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a b s t r a c t

Polymer-matrix composites (PMC) reinforced with nanofillers are in constant demand in various indus-
trial applications. Among nano reinforcements, carbon nanotubes (CNT), show a unique combination of
physical properties. Often, PMC/CNT composites perform under harsh operating and environmental con-
ditions ranging from aggressive chemical attacks to high temperatures. Material characterization is crit-
ical for correct implementation in multifunctional systems. In this study, we have developed two
Representative Volume Elements based on the formation of agglomeration above 2 wt% percentage of
CNTs. Using finite element analysis (FEA) we studied the mechanical properties of the nanocomposites
as a function of temperature. The viscoelastic properties of different percentages of nanofillers (i.e.,
0.5, 1, 2, 4, 5 wt%) were derived. Experimental validation was performed with the samples containing
the percentages of nanofillers. The samples were tested using Dynamic Mechanical Analysis (DMA)
equipment employing the three-point bending method at a fixed frequency. The data shows that the
nanofillers drastically influenced the storage, loss modulus and loss factor with a small addition of carbon
nanotubes. The viscoelastic properties are presented from temperatures ranging from 40 ℃ to 120 ℃.
Finally, a good agreement between the numerical and experimental approaches was found.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Third International Con-
ference on Aspects of Materials Science and Engineering. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991 by the
scientist Iijima [1], and their first use in polymer composites in
1994 [2], carbon nanotubes, have attracted a large number of
research interests in academia and industry [3–7]. Their remark-
able combination of mechanical, electrical and thermal properties
[8–10] along with excellent physical properties such as large
aspect ratio [11], flexibility, low mass density [12], high strength
and stiffness [13] make CNTs ideal reinforcement candidates for
polymeric nanocomposites. Among polymeric matrices, epoxy
resins are the most common thermosetting resin employed for tai-
loring multifunctional nanocomposites due to their intrinsic high
tensile strength, stiffness, reasonable chemical and corrosion resis-
tance and high adhesion to the embedded fillers [4,9,14,15].

These high-performance nanocomposites have diversified
applications i.e. construction, aerospace, medical, and electronics
[16,17]. Generally, they are exposed to harsh operating and envi-
ronmental conditions ranging from aggressive chemical attacks
to high temperatures [18]. Therefore, from the development point
of view characterizing the nanocomposites is a critical task for a
coherent design of multifunctional systems. For this matter, sev-
eral types of research (i.e. theoretical, experimental, and numeri-
cal) works have been performed to evaluate the final properties
of the nanocomposites and their interaction with the systems
[4,19]. Extensive studies have proved the ability of CNTs to
improve the electrical [20–24], mechanical [25–29], and thermal
properties [30–34]. The electrical and thermal properties follow a
phenomenon called the percolation threshold, where the maxi-
mum conductivities are attained [20]. Mechanical studies have
mostly concentrated on the enhancement in the mechanical prop-
erties (i.e. tensile, young’s modulus, shear, etc.). Theoretically, with
the addition of CNTs the mechanical properties of the matrix are
enhanced, however, some experimental studies have shown an
adverse effect on the final properties. This phenomenon is mainly
attributed to the formation of agglomerates and poor interphase
properties.
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In the same manner, the viscoelasticity behavior of the compos-
ite seems to be affected. In the literature, there are limited studies
regarding the viscoelasticity properties. The studies [35–40] have
investigated the influences of CNTs in the final viscoelastic proper-
ties. For instance, [41] investigated the storage and loss moduli of
various nanocomposites containing carbon nanotubes. The vis-
coelastic properties were investigated at various frequencies. A
simple model was built to predict storage and loss moduli. The
model was found to predict the experimental data at the various
frequency ranges. Similarly, [42] developed a temperature-
dependent model to describe the storage modulus of epoxy com-
posites. [43] generated a semi-analytical model to predict the
behavior of the relaxation properties employing a representative
unit cell using finite element analysis. The model is capable to
describe the viscoelastic properties of polymer composites.

