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ABSTRACT: The driver for this study is the observation that heating of carbon nanotubes (CNTs) with electromagnetic field can offer
a more efficient and cost-effective alternative in heat transfer for the production of composites. The idea of this study is twofold;
CNT can work as microwave (MW) radiation susceptors and they can act as nanoreinforcements in the final system. To test these
assumptions, a household oven was modified to control the curing schedule. Polymers with different CNT concentrations were pre-
pared (0.5 and 1.0 wt %). The dispersion of the CNTs in the epoxy was achieved using shear-mixing dissolver technique. MW and
conventionally cured specimens were also produced in a convection oven for reference. Thermal and mechanical tests were used as
control point. A curing schedule investigation was further performed to quantify the energy and time-saving capabilities using CNT
and MWs. The presence of CNTs into epoxy matrix has been proven beneficial for the shortening of the curing time. MW-cured
composites showed the same degree of polymerization with the conventionally cured composites in a shorter time period and this
time was reduced as the CNT concentration was increased. A good distribution of the CNT is required to avoid hot spot effects and
local degradation. Mechanical performance was, in some cases, favored by the use of CNT. The benefit from the use of MWs
and CNT could reach at least 40% in terms of energy needed and time without sacrificing mechanical performance. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 129: 2754-2764, 2013
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INTRODUCTION

Advanced polymer composite materials can cover the need for
high performance and light weight in design. This is evident by
the increasing adoption they receive in aeronautic, automotive,
and marine industry applications. However, apart from the
need for performance, energy efficiency during operation,
energy needed during manufacturing, as well as time for pro-
duction are also very important parameters in the general con-
cern for environment and the selection of the manufacturing
processing chain also becomes critical.' The high costs associ-
ated with manufacturing of carbon fiber-reinforced components
in autoclaves have prompted interest in alternative processing
methods, for example the route of out-of-autoclave production
although these methodologies are not capable in achieving very
high fiber volume fraction. In parallel, both for autoclave and
for out-of-autoclave manufacturing techniques
heating techniques are currently explored (e.g., direct heating

alternative

using carbon fibers as heating elements,”® induction heating for
curing of composites*). Alternatively, microwaves (MWs) have
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been proposed for heating and curing to produce polymeric
composite parts. The driver for the application of MW technol-
ogy to composites is the reduced energy needs for the manufac-
turing and the process time owing to increased energy effi-
ciency, the lower investment costs,” and the application scale.!

The principles of MW heating for curing polymers® and compo-
sites”® have been developed and described more than 20 years
ago. More recently, MW has been evaluated in several studies as
an alternative curing method for the production of composite
components on an industrial scale.”® The advantage offered by
MW heating technology is the generation of heat from within
the composite with less power input. Electromagnetic waves are
generated by a source (e.g., magnetron), penetrating the com-
posite system and transferring energy into its volume through
molecular interaction.” This can deliver a direct and more rapid
heating of the laminate, which can enable faster curing cycle
times compared to convection heating ovens using substantially
less energy.'® In an attempt to quantify the benefit from
MWs in production, it has been indicated that cure cycles and
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energy costs could be reduced by as much as possible, 50 and
90%, respectively.' To this end, customization of curing reaction
rates has been proposed as the key parameter for this transfer.'”
Nevertheless, only the past decade developments in MW tech-
nology have made it technically and economically possible to
apply MW curing to composites in an industrial scale’ although
it has been used in other industries for much longer.*"’

Some of the challenges related to MW processing have been
among the reasons for delaying use of MWs in the composites
industry. Among the most important are the nonuniform-
generated heating and the performance of the composites pro-
duced."'* To tackle these issues, the use of fillers as susceptors
in the polymer has been proposed.''” Research in the area of
nanotechnology has delivered various nanofillers that represent
promising additives toward the direction of MW curing.>'>'®
Some studies have reported on the combined use of MWs and
carbon nanofillers (carbon nanofibers'” and carbon nanotubes
[CNTs]'®), thanks to the excellent MW-absorbing properties of
carbon structures.’® In addition to the benefits offered in the
processing of polymers, the incorporation of nanoscale fillers in
the composites can enhance the performance of the composite
system. In several occasions, the use of nanofillers (e.g., CNT)
has been shown to benefit the mechanical,*>*" electrical®* per-
formance, as well as enabling multifunctional performance.”>**

In this study, the interaction of CNT with MW was investigated.
This study deals with the MW curing of epoxy system rein-
forced with multiwall carbon nanotube (MWCNT) at various
concentrations. Two complementary directions are researched:

1. The first direction deals with the comparison of convec-
tion and MW curing of various neat and MWCNT-rein-
forced systems. The comparison is done on the thermal
and mechanical performance of the produced systems.

