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Abstract

In this study, graphene oxide (GO) and functional-GO (f-GO) were incorporated into epoxy (EP) resins to provide
a protective layer for the metal substrate. Functional-GO is synthesized using environmentally friendly gamma
irradiation techniques by incorporating methyltriethoxysilane (MTES) to its surface by radiation from gamma-
ray. GO, and functionalized-GO are characterized via fourier transform infrared spectroscopy (FTIR), x-ray
diffractometer (XRD), and thermogravimetric analysis (TGA). Evidence of silane grafting is indicated by the
presence of new peaks in the FTIR spectra of the functionalized GO. The crystal surface changes and surface
defects due to modification are determined by XRD. The TGA thermograms showed an increase in weight loss
due to the grafting of silane in the 300-650°C associated with the chemically bonded silane degradation on the
GO from 0% to 32.17% for GO and TGO-150 respectively. Preparation of the steel substrate protective material
begins by ultrasonically dispersing the GO in the solvent before mixing it into an epoxy matrix and adding a
hardener. XRD showed the existence of GO morphology and f~-GO intercalation and exfoliation throughout the
matrix. TGA and dynamic mechanical analysis (DMA) are employed to investigate nanocomposite coatings’
thermomechanical properties. The TGA thermogram showed a decrease in percentage weight loss at 350°C
(W3s0oc) from 29% for neat epoxy (EP) to 19.8% for ETG-150. Similarly, DMA analysis also showed an increase
of Tan 6 from 1953.30 MPa to 3414.90 MPa and 7, from 80.18°C to 90.49°C for EP and ETG-150 respectively.
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1. Introduction

Epoxy resins, a thermosetting polymer, fall within the categories of widely used matrices in the composites
coatings industries. Features that make epoxy coatings outstanding include good dimensional stability, extreme
crosslinking density, high tensile strength, excellent electrical resistance, excellent adhesion to applied substrates,
good chemical and thermal stability, excellent intrinsic anti-corrosion (barrier), and reasonable cost [1,3].
However, neat EP used as a barrier in corrosion protection exhibits some disadvantages, such as poor impact
resistance, flexibility, poor crack deflection performance, and corrosive agents’ permeation due to micro-pore
creation during coating fabrication [4]. When these agents such as oxygen, water, and chloride penetrate to
substrate/coating interface through these micro-pores, coating properties deteriorate due to adhesion lost [5].
Henceforth, to improve the barrier properties of these coatings, modifications are required. Nanomaterials are
favored as a perfect option for improving these barrier properties. Graphene has attracted so much interest due to
its exceptional physical and structural properties, such as strength, stiffness, thermal and electrical conductivity
[6]. The coatings barrier properties mainly depend on the filler’s parameters, such as aspect ratio and dispersion
level [7]. Accordingly, graphene oxide (GO) comprises a two-dimensional honeycomb lattice of carbon atoms
with functional groups that include hydroxyl and epoxides attached to the basal planes, carbonyl, and carboxyl



groups on the edges [5]. These functional groups assist in the dispersion of GO into the epoxy matrix and provide
covalent bonding with the epoxy network [5,8]. Subsequently, the GO’s oxygen functional groups make them
appropriate grafting sites with organic and inorganic materials [9]. Against this backdrop, GO-based nanofillers
have attracted substantial consideration in attaining a higher degree of filler dispersion and deterrence of GO
agglomeration due to strong 7-7 interaction and Van der Waals forces between GO sheets, thereby enhancing
effective reinforcement in the polymer matrix, barrier properties against oxygen, water, corrosive ions and
superior mechanical strength enhancement [10].

