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Abstract: The main goal of this work was to investigate the effects of silane-modified graphene
nanosheets (MGNS) and modified nanoglass flakes (MNGF) on the physical and mechanical properties
of vinyl-ester resin (VER) composites. The surface modification was evaluated about these composites'
physical and mechanical behavior by techniques such as water absorption, tensile, three-point bending,
and dynamic mechanical thermal analysis (DMTA). The analytical data revealed that the silane
functionalized nanocomposites improved the interface between the nanosheets and vinyl-ester matrix.
It was found that surface modification could significantly improve the dispersion and adhesion of GNS
and nanoglass flakes (NGF) compared with those of neat vinyl-ester and unmodified composites. The
presence functionalization of NGF and graphene nanosheets (GNS) in vinyl-ester formulation did affect
the tensile and flexural strength and modulus, water absorption, and storage modulus. GNS/VER
exhibited higher tensile and flexural strength and modulus than the original composite. DMTA results
also showed incorporation of NGF and GNS decreased glass transition and increased storage modulus
relative to neat composites. Nonetheless, the incorporation of functionalized graphene nanosheets and
nano glass flakes represent higher Tg and storage modulus.

Keywords: graphene surface modification; glass flake surface modification; vinyl-ester
nanocomposite; physical and mechanical properties.
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1. Introduction

Vinyl-ester resins are thermoset polymers obtained by an addition reaction between
epoxy resin (difunctional or multifunctional) with unsaturated carboxylic acid monomers
methacrylic acid. The unique physical and chemical properties of vinyl-ester resins (VE) have
attracted much interest for marine industrial applications. VE resin exhibits desirable
mechanical properties like epoxy and simultaneously offers processability like a polyester
resin. VERs are the most important thermosets that are widely used in industrial goods. For
example, VER can substitute polyester resin for marine coatings and adhesives application to
enhance or provide physical properties. The vinyl-ester resin can be reinforced with different
types of fillers and fibers such as carbon black, clay, carbon, and glass fibers, incorporated in
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these resins that caused to improve modulus, thermal expansion, thermal, and electrical
conductivity.[1-3]. Nonetheless, commonly nanofiller reinforced polymeric composites are
widely applied in various fields. It is reported that the incorporation of nanofillers increases the
weight, brittleness, and opacity of materials. Nanocomposites are appropriate as high-
performance applications that improve the overall properties of the final materials.
Incorporating filler to a polymer matrix using nanosheet, due to its high contact surface and
dispersion degree of nanosheets are important parameters in the materials' final properties. It
is well known that the agglomerate tendency of nanosheets and form clusters is a challenge for
the researcher to avoid this occurrence. The surface modification is an effective method to
improve nanosheets stability and dispersion in various polymeric matrices. Plueddemann
reported for the first time that silanes are suitable coupling agents. Later, Landmark studied the
silanes and other coupling agents as surface modifiers for sheets and reported improvements in
the sheets and polymer matrices' compatibility. Graphene is a suitable filler for significant
improvement in mechanical, thermal conductivity, and electrical properties. However, the
strong tendency of fillers towards aggregation and interfacial interaction are the main
challenges in GNSs nanocomposites [3-7, 50]. Glass Flake (GF) has a laminated structure that
can make a significant improvement in some physical and mechanical properties of plastics
including shrinkage, dimensional stability, surface hardness, flexural stiffness, tensile strength,
wear resistance. Incorporating glass flakes into coatings can exhibit good anticorrosive
properties such as resistance to weathering, chemical attacks, abrasion resistance, low water
vapor permeability, and fire retardant [8-11]. The presence of hydroxyl groups on the surface
and edges of graphene nanoplatelets and the surface of GFs are suitable sites for reactions with
silane coupling agents (VTMS). To confirm the functionalization of NGFs and GNPs, Fourier
transforms infrared (FTIR) and energy-dispersive X-ray spectroscopy (EDX) was applied. To
compare the influence of surface modification on the composites' physical and mechanical
properties, tests such as water adsorption, dynamic mechanical-thermal analysis (DMTA),
tensile, and three-point bending instruments were utilized.

2. Materials and Methods
2.1. Experimental & materials.

Nanoglass flakes (NGFs) with 350 nm thickness was provided by Glassflake Co.
(England). Graphene nanoplatelets, commercially termed “xGnP-C750” with an average
diameter of 2 um and surface area of 750 m2/g was obtained from XGSciences (USA). Epoxy
vinyl-ester resin was supplied by Mokarar Chemical Co. (lran). Potassium permanganate
(KMnOg), hydrogen peroxide (H202, 30%), hydrochloric acid (HCI, 37%), and sodium nitrate
(NaNOs) were provided by Sigma-Aldrich. N,N-Dimethyl formamide, concentrated sulphuric
acid (H2SO04 95-98%), acetone (99.7%) were purchased from Merck Chemical Co. Vinyl
trimethoxy silane was provided by Dynasylan VTMO, Huls Chemical Co., Germany, in liquid
form. MEK Peroxide was AKPEROX A60 purchased from Akpa Co. (Turkey), and cobalt
naphthenate was obtained from Shimigaran Co. (Iran).