2. The second direction assesses experimentally the potential
to customize the curing profile using MW curing to maxi-
mize the benefit of the alternative curing technique. This
is done under the view of time and energy consumption
having, as final aim, production parameters.

EXPERIMENTAL

Materials

An aeronautic epoxy (EP) system Araldite LY564/Aradur
HY2954 was chosen as the host-matrix material for this study.
The material was supplied by Huntsman Advanced Materials,
Switzerland. MWCNTs were supplied by ARKEMA, France. The
MWCNTs were produced by catalyzed CVD with purity of 98%
according to the supplier’s instructions. Their diameter ranged
between 10 and 15 nm and their length was >500 nm, resulting
in an aspect ratio of >30. As a common approach, prior to use
the nanotubes were dried in an oven at 60°C overnight to elimi-
nate humidity. MWCNTs were used as received without treat-
ment or functionalization.

Mixture Preparation

To disperse the MWCNTs in the epoxy, a shear-mixing dis-
solver device (VMA Getzmann GmbH, Germany) was used.?
The dissolver introduces high shear forces by creating a vor-
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tex flow in the EP/MWCNT mixture. The vortex flow
achieved by the geometry of the disk leads to continuous
mixing of the compound. The shear forces disentangle the
nanotubes and reduce the agglomerates that tend to form in
such mixtures.

For preparing mixtures with the desired percentage of MWCNT,
a masterbatch approach based on dissolver mixing was
employed.”® A masterbatch mixture containing 4 wt %
MWCNTs was prepared by mixing Part-A of the EP system for
12 h at 1500 rpm rotor speed. The mixture was stirred in a
vacuum container to avoid air inclusion. During processing,
temperature, rotational frequency, energy input, and time are
controlled and recorded for reproducible test conditions. Owing
to the shear forces, the mixture tends to heat up. During proc-
essing, the temperature was controllable and was maintained
around 40°C to control the viscosity of the mixture. Thus, a
better CNT dispersion can be achieved, based on the previous
experience with similar epoxy systems.*>*’

To produce the final mixture with the desired percentage of
MWCNT, stoichiometric quantities of masterbatch and neat
Part-A were mixed for 2 h to dilute the nanofiller concentration
to the required amount. The same processing conditions men-
tioned before were applied here. As a final step, the mixture was
placed in a sonication bath for 30 min to further enhance the
dispersion quality by breaking any remaining agglomerations.
Finally, Part-B of the system was added and mixed by dissolver
for additional 5 min. The final mixture was degassed for
another 5 min and then casted in dog bone-shaped molds for
curing. For convection curing, aluminum molds were used. To
avoid problems related to interaction between MWs and metal
molds, plexiglas molds were produced and used for the MW
curing campaign.

Three material groups were produced; the neat resin, specimens
with 0.5 wt %. MWCNT, and 1 wt % MWCNT contents.

Curing Methods

To cure the resin using MW, a commercially available household
MW oven (750 W, 2.45 GHz) was modified. The MW oven was
connected to a time circuit to control the time intervals between
the activations of the MW source. A CALEX" TL-TI IR pyrom-
eter was used to measure the specimen’s temperature inside the
MW oven. The electromagnetic source of MW oven was acti-
vated for 4 s and then an IR pyrometer measured the surface
temperature of the specimen. If the temperature exceeded a
threshold value related to the curing profile, the oven remained
deactivated until the temperature decreased below the threshold.
Then, the oven was activated for another 4 s and so on. The
oven control was set according to the nominal cure schedule of
the EP system.

Conventional curing (CC) was done in a typical laboratory scale
convection oven controlled by a Yumo PID controller with ac-
curacy of 2°C. Specimens were cured at 80°C for 1 h followed
by a postcure at 140°C for 8 h, according to the resin supplier.

The consumed energy for each curing method was measured
with a typical wattmeter and power calculator with accuracy of
0.01 KWh.
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Testing and Characterization Procedures

Differential Scanning Calorimetry (DSC) tests were performed
on a DuPont Differential Scanning Calorimeter 910. Rectangular
samples were cut and polished on one side and were then
encapsulated in aluminum pans. In the tests, samples of 5-10
mg were heated from room temperature at a rate of 5°C/min
up to 400°C for uncured mixtures and 250°C for cured samples.
The test was performed under a nitrogen atmosphere. The tem-
perature and heat flow scales were calibrated using the melting
of high-purity indium samples before testing.

