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Abstract Dynamic-mechanical analysis (DMA) was performed to investigate the viscoelas-
tic response of multifunctional laminates for thermal energy storage (TES). The laminates
were constituted by a microencapsulated paraffinic phase change material (PCM), a carbon
fiber fabric, and an innovative reactive acrylic resin (Elium®). In the Elium®/PCM systems,
the PCM fraction affected neither the glass transition temperature (Tg) of the resin, found
at 100–120 ◦C, nor the activation energy of the glass transition, determined with multifre-
quency scans from the position of the tan δ peaks. On the other hand, the low-temperature
(0–40 ◦C) transition detected on the neat resin was hidden by the PCM melting, evidenced by
a step in E′ and peaks in E′′ and tan δ. In the laminates, the amplitude of the E′ step and the
intensity of the tan δ peak associated to the PCM melting presented a linear correlation with
the PCM content and the melting enthalpy. Cyclic heating/cooling DMA tests showed that
the decrease in E′ due to PCM melting was almost completely recovered (90–95%) upon
crystallization. The difference between the tan δ peak positions on heating and on cooling
decreased from 30 to 12 ◦C when the heating/cooling rate changes from 3 to 1 ◦C/min. Mul-
tifrequency tests highlighted that the activation energy of the glass transition of the laminates
was lower than that of the matrices, and it did not follow a trend with the PCM fraction. In-
terestingly, also the E′′ and tan δ peaks related to PCM melting depended on the testing
frequency, and their asymmetric shape could be interpreted by considering a progressive
melting of the PCM in the microcapsules during heating.
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1 Introduction

Thermal energy storage (TES) is one of the key technologies for a more efficient and rational
use of energy resources, as it allows the temporary conservation of excess heat that can be re-
leased when the demand for thermal energy overcomes its availability. Such techniques are
especially useful to manage intermittent energy sources (e.g., solar) and to recover waste
industrial heat (Pielichowska and Pielichowski 2014; Pereira da Cunha and Eames 2016;
Zhang et al. 2016). Among the most promising materials for TES are the organic solid–
liquid phase change materials (PCMs), which accumulate heat when they melt and release it
upon crystallization (Zalba et al. 2003; Sharma et al. 2015). As they can store a high amount
of latent heat at a nearly constant temperature, they are often used to maintain the temper-
ature in a specific range; this makes them suitable for thermal management applications,
such as to regulate the indoor environment in buildings (Chen et al. 2013; Cao et al. 2014),
to avoid overheating of batteries or other electronic devices (Wirtz et al. 2003; Jaguemont
et al. 2018), or to help maintaining the body temperature constant through smart thermoreg-
ulating textiles (Liu and Lou 2015). Among these materials, investigated from the early
1980s (Abhat 1983), paraffin waxes stand out as they are chemically inert, non-corrosive,
inexpensive, largely available, and can be found in a wide range of phase change tempera-
tures that depend on the molecular weight (Cao et al. 2014; Sobolciak et al. 2016; Kahwaji
et al. 2018; Wang et al. 2019).

As all the solid–liquid PCMs, paraffins must be confined to avoid leakage and loss of ma-
terial above the melting temperature. In many civil engineering applications, paraffins are
stored in tanks or containers (Zalba et al. 2003), but other methods involve the encapsulation
in polymeric/inorganic micro/nano-shells (Bayés-García et al. 2010; Hu et al. 2018), or the
“shape stabilization” in a nanofiller network that, thanks to the high specific surface area,
grasps the PCM polymer chains and prevents leakage (Jeong et al. 2014; Fang et al. 2014;
Dorigato et al. 2017a). These two methods are often used in combination with the embed-
ment of PCMs in a polymer matrix. Free, microencapsulated or shape-stabilized paraffins
can be blended with many different polymers, and these blends are good candidates to re-
alize smart TES materials that are easily shapeable, lightweight, and relatively inexpensive;
they are suitable for storage of thermal energy, indoor thermal comfort in buildings and ve-
hicles, and thermal protection of electronic components, medical items and food (Kenisarin
and Mahkamov 2007; Kenisarin and Kenisarina 2012; Sobolciak et al. 2015). The scien-
tific literature reports many examples of such polymer-based, PCM-enhanced materials. The
most common polymers that are combined with paraffinic PCMs are polyethylene (Krupa
et al. 2014; Zhang et al. 2010; Sobolciak et al. 2016; Dorigato et al. 2017b), polypropylene
(Krupa et al. 2007; Mochane and Luyt 2012), polyurethane (Sarier and Onder 2007; Rigotti
et al. 2018), and epoxy resin (Wang et al. 2011; Su et al. 2012, 2011; Luyt and Krupa 2009;
Jeong et al. 2014). Polyolefins are generally chosen for their high chemical compatibility
with paraffins, while epoxies have the advantage of being processed at room temperature,
thereby allowing the paraffins to be in the solid state during processing. However, in most
cases, the PCM addition decreases the mechanical properties of the host polymer, as these
low molecular weight compounds exhibit scarce strength and ductility, and the lack of ad-
hesion between the polymer matrix and the PCM domains (or the microcapsule shell) may
lead to premature failure of the polymer component (Wang et al. 2011; Su et al. 2012).