From this brief literature review, it can be said that the majority
of researchers studied the viscoelasticity properties of the
nanocomposite with a frequency domain approach. Temperature-
dependent approaches are not widely studied and understood.
Thus, in this study, we have explored the viscoelasticity properties
(i.e. storage modulus, loss modulus and loss factor) as a function of
temperature. We have developed an RVE model based on finite ele-
ment analysis (FEA) to predict the behavior of epoxy/CNT
nanocomposites. Five models containing 0.5, 1, 2, 4, and 5 wt% of
multiwalled carbon nanotubes (MWCNT) in an epoxy matrix were
simulated using DIGIMAT FE software. Experimental validation
was conducted employing Dynamic Mechanical Analysis equip-
ment. A three-bending point (TBP) method was utilized to charac-
terize the pristine epoxy at a fixed frequency of 1 Hz from
temperatures from 40C to 175C. The same approach was utilized
on the composite samples. The storage, loss modulus and loss fac-
tor were obtained. The numerical modelling data were compared
with the experimental storage results resulting in a good
agreement.
2. Materials and experimental methods.

2.1. Materials and samples preparation

In this study, laminate samples consisting of neat Epoxy and
composite samples of Epoxy matrix reinforced with carbon nan-
otubes were considered. The matrix was a commercial Epoxy EPON
862. The nanofillers were multi-walled carbon nanotubes
(MWCNT) purchased from Applied sciences Inc. MWCNT dimen-
sions range from 100 nm to 200 nm and 30 mm to 100 mm for diam-
eter and length respectively. The samples were fabricated
containing different percentages of MWCNT i.e. 0.5, 1, 2, 4, 5 wt
%. The samples were tested under thermo-mechanical analysis.
2.2. Dynamic mechanical analysis

The thermo-mechanical analysis was performed with a
dynamic mechanic analyser (DMA) TA Instruments Q800. Can-
tilever three-point bending (TPB) mode at a fixed frequency of
1 Hz was utilised Fig. 3. The neat Epoxy sample with dimensions
of 1 mm (length) � 0.0465 mm (width) � 20 mm (thickness)
was exposed to a ramp temperature method ranging from 40 �C
to 175 �C with an increment of 5 �C/min. The samples containing
MWCNT with the same dimensions as the neat sample was
exposed to a ramp temperature method ranging from 40 �C to
120 �C with an increment of 5 �C/min. The storage, loss modulus
and loss factor as a function of temperature were measured.
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2.3. FE simulation of nanocomposite

The nanocomposite simulation was performed in the software
DIGIMAT-FE. The micromechanical model involved a three-
dimensional representative volume element (RVE). The two-
phase RVEs containing Epoxy and randomly distributed MWCNT
of different percentages are shown in Fig. 1. The mechanical prop-
erties of the constituents are summarized in Table 1 [44,45].

RVE dimensions were set to 20 mm (length) � 20 mm
(width) � 20 mm (thickness). The nanofillers were considered as
straight cylindrical shapes. Random generation of CNT was per-
formed with dimensions of 150 nm for the diameter and length
within the limits of 30 mm to 100 mm respectively. Penetration of
nanofillers was allowed. Two different RVE approaches were uti-
lized as shown in Fig. 2. Above 2 wt% the RVE showed in Fig. 2 b)
was investigated. The experimental data obtained from the TBP
of the pristine epoxy of storage modulus as a function of tempera-
ture was utilized to obtain the series function of temperature
dependency of the matrix phase in DIGIMAT-FE. The function
was utilized for all the models and the behavior of the fillers was
obtained through the finite element simulations.
3. Results and discussions.

3.1. Effect of MWCNT on the viscoelastic properties

Fig. 4 depicts the experimental results of storage modulus (E’),
loss modulus (E’’) and loss factor (Tan) of the pristine epoxy resin
and epoxy/CNT composites with the percentages of 0.5, 1 and
2 wt% plotted against temperature. The samples of the pristine
epoxy and nanocomposites show a glass state at temperatures
below 65 �C and a rubber state at temperatures above 75� C. The
data suggests that the glass transition regions occurs between
the temperatures of 65 to 75 �C. However, for the sample contain-
ing 0.5 wt% of MWCNT, the transition seems to be more abrupt,
taking place between 63 and 65 �C. This can be due to the small
percentage of nanofillers and the intrinsic properties of the matrix.

