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Abstract
Graphene oxide (GO)/carbon nanotube (CNT)/polypropylene (PP) nanocomposite materials were prepared by an epoxy 
resin (EP) using hand lay-up process. To enhance the mechanical properties and microstructure using 3-glycidyl ether oxy-
propyl trimethoxysilane coupling agent in a one-step dipping coating process, the epoxy/polypropylene/carbon nanotube 
(EP-PP-CNT) functionalized composite with high bonding strength was created at the hierarchical structure, whereas reduced 
graphene oxides have been mingling within the epoxy resin. The solid-phase change structure was observed in an epoxy/
polypropylene/graphene oxide/carbon nanotube (EP-PP-GO-CNT) functionalized composite, and the outer surface layer did 
not form the secondary dispersion. The tensile strength of EP-PP-GO-CNT functionalized samples was enhanced, reaching 
the yield point and elongation ratio of 38.1 MPa; moreover, epoxy/polypropylene/graphene oxide (EP-PP-GO) functionalized 
samples underwent ductility fractures. The average hardness value of EP (70%) blended with functionalized PP (10%), GO 
(10%) and CNT (10%) was highly present at 124 (Shore-D) in the outer surface layer. The three-point bending tests clearly 
indicated that the highest flexural modulus and flexural strength were observed in all composite materials. The microstructure 
was conducted on EP-PP-GO, EP-PP-CNT, and EP-PP-GO-CNT functionalized composites by scanning electron microscopy 
(SEM) and energy-dispersive spectroscopy (EDS), respectively. The nanocomposites friction and wear were reduced due to 
the significant concentrations of functionalized GO, PP, and CNTs.
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Introduction

To produce a nanocomposite material with enhanced 
mechanical properties, composites must have nanofill-
ers with a high surface-to-volume ratio in a matrix [1, 
2]. The matrix materials used in polymeric composites 
employ thermosetting polymer matrices because they 
are more rigid and stronger than thermoplastic polymers. 
Epoxy resin is the most often utilized as thermosetting 
matrix material because it has good mechanical proper-
ties and a high rate of adhesion with the reinforcement [3, 
4]. It has also been utilized for high-performance service 
environments because of its superior thermal, chemical, 
and electrical resistance properties [5, 6]. The quantity of 
nanofillers, the type, size, and shape of nanoparticles, as 
well as the synthesis and type of procedure, are all aspects 
that influence the quality level of nanocomposites [7], 
also a method of integrating nanoparticles directly into 
the matrix by chemical treatment, while using mechanical 
stirring and ultrasonic vibrations during the mechanical 
powder dispersion process. By functionalized nanopar-
ticle surfaces, it is possible to increase particle/matrix 
interaction while decreasing particle affinities [8]. In fact, 
the surface treatment with a silane coupling enhances the 
interaction with the inorganic filler through the hydrolys-
able group while adhering to the matrix through its organic 
end. As a result, the effective reinforcing process forms 
a new filler–matrix interface [9, 10]. While many works 
have been carried out on epoxy-based systems, the tribo-
logical characterization and microstructure of hybrid func-
tionalized nanocomposite epoxy have not been addressed 
in any work, and there have been limited developments in 
the functionalized arena.

Over the last decade, researchers have acquired desir-
able properties of the epoxy matrix through hybrids 
involving the use of carbon nanotubes, ceramics, hard 
oxides and carbides, graphene, polymers, and/or mineral 
silicates [11]. The mechanical characteristics of graphene 
oxide/epoxy nanocomposite were examined by Eqra et al. 
[12]. They suggested that GO content has the best com-
posite properties due to its contribution to toughening, 
which serves as a barrier to stop the spread of cracks and 
their ion. Wan et al. [13] tried to improve the thermal and 
mechanical properties of silane-f-GO/epoxy composites. 
In comparison to pure epoxy and GO/epoxy composites, 
the silane-f-GO nanocomposite shows greater tensile and 
flexural strengths, as well as fracture toughness, and its 
glass transition temperature (150.5 °C) and thermal break-
down temperature (600 °C) increase. The applications of 
functionalized 0.5% (by wt) graphene oxide nanocompos-
ite lower the average coefficient from 0.567 to 0.408 and 
reduce the wear rate by 75% compared to the average wear 

