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Abstract

The use of nanofillers to enhance the properties of fiber reinforced composites is limited due to the adverse effect on

mechanical properties caused by agglomeration of these nanofillers in the matrix materials. In this study, graphene

nanoflakes were functionalized with silane moiety to improve its dispersion, stability and bond strengths in the polymer

matrices of the carbon fiber reinforced composites. Wet layup process was applied to incorporate graphene nano-

composites into the dry carbon fibers to make composite panels following the curing cycle of the epoxy and hardener.

The impacts of the functionalized graphene on the mechanical and thermal properties of carbon reinforced composite

were investigated in detail by tensile test, differential scanning calorimetry, dynamic mechanical analysis and scanning

electron microscopy (SEM) analysis. It was observed that nanocomposites with 0.5 wt% silanized graphene exhibited

maximum tensile strength and modulus of elasticity, indicating that 0.50wt% silane functionalized graphene was the

optimum nanofiller composition amongst the three different compositions investigated. The nanocomposites with

0.25wt% and 0.50wt% nanofillers showed improved ductility compared to the control sample. Based on the SEM

studies on the crack zones, major morphological changes were observed after the salinization process. The interfacial

interaction between epoxy and silane moiety of the graphene and reduction in the tendency to agglomerate could

account for the improved properties of the nanocomposite observed here. Nanocomposites with silanized graphene

showed overall higher glass transition temperature (Tg) and tensile strength than those with pristine graphene and

control samples.
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Introduction

Graphene nanocomposites have a wide range of appli-
cations in aerospace, automotive, packaging, electron-
ics, filtration, fire safety etc.1 Past studies have shown
that incorporation of nanomaterials as reinforcement
in composites can yield superior mechanical and
thermal properties. Dispersion and interaction between
the nanofiller and the polymer matrix play a vital role
in the nanocomposite’s performance. Superior proper-
ties of graphene have made it a popular reinforcement
in nanocomposites. Superior properties of graphene
include good elasticity and stiffness, enhanced electrical
conductivity, high thermal conductivity, increased sur-
face area and thermal stability.2 Improvement of prop-
erties by graphene nanofillers can be compromised by
weak interaction between the graphene and polymer
matrix leading to interfacial slippage when loaded.2

Graphene nanosheets can easily aggregate impairing
the mechanical and electrical properties of the nano-
composites.3 Compatibility between the polymer
matrix and graphene is a very important property
when it comes to the dispersion of nanofillers.3,4
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Lin et al. showed enhanced compatibility between
silanized reduced graphene oxide and epoxy-
polyurethane, which led to enhanced mechanical and
thermal properties of composites.5 Improved electrical
and thermal properties were observed for polymethyl
methacrylate polymer for graphene oxide nanosheets
functionalized with silane moieties as the reinforce-
ment.3 In the past, cryogenic milling of graphene was
proposed to improve its dispersion in polymer matrix
but this process could cause damage to the graphene
structure and did not improve interfacial interaction.6

Functionalization of graphene with organo-silane
could indeed improve the interfacial reactivity between
the nanofiller and polymer without damaging the nano-
filler structure.6 Significant improvement in the storage
modulus and tensile strength were observed in several
other studies.7,8 Amine functionalized graphene oxide
in epoxy resin led to 16% increase in the tensile
strength.7 A similar result was demonstrated by anoth-
er study where expanded graphene nanoplates were
functionalized with amine moiety, and a 60% increase
in fracture toughness was observed.8 Silane reinforced
graphene in chitosan polymer matrix can be an alter-
native biodegradable material with enhanced mechan-
ical properties to replace petro-polymers.6 Zhang et al.
reported that modification of carbon fiber sizing with
graphene oxide can significantly increased the interlam-
inar shear strength by improving the interaction at the
fiber-matrix interface.9 Recently, a number of other
studies were conducted on the graphene nanoflakes
and their nanocomposites to improve the coating prop-
erties,10–12 lightning strike protections and electromag-
netic shielding,13,14 mechanical strengths,15 low impact
resistance of composites,16 and fire retardancy of the
composites and nanocomposites.17 Ma et al. reported
that when graphene oxide functionalized with cyanuric
chloride and diethylenetrialene was incorporated
within carbon fiber reinforced composite in concentra-
tions varying from 0.1 to 1.5wt%, a significant increase
in the interfacial shear strength (IFSS) and interlami-
nar shear strength (ILSS) was observed.18 In another
study, it was found that incorporation of polyethyle-
neimine functionalized graphene oxide in epoxy resin
for generating carbon fiber reinforced composite by
vacuum assisted resin transfer method (VARTM), led
to an increased tensile and flexural strength.19 Previous
study had shown that exfoliated graphene oxide can be
homogeneously dispersed in epoxy using tetrahydrofu-
ran as the solvent, and superior interlaminar shear
strength was obtained for carbon fiber reinforced com-
posite with 0.1wt% graphene oxide in epoxy.20 It was
also observed in this study that graphene oxide content
higher than 0.1wt% within the carbon fiber reinforced
composite undermined the interlaminar shear
strength.20 Alarifi et al. showed that the structure of

the carbon fiber can also impact the mechanical prop-
erties of the composites.21

