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Abstract. In this study, graphene nanoplatelets (GNPs) were synthesized from graphite by a liquid-phase exfoliation (layer
separation) method, and their surfaces were functionalized with poly(glycidyl methacrylate) (PGMA) by using the rotatingbed plasma-enhanced chemical vapor deposition (PECVD) method. Fourier-transform infrared spectroscopy (FT-IR), Raman
spectroscopy, scanning electron microscopy (SEM), X-ray powder diffraction (XRD), and thermogravimetric (TGA) analyses
were performed to characterize the unmodified (u-GNP) and modified GNP (PGMA-GNP). Epoxy nanocomposites were
prepared with both types of GNPs at different loading levels (0.1–2% by weight). The role of the surface modification of
the GNPs on the mechanical, thermal, electrical conductivity, contact angle, water sorption, and corrosion properties of the
epoxy nanocomposite coatings was also investigated. Consequently, the tensile strength and Young’s modulus of the epoxy
resin (ER)/PGMA-GNP nanocomposites were enhanced by 10.2–20 and 3.3–18.4%, respectively, as compared to the
ER/u-GNP composites. Moreover, the nanocomposites prepared with PGMA-GNP had better water sorption and wettability
properties than those prepared with u-GNP, but lower electrical conductivity. The corrosion test results showed that the addition of GNPs to epoxy effectively improved the corrosion resistance of the epoxy composites in high salinity, basic, and
acidic environments.
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1. Introduction
Epoxy resins (ERs) are widely used thermosets owing
to their wide range of applications. They possess
noteworthy features, such as good electrical and mechanical properties, thermal stability, solvent and
chemical resistance, humidity resistance, and excellent adhesive features for many coating applications
[1, 2]. Despite their many superior properties, epoxides have some drawbacks, such as low impact resistance, high brittleness, and low thermal and electrical conductivities, which limit their application
when used without any reinforcement. To overcome
these undesirable effects, compatible fillers such as

graphene [1], nanosilica [2], carbon nanotubes [3],
and nanoclay [4] are incorporated into the epoxy. Although there are challenges, polymer nanocomposites are applied in the coating industry, and studies
show that their commercial impact will significantly
increase in the future.
Graphene nanoplatelets (GNPs) are formed by combining several layers of graphene sheets. Like other
carbon-based developments, it is of great interest in
many areas due to its excellent mechanical, thermal,
and electrical properties. Moreover, it is hydrophobic
and environmentally friendly [5]. The superior properties of GNPs have enabled their use in recent years
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functionalization of graphene with polymers enabled
the homogeneous dispersion of graphene, the adequate control of the microstructure of the nanocomposites, and prevented the restacking of the graphitic
sheets.
Compared to chemical methods, plasma-enhanced
chemical vapor deposition (PECVD) is an all-dry
and single-step method that does not require an organic solvent. Coating polymers by plasma is a versatile method for implementing ultrathin polymeric
layers on a wide range of materials. PECVD, which
is different from other chemical vapor deposition
(CVD) processes, activates the chemical reaction of
precursors with plasma and requires a lower temperature than conventional CVD. Plasma modification
can alter material surface properties, such as hydrophilicity, conductivity, biocompatibility, surface
energy, and adhesion [3]. Recently, Kocaman [20]
used poly(acrylic acid)-coated coconut waste using
the PECVD method as an adsorbent for the removal
of methylene blue dye.
No literature on the PECVD polymer coating of
GNPs is available. Additionally, the use of polymercoated nanofillers by PECVD in a composite preparation was performed for the first time by the authors
[3, 21], and no other studies have been conducted on
this topic by other researchers. As a continuation of
these studies, this novel study coated GNP surfaces
with poly(glycidyl methacrylate) (PGMA) as a filler
in epoxy nanocomposites by the rotating-bed
PECVD method. The glycidyl methacrylate (GMA)
monomer was chosen because it may serve as a good
compatible agent because of the epoxy groups that
it possesses. While coating of the GNP surfaces is
very limited when the particle bed is stationary, the
particles coated with the rotating-bed PECVD method
are equally exposed to plasma owing to continuous
agitation. Additionally, ample studies on the use of
GNPs in ER exist and they generally investigated the
electrical and thermal conductivity, storage, flexural
modulus, and fracture toughness [9, 22–24]. To determine the anticorrosive performance, Ding et al.
[25] studied the water sorption, and contact angle
(CA) of a hydroxyl epoxy phosphate monomer enhanced graphene/epoxy coating. However, the nanocomposite coating properties, their mechanical behavior, thermal stability, water sorption, surface
wettability, corrosion, and electrical conductivity
were comparatively examined for the first time in
this study.