Over the last years, numerous functionalization and surface treatment techniques were employed for enhancing
the dispersion and interface of GO and polymer matrix. For instance, various polysiloxane, e.g., organosilane, are
commonly used to modify graphene sheets. Through the functionalization process, functional groups such as
epoxy, amine, ethylene, thiohydroxy on the silane molecules are attached to the nanofiller’s surface. For instance,
3-Aminopropyltriethoxysilane (APTS) was used to functionalize GO by utilizing the amino part and epoxy
clusters of GO. Consequently, there is an upsurge in compressive failure strength by ~20% as a result of the
addition of 0.1 wt.% APTS-f-G [11]. Similarly, another study shows uniform dispersion and an improvement in
yielding strength, Young’s modulus, and tensile strength of PE by integration of polyethylene and GO (PE-g-GO)
using APTS and maleic anhydride grafted polyethylene at very low loading [12]. APTES functionalized graphene
sheet has also shown to improve interfacial interaction and dispersion of graphene sheet in the epoxy matrix with
a consequent increase in the tensile property of epoxy composites. It is also found that silane structures grafted on
carbon nanotube (CNT) strongly affect CNT/epoxy composite’s performance [11]. Li and coworkers
functionalized GO via a wash-and-rebuild process with two different silane coupling agents, i.e., 3-
Aminopropyltrimethoxysilane (APTMS) and 3-Glycidoxypropyltrimethoxysilane (GPTMS), respectively. The
study revealed APTMS-GO and GPTMS-GO have dissimilar reinforcing effects on the composites’ mechanical
properties; composites containing APTMS-GO exhibit higher Young’s modulus and tensile strength while
GPTMS-GO filled epoxy composites show a higher increase in ductility [13]. In another study, the effect of
pristine GO and silane functionalized-GO (GPTMS-GO) confirms the enhancement of mechanical properties of
epoxy composites; the results confirm the improvement is due to covalent bonding between silane-modified GO
and epoxy matrix, which enhances interfacial interactions and dispersion in the polymer matrix [14].

Similarly, from a corrosion resistance point of view, APTES functionalized-GO (f-GO) filled in polyvinyl
butyral shows improved coating barrier properties [15-16]. In another corrosion study, the effect of GO and
APTES-GO on the corrosion resistance of polyurethane coatings are compared; the result shows that GO
dispersion in the polymer matrix improves following the modifications, thereby enhancing the anti-corrosion and
tribological properties of the polyurethane coatings composites coatings [17].

Herein, the effect of GO and fGO which has excellent properties and are compatible with the epoxy matrix is
investigated in the improvement of dynamic-mechanical properties of epoxy resin nanocomposite coatings.

2. Materials and methods
2.1 Chemicals and reagents

Graphite powder (<20 pm) supplied by Sigma Aldrich (St. Louis, MO, USA), Hydrogen peroxide (H2O,,
30%), and sulphuric acid (H2SO4, 98%) both supplied by Baker Analyzed (Selangor, Malaysia). Hydrochloric
acid (HCI, 36%) and potassium permanganate (KMnOs, 99.5%) were acquired from R&M chemicals (Selangor,
Malaysia). Methyltriethoxysilane (98%) was obtained from Sigma Aldrich (Selangor, Malaysia), Epoxy resin
(diglycidyl ether of bisphenol-A, DGEBA), and polyamide hardener were obtained from Acros Organics reagents
(Selangor, Malaysia). Mild steel plates were purchased from Ariff Engineering Works, Selangor, Malaysia. The
steel plates were blasted with sandpaper and then washed with deionized water and then finally washed with
acetone before coating.

2.2 Synthesis of GO and functionalization

GO is synthesized using graphite powder via the simplified Hummers method. In this method, 3.00 g graphite
powder is oxidized by dissolving in 400 mL of concentrated Sulphuric acid (H2SO4), followed by adding 18.00 g
of potassium permanganate (KMnQj). The reaction is allowed to proceed for 72 h under continuous stirring until
the graphite is fully oxidized to graphite oxide. The oxidation process was terminated by the addition of a 10%
v/v hydrogen peroxide (H20,) solution to terminate any excess KMnQj in the reaction mixture. The resulting GO
is washed with aqueous HCI solution (1M) to remove traces of SO42- and then washed with deionized water to
removed CI ions. The final product was obtained after freeze-drying.