An effective solution to address this problem is the incorporation of reinforcing fibers.
Carbon or polymer fibers are the most suitable choice, as their low density allows for a
high volume fraction at a relatively low weight fraction, thus preserving the possibility to
introduce a high weight concentration of PCM. This would pave the way to produce multi-
functional composites combining good mechanical performance and TES capability, useful
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where lightness, high mechanical properties, and heat storage/management are equally im-
portant (e.g., in automotive, portable electronics). Although the PCM-containing polymers
have been well investigated in the literature, very few examples are reported of polymer-
matrix composites containing PCMs and reinforcing fibers. Yoo et al. produced and char-
acterized epoxy/glass laminate containing a microencapsulated paraffin (Yoo et al. 2016,
2017a). Our group produced an epoxy/carbon laminate with paraffin shape stabilized with
carbon nanotubes (Fredi et al. 2017, 2018a), a polyamide/glass laminate with paraffin mi-
crocapsules (Fredi et al. 2018b; Dorigato et al. 2018), short-carbon-fiber composites with
a polyamide (Fredi et al. 2019b) or an epoxy (Dorigato et al. 2019) matrix, both contain-
ing paraffin microcapsules. This broad-range investigation led to the considerations that
carbon fibers allow for a higher fiber volume fraction than glass fibers due to the lower
density, and that the high temperatures and shear stresses required to process thermoplas-
tic matrices cause considerable microcapsules breakage. To combine the advantages of the
thermoplastics and the mild production process of thermosets, the newly developed reactive
methyl-methacrylate-based thermoplastic resin Elium® was combined with a carbon fabric
and paraffin microcapsules in different weight fractions (Fredi et al. 2019a). The result-
ing laminates were thermo-mechanically characterized and resulted to be promising candi-
dates for structural TES applications. However, this work lacked a thorough investigation
on the dynamic-mechanical properties and the viscoelastic behavior. It is well known that
viscoelasticity is an important aspect for the structural performance of polymer composites,
and studying the time- and temperature-dependent behavior of a composite is fundamen-
tal to understand its mechanical response and long-term performance (Chartoff et al. 2009;
Menard 2008). For this aim, dynamic-mechanical analysis (DMA) is a well-established,
powerful, and versatile tool to measure the viscoelastic parameters of a polymer composite
as a function of time and temperature. It also gives information on the glass transition and
other thermally activated transitions, as well as further parameters like the entanglement
density, adhesion factor, and reinforcing efficacy of the added fillers. Moreover, it enables
the study the of thermomechanical response under a load applied with varying frequency,
which allows for a full understanding of the viscoelastic parameters of the investigated poly-
mer (Goertzen and Kessler 2007; Bagotia and Sharma 2019).

DMA is also important for polymers and composites containing a PCM, because its phase
transition may alter the mechanical and dynamic-mechanical properties in the service tem-
perature interval around the phase change temperature. Although dynamic-mechanical tests
have been performed on some PCM-enhanced polymers (Krupa et al. 2007; Mngomezulu
et al. 2010; Sobolciak et al. 2015; Lian et al. 2017; Popelka et al. 2018), the characterization
of a PCM-containing laminate through dynamic-mechanical analysis (DMA) can be found
in the open literature only once, in the aforementioned work of Yoo et al., dealing with
epoxy/glass laminates (Yoo et al. 2017b). However, besides working with a well-known ma-
trix such as epoxy, that research focused on the effect of temperature and frequency on the
glass transition of epoxy, and it did not analyze carefully the behavior of the viscoelastic
parameters around the PCM phase change temperature. Moreover, that work concentrated
only on the laminates, without studying the effect of the microcapsules on the sole matrix.

The present work aims at providing, for the first time, a detailed investigation of the
dynamic-mechanical behavior of Elium®/PCM systems and Elium®/PCM/carbon fiber lam-
inates, to understand how the PCM addition affects the viscoelastic parameters and the glass
transition of the host matrix or laminate, and how they change before, during, and after the
PCM phase change. The analysis was performed with different testing modes, i.e., single
frequency scans, multifrequency analysis, and heating/cooling cycles. Moreover, this study
aims at assessing the suitability of the DMA techniques to study a melting/crystallization
phase transition, which is an unusual application for this analysis.
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2 Materials and method

The materials and sample preparation, concisely reported hereafter, have been described in
detail in a previous paper of our group (Fredi et al. 2019a).

2.1 Materials

The reactive thermoplastic methyl-methacrylate-based resin Elium® 150 was kindly pro-
vided by Arkema (Lacq, France). The polymerization initiator, supplied with the resin by the
producer, was anhydrous benzoyl peroxide (BPO) with 50% active content. The PCM was
the Microtek® MPCM43D, obtained by Microtek Laboratories Inc. (Dayton, OH, USA);
it is constituted by microcapsules in which the core phase change material is a paraffin wax
(melting point 43 ◦C) and the shell is melamine-formaldehyde-based. As reported on the
product datasheet, the average capsule diameter is 20 µm, and the phase change enthalpy
is 190–200 J/g. The balanced, plain-weave carbon fiber fabric GG200P was acquired from
G. Angeloni S.r.l. (Venice, Italy), and it has a mass per unit area of 192 g/m2. All the mate-
rials were used as received.

2.2 Sample preparation

Elium® and BPO (98:2 wt:wt) were manually mixed until complete dissolution of BPO. The
paraffin microcapsules (MC) were then added in concentrations of 20, 30, and 40 wt%. The
mixtures were subsequently mechanically stirred, degassed, poured in silicon molds, left 4
hours at room temperature, and thermally treated for 8 hours at 80 ◦C. Neat resin samples
were also prepared for comparison. The same four compositions were also used as matrices
to produce 5-ply laminates having an in-plane area of 13 × 20 mm2. The laminates were
obtained through hand layup and vacuum bag techniques and thermally treated in the same
way as the matrices. As thoroughly described in Fredi et al. (2019a), the sample preparation
led to a non-negligible evaporation of the most volatile fraction of the resin, thereby causing
an increase in the final MC:resin ratio. However, all the samples have been conveniently
named after the nominal (initial) MC weight fraction in the matrix. The nominal and exper-
imental compositions of the prepared matrices and laminates are reported in Table 1. It can
be noticed that the fiber fraction in the laminates decreases with an increase in the MC load-
ing. This is related to the rise in the matrix viscosity with the MC content, which hinders its
flowing out of the fabric during the vacuum bag process and leads to a higher matrix weight
fraction, as was confirmed by thermogravimetric analysis (TGA). This was also the cause
of the higher laminate thickness at elevated MC amounts.