rate of pure epoxy [14]. The load transmission capaci-
ties between the epoxy resin and the functionalized CNT 
are examined using the pull-out method [15]. By adding 
amino groups with cross-linking interconnections in the 
CNT composite, their load transfers are enhanced over the 
pure CNT–epoxy composite by 5660.80%, respectively. 
Another author [16] has increased the tensile strength to 
7.2%, 11.2%, 11.4%, and 14.2% for raw CNTs, carboxy-
lates CNTs, octadecyl amide-functionalized CNTs, and 
hydroxylates CNTs, respectively, at 0.5% (by wt) CNT 
loading. Furthermore, functionalized CNTs-OH increased 
the glass transition temperature by 34%. Graphene oxide, 
carbon nanotubes, and their hybrids were used as rein-
forcements in the development of carbon nanofiller-based 
HAP composites in Jyoti et al. [17]. Among the composites 
taken into account here, the GCNTs composites exhibit the 
least plastic deformation during the indentation process, 
and as a result, they have the highest hardness value. Simi-
lar increases are also seen in the elastic modulus.

Many research works using various kinds of poly-
mers loaded with graphene oxide and CNTs to evaluate 
mechanical behavior have been published in the litera-
ture. The primary emphasis of our study is on developing 
both single-filler (nanocomposite), and multi-filler (hybrid 
nanocomposite) reinforcing the pure epoxy matrix with 
nanometer-sized graphene oxide, carbon nanotubes, and 
polypropylene fillers. According to the authors’ knowledge, 
there are no studies on the mechanical and tribological 
behavior of silane-functionalized graphene oxide, CNTs, 
and polypropylene-filled epoxy polymers. The microstruc-
ture of the filler loading was simultaneously considered in 
this work.

Experimental

Materials and methods

The present studies were carried out on reduced graphene 
oxide (diameter of 20–30 nm and a purity of more than 
95%). Carbon nanotube (diameter of 20–30 nm and a purity 
of more than 97%) and polypropylene (average particle size 
of 20–30 nm, ρ 0.87 g/mL) were purchased from Sigma 
Aldrich, Chennai, India, whereas epoxy resin was purchased 
from Araldite, Chennai, India. The mechanical properties 
and microstructure were improved using a 3-glycidyl-ether-
oxy-propyl trimethoxysilane coupling agent (Sigma Aldrich, 
Chennai, India) in the dip coating process, as shown in 
Fig. 1. The nanomaterials utilized for the preparation of 
nanocomposites with better bonding structure were formed 
at 90:10 ratio using epoxy resin and a mixed hardener ratio, 
and making the nanocomposite of epoxy resin with 3-gly-
cidyl ether oxy-propyl trimethoxysilane functionalized 
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nanomaterials. The material composition used in this exper-
iment is shown in Table 1. The 95–65% epoxy, 10–2.5% 
functionalized polypropylene, 10–2.5% functionalized 
graphene oxide, and 10–2.5% of single wall carbon nano-
tubes were prepared to matrix composite, which are stirred 
for 3 to 4 min at a rotation speed of 500 rpm using stirred 
machinery, whereas four different ratios were followed in 
the nanocomposite making by hand lay-up methods. The 
200 mm × 100 mm × 3 mm thick composite was created at 
room temperature of 25 ºC.

Microstructure and mechanical properties

The different types of nanocomposite were prepared 
in 10  mm × 10  mm × 3  mm thickness dimensions for 
the microstructure studies (Carl Zeiss-V18, Germany). 
The Instron 5567 of tensile test has been conducted in 
accordance to ASTM D3039 standards with dimen-
sions of 175  mm × 25  mm × 3  mm, whereas a rate of 
strain of 1 mm/min was maintained to achieve the tensile 
test. The three-point flexural testing (Instron 5567) was 

carried out according to ASTM D790 with dimensions of 
125 mm × 12.7 mm × 3 mm. The composites having under-
gone an impact test in accordance with ASTM D256, the 
impact energy absorption was assessed using a Charpy 
impact testing device (Deepak Poly Plast, India) with dimen-
sions of 65 mm × 13 mm × 3 mm. The hardness (Shore-D) 
profile test was conducted at the outer surface of the nano-
composite materials. The dwell period of 15 s was main-
tained at regular intervals of 0.50 mm and was taken from 
the hardness value.