For the functionalization of GO, a silane solution containing methyltriethoxysilane (MTES) was added to a 50
mL of 2.5 1/gL. GO suspension. The mixture is prone sonicated for 1 h. and then stirred for another 30 min before
sending for irradiation. Gamma radiation of ®Co source with 0.37 MCi activity manufactured by MDS Nordion



Inc, (Ottawa, ON, Canada) with a total dose of 50, 100, and 150 kGy is used for sample irradiation. After
irradiation, the mixtures were washed with ethanol and then with water by the centrifugation method for 2 min at
4000 rpm, and the supernatant was then removed. The residue obtained was donated as TGO-150, TGO-100, and
TGO-50 were finally washed with a mixture of deionized water and ethanol (60:40 v/v) to remove unreacted
silane. The final product was obtained by drying in a freeze dryer.

2.3 Preparation of nanocomposite coatings

1wt% of GO and f-GO of'the epoxy coating was prepared as follows: First, GO and f-GO were probe sonicated
in 50 mL acetone for 1 h; to this suspension, epoxy resin was added and shear mixed with a homogenizer for 30
minutes. The suspension is placed in a vacuum oven at 50-60°C for 8 h to remove acetone. Polyamide hardener
was mechanically mixed, and the dispersion was coated on a mild steel substrate using a bar coater with a thickness
of 150 £ 10 pm. The curing of the coated substrates takes place at room temperature. Nanocomposite coatings
prepared for the studies are pure epoxy (EP), GO/Epoxy nanocomposites (EGO), and GO functionalized with
APTES at various radiation dosed (50, 100, and 150 kGy) epoxy nanocomposites, i.e., ETG-50, and ETG-100
and ETG-150.

2.4 Characterizations of GO, f~-GO and their nanocomposites

The fourier transform infrared spectroscopy (FTIR) spectra were recorded using the Perkin Elma spectrum
100 (Waltham, MA, USA). X-ray diffraction was performed by Shimadzu X-ray diffractometer XRD-6000
(Tokyo, Japan) for the GO, f-GO, and nanocomposites at 20 = 2° - 50° at the rate of 2°/min. Thermogravimetric
analysis was performed with Mettler Toledo 1 HT (Columbus, OH, USA). GO, f~GO and nanocomposites were
analyzed from 35°C to 800°C at a heating rate of 10°C/min and nitrogen gas flowing of 20 mL/min. Dynamic
mechanical analysis (DMA) is performed by Dynamic Mechanical Analyzer (DMA 3000) Perkin-Elmer. Heating
of the samples were carriedout from 30 to 200°C at 2°/min heating rate in single-cantilever mode at a frequency
of 1 Hz using oscillation strain of 0.05%. The pencil Hardness test was determined as per ASTM D 3363 to
evaluate the film hardness of an organic coating on a substrate.

3. Results and discussion
3.1 Characterization of GO, APTES, and f-GO
3.1.1 FTIR and x-ray diffraction (XRD) analysis of GO and f-GO

The FTIR spectra of GO and f-GO are shown in Figure 1 (A). The GO characteristic peaks are located at
3378,1724, 1634,1359, and 1221 cm™ indicating the presence of hydroxide, epoxide, and carbonyl. Upon
functionalization, the characteristics peaks of GO at 1724, 1359, and 1221 ¢m™! disappear suggesting that the C-
O and C-O-C groups of the GO reacted with the silane. Similarly, new peaks in f-GO appear at 2918 and 2865
cm’! corresponding to symmetric and asymmetric vibration of the alkyl groups of the silafune moieties. Also, the
presence of peaks at 1123, 1024, and 765 cm™! indicate the formation of Si-O-C, Si-O-Si, and Si-H.
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Figure 1 (A)FTIR (B) XRD spectra of GO, TGO-50, TGO-100 and TGO-150.
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XRD pattern of graphite powder exhibits a strong peak at 26=26.5°, a distinctive reflection peak (002) in
graphite shows a very high degree of crystallinity with the d-spacing of about 0.34 nm [18]. The intensity of the
graphite peak gradually weakens and disappears as the oxidation process proceeds, and this suggests that the



