
Contents lists available at ScienceDirect

Polymer Testing

journal homepage: www.elsevier.com/locate/polytest

Material Properties

Optimization of thermo-mechanical and antibacterial properties of epoxy/
polyethylene glycol/MWCNTs nano-composites using response surface
methodology and investigation thermal cycling fatigue

Mahdi Ashrafia, Ahmad Reza Ghasemib,*, Masood Hamadaniana,c

a Institute of Nanoscience and Nanotechnology, University of Kashan, Kashan, Iran
b Composite and Nanocomposite Research Laboratory, Department of Solid Mechanics, Faculty of Mechanical Engineering, University of Kashan, Kashan, Iran
c Department of Physical Chemistry, Faculty of Chemistry, University of Kashan, Iran

A R T I C L E I N F O

Keywords:
Mechanical/thermal properties
Polymeric nanocomposite
EP/PEG/MWCNTs
Thermal cycle loading
Antibacterial property

A B S T R A C T

This work aimed to develop mechanical/thermal properties of polymer-based nanocomposite in aerospace ap-
plications. Hence, herein nanocomposites were prepared through the direct blending of epoxy (EP) with
Polyethylene glycol (PEG) and multiwalled carbon nanotubes (MWCNTs) as filler. Weight fraction of fillers was
optimized by central composite design (CCD) to get maximum tensile strength and elongation. Interestingly,
cross-section scanning electron microscopy (cross-section SEM) and thermal gravimetric analysis (TGA) ob-
servations revealed that MWCNTs were well dispersed on polymer matrix and thermal stability of EP was
strengthened. The optimized EP/PEG/MWCNTs nanocomposites were tested under 150 thermal cycles and re-
sults were shown elongation 24.83% and tensile strength 17.96% were decreased after 150 cycles. Also, cross-
section SEM images clearly showed that the fractures have increased slightly. In addition, MWCNTs-Ag na-
nostructures were synthesized and EP/PEG/MWCNTs-Ag nanocomposites were prepared for investigation an-
tibacterial activity. Energy dispersive spectroscopy (EDS) mapping images of MWCNTs-Ag were confirmed the
homogeneous and efficient anchoring of silver on the MWCNTs. Results indicate that, Ag nanoparticles can be
enhanced the antibacterial activity of EP/PEG/MWCNTs.

1. Introduction

The employment of polymer-based nanocomposite in aerospace
applications has expressively improved because of their excellent spe-
cific features. Polymeric nanocomposite is a multi-phase material
comprised of polymer matrix and reinforcing nanofiller. Combination
of the reinforcing nanofillers results in nanocomposite material with
synergistic mechanical properties that can't be achieved from either
part alone [1,2]. The launch of any aerospace system into the low earth
and geosynchronous orbits are generally costly. Due to rising fuel
prices, the demand for lightweight materials in the aerospace industry
has increased significantly. Therefore, during the past three decades,
aerospace designers began to replace metal parts with polymeric matrix
nanocomposites (PMNCs), which were innovative and attractive ma-
terials for the aerospace application [3–5]. On the other hand, de-
gradation of thermo-mechanical properties of the PMNCs along the
thermal cycling is the most important effect in space. Weaknesses me-
chanical properties, leads to limits applications of PMNCs in aerospace

industry [6,7].
Epoxy resin is one of the most important thermosetting polymers

[8,9]. It has many applications which are due to their unique properties
such as: high strength and stiffness, resistance to chemicals, good di-
electric behavior, low contraction during curing, corrosion and good
thermal characteristics [10,11]. However, their brittleness, poor re-
sistance to crack propagation and poor wear resistance limit their ap-
plications [12,13]. Recently, researchers have found that addition of
carbon nanotubes (CNTs) can be improved significantly the mechanical,
electrical and thermal properties of EP resin [14–16]. While elongation
decreases by adding CNTs on EP which, to solve this problem, a softener
was added to the EP resin.

Since the early nineties, CNTs have been vigorously attributed as
high potential nanofiller material for polymer [17–19]. Owing to their
significant mechanical, electronic and thermal properties because of
graphite-like structure. These properties have been made it an ideal
nanofiller in nanocomposites [20–23]. CNT can combine the tensile
strength and high modulus. The tensile strength lies between 50 and
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100 GPa and Young modulus ranges from 50 to 1000 GPa. These
properties make nanotube excellent candidate for the next generation
nanocomposite [24]. Because of these properties, CNT is used as na-
nofiller in ceramics, metallic, and polymers [25]. It is of great interest
to use of CNTs as nanofiller in simulation and experimental researches
to reinforce polymers including EP, was well-established.