Tribology

GO-CNT-PP epoxy nanocomposites were tested for wear 
and friction force under dry sliding conditions using pin-on-
disk equipment (Magnum Engineers, India) in accordance 
with ASTM G99. In this investigation, flat-ended specimen 
pins and EN8 hard disks were employed. Figure 2 illustrates 
the schematic arrangement of the pin-on-disk experiment. 
The tests were conducted at different loads between 10 and 
50 N and sliding speeds between 1 and 5 m/s. Wear rates 
are calculated from weight loss measurements. The sliding 
wear information provided here is the mean of at least three 

Fig. 1  Fabrication of composite materials

Table 1  Materials composition Specimen code Composition code Composition description

1 EP-PP-GO-1 EP (95%)–PP (2.5%)–GO (2.5%)
2 EP-PP-GO-2 EP (90%)–PP (5%)–GO (95%)
3 EP-PP-GO-3 EP (85%)–PP (7.5%)– GO (7.5%)
4 EP-PP-GO-4 EP (80%)–PP (10%)–GO (10%)
5 EP-PP-CNT-1 EP (95%) PP (25%) –CNT (2.5%)
6 EP-PP-CNT-2 EP (90%)–PP (5%)–CNT (5%)
7 EP-PP-CNT-3 EP (85%)–PP (7.5%)–CNT (7.5%)
8 EP-PP-CNT-4 EP (80%)–PP (10%)–CNT (10%)
9 EP-PP-RGO-CNT-1 EP (92.5%)–PP (2.5%)–GO (2.5%)–CNT (2.5%)
10 EP-PPR-GO-CNT-2 EP (85%)–PP (5%)–GO (5%)–CNT (5%)
11 EPPPRGOCNT3 EP (70%)–PP (10%)–GO (10%)–CNT (10%)

Fig. 2  Pin on disk testing of specimens
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runs. The following equation is used to compute the friction 
coefficient [18].

where Fs as the sliding friction, and L as the applied load. 
Wear mechanisms were studied on a worn surface morphol-
ogy using electron microscopy (Carl Zeiss EVO 18).

Results and discussion

Microstructural studies

The silane-functionalized of the graphene oxide (GO)/
carbon nanotube (CNT)/polypropylene (PP) was used to 
improve the bonding strength of the nanocomposite mate-
rials. The Si–OCH3- groups of silane molecules implied 
covalent bonding between 3-glycidyl ether, oxy-propyl tri-
methoxysilane, and interface of f-GO-CNT-PP/epoxy. Fig-
ure 3a–f clearly indicates the bonding strength of the outer 
and inner surface layers of nanocomposite. A composite 
material of EP (80%)–PP (10%)–GO (10%) using the silane 
process significantly improved the inner surfaces, whereas 
minor holes and cracks were not observed in the outer sur-
face layers. The graphene oxide powder created the second-
ary phase and solid grain boundaries of the microstructure, 
moreover avoiding the debonding and minor crack of the 
outer surface layer. The EP (80%)–PP (10%)–CNT (10%) 

� =

F
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L

composite material was mixed with carbon nanotubes and 
they have been forming in multiple structures. The silane 
processes were additional in joining the polypropylene and 
carbon nanotubes to improve the mechanical properties, 
making better composite materials. The high crystallization 
structure was formed in the EP-PP-CNT materials, protect-
ing the outer surface layer, and reducing the carbon rate of 
the microstructure.