2.2. Preparation of graphene oxide.

Graphene oxide was prepared through the hummers method [10]. First, 1 g of GNS, 0.5
g of NaNOs and 30 mL of H2SO4 were mixed in an ice bath for a half hours, and then 3 g of
KMnO4 was slowly added into the solution. The ice bath was then eliminated, and the solution
https://biointerfaceresearch.com/ 11317



https://doi.org/10.33263/BRIAC114.1131611337
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1131611337

was mixed with a magnetic stirrer for 8 h at room temperature. Then, the mixture temperature
increased with the addition of 46 mL of deionized water, and it was refluxed for 30 min. The
Termination reaction was carried out by adding a solution containing 30% hydrogen peroxide
in deionized water and mixed for 10 min at room temperature. Finally, the product was washed
with a solution of 10% HCI and deionized water until pH=7 was reached. The obtained
graphene oxide was dried in a vacuum oven at 80 'C before use.

2.3. Functionalization of graphene oxide.

Graphene oxide surface modification was done by refluxing in a one-neck flask using
a magnetic stirrer. At first, 1g of graphene oxide was dispersed in 50 mL DMF. Subsequently,
2 mL VTMS and 0.2 mL triethylamine were added to the flask. A magnetic stirrer stirred the
mixture, and the reaction proceeded at 150 °C for 24 h, and at the end, the solution was
centrifuged. Finally, to remove the solvent, the product was dried under a vacuum oven at 80
°C for 24 h.

2.4. Preparation of VE/GNS and VE/MGNS composites.

In brief, the preparation of the sample MGNS/VE was as follows:
1 g of MGNS was dispersed in 100 g of vinyl-ester resin by a high-speed mechanical mixer
with (900 rpm) for 15 min at room temperature. Subsequently, an ultrasonic bath with a
frequency of 37 kHz was applied for 45 min. Then, 0.5 % of cobalt naphthenate, 0.25% benzoin
as a degassing agent, and 1% of MEKP were used as a curing agent. The sample GNS/VE was
prepared using the same procedure.

2.5. Surface modification of NGFs.

NGFs surface modification was applied by the sol-gel method in a 500 mL one-neck
flask, and it was refluxed under a magnetic stirrer. At first, 1 g of glass flakes was dispersed
into acetone, and then 2 mL VTMS was added into the flask, and the reaction was continued
at 60 °C for 24 h. To remove the unreacted VTMS, surface modified nanoglass flakes (MNGFs)
were washed several times with acetone, and it was dried under a vacuum oven for 24 h at 60
°C.

2.6. Preparation of MNGFs/VE and NGFs/VE composites.

One gram MNGFs was dispersed in 100 g of epoxy vinyl-ester resin with a high-speed
mechanical mixer at 500 rpm for 15 min. Consequently, the sample was sonicated for 45 min
at room temperature under a frequency of 59 kHz. This resin's curing agents were 0.5% cobalt
naphthenate, 0.25% benzoin as a degassing agent, and 1% MEKP used as a curing agent. The
sample NGFs/VE was prepared in the same method.

2.7. Characterization techniques.
2.7.1. FTIR spectral studies.

Fourier transform infrared (FT-IR) measurement was applied to characterize functional
groups of GNSs, MGNSs, NGFs and MNGFs according to the KBr technique by using a
Bruker-1FS-48 FT-IR spectrometer (Ettlingen, Germany) in the range of 400-4000 cm™
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2.7.2. Scanning electron microscopy (SEM).

The SEM electron microscopes were performed to observe the dispersion of NGF and
GNS before and after functionalization of the nanocomposites fractured surfaces. In order to
avoid surface charging, The fracture surfaces were gold-coated before the SEM studies. The
measurements were done on A VEGA/TESCAN scanning electron microscope with an
accelerating voltage of 30 kV.

2.7.3. Water absorption.

The water uptake of the samples was measured according to ASTM D570-98.
Specimens with 10 mm x 10 mm x 3.5 mm dimensions were used. Composite specimens were
immersed in deionized water at room temperature for 36 days. The composite specimens were
removed from the water and dried with a soft textile and then weighted by using an electronic
balance at regular intervals. The values of the water absorption as percentages were calculated
with the following Eq. (1):

Absorption ratio: Wa(t) = Wt —WO0/W0 x 100

where Wia(t)is the water absorption of the sample at time t, Wo is the original weight, and W:is
the weight of the sample at a given immersion time t [28].