The Fig. 4 a) depicts the storage modulus (E’) of the samples
within temperatures 40 �C to 115 �C. The highest E’ value is seen
in the region of 40 �C to 60 �C, which determines the glass state
region of the samples. The pristine epoxy sample shows a maxi-
mum value of 7000 MPa across the glass state temperatures, then
the transition to the rubber state takes place in a very narrow tem-
perature region. This phenomenon is seen for the samples contain-
ing 0.5 wt%, 1 wt% and 2 wt%. The former adversely showed a
decrement in the maximum attainable storage modulus in the
glass state compared with the neat epoxy sample. This is seen
through the temperature region in the transition state and rubber
state. On the other hand, the composites 1 wt% and 2 wt% showed a
significant effect on the attainable properties. For instance, the
sample containing 1 wt% of MWCNT presented higher values than
the neat epoxy in the glass state and is consistent throughout the
region temperatures. At lower temperature 40C the maximum
storage is attained for Pristine epoxy, the opposite is presented at
higher temperatures the maximum storage is for 2% CNT. This phe-
nomenon is presented as at higher temperatures the physical prop-
erties of the CNT benefits the rather poor properties of the polymer
matrix. The effect is not seeing at high temperatures which one
possible reason is the low percentage of CNT.

The transition state seems to follow a close path with the neat
epoxy. The rubber state starts within the same temperature
regions, however, the storage values for the rubber state are higher
and constant at 700 MPa. Furthermore, the sample containing 2 wt
% of MWCNT showed a slightly higher value just at the beginning
of the glass state. Then the transition takes place at 5 �C degrees



Fig. 1. Generation of RVE with different percentage of MWCNT (a) 0.5 wt%, (b) 1 wt%, (c) 2 wt%, (d) 4 wt%, (e) 5 wt%.

Table 1
Properties of the constituents.

Epoxy EPON 862 MWCNT

Density (g/cm3) 1.21 2.1
Young’s modulus (MPa) 1650 50,000
Poisson’s ratio 0.3 0.261

Fig. 2. RVE mesh within the software Digimat a) matr
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before the pristine epoxy. Also, the rubber state seems to start at
65 �C, where higher values are presented. Comparing the temper-
ature region of the rubber state from 70 �C to 115 �C of the epoxy
sample against the 1 wt% and 2 wt% the storage value incremented
steadily from 350 MPa, 450 MPa to 675 MPa respectively. These
values reach a steady range. The values of loss modulus in Fig. 4
b) for the glass and rubber state are small and mostly remain con-
stant. However, the values on the glass state are larger. The maxi-
ix + MWCNT b) matrix + MWCNT agglomeration.



Fig. 3. Stress-strain experimental data temperature dependent a) epoxy b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%, (e) 4 wt%, (f) 5 wt% (g) comparison.
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mum value for every sample is attained at the limit of the glass
state region, thereafter presenting an abrupt decrement. Fig. 4 c)
portraits a similar phenomenon for the loss factor.
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The numerical values of the temperature-dependent viscoelas-
tic behaviour are presented in Fig. 5. The simulated storage modu-
lus is shown in blue lines and compared with the experimental



Fig. 4. Experimental results 0.5, 1, 2 wt% CNT: (a) storage modulus; (b) loss modulus; (c) loss factor.

Fig. 5. Modelling vs experimental results: (a) 0.5 wt% MWCNT; (b) 1 wt% MWCNT; (c) 2 wt% MWCNT.
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values in orange colour. The numerical models presented in Fig. 5 4
a), b) and c) are capable to predict the behaviour of the samples.
The glass, transition and rubber states are clearly distinguished
with temperatures obtained in the experimental data. In the glass
state, the models do not remain constant as opposed to the exper-
iments, as the temperature transitions in the DIGIMAT software are
more influential in the final value of the storage modulus. For
instance in Fig. 5. a) the maximum value is presented at the tem-
perature of 40 �C, however, the numerical value is higher by
800 MPa. This value seems to reach a steady and close value of
600 MPa compared with the experimental. The same phenom is
presented for the samples 1 wt% and 2 wt% shown in Fig. 5. a)
and b) respectively. The difference in the former is only 500 MPa
of the experimental value. Nevertheless, the value in the edge of
the glass transition presented a difference of 2000 MPa. The mod-
els present a good agreement with the experimental data, showing
the exact abrupt and short transition temperature regions to the
rubber state. In the rubber state, the FEA models are more accurate.
The lowest storage values are found from the temperatures ranging
from 70 �C to 90 �C, clearly showing the beginning of the rubber
state for all samples.