To improve the bonding strength of the silane coat-
ing process, EP (85%)–PP (7.5%)–GO (7.5%), was used, 
while the recrystallization structure gradually reduced the 
inner surface layers and micro-cracks were formed in the 
outer surface layer [19]. The silane coating process has 
not changed the bonding strength of multiple carbon nano-
tube structures; moreover, the outer surface strength of EP 
(85%)–PP (7.5%)–CNT (7.5%) composite structure, com-
pared to graphene oxide strength, has suddenly decreased. 
The elongation ratio has decreased in the microstructure 
areas. The EP (70%)–PP (10%)–GO (10%)–CNT (10%) 
with silane-functionalized was executed on the composite 
materials. Furthermore, the fine boundary structures gener-
ated during the 10% of PP/GO/CNT nanocomposites process 
have been incorporated into the epoxy resin, with a strong 
binding strength above 2.5–5%. The carbon nanotube ele-
ment is fully transferred into the hierarchical structure [20]. 
The fine grain growth is observed in the carbon nanotube 
structures, and graphene oxide particles are mixed within 
epoxy resin, whereas in the inner microstructure, no other 
crack has been formed [21, 22].

Fig. 3  Microstructure properties (a–f) of graphene oxide (GO)/carbon nanotube (CNT)/polypropylene (PP) composite materials on 500×
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Tensile properties

The tensile testing of the silane coating process using gra-
phene oxide (GO)/carbon nanotube (CNT)/polypropylene 
(PP) and epoxy resin was accompanied in the composite 
materials. The tensile testing samples were prepared at 
the dimensionally specified 125 mm × 3 mm thickness to 
improve the elongation ratio, as shown in Fig. 4. The tensile 
strength of EP (80%)–PP (10%)–GO (10%) has been reached 
at 24.6 MPa, whereas EP (95%)–PP (2.5%)–GO (2.5%) has 
attained at 18.4 MPa. The silane-functionalized graphene 
oxide powder was mingling with the epoxy resin to improve 
the bonding strength of the outer surface layer. GO (10%) 
samples have been 8%, slightly rising the bonding strength 
and yield point compared to a GO (5%) sample. Polypropyl-
ene and graphene oxide powder have not formed a proper 
bonding strength, and the elongation ratio has decreased in 
the outer surface layer. The low amount of carbon nanotubes 
is present in the EP (95%)–PP (2.5%)–CNT (2.5%) materi-
als, but the elongation ratio is being highly observed in the 
2.5% CNT materials compared to the 10% graphene oxide 
materials. The silane coupling has been fully blended into 
the carbon nanotubes powder sample, while an EP (80%)–PP 
(10%)–CNT (10%) sample is being grasped at 28.4 MPa. 
In addition to silane coupling being helpful to epoxy resin, 
carbon nanotubes and polypropylene powder have created 
the pulp phase, and strong bonding strengths have formed 
in the outer and inner surface layers of the composite mate-
rials. The carbon nanotubes had multiple structure forma-
tions that were helpful in improving the elongation and yield 
point of the composite outer and inner surface layers [23]. 
The 2.5–10% carbon nanotubes structure abruptly increased 
the tensile strength of the materials; additionally, 2.5–10% 
graphene oxide powder has been gradually increasing the 

tensile strength. The tensile strength of an EP (92.5%)–PP 
(2.5%)–GO (2.5%)–CNT (2.5%) sample was reached at 
29.6 MPa, but graphene oxide was not dominant in the com-
posite materials, where carbon nanotube powder has been 
found to retain the stability of a twin boundary structure. 
The major impact was produced in the graphene oxide and 
carbon nanotube materials within composite materials, but 
polypropylene powder was fully transformed into the pulp 
phase. The silane coupling and polypropylene powder were 
better reacted within graphene oxide and carbon nanotube 
structures, and the highest elongation of the tensile test 
sample was reached at 38.1 MPa. EP (70%)–PP (10%)–GO 
(10%)–CNT (10%) compositions have slightly stronger 
bonding than EP (85%)–PP (5%)–GO (5%)–CNT (5%), 
whereas the silane coupling coating process was improved 
with the multiple nanostructures.

