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Abstract

The reduced graphene oxide (rGO) was dispersed in ethanol using bath sonicator and mixed in 0.1,0.2,0.3,0.4 and 0.5 wt.% separately
in the epoxy to make in situ composites by curing with diethylene triamine (DETA). The XRD and FE-SEM images confirmed
intercalation and exfoliation as well as distribution patterns of rGO in epoxy. The carbon elemental mapping by EDX showed that the
greater number of small void pockets in an ordered manner were present in 0.4 and 0.5 wt.% rGO/ epoxy composites in comparison
to that of 0.2 and 0.3 wt. % composites. The mechanical properties increased with increase in rGO up to 0.3 wt. % due to the uniform
dispersion of rGO up to 0.3 wt.% in epoxy. However, thermal properties did not show much improvement.
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Introduction

Nowadays, inorganic nanofillers have proved their versatile applicability [1-6]. However graphene emerges as a rising star and
new paradigms of relativistic condensed-matter physics and material science. The discovery of graphene is an important addition
as a world’s thinnest material due to its applications in drug delivery [7]. Energy production, photovoltaics [8,9], Fillers for
polymer matrices [10-12], Sensors [13-16], electricals and electronics [17-20]. In recent year, there has been great interest in using
graphene-based nanofillers, such as graphene sheets(GS) [21], Graphite nanoplate (GNPs) [22], Graphene oxide(GO) [23,24].
Now reduced graphene oxide (rGO) which gives new design of advance polymer nanocomposites [25]. Addition of 1 wt. rGO
sheets in polyethylene matrix led to a 48% increment in the yield stress and 118% increment in the Young’s modulus, respectively.
However, the elongation at break decreased with increasing rGO sheets loading content [26].

Epoxy resin has been material of interest of the researchers for improvement in its properties by addition of less amount of nano
particles [27-29]. Lee, et al. Prepared nanocomposites of epoxy resin and chemically reduced GO by thermal curing process
and found an improvement in flexural strength and modulus of the epoxy nanocomposites by loading of rGO up to 0.4 wt. %
compared to that of the neat - epoxy sheet [30]. Ganiu et al. prepared in situ thermally reduced graphene oxide/ epoxy composites
[31]. They observed good dispersion of rGO and improvement in thermal conductivity and mechanical properties. A significant
enhancement was observed in tensile, impact and flexural strength by the addition of 0.25 phr of microwave exfoliated reduced
graphene oxide in epoxy nanocomposites cured by triethylenetetramine [28,32]. The Fe,O, decorated rGO in epoxy to improve the
mechanical, thermal and electrical properties [33]. Jenkin, et al. dispersed the rGO in epoxy through combination of mechanical
and sonication method followed by carbon fibre reinforcement in the composites [34]. They found that the composites’ flexural
strength and flexural modulus increased with rGO wt.% content up to 62% and 44% respectively the shear strength and modulus
were also improved at maximum of 6% and 40% respectively. Zehao, et al. functionalized the GO with epoxy via esterification and
prepared the CNT composites [35]. The functionalized GO effectively improves the dispersibility of CNTs in epoxy matrix due to
good compatibility, which results in excellent mechanical properties of the hybrid structures. The improved interfacial interaction
between 3D structure hybrids and epoxy matrix in fracture surface analysis indicated the covalent bonding formed between the
epoxy molecular chain grafted on EGO and the hardener agent during the curing process.

In the present work the chemically reduced graphene was dispersed in the epoxy resin with diluent RD-113 and cured with
Diethylene Triamine. The mechanical and thermal properties were determined. An attempt has also been made to correlate the
dispersion of rGO in epoxy with EDX elemental mapping.
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Experimental
Materials

Graphite powder (98%), from Lobel Chemical, Ortho-phosphoric acid (H,PO,, 85%) and Hydrogen Peroxide (H,0,, 30%) were
purchased from Merck specialist Pvt. Ltd. Mumbai, India; Sulfuric acid (H,SO,, 97%), Potassium permanganate (KMnO,, 99.9%),
Petroleum Ether, Hydrazine Hydrate, Acetone and Ethanol (AR grade) were purchased from Rankem Thane, Maharashtra, India.
Reactive diluents RD-113, Epoxy resin grade YD128 of EEW-189.5, viscosity 11,000-14,000 cp were procured from Aditya Birla
Groups Mumbai, India. Curing agent Diethylene Triamine (DETA) was purchased from s. d. Fine. Chemicals Limited, Mumbai,
India

