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  ABSTRACT 

Phenol formaldehyde (PF) resins are one of the oldest synthesized and very widely used 

resins. Their properties can be improved with the incorporation nano-fillers even with 

lower loadings. Graphene materials have attracted significant attention in recent years 

owing to its exceptional thermal, mechanical and electrical properties.  Herein, we report 

a very simple and effective way to reduce graphene oxide (GO) by using highly 

abundant potato starch instead of conventionally used toxic and hazardous reducing 

agents like hydrazine. The reduced GO (RGO) is then effectively incorporated into PF 

resin by optimizing various processing parameters. The reinforcing effect of RGO sheets 

on the PF matrix was investigated by X-ray diffraction (XRD) and Transmission 

Electron Microscopy (TEM). The effect of RGO on thermal properties of the polymer 

nanocomposites was studied using Thermo Gravimetric Analysis (TGA). The 

mechanical properties of PF/RGO composites were studied by tensile and Izod impact 

tests.  The fracture mechanism of the composites was investigated by Scanning Electron 

Microscopy. Theoretical prediction of the mechanical properties of the nanocomposites 

using Halpin-Tsai models gave sufficient information regarding the orientation of 

graphene sheets in PF matrix.   
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1. Introduction 

Phenol formaldehyde (PF) resole resin is one of the oldest synthesized low-cost resins 

with excellent thermal stability, mechanical properties, good solvent and weather 

resistance which make them excellent candidate for a wide variety of applications in the 

fields of thermal insulation, coatings, automotive and aerospace industries. Their FST 
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(fire, smoke, low toxicity) properties also make them highly favorable for composite 

preparation [1].  In spite of these advantages only a very few studies have been made on 

this phenolic resin since it is known to form three-dimensional molecular structure even 

before it is cured.   Phenolics are generally very brittle but that can be modified and 

varied by adding appropriate fillers or other additives into the matrix.  

Graphene is well-known for its excellent mechanical properties such as high tensile 

strength, high Young's modulus, and fracture toughness but the lack of any reacting 

functionalities make it non-responsive to any composite formation. However, layered 

graphene oxide (GO) which we get by exfoliation of graphite possess several surface O-

functionalities which can facilitate the interfacial interaction, effective dispersion and 

hence efficient load transfer between GO layers and the polymer matrix[2]. Therefore, 

GO can function as an ideal candidate for imparting many of graphene-related properties 

like superior mechanical, electrical and electronic properties, light weight and the high 

surface area nature in its nanocomposites making them versatile multifunctional materials 

[3]. Different methods are used for the synthesis graphene like mechanical exfoliation 

[4], Chemical Vapour Deposition (CVD) [5], chemical oxidation/ exfoliation followed by 

reduction of graphene derivatives such as graphene oxide (GO) [6,7], unzipping carbon 

nanotubes [8], arc discharge methods [9]. Among these methods, chemical oxidation of 

natural graphite by Hummers method followed by reduction is the most commonly used 

method. Earlier, the chemical reduction of GO were performed using various reducing 

agents such as hydrazine and its derivatives [10-16], NaBH4 [17, 18], hydroquinone [19], 

hydroiodic acid (HI) [20-22], sulfur-containing compounds [23], metal powders [24-27] 

and hydroxylamine [28]. Among these the most widely adopted method for the reduction 

of GO was done by hydrazine which is a very hazardous chemical, both to the human 

health and to the environment [29]. Employing green reducing agents can therefore act as 

a highly favorable alternative method for such hazardous materials and for the large-scale 

production of graphene-like materials.  The first green route for the preparation of 

graphene dispersions from graphite oxide was reported by Fan et al [30]. Previous studies 
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based on graphene as a filler in various thermosetting resin like epoxy [31-33], polyimide 

[34, 35], polyurethane [36] showed improvement in mechanical properties. 