Graphene had been used in the past for many appli-
cations other than structural purpose. Kim et al. exhib-
ited the application of graphene/cellulose
nanocomposite as a solvent sensor.22 The sensing abil-
ity of the nanocomposite was based upon the change in
relative capacitance in various solvents.22 High electro-
chemical performance of cellulose/graphene nanocom-
posite was reported for potential use in lithium-Sulphur
battery.23 Cellulose and reduced graphene oxide had
been explored for various other applications such as
supercapacitor and conductive paper.24,25 Silane func-
tionalized graphene oxide in organo-functional silane
matrix possessed improved protective capability
against corrosion when used as a coating for galvanized
steel.26 Li et al. reported that superior anticorrosive
properties of polyurethane nanocomposite coating
was observed when 0.2wt% reduced graphene oxide
was added as the nanofiller.27

Yang et al. exhibited that functionalization of chem-
ically converted nanosheets improved its dispersion in
solvents like water, ethanol, DMSO and DMF.28 It was
reported that silanized graphene oxide sheets were
reduced to produce graphene derivative which was
water soluble and possessed high electrical conductivi-
ty.29 Shen et al. reported that despite poor dispersion, it
was possible to obtain strong interfacial interaction
between nanofiller and polymer by means of covalent
bonding.30 It was demonstrated that the unreacted
epoxide or hydroxyl groups on graphene grafted
epoxy resin further reacted with the polycarbonate
forming covalent bonds.30 Surfactant assisted treat-
ment also showed great promise towards dispersion
of graphene and prevention of re-agglomeration.
Thermally exfoliated graphene sheets treated with
amphiphilic non-ionic surfactant, Triton X-100 led to
increased tensile properties when incorporated in the
epoxy matrix.31 Island and copolymer modified gra-
phene oxide in cement exhibited improved fluidity
and rheological properties than when graphene oxide
was used, indicating lower agglomeration.32 Past inves-
tigations have revealed that functionalized graphene
can enhance its dispersion in the resin, and can also
cause increased interaction leading to superior mechan-
ical properties until a threshold concentration of the
nanosheets. The threshold concentration depends on
many factors such as the type of functionalization, sol-
vent used to disperse the nanosheets, and the method of
dispersion. Thermal properties largely depend on
whether the functionalization is leading to an attractive
or repulsive interaction between the nanosheets and
epoxy resin.

In this study, the thermal and mechanical properties
of silane functionalized graphene in various
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percentages within carbon-fiber reinforced epoxy com-

posite were investigated. There have been studies in the

past with silanized graphene/epoxy composites.5,26,33,34

Most of these studies focused on coating preparation

without the presence of the reinforcement from

carbon fiber.26,34 The current study focuses on the

impact of various concentrations of silanized graphene

in carbon fiber reinforced epoxy composites, and the

fabrication method of the composites here is different

from similar previous studies.5,33 Enhanced glass tran-

sition temperature, Young’s modulus and tensile

strength were observed in case of silane functionalized

nanocomposites compared to pristine graphene nano-

composites with the same nanofiller content.35,36

Pristine graphene exhibited more agglomeration than

silane functionalized graphene which supports previous

studies.3,28 Too high nanofiller content could compro-

mise the composite properties irrespective of function-

alization of the nanofiller, suggesting that optimal

nanofiller content is desired for superior mechanical

properties. Silane functionalized graphene will provide

additional mechanical and thermal properties to the

carbon fiber reinforced composite, resulting in extend-

ed life for structural components in automotive and

aerospace industries.

Experiment

Materials

Pristine graphene nanoflakes were purchased from

Angstron Materials, Dayton, OH, while EPON 828

and [3- (2-Aminoethylamino) propyl] trimethoxysilane

solution were purchased from Fisher Scientific and

Sigma Aldrich, respectively. Diethylenetriamine 98%

(DETA) was obtained from Acros Organics. Woven

dry carbon fiber fabrics were provided from a local

store to fabricate fiber reinforced composite panels.

Other than the graphene nanoflakes, the rest of the

materials were used without any modifications.

Method

Silanization of graphene. Silanization of pristine graphene

was carried out following the procedure suggested by

Li et al.37 1wt% mixture of graphene in ethanol was

prepared by adding 2 g of graphene to 200 g of ethanol.

The mixture was sonicated for about an hour to obtain

a homogeneous solution. The graphene-ethanol mix-

ture was transferred to a flask which was then sealed

by rubber cork with two holes. The mixture was stirred

using a magnetic stirrer at 800 rpm. The mixture was

then heated to 120�C. By means of tubing the flask

containing graphene-ethanol mixture was connected

to another flask for ethanol condensation as shown in

Figure 1.35,36 The latter was then connected to another

flask containing water. All three flasks were sealed

carefully. 12ml of [3-(2-Aminoethylamino) propyl] tri-

methoxysilane solution was added dropwise to the

graphene-ethanol solution by means of a syringe

through the remaining opening in the rubber cork.

Sufficient time was allowed between drops to allow

thorough mixing of the silane with the mixture. The

second flask collected ethanol vapor from the first,

and the water in the third flask absorbed additional

ethanol vapor. After five hours, the graphene-ethanol

suspension was cooled to room temperature. The silane

functionalized graphene was collected by filtration pro-

cess using a vacuum pump. The silanized graphene was

then washed using reversed osmosis (RO) water. The

silanized graphene was then placed in an oven at 60�C
for 4 to 6 hours to evaporate all the water.