The polyethylene glycol (PEG), has a non-toxicity and is one of the
water-soluble polymers. PEG with low molecular weight added in dif-
ferent polymer as a softener and it causes an increase the elongation
[26,27]. Silver has the highest antibacterial activities and CNTs have
high aspect ratio, high surface area, high mechanical strength, and high
thermal and electrical conductivities with a low coefficient of thermal
expansion [28–30]. Therefore, the integration of CNTs with silver is
expected to produce nanocomposites with advantage of both. The main
novelty of this work is determined to achieve the best mechanical
properties by simultaneous adding MWCNTs as a nanofiller and PEG as
a softener.

In this research, the effects of MWCNTs as nanofiller and PEG as
softener were simultaneously evaluated on the tensile strength and
elongation of the EP/PEG/MWCNTs nanocomposites. The central
composite design (CCD) combined with response surface methodology
(RSM) was applied to optimize the tensile strength and elongation EP/
PEG/MWCNTs nanocomposite using two different levels of PEG and
MWCNTs (wt%). Also, the optimized samples were examined under
thermal cycles fatigue during different times of the cycle (50, 100 and
150 thermal cycle fatigue) and were investigated by cross-section SEM,
EDS, TGA and x-ray diffraction (XRD). Finally, silver nanoparticles
were deposited on the surface of the MWCNTs to improve the anti-
bacterial properties of the nanocomposite, and the antibacterial activity
of the EP/PEG/MWCNTs-Ag nanocomposite was evaluated and identi-
fied with XRD, SEM and EDS map analyses.

2. Materials and methods

2.1. Materials and characterization

Epoxy resin (KER 828) from KUMHO P&B chemical company
(Korea), PEG-200 purchased from LOTTE chemical company and epoxy
hardener from KUKDO chemical company are provided. AgNO3, hy-
drazine received from Merck company and Industrial multi-walled
carbon nanotubes, grade of KNT-MP (with diameter ~ 9.5 nm, length
~1.5 μm, carbon purity > 90% and BET surface area=250–300 m2/
g) were prepared from Grafen Chemical Industries.

Tensile tests of nanocomposites were carried out by a 20 kN uni-
versal testing machine model TB1The TGA curves of samples were
performed through the utilization of thermal gravimetric analysis (TG-
DTA, BAHR STA 503 model, Germany). XRD patterns of samples were
recorded by a Philips-X'pertpro, X-ray diffractometer using Ni-filtered
Cu Kα radiation. The cross-section and surface SEM images were ex-
posed using a scanning electron microscopy (SEM, model S-4160,
Hitachi, Japan) equipped with energy-dispersive spectroscopy (EDS)
analysis (Peronis 2100, Japan). The EDS mapping images of MWCNTs-
Ag were performed by Energy-dispersive X-ray spectroscopy (EDX) (FE-
SEMs model MIRA III, France).

2.2. Preparation of EP/PEG/MWCNTs nanocomposite, MWCNTs-Ag and
EP/PEG/MWCNTs-Ag nanocomposite

EP/PEG/MWCNTs nanocomposites containing different fraction of
MWCNTs and PEG (wt%) listed in Table 1 were prepared via direct
blending (mechanical mixing) method.

Desired amount of MWCNTs powder and PEG were poured into EP
and stirred at room temperature for 1 h with the aid of a magnetic
stirrer, and then sonicated for 30min. Afterward, hardener was added
to the homogenous blend and stirring for another 5min at room tem-
perature. The prepared blends were then poured into a silicone mold

and were allowed to dry at room temperature for 24 h.
The synthesis of MWCNTs-Ag involved two steps. Firstly, surface of

the MWCNTs were functionalized, as described in the earlier literature
[31]. For this, 50mg of MWCNTs were dispersed into a solution of
sulfuric and nitric acids (with volume ratio 3:1) and stirred for 24 h.
The solution was filtered and washed with de-ionized water several
times and then was dried in a vacuum oven at 40 °C. Secondly, the
functionalized MWCNTs powder were dispersed in deionized water
using an ultrasonic probe sonicator at high frequency. AgNO3 was
added to the MWCNTs suspension (with ratio 0.5:1, 1:1, 1.5:1 and
2:1 wt%) and the solution was vigorously stirred continuously for 12 h.
Minimum amount of hydrazine hydrate was added to this solution
which caused a change in the color of the solution from black to light
brown confirming the synthesis of MWCNTs-Ag nanostructure.