as high-efficiency fillers to produce polymer composites and coatings with improved properties [1].
Nanocomposites containing small amounts of GNPs
exhibit superior properties such as mechanical, thermal, gas barrier, electrical conductivity, and anticorrosion, to that of pure polymers [6–8].
The enhancement of the composite properties strongly
depends on the level of dispersion of the GNPs in the
polymer matrix. Because pristine GNPs tend to aggregate during the mixing process due to Van der Waals
forces, the uniform dispersion of the GNPs in the matrix during the production of such composites is very
important for achieving the final composite properties
[9]. The agglomeration of filler particles in epoxy also
affects the final product properties; however, modifying the surface of nanoplatelets can enhance the compatibility between the filler and the polymer and provide desirable final product properties.
Various studies have been conducted to increase the
dispersion of nanofillers in polymers, including ultrasonication and physical or chemical modifications
[10]. Better distribution and compatibility between the
filler and matrix can be achieved by surface modification of the GNPs. Functionalization of the graphene
surface increases the dispersion and the interaction
between GNPs and the polymer matrix [11]. Another
advantage of using functional graphene is the creation
of hydrogen-bonding networks, which can greatly
increase interfacial bonding between functional
groups and the polar polymer chains. The surface
properties of graphene can be chemically modified
for specific purposes by using different modifying
agents, such as ionic liquids [12], (3-glycidyloxypropyl) trimethoxysilane [13], and functional carboxyl (–COOH) groups [14]. Polymeric surface modification is an easy way to alter graphene nanomaterials to achieve the desired surface properties. Polymer surface modification is an effective way to create stable graphene dispersions to avoid agglomeration owing to its high surface energy. For the surface
modification or coating of GNPs with polymers, various techniques, such as oxidation polymerization
[15], plasma-based chemical functionalization [16],
chemical modification [17], and grafting by radical
polymerization [18], have been used. Coating the surfaces of nano-additives is very attractive owing to
their ability to form a coating layer on the material
with special properties, its homogeneity, and the ability to impart a new performance to a material.
Quiles-Díaz et al. [19] reported that the covalent
3
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2. Materials and methods
2.1. Materials

2.3. Surface modification of GNP by PECVD
The polymerization of GMA on GNPs was performed
using a rotating-bed PECVD system. In this system,
a cylindrical Pyrex tube (7 cm outer diameter, 50 cm
length) was used as the vacuum reactor. The DC
motor was connected to a vacuum chamber to provide
rotation, and the particles were continuously exposed
to plasma. The rotation speed of the reactor was adjusted to 12 rpm. The GMA monomer was held in a
stainless-steel jar, and the temperature was controlled
using heating tape wrapped around the jar. The monomer temperature was set to 55 °C using a proportional–integral–derivative (PID) temperature controller.
Through experimentation, the reactor pressure was
maintained at 300 mTorr, which was measured by a
capacitance-type pressure gauge (MKS, Baratron),
and the surface was exposed to a 40 W plasma power
for 20 min. To evaluate the coating thickness and
characterization, a silicon wafer (100, p-type) was
placed in a vacuum chamber (Figure 1).

Pristine graphite powder was supplied from Graphit
Kropfmühl AMG (Hauzenberg/Germany) and was
suspended in an ethanol solution with a stirrer for
high purity once it was received. N,N-dimethylformamide (DMF), epoxy embedding medium accelerator 2,4,6-tris(dimethyl aminomethyl)phenol, GMA,
and ethanol were purchased from Sigma-Aldrich
Ltd. (USA). Bisphenol A-type ER (NPEK 114) was
supplied by Konuray Chemical Co. (Turkey). The
hardener, commercially known as Docure KH-816
(a cycloaliphatic amine), was purchased from Sar
Chemical Co. (Turkey).

2.2. Liquid-phase exfoliation of graphite
Graphene was produced from graphite using the liquid-phase exfoliation (layer separation) method.
Graphite (1.0 g) and DMF (300 ml) were mixed in a
beaker, and the mixture was subjected to magnetic
stirring and probe sonication (SONOPULS, Ultrasonic Homogenizer, Model UW 3200, 200 W) at
20% power for 6 h. The beaker was placed in an ice
container to prevent the heating of the mixture. After
sonication, the dark dispersion mixture was centrifuged at 4000 rpm for 10 min to remove large particles, and homogeneous mixtures of GNPs and
DMF were obtained. The final dispersion was centrifuged at 9000 rpm for 45 min to obtain GNPs
(Figure 1).

2.4. Composite preparation
Two different types of composites were prepared
with unmodified (u-GNP) and modified GNPs
(PGMA-GNP). A small amount of graphene can significantly improve the mechanical, electrical, and
thermal properties of polymer composite materials
[26]. Therefore, GNPs were dispersed into the epoxy
matrix in 0.1, 0.3, 0.5, 1.5, and 2.0 wt% by using a
mechanical stirrer and ultrasonic bath at 60 °C for

Figure 1. Schematic presentation of synthesis and PECVD coating of GNP which used in the composite preparation.
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1 h. After dispersion, the curing agent (30 wt%) and
accelerator (1.0 wt%) were added. The mixture was
poured into a stainless-steel mold that was prepared
according to the ASTM D 638 standard for the forming process [27, 28] (Figure 1). Curing was conducted at 40 °C and post-curing at 80 °C for 24 h at each
temperature.

Sorption [%] =

Wt - W0
W0 $ 100

(1)

where Wt is the mass of the sample at the corresponding time and W0 is the mass of the dry sample.
ER/PGMA-GNP composites (0.3 and 1.5 wt%) were
exposed to 10% NaCl, 10% NaOH, and 10% H2SO4
for 15 d. After removing the composites from the
process solutions, the number of defects (color
changes, swelling, turbidity, and others) were observed with SEM and microscopic images were taken
as a measure of the corrosion resistance.

