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This work aims at developing multifunctional thermoplas-
tic laminates combining structural and heat storage/
management functions. The laminates are constituted
by paraffin microcapsules as phase change materials
(PCM), continuous carbon fibers, and a novel thermoplas-
tic liquid methyl methacrylate resin (Elium), processable as
a thermoset. The characterization aims to study how the
paraffin microcapsules influence the thermo-mechanical
properties and thermal management performance of
Elium and of the relative composite laminates. For the
Elium/PCM systems, the phase change enthalpy increased
with the experimental PCM concentration up to 101 J/g,
but the mechanical properties decreased concurrently.
The melting enthalpy of the laminates also increased with
the microcapsule amount, up to 66.8 J/g, which indicates
that the mild conditions applied in the processing of the
liquid resin allow the integrity of the microcapsules to
be preserved. This is also confirmed by the improved
thermal management performance observed through
thermal camera imaging measurements. Microscopy
techniques showed that the PCM phase is preferentially
distributed in the interlaminar region, which accounts for
the observed decrease in the interlaminar strength and the
flexural properties with an increase in the PCM content.
These results show a potential for the future development
of multifunctional thermoplastic composites with elevated
thermal energy storage capabilities. POLYM. COMPOS.,
40:3711-3724, 2019. © 2019 Society of Plastics Engineers

INTRODUCTION

Organic phase change materials (PCMs) are nowadays
the most widely used materials for thermal energy storage
(TES), especially in the low-medium temperature range
(0°C-100°C) [1]. They represent an innovative, renewable
and clean energy technology that can improve the heat stora-
ge/release efficiency and the thermal management in many
applications [1-5]. Since organic PCMs can store a consider-
able amount of latent heat at a nearly constant temperature,
their use is remarkably advantageous for the accumulation
of waste or excess thermal energy for a later use. Possible
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applications include solar—thermal power plants and waste
industrial heat recovery [6, 7], but also thermal management
aimed at maintaining the indoor temperature in the human
comfort range [8—10] or at avoiding overheating of elec-
tronic devices [11-17]. This PCM class, comprising paraf-
fins, poly(ethylene glycol)s, and fatty acids, has several
other advantages over the other TES materials, such as the
small volume change upon phase change, the negligible
supercooling, and the low density. Moreover, they are largely
available, relatively cheap, chemically stable, non-corrosive,
and easy to handle [3, 18, 19]. On the other hand, they need
to be confined to avoid leakage above their melting tempera-
ture [20]. This can be addressed either by encapsulation
in macro-, micro-, or nano-shells [21-23], or by shape-
stabilization within a polymer matrix [24-28], a layered/
porous structure [29, 30], or a nanofiller network [31-33].
Among these techniques, the microencapsulation is arguably
the most diffused, as the shell tolerates volume change dur-
ing the phase transition of the core and protects the PCM
from the environment [21, 34].

In most of the applications, the heat storage/management
system is just a supplementary module that is added to the
main structure of a device, but the subsequent increase in
weight and volume can be unacceptable for some applica-
tions. Therefore, it would be advantageous to embed the
thermal storage function directly in the structural components,
by producing multifunctional materials. In this perspective,
polymer composites appear to offer wide possibilities for
multifunctionality [35]. Lightweight composites featuring
good mechanical properties and thermal management capa-
bility could be successfully applied in the automotive field,
portable electronics industry, and smart technical garments
sectors, where the weight saving is important but also the
heat regulation and temperature management play a funda-
mental role [36].

In a polymer composite, the matrix can be a thermoplas-
tic or a thermosetting polymer. Although the thermosetting
(e.g., epoxy-based) composites generally feature higher
mechanical properties, the thermoplastic composites have
many other advantages, as they can be more easily recycled,
post-thermoformed, welded, and repaired. Moreover, they
are generally less expensive, need shorter processing time,
and exhibit higher toughness and impact resistance [37].
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On the other hand, thermoplastic polymers must be pro-
cessed in the molten state, which complicates the processing
of continuous fiber composites due to the high temperature
required and the high melt viscosity [38], thereby hindering
a wide diffusion of thermoplastic structural composites. A
possible way to overcome these problems is to use a liquid
thermoplastic resin that can be processed at room tempera-
ture. There are several examples in the literature of reactive
processing of thermoplastic polymers such as polyamide,
polyurethane and also poly(methyl methacrylate), but they
still require medium-high or high temperatures during cast-
ing [39—41]. Conversely, the newly developed reactive
methyl methacrylate matrix Elium can be processed at
room temperature with processing techniques typical of
thermosets, like resin transfer molding (RTM) and resin
infusion, as the initial viscosity is as low as 100 mPa s
(as reported in the technical datasheet). Unlike many ther-
moplastics, the mechanical properties of this resin are
comparable to those of a high-performance epoxy resin
[42], and it has been observed to feature even better vibra-
tion damping properties [39] and a higher fracture tough-
ness [43], as well as a good adhesion strength with carbon
fibers [44] and a low viscosity, which eases the process-
ability [45]. Moreover, the interface created with glass
fibers can be optimized by a proper acrylic sizing [46].
The scientific literature reports many examples of thermo-
plastic or thermosetting matrices containing microencapsu-
lated or shape-stabilized PCMs [9, 18, 28, 47-52], which is
a signal of the increasing interest of the scientific community
for this topic. However, no studies are available on the influ-
ence of PCM microcapsules on the processability and the
thermo-mechanical properties of a reactive thermoplastic
matrix. Nevertheless, Elium/PCM systems could be interest-
ing in the perspective of producing thermoplastic, post-
thermoformable composites for thermal energy storage, and
management. Moreover, the production process used to pro-
duce Elium-based components is particularly suitable to
embed PCM microcapsules, as the low viscosity and the
mild processing conditions are characterized by low shear
stresses which help in preserving the integrity of the encap-
sulated PCM. Moreover, Elium/PCM systems are also suit-
able as matrices for multifunctional, high performance
composites reinforced with continuous fibers. Even though
this is an interesting research field with many potential appli-
cations, little research has been carried out so far to produce
such multifunctional composites. Wirtz et al. [29] prepared a
sandwich composite containing shape-stabilized paraffin for
the temperature control of electronic devices, while Yoo
et al. [53, 54] developed and characterized glass/epoxy lami-
nates containing paraffin microcapsules. Recently, our group
prepared epoxy/carbon laminates containing paraffin shape-
stabilized with carbon nanotubes (CNTs) [52, 55], polyami-
de/glass laminates containing a microencapsulated and a
shape-stabilized PCM [56, 57], and two types of semi-
structural short carbon fibers composites including paraffin
microcapsules, based on a thermoplastic (polyamide 12)
[58] or a thermosetting (epoxy) [59] matrix, respectively. The
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results of this wide-ranging experimental campaign suggested
that (a) the microencapsulation is effective in preventing leak-
age when the PCM is processed with a polymer matrix, and
(b) although thermoplastic composites show potential in this
field, the severe processing conditions for thermoplastics can
compromise the capsule shell integrity.