Performance assessment was carried out based on the mechani-
cal response of the produced specimens under tension. Speci-
mens were tested according to ASTM D638. Specimens of Type
IV were prepared having a thickness of 4 mm. An Instron 8872
servo-hydraulic press fitted with a 25-kN capacity load cell was
used to conduct the tensile test. Crosshead speed was set at 0.8
mm/min. Stain was measured with an Instron laser video exten-
someter. Elastic modulus, failure stress, strain to failure, and
Poisson’s ratio were automatically calculated by the measure-
ment software suite. For each set of materials, a set of five
specimens were tested.

For assessing the dispersion of CNT and the morphology of
fracture surface, scanning electron microscopy (SEM) was used.
A LEO SUPRA 35VP SEM at various levels of magnification
was employed.

RESULTS AND DISCUSSION

Mixture Preparation and MW Curing

Preparation of the nanoreinforced epoxy mixtures using the
shear mixing dissolver technique is a rather well-documented
approach.”>**** However, the final dispersion in the cured poly-
mer is affected by various parameters such as processing, curing
kinetics, viscosity, and others. Thus, the effect of MW curing on
these parameters is very important for developing nanorein-
forced composite systems. These parameters for curing fibrous
composites under MWs have been described by Lee and
Springer,” taking into consideration the MW interaction with
the fibers.?

MW curing of nanocomposites is a less explored field compared
to fibrous composites and to CC. The principle concept behind
MW heating and, consequently, curing of polymer systems is the
dielectric displacement or polarization of various charges in the
material. When a material with dipoles is exposed to an electric
field, the material is polarized.*®® Materials dielectric properties
and the frequency and power of the applied alternating electric
field control whether the material will absorb MW energy and
heat up or not. The difference between the materials developed
in this study is dependent only on the dielectric loss of the mate-
rials.”” Coupling of MW energy to the polymer specimens is
achieved by interactions between the sustained electric field in
the MW applicator and the dipoles contained in the polymer. It
is believed that the nanoscale reinforcement (in this case CNT)
can enhance this interaction. Although several theories have
been proposed,”®* the exact mechanism of CNT interaction
with MW is still not well described or understood.
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During curing of the neat epoxy resin, it was observed that as
the reaction progressed the effect of MW heat transfer was
decreasing.” It was noted that some regions of the material
remained soft and malleable. This is related to the number of
available free functional groups to interact with MW.>'* From
the material point of view, this is expressed by the dielectric
loss factor. Initially, the liquid resin couples well with MWs.
The uncured resin exhibits much higher dielectric loss factor
than the cured polymer."? As crosslinking proceeds, the dielec-
tric loss decreases because changes in the resin viscosity affect
the ability of dipoles to orient in the electric field.” This is in
accordance with the fact that cured plastics do not interact with
MWs.® This is the reason that at the final stages of the curing
process, the mass of the resin was not heated by the MW.
Therefore, curing is believed to have been achieved by residual-
inertial heat within the material.

CNT-reinforced polymers did not exhibit such a behavior.
CNTs interact with MW, then providing the necessary thermal
energy for curing. In this case, the heat energy sources that are
activated by MW are homogeneously distributed within the
volume of the material and produce ideally an almost homoge-
neous temperature field. At the same time, the presence of
CNTs within the mass of the epoxy resin increases substantially
the heat transfer confident of the resin, thus facilitating the real-
ization of a homogeneous temperature field.