 

Studies based on the synthesis and characterizations of phenolic resin/layered silicate 

nanocomposites were reported earlier [37-41].  Wang and colleagues prepared phenolic 

resin/surface treated CNT and found that the compressive strength and hardness of the 

material improved by the incorporation of modified CNT [42].  One of the drawbacks of 

CNT is their higher production cost which makes it unfavorable for composite 

preparation. Studies on the morphology and the effect of carbon nanotube filler on 

tribology of phenol formaldehyde resin based composites are reported elsewhere [43]. Xu 

and colleagues prepared graphene oxide (GO)/phenol formaldehyde polymer 

nanocomposites by in situ method [44].  As a result of good dispersion of GO in the 

polymer matrix and the good interfacial interaction between GO sheets and the polymer 

matrix resulted in enhancement of thermal stability and mechanical property.  A facile in 

situ synthesis of reduced graphene oxide (RGO) - phenol formaldehyde (PF) composites 

with an interactive oxidation-reduction reaction was reported by Zhao and co-workers 

[45]. The presence of π-π stacking interaction and the covalent bond formation between 

GO and phenol homologs resulted in good dispersion and strong interfacial interaction 

with the polymer.  The results showed enhanced performances in terms of mechanical 

strength, electrical conductivity, thermal conductivity, and thermal resistance. 

 

In the present study we make use of a highly abundant natural non-toxic bio-material, 

potato starch, as a very effective reducing agent for the reduction of graphene oxide [46]. 

The products obtained after reduction is environmentally friendly and reduces the 

graphene oxide under mild conditions. The importance of the present work is that the 

incorporation of reduced graphene oxide into the phenol formaldehyde resin and 

preparation of the nanocomposites without the addition of any curing agents. Heat cure 

method is adopted for the preparation of the nanocomposites. The resultant 
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nanocomposites were characterized by microscopic, thermal and mechanical analysis.  It 

is expected that the resultant composites will have potential applications in conductive, 

thermal interface materials and other high technology industries. 

 

2. Experimental 

2.1. Materials 

Graphite powder, NaNO3, Conc. H2SO4, KMnO4, Hydrogen peroxide, and Ammonia are 

purchased from Merck, India. Starch potato is procured from LOBA Chemie Pvt. Ltd. 

Phenol formaldehyde resole resin was purchased from Polyformalin (Ernakulam, Kerala).  

2.2. Preparation of the PF/RGO polymer nanocomposites 

The reduction of graphene oxide obtained by Hummers method [47] was done by starch 

potato.  The weight percentage of reduced graphene oxide required for the preparation of 

the polymer nanocomposite was taken on the basis of the solid content of the PF resin. 

Acetone facilitates the mixing of RGO into the PF matrix. It is then stirred well using a 

mechanical stirrer with a speed of 4000 rotations/min for 2 h. After stirring, it is 

sonicated using an ultrasonicator for 1h at a temperature of 60 °C.  Now the sample is 

transferred into a glass tray containing a glass paper and kept in an oven at a low 

temperature of 50 °C until it becomes a semi-cured stage. The sample is then molded in a 

pre-heated compression molding machine at 100 °C for 30 min. After cooling, the sheets 

of polymer nanocomposites were obtained and cut into the required size and can be used 

for further investigation. The schematic representation of the preparation of PF/RGO 

nanocomposites is shown in Scheme.1. 
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Scheme1. Schematic representation of the preparation of PF/RGO polymer 

nanocomposite 

2.3. Characterization of PF/RGO nanocomposites 

2.3.1. Structural characterization 

The XRD measurements were done on an X-ray refractometer XPERT-PRO and the 

intensity was recorded over 2θ angles from 5° to 40° with step size 2θ  at 0.001 using a 
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Ni-filtered Cu K radiation (θ= 1.5406 Ao) and an operating voltage of 45 kV and a 

filament current of 35 mA. The Raman spectra of the samples were done in WITec Alpha 

300 RA confocal Raman microscope with AFM (WITec GmbH, Ulm, Germany). 

2.3.2. Morphological characterization 

The morphological analysis of the prepared PF/RGO nanocomposites was obtained on a 