sample becomes amorphous with a less ordered arrangement. Similarly, the diffraction peak at about 26=9.8°
appears corresponding to an interlayer spacing increase of graphite from 0.34 nm to 0.90 nm of Graphite Oxide
as shown in Figure 1(B). The increase in the graphite oxide interlayer spacing is brought about by the ample
covalently bonded oxygen-functional groups between the sheet as a result of the oxidation. The presence of these
groups’ weakens the forces between the sheets and thus the distance between them increases [19]. The interlayer
spacing continues to upsurge upon exposure to the centrifuge process in water; this increase in interlayer depends
on the amount of water intercalated within the stacked sheet. Thus, this will further weaken the forces between
them and facilitate the formation of individual GO sheets [20]. The centrifuge process also results in the graphitic
structure disintegration into fragments [21]. The centrifugation process results in the disappearance of the graphite
oxide diffraction peak 26=9.8°, signifying complete graphite oxide exfoliation. The broad peak at the range of
20=20-30° (approx 26°) is attributed to the scattering of water within the aggregate of GO; also, it is interesting
to note that the GO aggregate showed a weak diffraction peak at about 26=7-9°, which is lesser than that observed
in the diffraction pattern of graphite oxide [21] as shown in Figure 1. GO characteristics XRD peak disappears
after functionalization with MTES due to silane moieties intercalations on its surface. These results in the GO’s
complete exfoliation and its partial reduction, thereby preventing aggregation [22]. Furthermore, a peak appears
at around 20 = 22.19° with a d-spacing of 0.40 nm, which is significantly lower than that of GO. The decrease
in d-spacing results from oxygen-containing groups removal and the overriding effect of silane [22].

3.1.2 Thermogravimetric (TG) analysis

The assessment of thermal stability was evaluated based on the decomposition temperature of weight loss from
the TG thermogram and to show more evidence of GO functionalization by the silane moieties. Due to its few
functional groups, graphite is thermally stable, even at 700°C [14]. Consequent to oxidation, various oxygen
functional groups become embedded in the graphene layers and hence decrease the thermal stability of the
graphite. GO exhibits the liberation of water as a major decomposition stage of functional groups [23]. Figure 2
depicts the TG and TG derivative (DTG) thermogram of TGO. Typically, GO decomposes in two steps;
evaporation of water and decomposition of oxygen functional groups. Considerable loss of water between room
temperature and 120°C demonstrates the hydrophilic nature of GO [24] while the second decomposition stage is
associated with a major loss within 130-319°C which corresponds to the labile oxygen-containing functionalities
decomposition, which indicates GO's low thermal stability. Any weight drop beyond 300°C is associated with
more stable functional groups containing oxygen and bulk carbon skeleton pyrolysis [25]. Upon heating GO at a
temperature between 30-120°C, GO loses ~19% weight due to the water molecule elimination which is previously
adsorbed onto its surface. GO exhibits decomposition behavior (with ~40% weight loss) as the temperature rises
from 150-230°C, which is a region attributed to the decomposition of liable oxygen-containing groups. Additional
weight loss occurs at a temperature region above 300°C, where 68% weight of GO is lost as a result of pyrolysis
of the carbon skeletal [26]. The thermogram shown in Figure 3(A) depicts MTES f-GO thermal behavior (i.e.,
TGO-150, TGO-100, and TGO-50). It can be seen that all the f-GO exhibits a three-step degradation mechanism
within various temperature regions. These regions correspond to where water molecules are lost (0-120°C), a
region corresponding to the loss of adsorbed silane on the GO surface and remaining oxygen functional groups
are lost (120-300°C), and finally, a region corresponding to thermal decomposition of grafted silane (300-650)
[27]. Any further loss of weight above 650°C will be associated with the pyrolysis of the carbon skeletal [23].
With respect to f-GO, the result in Table 1 shows very less weight loss from room temperature up to 148°C, this
shows an enhancement in thermal stability and decelerated degradation rate, which is probably due to the grafting
of silane on the GO surface. The second degradation temperature which is within 120-300°C is associated with
the removal of silane moieties that are physically adsorbed onto the surface of GO while degradation steps within
the range of 300-650°C is a region where the actual bond breakage between MTES molecules grafted on the
surface of GO. Several studies conducted on graphene and carbon nanotube have pointed out these thermal
behaviors [22]. Carbon skeletal pyrolysis described as the end temperature of degradation is shifted significantly
to higher temperatures due to silane grafting, which consequently indicates thermal stability [27]. Weight loss (%)
of the silanes at various temperature ranges is presented in Table 1.
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Figure 2 TG (A) and DTG (B) of GO, TGO-150, TGO-100, and TGO-50.