Interestingly, MW curing of nano-reinforced polymers exhibited
hot spots as has been observed by Fotiou et al.”*® During the ini-
tial stages of the development of the MW curing setup, different
areas of the specimens were overheated, leading to local degra-
dation and char formation. Even after the final selection of the
MW oven control parameters, there were occasions where the
polymer had formed bubbles at certain spots of the surface,
indicating a very high local increase of temperature. This can be
attributed to two possible inter-related mechanisms; the first
one is the nonoptimized MW source generating a nonuniform
heating field and the second one is the nonoptimum dispersion
of CNT within the polymer. The former one has already been
identified as one of the challenging issues of MW technology
for curing of composite. The MW source used in this study was
a simple magnetron modified from a household MW oven. This
is investigated further and analyzed using DSC measurements
(next paragraph). The later one has been in the discussion of
research scientists as the development of the first nanopolymers.
As it happens with other physical properties of nano-reinforced
polymers, a uniform dispersion of nanofillers is expected to
have beneficial effects of MW curing. A good CNT dispersion
supplies a homogeneous percolating network. This can provide
increased energy transfer and homogeneous heating from within
the polymer working like a mesh throughout the polymer. This
can result in an organized network of polymer chains, resulting
in stiffer mechanical response. However, achieving such an
ideally homogeneous dispersion is not always easy or possible.
At nanofiller loadings, larger than the percolation threshold,
agglomerations cannot be avoided. For the material system
used, it has been shown in the previous study that the percola-
tion threshold is close to 0.1 wt %.%* At 0.5 and 1 wt % investi-
gated in this study, the existence of agglomerations cannot be
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avoided. A commonly observed dispersion result is a continuous
network of individual CNTs that bridge the intermediate vol-
ume in between formed agglomerates. Large agglomerates are
expected to cause high temperature around them. Owing to
their high thermal conductivity, the whole agglomerate is
believed to be heated reaching temperatures high enough for
the system to polymerize around the agglomerates. Owing to
the high concentration of CNT in agglomerates, higher amounts
of energy are absorbed and thus temperature may rise higher,
leading to a local increase of the reaction rates, leading to resin
bubbles or burnt/degraded areas.

An important point to verify in MW heating processes is the
effective heat transfer mechanism to reach cure. Ideally, the use
of MWs for heating targets homogeneous volumetric heating of
the composite from within. However, there are two phenomena
that may suppress the effectiveness of this process. The first is
the fact that the incident high-frequency radiation penetrates up
to a finite depth in the composite and the second the fact that
radiation may be reflected at the surface of the composite.

Regarding the penetration depth, the electric field penetrating a
conductor drops exponentially with increasing depth into the
conductor. For the materials studied, the skin depth depends on
the conductivity of the materials. It is given by the following
equation’":

1
5:\/W (1)

where u is magnetic permeability = p, w, and u, = relative
magnetic permeability [—], uy = 47 % 1077 (H/m), and o is
electrical conductivity (S/m). The relative magnetic permeability
is nearly 1 for composites. In essence, this means that the higher
the conductivity of the material, the thinner the skin. The elec-
trical conductivity of the nano-doped systems is in the range of
10 *-10> S/m according to the previous studies with the same
MWCNT batch and dispersion routes.”> According to eq. (1),
these materials are expected to have a penetration depth
between 0.3 and 1.0 m. This means that effective volumetric
heating is possible using MWs at the respective frequency. Liter-
ature works have reported a range of values for several related
materials: between 30 and 73 c¢m for neat epoxies; 0.5-2.2 cm
for prepreg carbon fiber layers.**>*’

The reflective capability of materials can be assessed using
shielding effectiveness means. For reflection of the radiation by
the shield, the shield must have mobile charge carriers which
interact with the electromagnetic fields.”" As a result, the shield
tends to be electrically conducting although a high conductivity
is not required. However, electrical conductivity is not the sci-
entific criterion for shielding. Therefore, even low levels of CNT
loading may be sufficient to reflect incident EM waves. In EM
shielding studies, though, it has been shown that to reach high
reflectivity levels (above, e.g., 50%) concentrations above 4 wt
% are needed.’® At the concentration levels studied in this study
(below 1%), a dramatic change in the reflectivity of the material
is not expected. Therefore, it is believed that the reflectivity of
all the studied materials is in the same performance range.
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Both described mechanisms are effective in the MW curing
process studied, to a different extent each. These mechanisms
control the heating mechanism and change it from a volumetric
to surface heating, based on the previously reported
observations.”*

Differential Scanning Calorimetry

In this part of the study, the achieved curing of the developed
material groups using thermal analysis DSC was evaluated. DSC
measurements are used for investigating the cure kinetics associ-
ated with MC and determine the glass transition temperature
(Ty) of the cured polymers. Figure 1(a) shows the recorded heat
flow in temperature scan mode for uncured and MW-cured
(MWC) nanopolymers having different CNT contents. T, of
each material group was derived from these curves. Values of
characteristic thermal measures from DSC are listed in Table 1.

The addition of CNT in the epoxy resin has an effect on the en-
thalpy of reaction. The increase of the amount of CNT con-
cludes to an increase in the required energy for curing. Based
on the DSC curves, it is seen that the exothermic peaks occur
between 120 and 130°C, with an increasing trend with the addi-
tion of CNT.