High-Resolution Transmission Electron Microscope JEM-2100HRTEM. The ultra-

microtome cutting was employed and collected on a 200 mesh Cu grid for obtaining the 

TEM images of PF/RGO nanocomposites. WITec Alpha 300 RA confocal Raman 

microscope with AFM (WITec GmbH, Ulm, Germany) was used to study the AFM 

image of RGO. The surface morphology of the tensile fractured surfaces of PF/RGO 

nanocomposites was examined using the Scanning Electron Microscope (JEOL JSM -820 

model). To avoid charring during the SEM imaging, the samples are then coated with 

gold using a vacuum sputter coater. 

2.3.3. Mechanical characterization 

The tensile properties of the samples were tested using a universal testing machine Tinius 

Olsen tensile testing machine according to ASTMD 638. The tests were conducted at 

room temperature for rectangularly shaped samples with a gauge length of 60mm and a 

crosshead speed of 2mm/min. The impact strength of the notched samples was done by 

ASTM D256. The Izod impact test is performed for the prepared PF and PF/RGO 

polymer nanocomposites with Zwick / Roell HIT 25 P model impact tester.  

2.3.4. Thermal characterization 

Thermal properties of the samples were carried out by using a PerkinElmer STA 6000 

(Simultaneous Thermal Analyzer) at a heating rate of 20 oC per minute under the nitrogen 

atmosphere. The amount of the samples used for the analysis was in between 5 and 10 

mg and the thermograms were recorded from room temperature to 700 oC.  

3. Results and discussions 
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3.1. Property analysis of PF/RGO nanocomposites 

The properties of the polymer nanocomposites are depended upon the combined 

properties of the matrix and filler such as the specific surface area of graphene, interfacial 

adhesion between the filler and matrix and essential properties of filler and matrix.  The 

properties of graphene sheets such as surface roughness, availability of surface functional 

groups for attractive interactions, the surface area available for contact with the matrix 

molecules etc.   Therefore it is essential to investigate the morphology of the prepared 

graphene sheets.  Fig.1 (a) and (b) represents the TEM images of RGO sheets.  Some 

scrolling and corrugations are present on the edges of RGO.  The RGO nanosheets are 

layer structured, irregular and folded with lots of wrinkles [48].  The wrinkled 

morphology of RGO is clearly seen from Fig.5(a) and the layered structure is from 

Fig.5(b). 

 

Fig.1. TEM images of RGO in two different magnifications (a) x 200 nm (b) x 50 nm 

 

Fig. 2 shows the AFM image of RGO dispersion in water after deposition on a silicon 

wafer by drop casting method. The thickness of RGO sheets ranges about 0.67 nm, which 

are corresponds to the thickness of single layer graphene  sheets, observed from the TEM 
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images (Fig. 1(a) and (b)) and this is due to the removal of most of the hydroxyl, 

carboxyl and epoxy groups on the surface of GO. 
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Fig.2. Topographic AFM image and histogram of RGO 

32.1. Morphology of PF/RGO nanocomposites 

The properties of the nanocomposites strongly depend on the dispersion state of the 

nanofiller in the polymer matrix. The morphology and dispersion of RGO in PF/RGO 

nanocomposites observed from the TEM images of 0.12 wt% RGO (which shows higher 

property improvement) are given in Fig.3. From the figure, it is clear that RGO sheets are 

homogeneously dispersed in the PF matrix without any large agglomerates.  The 

wrinkled and overlapped RGO sheets are spread throughout the PF matrix as a result of 

non-covalent interactions (shown in Scheme. 2) between the RGO sheets and PF matrix.  