2.3 Characterization

2.3.1 Characterization of the matrices

The microstructure was investigated through a field emission scanning electron microscope
(FE-SEM) Zeiss Supra 60, after liquid N2 cryofracturing and Pt–Pd sputtering.

Differential scanning calorimetry (DSC) was carried out with a Mettler DSC30 instru-
ment; heating–cooling–heating tests were performed on samples of approx. 20 mg, in the
temperature interval 0–130 ◦C, at the scanning speed of 10 ◦C/min. A DSC test at 1 ◦C/min
was also performed on neat MC to study the phase change transition in more detail. The test
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Table 1 List of the prepared samples with the experimental compositions

Matrices EL EL-MC20 EL-MC30 EL-MC40

MC (wt %) 0 25.3 ± 0.6 36.9 ± 1.2 48.0 ± 0.4

Laminates EL-CF EL-MC20-CF EL-MC30-CF EL-MC40-CF

MC (wt%) 0 14.5 22.1 32.1

CF (wt%) 66.9 ± 1.4 48.1 ± 0.3 38.9 ± 2.6 38.2 ± 1.8

CF (vol%) 56.7 ± 1.6 35.6 ± 0.6 27.4 ± 1.9 25.0 ± 1.2

Porosity (vol%) 1.6 ± 2.1 2.2 ± 1.3 1.2 ± 3.2 5.2 ± 2.4

t (mm) 1.12 1.42 2.00 2.30

MC = microcapsules; CF = carbon fibers; t = laminate thickness

led to the determination of the melting/crystallization temperatures (Tm, Tc) and enthalpies
(�Hm, �Hc) of the PCM, as well as the glass transition temperature of the resin (Tg).

Dynamic-mechanical analysis (DMA) was performed with a TA Q800DMA instrument
in single cantilever bending mode (span = 17.5 mm), on specimens of 35 × 10 × 3 mm3.
Storage modulus (E′), loss modulus (E′′), and loss factor (tanδ) were measured in the tem-
perature interval 0–160 ◦C, at a heating rate of 3 ◦C/min, at a strain amplitude of 0.05% and
a frequency of 1 Hz. Multifrequency scans were also carried out on samples of the same
geometry. The tests were performed at 0.3 mm/min at the frequency levels 0.3, 1, 3, 10,
and 30 Hz. The activation energy of the glass transition (Ea) was determined through the
Arrhenius approach, from the slope of the linear regression of the natural logarithm of the
applied frequency plotted versus the reverse of the tanδ peak temperatures, as reported in
Eq. (1):

Ea = R

[
d(lnν)

d(1/Tp)

]
(1)

where R is the universal gas constant, equal to 8.314 J/mol K, ν is the applied frequency,
and Tp is the E′′ or tan δ peak temperature at the glass transition.

2.3.2 Characterization of the laminates

Optical microscope (OM) images of the polished cross-sections were acquired with an up-
right incident-light optical microscope Zeiss Axiophot equipped with Epiplan Neofluar ob-
jectives.

Single frequency and multifrequency DMA tests were performed as described for the
matrices, on samples with nominal in-plane area of 35 × 5 mm2 (and the thickness of each
laminate, see Table 1).

Additionally, cyclic DMA scans were performed to assess the recovery of E′ and the be-
havior of other viscoelastic parameters upon PCM crystallization. Heating–cooling–heating
scans were performed between −40 and 60 ◦C, at the scanning speeds of 3 and 1 ◦C/min.
The test allowed the measurement of all the peak temperatures of E′′ and tan δ, the ratio be-
tween the values of E′ at the beginning of the second and the first heating scans (E′

rel,−40 ◦C),
and the temperature difference at the middle value of E′ between the first heating scan (h1)
and the cooling scan (c), defined through Eq. (2) as

�TE′,50% = T
(
E′

50%,h1

) − T
(
E′

50%,c

)
(2)
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Fig. 1 SEM micrograph of the
cryofracture surface of the
sample EL-MC30

where E′
50% is the average between the maximum and the minimum E′ values of each sam-

ple.

3 Results and discussion

3.1 Characterization of the matrices

Studying the effect of PCM introduction in a reactive acrylic matrix is useful not only be-
cause it allows for a better understanding of the mechanical and viscoelastic properties of the
Elium®-based laminates, but also because such PCM-enhanced in-situ polymerizing acrylic
formulations are being developed per se as smart bone cements, in which the PCM absorbs
the excess heat developed during polymerization and prevents bone necrosis (Lv et al. 2015).
Their mechanical and viscoelastic properties are thus worth to be investigated.

Figure 1 reports an example SEM micrograph of the cryofracture surface of the sample
EL-MC30 at a magnification of 2kx. The capsules appear homogeneously distributed in
the matrix. It can be observed that some capsules are broken, which is likely due to the
cryofracturing stage and not as a consequence of the rather mild processing conditions. The
damaged capsules evidence the core-shell structure of this PCM, with a smooth shell and an
irregular-shaped paraffinic core. The presence of numerous broken capsules implies a rather
good capsule–matrix adhesion, as the fracture propagates across the capsules and not only at
the interface. Nevertheless, some capsules present a noticeable gap at the interface with the
matrix, which suggests that the adhesion could be still improved. A more detailed discussion
on the SEM results and a presentation of different compositions and more magnification
levels are reported in our previous article (Fredi et al. 2019a).

