.0 45.4 29.3 27.0 29.8 13.2
CFu-A

EP-MC30- 95.9 47.8 40.3 25.5 40.2 18.2
CFu-A

EP-MC40- 93.4 48.2 48.7 24.9 48.7 22.0
CFu-A

EP-CFu-B 84.7 - - - - 0

EP-MC20- 90.5 49.2 30.6 23.8 30.5 13.8
CFu-B

EP-MC30- 93.1 51.0 42.0 21.9 41.9 19.0
CFu-B

EP-MC40- 94.2 53.7 47.5 19.4 47.1 21.4
CFu-B

T, = glass transition temperature of the epoxy phase (°C); T, = melting tem-
perature of the PCM (°C); AH,, = PCM melting enthalpy (J/g); T, = crystalli-
zation temperature of the PCM (°C); AH, = PCM crystallization enthalpy (J/g);
wpmc = experimental microcapsule weight fraction calculated from the measured
melting enthalpy (wt%).

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 (wpmc) 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 (m,) 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 (wy) can be determined with
Equation (7) as:

m, — Rm

“R-R, )

Wy

where Ry and Ry, 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. wy decreases with
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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)  Ts5u(°C)  T4(°C) m. (%) wp(wt
%)
EP-CFu-A 310.5 358.1 368.9 401.2 70.6 71.5
EP-MC20-CFu- 199.2 307.6 330.2 388.1 53.2 52.6
A
EP-MC30-CFu- 207.3 301.1 328.4 387.2 51.9 51.0
A
EP-MC40-CFu- 226.4 307.6 333.4 387.6 50.9 50.0
A
EP-CFu-B 301.3 357.5 365.5 397.2 67.0 67.5
EP-MC20-CFu- 237.6 310.4 330.5 390.3 50.6 49.6
B
EP-MC30-CFu- 215.3 306.6 329.5 388.2 48.4 47.2
B
EP-MC40-CFu- 192.5 282.6 323.6 387.6 43.6 41.8
B

T1%, T3, Tsy, = temperature corresponding to a mass loss of 1%, 3%, 5%; Tq =
temperature of the maximum degradation kinetics (peak of the mass loss de-
rivative); m, = residual mass; wy = weight fraction of carbon fibers determined
from the TGA residual mass.

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. oy 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 oy 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 Ty, T3y, and Tse, 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
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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 (p,,) of the
laminates, by knowing the density of the microcapsules (0.923 + 0.002
g/cm®), of the CFu (1.633 + 0.027 g/cm®) and of the EP phase (1.158 +
0.002 g/cm®), 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 (p,,,) of the prepared laminates, reported in
Table 4. The comparison between p;, and p,,, 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 (9,) 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
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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 mm?/s to 0.42
mm?/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 tans 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 R? 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 o7 (Wt%) ®yc(Wt%) MC (wtd%) pu(g/cm®) Pexp(8/cm®) 9,(vol%) 9y (vol%) Iuc(vol%)

MC + EP

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 4+ 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

wy = fiber weight fraction determined through TGA; wmc = MC weight fraction determined via DSC; p,, = theoretical density; p,,, = experimental density

measured via pycnometry; 9, = porosity; = fiber volume fraction; = MC volume fraction.
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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.

linear fitting and the value of R? 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 O °C is negligible. The trends of E” and tans 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 tans (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 (Eq(Ty)) from the tand peak temperatures through the
Arrhenius approach. The results of this analysis, presented in Fig. 8(c)
and Table 5, show that E,(T,) 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 tané 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, E,(T), 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 R?, 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, E;) and in
the transversal direction (Er) are plotted as a function of the MC content.
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Fig. 5. Results of the LFA measurements on the laminates EP-MCx-CFu-A in the
temperature interval 25-55 °C.

E| 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]:

E.=E8 +E, (1-9) ®

where E_ is the longitudinal modulus of the composite, Er and E, are the
moduli of the fibers and the matrix, respectively, and 9; 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 8; (calculated
with data from TGA) and E,, (measured on neat epoxy samples) for this
laminate. This value of E; was applied to calculate theoretical values of
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E,. for the MC-containing laminates, with the previously measured
values of 9 for these laminates, via the mixture rule reported in Equa-
tion (8). As the mixture rule requires the value of E,,, two approaches
were adopted: the first was to put E,, 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
E,, 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 “Ej, theoretical (matrix is EP)” and “Ej, 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 E; 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
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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 tané 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- EP-MC20-CFu- EP-MC30-CFu- EP-MC40-CFu-
A A A A
E,(Tg) (kJ/ 365 + 395+9 434 + 17 419 +13
mol) 14
RZ(TL,) 0.996 0.998 0.995 0.997
E,(T,) (kJ/ - 615 + 63 955 + 100 865 + 102
mol)
R(T,,) - 0.97 0.97 0.96

E.(Tg) = activation energy of the glass transition calculated from the tans
peaks; E,(T,,) = activation energy of the melting transition calculated from
the tans peaks; R? = values of R? of the linear regression.
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inverse mixture rule, respectively, starting from the properties measured on the
neat laminate EP-CFu-A.

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]:
19 1-8
E. E; E,

. 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 E,
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 Er are higher than the theoretical
values calculated with this approach, so a much lower decrease in Er
was expected if considering the elastic moduli of the epoxy/MC samples.
On the other hand, the experimental values of Er 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
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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 (Ey),
strength (o), and strain at break (eg), and interlaminar shear strength (ILSS)
as a function of the MC weight fraction.

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
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2mm

(9)

(b)

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.

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

12

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
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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 (Ey), strength (as), and strain at
break (e5) and relative values compared to the results at room temperature.

Sample Ep°C 95 C(%) oh € 651 C(%) 5 C ﬂ(%)
(GPa) E/@T (MPa) o (%) el
EP- 69.8 + 99.2 447 + 74.1 0.69 + 78.6
MC20- 0.9 26 0.05
CFu-A
EP- 50.1 + 85.3 290+1 59.2 0.60 + 70.2
MC30- 2.2 0.06
CFu-A
EP- 40.9 + 92.6 238+1 58.9 0.67 £ 70.0
MC40- 2.1 0.10
CFu-A

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

Generally, Gj; is independent from the fiber volume fraction, while
Gy can vary as a function of this parameter [83,84]. For the laminate
EP-MC20-CFu-B, both G; and Gy 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 Gj; and Gy decrease with increasing MC content, which can be due
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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 I critical strain energy release rates for crack initiation (Gj;) and steady-
state propagation (Gy.) for the laminates EP-MCx-CFu-B.

Sample Gi(kJ/m?) G (kJ/m?)
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

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
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(a)

evidence of fiber bridging.

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 Gy,
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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