2.5. Characterization
Raman analysis (Renishaw inVia Reflex confocal
Raman microscope) was used to examine the structural characteristics of the as-produced GNPs. Fourier-transform infrared spectroscopy (FT-IR; Bruker
Vertex 70) was employed to reveal the chemical structure of the PECVD-coated thin film (PGMA) and
characterize the synthesized GNPs. FT-IR spectra
were recorded in the wavenumber range of 3600–
600 cm–1 at a resolution of 4 cm–1 and averaged over
a total of 32 scans. Transmission electron microscopy (TEM; JEOL JEM-2100) at an acceleration
voltage of 200 kV was used to visualize the morphologies of the pure and PGMA-coated GNPs. The
morphology of the composites was characterized by
scanning electron microscopy (SEM; Zeiss EVO
LS10 electron microscope with a Bruker 123 eV
EDX sensor). Static CA measurements were performed at 10 different points on the samples using a
CA goniometer (Kruss Easy Drop) with 2.0 µl of
deionized water.
X-ray diffraction (XRD) was conducted on a Bruker
D8 Advance powder diffractometer with Cu-Kα radiation (λ = 1.5406 Å, power = 40 kV) from 20–80°.
The thermal analyses were performed using a Mettler Toledo thermogravimetric analyzer. Samples (approximately 10 mg) were heated from 50 to 800 °C
at a heating rate of 10 °C·min–1 under a nitrogen atmosphere during the analyses. Tensile tests were performed using a Stretch and Pressing Equipment TSTMares/TS-mxe (following the ASTM D 638 standard). Hardness tests were conducted with a Shore
Durometer TH 210 according to the ASTM D 2240
Standard. Three to five samples of each composite
material were tested to obtain reliable values for the
tensile and hardness tests.
The samples were maintained in deionized water for
26 d at room temperature to determine the water sorption by the gravimetric method. The samples were
weighed daily after removal from the water and surface drying. The water sorption of the composites
was calculated using the Equation (1):

3. Results and discussion
3.1. Characterization of synthesized GNP

3.1.1. Raman and FT-IR analyses
The peaks at 1582 and 2700 cm–1 (Figure 2a) are
characteristic peaks in the Raman spectrum of
graphene and are called the G and 2D bands, respectively. The G peak is caused by the in-plane vibration
of the sp2 carbon atoms, and the 2D peak, the secondorder overtone of D, originates from a two-phonon
lattice vibrational process. In the Raman spectra, the
three bands of G, D, and 2D represent the sp2 carbon
atoms of the graphene structure, and the graphene
layer thickness can be calculated by using these bands
[29, 30]. The intensity ratio of the 2D and G bands
(I2D/IG) was calculated to be 0.520, indicating that the
average number of layers of graphene plates should
be less than 5 [31]. Additionally, the peak at
1350 cm–1, the D peak, is known as the defect band
or disorder band. A high-intensity D band implies
many defects in the material [13, 31]. The ratio of the
D and G bands (ID/IG) for the synthesized graphene
(u-GNP) was 0.19, which was attributed to the small
defects and high quality of the obtained GNPs [32].
The Raman spectra of the PGMA-coated GNPs
showed the same D, G, and 2D bands without shifting but with D intensities different from those of uGNP. ID/IG for the PGMA-GNP was found to be 0.23,
which was slightly higher. An increase in ID/IG relative to that found for u-GNP indicated that polymer
chains successfully covered the surface because they
were detected as defects in the carbon network by
Raman spectroscopy. Vallés et al. [11] also reported
thatID/IG was higher for PMMA-grafted GNPs than
for NH2-GNPs, possibly because of the inclusion of
some additional functional groups or polymer chains
physically adsorbed on the surface of the defects
and/or flakes.
5
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Figure 2. a) Raman spectra of u-GNP and PGMA-GNP; b) FT-IR spectra of GMA and PGMA.

thickness depended on the ambient conditions. The
conditions under which the graphene nanoparticles
would be coated were determined by coating a Si
wafer with PGMA under different conditions. Because the highest coating speed was obtained at 40 W
and 20 min, according to a profilometer analysis, the
GNPs were coated with PGMA under these conditions. The thickness of the coating was determined
to be 811 nm. Additionally, the PGMA polymer is
thought to be physically adsorbed by the GNP surface
and not covalently bonded because graphene consists only of benzene rings and does not contain
groups to react with PGMA [3].

The precise chemical structure of plasma-polymerized GMA is difficult to determine because plasma
polymerization is a significantly more complex
process than conventional polymerization. The chemical structure of GMA contains an epoxy-functional
group and an unsaturated carbon-carbon (C=C)
bond. The epoxy group of GMA can effectively enhance the adhesion for charge transfer and chemical
bonding at the interface. GMA has been found to
protect the epoxy groups during plasma polymerization and deposition on different surfaces [33]. FT-IR
analysis was used to determine the possible chemical
structure of the PGMA thin film. Because it is important to maintain an adequate amount of epoxy
functional groups, the presence of this group in the
FT-IR spectrum is desirable. Figure 2b shows the
FT-IR spectra of the GMA monomer and PGMA on
the silicon substrate. The absorption bands at 3040–
2800, 1728, and 1500–1400 cm–1 were assigned to
C–H stretching, C=O stretching, and C–H bending,
respectively. The stretching vibration of the ester C–O
bond was observed at 1248 and 1250 cm–1, while the
906 and 844 cm–1 wavelengths were related to the
asymmetric stretching vibration of the epoxy C–O
bond. These peaks were preserved after the polymerization of GMA. It was clear from the PGMA thinfilm spectrum that the unconjugated C=C double
bond at 1636 cm–1 disappeared. This shows that the
plasma polymerization of GMA proceeds through
C=C double bonds and not the epoxide functional
groups. The absorption bands at 2937, 2858, and
1450 cm–1 (the sharp alkane stretching bands) confirmed the long-chain hydrophobic end group in the
polymer [34].
A rotary-bed PECVD system was used to cover the
GNP surfaces as completely as possible. The coating

3.1.2. SEM and XRD
Figure 3 shows the SEM analysis results of GNPs at
various magnifications. The difference in the SEM
images of the u-GNP (Figure 3a) and PGMA-GNP
(Figure 3b) showed that the GNPs were coated with
the PGMA polymer. To achieve maximum performance, optimum adhesion between the filler and the
polymer matrix is required. It was observed that the
gaps between the graphene particles decreased as a
result of coating with PGMA, and a tighter, more adherent image was obtained. Therefore, it was concluded that the PGMA coating occurred only on the
outer surface of the GNPs, and the coating proceeded well with PECVD polymerization.
The structural properties of the GNPs were characterized by XRD analysis. Figure 4a shows the characteristic XRD patterns of u-GNP and PGMA-GNP.
The characteristic 2θ angle of the GNPs was 26.6°,
corresponding to the (002) crystallographic plane of
the graphitic structure. Additionally, the small peaks
at a 2θ of 42, 45, and 55° corresponded to the (100),
(101), and (004) crystallographic planes, respectively

6
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Figure 3. SEM images of GNPs: a) u-GNP; b) PGMA-GNP.