Characterization of silanized graphene using FTIR. Fourier-

transform infrared spectroscopy (FTIR) was carried

out for pristine graphene and silanized graphene

using Thermo Nicolet Avatar 360. The FTIR samples

were prepared by mixing 0.05 g of the sample with

0.45 g of potassium bromide (KBr) by grinding them

together.

Figure 1. Set-up showing silanization of graphene.
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Study of pristine and silanized graphene dispersion. Pristine
and silanized graphene were mixed with ethanol to pro-
duce 0.5mg/ml suspensions which were ultrasonicated
for 10min. The mixtures were then collected in vials
and allowed to stand for visual inspection.

Fabrication of carbon fiber reinforced nanocomposite with

graphene. Graphene is first dispersed into the epoxy
resin to create a homogeneous mixture. A mixture of
10wt% pristine or silanized graphene in ethanol was
prepared by ultarsonicating the mixture for 30min.
Epoxy resin (EPON 828) was heated to 75�C to
reduce its viscosity allowing it to be stirred easily.
Then, the graphene-ethanol mixture was added to the
epoxy followed by vigorous stirring at 2500 rpm while
the temperature was being maintained at 75�C. This
reduced the possibility of agglomeration and facilitated
the evaporation of ethanol leaving the epoxy infused
with pristine graphene or silanized graphene. While
stirring, the mixture was weighed at specific time inter-
vals to ensure that all the ethanol evaporated.

Ten carbon fiber plies measuring 260mm by 851mm
were first dried in an oven at 45�C to remove any vol-
atiles and moisture.35,36 The pristine graphene or silan-
ized graphene infused epoxy was then mixed with the
hardener diethylenetriamine (DETA). A wet lay-up
process was employed to fabricate the nanocomposite.
A carbon fiber ply was placed on a metal mold. The
resin and hardener mixture were added to each ply by
means of squeegee before laying up another ply on top,
and by means of a roller a uniform pressure was
applied to improve adherence between the plies. The
nanocomposite consisted of ten such plies. A half
inch thick metal plate was placed on top of the lami-
nate layup to provide uniform pressure, and then the
entire assembly was covered by vacuum bag and sealed
with tacky tape. The vacuum hose in the assembly of
mold, plate and layup was connected to a vacuum
pump and a uniform pressure of 14 psi was applied.
This squeezed out all the entrapped air in the layup.
The assembly was left under vacuum pressure for
24 hours before curing it in an industrial grade oven
at 120�C for an hour.

Ultrasonic C-scan to characterize the nanocomposite. The
nanocomposite was characterized for defects using
ultrasonic C-scan. It is a standard test for composites.
Ultrasonic wave frequency was passed through the test
material with the help of a coupling medium. Due to
change in acoustic impedance and attenuation, defects
such as void, impurity, resin –rich or deprived areas etc.
could be detected.

Tensile test. The mechanical strength and stiffness of the
nanocomposite was determined by standard tensile test

following ASTM D3039/D3039 M. The nanocompo-
site was cut into 254mm by 25.4mm tensile test
coupons. The average thickness of the coupons was
approximately 2.0mm. The tensile test was carried
out at a strain rate of 2mm/min using a MTS universal
testing machine.

Characterization of surface morphology of the nanocomposite

by SEM. The surface morphologies of the broken com-
posite tensile test coupons were studied using field
emission scanning electron microscope (FE-SEM)
manufactured by Carl Zeiss to evaluate the mode of
fracture and the degree of agglomeration of graphene
within the nanocomposites.

Differential scanning calorimetry (DSC). The thermal prop-
erty of the cured nanocomposites was determined by
carrying out differential scanning calorimetry (DSC).
The DSC samples were 2mm by 2mm in size weighing
approximately 10mg. TAQ200 was employed to run
the DSC tests using T-zero aluminum hermetic pan
with the lid. The samples were heated from 40�C to
400�C at a rate of 10�C/min during the DSC studies.

Dynamic mechanical analyzer (DMA). Dynamic mechani-
cal analysis (DMA) tests were carried out to determine
the glass transition temperature and viscoelastic prop-
erties of the composite coupons using TA Instrument
TAQ800. Three-point bend test under multi-frequency
strain mode was carried out. The test samples were
36mm by 6mm, and they were heated from 30�C to
200�C at 5�C/min. The preload was kept at 0.5N and
the strain was 0.02mm/mm. The DMA test results that
has been reported here is non-standard since the goal is
to compare the trend in glass transition temperatures
for various composite samples studied here.

Results

FTIR of silanized graphene

Figure 2 exhibits the FTIR spectrum of the silanized
graphene. The broad band around 3426 cm�1 for pris-
tine and silanized graphene could be attributed to the
–OH stretching vibrations in C-OH groups and stretch-
ing of –COOH groups.5 The band around 1643 cm�1

could account for aromatic C¼C stretching absorp-
tion.5 The peak around 1390 cm�1 and 1406 cm�1for
pristine and silanized graphene could be due to O-H
deformation vibrations of C-OH groups. The peaks
close to 1091 cm�1 and 1076 cm�1 for pristine and
silanized graphene could be due to C-O-C stretching
in the epoxy.35,38 The peak 1091 cm�1 for silanized gra-
phene has lower peak strength compared to that for
pristine graphene (1076 cm�1), indicating successful
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silanization of graphene. The peak at 1091 cm�1 for the

silanized graphene could also represent Si-O stretching

which could also explain the slight shift. The peaks

around 925 cm�1 and 963 cm�1 in silanized graphene
could be due to the methyl rocking in SiO-CH3

bond.4 The peaks around 2900 cm�1 and 2800 cm�1

in both cases could be due to the antisymmetric and

symmetric stretching of the C-H bonds.4

Dispersion of pristine and silanized graphene

in ethanol

It was observed that after 3 hours, the mixture with

pristine graphene started to become clear as the pristine

graphene agglomerated and started to settle at the

bottom. After 36 hours the mixture with pristine gra-
phene became almost completely clear as the graphene

settled at the bottom indicating that the agglomeration

in silanized graphene was minimal. Figure 3 exhibits

the graphene-ethanol mixture after 36 hours.