2.7.4. Mechanical testing.

The tensile tests were performed according to the ASTM D 638 procedure. The tensile
properties were measured on a Santam material test system under a load cell at a crosshead
speed of 5 mm/min at room temperature. The dimension of the tensile samples was 50 mmx
13 mm x 3.2 mm in the working section. The tensile test was employed to evaluate Tensile
strength, tensile modulus, and strain. Flexural tests were carried out with a Santam machine at
room temperature by following the ASTM D790 standard test method (three-point bending
mode). Three-point bendings were used to determine the modulus of elasticity, flexural stress,
and flexural strain values. The test was performed at a crosshead speed of 1.28 mm/min.

2.7.5. Dynamic mechanical, thermal analysis (DMTA).

DMTA studies of neat resin and its composites were performed on a Tritec 2000 DMTA
dynamic mechanical, thermal analyzer. Samples were tested with dimensions of 10 mm x 5
mm x 2 mm under single cantilever mode. The scanning range varied from 0 °C to temperatures
180 °C of cured samples at a heating rate of 5 °C.min* at the frequency of 1 Hz. The DMTA
tests were carried out to analyze materials' viscoelastic properties, including modulus (G) factor
(tand).

3. Results and Discussion

3.1. FT-IR analysis.

The FTIR transmittance spectra of the graphene and functionalized graphene
nanosheets are illustrated in Fig. 1. It confirms the successful functionalization of graphene.
Multiple characteristic peaks that have appeared in the 400-4000 cm™ range indicate silane
groups' presence in the modified samples. The adsorption at 1004 cm™ and 1124 cmare

https://biointerfaceresearch.com/ 11319


https://doi.org/10.33263/BRIAC114.1131611337
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1131611337

attributed to their respective C and Si-O-C stretching vibrations [12-14]. The new appeared
peaks at 3443 and 3568 cm ™1, corresponding to hydroxyl groups on the graphene surfaces. This
difference can explain the existence of major Si groups on graphene surfaces [15-16].
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Figure 1. FTIR spectra of graphene and silane-modified graphene.

FTIR spectrum was performed to investigate the functionalization of nanoglass flakes
shown in Fig. 2. In the case of treated flakes, three characteristic peaks were observed; two
strong peaks at 1037 and 1102 cm™ which were attributed to Si-O-C and Si-O groups and
hydrogen bonds forming between the hydroxyl groups on nano glass flake sheets [17].
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Figure 2. FT-IR spectra of nano glass flake and Modified nano glass flake.

3.2. Energy dispersive X-ray (EDX) analysis.

The elemental analysis of the functionalized GNSs and NGFs was characterized by
energy-dispersive X-ray (EDX) analysis (Table 1.2).

Table 1. Elemental analysis of GNSs and MGNSs obtained from EDX.

Sample | C(%) | O(%) | Si(%)
GNS 96.94 | 3.06 -
MGNS 52.62 | 35.70 | 11.68

Table 2. Elemental analysis of NGFs and MNGFs obtained from EDX.

sample | O(%) | Na(@6) | Al%) | Si(%) | k(%) | Ca(%)
NGFs | 76.94 | 7.69 | 1.35 | 1349 | 0.36 | 0.46
MNGFs | 71.1 | 7.65 | 155 | 17.81 | 0.62 | 1.31
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To obtain reliable results, the flakes with similar size and thickness were selected for
EDX analysis. The elemental analyses of GNSs before and after functionalization were studied
and shown in Table 1. The EDX results of graphene only show carbon and oxygen elements.
In contrast, the elemental analysis of MGNS shows a new peak of the silicon atoms.
Meanwhile, the percentage of the oxygen element in MGNS is stronger than that of GNS
because many oxygen-containing groups were introduced due to the oxidation process. After
the modification of GNS, a new peak of silicon appeared. The carbon ratio for both
functionalization and non-functionalization in GNSs was fixed by 96.94% and 52.62%.

Furthermore, the oxygen percentage were managed by 3.06 and 35.70 percentages,
respectively. The Si atom percentage of MGNSs was 11.68, concluding that graphene oxide
nanosheets successfully modified silane molecules. The EDX elemental analysis of NGF and
MNGFs represented O, Na, Al, Si, K, and Ca atoms. The results unveiled that after
modification of the surface of NGF the Si concentration increased. Si's atomic ratio was
enhanced by about 32% after modification, but the percentage of oxygen was dropped by about
8%. The ratios of other atoms are almost identical, as shown in Table 2. The decreased
percentage of oxygen was attributed to many oxygen-containing groups cleaved by silane
groups. Hence, the result of EDX analysis clearly proved that VTMS molecules were
successfully attached to GNSs and NGFs flakes and confirmed FTIR transmittance spectra
results.