Figure 2(a) shows the DSC scans of the samples EL, EL-MCx (x = 20,30,40) and MC,
and reports the first heating scan and the cooling scan, while the most important DSC re-
sults are reported in Table 2. The neat resin (EL) undergoes glass transition (Tg) at 103.6 ◦C,
which is only slightly appreciable from Fig. 2(a). As seen from the data of the samples
EL-MCx, (x = 20,30,40), the presence of MC does not substantially modify the Tg, which
implies that the MC does not heavily affect the polymerization process of the resin. How-
ever, the Tg signal is quite weak, especially in the samples with a high MC content, and this
interferes with a precise identification of the Tg. The neat MC shows an endothermic peak
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Fig. 2 (a) DSC thermograms of
the samples MC, EL and
EL-MCx (x = 20,30,40) at
10 ◦C/min. The inset represents
the temperature interval around
the glass transition in the heating
scan; (b) DSC thermogram of the
neat MC at 1 ◦C/min

at 45.0 ◦C in the heating scan, corresponding to paraffin melting, while the crystallization is
denoted by an intense exothermic peak in the cooling scan (peak temperature = 29.8 ◦C).
The measured phase change enthalpy on the neat MC was 208.2 J/g, both on heating and on
cooling. The same two peaks are evident also for the samples EL-MCx (x = 20,30,40). The
peak intensity increases with an increase in MC content, as also evidenced by the melting
enthalpy values (�Hm), which are proportional to the MC weight fraction (Table 2). More-
over, the melting temperature (Tm) of all the samples is higher than that of the neat MC,
probably due to inertial phenomena. Likewise, the crystallization is shifted to lower tem-
peratures. The detailed values of crystallization temperature and enthalpy, as well as a more
exhaustive discussion on the DSC results, are reported in our previous article (Fredi et al.
2019a). Both the endothermic and the exothermic DSC signals of the MC sample (Fig. 2(a))
are the result of the partial superposition of at least two peaks, which can be better appre-
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Table 2 Results of DSC and DMA tests on the samples EL and EL-MCx (x = 20,30,40)

Property EL EL-MC20 EL-MC30 EL-MC40

Tg (◦C) 103.6 103.8 104.6 101.7

Tm (◦C) – 47.0 47.7 49.9

�Hm (J/g) – 53.1 80.8 101.4

E′
60 ◦C/E′

0 ◦C (%) 62.7 38.2 31.1 28.4

E′
r (MPa) 1.71 5.49 8.37 10.03

Ea (kJ/mol) 365 ± 12 349 ± 11 348 ± 9 365 ± 7

R2 0.997 0.996 0.998 0.999

Tg = glass transition temperature from DSC; Tm = melting temperature from DSC; �Hm = melting enthalpy
from DSC; E′

60 ◦C/E′
0 ◦C = ratio between the values of E′ at the indicated temperatures; E′

r = residual
storage modulus after Tg; Ea = activation energy of the glass transition, calculated from the tan δ peaks;

R2 = value of R2 from the linear regression

ciated from the thermogram acquired at 1 ◦C/min (Fig. 2(b)), as the lower heating/cooling
rate allows for a better signal resolution and a separation of peaks associated to different
transitions. The heating scan shows two peaks: the first, at lower temperature, is probably
due to the solid–solid transition from the crystalline phase to a less ordered stage called
the “rotator phase”, while the second is the result of the solid–liquid phase change, in good
agreement with the thorough investigation performed by Wang et al. on the phase change
behavior of n-docosane (Wang et al. 2003). The cooling scan shows a peak with a shoulder
and another smaller asymmetric peak at lower temperature. Three distinct peaks are evident
on DSC thermograms performed at an even lower scanning speed (0.2 ◦C/min), not reported
here for the sake of brevity. This evidences multiple transitions and crystalline phases also
in the cooling scan, as confirmed by other studies on alkanes crystallization (Dirand et al.
2002; Wang et al. 2003; Vélez et al. 2015; Peng et al. 2018). However, since the paraffinic
PCM of the present work is a commercial alkane mixture, it is difficult to precisely attribute
each peak to the corresponding transition (Peng et al. 2018). The same multiple peaks have
been observed also in the EL-MCx samples tested at 0.2 ◦C/min (not reported), which high-
lights that the phase change mechanism of the PCM remains unchanged when embedded in
the resin.

The thermal transitions of the MC and the resin were further studied through DMA. Fig-
ure 3(a)–(b) reports the trends of E′, E′′, and tan δ as functions of the temperature in single
frequency scans. The values of E′ were normalized to the value at 0 ◦C for an easier compar-
ison of the samples. The E′ of the neat EL shows a general decreasing trend with increasing
temperature, but the decrease is more evident at 80–100 ◦C, in proximity of the glass transi-
tion. In that region, E′′ shows a broad peak in which two contributions can be evidenced, and
the tan δ signal presents a single relatively sharp peak at 115.4 ◦C, with a small left shoul-
der. The same signals related to the Tg are also present in all the EL-MCx (x = 20,30,40)
samples. The peaks of E′′ and tan δ at the glass transition are slightly shifted to higher tem-
perature, and this is more evident as the MC content increases. Due to the signal shape, it
is easier to observe this phenomenon on the tan δ trends, whose peak temperatures are re-
ported directly on the thermograms. This peak shift could be related to the immobilization
on the polymer chains at the filler surface; according to the literature, this happens up to
a certain filler concentration, beyond which the fillers cause polymer chain separation and
increase the segmental motion, as reported for other polymers containing microfillers (Sun
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Fig. 3 DMA thermograms of the
samples EL and EL-MCx