The discrepancy in certain regions in the glass, transition and
rubber state is due to a small percentage of nanofillers the attain-
able properties calculated from the numerical simulations under-
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estimate the intrinsic properties of the carbon nanotubes. Also, at
lower percentage of CNT, the meshing is slightly more inaccurate
product of the DIGIMAT meshing tools. Additionally, the methods
of fabrication, the randomness of distribution and the experimen-
tal procedure (i.e. calibration, manipulation, etc.) affect the accu-
racy of the models. However, this discrepancy seems to be
almost negligible with the sample 2 wt% depicted in Fig. 5 c).
The model is capable to follow almost an identical profile of the
viscoelastic behaviour. One of the reasons is that the higher the
percentage the more influence is portrayed in the numerical
results. The model predicts the highest value in the glass state with
a small difference of 100 MPa. Also, the variance of the storage
modulus value along the glass temperature region is highly pre-
dicted. A small difference is presented in the transition tempera-
ture of 5 �C presenting a discrepancy of 400 MPa. However, the
transition state is well predicted. Similarly, the rubber state from
both data starts close to 75 �C, where the storage modulus reaches
the lowest values and remains constant.

3.2. Effect of MWCNT and agglomerates on the viscoelastic properties

The viscoelastic properties are also affected by the addition of
higher quantities of carbon nanotubes. At a higher percentage of
carbon nanotubes, the formation of agglomerate/agglomeration is
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inevitable. Although these formations can be positive for the elec-
trical properties, the mechanical and especially the viscoelasticity
properties are negatively affected [20]. Thus, in Fig. 6 the experi-
mental results of storage modulus (E’), loss modulus (E’’) and loss
factor (Tan) of the pristine epoxy resin and epoxy/CNT composites
are compared with the percentages of 4 and 5 wt% plotted against
temperature. The experimental data shows an abrupt change in the
temperature regions of the glass, transition and rubber state for the
samples containing a high percentage.

For instance, Fig. 6 a) shows the storage values of the two com-
posite samples. The glass transition region seems to be affected
and the final temperature is delayed to 95 �C compared to 65 �C
of the pristine epoxy sample. This large addition of CNT increments
the region where the highest values are obtained. However, the
5 wt% sample showed a quite small value. The highest is only
5600 MPA compared to the pristine epoxy of 7200 MPa. The tran-
sition region does not follow a quick transition and it is delayed
until 110 �C where the rubber state should begin. The rubber state
for these samples are not clearly represented and do not show the
constant expected values seen in the pristine epoxy and the sam-
ples containing a small percentage of nanofillers i.e. 0.5, 1, and
2 wt%.

The loss modulus (E’’) and loss factor (Tan) are also highly
affected at this stage of nanofiller addition. For instance, Fig. 6 b)
depicting the loss modulus, shows steady and small values in the
glass state and rubber state. As opposed to small addition wherein
these two different regions higher values were found in the glass
state. Also, the highest value is only seen at the peak of the curve
where the glass state finishes are smaller compared with the pris-
tine epoxy. The highest value for 4 wt% and % wt% is only 550 MPa
and 400 MPa compared with almost 1000 MPa of the Pristine
epoxy. A similar phenomenon is seen in Fig. 6 c).

The modelling of the higher percentage of carbon nanotubes
was performed using the RVE depict in Fig. 2 b). In this region,
the agglomerates are simulated as big bundles of CNTs. As the
agglomerates origins, they also create porosity around the nanofil-
lers [20]. This porosity along with the expected porosity from the
composite manufacturing process is taken into account for the
numerical models.

The numerical values for the temperature-dependent properties
are presented in Fig. 7. The models with and without agglomerates
are compared with the experimental values shown in the orange
profile. Fig. 7. a) and Fig. 7. b) shows the behaviour of the models
Fig. 6. Experimental results 4, 5 wt% CNT: (a) stora
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of 4 wt% and 5 wt% respectively. The model with no agglomerates
fails to predict the behaviour of the glass, transition and rubber
state. The small region of glass state and transition state behaves
as the models containing less percentage of CNT. Also, reach a pla-
teau at the rubber state.