[26]. The first stage is defined as the thermal decomposition of oxygen-containing functional groups that
occurs at 456–560 °C. As shown in Figure 4b, the
thermal degradation of u-GNP becomes unstable at
520 °C. The second stage begins at approximately
650 °C. At higher temperatures, carbon atoms may
corrode or oxidize, resulting in the deformation of
carbon bonds and the formation of void-like defects
[35]. It is the opinion of the authors that because the
unstable moieties are covered with the polymer,
PGMA-GNP exhibits single-step degradation during
heating. Both types of GNPs showed high thermal
stability, but the T5 (temperature of 5% weight loss;
485 °C) and T10 (temperature of 10% weight loss;
537 °C) values of u-GNP were higher than those of
PGMA-GNP (378 and 399 °C, respectively) (see
Figure 4b). From the literature, the thermal decomposition temperatures of various acrylate polymers
are approximately 350–370 °C; moreover, most of
these compounds degrade at approximately 420 °C
[36, 37]. Accordingly, because of the PGMA polymer coating on the GNP surface, a decrease in the

[22]. The XRD patterns of the exfoliated GNPs
(Figure 4a) show sharp and intense peaks that indicate a highly organized crystal structure. Two diffraction peaks were detected in both u-GNP and
PGMA-GNP’s XRD patterns at the same positions,
suggesting that the GNP lattice was preserved after
coating the GNPs with PGMA. The peak intensity of
PGMA-GNP was lower than that of pristine GNP,
proving that the GNP surface was coated with an
amorphous polymer.

3.1.3. TGA analysis
Figure 4b shows the TGA curves of the u-GNP and
PGMA-GNP. TGA was conducted at 0–800 °C. The
Tmain (main decomposition temperature), Tmax
(maximum weight loss temperature), char (residue
at 800 °C), and T50 (temperature of 50% weight loss)
of the GNPs are listed in Table 1 and were obtained
from Figure 4b. Figure 4b shows that the thermal
degradation of u-GNP can be divided into two stages.
GNP as a graphite intercalation product may consist
of a small amount of oxygen groups on its surface
7
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Figure 4. a) XRD patterns; b) TGA curves of u-GNP and PGMA-GNP.

Van der Waals forces. Valley-like pores were also observed. SEM images of the composites revealed that
the distribution of the PGMA-GNP nanofillers in the
ER matrix was more homogenous than that of the
ER/u-GNP composites (Figures 5e–5g). Coating the
GNP surface with the polymer increased the filler
matrix adhesion, which resulted in the significant reduction of pores and fissures. The PGMA-GNP particles with lower surface roughness, due to the
PGMA coating only the outer surface of the GNPs,
were saturated by ER, and there was no visible gap
in the interface area, indicating that there may be
good adhesion between the polymer and filler.
The number of large particles also decreased in the
PGMA-GNP composites. Although PGMA-GNP
composites have valley-like pores exceeding 0.3%
by weight, very small crack-like appearances were
detected. The SEM image of the composite with
0.5 wt% PGMA-GNP exhibited a better homogeneity and low surface roughness. Similarly, the best mechanical properties were achieved with the
ER/0.3 wt% PGMA-GNP. The nanoplatelets added
in small amounts are less likely to agglomerate in the
resin, and the modification of fillers increases the
compatibility between the filler and matrix, which
may result in similar results. Additionally, small agglomerates contact each other to form a percolated
network and may result in charge transfer or electrical
conductivity between the graphene layers [22].
TEM analysis was performed to reveal the morphology of the GNPs. Because of the planar geometry
of the GNPs, only the exposed edges of the GNPs
were discernible in the SEM images. As depicted in
Figure 6, the TEM images showed a typical GNP

thermal stability was observed at 400 °C; however,
above this temperature, the PGMA-coated GNPs
were thermally more stable. This is because the GNP
surface is covered with polymer residue during the
PGMA decomposition, which makes the GNPs more
resistant to subsequent decomposition. The residue
weights at 800 °C were 68.09 and 82.82% for u-GNP
and PGMA-GNP, respectively, indicating the excellent thermal stability of these materials.

3.2. Characterization of composites
3.2.1. SEM and TEM
SEM analysis can provide insight into the adhesion
and dispersion of nanoplatelets with a polymer matrix [38]. To understand the modification effect on
dispersion, SEM micrographs were obtained from
the PGMA-modified and u-GNP composites.
Figure 5 shows SEM images of the neat ER, ER/uGNP, and ER/PGMA-GNP composites. A uniform
epoxy breaking surface displays a smooth surface,
which is a feature of a fragile structure [39]. Unlike
the crack-prone surfaces of neat epoxy, the GNP
composites exhibited a rough surface. Thermosetting
resins are brittle and the addition of rough nanofillers
prevents crack deviation.
GNPs may effectively inhibit crack propagation
owing to their two-dimensional structure [40]. As
seen from Figure 5b–5d, increasing the u-GNP content over 0.3 wt% led to agglomeration and more
roughness in the microstructure, and the crack-like
appearance slightly increased in size. The SEM image
of the ER/1.5 wt% u-GNP showed that there were
still some densely adhered agglomerates, which proves
the difficulty of overcoming the high adhesion of
8
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Figure 5. SEM images of neat ER (a), and composites with 0.3–0.5–1.5 wt%: u-GNP (b–d); PGMA-GNP (e–g).