(x = 20,30,40): (a) normalized
storage modulus E′ (solid lines)
and loss modulus E′′ (dashed
lines); (b) loss tangent tan δ. The
reported values represent the
peak temperatures

et al. 2004; Yung et al. 2009; Yoo et al. 2017b). This increase was also observed in DSC,
but to a lesser extent and only up to the sample EL-MC30, probably because the weak Tg

signal of the sample EL-MC40 hinders an accurate data analysis. In any case, the Tg is only
slightly affected by the presence of the PCM, which indicates that the microcapsules do not
interfere with the in-situ polymerization of the resin and the introduction of a PCM in the
microencapsulated form is a good way to preserve the thermal properties of the resin. This
is not the case for other reported polymer matrices containing a shape-stabilized PCM, in
which the PCM domains influence the chain mobility and the Tg values (Lian et al. 2017;
Sundararajan et al. 2018).

The DMA thermograms of the MC-containing samples show additional signals at the
PCM phase transition. The storage modulus decreases markedly in the temperature inter-
val 40–60 ◦C, and this effect is increasingly evident with increasing MC concentration, as
also observable from the data of the normalized E′ values at 60 ◦C reported in Table 2. On
the other hand, in the same temperature interval, evident peaks can be observed on the loss
modulus and tan δ signals. From a comparison between DMA and DSC thermograms, it can
be observed that in DMA the effect of the PCM melting affects the E′′ and tan δ signals at
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Fig. 4 Results of the DMA
multifrequency scans on the
samples EL (a) and EL-MC40
(b). Investigated frequencies
were 0.3, 1, 3, 10 and 30 Hz

temperatures lower than the DSC melting range. The E′′ and tan δ onset and peak temper-
atures are considerably lower than those measured in DSC. Moreover, with an increase in
the MC fraction, the E′′ peak positions slightly shift to higher temperatures, as observed for
DSC, but the peak height does not follow a trend with the MC loading. Similarly, the tan δ

signals show asymmetric peaks at the PCM melting, and the peak temperatures are closer to
those measured in DSC. The peaks move to higher temperatures with increasing MC con-
tent and, interestingly, also the peak height increases with the MC fraction, as reported for
other PCM-containing polymers (Krupa et al. 2007; Popelka et al. 2018). It is worth men-
tioning that also the residual storage modulus E′

R at 160 ◦C, reported in Table 2, increases
with increasing MC fraction, which could be still due to the constraint effect of the MC on
the polymer chains, as reported for other thermoplastic polymer composites (Gamon et al.
2013).

Multifrequency DMA scans were performed to investigate the effect of the frequency on
the PCM melting and the glass transition of the resin. Representative multifrequency ther-
mograms of the samples EL and EL-MC40 are reported in Fig. 4(a)–(b). While increasing
the applied frequency, the storage modulus of the neat resin shifts to higher temperatures
(Fig. 4(a)). It can be observed that E′ depends considerably on the applied frequency not
only at the glass transition, but also at lower temperatures, where the broad bands of E′′ sug-
gest the presence of an additional low-temperature transition. Similarly, as expected, the E′′
and tan δ signals are shifted to higher temperatures with increasing frequency, but the tan δ
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Fig. 5 Optical microscope
image of the polished
cross-section of the laminate
EL-MC30-CF

trend shows a strong dependency on the applied frequency only near the Tg. These trends
are observable also in the multifrequency scan on the sample EL-MC40 (Fig. 4(b)), where
also the E′′ and tan δ peaks related to the PCM melting (10–40 ◦C) appear to be influenced
by the applied frequency. Unlike the peaks at Tg, the frequency dependence of the melting
peaks is more evident before their maximum values than after. This asymmetric behaviour
could be attributed to the gradual paraffin melting, which leads to a system with a complex
thermo-viscoelastic behaviour.

Multifrequency scans were also performed to estimate the activation energy (Ea) of the
glass transition relaxation, i.e., the energy barrier that must be overcome to activate the
molecular motions at the basis of the transition (Goertzen and Kessler 2007; Menard 2008).
Even though the inflection point of E′ and the peak of E′′ are normally regarded as more
conservative indicators of the Tg (Li et al. 2000), also the tan δ signal has been largely used
in the literature to determine Ea (Clarke and Braden 1989; Fambri et al. 2003; Karbhari and
Wang 2004; Keller et al. 2013). In the present work, Ea was calculated with the peak posi-
tions of tan δ, because the signal is clearer and the peaks sharper than those of E”, thereby
easing the identification of the peak maximum and decreasing the probability of errors re-
lated to data analysis. The peak maxima have been used to determine Ea through the stan-
dard Arrhenius approach. The values of Ea, reported in Table 2, do not follow a trend with
the MC content and the differences among the samples are not significant, which suggests
that no substantial structural changes happen in the acrylic matrix upon MC addition.

3.2 Characterization of the laminates

Figure 5 reports an exemplificative optical micrograph of the polished cross-section of the
laminate EL-MC30-CF. The microcapsules are preferentially distributed in the interlaminar
regions, and not within the fibers of the same yarn. This is due to the difference in size
between MC and fibers, which prevents the MC to migrate inside the single yarns during
impregnation, and it is part of the reason for the decrease in interlaminar strength and failure
properties measured in three-point bending tests (Fredi et al. 2019a).