Some stacked RGO layers are also observed from the TEM image. On comparing the 

TEM images of RGO sheets (Fig 1(a) and (b)) with that of PF/RGO composites, it is 

clear that there was a marked change in the surface morphology of the RGO sheets when 

it is incorporated into the PF matrix.   From this observation, we can conclude that there 

exists a strong interfacial interaction such as H-bonding and π-π stacking interaction 

between PF and RGO sheets. 
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Fig.3.TEM image of 0.12 wt% PF/RGO nanocomposites  

  

 

 

3.2.2. XRD analysis 

The effects of RGO on the structural properties of nanocomposites studied from the XRD 

patterns of nanocomposites and are presented in Fig.4.   In the case of neat PF, there is no 

sharp peak observed.  The diffraction peak of potato starch reduced graphene oxide is 

observed around 2θ = 26.53° and this peak is totally disappeared in XRD of PF/RGO 

nanocomposites.  The XRD peaks of all PF composites are similar to that of PF.  The 

results suggest that the basal space of reduced graphene oxide changes to an exfoliated 

morphology in the nanocomposites.  Similar results were reported earlier [49]. The XRD 

result also confirms the reinforcement of RGO into the PF resin and the interfacial 

interaction with the matrix that affect the crystallization of RGO. 
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Fig.4. XRD of PF and PF/RGO nanocomposites 

 

3.2.3. Thermal degradation analysis 

The degree of thermal stability of the polymer nanocomposites depends on the 

dispersion, the degree of interaction between filler and matrix, size, shape, nature and 

amount of filler [50]. The effect of RGO on the thermal properties of PF was studied by 

TGA analysis and it is shown Fig. 5(a) and 5(b). In the case of neat PF, the initial mass 

loss is observed below 100 °C from the DTG graph with a peak temperature of 62.70 °C.  

The water absorbed by the powders of cured material before the testing of TGA is 

evaporated at this temperature range. The weight loss observed below 300 °C is due to the 

breakage of the bond between methylene and benzene ring. Above 350 °C, the polymeric 

materials undergo gradual disintegration and resulted in the weight loss due to the 

elimination of certain volatiles. The volatiles usually present are carbon oxides (CO, 
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CO2), CH4, C2H6, phenol and its methyl derivatives and also some condensed nuclear 

hydrocarbons [51]. Above 600 °C, the material undergoes degradation continuously and 

resulted in the formation of char-like substance. PF/RGO nanocomposites with 0.12 wt% 

RGO showed higher thermal stability than other wt% of RGO and is due to the good 

dispersion of RGO in the PF matrix.  Better thermal stability of PF/RGO nanocomposites 

is due to the large surface area of RGO which can provide a good interfacial interaction 

between RGO and PF matrix.  In the study of thermal stability of polymer/clay 

nanocomposites, clay has two opposing effects like barrier and promoter effects were 

reported elsewhere [52].  

From the TGA results, we found that the RGO sheets exhibit two effects in the thermal 

stability of PF/RGO nanocomposites, barrier effect and promoter effect. At lower wt% 

RGO, thermal stability is increased due to the barrier effect and good dispersion of RGO 

sheets in the PF matrix. However, with the increase in wt% RGO, the promoter effect 

activates and it increases the degradation of the polymer, thereby decreasing the thermal 

stability.  It is also observed that for 0.25 and 1 wt% PF/RGO the degradation pattern is 

almost similar to that of RGO, but in the case of 0.12 wt% RGO, the inherent degradation 

behavior of RGO doesn’t affect the PF/RGO nanocomposites.  

The temperatures at which 10 and 15% weight loss, the residue at 700 °C and the 

temperature at which maximum degradation occurred were tabulated in Table 1. It can be 

seen that at 10% and 15% loss the temperature increases with an increase in wt% RGO. 