The T, of the MWC systems showed a rather large deviation.
The neat system exhibited the highest T, among the polymer
groups. The trend observed was that the higher the CNT con-
tent the lower the achieved T,. This is contradicting the initial
assumption and the expected result. It is believed that the
exhibited behavior could be to, some extent, attributed to the
nonoptimal dispersion of the CNT into the epoxy matrix, and
the presence of an important amount of agglomerates into the
nanocomposite system. The presence of agglomerations leaves
large free space within the polymer chain network. This allows
the polymer chain sections to vibrate and move under the ther-
mal input from the DSC.

Based on the reported results from other studies, it is still
unclear how the T, of the cured systems is affected by MW
induced curing. It would be expected, as it has been claimed by
Saccone et al.,'” that the high-energy input and the path the
energy transfer follows could affect the polymerization process-
ing, creating a more compact three-dimensional polymer chain
network with lower free volume. This would result in a higher
T,. This was not observed in this study. Thus, it is believed that
to achieve a more compact and dense network, a very well-dis-
tributed network of CNT is required.

Stanculovic and Feher'' presented the idea that high-power
MW heating not only reduces the curing time and increases the
rate of reaction, but also reduces the percentage of curing and
crosslinking density for plain polymers. To address this, the use
of micro/nanosusceptors was proposed there. The dispersion,
though is very important, and CNT agglomerations may create
localized hot spots because of MW irradiation. This could well
cross the decomposition temperature of the composites as it
drastically reduces the thermal and mechanical properties. This
is also described by Rangari et al.'® where T, was negatively
affected.
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Figure 1. DSC heat flow in temperature scan: (a) uncured and MWC nanocomposite polymers (b) indication of nonuniform MW curing of epoxy/1.0%
MWCNT. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1(b) shows two DSC curves corresponding to different
locations of the same tensile specimen of EP/MWCNT at 1 wt
% cured using MWs. The difference in their thermal response is
evident. Both curves show the same behavior up to ~ 100°C.
The difference between the two curves is expressed between 100
and 180°C. Above 180°C, the profile is nearly the same as deg-
radation and decomposition of the material is initiated. At
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100°C, the central location expresses a more intense exothermic,
whereas the sample from the edge of the specimen gives an
endothermic, indicating the T, Similar thermal behavior was
reported by Zhou and Hawley.'> In our case, this difference is
attributed to the relative position of the two spots to the MW
source and the nonuniform field produced by the source. As
the early attempts to develop MW heating and ultimately
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Table I. Characteristic Thermal Values for MW-Cured Composites Based
on DSC Curves®

Neat 0.5% 1.0%
Onset temperature (°C) 87.15 82.88 87.60
Peak temperature (°C) 124.97 126.30 129.62
Enthalpy of reaction (J/g) 304.0 327.7 332.7
Tq (°C) 148.64 132.14 118.30

polymer curing systems, a major problem was the nonuniform
thermal field induced within the material.'> This was also noted
in the development phase of this work’s setup.”® Contrary to
other MW curing systems with more sophisticated arrangement
of sources, here only one MW source was used.

Mechanical Performance of MWC Nanocomposite Polymers
The mechanical performance of the materials was evaluated
through tensile tests. Typical tensile test curves for the
conventionally cured and MWC nanocomposites are shown in
Figure 2(a,b).

All material groups exhibit a nonlinear viscoelastic response as
expressed through the slight curvature deviating from the linear
response. Extensive yielding was not observed prior to fracture.
From the recorded experimental data of each curve, three pa-
rameters were extracted; the Young’s Modulus (taking into con-
sideration the initial part of the stress—strain curve from 0 to
0.2% strain), the Strain to Failure and the Stress to Failure. All
the values, both for CC and MWC, are listed in Table II. The
mean values and standard deviation of the gathered data are
presented. The results for the MWC nanocomposites are also
compared against the results obtained from conventionally
cured nanocomposites.

For the MWC specimens, the incorporation of CNT gives a
consistent trend toward stiffer and more brittle behavior. This
holds true also for the CC specimens. The findings are consist-
ent between the two material groups for the CNT loadings stud-
ied. The Young’s modulus increases with the addition of nano-
fillers, resulting in a stiffer system. The stress and strain to
failure followed a decreasing trend with the increase of nanofil-
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ler content. This stiffening behavior is characteristic of nano-
reinforced polymer systems.