EP/PEG/MWCNTs-Ag nanocomposites were prepared with the same
procedure EP/PEG/MWCNTs nanocomposites.

3. Design of experiment

Response surface methodology (RSM) is a collection of statistical
and mathematical techniques useful to solve multivariate or regression
equations simultaneously by using the measurement data obtained from
the experimental design study [32,33]. Central composite design (CCD)
is subset of RSM which is able to model and optimize related opera-
tional factors of the mechanical properties of nanocomposites and can
specify the possible interaction between them [34,35]. Combined in-
fluence of PEG (wt%) and MWCNTs (wt%) (independent variables) on
the tensile strength and elongation of EP (response) were evaluated.
The range of two independent variables with experimental design and
corresponding response are listed in Table 1.

4. Result and discussion

4.1. Statistical analysis

Based on the experimental results in Table 1, the data were analyzed
by the design expert software. The analysis of variance (ANOVA) table
was used to evaluate the explanatory power of each variable [36]. The
ANOVA for tensile strength and elongation were summarized in Tables

Table 1
Experimental range of independent variables and experimental design with
actual response.

Variable Level code

-α 0 +α

A: PEG (wt%) 5 6.5 8
B: MWCNTs (wt%) 0.1 0.3 0.5

Runs Experimental variables Response

PEG (wt%) MWCNTs (wt%) Tensile strength (MPa) Elongation (%)

1 7.32 4.27 31.59 5.665
2 25.00 2.50 32.26 6.62
3 42.68 0.73 29.2 5.17
4 25.00 2.50 30.67 4.62
5 25.00 2.50 28.55 4.81
6 25.00 5.00 26.12 5.79
7 0.00 2.50 34.43 5.705
8 42.68 4.27 30.46 6.46
9 7.32 0.73 28.55 5.05
10 25.00 2.50 30.17 4.7
11 25.00 2.50 25.72 5.84
12 25.00 0.00 29.53 5.95
13 50.00 2.50 26.17 5.845
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2 and 3, respectively. The model “F value” of 60.43 and 20.41 sug-
gested the model of tensile strength and elongation were significant.
The “lack of fit F value” of 0.40 and 0.61 implied the “lack of fit” of
these models were not significant relative to pure error. Additionally,
the “R-squared” of 0.9236 and 0.9358 of tensile strength and elongation
was in reasonable agreement with the “Adj R-square” of 0.9083 and
0.8899, which suggested the model fits well. The empirical relation-
ships between the response variable and independent variables were
described as follows:

= + − × + ×YTensile strength:  29.49 2.29 A 1.93 B (1)

= + − × − × + × +

+ ×

Y A B AB A

B

Elongation:  4.87 0.19 0.11 0.22 0.67

0.44

2

2 (2)

Where, Y is the response, A corresponds to PEG (wt%) and B corre-
sponds to MWCNTs (wt%).

In order to have a better understanding of the relationship between
the independent variables and the effect of their interactions on tensile
strength and elongation, the three-dimensional (3D) response surface
plots were used and presented in Fig. 1. The effect of MWCNTs and PEG
(wt%) by Eq. (1) using the tensile strength is shown in Fig. 1a. It clearly
shows that tensile strength considerably increased with increasing the
amount of MWCNTs from 0.1 to 0.5 (wt%) when the amount of PEG
was low, while slightly decreased with increasing the amount of PEG
from 5.00 to 8.00 wt% when the amount of MWCNTs was low.

The effect of MWCNTs and PEG (wt%) on elongation is shown in
Fig. 1b. Both factors show the same tendency, where the elongation first
decreased, then increased with increasing MWCNTs and PEG (wt%).
This plot was in agreement with the ANOVA results, where the quad-
ratic terms (Eq. (2)) for MWCNTs and PEG were shown to be significant
and to have positive effects on the elongation.

4.2. Thermal cycle loading fatigue

For optimization purposes, the desired goal for tensile strength and
elongation was chosen to a maximum, along with two independent
variables to be within range. Under the optimized condition tensile
strength and elongation 37.156 (MPa) and 3.632 (%) were obtained,
respectively. After optimization, the optimal specimen over thermal
cycles test consisted of 150 thermal cycles using developed thermal
cycling apparatus was investigated [37]. The temperature range of the
thermal cycle was set tween 0 °C and 80 °C (rate: ~ 9 °C/min). An ex-
ample of a temperature record of the test is given in Fig. 2a.