The maximum value of residue at 700 °C is 49.13 and it is observed in 0.12% RGO.  
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Fig .5 (a) TGA of PF and PF/RGO composites 
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Fig .5 (b) DTG of PF and PF/RGO composites 

  

Table1. Thermal property of PF and PF/RGO composites 

 
Sample 

 
Temperature 

(°C) at 10% loss 

 
Temperature 
(°C)   at 15% 

loss 

 
Residue  at 

700 °C 

Temperature 
at maximum 
degradation 

rate (°C) 
0 

  

0.05 
 

0.08 
 

0.12 
 

0.15 

0.25 

1 

RGO 

147.13 
 
        156.86 
 
        164.84 
 
        180.99 
 

193.96 

229.59 

285.42 

          84.71 

209.85 
 

219.78 
 

231.85 
 

258.73 
 

257.86 

307.19 

335.92 

150.80 

47.14 
 

47.30 
 

47.42 
 

49.13 
 

45.39 

33.07 

18.76 

3.31 

429.48 
 

436.94 
 

436.94 
 

432.95 
 
       435.24 

371.92 

400.31 

308.15 

 

 

3.2.4. Mechanical Properties of PF/RGO nanocomposites  

The mechanical properties of polymer nanocomposites depend on certain factors such as 

the dispersion of nanofiller in the polymer matrix, alignment of the filler in the matrix, 

reinforcement phase aspect ratio and interface bonding [53]. The presence of aggregates 

reduces the effective aspect ratio of the filler. For obtaining effective reinforcement, a 

strong interfacial adhesion between the nanosheet and polymer matrix is essential. The 

incompatibility between the phases is the reason for lowering the modulus of the 

composite. The lowering of modulus can also be due to the low-stress transfer between 

the polymer matrix and filler. The hydrogen bonds formed between graphene and 
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polymer matrix also play a crucial role in improving the mechanical property. The H-

bonding interaction present during the formation of RGO and PF/RGO nanocomposites is 

represented in Scheme 2. 
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Scheme 2. Schematic representation of interactions present in PF/RGO nanocomposites 
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With increasing the amount of nanofillers into the polymer matrix, the arrangement of 

nanosheet in the polymer matrix is expected to be (1) individual dispersion of the 

nanofiller at intervals in the matrix, (2) side by side joining of the edges of the sheets, (3) 

overlapping of some parts of the sheets and, (4) the stacking of graphene as layers. When 

there is an increase in the weight percentage of nanofillers in the polymer matrix, the 

distance between the layers becomes small and there is a possibility of stacking the layers 

due to the van der Waals interaction.  Like electrical or rheological percolation there is 

also a mechanical percolation, a critical point of the mechanical properties upon the 

nanosheet content [54]. There is a good dispersion of nanosheets expected when the 

amount of the nanofiller lower than this content and also a significant improvement in the 

mechanical properties is observed. With further loading, the nanosheets get stacked 

together and as a result, a decrease is observed in mechanical properties.  

In the case of graphene nanocomposites, the variations in the mechanical properties are 

due to the structure and intrinsic properties of the nanofiller graphene, the modifications 

present on its surface, the nature of the polymer matrix and also the polymerizing 

processes. The wrinkled morphology of the graphene could enhance the adhesion and 

mechanical interlocking with the polymer chain. This helps to enhance the interaction 

and load transfer between the polymer and graphene. According to molecular dynamics 

and molecular mechanics simulation studies, the mechanical interlocking plays an 

important role in the interfacial bonding between graphene and polymer matrix. Due to 

the absorption of the chemical functional groups on the surface of the graphene sheet, the 

surface roughness of the graphene can strongly interlock with the polymer molecules and 

arrest the slippage of the polymer chains and thus facilitates the effective load transfer 

[53]. The mechanical properties of the prepared PF/RGO nanocomposites are 

summarized in Table 2. 