Specific interest exists in comparing MWC specimens with CC
specimens in terms of achieved performance change, as this
would provide experimental evidence for MW curing. Although
MWC and CC show comparable or increased stiffness, increased
stress and strain to failure, there are changes owing to the
curing method. More specifically, based on the experimental
results, there is evidence of increased performance in favor of
MW curing as the Young’s modulus, the Stress to Failure and
Strain to Failure exhibit compared or increased performance
around 4-5, 7-10, and 7-10% respectively. Comparable conclu-
sions were reported in the case of modified polymers® and
glass fiber composites.”® Similarly, Yarlagadda and Hsu’” have
noticed an improvement of the flexural strength of the samples’
MWC specimens, verifying the reported results of this study.
This can be related to the different triggerings of the polymer-
ization process. This could result in a different network of
crosslinked polymer chains."> Thermal results did not show
such an enhancement; however, the underlying triggering mech-
anisms for each test are not the same.

SEM Examination

SEM was used to evaluate the microstructure of the polymer,
to evaluate the dispersion of the CNT into the matrix, and
to investigate the fracture surface of the polymers. Effective
dispersion of nanoparticles is a major challenge for the
advancement of polymer nanocomposite.®® As the previous
studies have shown, the dispersion of nanofillers in a host
polymer can be seriously affected by the variation of parame-
ters during curing (e.g., the viscosity change).’>*° The final
dispersion can serve as an index of the curing thermal
history of the polymer. The evaluation targeted the search for
difference between the final nanofiller dispersion in the
MWC and the conventionally cured specimens. Figure 3
shows SEM micrographs from the fracture surface of the
nano-reinforced systems.

No voids were observed in the polymer, indicating that no voids
were generated in the matrix during the curing process as a
result of curing reaction. CNTs are present, as expected, both in
agglomerated and in individually dispersed form. This is a
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Figure 2. Mechanical performance: tensile test curves of (a) convection cured polymers (b) MW heating cured polymers.
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Table II. Experimental Values for the Mechanical Properties of the Various Material Systems®

Neat resin 0.5 wt % MWCNT 1.0 wt % MWCNT
cC MWC cC MWC CcC MWC
Young's modulus (GPa) 2.50 = 0.07 249 + 011 2.78 + 0.10 283 +0.13 277 +0.10 291 + 0.08
Stress to failure (MPa) 704 +19 73321 63.3 24 68.1 22 545+ 32 59.8 + 3.0
Strain to failure (%) 4.54 + 0.55 5.09 = 0.63 3.72 + 0.37 3.62 + 042 2.00 £ 0.31 217 +0.38

2CC, convection curing; MWC, microwave curing.

rather common phenomenon in nanopolymers at this level of
nanofiller loading. Furthermore, good wetting of the CNT is
evident. Even at agglomerated state, the resin infused the nano-
tubes creating a continuous material. This is also verified by the
mechanical behavior analyzed earlier. Lack of continuum would
result in stress concentration and premature failure.

As a general observation, CC specimens showed larger agglom-
erates compared to the MWC specimens. Linear cracks are
evident in both specimens. MWC specimens showed clearer
fracture lines. No major differences can be seen from the SEM
micrographs. From the observations, there is no significant evi-
dence to suggest that agglomerates acted as stress concentrations
to decrease the load-bearing capability of the system. The
increase in the CNT concentration pushed the system to a more
brittle macroscopic failure.

In the study of Rangari et al.'® SEM observations showed that
the MWC CNT-reinforced epoxy made the materials more duc-
tile, a behavior attributed to the reduction of the percentage of
cure and crosslinking density owing to the high-power MW
curing. Welding phenomena were described to explain the
change to a more ductile behavior although initially they were
described to be applicable only to thermoplastics. No such
effects were observed in this study.

Energy Consumption Assessment

The use of MW for curing is foreseen to provide great power-
saving capabilities in manufacturing owing to better efficiency
in heat transfer especially with the presence of CNT within the
polymer.

To provide a quantitative measure of this capability, the energy
consumption was measured during both the curing processes.
Table IIT summarizes the gathered results for energy consump-
tion for the two methods. It also includes data for all material
groups developed to investigate the effect of the CNT presence
in the material.

The energy consumption is nearly the same for all the CC. As a
matter of fact, the addition of CNT is not expected to affect the
CC system to such an extent. Convection heating has to transfer
heat inside of the material by conduction, and hence first it
must consume energy for the heating of the interior of the oven
and then for the heating of the composite material. The total
mass of the polymer is relatively small compared to the total
mass of the metallic parts to be heated. As summarized in Table
I, convection curing utilizes about four times more energy
than the MW curing method. The beneficial characteristics of
MC with respect to time and consequently energy have been
investigated in the previously published studies."””” However,
from this study, it cannot be conclusive as it should be noted
that the size of the oven can accommodate more specimens for
curing, which would result in a higher efficiency for the CC
method, in terms of final cured mass.

