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Flexural and thermomechanical properties of the epoxy-based carbon fiber composites (CFCs) on addition of

single and binary nanopatrticles (nanoclay and graphene) have been investigated. It was found that nanoclay

acts more effectively in increasing the stiffness of the CFCs, whereas graphene is more effective in achieving
higher strength. Nanoclay-added samples exhibited highest flexural (64.5 GPa) and storage (25.3 GPa) modulus
among all types. Graphene-added samples showed highest improvement (by 21%) in flexural strength and

exhibited most stable thermomechanical properties with highest energy dissipation capability (3.1 GPa loss

modulus) in flexural test and dynamic mechanical analysis (DMA), respectively. By contrast, addition of binary

nanoparticles reduced the stiffness and significantly increased the strain to failure (42%) of the composites.
Optical microscopy and scanning electron microscopy indicated that addition of nanoparticles significantly
reduced delamination and matrix cracking of the CFCs because of strong interfacial bonding and toughened

matrix, respectively.

Fiber-reinforced polymer composites (FRPCs) are used in
aerospace, automotive, and sports industries because of their
high specific strength and stiffness, combined with design
flexibility and light weight [1, 2]. Among various reinforcing
fibers, carbon fibers (CFs) are extensively attractive in these
industries because of their superior specific strength and
stiffness, low density and reasonable cost [3, 4]. However, the
behavior of FRPCs are highly dependent and controlled by the
properties of their constituent parts [5]. Also, the performance
of FRPCs under different loading conditions (i.e., axial, trans-
verse, impact, and torsional) and thermal stability at elevated
temperatures are very critical for reliable applications. Among
these FRPCs, the use of carbon fiber composites (CFCs) is
further limited because of factors such as low transverse load-
bearing capacity, poor resistance to crack propagation, and
delamination [6, 7]. In recent years, researchers have used
various methods to enhance these mechanical and thermal

properties of CFCs. Among them, addition of nanoparticles has
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been proven to be the most promising method to tailor the
overall mechanical and thermal performance of CFCs [8, 9, 10].

Addition of functionalized nanoparticles in CFCs has been
reported to significantly increase the fiber-matrix interfacial
bonding [11, 12, 13]. FRPCs without any nano-reinforcement
show mechanical performance only in one direction (in the
direction of fiber), and that in the transverse direction are
weaker because of poor interfacial bonding between the fiber
and matrix. Existence of nanoscale particles, along with
continuous fibers, oriented in different directions in the matrix
provides FRPCs both in-plane (i.e., x and y direction) and out-
of-plane (z direction) performance [14, 15, 16, 17]. For these
reasons, addition of very small amounts of nanofiller signifi-
cantly contributes to enhance engineering performance of
FRPCs [18].

Among the nanofillers, montmorillonites nanoclay (MMT)
was widely used because of ease in dispersion besides low cost
and effective reinforcement properties [19, 20, 21]. Zhou et al.
[22]. reported increased tensile strength (5%) and modulus
(2%) by adding 2% MMT (unmodified) in CFCs. Chowdhury
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et al. [23]. also found improved flexural and thermomechanical
properties at 2 wt% nanoclay loading. Improvement in these
properties was attributed to better fiber-matrix interaction and
improved interfacial bonding achieved through the incorpora-
tion of MMT nanoparticles.

Another most prominent nanofiller is graphene nano
platelets (GnPs) which are the strongest materials ever tested
in the world [24]. GnPs are graphene layers stacked together in
a platelet morphology. The ultrahigh aspect ratio of GnPs
[600-10,000] increases the contact area with matrix and max-
imizes stress transfer from polymer to nanofiller [25]. However,
dispersion of GnPs in the polymer matrix is very challenging
because of strong Van der Waals forces and strong m-m
interactions between platelets that tend to reagglomerate them
even after dispersion [26, 27]. Significant research has been
carried out to investigate the properties of epoxy-GnPs
composites; however, the effect of GnPs on the mechanical
and thermomechanical properties of fiber-reinforced compo-
sites is not well studied, and to the best of our knowledge the
data available in the open literature are very scarce [28, 29, 30].

Also in recent years, researchers are investigating the effect of
binary nanoparticles ie., MWCNT with GnPs, CNTs with carbon
black, and graphene oxide with CNTs [31, 32, 33, 34]. Most of these
studies reported reduction in mechanical and thermal properties
over the neat counterpart. The reduction in these properties due to
addition of binary nanoparticles was attributed to the difficulty in
achieving uniform dispersion and rise in viscosity of polymer.