The stress-strain curves of the nanocomposite under different
number of thermal cycling fatigue are provided in Fig. 2b. It has been
concluded from the results of the stress-strain curves, that the number
of thermal cycles has no significant effect on the Young's modulus and
remains almost constant. While, with increasing number of thermal
cycles elongation, tensile strength and the area under the stress–strain
curve were decreased. However, this decrease is not linear, since the
nature of the thermal cyclic effects on mechanical properties is not
linear. Also, according to Fig. 2c elongation (15.3%, 17.51% and
24.83%) and tensile strength (8.31%, 16.49% and 17.96%) were de-
creased after 50, 100 and 150 thermal cycle loading, respectively.

Table 2
ANOVA for tensile strength of EP/PEG/MWCNTs nanocomposites.

Source Sum of
Squares

df Mean
Square

F Value p-value
Prob > F

Model 71.72 2 35.86 60.43 < 0.0001 significant
A-PEG 41.93 1 41.93 70.67 < 0.0001
B-CNT 29.78 1 29.78 50.19 < 0.0001
Residual 5.93 10 0.59
Lack of Fit 2.24 6 0.37 0.40 0.8457 not significant
Pure Error 3.69 4 0.92
Cor Total 77.65 12

Table 3
ANOVA for elongation of EP/PEG/MWCNTs nanocomposite.

Source Sum of
Squares

df Mean
Square

F Value p-value
Prob > F

Model 4.61 5 0.92 20.41 0.0005 significant
A-PEG 0.30 1 0.30 6.63 0.0367
B-CNT 0.10 1 0.10 2.24 0.1783
AB 0.19 1 0.19 4.14 0.0814
A2 3.12 1 3.12 69.03 < 0.0001
B2 1.38 1 1.38 30.44 0.0009
Residual 0.32 7 0.045
Lack of Fit 0.099 3 0.033 0.61 0.6447 not significant
Pure Error 0.22 4 0.054
Cor Total 4.93 12

Fig. 1. 3D plot interaction of the PEG and MWCNTs (wt%) on tensile strength (a) and elongation (b).
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4.3. TGA analysis

TGA curves of the samples, under an argon atmosphere at a heating
rate of 10 K min−1 are summarized in Fig. 3. The TGA curves of all
samples have two thermal degradation stages: in the first stage, samples
were burnt and in the second stage, the char layer formed at high
temperature were degraded further [38,39]. Pure EP decomposition at
almost 810 °C, while EP/PEG/MWCNTs samples were not completely
degraded at the same temperature. It clearly shows that, thermal sta-
bility of pure EP by blending MWCNTs and PEG were increased. TGA
curve of EP/PEG/MWCNTs after 150-cycle a similar the initial EP/PEG/
MWCNTs, that it was shown that the thermal cycling has no effect on
the thermal stability of the nanocomposite.

4.4. XRD analysis

Fig. 4 shows the XRD patterns of EP/PEG, EP/PEG/MWCNTs,
MWCNTs/Ag and EP/PEG/(MWCNTs/Ag). It can be seen from Fig. 4a
that a wide diffraction was appeared in the XRD pattern of the EP/PEG
from 5 to 30° which is caused by scattering of the cured EP molecules,
revealing its amorphous nature. The diffractogram of EP/PEG/
MWCNTs nanocomposite is very similar to that of the neat EP/PEG and
a slight shifting in peak position at 2θ values was observed. The pre-
sence of characteristic peaks along with shifting of 2θ positions

Fig. 2. An example of a temperature record of the test (a), stress-strain curves of the EP/PEG/MWCNTs nanocomposite (b) and average tensile strength and
elongation after different condition of thermal cycling (c).

Fig. 3. TGA curves of pure EP (a), EP/PEG/MWCNTs (b) and EP/PEG/MWCNTs
after 150 thermal cycling loading.
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indicates better intercalation of MWCNTs by the EP matrix and gives
the evidence of the formation of EP/PEG/MWCNTs nanocomposites
(Fig. 4b) [40]. Diffraction peaks at 38.3°, 44.5°, 64.57° and 77.48° can
be attributed to (111), (200), (220) & (311) reflections of cubic phase of
silver (JCPDS card No. 003–0921) and MWCNTs presence in the sample
are indicated by slight bulge at 22.46° (Fig. 4c) [41]. The XRD pattern
of EP/PEG/MWCNTs-Ag (1:2 wt%) nanocomposite showed lower in-
tensity diffraction peaks than MWCNTs-Ag, which is due to its low
amount of MWCNTs-Ag (Fig. 4d).