C-scan results

Figure 4 shows the C-Scan result for carbon fiber rein-

forced composite without nano-inclusion, 0.25wt%

pristine graphene nanocomposite and 0.25wt% silan-
ized graphene nanocomposite. Small amount of poros-

ities can be observed in all the samples. The porosities

in the samples with nano-inclusion was slightly more

than the sample without it. Agglomeration in the nano-
composites could create more voids leading to higher

porosities in the nanocomposite samples. The base

sample has lower porosity than the samples with nano-

filler as shown by Figure 4 because the latter will pro-
mote void formation. As long as the porosity is not too

high, slightly increased porosity within samples con-

taining nanofillers captures adverse impact of the

nanofillers. The mechanical properties of the compo-

sites will be impacted adversely by the voids introduced

due to the nanofillers.

Tensile analysis

Figure 5 shows the stress-strain results for carbon fiber

reinforced composite compared to the nanocomposites

containing pristine graphene or silanized graphene

as nanofillers in various compositions. It was found

that the samples with silanized graphene possessed

maximum tensile strength when compared to the

corresponding samples with pristine graphene.35,36

Both types of nanocomposites until 0.5wt% of nano-

inclusion showed higher tensile strength than the

composite sample without any nano-inclusion. The

ductility of the nanocomposite with 0.25wt% silanized

graphene was higher compared to the corresponding

nanocomposite with pristine graphene (Figure 5(a)).

In case of the 0.5wt% nanofiller, the nanocomposite

with silanized graphene exhibited slightly lower ductil-

ity compared to the corresponding nanocomposite with

pristine graphene (Figure 5(b)). When the nanofiller

composition was increased to 1wt% no improvement

in tensile strength was observed compared to the com-

posite without nanofillers (Figure 5(c)). The tensile

strength of nanocomposite with 1wt% silanized gra-

phene was comparable to that of the composite without

any nanofiller. The tensile strength of the nanocompo-

site with 1wt% pristine graphene exhibited lower

tensile strength compared to the composite without

nanofiller. Inclusion of 0.25wt% and 0.5wt% silanized

graphene led to approximately 14% and 58% increase

in the tensile strength respectively compared to the

composite sample without any nanofiller. Table 1 sum-

marizes the tensile strength and modulus of elasticity of

the various nanocomposite samples. Figure 5(d) and (e)

shows these results as well.

Figure 2. FTIR of silanized graphene compared to pristine
graphene.

Figure 3. Graphene-ethanol mixture after 36 hours.
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Figure 4. C-scan for carbon fiber reinforced composite (a) without nano-inclusion (b) with 0.25wt% pristine graphene inclusion
(c) with 0.25wt% silanized graphene inclusion.

Figure 5. Tensile test result of the samples.
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Nanofillers up to a certain level of inclusion also
improved the modulus of elasticity. It was observed
that 0.25wt% and 0.5wt% of nanofiller led to a sub-
stantial increase in the modulus of elasticity compared
to the composite with no nanofiller. When 1wt% of
pristine graphene is added as the nanofiller, the modu-
lus of elasticity deteriorated, and in case of the silanized
graphene there was a slight increase in it compared to
the composite without any nanofiller.

Fracture mode and characterization by SEM

Figure 6 shows the SEM of fractured samples from the
tensile test. The composite without any nanofiller

Table 1. Tensile strength and modulus of elasticity of the
nanocomposites.

Nanofiller percentage

Average

Tensile

Strength

(MPa)

Modulus

of elasticity

(MPa)

0 wt% 579 6538

0.25 wt% pristine graphene 598 6772

0.50 wt% pristine graphene 869 6981

1.0 wt% prisitine graphene 443 5982

0.25 wt% silanized graphene 659 7252

0.50 wt% silanized graphene 918 7633

1.0 wt% silanized graphene 539 6865

Figure 6. SEM of fractured surfaces for test coupons with (a) no nanoadditive (b) 0.25wt% pristine graphene (c) 0.25wt% silanized
graphene (d) 0.50wt% pristine graphene (e) 0.50wt% silanized graphene (f) 1.0wt% pristine graphene and (g) 1.0wt% silanized
graphene.
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exhibited a neat brittle failure as supported by its SEM

image (Figure 6(a)). The top and bottom circled zones

to the right on Figure 6(a) shows unidirectional fiber

with epoxy resin and the remaining circled zone exhib-

its the fractured surface. In case of the nanocomposites,

a combination of brittle failure and delamination was

observed. Figure 7(a) shows the fractured samples for

0.25wt% pristine and silanized graphene nanocompo-

sites and Figure 7(b) shows the fractured surfaces of

0.5wt% silanized graphene nanocomposite. The crev-

ice in the middle of 0.25wt% silanized graphene sample

in Figure 7(a) indicates its increased resistance to fail-

ure compared to the corresponding sample with pris-

tine graphene. Figure 6(b) and (c) show the SEM

images of 0.25wt% pristine and silanized graphene

nanocomposite fractured samples respectively.