Table 1 GO and f-GO percentage weight loss at various temperature regions.

Samples Weight loss (%)

30-120°C 120-300°C 300-650°C
GO 18.78 39.70 -
TGO-50 10.38 19.57 22.05
TGO-100 7.68 13.11 27.13
TGO-150 5.50 9.36 32.17

3.2 Coatings characterization
3.2.1 Scanning electron microscopy (SEM)

As shown in Figure 3, SEM images of the fracture surface of various EP coatings were employed to show the
dispersion and interfacial interaction of GO and f-GO in the EP matrix. Figure 3 (A) below shows the fracture
surface of cured neat epoxy resin which exhibits randomly distributed cracks and a smooth surface with river-like
patterns (as depicted in the yellow circle) indicating brittle failure [28]. Figure 3 (B) shows EGO (C) ETG-50,
(D) ETG-100, and (E) ETG-150 respectively. According to the micrographs, the GO sheet has poor exfoliation
in the composites and, therefore, slightly pulled out from the epoxy matrix, indicating a weak interfacial
interaction between the GO nanofiller and the epoxy matrix which consequently leads to the agglomeration of the
GO layer [29] as seen in the circle in Figure 3 (B). In the case of f-GO filled nanocomposites represented in Figure
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(C) ETG-50, (D) ETG-100, and (E) ETG-150.




3.2.2 FTIR

Epoxy cured by polyamide hardener exhibits characteristic peaks identify as 1511 cm™ (C-C skeletal
stretching), 846 cm! (epoxide ring), and 3380 cm™' (-OH stretching), which confirms the curing of epoxy resin.
Inspecting the spectrum of the nanocomposites, i.e., EGO, ETG-50, ETG-100, and ETG-150 in Figure 4, shows
that all the functional groups present in the epoxy resin spectrum are present in the nanocomposites, no evidence
of the GO band in EGO, ETG-50, ETG-100 and ETG-150 spectrum which is most likely due to the low amount
of GO and f-GO and hence, there is no clear dissimilar absorption peak indicating that the interaction is a mere
physical than chemical [22].
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Figure 4 FTIR of EP, EGO, ETG-50, ETG-100 and ETG-150.
3.2.3 Hardness properties

The pencil hardness test is performed because of its ease; it offers a simple scratch output with ease of
evaluation at a low cost. Pencil hardness properties are closely related to the scratch resistance [30] while some
claim it is related to the tensile strength of the coatings. The hardness of a coating is determined by the pencil
grade that does not induce visible damage to the coating. Based on the data compiled in Table 2, it can be seen
that the addition of GO and f-GO significantly increases the hardness of the coating. This increase may be
attributed to greater compatibility and the high crosslinking density between the GO and f-GO and the polymer
matrix [31].

Table 2 Pencil hardness properties of EP, EGO, ETG-50, ETG-100 abd ETG-150.

Sampes Pencil hardness
EP 2H
EGO 3H
ETG-50 3H
ETG-100 4H
ETG-150 4H

3.3 Thermal and dynamic-mechanical analysis

The thermograms for the thermal decomposition of pure epoxy and its nanocomposites are presented in Figure
5. Similarly, numerical data for some specific decomposition temperatures such as onset degradation temperature
(Ton), the temperature at 50% weight loss (Taso%), the temperature of maximum degradation (Tgmax), mass loss at
350°C (W3soec), and residual mass at 500°C (Wseoec) are presented in Table 3. The samples exhibit a sharp weight-
loss stage, which can be associated with the breakdown of the polymer structure [32]. Table 3 shows that the
introduction of GO into the epoxy matrix has slightly increased the onset degradation temperature from 328°C for
the pure epoxy to 329°C for EGO nanocomposite. Similarly, a decrease in percentage weight loss at 350°C
(W3soec) from 29% of neat EP to 19.8% for ETG-150 is observed. Moreover, an increase in both temperature of
50% mass loss and temperature of maximum degradation from neat EP to ETG-150 were realized. Again, residual
mass at 500°C shows considerable improvement from neat epoxy to MTES f-GO epoxy composites in the order



of ETG-150 >ETG-100 >ETG-50. This shows that the introduction of GO and f-GO nanofiller into the epoxy
resin causes a significant increase in the nanocomposites’ thermal stability.
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Figure 5 TG thermograms of EP, EGO, ETG-50, ETG-100 and ETG-150.