The DSC thermograms of the laminates are reported in Fig. 6, while the most important
DSC results are summarized in Table 3. As for the matrices, the Tg is not considerably
affected by the MC, and it is found in the same temperature range as that of the EL-MCx

samples, even though at slightly lower values.
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Fig. 6 DSC thermograms of the
samples EL-CF and EL-MCx-CF
(x = 20,30,40). The first heating
scan and the cooling scan are
reported

Table 3 Results of the DSC and DMA tests on the samples EL-CF and EL-MCx-CF (x = 20,30,40)

Sample EL-CF EL-MC20-CF EL-MC30-CF EL-MC40-CF

Tg (◦C) 101.0 102.9 99.6 98.6

Tm (◦C) – 46.6 45.3 46.4

�Hm (J/g) – 30.2 45.9 66.8

Ea (kJ/mol) 328 ± 12 320 ± 4 339 ± 8 341 ± 14

R2
tan δ 0.995 0.999 0.998 0.995

Tg = glass transition temperature from DSC; Tm = melting temperature from DSC; �Hm = melting enthalpy

from DSC; Ea = activation energy of the glass transition, calculated from the tan δ peaks; R2 = value of R2

of the linear regression

The values of Tm of the paraffin phase do not change considerably with the MC con-
tent, but they are generally lower than those measured on the matrices, which is probably
the result of the rise in thermal conductivity due to carbon fiber introduction. This is also
supported by the finding that the crystallization temperatures (not reported here) are slightly
higher than those of the EL-MCx samples. The phase change enthalpy increases with the
MC weight fraction, which implies that the processing of the laminates is sufficiently mild
to preserve the MC integrity. As for the samples EL-MCx (x = 20,30,40), a more detailed
discussion on OM, SEM and DSC results of the laminates is presented in our previous article
(Fredi et al. 2019a).

As for the matrices, also the laminates underwent a thorough DMA characterization.
They were first subjected to single frequency DMA tests, and the results of this investi-
gation are reported in Fig. 7(a)–(d). The values of E′ are normalized to the value at 0 ◦C
for an easier comparison of the samples. The storage modulus of the neat EL-CF laminate
decreases with increasing temperature throughout the whole temperature range, but the de-
crease far below Tg is remarkably less evident than for the unfilled EL sample. Moreover,
E′′ does not present intense peaks in the temperature interval 0–40 ◦C, which suggests that
the low-temperature transition of the acrylic resin may be hindered by the constrains im-
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Fig. 7 DMA results of the
samples EL-CF and EL-MCx-CF
(x = 20,30,40). The reported
values represent the peak
temperatures: (a) normalized
storage modulus E′ (solid lines)
and loss modulus E′′ (dashed
lines); (b) relative decrease in E′
after PCM melting (60 ◦C) as a
function of the melting enthalpy
and the microcapsules weight
fraction; (c) loss tangent tan δ;
(d) area under the tan δ melting
peak as a function of the melting
enthalpy and the microcapsules
weight fraction, for the samples
EL-MCx and EL-MCx-CF
(x = 20,30,40)

posed by the fibers. Another possible explanation is related to the strong exothermicity of
the polymerization of acrylic resins such as Elium (Shin et al. 2019). In the composite, the
local temperature can be different from that of the unfilled Elium due to the presence of con-
ducting carbon fibers, and this may affect the DMA behavior. However, further investigation
is needed to prove any hypotheses.

On the other hand, the peaks of E′′ and tan δ at the glass transitions are still evident. In
the PCM-containing laminates, E′ decreases in two main steps, similarly to the behavior of
the matrices; the first step is due to the PCM melting, while the second is associated to the
glass transition of the resin. The amplitude of the first step increases with increasing MC
fraction. Interestingly, as reported in Fig. 7(b), it shows a linear correlation both with the
MC weight fraction and with the phase change enthalpy, with R2 values higher than 0.98.
This suggests that, with a quick test such as the DSC, one can have important information
to predict, to a certain extent, the trend of the viscoelastic properties of the composite in the
PCM phase change temperature range. The signals of E′′ and tan δ show peaks at the PCM
melting; in this case, the peaks of E′′ appear strongly asymmetrical and are qualitatively
similar to those of tan δ. This was not the case for the matrices, probably because of the not
negligible contribution of the low-temperature transition of the resin, not appreciable for the
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Fig. 7 (Continued)

laminates. However, as for the matrices, the melting peaks shift to higher temperatures and
the intensity of the tan δ peaks increase with increasing MC content. Interestingly, also the
area under the tan δ peak shows a quite good linear correlation with the MC weight fraction
and the phase change enthalpy. This effect, found also for the matrices, is shown for both
classes of samples in Fig. 7(d). The slopes of these trends are lower for the matrices than for
the laminates, that is for a fixed value of melting enthalpy (or MC fraction), the intensity of
the tan δ peak is higher for the matrices than for the laminates.

The viscoelastic parameters E′ and E′′ can also be represented on the Cole–Cole plot,
where E′′ is plotted as a function of E′ on linear axes. This representation has been reported
to provide information on the system heterogeneity, secondary relaxations and structural
changes after filler addition (Flores et al. 1996; Devi et al. 2009), as well as to assess whether
a material can be treated as thermorheologically simple (Menard 2008). Homogeneous poly-
meric systems with well dispersed fillers exhibit semicircular curves, while heterogeneous
multiphase systems present imperfect or elliptical curves (Chee et al. 2019). The Cole–Cole
plots of the prepared laminates are presented in Fig. 8(a). The neat EL-CF laminate shows an
imperfect semicircle, similar to those reported for another Elium®/carbon laminate (Bhudo-
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Fig. 8 (a) Cole–Cole plots and
(b) normalized Cole–Cole Plots
of the DMA single frequency
scans on the samples EL-CF and
EL-MCx-CF (x = 20,30,40).
The normalization was done by
dividing E′ values by the initial
E′ value at 0 ◦C, and E′′ values
by the peak of E′′ at Tg