Nevertheless, it is interesting to note the trend exhibited for
MW curing. It is seen that energy consumption using MC for
the neat epoxy system is higher than for the nanomodified sys-
tem. This difference is reaching 40-50%. Reported results in the
literature have shown that MW heating is significantly more
energy efficient compared to the conventional convection heat-

ing.'”*" As explained earlier, this is attributed to lower dielectric

Figure 3. Fracture surface morphology of sample with 0.5 wt % CNTs content: (a) convection curing, (b) MW curing.
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Table III. Energy Consumption of MW and CC Method for Specimens
with 1 and 0.5% CNTs per Weight

Energy consumption

(KWh)
MW Curing CcC
Specimens without CNT 1.47 4.60
Specimens with 0.5% CNT 0.95 4.60
Specimens with 1.0% CNT 0.91 4.61

loss factor the cured polymer has. This meant that the efficiency
of heat transfer through MWs decreased in the neat polymer as
curing progressed and thus absorbing lower and lower amounts
of energy for curing. This is the point where CNTs are believed
to have contributed further. The addition of CNTs shows a
reduction of energy consumption. The increase of CNT concen-
tration from 0.5 to 1% resulted in a decrease of energy needed
for the curing of nanopolymers from 0.95 to 0.91 kWh (nearly
4%). This shows a consistent direction toward the decrease of
energy consumption.

The thermal properties (i.e., thermal conductivity and thermal
capacity) of the mixtures play a very important role in the MW
curing process. As the energy input to the mixture through the
MW interaction with the CNT is very intense and higher than
for the neat system, the temperature of the material increased
rapidly. Thermal conductivity is not much changed by the addi-
tion of CNTs at these levels of concentration. Thus, the heat
transfer is rather slow and the temperature remains high.

In the view of the above given information, analyzing the con-
trol of MW irradiation can provide some answers to these
changes. As described by Wang et al,'” intense heat can be
released by MW radiation of CNTs. Temperature can reach up
to 2000°C in continuous irradiation.*' To control the heat
release, the MW source is activated in a pulsed manner accord-
ing to the control parameters. The duration of the pulse in this
study was 4 s. To proceed to the next activation period, the
controller reads the surface temperature of the resin. If the poly-
mer is above a certain level, it does not activate the source. If
the temperature is below the control point, the source is acti-
vated for the next 4 s, and so on.

MW Curing Cycle Investigation

In the previous part of the study, the nominal curing cycle pro-
vided by the resin supplier was followed for both CC and
MWC. However, having a very long curing schedule for MW

Table IV. Durations Investigated for MW Curing Cycle Optimization
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Figure 4. Measured energy consumption for the various MW curing
schedules tested.

may mean a lot of wasted energy as explained previously. It
may even create thermal cycling issues. Thus, it is obvious that
the curing schedule is far away from optimum for use in MW
and shorter curing durations could be implemented. The similar
short curing cycles have been proposed by following a rather ad
hoc approach.'® In this approach, MW curing was allowed for
10 min compared to a total of 8 h with convection curing.

It is an initial attempt to investigate the potential to customize
the curing cycle for MC use. Different curing schedules involv-
ing both curing and postcuring steps as the nominal one are
investigated for MW curing. For defining the curing schedule
scenarios, the approach is to allow MW curing for a percentage
of the nominal schedule. This percentage is applied to each step
of the schedule. Five different curing cycles were investigated
corresponding to 20% incremental decrease of the nominal
durations. A summary of the tested cycles is presented in Table
IV. The consumed energy along with mechanical and DSC test
is used as a factor to evaluate the produced materials.

Figure 4 shows the values of energy consumption for MWC of
nano-reinforced polymers for the different percentages of the
nominal cure schedule. It can be seen that although starting at
the same point and overlapping at 40%, the consumed energy
for the 1 wt % CNT-loaded polymers is slightly lower than that
of 0.5 wt % group. This may indicate increased efficiency of the
process, which results in a nonlinear dependence of the energy
to the duration (i.e., longer duration would need lower energy).
As it is expected, the increased duration of MWC would result
in an increase of the consumed energy.