Agglomerated graphene was observed on epoxy coat-

ing in case of pristine nanocomposite as shown in

Figure 6(b) and the circled zones exhibit large agglom-

erated graphene. In contrast, the silanized graphene

nanocomposite in Figure 6(c) did not exhibit large

agglomerated silanized graphene. Two distinct zones

were observed in the silanized graphene nanocompo-

site. The circled marked zone to the left exhibit epoxy

and the circled zone to the right represents delaminated

fibers. From the Figure 6(c) it is evident that the silan-

ized graphene infused very well with the epoxy as

shown by the bright epoxy parts. Figure 6(d) and (e)

represent 0.5wt% pristine and silanized graphene

nanocomposites. Compared to the nanocomposite

samples with 0.25wt% pristine graphene in Figure 6

(b), more agglomerations were observed in case of the

corresponding nanocomposite sample with 0.5wt%

nanofiller in Figure 6(d).
For 0.5wt% pristine graphene nanocomposite,

agglomerated graphene clusters are observed as

shown by the circled zones in Figure 6(d).

Comparison between Figure 6(d) and (e) indicate that

the silanized graphene infused well with epoxy as

shown by the bright circled epoxy part to the left.

The circled marked zone to the right shows the delami-

nated fiber part. The bright epoxy part observed in

Figure 6(c) and (e) were due to the infusion of epoxy

with the conductive silanized graphene.
Figure 6(f) and (g) show fractured surfaces of 1wt%

pristine and silanized graphene respectively. Figure 6(f)

and (g) indicate the presence of agglomerated graphene

clusters in large quantities. The right and left circled

marked zones in Figure 6(f) show the difference in

the agglomerated graphene and epoxy respectively.

Unlike the 1wt% pristine nanocomposite, the corre-

sponding silanized graphene nanocomposite exhibited

very little agglomeration.

DSC study

During the first heating cycle two distinct peaks were

observed as shown in Figure 8(a). The first peak is an

endothermic peak which is likely to be due to some

volatiles present in the epoxy such as the plasticizer

etc. The second exothermic peak is attributed to the

curing of some uncured residual epoxy. The shift in

the first peaks could be due to the variation in the

amount volatiles. From Figure 8(b), slight inflection

points in the range of 95�C and 135�C can be observed,

indicating that the Tg of the samples fall in that range.

For some composites such as the base sample and the

sample with 0.25wt% pristine graphene, the inflection

point is subtle. For the composite sample with 1wt%

silanized graphene, the inflection point for Tg could

coincide with the endothermic peak. The endothermic

peak is close to the point of inflection, making it diffi-

cult to accurately determine the trend of Tg among the

various samples.

DMA study

Figure 9(a) and (b) show the change in storage and loss

modulus with temperature for the various composite

samples studied here. It was observed that the nano-

inclusions impacted the variation in the storage and

loss modulus to some degree. Figure 9(c) exhibit the

change in Tan Delta with temperature for the various

composite samples. From the shift in peaks it was

observed that the Tg of the 0.5wt% pristine graphene

Figure 7. Fractured test coupons with (a) 0.25wt% pristine and silanized graphene as nanoadditive (b) 0.5wt% silanized graphene as
nanoadditive.

8 Journal of Composite Materials 0(0)



sample remained almost same as the composite with

no nanofiller. In contrast, the Tg for the 0.25wt%

and 1wt% pristine graphene nanocomposite was sub-

stantially higher than that of the composite without

nanofiller. In case of the silanized graphene nanocompo-

sites, the Tg was much higher compared to that of the

composite with no nanofiller. For 1wt% silanized gra-

phene the Tan Delta curve exhibited a shoulder. Table 2

summarizes the Tg from the Tan Delta curve. The overall

trend indicates that Tg of nanocomposite with silanized

graphene was higher compared to the corresponding

nanocomposite with pristine graphene as the nanofiller.

Discussions

Past studies showed that functionalization of graphene

could improve its dispersion in solvent.28,29 This study

also exhibited a similar result that silanized graphene

had enhanced dispersion ability in ethanol compared to

pristine graphene. Dispersion is a vital factor which has

a profound impact on the mechanical properties of

nanocomposites. Pristine graphene has poor hydrogen

bonding capability with ethanol whereas when func-

tionalized with silane moiety it can form weak

Figure 8. (a) DSC results of the samples showing both exothermic and endothermic peaks (b) Endothermic peaks of the samples
indicating volatiles and the Tg also overlaps with this peak.

Figure 9. DMA results showing (a) storage modulus (b) loss modulus and (c) tan delta of the samples.

Table 2. Glass transition temperatures of the nanocomposites.

Nanofiller percentage

Tg from

Tan delta (�C)

0 wt% 96.11

0.25 wt% pristine graphene 118.60

0.50 wt% pristine graphene 97.93

1.0 wt% prisitine graphene 115.34

0.25 wt% silanized graphene 119.69

0.50 wt% silanized graphene 122.23

1.0 wt% silanized graphene 114.97

Shagor et al. 9



hydrogen bonds with ethanol improving its dispersion
in it. Secondary agglomeration during the curing pro-
cess can also deteriorate the mechanical properties.
Van der waals force and Coulomb force between gra-
phene nanosheets are the key factors behind agglomer-
ation. It is hypothesized that functionalization with
silane moiety could weaken the Van der waals force
between the nanosheets reducing agglomeration and
improving infusion with epoxy as observed in the
SEM images.