The aim of this work is to develop a novel thermoplastic
laminate combining structural and TES function, consti-
tuted by a carbon fiber fabric, paraffin microcapsules, and a
reactive thermoplastic matrix. The first part of the experi-
mental activity is focused on the effect of the paraffin micro-
capsules on the thermal and mechanical properties of the
resin. In the second part, the Elium/PCM mixtures were used
as matrices in a hand lay-up process to produce carbon-fiber
laminates whose mechanical and thermal properties were
investigated along with their ability to store and release ther-
mal energy.

MATERIALS AND METHODS

Materials

The three constituents of the produced laminates were a
thermoplastic matrix, a paraffinic PCM and a carbon fabric-
based reinforcement. The employed matrix was Elium 150,
kindly provided by Arkema (Lacq, France). As mentioned
before, Elium 150 is a thermoplastic, liquid, acrylic-based
resin (reactive liquid methyl-methacrylate) [39], with a low
viscosity at room temperature (100 mPa s). Water-free ben-
zoyl peroxide (BPO) with 50% active content was provided
together with the resin as a polymerization initiator. The
selected PCM was the Microtek MPCM43D, purchased by
Microtek Laboratories Inc. (Dayton, OH). In this system, the
PCM phase was a paraffin wax, with a melting temperature
of 43 °C, encapsulated in a melamine-formaldehyde based
shell that constitutes approximately the 10% of the total cap-
sules mass. The microcapsules (denoted as MC) presented
an average diameter of 17-20 pm, and the melting enthalpy
declared by the producer was 190-200 J/g. The carbon fiber
fabric GG200P was purchased from G. Angeloni S.r.l
(Venice, Italy). It was a balanced plain weave carbon fabric
(mass per unit area 192 g/mz), made of intermediate modulus
carbon fibers (3,000 fibers per tow, linear density = 200 tex).
All the materials were used as received.

Sample Preparation

Elium resin and BPO were manually mixed at room
temperature in a weight ratio of 98:2 until the BPO was
completely dissolved. The paraffin microcapsules were then
added to the matrix in different weight concentrations
(20, 30, and 40 wt% of the total weight of the mixtures)
and mechanically stirred at 200 rpm for 5 min, to ensure a
good dispersion. The mixtures were then degassed and
poured in rectangular silicon molds with dimensions of
70 x 10 x 3 mm®, to produce specimens for the subsequent
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mechanical and thermal characterization. After 4 h at room
temperature, the mixtures were treated for 8§ h at 80°C, to
complete the polymerization process. The nomenclature and
the nominal composition of the prepared samples are
reported in Table 1.

The same compositions described before were also used
as matrices to prepare laminates. The laminates were pro-
duced through a hand lay-up method. Five plies of carbon
fabric were stacked together, and the resulting laminates had
an in-plane area of 13 X 20 mm?® The laminates were
vacuum-bagged for 4 h at room temperature and thermally
treated at 80°C for 8 h, to apply the same thermal cycle
adopted for the matrices. A neat carbon fiber/Elium laminate
without microcapsules was also prepared for comparison.

Characterization

Characterization of the Matrices. The microstructural
properties of the prepared matrices were investigated through
scanning electron microscopy (SEM). The specimens were
cryofractured in liquid nitrogen and the fracture surface was
investigated with a field-emission SEM Zeiss (Oberkochen,
Germany) Supra 60, after Pt-Pd sputtering.

Differential scanning calorimetry (DSC) tests were per-
formed with a Mettler (Columbus, OH) DSC30 calorime-
ter, between 0°C and 130°C, at a heating/cooling rate of
10°C/min, under a nitrogen flow of 100 ml/min. All the
specimens (~20 mg each) underwent a first heating scan, a
cooling scan and a second heating scan. The test allowed
the measurement of the melting and crystallization temper-
atures (T, T.) and the phase change enthalpy values
(AH,,, AH,) of the PCM, and the glass transition tempera-
ture (T,) of the resin.