4.5. SEM and EDS analysis

A high-resolution SEM image of a selected area in the cross section

reveals MWCNTs were well randomly dispersed and mixed throughout
the polymer matrix. According to the SEM images (Fig. 5a–h), clearly
show that the ratio of fractures and defects slightly increased. Since the
mechanical properties will be dependent upon the presence of defects
[42], which with increasing number of thermal cycles, both the tensile
strength and elongation at break were decreased.

SEM images and EDS spectra of MWCNTs-Ag and EP/PEG/
MWCNTs-Ag are shown in Fig. 6 a-d. As can be observed in Fig. 6a, the
Ag nanoparticles show a high degree of agglomeration and MWCNTs
are densely entangled. SEM image of EP/PEG/MWCNTs-Ag is shown
that the MWCNTs-Ag nanoparticles are randomly and fine dispersed in
matrix. The presence of silver, carbon, oxygen and nitrogen content can
be confirmed by EDS spectra (Fig. 6c and d). By comparing Fig. 6 c with
Fig. 6d carbon and oxygen content increased and nitrogen was ap-
peared but silver content decreased, which are due to the polymer
matrix composites.

EDS mapping images of MWCNTs-Ag hybrid samples for C, O and
Ag elements in the selected area evidently confirmed the homogeneous
and efficient anchoring of silver on the MWCNTs (Fig. 6e).

4.6. Antibacterial activity

The antibacterial activity of samples was determined via disk dif-
fusion method against gram-negative Escherichia coli (E. coli, ATCC
9637). In disc diffusion method, the samples were catted into round
discs (6 mm in diameter) and subjected to the nutrient agar plates
consisted of bacteria cells and then the plates were incubated at 37 °C
for 24 h. The silver free film and gentamicin antibiotic disc (Padtan Teb,
Iran) were placed on the plates as the negative and positive control
discs, respectively. The zone of the inhibition (ZOI) around the discs
were measured to determine the relative antibacterial effect of the
samples [43,44].

The antibacterial activity of pure EP, EP/PEG/MWCNTs and EP/
PEG/MWCNTs-Ag nanocomposite with different concentrations of Ag
have been displayed in Fig. 7. According to Fig. 7a, it can be clearly

Fig. 4. XRD pattern of EP/PEG (a), EP/PEG/MWCNTs (b), MWCNTs-Ag (c) and
EP/PEG/MWCNTs-Ag.

Fig. 5. Cross-section SEM images of EP/PEG/MWCNTs after 0 cycle (a and b), 50 cycle (c and d), 100 cycle (e and f) and 150 thermal cycle loading.

M. Ashrafi, et al. Polymer Testing 78 (2019) 105946

5



Fig. 6. SEM image of MWCNTs-Ag (1:2 wt%) (a), surface SEM image of EP/PEG/MWCNTs-Ag (1:2 wt%) (b), EDS spectra of MWCNTs-Ag (c), EDS spectra of EP/PEG/
MWCNTs-Ag (d) and EDS mapping images of MWCNTs-Ag (e).
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seen that EP/PEG and EP/PEG/MWCNTs have no influence on the
growth of bacterial. However, a clear ZOI around the samples con-
taining Ag nanoparticles can be observed, which has increased with
increasing concentrations of Ag (w/w %) (Fig. 7b). The results in-
dicated that the EP/PEG/MWCNTs nanocomposites containing Ag na-
noparticles held antibacterial property for the presence of silver nano-
particles.

5. Conclusions

In this research, EP/PEG/MWCNTs nanocomposites were prepared
through the direct blending method and weight fractions of PEG and
MWCNTs (wt%) were optimized by CCD to get maximum the tensile
strength and elongation. The silver nanoparticles were deposited on the
surface of the MWCNTs to improve the antibacterial properties of the
nanocomposite aganist E. coli. The ZOI around the samples containing
Ag nanoparticles can be observed, which have increased with in-
creasing concentrations of Ag (wt%).

Cross-section SEM images were showed that with increasing number
of thermal cycling, fractures on the nanocomposite matrix were in-
creased, therefore the tensile strength and elongation of nanocomposite
were decreased. The results obtained of stress-strain curves were found
that the tensile strength (8.31%, 16.49% and 17.96%) and elongation
(15.3%, 17.51% and 24.83%) were decreased after 50, 100 and 150
thermal cycles, respectively, while TGA analysis confirmed that the
thermal stability of EP was remarkably improved in the presence of
MWCNT and it has not changed during thermal cycling.
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