structure that was wrinkled, similar to crumpled
paper. This GNP structure is advantageous for promoting mechanical load transfer with the matrix [41].
In Figure 6, the most transparent regions are monolayer graphene, while the lighter areas show a thinner
stack of GNP layers, and the dark areas show a thicker stack of GNPs [42]. The squares in Figure 6b

indicate the produced GNPs with a thickness exceeding 15 nm [43]. Agglomeration was clearly visible
in the ER/2 wt% u-GNP composite, while the ER/
0.3 wt% PGMA-GNP composite showed a homogeneous dispersion, indicating that plasma polymerization increased the compatibility between the filler
and matrix.

Figure 6. TEM images of composites: a) ER/2 wt% u-GNP; b) ER/0.3 wt% PGMA-GNP.
9
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3.2.2. XRD
The XRD diffraction pattern of the composites enables the quality of the filler dispersion to be compared. Figure 7 shows the XRD patterns of the neat
epoxy, ER/u-GNP, and ER/PGMA-GNP composites.
The characteristic 2θ degree of the neat epoxy was
approximately 19°, and this wide peak corresponded
to the amorphous polymer matrix, which was ER.
The XRD patterns of the nanocomposites prepared
with GNPs were very similar to those of the neat
epoxy. As seen in the diffractograms in Figure 7, all
nanocomposites were amorphous because they exhibited a large peak at 2θ = 19°. Furthermore, the peak
at 26.6° was the characteristic 2θ of u-GNP, and the
appearance of this peak indicated the agglomeration
or a higher loading of nanofiller in the matrix [13]. A
small peak at 26.6° appeared in the ER/2.0 wt% GNP
composite diffractogram, indicating the agglomeration of GNPs. A graphene peak was not observed for
the ER/PGMA-GNP composites, suggesting that
modifying the nanoplatelets by the PECVD method
provided a more homogeneous dispersion.

The mechanical test data determined for ER were:
tensile strength = 95 MPa; e-modulus = 4.6 GPa;
elongation = 1.39%; and hardness = 70 Shore D. The
tensile strengths of all the u-GNP and PGMA-GNP
composites were higher than those of neat epoxy.
The highest tensile strength in the ER/u-GNP composites was achieved with the addition of 0.1 wt%
u-GNPs, while the lowest tensile strength value was
obtained with the addition of 2.0 wt% u-GNPs,
achieving values of 150 and 98 MPa, respectively.
The highest tensile strength in the ER/PGMA-GNP
composites was obtained with the addition of 0.3 wt%
PGMA-GNP, while the lowest tensile strength value
was obtained with the addition of 2.0 wt% PGMAGNP, achieving 180 and 108 MPa, respectively. The
tensile strength of the ER/PGMA-GNP composites
decreased after 0.3 wt%. Additionally, the tensile
strength values of the ER/PGMA-GNP composites
were found to be generally higher than that of the
ER/u-GNP composites (Figure 8a). The reason for
the higher tensile strength of the ER/PGMA-GNP
composites may be that the epoxy groups in the
PGMA structure create a good interface interaction
with the ER. Thus, the filler may exhibit better dispersion in the ER, resulting in a higher tensile strength
of the composite material. Lan et al. [44] reported
that by grafting PGMA chains onto the carbon fiber
(CF) surface, the roughness and number of active CF
groups that enhance the interface and mechanical
properties of the composites could be significantly
increased. In another study investigating the effect
of PGMA, it was stated that the coating of aramid
fibers with PGMA not only increased the polar group

3.2.3. Mechanical properties
GNPs improve the mechanical and electrical properties of polymer nanocomposites more than other
carbon fillers or clay because of its larger surface
area, increased contact area with the polymer matrix,
and ability to maximize stress transfer from the polymer to the nanoplatelets [23, 24]. Figure 8 illustrates
the variation in tensile strength, elongation at break,
Young’s modulus, and hardness of the epoxy composites with different GNP loadings.

Figure 7. XRD patterns of neat ER and composites with 0.1–0.3–0.5–1.5–2.0 wt%: a) u-GNP; b) PGMA-GNP.
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content and surface free energy and roughened the
surface, but also increased the mechanical properties
while maintaining excellent thermal resistance [45].
The Young’s modulus values of both types of GNP
composites were also higher than that of neat epoxy
(Figure 8b). The reason for this may be that GNP has
a very high Young’s modulus, even though it is used
in very low amounts. In terms of tensile strength, at
the most appropriate additions of 0.1 wt% u-GNP
and 0.3 wt% PGMA-GNP, Young’s modulus values
of the nanocomposites were 4.9 and 6.1 GPa, respectively. The increases in Young’s modulus and tensile
strength for the ER/u-GNP composites were determined to be 6.52–30.43 and 3.16–57.89%, respectively, and those for the ER/PGMA-GNP composites
were determined to be 26.09–34.78 and 13.68–
89.47%, respectively, as compared to neat ER. Additionally, polymer coating enhanced the tensile
strength and Young’s modulus of the PGMA-coated
GNP composites by 10.2–20 and 3.3–18.4%, respectively, as compared to the ER/u-GNP composites.
Figure 8 shows a difference in Young’s modulus between the treated and untreated GNPs with an increasing GNP content. A significant increase of up
to 0.3% by weight was observed in Young’s modulus
values of the u-GNP composites, and these values