The increased decomposition temperature is attributed to the nanofiller’s spatial obstruction of the formation
of a high crosslinked molecular structure of epoxy. Moreover, graphene is known for its high heat capacity and
thermal conductivity [33]. Similarly, the increase in thermal enhancement can be described in terms of GO’s
dispersion and interfacial interaction with the epoxy matrix [27]. Silane moieties on the surface of GO improve
dispersion, thereby restricting the local matrix’s mobility within the GO and consequently contributing to an
enhanced barrier effect of the f-GO sheets thereby retarding the decomposition of polymer product [26].
Furthermore, an increase in composites’ containing silane f~-GO residual weight is observed at 500°C. Therefore,
the nanocomposites’ thermal stability based on MTES f-GO is in the order of ETG-150>ETG-100>ETG-50.

Table 3 Thermogravimentric parameters of EP, EGO, ETG-50, ETG-100 abd ETG-150.

Samples Onset temp of Mass loss at Temerature of ~ Temerature of  Residual mass
thermal 350°C (W3spec)  50% mass loss  maximum at 500°C Wsgoec
degradation (%) (Ts0%) (°C) degradation (%)

(Ton) (°C) (Tmax) (°C)

ETG-150 338.0 19.8 373.3 435.0 13.48

ETG-100 333.0 20.8 369.8 4273 9.98

ETG-50 331.4 21.5 369.8 420.8 8.75

EGO 329.0 21.0 368.2 417.5 6.74

EP 328.0 29.0 361.5 410.0 5.50

Dynamic-mechanical analysis techniques illustrate a good indicator of load transfer efficiency in conjunction
with chain mobility at the polymer-nanocomposites interface [34,35]. In general, the structure of a material
determines its microscopic properties, and therefore its imperative to understand the effect of GO and f-GO on
the structure of epoxy coatings. Dynamic Mechanical Analysis (DMA) is used to evaluate the thermochemical
behavior of the cured neat epoxy resin and its nanocomposites. Figure 6 (A&B) illustrates the thermomechanical
behavior in the form of a DMA plot of storage modulus (E’) and damping factor (tan 8) as a function of
temperature for neat epoxy (EP), graphene oxide and f~GO nanocomposites and Table 4 summarized the features
of storage modulus and tan § peaks for all the samples in the study. Addition of GO to the neat epoxy results in
the increase in the epoxy resin storage modulus. The storage modulus value of the composites containing 1 wt%
of GO loading increases from 1953.30 MPa for cured neat epoxy (EP) to 2079.32 MPa for EGO. The highest
storage modulus is exhibited by ETG-150 with 3414.90 MPa resulting in an increase of 74% compared to the neat
epoxy system. By comparison, a stronger effect is observed by the addition of silane f-GO at various radiation
doses to the epoxy matrix. The improvement in the storage modulus can be described by the effect of
reinforcement provided by the sheet thereby improving the interfacial interaction due to the introduction of f~-GO
and restriction in the segmental movement of the epoxy chains [36]. The addition of graphene oxide and f~-GO
leads to phase formation at the interface between the filler and the matrix, which consequently contributes to
energy dissipation from external stress by friction between the filler-filler and filler-polymer at the interface as a
result of induced mobility restriction of the local matrix around the sheet [37]. However, as temperature increases,