Flexural strength

Flexural studies were carried out at ASTM D790 by dimen-
sions of 125 mm × 12.7 mm × 3 mm using the silane-func-
tionalized process for composite materials. The three-point 
studies were executed on the composite material to identify 
the bonding strength and microstructure properties. The 
elongation ratio of the composite materials improved with 
the silane coating methods. Flexural result of EP (95%)–PP 
(2.5%)–GO (2.5%) composite was extended at 34.7 MPa, 
whereas EP (85%)–PP (7.5%)–GO (7.5%) composition 
decreased at 34.5 MPa. The PP (5%) and GO (5%) elements 
achieved better results at 37.8 MPa. The high crystallization 
structure was formed in the inner and outer surface layers, 
which meant that PP and GO were properly mingling in 
the bonding properties. The EP (80%)–PP (10%)–GO (10%) 
composition was extended to 41.5 MPa. Flexural properties 
were highly present in polypropylene and graphene oxide, 
while epoxy and silane coating processes slightly increased 
the elongation ratio of the composite materials [24]. The 
flexural strength of EP (95%)–PP (2.5%)–CNT (2.5%) with 
silane coupling was reached at 35.2 MPa, where secondary 
phase and solid-stage structure were formed at the outer and 
inner surface layers as shown in Fig. 5. The 5–10% car-
bon nanostructure and polypropylene powder were mixed 
within the silane coupling coating, while a nanophase layer 
and blinded structure were formed in the carbon nanotube 
composite [25].

The EP (80%)–PP (10%)–CNT (10%) composition gave 
better results compared to the graphene oxide nanopowders. 
The carbon nanotubes compared to graphene oxide pow-
der, reached the highest elongation. It is 4–8% more than 
graphene oxide powder. The epoxy resin and silane cou-
pling coating process was a major contributor to the bond-
ing strength of EP (92.5%)–PP (2.5%)–GO (2.5%)–CNT 
(2.5%). The 2.5% carbon nanotube, graphene oxide, and Fig. 4  Tensile strength of the composites
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PP structure enhanced the microstructure and mechanical 
properties and increased the elongation of the base material. 
Flexural strength was slightly lowered by 5% of nanoparti-
cles compared by 2.5% of nanoparticles, whereas the outer 
and inner surface layers have been mainly dislocated in the 
structure. The flexural strength of EP (70%)–PP (10%)–GO 
(10%)–CNT (10%) composite was attained at 53.9 MPa, 
while the outer surface was not collapsed in the compos-
ite materials and improved the elongation of the flexural 
strength.

Impact strength

The ASTM D256 standard for impact strength studies was 
carried out on the graphene oxide/carbon nanotube/polypro-
pylene nanocomposites materials. The impact strength of 
epoxy resin, polypropylene, and graphene oxide composites 
was not properly observed. The microstructure was heavily 
damaged after impact strength, while the crystal structure 
was fully collapsed in the outer surface layer. The EP with 
2.5% PP and GO samples had very low impact strengths 
reaching at 14 J/m2. The 5–10% of PP and GO reacting with 
the silane coupling coating process creates better strength. 
The silane coupling coating process could create the strong 
bonding of the composite materials, and 5–10% PP and GO 
have observed an increase in impact strength of 7–8%. The 
impact strength clearly indicated that carbon nanotubes com-
pared to graphene oxide nanomaterials, increased impact 
strength. The silane and epoxy resin were directly mingling 
with the PP and CNT that were not formed in the colloidal 
phase of the inner and outer surfaces. The PP (10%)–CNT 
(10%) coating processes with silane coupling produced 
a strong bond with 80% epoxy resin, but 5–7.5% PP and 
CNT materials somewhat created the crystal structure of 

the outer surface. The 2.5%, 5%, and 7.5% PP and GO mate-
rials were not stable in the microstructure process, which 
is why their impact strength was reduced compared to the 
CNT composites. The impact strength of EP (92.5%)–PP 
(2.5%)–GO (2.5%)–CNT (2.5%) was reached at 49 J/m2. The 
EP (85%)–PP (5%)–GO (5%)–CNT (5%) was achieved at 
64 J/m2 compared to the GO composition, which increased 
by 22%, as shown in Fig. 6. The 5% of silane-functionalized 
nanomaterials had extremely strong bonding strengths and 
created the microstructure. The impact strength of 5% PP, 
GO, and CNT materials was achieved at 64 J/m2, and bound-
ary structure and bonding properties were gradually rising 
in the outer and inner surface layers. The EP (70%)–PP 
(10%)–GO (10%)–CNT (10%) composition was achieved 
at the highest impact strength of 82 J/m2, whereas silane 
coupling coating processes improved the adhesion texture 
to increase the microstructure and mechanical properties of 
the nanocomposites.