3.3. Morphological studies.

SEM was utilized to evaluate the morphology and structure of GNS/VE and NGFs/VE
composites before and after the functionalization process [18]. The SEM image of GNSs/VE
composite in Fig. 3a shows that some untreated graphene platelets are heavily agglomerated.
The structure appears “‘fluffy’’, as reported in [18-19]. In contrast, a clear distribution of
graphene sheets was achieved after oxidation and silane modification. There was no MGNS
cluster evident in the cross-section shown in Fig. 3b. The enhanced dispersion and interfacial
bonding were due to covalent bonding between the vinyl-ester and the VTMS molecules
grafted on the GNSs surface [20-21]. Figs. 3c, 3d show the SEM images NGFs/VE and MNGFs
composites. The result shows nanoglass flakes are well dispersed in vinyl-ester without
agglomeration. The bright zones on the black area could be related to MNGFs[22]. The fracture
surface exhibits good adhesion and compatibility with the matrix due to its surface treatment
[23]. Though nanosheets have shown quite smooth distribution in GNSs and NGFs surface
modifications, graphene sheets exhibit more homogenously dispersed than nanoglass flakes in
the vinyl-ester matrix.

3.4. Water absorption.

To evaluate the influence of fillers' water barrier properties, water absorption of
nanocomposites was measured. Fig. 4 shows water absorption versus time profile for neat,
NGFs, MNGFs, GNSs, and MGNSs composites under the same condition. The absorption ratio
indicates the amount of water absorption by the nanocomposites [24]. The composites show a
rapid water uptake within the initial 72 h. This phenomenon can explain as a lie in the first
stage of the absorption process in the nanocomposite component. The uptake of a larger amount
of water can be described by interrupting processes or slow deformation. Then, slow growth in
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the percentage of absorption was observed in 360 h, and it continued till the end of testing time
[25-26].
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Figure 3. SEM images of the fractured sections of (a) VE/GNS, (b) VE/MGNS, (c) VE/NGFs, (d) VE/MNGFs
composites.

Results exhibited the water absorption of treated samples was lower than untreated and
neat resin. The water adsorption in the first 24 h of the functionalized GNSs compared to that
of non-functionalized was almost 28%. Compared to the neat resin, it was about 41%. The
absorption of untreated GNSs composites was 22% lower than that of neat resin. In the case of
glass flakes, water absorption was decreased even more compared to GNS composite. The
surface-treated NGFs absorbed almost 31%, less than untreated NGFs. Compared to neat resin,
the incorporation of MNGFs reduced water absorption to half the value of neat resin. In
continuation, this trend was maintained in VE/MNGFs composite and untreated NGFs with
27% uptake lower than neat resin. As shown in Fig. 4, the water absorption of GNSs composite
was almost 18% higher than MNGFs/VE composites.

Moreover, we found that the maximum absorption ratio was obtained during absorption
testing, which was 1.23 mass% for neat resin and 0.96 and 0.91 mass% for GNSs and NGFs
composites. The data shows that modified nanoflakes lowered the diffusion and increased the
amount of uptake water in the composites, which was less than the unmodified composites and
neat resin. The water barrier properties improvement in modified composites is due to
improved filler dispersion in modified composites and present hydrophobic groups on
nanosheets' surface. The obtained results represent that the functionalization of GNSs and
https://biointerfaceresearch.com/ 11322
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NGFs, which may limit water absorption in the composites. However, MNGFs composites
represent better barrier properties than MGNSs composites. Absorption of GNSs composites
takes place more rapidly as the sheet thickness is smaller than NGFs samples. This may create
some spaces between smaller nanosheets called “free” or “interstitial volume” which can
accommodate additional water by capillary action. The bigger in interstitial volume per unit
mass of absorbent, the higher would be the ultimate degree of absorption. Another reason for
the lower absorption rate of MNGFs and NGFs samples may be attributed to composites'
unsaturation containing more significant size filler. The interstitial volume is smaller with
decreasing sheet size, but the water absorption for MGNS composites is saturated [26, 27]. The
nanosheets morphology could affect fractional free volume. The tortuous diffusion path leads
to a change in the permeability of nanocomposites. The improvement in water barrier
properties of NGFs composites suggests stronger polymer/filler interaction and causing
increased hydrophobicity due to a higher ratio of silane molecules present on the surface of
MNGF than MGNS, resulting, the water molecules encounter in the more tortuous pathway for
travel through the composites. Since the presence of layered NGFs caused immobilized chain
segments and decreased free volume. As a consequence, the water permeability coefficient is
reduced [28].
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Figure 4. Water absorption behavior of neat resin, MNGFs/VE, NGFs/VE, MGNSs/VE, GNSs/VE composite.