Thermogravimetric analysis (TGA) was performed with
a Mettler (Columbus, OH) TGS50 instrument on specimens
of approximately 25 mg. The tests were performed at a
heating rate of 10°C/min up to 700°C, under a nitrogen
flow of 150 ml/min. The tests allowed the determination of
the temperatures corresponding to a mass loss of 1 wt%
(Ty19), 3 Wt% (T3¢,), and 5 wt% (Ts4), the temperature at
the maximum degradation rate (7y), taken at the peak of
the mass loss derivative signal, and the residual mass after
the test (m,).

TABLE 1. List of the prepared matrices with nominal composition, mass
loss after sample preparation, and experimental capsule weight fraction.

Nom. EL Nom. MC Exp. mass Exp. MC
Sample name content (wt%) content (Wt%) loss (Wt%) content (Wt%)

EL 100.0 - 333 £33 -

EL-MC20 80.0 20.0 209+19 253406
EL-MC30 70.0 30.0 186 +28 369+12
EL-MC40 60.0 40.0 16.6 £0.7 48.0+0.4

EL = Elium resin + benzoyl peroxide (2 wt%); MC = microcapsules.
nom. = nominal; exp. = experimental.
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Dynamic mechanical thermal analysis (DMTA) was per-
formed with a TA (New Castle, DE) Q800DMA instrument
in single cantilever bending mode. The specimens had
nominal dimensions of 35 X 10 x 3 mm’ and the distance
between the grips was fixed at 17.5 mm. Storage modulus
(E') and loss tangent (tan5) were measured between 0°C
and 180°C at a heating rate of 3°C/min, with a strain ampli-
tude of 0.05% and a frequency of 1 Hz.

Three-point bending tests were performed according to
ASTM D790-03 standard, with an Instron (Norwood, MA)
5,969 universal testing machine, equipped with a 50 kN
load cell. The nominal dimensions of the tested specimens
were 70 x 10 x 3 mm’. The span length was 50 mm and
the crosshead speed was fixed at 1.5 mm/min. The tangent
modulus of elasticity (E), the flexural strength (ogy), and
the flexural strain at break (&,) were determined for each
specimen according to Egs. 1-3:

E=(L’m)/(4bd’) (1)
o = (3PL)/ (2bd”) 2)
ep=(6Dd)/ (L) (3)

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.

Characterization of the Laminates. The mass fraction
of the matrix (resin + microcapsules) for each laminate was
calculated by subtracting the mass of the fibers, which is
known from the area of the laminate and the mass per unit
area of the fabric, from the total weight of the laminate.
The fiber-to-matrix mass ratio obtained in this way was
compared with that measured through TGA. The experi-
mental density of the laminates was measured with a dis-
placement method in ethanol, through a Gibertini E42
analytical balance. After obtaining the theoretical and
experimental densities of the laminates, the volume fraction
of the components and the porosity were determined, as
already described in our previous article [57].

Optical microscope (OM) images were obtained on
polished cross sections at different magnification levels,
through an upright incident-light optical microscope Zeiss
(Oberkochen, Germany) Axiophot featuring Epiplan Neo-
fluar objectives. Scanning electron microscopy (SEM)
micrographs of the cryofractured surfaces of all the lami-
nates were acquired through a field-emission SEM Zeiss
Supra 60, after Pt—Pd sputtering. This technique allowed
the investigation of both the delamination plane and the
cross section of the laminates.

DSC and TGA tests were performed in the same experi-
mental conditions utilized for the matrices. DMTA tests
were performed as described for the matrices on samples
with nominal in-plane area of 35 x 5 mm? and the thickness
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of each laminate. Two specimens were tested for each com-
position, to ensure consistency of results.

To check the overall thermal management capacity of
the laminates, a simple test was performed with a thermal
camera. Rectangular specimens with a surface area of 90 X
120 mm? were heated in an oven at 60°C for 30 min, then
removed and left cooling down to room temperature under
laboratory conditions. During the cooling phase, the surface
temperature was recorded with an infrared thermal imaging
camera (FLIR E60, placed at a fixed position at a distance
of 30 cm from the laminate surface.

Three-point flexural tests were performed with the same
equipment used to test the matrices. The nominal in-plane
dimensions of the tested specimens were 120 x 10 mm?,
and the thickness was that of each laminate. The specimens
were cut out of the prepared laminates with a diamond
wheel. The span length was 85 mm and the crosshead
speed was fixed at 9 mm/min. At least five specimens
were tested for each sample. The tangent modulus of elas-
ticity (E) and the flexural strain at break (e,) were deter-
mined in the same way as reported for the matrices (Egs.
1 and 3), while the flexural strength (og) Was determined

with Egq. 4 as:
(0] o

to consider the not negligible forces developed at the sup-
ports derived by a high span-to-thickness ratio, as the
ASTM D790 standard suggests. It should be mentioned
that this equation is based on the assumption of a linear
stress distribution through the specimen thickness, which is
not fully correct for laminates. However, the results are still
useful for comparison purposes [60].