Hardness test

The epoxy resin and silane coupling processes were help-
ful in improving the hardness value of the nanocomposite 
materials. The 5–10% of PP and GO nanocomposite samples 
had slightly increased hardness values compared to the 2.5% 
nanomaterials, as shown in Fig. 7. The hardness values of 
EP (95%)–PP (2.5%)–CNT (2.5%) nanocomposite materi-
als were reached at 87 D. The silane coupling of PP and GO 
composition was highly bonded, while the microstructure 
clearly indicated that the lattice structure has been formed 
in the outer surfaces.

The EP, PP, and CNT processes were mixed within silane 
coupling, and that process was protecting the outer and 
inner surface layers. The hardness value of the PP and CNT 

Fig. 5  Flexural strength of composite materials Fig. 6  Impact strength of composite materials
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compositions compared to the graphene oxide nanopowder 
was highly increased. The added PP and CNT of 5–10% 
nanomaterials increased the bonding strength of the outer 
surface layer. The CNT nanomaterials avoided the holes 
and cracks of the outer surfaces. The hardness value of EP 
(92.5%)–PP (2.5%)–GO (2.5%)–CNT (2.5%) nanocomposite 
materials was reached at 112 D. At the same time, 5% of the 
PP, GO, and CNT compositions of hardness value compared 
to the 2.5% composition was gradually rising up to 108 D. 
The EP (70%)–PP (10%)–GO (10%)–CNT (10%) composite 
materials reached at the 124 D highest hardness value. On 
the outer and inner surface of the 10% nanomaterial samples, 
no cracks, holes, dimples, and voids were observed.

Tribological properties

Figures 8 and 9 show the wear behavior in terms of weight 
loss with respect to the applied load and sliding speed of 
graphene oxide/carbon nanotube/polypropylene nanocom-
posites materials. From the observation, higher wear resist-
ance is obtained by incorporation of silane-functionalized 
PP, GO, and CNT in the epoxy matrix. As the load increases, 
the sliding causes the outer surface to crack and the tempera-
ture between them to rise. This increased the wear loss in 
composites and adhered to the EN8 disk, as shown in Fig. 8. 
According to the findings, the inclusion of functionalized 
GO and CNT particles lowered the specific wear rate of the 
composite. In comparison, the wear rate of the EP (70%)–PP 
(10%)–GO (10%)–CNT (10%) composite was 0.0026 g at 
50 N. Overall, the increased loading of functionalized GO 
and CNT resulted in enhanced wear resistance as well as 
increased hardness. In this respect, the silane has created 
strong interfacial bonding between the matrix and nanofiller 
at higher-loading composites. Additionally, the use of GO 

and CNT will increase wearability by evenly distributing 
stress across the matrix [26].

At a constant applied load of 10 N, Fig. 9 shows the wear 
rate in relation to the sliding speed response of graphene 
oxide/carbon nanotube/polypropylene nanocomposites. With 
an increase in sliding velocity, it demonstrates a rising wear 
rate. Due to the fact that increased rubbing speeds cause the 
composites’ yield strength and Youngs modulus to drop and 
affect the wear resistance, surface cracks that occur at lower 
velocities are more common [27]. The presence of function-
alized PP caused continuous slip bands to develop, which led 
to the composite being lost after prolonged abrasion cycles. 
When compared to other compositions, the EP (70%)–PP 
(10%)–GO (10%)–CNT (10%) composition achieved the 
least amount of weight loss, and the variance was likewise 
minimal as the velocity increased because the applied stress 

Fig. 7  Hardness profile of composite materials

Fig. 8  Wear testing of load vs. weight loss

Fig. 9  Wear testing of sliding speed vs. weight loss
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is less than the interface bonding strength threshold for the 
functionalized carbon nanotubes, graphene oxide, and poly-
propylene nanocomposites.