the storage modulus fall, indicating the dissipation of energy, which took place during the glassy state transition
to a rubbery state [23]. For EP, the energy dissipation starts at around 75°C; the same can be said with EGO,
which energy of dissipation also begins at around 77°C, this can be attributed to the adsorption of epoxy resin by
the oxygen functional groups present on the surface of graphene oxide (GO) or their participation in the curing
reaction. This leads to a non-stoicheiometric balance between the epoxy resin and the curing agent [37]. The f-
GO nanocomposites' initial transition temperature shift to a higher temperature of about 82-90°C as a result
confinement effect, this relaxation occurs at a narrower temperature range, which can be attributed to the
enhancement of interfacial interaction between the epoxy matrix and the f-GO as well as lamellar barrier effect
of the nano-flakes hindering the segmental motion of the polymer chain in the matrix at a temperature lower than
90°C [32].
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Figure 6 Storage modulus (E’) and loss factor (tan 8) curves of epoxy and its nanocomposites as a function of
temperature for EP, EGO, ETG-50, ETG-100, and ETG-150.

Table 4 Summary of storage modulus and tan 8.

Serial No. Samples Storage modulus E’ Tg from tan 8 (°C)
(MPa)

1 EP 1953.30 80.18

2 EGO 2079.32 81.24

3 ETG-50 2530.52 85.75

4 ETG-100 2962.58 88.12

5 ETG-150 3414.90 90.49

Tan ¢ is essentially the measure of damping properties of materials and can be obtained by the ratio between
the loss modulus and storage modulus [27]. Glass transition temperature (T;) whose value is defined as the peak
temperature of the tan 3, is determined from the dumping parameter (tan J ). Table 3 summarizes the features of
tan & peaks that is the Tg. An increase in 7 is observed when graphene oxide (GO) and functionalized graphene
oxide (f-GO) are added to epoxy resin, respectively. There is an increase in T, value of epoxy nanocomposites
upon GO and f-GO loading. For instance, there is an increase in Tg from 80.18°C for neat epoxy to 81.24°C when
the epoxy resin is filled with 1 wt.% GO indicating significant confinement of the matrix segment [27]. An
increase in the glass transition temperature (7) is more pronounced by the addition of functionalized graphene
oxide (f-GO) as depicted in Table 4 . The large surface area of GO sheets and its wrinkled structure may likely
results in improved mechanical interlocking with the epoxy matrix, thereby efficiently restricting molecular chain
flexibility [37]. Also, the m-w interaction between the aromatic segment of the matrix molecule and that of the GO
sheet will lead to the formation of non-covalent bonding in the system [3] and finally, bonding between f~-GO and
that of the matrix during the curing process may improve the filler-matrix interfacial interaction resulting in
conformational alteration of the matrix within the vicinity of the f-GO filler leading to increased thermal resistance
[34]. In general, the incorporation of GO and f-GO to the matrix decrease the density of the composites, and since
the value of Ty is directly related to the crosslinking density in this type of network structure, it is expected that
segmental mobility will be inhibited, which leads to increase of free volume and consequently increase in T, and
storage modulus (E*) [3].



4. Conclusion

MTES was grafted onto the surface of GO, and the resultant f-GO was dispersed into epoxy resin to obtain f-
GO/epoxy nanocomposites coatings via sonification and shear mixing. The disappearance of GO’s hydroxyl,
carboxyl, and epoxied groups with the sudden appearance of Si-O-C, Si-O-Si, Si-H, and Si-O-C in the FTIR
spectra provide evidence of GO functionalization. Similarly, other characterization techniques such as FTIR and
XRD further verified the success of the functionalization of GO. Furthermore, the morphology of the prepared
nanocomposites coatings was investigated by XRD and SEM, which proved the successful deployment of {-GO
into the epoxy matrix. The functionalization of GO significantly influences the dispersion of graphene layers in
the epoxy resin matrix as depicted in the XRD diffractogram. All the prepared nanocomposite coatings show
significant improvement in the thermal properties compared to neat epoxy owing to a good dispersion state of f-
GO (i.e., ETG-150, ETG-100, and ETG-50) with ETG-150 exhibiting more efficient improvement. Moreover, the
filled polymer interfacial interaction of the nanocomposites was studied by DMA. The results also indicate an
increased storage modulus, and glass transition temperature (Tg) for the nanocomposites compares to the neat
epoxy.
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