3.5. Mechanical properties.

Tensile testing was carried out to investigate and compare GNSs and NGFs treatments'
influence on composites’ mechanical behavior. The obtained stress-strain curves are exhibited
in Fig. 5. Important tensile properties are listed in Table 3. The nanocomposite containing
unmodified NGFs tends to reduce tensile strength and Young’s modulus. In contrast, the
addition of MNGFs has the opposite effect. It was found that the tensile strength of NGFs and
elongation-at-break and modulus were reduced compared with neat resin. In treated cases, the
NGF nanocomposite tensile strength, elongation-at- break were increased by about 175% and
110%, respectively, compared with untreated NGFs/VE composite. The MNGFs/VE
composite has exhibited 57% improvement in tensile strength, 70% for elongation-a- break
than neat resin. The decreased elongation-at-break of the samples indicates that nano glass
flakes were limited the macromolecular mobility to some extent, as reported before[30]. It has
been established that the microstructure of samples mainly affects the physical and mechanical
properties of nanocomposites. The free volume cavities and concentration depend on filler and
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chain morphology, i.e., they depend on chain slippage under the external forces. Another
reason may be the localization of the layered plates of glass flakes between polymer chains,
reducing entanglements and -link density, decreasing thesample’s strength [8,22]. As shown in
Fig. 5, incorporating GNSs to vinyl-ester composite improves the tensile strength by about
10%, and elongation-at-break was slightly decreased than neat resin. In comparison,
MGNSs/VE and GNSs/VE composites tensile strength, elongation-at-break, and Young’s
modulus were enhanced by 60%, 46% and 22%, and compared to neat resin, they were
enhanced by 76%, 42%, 27%, respectively. This is attributed to interactions between polymer
and filler in the system [31]. GNS/VE composite exhibits 93%, 20%, and 10% higher tensile
strength, elongation-at-break, and modulus than NGFs/VE composite, in the stated order.
Although both modified and unmodified nanosheets can exhibit higher tensile strength and
elongation-at-break than neat resin [32]. As can be seen from Fig. 5, incorporation of GNSs to
vinyl-ester improved composite tensile strength. However, elongation-a-break was slightly
decreased than the neat resin. This is attributed to interface interactions and adhesion of matrix
and filler in the composites [31]. Although modified and unmodified nanosheets can impart
higher tensile strength and elongation-at-break than neat resin[32]. The Yong modulus was
also increased in both treated and untreated GNS composite in comparison with neat resin.
These results indicate that untreated graphene represents stronger interaction with the
polymeric matrix in comparison with untreated NGF. By comparison, the composites
containing the functionalized MNGFs represent higher tensile strength and elongation-at-break
values than other nanocomposites. The presence of graphene and glass flakes results in a
greater hindering effect and less flexibility and motion of the chains. Eventually, it causes
strain-at-break to reduce slightly [8]. We have found that the incorporation of MGNSs, overall,
made the biggest improvement in modulus and tensile strength. However, MNGFs show the
highest elongation-at-break in comparison to MGNSs/VER composite. The differences in NGF
and GNS composites' mechanical properties are attributed to different surface properties and
size sheets [33-34]. The untreated filler tends to agglomerate in the matrix, and agglomerated
fillers act as a stress point, which leads to reduced tensile strength [29]. The presence of glass
flakes leads to decrease strength by reduction of entanglements, chain motion, and prevention
of oriented chains. However, after modification, the interactions between graphene, polymer,
and glass flake polymer chains are enhanced. The incremental rate of the modulus in the
nanocomposite of NGF is lower than GNS nanocomposites. Therefore, slippage of glass flakes
may occur during extension and spoil the reinforcement potential of nanofillers. There have
been four scenarios proposed for taking nanofillers in a polymeric matrix that summarized
below. 1. Separate standing of each nanolayer in the matrix; 2. Contact in filler edges with each
other 3. Overlapping of some parts of nanolayers on each other; 4. Complete placement of
nanolayers on each other [8]. From the mechanical properties, the lower mechanical properties
of untreated sample may occur due to various reasons such as contacting of filler edges,
overlapping each other more closely and tightly, or complete adjustments of nanolayers on
each other, which lead to decreased filler dispersion and surface contact of polymer with filler
and more slippage of a polymer chain. Another reason for variation in tensile strength is due to
free volume. In other words, when free volume content decreases, the tensile strength increases.
The reduction in free volume increases the tensile strength with increased dispersion of
modified fillers, which may suggest good interaction between the filler and matrix provided by
a silane coupling agent. From the above discussion, it is evident that enhancement in
mechanical properties in GNS-filled composites is higher than NGF filled samples. The NGF
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with a larger size has less aspect ratio than GNS. Therefore, it is evident that for fillers with
bigger sizes, the aspect ratio had an insignificant effect on enhancing mechanical properties.
Therefore, the significant improvement of mechanical properties is related to the enhancement
of MNGF and MGNS dispersion and refers to the improved adhesion between the fillers and
the polymer host, which results in efficient load transfer between filler and polymer. The results
due to substantial hindrance effect that caused limited chain mobility and flexibility ultimately
reduce the strain-at-break significantly [8, 29, 51].
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Figure 5. Tensile stress versus strain of neat VE, GNS/VE, MGNS/VE, NGFs/VE, and MNGFs/VE composites.