3PL

M= b2

RESULTS AND DISCUSSION

Characterization of the Matrices

As mentioned before, Table 1 reports the sample desig-
nation with the nominal compositions; the nominal weight
fraction of MC was 20, 30, or 40 wt%. However, a sensi-
ble mass loss was observed during the sample preparation.
This was due to the evaporation of the most volatile fraction
of the resin, as suggested by the sensible temperature de-
crease of Elium/MC mixtures during mixing. From the ini-
tial (just after casting) and final (after the thermal
treatment) masses of the samples, the mass loss was mea-
sured for each sample and reported in Table 1. From these
data, the experimental MC weight fraction was recalcu-
lated, and the values reported in Table 1.

Fig. 1a—d reports the SEM micrographs of the cryofrac-
ture surface of the prepared samples. From the fracture sur-
face of the sample EL-MC20 at low magnifications
(Fig. 1a), it can be observed that the capsules are homoge-
neously distributed within the polymer matrix. This was
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also assessed through SEM micrographs acquired at even
lower magnifications, not reported here for the sake of
brevity. Some capsules are broken, which is likely due to
the cryofracturing process and not because of the applied
processing conditions, which were rather mild. The core—
shell structure of the microcapsules is clearly visible, espe-
cially in the micrograph acquired at higher magnifications
(Fig. 1b). In the microcapsule indicated with a solid red
arrow, both the thin polymer shell and the paraffinic core
are visible. The irregular shape and the voids of the core
indicate a certain capability of the capsules to accommo-
date the volume expansion during the phase change and
avoid the shell damage [61]. In other cases (dashed black
arrow), a portion of the shell is visible, but the core was
almost completely removed. The fracture propagation mostly
occurring across the capsules and not at the interface sug-
gests a rather good adhesion with the polymer matrix [62].
However, from a comparison between the sample EL-MC20
(Fig. 1b) and the sample with the highest MC concentration
(EL-MC40, Fig. 1c), it is evident that in this latter case the
number of broken capsules is considerably reduced, which
also reinforces the hypothesis that the processing conditions
do not remarkably damage the microcapsules. In the case of
EL-MC40 (Fig. 1c and d), the fracture propagates at the
resin—-MC interface and probably follows the path of the
defectiveness and voids in the polymer matrix. In this case,
the volume fraction of Elium is not sufficient to allow a
proper wettability of all the capsules, with a consequent high
level of porosity.

Fig. 2 reports the DSC thermograms of the first heating
scan and the cooling scan of the prepared matrices, while
the most important results of the DSC analysis are summa-
rized in Table 2, where also the data of the neat MC are
reported for comparison. The thermograms of all the sam-
ples containing microcapsules show an endothermic peak
at 45°C-49°C, which corresponds to the melting of the
PCM contained in the microcapsules, and an exothermic
peak at 25°C-30°C indicating the crystallization phenome-
non. From the data of Table 2 it can be observed that the
melting and crystallization temperatures are respectively
higher and lower than those measured on the neat MC sam-
ple, which is probably due to inertial phenomena during
the DSC tests. The intensity of these peaks increases with
the MC weight fraction. From the peak areas, the experi-
mental values of the melting and crystallization enthalpy
were calculated and reported in Table 2 as AH, o, and
AH._ ., respectively. These values are in good agreement
with the expected values (AHp, theor and AH, theor) calcu-
lated from the experimental weight fraction reported in
Table 1 and the experimental melting and crystallization
enthalpy values of the neat MC, which implies that the
adopted production process preserves the capsule integrity.
The DSC data allow also the measurement of the glass
transition (7,) of the resin; it can be observed that the
values are not remarkably different from that of the neat
Elium sample (EL), which suggests that the presence of
microcapsules does not interfere with the polymerization
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FIG. 1.

SEM micrographs of the cryofracture surface of some selected compositions: (a) EL-MC20 (0.5 kX); (b)

EL-MC20 (1 kX). Solid (dotted) arrow indicates microcapsule where the paraffinic core is still (not anymore)
present; (¢) EL-MC40 (1 kX); and (d) EL-MC40 (3.5 kX). [Color figure can be viewed at wileyonlinelibrary.com]

process. The same behavior was also observed in our previ-
ous work on epoxy/microcapsules matrices [52]. The T,
measured in the second heating scan, not reported here for
the sake of brevity, never differs from that of the first

exol 0.5 Wig

cooling

specific power (W/g)

- - -EL-MC20
------------- EL-MC30
—-—- EL-MC40

0 20 40 60 80 100 120
T (°C)

FIG. 2. DSC thermograms of the samples EL-MCx (x = 20, 30, 40).
[Color figure can be viewed at wileyonlinelibrary.com]
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heating scan for more than 2°C-3°C, which implies that the
applied thermal cycle was suitable to complete the polymeri-
zation process.

Fig. 3a-b reports the thermograms obtained from the
TGA tests, and Table 3 collects the most important parame-
ters detected from TGA. The EL sample degrades in a single
step at approximately 415°C, while the neat MC show a
higher peak degradation temperature (~466°C) and a broader
degradation temperature interval. However, the degradation
temperatures of the two phases are not different enough to
allow the presence of two distinct degradation steps in the
mass-versus-temperature thermogram (Fig. 3a), thereby lim-
iting the possibility of calculating an experimental MC
weight fraction. However, in the mass loss derivative signal
(Fig. 3b), the degradation of the two phases is observable
through in two distinct peaks. The height of the peak at
lower temperature, associated to the degradation of EL,
decreases with an increase in the MC weight fraction, while
the peak related to the MC degradation follows the opposite
trend. This is why the values of Ty, determined as the maxi-
mum in the mass loss derivative signal, increase with an
increase in the MC weight fraction.