Tensile test results portray a variation in reinforce-
ment for the pristine and silanized graphene. Maximum
strength and modulus of elasticity was shown by nano-
composite with 0.5wt% silanized graphene. Unlike
short fiber reinforced composite where the ductility is
low the, nanocomposites in this study exhibited
improved ductility in case of 0.25wt% and 0.5wt%
nanofiller compared to the control composite without
the nanofiller. The graphene nanosheets are highly flex-
ible allowing them to twist and stretch in the polymer
network. Graphene nanosheets infused properly in the
polymer matrix will allow continuous absorption of
energy during the tensile test and hence lead to
increased elongation at failure. Mechanical properties
of composite materials are dominated by the extent of
load transfer from the matrix to the reinforcement.
Addition of nanofiller to the polymer matrix increases
its viscosity and increases the possibility of air entrap-
ment during fabrication. The mechanical properties of
graphene nanosheets are superior to those of agglom-
erated graphene in micron size. During the curing pro-
cess, these agglomerated graphene particles create
resistance to resin flow leading to void formation at
the graphene/epoxy interphase. A well dispersed and
interconnected nanofiller within the polymer network
could enhance the load transfer from the matrix to
reinforcements. This phenomenon can be attributed
to the increased strengths observed in case of 0.25wt
% and 0.5wt% nanofiller.

A strong interfacial interaction of hydroxyl and
amine groups between the silanized graphene and poly-
mer matrix may also exist. Since the silanized graphene
had enhanced interfacial interaction with the epoxy
resin and it had better dispersion, the silanized gra-
phene nanosheets were able to restrict crack propaga-
tion to some extent increasing the load carrying
capacity of the silanized nanocomposites further com-
pared to the pristine graphene nanocomposites. As
observed in the SEM images the nanocomposites con-
taining 1wt% nanofiller possessed more agglomerated
nanofiller than those with lower nanofiller content.
Moreover, pristine graphene showed more agglomera-
tion than the nanocomposite sample with the same
amount of silanized graphene as nanofiller. Graphene
agglomeration could initiate crack propagation at the

pores, meaning more agglomeration could deteriorate
mechanical properties. This explains the lower tensile
strength for the nanocomposite with 1wt% pristine
and silanized graphene. Higher agglomeration in case
of the pristine graphene nanocomposites could cause
the graphene sheets to slip during loading, lowering
the modulus of elasticity compared to the silanized gra-
phene nanocomposites with the same percentage of
nanofiller. The decrease in the elongation at fracture
for 1wt% silanized nanocomposite compared to the
corresponding pristine graphene nanocomposites
could be attributed to increased dipole interaction
between the silanized graphene and epoxy.

In case of pristine graphene sample, the 0.5wt%
sample exhibited lower Tg than the 0.25wt%, indicat-
ing that higher agglomeration in the former sample
interfered with the attractive interaction between the
nanosheets and polymer creating graphene-rich and
graphene-poor regions, and facilitating the segmental
motion of the polymer. This could decrease the Tg

slightly in the 0.5wt% pristine graphene sample. On
the contrary, when 1wt% pristine graphene is added
as the nano-inclusion, the agglomeration becomes high
enough to introduce steric hindrance to polymer seg-
mental motion and hence the Tg increases compared to
the 0.5wt% pristine graphene sample.39 In case of
0.25wt% and 0.5wt% silanized graphene samples the
agglomeration is far lower compared to their corre-
sponding counterpart for pristine graphene. The
agglomeration in 0.25wt% and 0.5wt% silanized gra-
phene samples is small enough such that with increased
nano-inclusion the attractive interaction between silan-
ized graphene and polymer enhances, restricting the
segmental polymer chain motion.39 This caused an
increased Tg for 0.5wt% silanized graphene sample
compared to 0.25wt% silanized graphene nanocompo-
site. In case of 1wt% silanized graphene nanocompo-
site, the agglomeration could become high enough that
graphene-rich and graphene-poor regions could form
as in the case of 0.5wt% pristine graphene, and
hence the Tg decreases compared to 0.25wt% and
0.5wt% silanized graphene nanocomposites.

The higher Tg in case of 0.25wt% and 0.5wt%
silanized graphene nanocomposites compared to
those of pristine graphene nanocomposites could be
associated with enhanced agglomeration in the latter.
Moreover, the silanized graphene generated a strong
interfacial interaction with the polymer chains restrict-
ing their motion, and resulting in higher Tg. The Tg

for silanized graphene nanocomposites also correlates
with the tensile test results. Agglomeration led to lower
Tg in case of the nanocomposite with 1wt% silanized
graphene when compared to the corresponding nano-
composites with lower nanofiller content. The nano-
composite with 1wt% nanofiller exhibited poorer

10 Journal of Composite Materials 0(0)



mechanical properties. The nanocomposite with

0.5wt% silanized graphene showed superior mechani-

cal properties and high Tg.