The stress-strain behavior of the neat PF and its nanocomposites with different 

compositions (0, 0.05, 0.08, 0.12, 0.15, 0.25 and 1wt% RGO) are shown in Fig.6. The PF 

resin is very brittle and its brittle nature is confirmed from the stress-strain curve. The 
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stress-strain curve is almost linear to failure in the case of brittle material.  This failure 

occurs before the yield strength is reached.  In the case of 0.5 wt% RGO, the amount of 

filler present in the PF matrix is very low and there is no efficient load transfer between 

the PF matrix and RGO sheets occur not effectively.  For 0.05 wt% RGO, the decrease in 

the slope of the curve corresponds to the plastic deformation and to microcrack initiation 

in the matrix. The stress-strain curves of the PF/RGO composites show linear behavior at 

low strains and the significant change in the slope with a non- linear behavior is observed 

when the composites undergo complete failure. From the Fig.6, it is clear that the value 

of tensile stress increases with increasing the RGO content up to 0.12 wt% RGO. The 

maximum value of tensile stress is observed for composite with 0.12 wt% RGO. This is 

due to the efficient load transfer between the nanofiller and PF matrix. But when the 

weight of RGO after 0.15 wt%, the value of stress is found to be decreased and shows a 

ductile nature.  This may due to the aggregation of the RGO content which restricts the 

load transfer between the layers and results in a decrease in the tensile stress.  With the 

addition of RGO into PF matrix, there are no significant changes produced in the failure 

pattern, but an improvement in stiffness is observed. 

 

              Fig . 6. Stress-strain curves of PF and PF/RGO nanocomposites 
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The tensile modulus of neat PF and PF/RGO nanocomposites with varying amounts 

of RGO is as shown in the Fig.7.  For neat PF the value of tensile modulus is found to 

be 1103 MPa. With the incorporation of RGO into the PF matrix, the value of tensile 

modulus increases to 1675.33 MPa. The increase in the tensile modulus is found to be 

34.16% more than the neat PF. There is an increase in tensile modulus is observed 

from 0.05 wt% RGO to 0.12 wt% RGO.  The increase in the modulus of PF/RGO 

composites is due to the homogeneous dispersion of the RGO into the PF matrix and 

also the strong interfacial interaction between them. For 0.12 wt% RGO, there is a 

homogeneous dispersion of the nanofiller in the polymer matrix and also better H- 

bonding interaction between the functional groups of RGO and PF matrix. There is a 

good compatibility of the nanofiller into the PF matrix also occurs.  The decrease in 

the modulus value is due to the fact that with increasing amount of RGO in the 

polymer matrix, there is an aggregation tendency of the RGO sheets in the PF matrix 

will occur [45]. 
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Fig.7. Tensile modulus of PF/RGO polymer nanocomposites 
 

Fig.8 shows the tensile strength of PF nanocomposites with varying wt% of RGO. From 

the figure, it is clear that the tensile strength of PF/RGO composites shows an increasing 

trend up to 0.12 wt% RGO.  For neat PF, the value of tensile strength is found to be 10.34 

MPa and that for 0.05 wt% RGO it is 10.35 MPa. The highest value of tensile strength is 

23.5 MPa and it is observed for 0.12 wt% RGO nanocomposite. The increase in the 

tensile strength compared to neat PF is found to be 55.95% for 0.12 wt% RGO. In the 

case of high wt% RGO, there occurs a non-homogeneous dispersion of RGO into the PF 

matrix. With the increased amount of RGO into the PF matrix, there is also a possibility 

of restacking of layers in the PF matrix occurs and the effective interaction between the 

RGO and PF matrix gets decreased. These factors lead to a decrease in the mechanical 

properties of PF/ RGO nanocomposites.    
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Fig.8. Tensile strength of PF and PF/RGO polymer nanocomposites 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

21 

 

The percentage of elongation at break of the PF/RGO nanocomposites shows a decrease 

due to the high aspect ratio and the interfacial interaction restricts the movement or 

mobility of the PF molecular chain segments.  The values of elongation at break with 

varying wt% of RGO are shown in Table 2. 