The aim of this study was therefore to perform a compre-
hensive investigation of CFCs’ transverse mechanical and
viscoelastic properties by reinforcing (i) MMT, (ii) GnPs, and
(iii) both MMT and GnPs (binary) nanoparticles. Most of the
literature reported best performance for 2% MMT, and the
same percentage of MMT has been used for the study. For
GnPs, minimum percentage was considered to be studied and
0.1% was chosen to investigate, since most of the literature
reported promising enhancement in lower GnPs loading [35,
36]. To achieve good dispersion of the nanofillers in matrix, the
most effective combination of dispersion techniques was used
[29, 30, 37]. Also, we investigated and briefly described the
effect of individual/binary MMT and GnP reinforcement on
the microstructural features and the damage mode of the CFCs

corresponding to the mechanical result obtained.

Flexural test

Figure 1 represents the typical flexural stress—strain (S-S)
response of the CFC samples. All of the samples showed linear
patterns with a steep rise in stress up to yield, followed by
nonlinear response with a decreasing slope up to the maximum

flexural stress. The reason for the nonlinear portion is the
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initiation of microcracks at the fiber-matrix interface that make
the load-bearing capacity of the composite fluctuate. However,
the interfacial bonding and overall internal structure are still
strong enough to absorb a load up to a maximum point. After the
maximum stress point, a relative sudden fall in the stress—strain
curve was observed in individual nanoclay- and GnP-added
samples compared with the control counterpart. This indicates
that after the maximum stress point, fiber breakage is more
dominating in nanoparticle-added CFCs that causes an abrupt
decline in strength, whereas for the control sample, cracking and
delamination are more dominating which causes a slow decline.
This is because of the improved interfacial bonding achieved by
the addition of nanoparticles, resulting fiber-matrix debonding
and delamination more difficult, and hence, the ultimate failure
in these samples occurred because of fiber breakage.

It can be seen from Fig. 2 and Table I that individual
nanoclay- and GnP-added CFCs showed increased flexural
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Figure 1: Stress—strain response of the control and nanoparticles added CFCs
in the flexure test.
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Figure 2: Changes in flexural strength and modulus on addition of nano-
particles in the CFCs.
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TABLE I: Comparative list of the static flexural strength and modulus of the control and nanoparticles added CFCs.

Sample type Flexural strength MPa Change % Flexural modulus GPa Change % Strain to failure % Change %
Control sample 635 * 14.2 50.5 £ 1.1 12 = 0.3
Nanoclay (2%) 694 * 10.5 +9.3 645 = 0.8 +28 10 = 05 —20
GnP (0.1%) 765 £ 11.1 +21 541 £ 0.7 +7 1302 +8
Binary (2% nanoclay + 0.1% GnP) 682 + 18 +7 48 = 1.0 =5 17 £ 07 +42
20 65 ) ) .
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Figure 3: Changes to strain to failure and flexural stiffness on addition of
nanoparticles in the CFCs.

strength and modulus compared with the control samples.
Nanoclay-added CFCs exhibited 28% higher flexural modulus
(64.5 GPa) than the control samples (50.5 GPa), that is, the
highest improvement in flexural modulus among all types. By
contrast, although GnP-added samples showed little improve-
ment (7% than the control samples) in flexural modulus, these
samples showed highest flexural strength of 765 MPa, that is,
21% higher than the control samples (635 MPa). These results
indicate that nanoclay is more effective to increase the stiffness
of the CFCs, and GnPs are comparatively more effective to
achieve higher strength of the CFCs. However, the changes in
flexural strength in binary nanoparticle-added CFCs were not
much significant. In contrast to the individual nanoparticles,
these samples showed reduced stiffness by 5%, and thus
exhibited maximum strain to failure of 17%, whereas control
samples showed 12% stain to failure. This indicates that after
adding both nanoclay and GnPs at a time, the CFCs became
more flexible and exhibit more deformation before failure.
Figure 3 is illustrates the changes in stiffness and the respective
strain to failure of all types of CFCs.

Microstructure and fracture analysis

Optical microscopy (OM) and scanning electron microscopy
(SEM) images of fractured flexure samples are shown in
Figs. 4-7. The OM image of the control sample [Fig. 4(a)]

shows a large delaminated area at both compressive and tensile
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fractured specimens, respectively [Figs. 5 and 6]. From Fig. 5, it
can be seen that the single fiber surface of the control specimen
[Fig. 5(a)] is smooth with no resin residue, whereas by contrast,
nanoclay- and GnP-added CFCs [Figs. 5(b)-5(d)] were found
to show a considerable amount of resin residue on the surface,
even after separation. SEM images of the broken fiber bundle
(Fig. 6) of the fractured specimen indicate that the fibers are
intact with almost no separation or debonding [Figs. 6(b) and
6(c)], whereas the control CFCs samples show brush-like
separated and unbonded smooth fibers [Fig. 6(a)].