Synthesis of GO: Graphite powder (3.0 g) was mixed into a solution of concentrated H,SO, and H,PO, at a 9:1 ratio (360:40
mL). Meanwhile, five to six times the weight of equivalent KMnO, (18.0 g) powder was also added to graphite mixed solution.
This reaction mixture was heated in a three-necked flask fitted with a water-cooled condenser having a temperature below 50
°C and allowed to stir continuously for 12 h. The reaction mixture was cooled to room temperature and then kept in an ice bath
after the addition of 30% H,O,. The resulting suspension was filtered through polyester fiber cloth, and the remaining filtrate was
centrifuged at 4000 rpm. The supernatant solution was decanted, and the residual solid material was washed with water, 30% HCI,
and finally, ethanol. The solid material was coagulated with 200 mL of ether and vacuumdried overnight at room temperature.

Synthesis of rGO: Synthesized GO (900 mg) and distilled water (900 ml) were taken and sonicated for 30 min. Then the mixture
was transferred into a round bottom flask and 9 ml hydrazine hydrate was added into the mixture. The mixture was kept for 24
h at 100 °C in an oil bath with mild stirring, allowed to settlement for 12 h and decanted. The decanted residue was washed with
water and ethanol several times and filtered by using polyester cloth under vacuum filtration and dried for the whole night. In this
manner several batches were carried out for rGO preparation from GO.

Preparation of rGO/Epoxy Nanocomposite: The Epoxy resin (83.23, 83.13,83.03,82.93 and 82.83 g) was taken separately and
mixed with reactive diluents RD-113 (16.67 g). Acetone (10ml) as a solvent was also added in all samples to lower their viscosity.
rGO (0.1, 0.2, 0.3 ,0.4 and 0.5 g) was taken separately and mixed with ethanol (20ml) and sonicated in a bath sonicator for 30 min.
The rGO solution was mixed into the respective resin samples under high speed for 45 min and kept at 80 °C in an oil bath till the
solvent evaporation. This mixture was sonicated for 30 min and then 10 phr DETA was added to the mixture with stirring for a
few seconds and poured the mixture into the mould. The mixture was degassed for 1 h and then cured at room temperature for 2-3
days. Samples were cut for mechanical and thermal testing.

Characterization

Tensile testing: Tensile strength, young’s modulus and elongation at break were performed on Universal Testing Machine (HI-
TECH Instruments, Mumbai) at a cross-head speed of 50 mm min™. The tensile tests were conducted according to ASTM D 638.
The mean value of five samples is reported in the present work.

Izod impact strength: The izod impact tests were conducted on Izod Impact tester, (International Equipment's, Mumbai), by
clamping a specimen vertically as a cantilever beam. The specimen is struck by the swing of pendulum released from a fix distance
from the specimen clamp. The tests were repeated five times and average value is reported.

Hardness: The hardness tests were carried out by first placing a specimen on a hard and flat surface of Shore-D durometer. The
pressure foot of the instrument was pressed onto the specimen, making sure that it was parallel to the surface of the specimen. The
durometer hardness was read within 1 sec. After the pressure put was in firm contact with the specimen. The tests were repeated
five times and mean values are shown as final results.

Differential scanning calorimetry (DSC)

The differential scanning calorimetry was carried out on differential scanning calorimeter (model DSC60 SHIMADZU, Japan).
A sample of 5-7 mg was sealed in aluminum pan and heated with the rate of 10 °C per min. Peak temperature and enthalpy (AH)
were obtained from the maxima and the area of melting peak respectively.

Thermo gravimetric analysis (TGA): Thermo gravimetric analysis of the composites was conducted on TGA (model TGA- 50
SHIMADZU, Japan) by taking 5-7 mg of the sample with heating rate of 10 °C per min.

Field emission scanning electron microscopy (FE-SEM): Thermo The surface morphology of the fracture surfaces of the tensile
specimens was examined by a scanning electron microscope (SEM, model S4800 type 2 HITACHI Japan) at 10 keV. The samples
were coated with gold before analysis.