lia et al. 2017) and regarded as indicative of a good fiber–matrix adhesion (Chee et al. 2019;
Bagotia and Sharma 2019). In the laminates containing MC, the E′′–E′ data are distributed
on a smaller range in both axes, as the initial values of E′ and E′′ decrease with increasing
MC. The decrease in E′ is an indication of the decrease in the stiffness of the laminates with
increasing MC content. This effect, observed also in three-point bending tests (Fredi et al.
2019a), is mostly due to the decreasing fiber volume fraction. The Cole–Cole plots of these
laminates present two subsequent imperfect semicircles, representative of the two thermal
transitions (i.e., PCM melting and resin glass transition). The semicircles related to the glass
transition, on the left of the plot, become smaller with increasing MC fraction, and their
shape also changes, as better observable from the normalized Cole–Cole plots (Fig. 8(b)).
It is interesting to note that also the melting phase transition appears in these plots as imper-
fect semicircles, which are qualitatively similar for the different compositions and shifted to
lower values of E′ and E′′ with increasing MC concentration. As observable in Fig. 8(b), the
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Fig. 9 DMA heating
(1)—cooling (2)—heating (3)
scans on the samples
EL-MCx-CF (x = 20,30,40) in
the temperature range around the
phase change temperature of the
PCM, at different heating rates:
(a) storage modulus at 3 ◦C/min;
(b) tan δ at 3 ◦C/min; (c) storage
modulus at 1 ◦C/min; (d) tan δ at
1 ◦C/min

relative breadth (E′ range) and height (E′′ range) of the glass transition and melting peaks
change significantly with the composition, as the melting peak becomes increasingly higher
and broader than the glass transition peak with increasing MC concentration.

As the operating temperature of structural TES composites is around the PCM melting
point, these materials must withstand repeated thermal cycles in this temperature range.
For this reason, the variation of the viscoelastic parameters was investigated through DMA
analysis not only on heating, but also on cooling. This is not a common approach in the field
of polymer composites: to the best of the authors’ knowledge, no other studies are reported
that show the trend of viscoelastic parameters of polymers containing a PCM on cooling.
The results of this analysis on the materials object of this work are reported in Fig. 9(a)–
(d) and Table 4. Figure 9(a) shows the trend of E′ for the PCM-containing laminates, in
a heating–cooling–heating scan performed at 3 ◦C/min. As observed before, E′ decreases
with increasing MC concentration, and during the first heating scan E′ decreases at the
PCM melting, but during the cooling scan, this decrease is almost completely recovered. As
observed in DSC tests, the crystallization happens at lower temperatures than the melting,
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Fig. 9 (Continued)

for reasons related both to thermal inertia and to the thermodynamics of crystallization. The
temperature interval describing this delay during the cyclic DMA tests, calculated at the
middle value of E′ of each sample, is reported in Table 4 as �TE′50%, and it is approx.
26–28 ◦C. At the end of the cooling scan, E′ is almost completely recovered, as it reaches
90–95% of the initial value (Table 4). The trend of tan δ, reported in Fig. 9(b), shows the
same effects: the crystallization peak is found at lower temperatures than the melting peak
(approx. 30 ◦C lower, as reported in Table 4), and the peak in the second heating scan is
slightly shifted to higher values than that in the first, but not to higher temperature. The
trends of E”, not reported for the sake of brevity, are qualitatively similar to those of tan δ.
It is interesting to note that two distinct peaks can be detected in the tan δ signal on cooling,
which reflect the shape of the exothermic peak in DSC. This suggests that the liquid–solid
and solid–solid thermal transitions of the PCM can be detected also in DMA, and that each
of them brings a contribution to E′ and tan δ.

Author's personal copy



412 Mech Time-Depend Mater (2020) 24:395–418

Table 4 Results of the
heating/cooling cycles performed
with DMA tests

�TE′50% = temperature interval
between the middle value of E′
in the first heating scan and in the
cooling scan; E′

rel,−40 ◦C = ratio

between the value of E′ at
−40 ◦C in the second heating
scan and the first heating scan;
Th1/c/h2,tan δ = tan δ peak
temperature in the first heating
(h1), cooling (c) and second
heating (h2) scans

3 ◦C/min EL-MC20-CF EL-MC30-CF EL-MC40-CF

�TE′50% (◦C) 26.7 28.0 26.2

E′
rel,−40◦C (%) 93.3 94.8 89.4

Th1,tan δ (◦C) 46.6 47.5 45.1

Tc,tan δ (◦C) 16.0 16.1 13.7

Th2,tan δ (◦C) 45.5 46.6 44.4

Th2,tan δ–Tc,tan δ (◦C) 29.5 30.5 30.7

1 ◦C/min EL-MC20-CF EL-MC30-CF EL-MC40-CF

�TE′50% (◦C) 9.6 10.7 12.7

E′
rel,−40◦C (%) 93.1 95.0 89.6

Th1,tan δ (◦C) 38.0 39.1 40.2

Tc,tan δ (◦C) 26.1 26.8 25.7

Th2,tan δ (◦C) 38.5 40.3 40.1

Th2,tan δ–Tc,tan δ (◦C) 12.4 13.5 14.4

The same observations can be made also on the results of the cyclic DMA performed at
1 ◦C/min, reported in Fig. 9(c)–(d): E′ is almost completely recovered on cooling (90–95%)
and the crystallization is delayed with respect to the melting, but the hysteresis cycle of E′
is narrower, as �TE′50% is approx. 10 ◦C and the difference between the tan δ peak positions
on heating and on cooling is 12–14 ◦C (the same is true for E′′ peaks).