The reason behind these improvements in interfacial
bonding can be attributed to the presence of surface-modified
nanoparticles in the epoxy matrix, which highly facilitated
fiber-matrix interactions because of their very high aspect
ratio, and ensured good fiber-matrix bonding because of active
functional groups on nanoparticles’ surface [38]. In addition,
nanoparticles in the epoxy matrix greatly obstruct polymer
chain mobility and increase shear strength of the matrix that
allows stress to transfer through friction and increases in-
terfacial bonding in fiber composites. This effect of strong
interfacial bonding is found to be more significant for in-
dividual GnP-added samples, as they showed highest flexural
strength and almost no delamination during fracture
[Fig. 4(c)]. This could be attributed to the inherent strongest
mechanical properties of GnPs and the presence of active NH,
functional groups on GnPs’ surface that acted effectively to
increase interaction. These changes in fiber-matrix bonding
and morphology ultimately increased transverse (out-of-plane)
properties of the CFCs with good flexural strength and
modulus [37].
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Figure 4: Optical microscopic images of the fractured specimen. (a) Control, (b) nanoclay added, (c) GnP added, and (d) binary nanoparticles (nanoclay and GnP)

added.

Figure 5: SEM images showing single fiber surfaces of fractured specimens in the flexure test of (a) control, (b) nanoclay added, (c) GnP added, and (d) binary

nanoparticles (nanoclay and GnP) added CFCs.

Also, the matrix cracking in individual nanoparticle-added
samples were relatively lower than the control counterpart
which could be attributed to the toughening effect of matrix
due to addition of nanoparticles. Nanoparticles in epoxy resin
create considerable cavities and irregular orientation that
reduces stress concentration in the crack tip and bifurcates
crack propagation in the interfacial layer and bulk matrix, thus
increasing the toughness and consequently restricting ultimate

matrix cracking [37]. This effect is more significant for

© Materials Research Society 2019

nanoclay-added samples, as nanoclay interacts with epoxy
resin more effectively, both physically and chemically, and
creates interlocking structures [38]. As a result, nanoclay-added
matrices exhibited more rigid behavior which could be attrib-
uted to the optimum enhancement in the flexural modulus of
nanoclay-added samples (Table I).

However, binary nanoparticle-added samples although
showed slightly improved flexural strength (by 7%), the flexural

modulus of these sample were considerably reduced (by 5%).
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Figure 6: SEM images of fractured fiber bundle in the flexure test of (a) control, (b) nanoclay added, (c) GnPs added, and (d) binary nanoparticles (nanoclay and

GnP) added CFCs.

Because of reduced stiffness, these samples showed the highest
strain to failure of 17% (42% higher than the control), among
all types of CFCs (Fig. 3). The optical image of these specimens
revealed the delaminated area with fiber-matrix debonding and
matrix cracking [Fig. 4(d)]. These observations indicated that
addition of two nanoparticles at a time in the epoxy matrix
could not significantly change the interfacial properties and
matrix morphology of the CFCs. The main reason behind such
outcomes might be the poor dispersion of binary nanoparticles
in epoxy resin. Typically, it is difficult to disperse two or more
types of nanoparticles simultaneously in epoxy resin, ensuring
uniform distribution, proper nanoparticle-epoxy interaction,
and placing a homogeneous number of particles in between
fibers and resin. Challenges that were observed are nano-
particles reagglomeration, volatile entrapment as bubble, and
increased viscosity of the resin mixture that might have
decreased the fiber wettability, resulting in poor fiber-matrix
bonding. The agglomeration of nanofillers in binary
nanoparticle-added samples was seen in the SEM image
[Fig. 6(d)] of fractured fiber bundle. Agglomerated nano-
particles are stress raisers that act as a crack initiation site,
leading to premature failure, thereby reducing matrix and
interfacial properties [18]. Consequently, SEM images of binary
nanoparticle-added samples showed poor fiber-matrix bond-
ing, and because of the flexible structure, these samples showed
higher deformation.