The results of the DMTA tests are reported in Fig. 4a and
b and in Table 4. Fig. 4a reports the trend of the storage
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TABLE 2. Results of the DSC tests of the samples EL, EL-MCx (x = 20, 30, 40) and MC.

T, (°C) T (°O) AHp exp (/2) AHp heor (/) T. (O AH exp J/g)
EL 103.6 - - - - -
EL-MC20 103.8 47.0 53.1 52,6 + 1.3 25.0 53.5
EL-MC30 104.6 47.7 80.8 76.7 £ 2.5 24.8 81.6
EL-MC40 101.7 49.9 101.4 99.8 + 0.8 237 100.1
MC - 45.0 208.2 - 29.8 208.2

T, = glass transition temperature of Elium; T, T, = melting and crystallization temperatures of the PCM; AH, cxp, AH, cxp = €xperimental melting
and crystallization enthalpies of the PCM; AH,, ieor = theoretical melting enthalpy of the PCM calculated from the measured capsule weight fraction MC

(exp. wt%).

modulus (E") normalized to the E’ value of the same sam-
ple at 0°C. For the neat EL sample, the storage modulus
decreases with an increase in temperature; the decrease
happens with a slower rate up to 60°C and with a higher
slope above this temperature. In the samples containing
MC, E' decreases with a higher rate up to 50°C-60°C
due to the PCM melting, and the normalized value of
E' at 60°C decreases with an increase in the MC weight
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80 - —-—- EL-MC40
s NG
&\c/ 60 _
(/2]
(73]
£
40-
20 _
0 T T T T -|: T
100 200 300 400 500 600 700
T (°C)
(b) os
—F
— - - ~EL-MC20
P o04ad - EL-MC30
= — == EL-MCA0
s s WG
Z 03
(]
>
5
T 0.24
(/2]
(7))
o
@ 0.1
©
1S
0.0
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FIG. 3. TGA thermograms of the samples EL, EL-MCx (x = 20, 30, 40)

and MC. (a) Residual mass; and (b) mass loss derivative. [Color figure
can be viewed at wileyonlinelibrary.com]
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fraction, as also observable from the data in Table 4. On
the tand thermograms (Fig. 4b), two peaks are visible.
The first at 40°C-50°C is associated to the PCM melting;
it is interesting to note that not only the peak height but
also the peak temperature increases with an increase in
the MC content. These signals and trends open possibili-
ties to use DMTA to study the melting/crystallization phe-
nomena of PCM once embedded in the polymer matrix,
which is quite unusual in the field of polymers and compos-
ites. Further analysis is in progress to have a better compre-
hension of these phenomena [63]. The second peak at
115°C-125°C is related to the glass transition of the poly-
mer matrix, and also the position of this peak increases with
an increase in the MC weight fraction, probably because the
capsule shells contribute to limit the polymer chain mobility.
It is worth noting that also the residual storage modulus E’g,
measured at 160°C, increases with an increase in the capsule
weight fraction, probably still due to the contribution of the
microcapsules in limiting the chain mobility, as observed for
other thermoplastic composites [63].

The influence of the microcapsules on the mechanical
properties was evaluated through three-point bending test.
Fig. 5a shows representative load—displacement curves,
while the main results of the test are reported in Fig. 5b. The
elastic modulus decreases with an increase in the MC weight
fraction, and the lowest value (i.e., 1.35 £ 0.18 GPa) is
measured on the sample EL-MC40, with a decrease of 35%
with respect to the elastic modulus of the neat EL, equal to
2.08 + 0.25 GPa. This effect can be reasonably explained
by assuming that the MC’s are probably less stiff than the
neat resin. More dramatic is the decrease in the flexural
strength, which decreases from 63 MPa of the neat EL down

TABLE 3. Results of the TGA tests on the samples EL, MC and EL-
MCx (x = 20,30,40).

Sample Ti °C) T34, (CC)  T5q CO)  Ta(°C)  me (%)
EL 221.7 279.1 301.7 415.0 0
EL-MC20 208.3 275.0 295.0 416.2 0.35
EL-MC30 201.7 240.2 281.7 420.3 1.10
EL-MC40 188.3 2283 268.3 455.2 2.09
MC 186.3 235.0 298.7 466.2 2.67

Ti9, T3, Tsq = temperature corresponding to a mass loss of 1%, 3%,
5%; T4 = temperature of the maximum degradation kinetics (peak of the
mass loss derivative); m, = residual mass.
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FIG. 4. DMTA results on the samples EL and EL-MCx (x = 20, 30, 40).
(a) Normalized storage modulus; and (b) loss tangent (tans). [Color figure
can be viewed at wileyonlinelibrary.com]

to 17 MPa of the sample EL-MC40, with a decrease of
73%. This is probably associated to the lower strength of the
MC and the non-optimal adhesion of the capsules with the
polymer matrix. On the other hand, the strain at break is not
heavily affected by the presence of MC, as the values of &,
of the four compositions are not significantly different from

TABLE 4. Main results of the DMTA tests on the samples EL and EL-
MCx (x = 20, 30, 40).