Table 3. Mechanical properties from tensile testing for NGFs/VE,GNSs/VE before and after functionalization,
and neat composites.

Sample Tensile strength(MPa) | Elongation at break(%) | Young’s modulus (MPa)
Neat resin 11.33 1.39 20.5
NGF 6.46 1.12 17.6
MNGF 17.78 2.37 23.8
GNS 12.50 1.35 23.7
MGNS 19.93 1.97 30.1

The three-point bending is a flexural test employed to test the mixture’s compressive
and tensile forces likely encountered in the normal state of nanocomposites. This analysis was
performed to evaluate how modified flakes' incorporation affects the vinyl-ester matrix's
mechanical properties. Fig. 6 shows the flexural strain-stress curve for neat vinyl-ester and
composites. The results are summarized in Table 4. Incorporation MNGFs exhibit higher
flexural strength and flexural modulus of the vinyl-ester matrix than the NGFs/VE composite.
In MGNSs, the flexural strength and flexural modulus are enhanced almost by 106%, and 56%,
and elongation-at-break was improved after modification of graphene nanosheets. By
comparison, MGNSs flexural modulus was up by 1.2 GPa, which is higher than MNGFs, and
their flexural strength was increased. Nanoscale surface roughness and wrinkled structure of
GNS enhance mechanical interlocking caused to improve adhesion [30]. GNS has a smaller
thickness than NGF. It displays a higher specific surface area, and the specific surface area
plays an important role in micromechanical models such as the Halpin—Tsai model. In Hese
models, the higher specific surface area and higher filer modulus lead to improved effective
load transfer from the matrix to nanofillers, caused to the increased modulus. [35, 36]. The
covalent bonding may be formed between the vinyl-ester matrix and the silane functional group
on NGF and GNS, further improving the interfacial bonding leading to mechanical
bonding[30]. In general, there is a strong argument over the influence of filler size on the
flexural strength of the surface-treated composite, as some studies report that the flexural
strength is decreased when composites are filled by larger size nanoparticles [37]. Two factors
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should be described: the proper dispersion of the nanoparticles and the interfacial adhesion in
the composites.

Regarding the first factor, there are more agglomerates in composites, which may cause
embrittlement effects. Large agglomerates in the matrix lead propagated cracks and induce the
final failure. The presence of rigid fillers in the matrix leads to brittle behavior in composite,
which is reflected as reduced elongation-at-break of the materials. Two reasons explain the
enhancement in flexural strength and modulus of the MGNS and MNGF composites. First,
strong covalent bonding between nanofillers and matrix required improved dispersion of the
flakes layers through the matrix and improved composites' mechanical properties [38-39]. This
indicates the effect of the homogeneous distribution of nanoflakes within the matrix. As
explained earlier, the second reason attributed to the polymer-filler interaction of composites
plays an essential role in improving the mechanical properties. Stress transfer capability and
elastic deformation from the matrix to fillers are governed by a strong bonding between
nanoparticle and matrix [37].

Table 4. Flexural properties from three-point bending for NGFs/VE, GNSs/VE before and after
functionalization, and neat composites.

Sample Elongation-at-break(%) Flexural strength (MPa) Flexural modulus (MPa)
Neat resin 4.04 15.84 1015.86
NGF/VER 5.38 15.72 756.41

MNGF/VER 4.94 19.72 1011.14
GNS/VER 4.74 14.53 791.34
MGNS/VER 6.78 29.95 1236.22
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Figure 6. Typical flexural strength versus strain curves for neat resin and composites containing NGF, MNGF,
GNS, MGNS.

3.6. Dynamic mechanical, thermal analysis of the samples (DMTA).

DMTA characterizes the storage modulus and tan delta (loss factor) of nanocomposites
in the temperature range of 50-180 °C. Glass transition temperature is defined as changes in a
slope of storage modulus transition or maximum in tan 6 curve. Fig. 7 exhibits glass transition
temperature leads to increased chain mobility at the alpha (a) transition [40]. For neat VE, tan
o peak is observed around 117 °C by incorporation of unmodified GNS and NGF and Tg is
slightly decreased to 114 and 113 °C. However, after modification GNS and NGF Tgs were
129 and 122 °C respectively.
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Figure 7. Damping behavior of neat vinyl-ester and GNS/VE, NGF/VE, MGNS/VE, MNGF/VE composites.