Again, to get the best properties for the binary system, it is
necessary to use the optimal combination of the individual
percentage. It also might be the case that individually the

nanoparticle shows best performance for the used percentage,

© Materials Research Society 2019
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Figure 7: Changes in the storage modulus of the control and nanoparticles
added CFCs with response to the temperature.

although in combined form, their individual effect is sup-
pressed. Therefore, there are open fields to study the properties
with different combination of the MMT and GnPs to get the
optimal combination for the binary system.

DMA

Figures 7 and 8 and Table II show thermomechanical proper-
ties of the control and nanoparticle-added CFCs. The storage
modulus represents the stiffness of viscoelastic materials, and at
room temperature, it is related to the flexural modulus [39].
From Fig. 7, it is seen that both individual nanoclay- and
GnP-added CFCs show enhanced storage modulus (24.5% and
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Figure 8: Changes in (a) loss modulus and (b) tan & with response to temperature.

TABLE II: Comparison of thermomechanical properties of the CFCs.

Sample types Storage modulus MPa Change % Loss modulus MPa Change % Ty °C Change °C
Control sample 20304 + 1145 2632 + 70.5 1005 = 1.5 ..
Nanoclay (2%) 25280 * 955 +24.5 2736 * 45 +39 90.2 = 23 +10.3
GnP (0.1%) 22515 + 788 +11 3100 * 96.4 +17.8 1002 * 1.2 —03
Binary (2% nanoclay + 0.1% GnP) 19046 = 1030 —6.2 2207.176 * 112 —16.2 1025 + 09 +2

11% higher, respectively) compared with the control samples.
These changes in the storage modulus on addition of nano-
particles followed the same trends that were observed for the
change in the flexural modulus in Table I. The improvement in
the storage modulus can be attributed to the mechanical
interlocking due to the addition of nanoparticles that restricted
polymer chain mobility. As discussed earlier, nanoclay acts
more effectively to make the polymer matrix stiffer, and
nanoclay-added samples showed the highest storage modulus
in dynamic mechanical analysis (DMA) test because of difficult
chain mobility in these samples.

With increasing temperature, polymer chain mobility
become easier that reduces effective stress transfer between
the fiber and matrix of the composite samples. As a result, with
increasing temperature, stiffness of the viscoelastic samples
gradually decreases, showing fall down in the storage modulus
curve. The temperature associated with the sharp drop of the
storage modulus refers to the glass transition temperature, Ty
From Fig. 7, it is seen that, among all types, this decline in the
storage modulus is more abrupt for the nanoclay-added
samples, with a comparatively small and unstable operating
region (the zone below glass transition temperature, Tg). This
indicates that with increasing temperature, polymer chain
mobility in nanoclay-added samples become comparatively
easier and they readily loose stiffness. By contrast, GnP-
added samples showed better mechanical stability that is

evident from the longer and comparatively flat plateau below

© Materials Research Society 2019

T, (Fig. 7). Also, the storage modulus after Ty, that is termed as
the rubbery plateau was highest for GnP-added samples.

The loss modulus is regarded as the materials’ ability to
dissipate energy applied to it. Figure 8(a) represents the
changes in the loss modulus on addition of nanoparticles. It
is seen that individual nanoparticle-added CFCs samples
showed enhanced loss modulus than the control samples.
The loss modulus depends on the fiber-matrix interfacial
adhesion that facilitates more energy transfer in the form of
heat. From Fig. 8(a), it is clear that GnP-added samples showed
highest loss modulus (17.8% higher than the control counter-
part) among all types. This can be attributed to the improved
fiber-matrix interfacial bonding achieved by the addition of
GnPs that enhanced shear stress and energy dissipation of these
samples, and thus increased the overall loss modulus. Also, the
GnP itself being the strongest material with higher heat
conductivity, stress and heat transfer between the fiber and
matrix in these samples were more effective among all types.
This is another primary reason why GnP-added samples
showed a comparatively stable storage modulus through the
temperature range and highest loss modulus in the DMA test.

Binary nanoparticle-added samples showed inferior prop-
erty in the case of both storage and loss modulus. The inferior
thermomechanical properties in binary nanoparticle-added
CFCs can be attributed to the very same reasons that caused
lower flexural properties, i.e., poor dispersion and particle

agglomeration that reduced overall thermomechanical
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performance as well. In addition, as discussed earlier, the
combination of loading concentration of two nanoparticles in
the binary system might not be the optimal to get the best
thermomechanical property.