Figure 10 illustrates the response of sliding time and 
coefficient of friction of graphene oxide/carbon nanotube/
polypropylene nanocomposites. The friction coefficient falls 
with increasing the loading of functionalized GO and CNTs 
and also decreases as the sliding duration rises, as shown in 
Fig. 10. The EP (95%)–PP (2.5%)–GO (2.5%) nanocompos-
ite has a high coefficient of friction (0.66) for a short period 
of time (10 min) before it starts to reduce weight as a result 
of the transfer layer that has formed on the EN8 disk. While 
rubbing the interface between soft polymeric material and a 
hard metallic substance, a transfer film was created [22]. At 
a constant applied force of 30 N and a sliding speed of 1 m/s, 
the coefficient of friction decreases as functionalized GO 
and CNT loading increases in the EP matrix. The first source 
of an increase in coefficient of friction under dry sliding 
conditions might be abrasive wear occurring on the EP/GO/
CNT/PP nanocomposites. It is reported that decreasing the 
direct contact between the EP and the disk results in a rise in 
the surface percentage of GO and CNTs. The self-lubrication 
of CNTs made it easier for them to slide between the mating 
metal surfaces, and lowering the friction coefficient [26].

The scanning electron microscope explored the dominant 
mechanisms of functionalized graphene oxide/carbon nano-
tube/polypropylene nanocomposites materials from worn out 
surfaces. Figure 11a and b shows the wear scars on the EP 
(70%)–PP (10%)–GO (10%)–CNT (10%) composite. All 
the other PP/CNT/GO loading materials had a similar wear 
mechanism that included interfacial and plastic deformation 
wear. It demonstrates that significant defects were noticed, 
including wear debris, micro-cracks, and dispersion of func-
tionalized PP/CNT/GO components. This typically occurs 
because the polymer is transferred to the harder surface 

by adhesion and then it is removed as wear debris when a 
polymer and a hard surface (disk) slide over together [28]. 
Cohesive wear is shown in Fig. 11, which was discovered 
by looking at abrasive markings on the worn surface. The 
plastic deformation of the polymer surface and subsurface, 
which is brought about by the passing of tough patches on 
the disk, is what identifies this type of wear.

Conclusion

The current study examines the microstructure, mechanical, 
and wearing aspects of single-step dipping silane-functional-
ized graphene oxide/carbon nanotube/polypropylene into an 
epoxy matrix composite. The following findings are reached 
based on the experimental analysis:

• Incorporations of carbon nanotubes, graphene oxide, and 
polypropylene have been silane-functionalized, which 
provide superior nanocomposite with enhanced mechani-
cal characteristics. From the microstructural analysis, the 
fine grain growth in the carbon nanotube (CNT) struc-
tures was observed and the addition of graphene oxide 
(GO) particles to epoxy resin, composite fracture was 
prevented during mechanical stress.

• The mechanical tests found that the functionalized gra-
phene oxide and carbon nanotube structures were best 
for the reaction of the silane coupling and polypropylene 
powder, with the EP (70%)–PP (10%)–GO (10%)–CNT 
(10%) composite achieving the highest elongation of the 
tensile test at 38.1 MPa, the highest flexural strength at 
53.9 MPa, the highest impact strength at 82 J/m2, and the 
highest hardness value at 124 D when compared to other 
composites.

Fig. 10  Wear testing of coefficient of friction vs. sliding time
Fig. 11  SEM Images of EP (95%)–PP (2.5%)–GO (2.5%) a and EP 
(70%)–PP (10%)–GO (10%)–CNT (10%) b nanocomposites
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• The EP (70%)–PP (10%)–GO (10%)–CNT (10%) 
composite demonstrated minimal wear rate at 50 N of 
0.0026 g, in contrast to other composites, because addi-
tion of functionalized GO and CNT particles reduce the 
composite's wear rate. It was observed that EP (95%)–PP 
(2.5%)–GO (2.5%) nanocomposite has a high coefficient 
of friction (0.66) for a short period of time (10 min).

Data availability No data was used for the research described in the 
article.
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