were similar to each other with a slight decrease in
the mass ratio of fillers. In contrast, Young’s modulus values of the PGMA-GNP composites were high
and showed a slight increase at a 0.5% mass ratio of
fillers, while a slight decrease was detected above
0.5 wt%. These results revealed that coating GNPs
with PGMA was more effective for Young’s modulus, even at 0.1 wt%.
The elongation at break of the composites was similar to that of the tensile strength [46].
At a 0.1 wt% filler content, the elongation at break
of the u-GNP decreased depending on the filler rate,
and it exhibited lower values than pure epoxy
(Figure 8c). This can be explained by the tendency for
graphene agglomeration. The literature shows that
graphene tends to agglomerate in the matrix owing
to its large surface area and strong Van der Waals
forces; thus, agglomeration of filler particles in the
epoxy adversely affects the end-product properties.
Powdery fillers generally reduce the elongation of the
matrix, but it has been reported that elongation may
increase if the filler is nano-sized [47, 48]. Moreover,
our previous studies showed that modification of
various filler surfaces with poly(hexafluorobutyl
acrylate) by the PECVD method increased their compatibility with the epoxy matrix. Consequently, the

Figure 8. Mechanical behavior of neat ER and composites: a) tensile strenght; b) Young’s modulus; c) elongation at break;
d) hardness.
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micro-voids and holes in the composite structure
were decreased owing to the developed filler-matrix
interaction, which resulted in enhanced properties [3].
Naeem et al. [24] also attributed the development of
mechanical properties of composites to strong molecular interactions between graphene and epoxy because of the rich oxygen functional groups on the
graphene surface.
Figure 8d presents the hardness values of the GNP
composites. The hardness of all the composites was
higher than that of pure epoxy. The highest hardness
value in the ER/u-GNP composites was obtained at
0.1 wt%, while the maximum hardness value in the
ER/PGMA-GNP composite was achieved at 0.3 wt%.
The modified GNPs appeared to have little effect on
the hardness of the material. Although all the hardness values were higher than those of pure epoxy,
there was no continuous increase in the hardness values of the composites with the addition of fillers, and
the values were found to be similar to each other,
probably due to the low amounts of GNPs.

Table 1. Thermal data of the GNPs and composites obtained
from the TGA thermograms.
Filler
[wt%]

Tmain
[°C]

100

456

100

470

–

386

0.1
0.5

0.3
1.5
0.2

T50
[°C]

Char
[%]

839

–

68.09

471

–

82.82

753

392

2.58

391

515

392

7.61

385

504

395

8.27

u-GNP
PGMA-GNP
Neat ER

ER/u-GNP composites

395
384
383

514
494
491

394
393
390

ER/PGMA-GNP composites

8.14
8.30
8.43

0.1

393

517

392

8.30

0.5

387

506

393

8.59

0.3
1.5
0.2

3.2.4. Thermal properties
Thermal properties and thermal stability are important factors in determining the performance of polymeric materials. Generally, GNPs remove free radicals that initiate the decomposition of polymers and
have a barrier effect, so they are known to improve
thermal stability [48]. The literature confirmed that
filling the polymer with GNPs enhances the thermal
and mechanical properties. Additionally, the filler
content and its distribution in the resin matrix greatly
affect the thermal stability and thermal properties of
the material [11, 26]. The thermal stability and thermal

Tmax
[°C]

394
383
382

507
504
500

391
390
391

8.56
8.35
8.54

properties of epoxy composites filled with GNPs
with two different structures (u-GNP and PGMAGNP) were measured using thermogravimetric analysis. The TGA curves of both ER/GNP composite systems are presented in Figure 9, including the ER/
u-GNP composites in Figure 9a and the ER/PGMAGNP composites in Figure 9b. Table 1 lists the thermal stability parameters predicted from the TGA
thermograms.
Table 1 shows that the thermal degradation process
of both composite systems in the nitrogen atmosphere is similar to that of the pure ER, which may

Figure 9. TGA curves of neat ER and composites with: a) u-GNP; b) PGMA-GNP.
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arise from the low filler loading. The Tmain of the composites was higher than that of the ER up to 0.3 wt%.
Agglomeration above 0.5 wt% of filler loading resulted in a small reduction in the Tmain of the composites, while a very small decrease in the Tmax values
may be associated with an increase in the amount of
GNPs [48]. Moreover, the results showed that the effect of GNP modification on thermal stability was
insignificant, probably because the polymer coating
was nanometer-thick. The Tmax values of all the composites were lower than those of neat ER, and the
maximum weight loss was fixed at approximately
500 °C, which indicated that the composites were
thermally more stable at temperatures exceeding
500 °C. The residual amount of nanocomposites increased with an increasing GNP content, resulting in
a delay in the thermal decomposition of the ER in
the nanocomposite, which was due to the GNP having a maximum decomposition temperature of approximately 500 °C.

increases. The electrical conductivity values of
0.5 wt% u-GNP and PGMA-GNP composites were
measured as 5.86·10–5 and 1.48·10–6 S/cm, respectively. These results showed that GNPs effectively
improved the electrical conductivity of the epoxy.
The increase in conductivity due to the addition of
GNPs into the epoxy is due to the formation of an interconnected graphene network which facilitates the
transport of electrons along the polymeric matrix.
Because the electrical conductivity increased by approximately six orders of magnitude up to 0.1% by
weight, the electrical percolation thresholds of both
types of nanocomposites were approximately 0.1 wt%;
that is, the nanocomposites showed a rapid transition
to an electrical semiconductor state [22]. The electrical conductivity of the composites with PGMAGNP was relatively lower than those with u-GNP,
possibly because of the non-conductive PGMA.