Figure 8(b) shows the change in the tan § value with
temperature for the CFC samples. It is seen that nanoclay-
added samples have shown the tan & peak at the lowest
temperature among all types. This indicate that addition of
nanoclay reduced the glass transition temperature (T,) of the
CFC samples. This is also supported by the relatively abrupt
decline of the storage modulus of nanoclay-added samples in
Fig. 7.

Again, it is seen that the tan & peak for binary
nanoparticles-added samples has taken slightly right shift than
the control samples and demonstrated a slight increase (2 °C)
in T, Addition of two types of nanoparticles in the polymer
matrix restricted the polymer chain mobility with increasing
temperature to some extent and slightly increased the T, of the
binary samples. However, addition of GnPs in the polymer
matrix did not make any considerable change in T, of the CFC

samples.

Our investigation clearly showed that addition of individual
nanoclay and GnPs in the CFCs considerably enhanced both
flexural and thermomechanical properties by increasing the
fiber/matrix interfacial strength of the composites. The sum-
mary of the results found in this study are listed in the
following paragraphs.

(1) Nanoclay and GnPs, when added individually improved
both flexural strength and modulus of the CFCs.
Maximum improvement in flexural strength and flexural
modulus were obtained for GnPs (by 21%) and nanoclay
(by 28%), respectively.

(2

~

Nanoclay is more effective in achieving higher flexural
stiffness in the CFCs, and GnPs are capable in increasing
flexural strength more significantly.

(3) In DMA analysis, nanoclay-added samples showed
maximum improvement in the storage modulus (by
24.5%) because of the higher stiffness of nanoclay-added
matrix. GnP-added samples showed best
thermomechanical stability with highest energy
dissipation because of their ultrahigh thermal
conductivity along with the improved interfacial
bonding achieved in the CFCs.

Microstructural analysis indicated that nanoclay and

—~
[
=

GnPs significantly improved interfacial bonding of
CFCs. Domination of delamination and matrix cracking

in the failure mode were found to be significantly

© Materials Research Society 2019

reduced. By contrast, fiber breakage was found as the
main failure mode in individual nanoparticle-added
samples.

(5) Addition of binary nanoparticles in the CFCs resulted in
the reduced stiffness and significantly higher strain to
failure. This is attributed to the structural flexibility of
the CFCs because of inferior interfacial bonding resulted
from the poor dispersion of the two nanoparticles at
a time.

Materials

CF of 8 h satin weave with a tow size 3 k and a thickness of
0.4572 mm was purchased from U.S. Composites Inc., SC-15
epoxy resin manufactured by Applied Poleramic, Inc., Califor-
nia, consisting of two parts (Part A: a mixture of 60-70%
diglycidylether of bisphenol A and 10-20% aliphatic diglyci-
dylether, and part B: a mixture of 70-90% cycloaliphatic amine
and 10-30% polyoxylalkylamine act as hardener) has been
used. montmorillonite nanoclay (Nanomer® I. 30 E) was
supplied by Sigma-Aldrich Co., that was surface modified by
25-30 wt% octadecylamine. The exfoliated GnPs were supplied
by Cheap Tubes Inc., Vermont. The GnP was functionalized by
7.0 wt% amino groups (NH,).

Dispersion of nanoclay and GnPs in SC-15 epoxy
resin

For MMT dispersion, at first, 2 wt% nanoclay was dried in
100 °C for 2 h to remove moisture and avoid lump formation.
The dried nanoclay was then mixed with part A of SC-15 epoxy
resin by means of a magnetic stirrer at 800 rpm for 3 h at 40 °C.

For GnP dispersion, a combination of ultrasonication,
a magnetic stirrer and 3-roll calendaring method were used.
At first, 0.1 wt% GnPs were mixed with resin part-A by means
of ultrasonic cavitation technique for 1 h at 45% amplitude and
40 °C. To control the temperature of the mixture, a pulse cycle
(turning on and off time ratio of 2:3) and coolant bath were
used. The sonicated GnP-resin mixture was then magnetically
stirred for 3 h at 800 rpm at 40 °C. At last, 3-roll high shear
mixture (Exakt 80E/0224, Germany) was used to disperse the
platelet thoroughly and uniformly. The 3-rolls were rotated
against each other maintaining the shear effect with a gap
setting of 15, 10, and 5 pm between them while the rotating
speed was maintained at 120 rpm.

To disperse binary nanofillers (MMT and GnP), at first,
nanoclay was dried at 100 °C for 2 h, and on the other side, GnPs
was mixed with resin part-A by means of ultrasonication. The

dried nanoclay was then mixed with sonicated GnP-resin
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mixture manually followed by a magnetic stirrer and three roll
high shear mixture. Finally, unmodified (neat) and modified
part-A resin were mixed with part-B at a ratio 10:3, respectively.