MW curing schedule investigation

Nominal curing schedule

% of Curing schedule duration

100% (Nominal) 80%
Cure 1:00’ at 80°C 0:48' at 80°C
Postcure 8:00" at 140°C 6:24'at 140°C

60%
0:36’ at 80°C
4:44" at 140°C

40%
0:24" at 80°C
3:16’ at 140°C

20%
0:12’ at 80°C
1:36’ at 140°C
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Figure 5. Properties of MWC systems as a function of the curing cycle duration: (a) Young’s modulus, (b) strain to failure, (c) strain to failure, (d) T,
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5 shows the experimental results for the various curing
schedules: Young’s modulus, strain to failure, stress to failure,
and T,. The starting point of each figure is the nominal dura-
tion (100%).

The behaviors exhibited are, in general, consistent for both
CNT concentrations. A general trend can be noticed in the
results; as the duration reaches the nominal one, the properties
“converge” to their final value. The change of properties for
durations more than 60% is relatively small (=3%). The prop-
erties reach a plateau. The Young’s modulus decreases as the
curing time is reduced. However, the values are already high
enough for a polymer system. Only in the case of 20% of the
nominal curing cycle, the difference is considerable. A similar
behavior is seen for the strain to failure, following an increase
at shorter durations. The T, exhibits the largest changes. As the
duration decreases, the T, drops constantly, reaching a 20°C
maximum difference compared to the nominal value at 100%
curing. These observations can provide support to claim that
using a curing schedule having 60% duration of the nominal
one can deliver polymers with equally good performance as the
nominal ones. This means that an energy saving of 40% can be
achieved, in addition to CC methods. It is believed that as the
duration shortens, the material is less crosslinked. This leads to
the decrease of the materials’ stiffness and the increase in strain
it can reach until failure.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39003

WILEYONLINELIBRARY.COM/APP

CONCLUSIONS

MWs have been proposed as a promising way for developing
advanced composite structures with less energy and superior
properties. This is based on the observation that heating with
electromagnetic field offers a more cost-effective alternative in
the production of composite materials than the conventionally
used heating techniques (i.e., convection ovens).

To address the issues holding back the extensive use of MW in
composites manufacturing, the use of CNT was proposed and
investigated in this study. The target is twofold; CNT can work
as energy susceptors and in addition they can act as nanorein-
forcements for increased performance (e.g., enhanced properties).

The first part of this study, which investigated the use of CNT
for enhancement of curing using MWs showed that:

® The addition of CNT in the polymer can result in a more
efficient energy transfer using MWs while maintaining the
mechanical performance of the material. This was indicated
by the lower energy consumption for curing the same
amount of material.

e The mechanical behavior of the CNT-reinforced polymers
did not change dramatically with the use of MW. Neverthe-
less, a 5-10% change in performance was observed in the
respective tensile measures (Young’s modulus, stress to fail-
ure, and strain to failure) when compared with CC.
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® The use of CNT for MW curing showed to be dependent
on the effective dispersion of CNT. Agglomerations have
created thermal spots and the resin degraded locally.
Achieving a homogeneous distribution of nanofillers can
support the application of MW heating systems for the pro-
duction of advanced composite structures.

Based on the more efficient transfer of energy for heating and curing
of the polymers, the possibility to customize the curing cycle for
MWC was assessed. The duration of curing and postcuring steps
was fractionally changed based on the nominal curing schedule.
From the energy assessment part, it can be conclude that:

® The energy saving was quantified to be at least 40%. This is
owing to the reduction of curing time that can be reached
while attaining a qualifying level of mechanical perform-
ance. These findings could have great impact on the cost
efficiency of composite manufacturing processes.

e Small changes in performance were observed even for very
short curing durations (e.g., 20%). Mechanical properties
showed deviations with curing durations; nevertheless, the
values are already acceptable for use of the polymers as
structural matrices.

® The T, of the materials exhibited the greatest dependence on
curing duration. The values showed a nearly asymptotic
approach as the curing duration reached the nominal schedule.

It is believed that these findings are very important for process-
ing and manufacturing of advanced composites. Considering
the time and energy saving that can be achieved for production
processes, higher production rates can be reached while attain-
ing high performance. Furthermore, the addition of CNTs into
the composite materials can make MW curing method applica-
ble to more categories of composite materials, such as the ones
with not interfering with electromagnetic fields, for example
polymers reinforced with aramid or glass fibers. Further investi-
gation, however, is required in understanding the polymeriza-
tion process under MW energy input and the evolution of phys-
ical properties during this process.
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