X-ray diffraction (XRD): XRD analysis of rGO/Epoxy was conducted on diffractometer (Advance X-ray diffractometer, D8,
Bruker Germany) with CuKa, radiation (\ = 1.5404 A) within the 26 range of 20-80°.
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Infrared spectroscopy: Infrared spectroscopy was done on FTIR spectrophotometer (8400, Shimadzu, Japan) by dispersing
samples of rGO and rGO epoxy composites in KBr powder. A total of 45 scans were taken for all of the composite samples; they
were recorded at 4000-400 cm™* with a resolution of 4 cm™ in transmittance mode.

Results and Discussion
rGO Dispersion in Epoxy Composites

The rGO was treated with ethanol and dispersed into the epoxy matrix with acetone. The oxygen containing functional groups
attached to the edges of the graphene sheet are responsible to allow the ethanol within the rGO sheets that results an increase in
d spacing and ultimately smooth entrance of epoxy chains. The mechanism of dispersion of rGO in epoxy is illustrated in Figure
1. The proper dispersion of rGO into the matrix was studied with the help of XRD analysis (Figure 2). Figure 2 shows spectra
of pristine epoxy and its composites. The broad curve between the region 10° to 20° is due to the scattering of epoxy molecule,
indicating its amorphous nature [36]. The diffraction pattern found in 0.2 and 0.3 wt. % of rGO/Epoxy composites shows the
same curve as the pristine epoxy, which indicate the good dispersion of rGO into the Epoxy matrix [36,37]. In 0.1, 0.4 and 0.5 wt
. composites, the diffraction pattern is disappeared; it indicates a good exfoliation of rGO into the epoxy matrix [36] (Figure 2).
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Fig.2. XRD patterns of rGO/epoxy composites
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Figure 3 shows FESEM images of rGO and rGO/ Epoxy composites with different filler concentrations. Pristine epoxy sheet shows
plane surface morphology (Figure 3b). In case of 0.2 and 0.3 wt. rGO/ Epoxy composites (Figure 3c and d ), the proper dispersion
of rGO is observed, While for 0.4 and 0.5 wt. rGO/Epoxy composites (Figure 3e and f), the exfoliation of rGO sheets is observed.
To understand the dispersion behavior, the elemental mapping was done by EDX (Figure 4). Table given in Figure 4 shows the
elemental contents of the different composites expressing greater carbon to oxygen ratio in 0.2 wt.% and 0.3 wt.% composites in
comparison to that of 0.4 wt.% and 0.5 wt.%. It is clearly observed from Figure that the carbon distribution at 0.2 wt.% and 0.3 wt.%
is very uniform except few regions, while 0.4 wt.% and 0.5 wt.% show uniform dispersion with greater number of bigger pockets
throughout the spectra. This could be due to the exfoliation of rGO sheets (Figure 4).

Fig.3. FE-SEM images of a) rGO; b) Epoxy; ¢) 0.2 wt.%; d) 0.3 wt.%; e) 0.4 wt.% and f) 0.5 wt.% rGO: epoxy composites

154 WO: 45w

Element

Compositio
rGO 78.89 |20.70 | 0.41
0.2wt.% rGO |79.04 | 20.96

0.3wt.% rGO | 80.43 |19.47

0.4wt% rGO |64.40 | 35.60

0.5wt. % rGO/| 72.50 | 27.50

Fig.4. Carbon and Oxygen mapping of rGO : epoxy composites containing a) 0.2 wt. %; b) 0.3 wt.% and ¢) 0.5 wt.% rGO
Mechanical Properties

The mechanical properties results illustrate that the tensile strength increases with increase in rGO content up to 0.3 wt.% (Figure
5). Maximum tensile strength (60 MPa) is obtained in composites filled 0.3 wt.% of rGO and minimum for 0.5 wt.% (32 MPa)
which are greater than the virgin epoxy sheets (19 MPa).