Fabrication of CFCs

Ten layers of woven CFs were used to fabricate CFCs by
reinforcing the neat and modified epoxy resin using a hand
layup process. The laid-up laminate was then placed in com-
pression mold and cured for 4 h at 60 °C while maintaining 1-
ton pressure. The cured composites were finally postcured at
100 °C for 2 h, and the temperature was gradually reduced to
avoid any unwanted thermal shock and residual stresses. The
average thickness of the composite laminate was 3.5 mm. The
samples for the flexure and DMA test were cut using a tile saw
cutter.

Testing and characterization
Flexure test

The 3-point flexural test was conducted in an MTS 312.21
uniaxial testing machine (using 5 kN load cell) according to
ASTM D790-03 [40]. The test was conducted in the displace-
ment control mode at a crosshead speed of 1.2 mm/min. At
least five specimens of each set were tested, and the properties
were compared with control (unmodified) samples. The aver-
age dimension of the sample was 80 x 12.5 x 3.5 mm, and
a thickness to span ratio of 1:16 was maintained. As the
deflection of the specimens at maximum force did not exceed
over 5% of support span, according to ASTM D790-03, flexural
stress and strain were calculated form Egs. (1) and (2),
respectively. The flexural modulus was determined from the

initial slope of load-deflection curve using Eq. (3).

3FL

T W
6Dd
Sf:? s (2)
L3
Ef—w'm ) (3)

where F corresponds to the maximum load; oy, &5 and Ef stand
for the maximum flexural strength, strain, and modulus; b and
d are the width and thickness of the specimen (mm); L is the
length of support span (mm); and D is the deflection in the
center of the specimen beam; m in Eq. (3) is the initial slope of

the load-deflection curve (N/mm).

Microscopy

OM and SEM were conducted on fractured flexure samples
using an Olympus SZX16 and JSM-7200F FESEM, respectively.

© Materials Research Society 2019

Before SEM, the sample surface was sputtered by Au-Pd

particles in a Hummer® 6.2 sputtering system.

DMA

DMA was performed using a TA instrument (DMA Q 800)
according to ASTM D4065-12 [41]. The average dimension of
the sample was 60 x 12.5 x 3.5 mm. The test was performed in
3-point bend configuration at a frequency of 1 Hz and
amplitude of 15 um within a temperature range of 30 °C-
140 °C, respectively. A temperature ramp of 5 °C/min was
selected to minimize the temperature lag between the furnace
and specimen. From the test data, viscoelastic parameters such
as storage modulus and loss modulus were determined and

compared.

The author would like to thank the DoD and NSF for
supporting this work through grant (DoD#, NSF DMR#
1654506, and NSF HRD# 18186846).

1. M. Tehrani, A.Y. Boroujeni, T.B. Hartman, T.P. Haugh,

S.W. Case, and M.S. Al-Haik: Mechanical characterization and
impact damage assessment of a woven carbon fiber reinforced
carbon nanotube-epoxy composite. Compos. Sci. Technol. 75, 42-
48 (2013).

2. E. Kandare, A.A. Khatibi, S. Yoo, R. Wang, J. Ma, and P. Olivier:
Improving the through-thickness thermal and electrical
conductivity of carbon fibre/epoxy laminates by exploiting synergy
between graphene and silver nano-inclusions. Composites, Part A
69, 72-82 (2015).

3. H. Cai and A.]. Aref: On the design and optimization of hybrid
carbon fiber reinforced polymer-steel cable system for cable-stayed
bridges. Composites, Part B 68, 146-152 (2015).

4. T. Lou, S.M.R. Lopes, and A.V. Lopes: Factors affecting moment
redistribution at ultimate in continuous beams prestressed with
external CFRP tendons. Composites, Part B 66, 136-146 (2014).

5. N. Shahid, R.G. Villate, and A.R. Barron: Chemically
functionalized alumina nanoparticle effect on carbon fiber/epoxy
composites. Compos. Sci. Technol. 65, 2250-2258 (2005).

6. Q. Song, K. Li, L. Qi, H. Li, J. Lu, and L. Zhang: The
reinforcement and toughening of pyrocarbon-based carbon/carbon
composite by controlling carbon nanotube growth position in
carbon felt. Mater. Sci. Eng. A 564, 71-75 (2013).