Table. 2. Mechanical properties of PF/RGO nanocomposites 

RGO 
contents 

(%) 

Tensile 
strength (MPa) 

 
 

Modulus 
(MPa) 

Elongation at 
break (%) 

  Izod 
Impact      

Strength 
(notched) 
(kJ/m2) 

 

 
0  
 

 
10.35±0.22 

 
 

 
1103±2.00 

 
0.86±0.14 

 
1.12±0.08 

 

0.05  
 

11.35±0.77  1529.66±69.63 1.12±0.05 1.13±0.03  

0.08  
 

13.01±0.19  1551.33±48.29 1.16±0.05 1.14±0.09  

0.12  
 

23.5±0.90  1675.33±24.05 2.27±0.02 1.23±0.07  

0.15  
 

14.29±1.14  1402.25±96.02 1.04±0.35 1.19±0.04  

0.25 
 
1 
 

13.97±1.42 
 

2.97±0.30 

 
 
 

1365.50±15.5 
 

1295.5±45.5 

0.9975±0.30 
 

0.8223±0.17 

1.17±0.07 
 

1.13±0.08 

 
 
 
 
 

 

4.1. Tensile fracture mechanism 

The filler-matrix interaction and the fracture behavior of the nanocomposites can be 

studied by taking the Scanning Electron Micrographs of the fractured surfaces. Fig. 9(a)-

(i) represents the tensile fracture surfaces of neat PF, 0.12 and 1wt% RGO filled PF 

nanocomposites in three different magnifications. The fracture surface of the neat PF 

displayed a smooth and orderly surface. The photograph shows the typical brittle fracture 

of homogeneous thermoset polymers and also indicates its poor resistance to crack 

initiation and propagation. 
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Fig. 9(a) – (c) Scanning electron micrographs of tensile fractured surfaces of neat PF 

 

    

Fig. 9(d) – (f) Scanning electron micrographs of tensile fractured surfaces of PF/ RGO 
nanocomposites with 0.12 wt % RGO 

   

Fig. 9(g) – (i) Scanning electron micrographs of tensile fractured surfaces of PF/ RGO 
nanocomposites with 1 wt % RGO 
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In the case of PF nanocomposites with 0.12 wt% RGO the fracture surface shows a quite 

different morphology. The fracture surface consists of more ridges than the neat PF and 

the fractured paths are broader. The fracture surface is rougher than the neat PF and more 

wrinkles are found on it, which indicates the strong interfacial adhesion induced by the 

surface functional groups of RGO and PF and there is also a good compatibility between 

them. The presence of more wrinkles actually leads to nanoscale surface roughness which 

would likely to produce an enhanced mechanical interlocking and adhesion with the 

polymer chains. Moreover, the strong interfacial bonding also favors the efficient stress 

transfer from the PF matrix to the RGO sheets and thereby producing an increased 

mechanical property of the nanocomposites.  

The crack initiation and crack growth are expected to be developed in the areas where the 

nanofillers are present. The presence of such nanofillers generates triaxial stresses above 

and below the filler particles and restricts shear distortions and thereby encouraging crack 

initiation. In addition to that, the presence of filler particles that have low surface 

adhesion to the matrix and separated from the matrix will also generate surface cracks 

around the particles. 

The SEM images of the PF nanocomposites with 1 wt% RGO shows a different 

morphology of the fracture surface. On analyzing the SEM micrographs it is observed 

that the presence of agglomeration of RGO sheets and as a result, there is a poor 

interfacial interaction and poor dispersion between PF matrix and RGO. The image 

depicts various crack propagation directions on the cleavage surface. The presence of 

large amounts of RGO sheets creates a 2D hindrance effect on the matrix and that 

ultimately result in a much coarser fracture surface. The PF/RGO interfacial debonding 

have a significant contribution to the fracture energy absorption of the nanocompsite 

when there is a low content of RGO in the PF matrix. The interfacial adhesion arising 

from the noncovalent debonding mechanisms such as hydrogen bonding and π-π 

interactions are operating and are considered as the causes of debonding.  
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4.2. Theoretical modeling of tensile properties 

 The most widely used theoretical modeling for the determination of tensile modulus of 

nanocomposites with graphene that is distributed in random or unidirectional is Halpin –