The presence of nanofillers could affect molecular dynamics. The Tg temperature
depends on surface features, dimensions, symmetry, etc. The glass transition temperature has
increased in modified nanocomposites in comparison with neat resin and also unmodified
nanocomposites. This increment can be due to the restriction of chain mobility in the interphase
region. This is more evident in MGNS than MNGF samples due to the difference in quantity
and quality of interface region in nanocomposites. The greater quantity of GNS interphase
region in nanocomposites is the understandable cause of the larger surface area of smaller-sized
filler, leading to higher Tg shift in MGNS samples[41]. Improvement in the interaction between
matrix and nanofillers helped to increase the glass transition temperature of the sample. The
surface modification of graphene and glass flake can prevent polymer chain mobility on the
surface of nanofillers. Sheet size, dispersion, surface modification of fillers, and interfacial
adhesion with polymer play essential roles in Tq change [36]. The results display an eminent
influence of interface in thermal features of the VE/GNS and VE/NGF composites.

On the other hand, the height of tan 6 decreased drastically after modifying the nano
glass flakes. This result may suggest that the macromolecules are strongly bound to NGFs. The
change in the height of tand peak is related to the matrix chains' relaxation process in these
nanocomposites. Reflection on improved interaction between vinyl-ester resin and NGFs may
be related to the existing higher ratio of silane modifier on MNGF surface than MGNS [42].
Fig. 8 shows temperature dependency in the storage modulus of neat VE resin and its
nanocomposites. All composites exhibited higher storage modulus (E’) than a neat vinyl ester.
The enhancement in E’ values by adding modified nanosheets exhibited the material features
to store energy due to reinforcement properties and limitation of matrix chain motion upon
GNS incorporation. Storage modulus corresponding to materials' capability to store the energy
is one of the important parameters in DMTA measurements [40]. For both nanocomposites,
nanofillers' incorporation caused increased storage modulus in the wide range of temperature,
from glassy to rubbery region. As temperature rises, the chains turn into a rubbery state, and
the storage modulus decreased. From the investigated results, clear the filler's presence will be
more intensified this behavior [43].

2,4E+09

2,1E+09
1,8E+09
1,5E+09
1,2E+09

rage modulus (Pa)

306408 Neat resin

0,0E+00

0 50 100 150
Temperature

Figure 8. Storage modulus behavior of neat vinyl-ester and its composites before and after functionalization.
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Although it’s conspicuous that the storage modulus at the glassy region is higher than
the rubbery region [44]. The vinyl ester's storage modulus is improved significantly by
incorporating a graphene sheet and glass flake nanosheets. The value of storage modulus
composites filled with a GNS and NGF is observed to be 23% and 42% (2061.6 MPa) higher
than (1843.1 MPa) of the cured neat vinyl ester. The NGF composite was slightly improved
than the non-functionalized GNS composite within a glassy state (at 0 °C). Compared to NGF,
the GNS composite exhibits lower storage modulus, which may correspond to VE/GNS
composite is less rigid than VE/NGF composite [40]. More storage modulus improvement is
obtained in MGNS and MNGF composite, approximately 131% and 149% compared with neat
resin. This result indicates that VE/MNGF samples' stiffness is at the highest value among all
the examined samples [45].

Furthermore, the nanocomposite storage modulus with MGNS is 2.049 GPa, much
higher than unmodified graphene composite (about 88%). The increase in the composites'
storage modulus is more pronounced in MGNS and MNGF-based vinyl-ester than the untreated
and neat resin. The results again illustrate the reinforcement effect of the silane modification
on GNS and NGF sheets. The reductions in the local chain's motion around the sheets are due
to the improved interfacial interactions and dispersion of nanosheets in the vinyl-ester matrix
[19, 35, 45-49].

3.7. Molecular dynamics simulations of graphite-vinyl-ester nanocomposites.

Based on our previous works [52-108], the effects of geometrical data on mechanical
characterizes of graphite-vinyl-ester Nanocomposites are investigated using molecular
dynamics (MD) and Monte-Carlo simulations by Charmm software. Graphite hexagonal
crystal group is modeled (Fig. 9), and molecular dynamic geometry data, such as periodic cell
size and several layers, are simulated for studying their effect on graphene orients related to
mechanical behavior. NVT (stands for a constant number of atoms, volume, and temperature)
is the thermodynamic ensemble used via the entire simulation. Dynamic time for atomic
modeled is proportional to the number of units included in each supercell. A dynamic step of
0.1 fs with simulation temperature equal=300 including 95 kcal/mol energy deviation, was
done using Hyper-Chemistry software (Fig.9) .