7. A.Y. Boroujeni, M. Tehrani, A.J. Nelson, and M. Al-Haik:
Hybrid carbon nanotube-carbon fiber composites with improved
in-plane mechanical properties. Composites, Part B 66, 475-483
(2014).

cambridge.org/JMR

www.mrs.org/jmr

Journal of Materials Research



Downloaded from https://www.cambridge.org/core. Purdue University Libraries, on 11 Oct 2019 at 16:30:30, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2019.302

Ym

8.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Journal of
MATERIALS RESEARCH

M.T. Kim, K.Y. Rhee, ].H. Lee, D. Hui, and A.K.T. Lau: Property
enhancement of a carbon fiber/epoxy composite by using carbon

nanotubes. Composites, Part B 42, 1257-1261 (2011).

. N.A. Siddiqui, R.S.C. Woo, J-K. Kim, C.C.K. Leung, and

A. Munir: Mode I interlaminar fracture behavior and mechanical
properties of CFRPs with nanoclay-filled epoxy matrix.
Composites, Part A 38, 449-460 (2007).

M.F. Uddin and C.T. Sun: Strength of unidirectional glass/epoxy
composite with silica nanoparticle-enhanced matrix. Compos. Sci.
Technol. 68, 1637-1643 (2008).

M. Kim, Y-B. Park, O.I. Okoli, and C. Zhang: Processing,
characterization, and modeling of carbon nanotube-reinforced
multiscale composites. Compos. Sci. Technol. 69, 335-342
(2009).

E. Bekyarova, E.T. Thostenson, A. Yu, H. Kim, J. Gao, and
J. Tang: Multiscale carbon nanotube-carbon fiber reinforcement
for advanced epoxy composites. Langmuir 23, 3970-3974
(2007).

B. Jony, M. Thapa, S.B. Mulani, and S. Roy: Repeatable self-
healing of thermosetting fiber reinforced polymer composites with
thermoplastic healant. Smart Mater. Struct. 28, 025037 (2019).
M.H. Gabr, W. Okumura, H. Ueda, W. Kuriyama, K. Uzawa,
and I. Kimpara: Mechanical and thermal properties of carbon
fiber/polypropylene composite filled with nano-clay. Composites,
Part B 69, 94-100 (2015).

S.K. Hasan, S. Zainuddin, J. Tanthongsack, M. Hosur, and

L. Allen: A study of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) biofilms’ thermal and biodegradable properties
reinforced with halloysite nanotubes. J. Compos. Mater. 52,
3199-3207 (2018).

T. Rahman, S.S. Rahman, M.Z.1. Ashraf, K.I. Muneer, and
H.M.M.A. Rashed: Effect of Cu content on the microstructure
evolution and fracture behavior of Al-Mg-Si-xCu (x = 0, 1, 2, and
4 wt%) alloys. Mater. Res. Express 4, 106503 (2017).

M. Hossain, G. Possart, and P. Steinmann: A small-strain model
to simulate the curing of thermosets. Comput. Mech. 43, 769-779
(2009).

S. Chatterjee, F. Nafezarefi, N.H. Tai, L. Schlagenhauf,

F.A. Niiesch, and B.T.T. Chu: Size and synergy effects of
nanofiller hybrids including graphene nanoplatelets and carbon
nanotubes in mechanical properties of epoxy composites. Carbon
50, 5380-5386 (2012).

S. Sinha Ray and M. Okamoto: Polymer/layered silicate
nanocomposites: A review from preparation to processing. Prog.
Polym. Sci. 28, 1539-1641 (2003).

P.C. LeBaron, Z. Wang, and T.J. Pinnavaia: Polymer-layered
silicate nanocomposites: An overview. Appl. Clay Sci. 15, 11-29
(1999).

M. Alexandre and P. Dubois: Polymer-layered silicate
nanocomposites: Preparation, properties and uses of a new class of

materials. Mater. Sci. Eng. R Rep. 28, 1-63 (2000).

© Materials Research Society 2019

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Y. Zhou, M. Hosur, S. Jeelani, and P.K. Mallick: Fabrication and
characterization of carbon fiber reinforced clay/epoxy composite. J.
Mater. Sci. 47, 5002-5012 (2012).

F.H. Chowdhury, M.V. Hosur, and S. Jeelani: Studies on the
flexural and thermomechanical properties of woven carbon/
nanoclay-epoxy laminates. Mater. Sci. Eng. A 421, 298-306 (2006).
C. Lee, X. Wei, J.W. Kysar, and J. Hone: Measurement of the
elastic properties and intrinsic strength of monolayer graphene.
Science 321, 385-388 (2008).