Tsai model [55, 56]. The modified form of Halpin- Tsai equation for graphene sheets that 

are arranged randomly in the polymer matrix is  

�� = ���
��	
��
	��
	�ɳ�		�
��ɳ��
 	+ �

�
���ɳ�		�
��ɳ��
 	� ��                     (1) 

where  

                                  ɳ�	 = 	 ��
/�� ��
��
/�� ���!
 �"
⁄                                          (2) 

                                   ɳ$		 =		 ��
/�� ��
��
/�� ��                                                 (3) 

For unidirectional (parallel) arranged graphene the modified Halpin- Tsai equation is 

                                 �││	 	= 	 &����!
/�"
 ɳ��
��ɳ�	�
 ' ��	                                (4) 

                                

where Er, Eg and Ep are Young’s modulus of the nanocomposite, graphene, and polymer 

respectively. The Young’s modulus of PF is 1.03GPa, obtained from the experiment and 

that of free-standing monolayer graphene is ~ 1TPa [56]. The length, thickness and 

volume fraction of the graphene are lg, tg and Vg respectively.  The thickness and average 

length of RGO are 0.67 nm and 1.05 nm from the AFM image (Fig.2). Fig.10 shows the 

comparison of experimental obtained tensile modulus with theoretical value and it is clear 

that the experimental and theoretical values are in very good agreement for low volume 

percentages of filler. The experimentally calculated values are close to randomly 

dispersed RGO. But at higher volume % RGO, the experimental values are lower than the 

theoretical value, reveals the restacking of RGO layers in the composites.  
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Fig.10. Theoretical modeling of the tensile modulus of PF/ RGO nanocomposites 

4.3. The Impact strength of PF/RGO nanocomposites 

Impact tests are very useful in understanding the toughness of the material.  The 

toughness of a material is its ability to absorb energy during plastic deformation. In the 

case of brittle materials, toughness is low due to the small amount of plastic deformation 

that they can endure. The factors that affect the impact strength of materials are notched, 

temperature, yield strength, and ductility, fracture mechanism, size of the specimen etc. 

The shape and size of the filler also affect the properties of the nanocomposites. Fig.11 

shows the Izod impact strength of RGO filled PF polymer nanocomposites. In the case of 

RGO filled nanocomposites, the impact strength increases with increasing the RGO 

content and 0.12 wt% show the maximum value of impact strength which is 9% more 

than that of neat PF. 
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Fig.11. Impact strength of PF/RGO nanocomposites 

 

5. Conclusions 

We prepared PF/RGO nanocomposites successfully and studied their mechanical and 

thermal properties.  The RGO sheets used for the preparation of nanocomposites were 

obtained by the reduction of graphene oxide by a mild natural reducing agent potato 

starch.  The TEM images confirmed the wrinkled and layered nature of RGO. From AFM 

images, the measured thickness of RGO is in nanometer scale. XRD results of the 

nanocomposites confirmed the successful incorporation of RGO into the PF matrix. The 

thermal stability of the prepared nanocomposites is studied by TGA and showed that with 

increasing wt % of RGO there is an increase in thermal stability of the PF/RGO polymer 

nanocomposites up to 0.12 wt% RGO and decreases at higher wt% RGO. 0.12 wt% RGO 

shows high thermal stability due to good dispersion and interfacial interaction between 

PF and RGO. The mechanical properties of PF/RGO nanocomposites increased with 

increase in RGO content up to 0.12 wt%.  Moreover, the tensile strength, tensile modulus 
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and impact strength of PF/RGO nanocomposites increase by 56, 34 and 9% respectively 

as compared to that of neat PF. The SEM images of the tensile fracture surface give the 

difference in the morphology of nanocomposites with good dispersion and aggregates of 

RGO compared with neat PF. There is a very good agreement with theoretically and 

experimentally calculated values of tensile modulus of PF/RGO nanocomposites at lower 

wt% RGO and the sheets are oriented in the PF matrix randomly.   
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