Conclusions

The primary aim of this study was to effectively func-

tionalize graphene oxide nano-flakes by the silanization

process, characterize the silanized graphene nanocom-

posite, and analyze the effectiveness of the prepared

graphene nanocomposites for improved mechanical

properties of carbon fiber reinforced composites. The

FTIR studies indicated that the graphene nanoflakes

were successfully silanized. In case of the pristine nano-

filler, the ultimate tensile strength increased by 3.3%

and 50% respectively compared to the base sample

when 0.25wt% and 0.5wt% nanofiller was added.

For 1wt% pristine nanofiller, the tensile strength

decreased by 23.5% compared to the base sample.

After the silanization process, ultimate tensile strength

was improved by 14% and 58% respectively when

0.25wt% and 0.5wt% nanofiller was loaded compared

to the base sample without the nanofiller. The ultimate

tensile strength decreased by 6.9% compared to the

base sample when 1wt% silanized nanofiller was

added. When 0.25wt% and 0.5wt% prisitine nanofiller

was added, the modulus of elasticity increased by 3.6%

and 7% respectively compared to the base sample. For

1wt% pristine nanofiller, the modulus of elasticity

decreased by 8.5% compared to the base sample. The

modulus of elasticity was also improved by 11%,

16.8% and 5% respectively compared to the base

sample after adding 0.25wt%, 0.5wt% and 1wt%

silanized nanofiller. In addition to the tensile proper-

ties, the DMA tests resulted in increased glass transi-

tion temperature for the silane functionalized graphene

when compared to the pristine graphene for nanofiller

loading less than 1wt%. SEM analysis showed some

distinct surface morphological difference between the

functionalized and pristine graphene nanocomposites,

which drastically affected the facture mechanisms of

the fiber reinforced composites. This study opens up

new avenues in increasing the mechanical and thermal

properties of fiber reinforced composites for various

industrial applications (e.g., aerospace, wind turbine,

ship and automotive).

Acknowledgments

The authors greatly acknowledge Wichita State University

and the National Institute of Aviation Research for technical

support of the present study.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: The authors greatly acknowledge Wichita State

University and the National Institute of Aviation Research

for financial support of the present study

ORCID iD

F Abedin https://orcid.org/0000-0001-5271-170X

References

1. Rohini R, Katti P and Bose S. Tailoring the interface in

graphene/thermoset polymer composites: a critical

review. Polymer 2015; 70: A17–A34.
2. Hu X, Su E, Zhu B, et al. Preparation of silanized gra-

phene/poly(methyl methacrylate) nanocomposites in situ

copolymerization and its mechanical properties. Compos

Sci Technol 2014; 97: 6–11.
3. Li Y-L, Kuan C-F, Chen C-H, et al. Preparation, thermal

stability and electrical properties of PMMA/functional-

ized graphene oxide nanosheets composites. Mater Chem

Phys 2012; 134: 677–685.
4. Wood W, Kumar S and Zhong W-H. Synthesis of

organosilane-modified carbon nanofibers and influence

of silane coating thickness on the performance of poly-

ethylene nanocomposites. Macromol Mater Eng 2010;

295: 1125–1135.
5. Lin J, Zhang P, Zheng C, et al. Reduced silanized gra-

phene oxide/epoxy-polyurethane composites with

enhanced thermal and mechanical properties. Appl Surf

Sci 2014; 316: 114–123.
6. Kim DS, Dhand V, Rhee KY, et al. Study on the effect of

silanization and improvement in the tensile behavior of

graphene-chitosan-composite. Polymers 2015; 7:

527–551.
7. Li Z, Wang R, Young RJ, et al. Control of the function-

ality of graphene oxide for its application in epoxy nano-

composites. Polymer 2013; 54: 6437–6446.
8. Chatterjee S, Wang JW, Kuo WS, et al. Mechanical rein-

forcement and thermal conductivity in expanded gra-

phene nanoplatelets reinforced epoxy composites. Chem

Physics Lett 2012; 531: 6–10.
9. Zhang X, Fan X, Yan C, et al. Interfacial microstructure

and properties of carbon fiber composites modified with

graphene oxide. ACS Appl Mater Interfaces 2012; 4:

1543–1552.
10. Tran TV, Abedin F, Usta A, et al. Polyurethane nano-

composite coating with silanized graphene and hexagonal

boron nitride as nanoadditives for improved resistance

against ultraviolet degradation. J Compos Mater 2019;

53: 1387–1399.

Shagor et al. 11

https://orcid.org/0000-0001-5271-170X
https://orcid.org/0000-0001-5271-170X


11. Nuraje N, Khan SI, Misak H, et al. The addition of
graphene to polymer coatings for improved weathering.
ISRN Polym Sci 2013; 2013: 1–8.

12. Asmatulu R, Daoudadiouf MM and Nuraje N.
Enhanced anti-weathering of nanocomposite coatings
with silanized graphene nanomaterials. International

Journal of Engineering Research and Application 2016;
6: 23–36.

13. Kumar SSA, Uddin MN, Rahman MM, et al.
Introducing graphene thin films into carbon fiber com-
posite structures for lightning strike protection. Polym
Compos 2019; 40: E517–E525.

14. Zhang B, Soltani SA, Le LN, et al. Fabrication and
assessment of a thin flexible surface coating made of pris-
tine graphene for lightning strike protection. Mater Sci

Eng: B 2017; 216: 31–40.
15. Zhang B, Asmatulu R, Soltani SA, et al. Mechanical and

thermal properties of hierarchical composites enhanced
by pristine graphene and graphene oxide nanoinclusions.