The laminates were also subjected to multifrequency scans to investigate the effect of
the frequency on the phase transition of the PCM and the glass transition of the matrix
with the contemporary presence of the reinforcing fibers. The trends of the viscoelastic
parameters of the samples EL-CF and EL-MC40-CF are reported in Fig. 10(a)–(b). For the
neat laminate EL-CF, all the signals shift to higher temperatures with increasing frequency,
but they show a strong dependency on the frequency only at the glass transition, unlike the
neat EL resin, which further implies that the carbon fibers may hinder the low-temperature
thermal transition observed on EL. The curves of sample EL-MC40-CF are qualitatively
comparable to those of the matrix EL-MC40, as not only the E′′ and tan δ peaks related to
Tg shift to higher temperatures with increasing frequency, but also those at the PCM phase
change, and in this temperature range the frequency sensitivity is higher before than after the
maximum. This is more clearly observable in Fig. 10(c), which shows the tan δ peaks at the
PCM melting for the four prepared laminates, compared to the DSC melting peak of the neat
MC acquired at the same heating rate (0.3 ◦C/min). At this heating rate, the tan δ maxima are
found at lower temperature than the DSC peak. The tan δ signals show a strong frequency
dependence until the first steps of the melting phase change, but when the PCM is almost
completely molten the frequency dependence weakens considerably. As for the matrices, the
activation energy of the glass transition (Ea) was calculated from the tan δ peaks. The results
of the analysis with the linear regressions are shown in Fig. 10(d), while the Ea values are
reported in Table 3. The values of Ea are generally slightly lower than those of the matrices,
but, as for the samples EL-MCx (x = 20,30,40), Ea is not considerably affected by the
MC concentration. As the melting E′′ and tan δ peaks also appear to depend on frequency,
an attempt was made to check the suitability of the Arrhenius approach to calculate the
activation energy of this transition. The results of this attempt are reported in Fig. 11. It can
be seen that if a linear correlation can be estimated for the four lower frequency points, the
last point deviates markedly from this trend, especially in the tan δ peaks, thereby making
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Fig. 10 Results on the DMA
multifrequency scans on the
samples EL-CF and EL-MCx-CF
(x = 20,30,40). Investigated
frequencies were 0.3, 1, 3, 10,
and 30 Hz: (a) sample EL-CF;
(b) sample EL-MC40-CF;
(c) trend of tan δ in the
multifrequency scans for the
samples EL-CF and EL-MCx-CF
(x = 20,30,40), showing the
peak of the melting process of the
PCM, compared with a DSC scan
on the PCM performed at the
same scanning speed; (d) natural
logarithm of the frequency
(ln(ν)) as a function of 1000/T
(peaks of tan δ corresponding to
the glass transition) for the
samples EL-CF and EL-MCx-CF
(x = 20,30,40)

the application of a precise linear regression unfeasible. However, this DMA investigation
allowed a better understanding of how the viscoelastic parameters of the structural TES
composites vary as a function of temperature and frequency, thus providing an interesting
insight on the use of DMA to study a melting phase transition and its effects on the dynamic-
mechanical properties of the host laminate.

4 Conclusions

This work presented the results of a systematic dynamic-mechanical characterization of
Elium®/PCM matrices and Elium®/PCM/carbon fiber laminates, performed by combining
different testing modes, i.e., single frequency, cyclic (heating/cooling) and multifrequency
scans. Single frequency scans on the samples EL-MCx (x = 20,30,40) evidenced the PCM
melting as a decreasing step in E′ and peaks in E′′ and tan δ, while the Tg peaks of the
acrylic matrix are visible at 100–120 ◦C, in agreement with DSC results. Multifrequency
scans highlighted a strong dependency of E′ on the applied frequency throughout the whole
temperature range, and they pointed out that the not only the Tg peaks but also the melt-
ing peaks shifted to higher temperatures with increasing frequency. Similarly, the storage
modulus of the laminates decreased in two main steps and E′′ and tan δ show asymmetric
peaks in correspondence of the PCM melting and the resin glass transition. At the PCM
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Fig. 10 (Continued)

melting, the amplitude of the E′ step and the intensity of the tan δ peak showed a linear
correlation with the MC weight fraction and the melting enthalpy, which points out a new
interesting approach to compare two powerful techniques such as DSC and DMA to study
the thermally activated transitions. Cyclic DMA showed that the decrease in E′ during PCM
melting is almost completely recovered (90–95%) upon crystallization, and the measured
difference between the melting and crystallization points (supercooling) decreases with de-
creasing heating/cooling rate. As for the matrices, multifrequency DMA tests allowed the
measurement of the activation energy of the glass transition, which appeared not to be af-
fected by the PCM fraction. The peaks related to PCM melting are also affected by the
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Fig. 11 Natural logarithm of the
frequency (ln(ν)) as a function of
1000/T (peaks of tan δ at the
paraffin melting) for the samples
EL-CF and EL-MCx-CF
(x = 20,30,40)

applied frequency, and this is true mostly before than after the peak maximum, when the
melting process is only partially complete. As also the position of this peaks changes with
frequency, an attempt to apply the Arrhenius approach to these peaks was made, but the
strong nonlinearity of the correlation prevented a precise application of the linear regression.
This work contributed to shed light on how the dynamic-mechanical properties of polymers
and laminates are affected by the presence of a PCM and by its phase change, which is
extremely important for composites designed to combine the structural and TES functions.
It also experimented the uncommon use of DMA to study a melting/crystallization phase
change and found noteworthy correlations between DMA and DSC parameters.
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