Sample Tpeak CC)  Typeak CC)  E'spoc/ E'pec (=) E’r (MPa)
EL — 115.4 0.627 1.71
EL-MC20 42.1 119.1 0.382 5.49
EL-MC30 44.2 121.8 0.311 8.37
EL-MC40 479 124.2 0.284 10.03

Tinpeak = peak of tand in correspondence of the PCM melting; 7y peq = peak
of tand in correspondence of the glass transition of Elium. E’g = residual
storage modulus at 160°C.
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FIG. 5. Results of the three-point flexural test on the samples EL and

EL-MCx (x = 20, 30, 40). (a) Representative load-deflection curves; and
(b) elastic modulus, flexural stress, and strain at break as a function of the
capsule content. [Color figure can be viewed at wileyonlinelibrary.com]

one another. Similar trends were observed in our previous
works on PCM-containing polymer matrices [52, 56].

Characterization of the Laminates

Fig. 6a—f reports the optical microscope images of the
polished cross sections of the prepared laminates. The
core-shell structure of the microcapsules is evident also
from these micrographs, especially at higher magnification
level (Fig. 6f). It can be clearly seen that the PCM phase
is preferentially distributed in the interlaminar zones and
not among the fibers of the same tow, which depends on
the different dimensions of carbon fibers (average diame-
ter 7 pm) and microcapsules (average diameter 20 pm).
This was observed also in our previous work, where the
matrix was an epoxy resin and the PCM phase was consti-
tuted by paraffin shape-stabilized with carbon nanotubes
[57]. However, in that case, the PCM domains were larger,
had an irregular shape and caused a partial distortion of the
fiber tows, which is not observed in the present case. Thus,
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100 um

200 um

FIG. 6. Optical microscope images of the polished cross section of the prepared laminates (a) EL-CF; (b) EL-
MC20-CF; (¢) EL-MC30-CF; (d) EL-MC40-CF; (e) and (f) EL-MC30-CF at higher magnification.

a reduction in the size of the PCM phase is beneficial to
preserve the shape and the original disposition of the fibers
within the fabric. It can be also observed that the concen-
tration of the paraffin capsules in the interlaminar region
does not change remarkably with an increase in the MC
weight fraction of the initial Elium-MC mixture. What is
really resulting to change is the thickness of the interlami-
nar region, and thus that of the whole laminate, which
increases with the MC fraction. The preferential location of
the microcapsules in the interlaminar region is also visible
from the SEM micrographs reported in Figure 7a—d. The
delamination plane of the sample EL-MC30-CF (Fig. 7a

3718 POLYMER COMPOSITES—2019

and b) shows the presence of microcapsules. Similar results
were obtained also by Yoo et al. [53]. From the compari-
son between the cross-sections of the samples EL-CF
(Fig. 7¢) and EL-MC30-CF (Fig. 7d), it is evident that the
interlaminar region of the latter is rich in MC, and its thick-
ness increases when microcapsules are added.

The results of the DSC tests on the laminates are
reported in Table 5. The DSC thermograms are not
reported here for the sake of brevity, since they are qualita-
tively similar to those reported for the matrices (see Fig. 2).
Also in the case of the laminates, the glass transition of the
resin is practically not affected by the presence of the

DOI 10.1002/pc
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FIG. 7. SEM micrographs of the cryofracture surface of some selected compositions. (a) and (b) EL-
MC30-CF, delamination plane; (¢) EL-MC30-CF, cross section; and (d) EL-CF, cross section. [Color figure

can be viewed at wileyonlinelibrary.com]

microcapsules, and it lies in the same temperature range as
that of the matrices, which implies that the polymerization
process is not influenced by the presence of both MC and
CF. Again, the melting and crystallization temperatures of
the PCM phase do not follow a specific trend with the MC
concentration, but the values of T}, are generally lower than
those of the matrices and the values of T, generally higher,
which can be due to the higher thermal conductivity imparted
by the presence of carbon fibers. The melting and crystalliza-
tion enthalpy values increase with the nominal MC content,
up to 66.8 J/g for the sample EL-MC40-CF, which is con-
siderably higher than any values obtained previously for
laminates of the same kind, that is, composed of a polymer

matrix, a continuous fiber fabric reinforcement and a PCM,
considering not only the work of our group [54, 56, 57]. This
indicates that the Elium resin is suitable to preserve the heat
storage ability of the embedded PCM.

In the preparation of the laminates, the experimental weight
fraction of MC in the starting matrix mixtures was known, but
the final MC weight fraction in the laminates also depends on
the final matrix weight fraction, which for these laminates is
influenced by the initial matrix viscosity that in turn depends
on the starting MC loading. From the DSC tests, it is possible
to calculate an experimental MC weight fraction from the
measured melting enthalpy, assuming that the MC maintain
their energy storage efficiency also when embedded in the

TABLE 5. Results of the DSC tests on the prepared laminates.

Sample T, C) T (°C) AHpexy (V) T. (C) AHexp (/2) MCyp, (W1%)
EL-CF 101.0 - - - - -
EL-MC20-CF 102.5 46.6 30.23 27.5 31.6 14.5
EL-MC30-CF 99.6 453 459 29.5 45.6 22.1
EL-MC40-CF 98.6 46.4 66.8 27.4 65.6 32.1