J Appl Polym Sci 2014; 131.
16. Rahman AS, Mathur V and Asmatulu R. Effect of nano-

clay and graphene inclusions on the low-velocity impact
resistance of kevlar-epoxy laminated composites. Compos

Struct 2018; 187: 481–488.
17. Uddin MN, Le L, Nair R, et al. Effects of graphene oxide

thin films and nanocomposite coatings on flame retard-
ancy and thermal stability of aircraft composites: a com-
parative study. J Eng Mater Technol 2019; 141: 031004.

18. Ma L, Zhu Y, Feng P, et al. Reinforcing carbon fiber
epoxy composites with triazine derivatives functionalized
graphene oxide modified sizing agent. Compos Part B:

Eng 2019; 176: 107078.
19. Adak NC, Chhetri S, Murmu NC, et al. Experimental

and numerical investigation on the mechanical character-
istics of polyethylenimine functionalized graphene oxide
incorporated woven carbon fibre/epoxy composites.
Compos Part B: Eng 2019; 156: 240–251.

20. Han X, Zhao Y, Sun J-m, et al. Effect of graphene oxide
addition on the interlaminar shear property of carbon
fiber-reinforced epoxy composites. New Carbon Mater

2017; 32: 48–55.
21. Alarifi IM. Structural analysis of hexagonal and solid

carbon fibers composite. Polym Test 2020; 84: 106392.
22. Kafy A, Sadasivuni KK, Akther A, et al. Cellulose/gra-

phene nanocomposite as multifunctional electronic and
solvent sensor material. Mater Lett 2015; 159: 20–23.

23. Patel MUM, Luong ND, Sepp€al€a J, et al. Low surface
area graphene/cellulose composite as a host matrix for
lithium sulphur batteries. J Power Sourc 2014; 254:
55–61.

24. Ouyang W, Sun J, Memon J, et al. Scalable preparation
of three-dimensional porous structures of reduced gra-
phene oxide/cellulose composites and their application

in supercapacitors. Carbon 2013; 62: 501–509.
25. Gao K, Shao Z, Wu X, et al. Cellulose nanofibers/

reduced graphene oxide flexible transparent conductive
paper. Carbohydr Polym 2013; 97: 243–251.

26. Li J, Cui J, Yang J, et al. Silanized graphene oxide rein-
forced organofunctional silane composite coatings for
corrosion protection. Progr Organ Coat 2016; 99:
443–451.

27. Li J, Cui J, Yang J, et al. Reinforcement of graphene and
its derivatives on the anticorrosive properties of water-
borne polyurethane coatings. Compos Sci Technol 2016;
129: 30–37.

28. Yang H, Li F, Shan C, et al. Covalent functionalization
of chemically converted graphene sheets via silane and its
reinforcement. J Mater Chem 2009; 19: 4632–4638.

29. Hou S, Su S, Kasner ML, et al. Formation of highly
stable dispersions of silane-functionalized reduced gra-
phene oxide. Chem Phys Lettrs 2010; 501: 68–74.

30. Shen B, Zhai W, Tao M, et al. Chemical functionaliza-
tion of graphene oxide toward the tailoring of the inter-
face in polymer composites. Compos Sci Technol 2013;
77: 87–94.

31. Wan Y-J, Tang L-C, Yan D, et al. Improved dispersion

and interface in the graphene/epoxy composites via a
facile surfactant-assisted process. Compos Sci Technol

2013; 82: 60–68.
32. Wang Q, Li S-y, Pan S, et al. Synthesis and properties of

a silane and copolymer-modified graphene oxide for use
as a water-reducing agent in cement pastes. New Carbon

Mater 2018; 33: 131–139.
33. Chen L, Jin H, Xu Z, et al. A design of gradient inter-

phase reinforced by silanized graphene oxide and its
effect on carbon fiber/epoxy interface. Mater Chem

Phys 2014; 145: 186–196.
34. Jiang T, Kuila T, Kim NH, et al. Enhanced mechanical

properties of silanized silica nanoparticle attached gra-
phene oxide/epoxy composites. Compos Sci Technol

2013; 79: 115–125.
35. Shagor RMR. Effects of graphene functionalization on

mechanical properties of carbon fiber laminate composites.
Wichita: Wichita State University, 2015.

36. Shagor RMR, Alarifi I and Asmatulu R. Effects of silan-
ized graphene nanoflakes on mechanical properties of
carbon fiber reinforced laminate composites. In:
CAMX, the composites and advanced materials expo.
Anaheim, CA, 26–29 September 2016.

37. Li B, Olson E, Perugini A, et al. Simultaneous enhance-
ments in damping and static dissipation capability of
polyetherimide composites with organosilane surface
modified graphene nanoplatelets. Polymer 2011; 52:
5606–5614.

38. Nikolic G, Zlatkovic S, Cakic M, et al. Fast fourier trans-
form IR characterization of epoxy GY systems cross-
linked with aliphatic and cycloaliphatic EH polyamine
adducts. Sensors 2010; 10: 684–696.

39. Wang N, Wu X and Liu C. Opposite effects of SiO2
nanoparticles on the local a and larger-scale a’segmental

relaxation dynamics of PMMA nanocomposites.
Polymers 2019; 11: 979.

12 Journal of Composite Materials 0(0)