Like tensile strength, the young’s modulus was also found to increase maximum up to 1217 MPa at 0.3 wt.% of rGO and minimum
at 0.5 wt.% of rGO (493 MPa) in epoxy. However, virgin epoxy showed only 367 MPa (Figure 5). Thus the dimensional stability of
the 0.3 wt.% filled composite is three times greater than the virgin epoxy. The maximum elongation (8.0 %) was observed for virgin
epoxy. The minimum elongation (2.1%) is recorded at 0.3 wt. % addition of rGO. Further addition of rGO results in increment in
elongation as recorded 4.5% for 0.5 wt. filled rGO composite (Figure 6).
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Fig.6. Elongation of rGO/Epoxy Composites at different wt.% of rGO

The impact strength and hardness of the composites are shown in Figure 7. The results of the impact strength were found to
increase up to 0.3 wt.% addition of rGO in epoxy having the highest value as 126 J. The highest loading (0.5 wt.%) of rGO in epoxy
showed only 117 ], which is less than the 0.3 wt.% filled rGO. On comprehensive comparison of the results, the epoxy without
rGO had least (67 J) amongst all compositions; while 0.3 wt.% filled rGO composite showed approximately two times (126 J)
improvement (Figure 7).

Like other mechanical properties, the hardness was also found to increase with increase in filler content up to 0.3 wt.% and
decreased thereafter. The values of hardness were obtained as 75, 77, 81,85, 82 and 81 for virgin epoxy, 0.1, 0.2, 0.3, 0.4 and 0.5
wt.% filled rGO composites respectively.

Thus the 0.3 wt. is the optimum amount to get maximum improvement in the mechanical properties. The reason behind
improvement at 0.3 wt. is that the rGO sheets dispersed uniformly within the epoxy chains. As discussed earlier, the XRD patterns
of the composites show very clear difference in 0.2 and 0.3 wt.% from other composites i.e. virgin epoxy, 0.1, 0.4 and 0.5 wt.%
filled epoxy composites is due to the exfoliation of epoxy in rGO sheets (Figure 2). This exfoliation results in greater extent of
cross linking by DETA in the epoxy chains. It is also observed from the FTIR spectra that the maximum peaks under the region
of 1650 cm™ to 2700 cm™ have been eliminated in the 0.2 and 0.3 wt.% rGO/Epoxy composites in comparison to 0.1, 0.4 and 0.5
wt.% rGO/Epoxy composites (Figure 8). This is due to the elimination of C=0 (1721 cm™), C=C (1586 cm) and -OH (2701
cm™) groups during crosslinking with epoxy matrix, which shows the proper dispersion of rGO into epoxy matrix. Higher level
of improvement offered by rGO is attributed to the strong interaction of graphene sheets with epoxy because the covalent bonds
between the carbon atoms of graphene sheets are much stronger than other layered nanomaterial such as silicon-based clay [38].

Thermal properties

The DSC results illustrate that change in enthalpy increases with an increase in wt.% of rGO from 0.1 wt.% to 0.5 wt.%. However
the least change in enthalpy was observed in virgin epoxy (Figure 9). These results show an increasing endothermic trend with
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increasing amount of the filler. The results of thermogravimetric analysis indicate that there is very less difference in degradation
of all composites for which onset is observed from 140 °C. However 0.3 wt.% rGO containing composite shows higher thermal
stability amongst them; while cured virgin epoxy shows highest thermal stability depicting wt. loss from 350 °C onwards (Figure
10). The early wt. loss in rGO composites is due to the removal of moisture and remaining functional groups present on rGO.
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Fig.7. Impact Strength and Hardness of rGO/Epoxy Composites
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Conclusion

Epoxy nano composites were prepared by reinforcing 0.1-0.5 wt.% of rGO dispersed with ethanol and bath sonicated before
curing with diethylene triamine (DETA). There 0.2 wt.% and 0.3 wt.% additions result broad XRD peacks in the region of 10°to 20°
due to intercalation of epoxy chains in rGO; while XRD grams of 0.4 and 0.5 wt.% do not show such peaks due to agglomeration
(wrapping) of rGO sheets. These results are in agreement with FESEM images of the composites. The distribution of carbon and
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oxygen measured by elemental mapping and change in carbon: oxygen ratio with increase in rGO from 0.2 wt.% to 0.5 wt.% also
support the above results. More than two times improvement in tensile strength and young’s modulus as well as increment in
impact strength and hardness for 0.3 wt.% are remarkable achievements of the work. The thermal stability has also been improved
of that wt.% in comparison to that of other composites.
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