T, = glass transition temperature of Elium; Ty, 7. = melting and crystallization temperatures of the PCM; AHy, exp, AHc exp = experimental melting and
crystallization enthalpies of the PCM; MC,, = experimental capsule weight fraction calculated from the measured melting enthalpy.
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FIG. 8. TGA thermograms of the prepared laminates. (a) Residual mass; and
(b) mass loss derivative. [Color figure can be viewed at wileyonlinelibrary.com]

laminate, which is a reasonable hypothesis considering the
results of the characterization of the matrices. These data of
experimental MC loading (MCc,,) are reported in Table 5.
TGA tests were performed to investigate the thermal stabil-
ity of the laminates and to estimate the fiber weight fraction.
The TGA thermograms are reported in Fig. 8a and b, while
Table 6 collects the most important results. Both the trends of
the residual mass (Fig. 8a) and the mass loss derivative
(Fig. 8b) are qualitatively similar to those reported for the
matrices (Fig. 3a and b). However, the residual mass () at

the end of the test is considerably higher for the laminates,
due to the presence of carbon fibers. It can be noted that m;
decreases with an increase in the MC content, which implies
that the matrix weight fraction increases with the MC loading.
From these results, the fiber weight fraction was calculated
for each laminate (CFrga), and the results are reported in
Table 6. The CF weight fraction decreases when the MC
loading increases, and ranges from 66 wt% for the neat lam-
inate to 37 wt% for the sample EL-MC40-CF. It can be
observed that this decrease is not linear with the MC weight
fractions reported in Table 5. The weight fraction of fibers
and matrix determined in this way is in good agreement with
that determined by weighing the whole laminates and sub-
tracting the weight of the fibers, as described in Paragraph
2.4.2, reported in Table 6 as CF,,,s. This accordance is an
indication of the homogeneity of the produced samples. The
decreased CF weight fraction is probably the reason of the
decreasing thermal stability of the laminates with an increase
in the MC loading, as can be noted form the decreasing
values of Tq, T3¢, and Tsq, in TGA tests. In any case, these
temperatures are always higher than those measured on the
matrices (Table 3), which highlights the positive contribution
of the CF to the thermal stability of the laminates. The
trends of the mass loss derivative as a function of tempera-
ture (Fig. 8b) still show two main degradation peaks repre-
senting the degradation of the resin and of the capsules,
respectively. The position of these peaks is not influenced
by the presence of carbon fibers, as it coincides with that
measured on the matrices.

Table 7 shows the weight fraction of carbon fibers, deter-
mined as the average of CFrga and CF,,, and of the micro-
capsules, determined through DSC. These data allowed the
calculation of the theoretical density of the samples; from the
experimental density obtained by the displacement method,
the volume fraction of pores was calculated, and then the fiber
and capsule volume fractions. It can be observed that the fiber
volume fraction decreases with an increase in the MC content.
This is due to the higher viscosity of the matrix, which does
not easily flow out of the fabric during the vacuum bag pro-
cess. It can be also observed that the porosity is around 2 vol
% for all the samples except for EL-MC40-CF, in which the
pore volume fraction rises to 5.2 vol%.

The results for the thermal imaging camera tests are
reported in Fig. 9. As observed for epoxy/CF laminates
containing shape-stabilized paraffin [57], in the laminates
containing the PCM, the temperature decreases with a

TABLE 6. Results of the TGA tests on the prepared laminates.

Sample Ty (°C) T3, °C) Tsq (°C) T4 °O) my (%) CFrga (Wt%) CFrass (Wt%)
EL-CF 301.7 335.0 361.7 416.3 65.9 65.9 67.8
EL-MC20-CF 210.5 281.7 315.0 415.0 48.5 48.3 47.8
EL-MC30-CF 195.0 268.3 308.3 420.3 37.7 37.1 40.7
EL-MC40-CF 188.3 235.0 281.7 413.6 38.2 36.9 39.5

T1o, T3a, Tsq, = temperature corresponding to a mass loss of 1%, 3%, 5%; T4 = temperature of the maximum degradation kinetics (peak of the mass loss
derivative); m, = residual mass; CFrga = fiber weight fraction calculated from TGA residual masses; CF,,ss = fiber weight fraction calculated from lami-

nate weighing.
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TABLE 7. Fiber content, experimental density, porosity, and thickness of the laminates.

Sample CF* (wWt%) MCeyp (Wt%) Pth (g/cm3) Pexp (g/crn3) Porosity (vol%) CF (vol%) MC (vol%)
EL-CF 669 + 1.4 0 1.511 +£0.019 1.487 £ 0.013 1.6 £2.1 56.7 £ 1.6 0
EL-MC20-CF 48.1 £0.3 14.5 1.329 £+ 0.005 1.300 + 0.012 22+£13 35.6 £ 0.6 20.95 +0.19
EL-MC30-CF 38.9 £2.6 22.1 1.253 £+ 0.036 1.238 £+ 0.003 12+32 274 +1.9 30.41 £ 0.07
EL-MC40-CF 382+ 1.8 32.1 1.211 + 0.026 1.148 + 0.001 52424 250+ 1.2 40.93 £ 0.04

%average between CFrgu and CF, ., see Table 6.

different trend showing a pseudo-plateau caused by the
release of latent heat during the crystallization process of
the paraffin, while for the neat EL-CF laminate an expo-
nential temperature decay is observed. Due to the heat
released, the time to reach room temperature is noticeably
increased. For example, the time required to reach 30°C is
of about 3.5 min for the EL-CF composite and it increases
up to about 20 min for the sample EL-MC40-CF. It should
be pointed out that the cooling rate also depends on the
mass of the laminate, which was not the same for the dif-
ferent laminates. However, the presence of plateaus in the
temperature trend clearly highlights the differences in the
thermal behavior of the laminates as a function of the MC
content.