Figure 9. Graphite hexagonal crystal group with 3 layers and Montecarlo simulation.

Graphene Lee et al. [109]. Reported a Young’s modulus of 1.0 TPa, and suitable
strength of 130 GPa measured via Nano-indentation atomic forces microscope for each layer
[109]. Additionally, Graphene nanocomposites are envisaged to make enhanced entirely

mechanical properties. Exfoliated graphite Nano-layers are new types of Nano-particles,
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including graphene stacks of 5~10 nm thickness. Exfoliated graphene Nanosheets share
chemical structures with carbon nanotubes (CNT). Their edges could be easily modified
chemically for dispersion enhancement in polymeric composites. Fig. 3 exhibits the
morphology of SEM images of the fractured sections of VE/GNS, VE/MGNS, VE/NGFs, and
VE/MNGFs composites compared with MD . Vinyl-ester resin (VER), is a resin produced by
the esterification of an epoxy resin with acrylic or methacrylic acids. The "vinyl" groups refer
to these ester substituents, which are prone to polymerize. The diester product is then dissolved
in a reactive solvent, such as styrene, to approximately 30-46 percent content by weight
(Figs.10,11).
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Figure 11. Simulation of non-covalently functionalized-graphene interaction by Vinyl-ester resin
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Those simulated nanosheets are generally around 5 nm thick. They can be synthesized
via lateral dimensions ranging from less than 5 um to up to a hundred pum. Vinyl-ester is a
copolymer thermoset resin produced via the esterification of an epoxy resin with unsaturated
mono-carboxylic acid. This reaction is then dissolved into the reactive solvent, such as styrene.
Vinyl-ester is an important polyester alternative and epoxy material in the matrix or composite
material. Its distinctive properties, strength, and bulk cost lie intermediately between polyester
and epoxy. It has low resin viscosity, less than polyester and epoxy [109,110]. Although the
epoxy-based vinyl-ester resin has considerable corrosion resistance, understanding physical
properties is important due to their chemical composition and the presence of polar hydroxyl.
Simulated vinyl-ester chains are 60% epoxy, and 40% styrene produces an ideal vinyl-ester
chemical chain assuming that all the epoxy had reacted.

Although Vinyl-ester-resin has low resistance for cracking propagation or brittleness
and shrinkage during polymerization, the synthesized nanoparticles’ methods into a resin
solution process can remove this problem. Since the interaction among the nanoparticles with
the matrix is van der Waals force, the in-situ synthesis manner can be creating stronger
chemical bonding within the composite (Fig.11).

Based on MD discussion (for pristine graphene and graphene oxide), interfacial shear
strength resulting from the molecular dynamic (MD) simulations for PG-vinyl-ester and GO-
vinyl-ester should be stronger than vinylester.

4. Conclusions

This study has investigated and compared the influence of GNS and NGF
functionalization and dispersion on the physical and mechanical properties of vinyl-ester
nanocomposites. Various characterizations, including FTIR, EDX, and results, demonstrate
that VTMS coupling agents successfully treated graphene oxide and NGF sheets' surface. The
analysis of the GNS and NGF with EDX demonstrates that there are more oxygen and Si
functional groups exist on the NGF compared with GNS. However, GNS shows a greater
increase in Si group after functionalization than NGF. SEM results show better dispersion and
distribution of GNS and NGF in the vinyl-ester matrix obtained after functionalizing the
nanosheets. Composites containing modified nanosheets exhibited lower water absorption than
untreated samples due to better dispersion and hydrophobic groups' presence on the surface of
nanosheets. MNGF/VER composite shows lower water absorption compared with
MGNS/VER. This result is probably an indication of the hydrophilic group on graphene
surfaces. It is found that the functionalized GNS and NGF has resulted in higher tensile
strength, flexural modulus, and elongation-at-break of vinyl-ester resin compared with
unfunctionalized and neat resin. MGNS/VER composite has exhibited further tensile strength
and flexural modulus than MNGF/VER composite. However, MNGF/VER shows better
elongation-at-break than MGNS/VER. The DMTA results exhibited increased storage modulus
and decreased Tq by incorporation NGF and GNS. Nonetheless, the incorporation of
functionalized graphene nanosheets and nanoglass flakes represent higher Ty and storage
modulus. MNGF/VER presents more storage energy compared with MGNS/VER composites.
MD simulations prove that exfoliation improves the mechanical properties of graphite
nanoplatelet vinyl-ester nanocomposites. MD simulation revealed that, although there is
minimal effect of pure vinyl ester, it tends to enhance interfacial shear strength between PG-
vinyl-ester and GO-vinyl-ester in a considerable magnitude.
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