3.2.6. Wettability, water sorption, and
anticorrosion properties
The CA of hydrophobic surfaces is higher than 90°
[50]. A previous study reported that a higher CA is a
sign of lower water absorption [51]. Consequently,
for wetted, non-wetted, and intermediate wetted surfaces, the CAs were approximately 60–75, 105–120,
and 75–105°, respectively. GNPs are hydrophobic
materials, but their hydrophobicity largely depends
on thickness; that is, thinner layers are more hydrophilic, which increases the fluid bridging forces between the graphene layers [52, 53]. Figure 11 shows
the CA measurement results for the GNP composites.
The CA of neat ER was 82.7°, while that of the composites changed in the range of 93–102.7 and 96.3–
103.4° for the u-GNP and PGMA-GNP composites,
respectively. This data shows that the reinforcement
of ER with GNPs increased the CA of the neat resin.
It is the opinion of the authors that the GNPs became
more hydrophobic after chemical modification with
PGMA, which is a hydrophobic polymer [54]. As reported by Pinto et al. [55], the equilibrium CA for
water in dry PVAc films increased by 13° upon the
addition of 0.1% GNPs by weight due to the hydrophobicity of the GNPs. The same result was
achieved in our previous study in which a hydrophobic poly(hexafluorobutyl acrylate) (PHFBA) polymer coating on the surface of the fillers increased the
CA value of the composites [3].
The water sorption tests of the composites were conducted for a period of 25 d. Figure 11a shows the

3.2.5. Electrical conductivity
Graphene has a very high electrical conductivity [49].
The electronic properties of graphene depend on its
fully symmetrical and two-dimensional structure.
Neat epoxy without conductive additives is an insulating material. Figure 10 shows the electrical conductivity values of the composites. The electrical conductivity of neat ER, as measured using a four-probe
method, was approximately 10–14 S/cm. Figure 10
shows that the GNPs increased the electrical conductivity of the ER, regardless of modification. A significant increase in electrical conductivity from 10–14
to 10–7 S/cm was observed for a 0.1 wt% content of
both types of GNP.
Moreover, for both types of GNP fillers, the electrical conductivity of the epoxy composites steadily increased in the range of 0.1–0.5 wt%, while contents
above this loading did not yield further significant

Figure 10. Electrical conductivity of the composites as a
function of the filler weight fraction.
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Figure 11. a) Water sorption curves and CA values of neat ER, ER/u-GNP and ER/PGMA-GNP composites; b) water sorption
and corrosion protection mechanism of composites.

water absorption was observed with an increase in
the amount of u-GNP, a decrease was observed with
an increase in the PGMA-GNP ratio. According to
the literature, the physical properties of graphene
vary according to the number of layers (monolayer,
bilayer, trilayer, few-layer (5–10 layers), and multilayer (10 or more layers)) [56]. The Raman results
indicated that the synthesized GNPs were multilayered. Therefore, the slight increase in water sorption
of the ER/u-GNP composites can be explained not
only by water diffusion into the spaces between the
layers, but also by the pits and fissures in the composite structure (Figures 5b–5d and 11b). The SEM
images show that the number of pits and fissures

water sorption test results of the ER/u-GNP and
ER/PGMA-GNP composites.
As seen in Figure 11a, the water sorption percentage
of the neat ER after 25 d. was 0.83%. The water sorption of the composites occurred faster in the first 7–
10 d and generally reached a balance after 20 d. The
water sorption ranged from 0.83 to 0.91 and 0.59 to
0.81% for the ER/u-GNP and ER/PGMA-GNP composites, respectively. Depending on the ratio of filler,
the water sorption of the ER/u-GNP composites was
found to be close to or slightly higher than that of
neat epoxy, while the water sorption of the ER/
PGMA-GNP composites was found to be less than
that of neat epoxy. Although a negligible increase in
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reported that the GNP-based epoxy resin coating
with good mechanical properties presented better
corrosion resistance.
Most studies have investigated the corrosion resistance of graphene composite coatings in low salinity
or acid solutions, while there are very few studies on
their resistance in environments containing high concentrations of salt, bases, or acids [59]. To determine
the corrosion properties of the ER/u-GNP and
ER/PGMA-GNP composites, samples with 0.3 and
1.5 wt% GNPs were maintained in highly corrosive
environments, that is, 10% NaCl, NaOH, or H2SO4
solutions for 14 d. Figure 12 shows the corrosion test
results, and Figures 13 and 14 show the SEM and
microscope images of the PGMA-GNP composites,
respectively.
Xu et al. [2] reported that an epoxy coating modified
with hydrophobic nano-silica exhibited better corrosion resistance than an epoxy coating modified by
hydrophilic nano-silica. This may be because hydrophobicity can repel water and corrosive ions from
the coating surface and delay their transport in the
coating. In our study, the hydrophobicity of the
ER/u-GNP and ER/PGMA-GNP composites was already high, and coating the GNPs with PGMA

decreased as a result of modifying GNP with PGMA
(Figures 5e–5g), which caused a decrease in water
sorption. Furthermore, PGMA increased the hydrophobicity of the composites, causing a decrease in
water sorption (Figure 11b). Hydrophobicity is one
of the properties of coatings. Higher hydrophobicity
prevents water from reaching the lower layer and
protects the coating from segregation [1]. In addition
to the properties observed in our work, graphene offers other desirable properties, such as a high strength/
weight ratio, impermeability, and chemical inertness.
These features enable more environmentally friendly
composites to be obtained when graphene is used as
an additive in the polymer matrix to prevent corrosion. In particular, the cathodic protection technique
is used to control the corrosion of a metal surface by
making the material to be protected by the cathode
of an electrochemical cell. This simple protection
technique connects the metal to be protected to a
more easily corroded ‘sacrificial metal’, which acts
as the anode. In recent years, the role of graphene in
increasing the corrosion resistance of zinc-rich coatings has been investigated, resulting in the development of coatings with reduced zinc content and increased cathodic protection [1, 57]. Zhang et al. [58]