Fig. 10a and b shows the results of the DMTA test, in
the plots the trends of the normalized storage modulus (E')
and the loss tangent (tand) are represented as a function of
temperature. This test allows the detection of all the ther-
mal transitions of the tested specimens in the selected tem-
perature range. The storage modulus (Fig. 10a) decreases
in two main steps.; the first step at 45°C-50°C is associated
to the paraffin melting, and the second, at 100°C-120°C,
corresponds to the glass transition of the Elium matrix. The
amplitude of the first step increases with the MC content.
The tané thermogram shows peaks in correspondence of
the steps of E’. As in the case of the matrices (Fig. 4b), the

70
EL-CF
- EL-MC20-CF
60 19 s EL-MC30-CF
%+ S v EL-MC40-CF
3
L)
50 {53
%) [
T L \
"
= 0. .
30 " T YOO M
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FIG. 9. Results of the thermal imaging camera tests on the prepared lam-

inates. Surface temperature as a function of time. [Color figure can be
viewed at wileyonlinelibrary.com]
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height and position of the peak associated to the PCM
melting increase with the MC weight fraction.

The results of the three-point bending tests are reported
in Fig. 11a and b. Fig. 1la shows representative load—
displacement curves. As already observed for laminates
containing CNT-stabilized paraffin [57], the curves of all
the samples present an initial linear region that is followed
by a region where the slope decreases until the maximum
load is reached. After the maximum load, the neat laminate is
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normalized storage modulus (E/Ey.c) &
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FIG. 10. Results of the DMTA test on the laminates. (a) Normalized
storage modulus (E'/E g-c); and (b) tans. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 11. Results of the three-point flexural tests on the laminates. (a)
Representative load—deflection curves (¢ = thickness of the laminates). (b)
Elastic modulus, flexural stress, and strain at break as a function of the
capsule content. [Color figure can be viewed at wileyonlinelibrary.com]

subjected to a catastrophic failure, starting from the tensile-
stressed mid-lower region of the specimen, which suggests a
good interlaminar adhesion [64, 65]. Conversely, the samples
EL-MCx-CF (x = 20, 30, 40) undergo a progressive failure
and present a drop-plateau sequence in the load—displacement
curve, thus absorbing mechanical energy also during damage
propagation. The damage was observed starting either in the
mid-upper zone, subjected to compression, or in one of the
interlaminar regions. This failure mode, reported elsewhere
for woven fabric composites [65], has been related to lami-
nates with a tensile strength considerably higher than the
interlaminar shear strength, which is likely the case for the
MC-containing laminates reported in this work. The results of
the three-point bending test are reported in Fig. 11b. The elas-
tic modulus is seen decreasing with an increase in the MC
content, but this is partially due to the decreasing fiber volume
fraction. However, although the decrease is remarkable in the
sample EL-MC40-CF, the elastic modulus of the sample
EL-MC30-CF could still be considered acceptable for some
applications. Moreover, the bending strength decreases with
the MC loading, which is probably due to the presence of
failure mechanisms such as delamination and failure in the
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zone subjected to compression. In accordance with the results
shown for the matrices, the flexural strain at break is not dra-
matically affected by the presence of MC.

CONCLUSIONS

For the first time, PCM microcapsules were embedded in
the reactive thermoplastic Elium matrix, for the production
of continuous carbon fiber laminates with TES capability.
The first part of the work was devoted to study the effect of
the paraffin microcapsules on the thermo-mechanical proper-
ties of the resin. Samples with different capsule weight frac-
tions (20, 30, and 40 wt%) were prepared and characterized.
The good heat storage/release capability of these systems
was evidenced through DSC tests, where the measured phase
change enthalpies were proportional to the experimental
PCM content (i.e., up to 101 J/g for the sample EL-MC40).
This indicates that the microcapsules retained all their TES
properties, thanks to the mild production process of the
Elium resin. SEM micrographs showed that the microcap-
sules were homogeneously distributed in the polymer matrix,
with a non-optimal capsule/matrix interfacial adhesion. This
effect, combined with the limited stiffness and strength of the
microcapsules, was at the basis of the decrease in the elastic
modulus and the flexural strength of the resin at elevated
MC loadings. On the other hand, the elongation at break was
not significantly affected by the PCM content. The viscoelas-
tic properties of the resin were also affected by the presence
of the PCM, as the storage modulus decreased with an
increase in the PCM content and showed a step at the PCM
melting, while the trend of the tand presented a peak at the
paraffin melting.

Elium/PCM compositions were employed as matrices to
produce multifunctional thermoplastic laminates with heat
storage/management function, containing various PCM
weight fractions. The melting/crystallization enthalpy
values increased with the capsule content, up to 66.8 J/g
for the sample EL-MC40-CF. The considerably high
phase change enthalpy was at the basis of the good ther-
mal management performance, measured through thermal
camera imaging. Microstructural analysis showed that the
PCM phase was preferentially distributed in the interlami-
nar region, and that the laminate thickness increased with
an increase in the capsule content, and so did the matrix
(Elium/PCM) volume fraction, as also evidenced by TGA
tests. These two effects were the main causes of the
decrease in the mechanical properties of the laminates
observed at elevated PCM contents. This suggests that the
mechanical and TES properties do not work synergistically,
and a compromise in the composition must be found accord-
ing to the specific application. Nevertheless, the presented
results show potential for the development of structural com-
posites with TES capability. Future work will be focused on
the improvement in the capsule-matrix adhesion, on the
enhancement of the production process to increase the fiber
volume fraction, and on an in-depth dynamic-mechanical
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characterization of Elium-based laminates to assess how the
PCM phase transition affects their viscoelastic properties.
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