J. Li and J-K. Kim: Percolation threshold of conducting polymer
composites containing 3D randomly distributed graphite
nanoplatelets. Compos. Sci. Technol. 67, 2114-2120 (2007).

Y. Si and E.T. Samulski: Exfoliated graphene separated by
platinum nanoparticles. Chem. Mater. 20, 6792-6797 (2008).

Y. Si and E.T. Samulski: Synthesis of water soluble graphene.
Nano Lett. 8, 1679-1682 (2008).

J. Cho, J.Y. Chen, and I.M. Daniel: Mechanical enhancement of
carbon fiber/epoxy composites by graphite nanoplatelet
reinforcement. Scr. Mater. 56, 685-688 (2007).

Y. Li, H. Zhang, Z. Huang, E. Bilotti, and T. Peijs: Graphite
nanoplatelet modified epoxy resin for carbon fibre reinforced
plastics with enhanced properties. J. Nanomater. (2017).

R. Moriche, M. Sanchez, A. Jiménez-Sudrez, S.G. Prolongo, and
A. Urena: Electrically conductive functionalized-GNP/epoxy based
composites: From nanocomposite to multiscale glass fibre
composite material. Composites, Part B 98, 49-55 (2016).

S-Y. Yang, W-N. Lin, Y-L. Huang, H-W. Tien, J-Y. Wang, and
C-C.M. Ma: Synergetic effects of graphene platelets and carbon
nanotubes on the mechanical and thermal properties of epoxy
composites. Carbon 49, 793-803 (2011).

J. Sumfleth, X.C. Adroher, and K. Schulte: Synergistic effects in
network formation and electrical properties of hybrid epoxy
nanocomposites containing multi-wall carbon nanotubes and
carbon black. J. Mater. Sci. 44, 3241 (2009).

J. Jyoti, S.R. Dhakate, and B.P. Singh: Phase transition and
anomalous rheological properties of graphene oxide-carbon
nanotube acrylonitrile butadiene styrene hybrid composites.
Composites, Part B 154, 337-350 (2018).

A. Tcherbi-Narteh, M. Nuruddin, M. Hosur, R. Gupta,

A. Lattimore, and S. Jeelani: Influence of montmorillonite nanoclay,
graphene nanoplatelets and combined nanoclay/graphene hybrid on
properties of epoxy composite. In 20th International Conference on
Composite Materials Copenhagen, July 19-24, 2015.

M.A. Rafiee, J. Rafiee, Z. Wang, H. Song, Z-Z. Yu, and

N. Koratkar: Enhanced mechanical properties of nanocomposites
at low graphene content. ACS Nano 3, 3884-3890 (2009).

X. Zhao, Q. Zhang, D. Chen, and P. Lu: Enhanced mechanical
properties of graphene-based poly(vinyl alcohol) composites.
Macromolecules 43, 2357-2363 (2010).

O. Zabihi, M. Ahmadi, S. Nikafshar, K. Chandrakumar

Preyeswary, and M. Naebe: A technical review on epoxy-clay

cambridge.org/JMR

www.mrs.org/jmr

Journal of Materials Research



Downloaded from https://www.cambridge.org/core. Purdue University Libraries, on 11 Oct 2019 at 16:30:30, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2019.302

B NN 22 enncs

nanocomposites: Structure, properties, and their applications in polypropylene composites using exfoliated graphene nanoplatelets
fiber reinforced composites. Composites, Part B 135, 1-24 (2018). coating. J. Ind. Eng. Chem. 38, 37-42 (2016).

38. M. Peng, Y. Zhou, G. Zhou, and H. Yao: Triglycidyl para- 40. ASTM D790-03: Standard test methods for flexural properties of
aminophenol modified montmorillonites for epoxy unreinforced and reinforced plastics and electrical insulating
nanocomposites and multi-scale carbon fiber reinforced materials. Available at: https://www.astm.org/DATABASE.CART/
composites with superior mechanical properties. Compos. Sci. HISTORICAL/D790-03.htm.

Technol. 148, 80-88 (2017). 41. ASTM D4065-12: Standard practice for plastics: Dynamic

39. A. Ashori, S. Menbari, and R. Bahrami: Mechanical and thermo- mechanical properties: Determination and report of procedures.

mechanical properties of short carbon fiber reinforced Available at: https://www.astm.org/Standards/D4065.htm.
E
B
a
£
3
g
S
=
s
g
2
© Materials Research Society 2019 cambridge.org/JMR 10