Figure 12. Weight change curves of composites with 0.3 and 1.5 wt% GNPs in high corrosive environment: a) 10% NaCl;
b) 10% NaOH; c) 10% H2SO4.
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increased the hydrophobicity. As can be seen from
Figure 12, the nanocomposites showed high resistance to highly corrosive environments and a low
mass increase. This may be because composites can
absorb various ions in solutions, apart from water
molecules. The composites with 1.5% u-GNP by
weight exhibited a slightly different behavior from
those of the other composites. The maximum weight
gains of the 1.5 wt% u-GNP composites in basic and
acidic environments were 0.4461 and 0.3973%, respectively, and decreased to 0.3992 and 0.3272%
after approximately one week. The mass losses of
the 1.5 wt% u-GNP composites because of weak corrosion were approximately 0.046 and 0.07%, respectively. These mass losses may not be considered significant, as the mass change remained constant thereafter. The tortuous passage of corrosive ions through
epoxy composites may explain why the addition of
exfoliated GNPs to epoxy effectively improves the
corrosion resistance of epoxy composites in high
salt, basic, and acidic environments [60], hindering
their ability to reach the metal (Figure 11b). It has
also been stated in the literature that three factors are
important in the corrosion resistance of the nanocomposite coating, namely, 1) creating a zigzag diffusion path for corrosive ions owing to the high surface area of graphene, 2) ensuring good adhesion
of the cured epoxy, and 3) preventing electrons
from forming the cathodic region by providing an

alternative pathway with functionalized graphene
and excellent electrical conductivity [1]. Moreover,
PGMA-GNP composites generally have less mass
increase than u-GNP composites and are considered
to be more resistant to corrosion. For all three corrosive environments, the mass increase was higher in
both types of 0.3 wt% composites. To achieve sufficient corrosion efficiency for the epoxy coating, the
ratio of graphene is generally greater than 0.5% [57,
58, 61, 62]. Therefore, the graphene ratio may not be
sufficient in the 0.3 wt% composites. Because better
results were obtained with the PGMA-GNP composites, these composites were chosen for SEM and microscopy images. The SEM image of the 0.3% composite in a saline environment clearly shows that rectangular- and square-shaped NaCl crystals diffused
into the composite (Figure 13a), while this was not
detected in the 1.5 wt% composite (Figure 13d). The
SEM images of this composite before (Figure 5e) and
after being maintained in a basic and acidic environment were compared. It was clear that there was no
abrasion in the NaOH environment (Figure 13b), but
deep cracks were visible, and in the acidic environment, the surface became significantly rougher and
voids were formed (Figure 13c). In contrast, the
1.5 wt% PGMA-GNP composite exhibited no cracks
or large voids in the basic and acidic environments
(Figure 13e and 13f). This was confirmed by microscopy images taken from sections of the composites.

Figure 13. SEM images of composites with: (a–c) 0.3 wt% PGMA-GNP; (d–f) 1.5 wt% PGMA-GNP in 10% NaCl, 10%
NaOH and 10% H2SO4, respectively.
16

D. Yanardag et al. – Express Polymer Letters Vol.16, No.1 (2022) 2–20

Figure 14. Microscope images of composites with: (a–c) 0.3 wt% PGMA-GNP; (d–f) 1.5 wt% PGMA-GNP in 10% NaCl,
10% NaOH and 10% H2SO4, respectively.

The number of cracks observed in the 0.3 wt%
composite increased in the salt-base-acid direction
(Figure 14a–14c). In contrast, the 1.5 wt% composite
was not, or only slightly, affected by the corrosive
environments (Figure 14d–14f). Consequently, the
immersion test in various aggressive environments
showed that the composite containing 1.5% PGMAGNP by weight and the barrier effect of the epoxy
graphene nano sheets greatly improved the
corrosion resistance.

4. Conclusions

This study presents the novel demonstration of the
properties of epoxy nanocomposites filled with synthesized u- and PGMA-coated GNPs. The surfaces
of the GNPs were chemically modified by the
PECVD method, and the surface coating was confirmed by FT-IR and SEM. The structural properties
of the GNPs were characterized by XRD analysis.
Although the thermal resistance of PGMA-GNP decreased below 400 °C, it was found to be more thermally stable than the u-GNP above this temperature.
All composite samples exhibited strong thermal stability, as no significant mass loss was observed up to
382–395 °C. The XRD diffractograms of all the composites showed that the materials were amorphous.
The PGMA-GNP composites displayed more
advanced mechanical properties than those of

u-GNP. The enhancements indicate that the PECVD
method is a useful technique for producing GNP-reinforced polymer composites with excellent mechanical properties. The electrical percolation
threshold of the nanocomposites was determined to
be approximately 0.1 wt% filler loading, and the
GNPs created an effective electrical conductivity improvement in the epoxy. All the composites had a hydrophobic surface. PGMA increased the hydrophobicity of the composites, causing a decrease in water
sorption. The addition of graphene nanosheets to
epoxy effectively improved the corrosion resistance
of the epoxy composites in high salinity, basic, and
acidic environments. The epoxy composite containing
1.5% PGMA-GNP by weight showed the best anticorrosion performance as a coating.
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