The addition of agglomerates as shown in Fig. 2. b) gives the
model a high accuracy. The models with agglomerates are por-
trayed in the green line. For instance, the 4 wt% model for the glass
state region follows the same region limits as the experimental
from 40 �C to 85 �C. The high values are within the region of
7000–800 MPa for experimental and modelling with agglomerates.
The transition state also is highly predicted by the model showing
a slightly more abrupt transition to the rubber state. In this rubber
state, the experimental data does not show constants values shown
in the modelling and the experimental for less percentage of addi-
tives. However, the model is capable of clearly predicting the tem-
peratures of transition of the various states of the sample. Fig. 7. b)
displays a similar effect, where the modelling with no agglomer-
ates poorly predicts the behaviour of the sample. On the contrary,
the addition of agglomerates in the numerical modelling grant a
better performance on the predicted behaviour.

The transition temperatures and regions are clearly predicted
by the model, however, there are small discrepancies between
the maximum storage modulus within these regions. Due to the
nature of agglomerations, and the posterior formation of the poros-
ity around these areas, the discrepancy of the model, at higher per-
centages of additives, augments. These malformations are
unpredictable, in their geometry, ubication and influences. Thus,
more difficult to model. The model can be further developed taking
into account the interphase properties, the non-uniform distribu-
tion of aspect ratios of MWCNT. Also, Different size of RVE could
be investigated to obtain a better understanding of the models
and the capabilities of predicting the properties below and after
the formation of agglomerates.

Also, it seems that the data of experimental and modelling the
variation of storage and loss modulus at higher and lower temper-
atures behave different. In the former temperatures, the storage
and loss modulus seems to not vary and reach a plateau, which
is expect and known as the rubber plateau, where the molecules
and chains of the polymer are stable in this region. On the other
hand, at lower temperatures, where the increment and the reaction
seem to behave more chaotic for all samples. However this is
expected as the steady increment of the temperature starts to alter
ge modulus; (b) loss modulus; (c) loss factor.



Fig. 7. Modelling vs experimental results: (a) 4 wt% MWCNT; (b) 5 wt% MWCNT.

S. Tamayo-Vegas and K. Lafdi Materials Today: Proceedings 57 (2022) 607–614
the molecules and chains of the polymer which until the plateau
varies in several points, where the CNT just alter the attainable
storage and loss modulus.
4. Conclusions

The temperature-dependent mechanical properties of various
CNT/polymer nanocomposites was investigated. Two RVEs models
were developed to predict the behavior of the samples containing
0.5, 1, 2, 4, 5 wt%. of MWCNT. The numerical results were com-
pared with the experimental data obtained from the three-
bending point method using DMA analysis. The first model was
capable to predict the behavior of the samples until the percentage
of 2 wt%. Beyond this percentage the formation of agglomerates
had occurred, thus affecting the behavior of the samples. A second
model was introduced taking into account the agglomeration and
the porosity generated in the manufacturing process and within
CNT bundles. Both RVEs were highly capable to predict the behav-
ior of the samples. The glass, transition and rubber states regions
were clearly calculated in the models. The data suggests that the
maximum storage modulus is obtained in the glass state and
remains constant until the transition limit. The models were cap-
able to predict the glass transition limit. Also, the abrupt transition
region was predicted by the two models, However, with the addi-
tion of 4% and 5 wt% the transition and regions temperatures are
delayed, showing a more slow transition. The rubber state seems
to be the region were the lowest values are found. Comparing
the pristine sample with the 0.5%, 1% and 2% the values seem to
go through a slight increment confirmed in the experimental data.
The samples containing 4 and 5 wt% show a small rubber sate
region where the modelling was only capable to predict the tem-
perature transitions. A future investigation is proposed where the
experimental procedure should be with different oscillation fre-
quencies. Different dimension of RVE will be investigated for the
different frequencies. Finally, the models show good agreement
with the experimental data specially on the transitions tempera-
tures of the various states.
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