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REVIEW

A review on the recent advances on improving the properties of epoxy 
nanocomposites for thermal, mechanical, and tribological applications: 
challenges and recommendations
V. E. Ogbonna a, A. P. I. Popoola a, O. M. Popoola b, and S. O. Adeosun c

aChemical, Metallurgical & Materials Engineering, Tshwane University of Technology, Pretoria, South Africa; bCentre for Energy and Power, 
Tshwane University of Technology, Pretoria, South Africa; cMetallurgical & Materials Engineering, University of Lagos, Yaba, Nigeria

ABSTRACT
Epoxy nanocomposites are progressively used in the field of mechanical friction because of their 
unique advantages of lightweight, high strength, wear resistance, and resistance to load. Reports 
have it that epoxy nanocomposites do face mechanical properties degradation, hence limit their 
friction and wear performance over a long period of exposure. The review focused on recent 
advances on the properties improvements of epoxy nanocomposites for mechanical and tribological 
applications. Thus, the review study summarizes the effects of nano-inorganic and carbon based 
nanofillers on the thermal, mechanical, and tribological properties of epoxy matrix. It was concluded 
with advancement, challenges, and recommendations.
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1. Introduction
In recent years, researchers and industries have greatly 
focused their attentions in light weight materials for the 
design and fabrication of components for use in aerospace, 
automobile, and marine applications. However, both metal 
matrix composites and polymer matrix composites materi-
als have been employed in the manufacturing of parts for 
mechanical and tribological applications. However, poly-
mer composites have proven to be a promising material for 
mechanical, thermal, and tribological applications over 
metal based composites. Owing to their outstanding prop-
erties, such as mechanical strength to weight ratio, excellent 
thermal stability, as well as wear resistance and chemical 
resistance behavior .[1, 2] Furthermore, the self lubrication 
and supreme neatness of polymer composites remain its 
attractive advantage and reported as its beneficial influence 
when used in tribological applications .[3,4] For mechanical 
applications, the adoption of polymer composites as struc-
tural material has received considerable attention based on 
their mechanical load-bearing capacity, strength and stiff-
ness, and cost effectiveness .[5–7] The futures, which have 
also contributed to the usage of polymer composites as 
choice friction material for industrial and technological 
applications remain the opportunities in easy modification 
of their properties with unique additives, such as micro/ 
nano ceramic particulates and fibers. Also, recent studies 
have revealed that the introduction of rigid particles into 
polymer matrix do result to significant increment in 

strength and toughness over pure polymers .[8] Hence, the 
reinforcement of polymer matrix composites with additives 
materials has been described as the major factor on improv-
ing their thermal, mechanical, and tribological properties. 
In present day, different type of nanoparticles have widely 
been adopted in the preparation of nanocomposites, like 
epoxy nanocomposites, polyester nanocomposites, poly-
propylene composites for thermal insulation, mechanical, 
and tribological applications .[9–11] Ever since the potential 
properties of polymer nanocomposites were realized at 
Total research laboratory, much studies have been carried 
out on polymer nanocomposites employing nano particles 
fillers be it ceramics or metallic type and remarkable 
improvements and benefits in several properties have 
been presented .[12] However, epoxy as a thermosetting 
polymer has widely been the most recent matrix polymer 
over other thermoset polymer matrices in the development 
of polymer nanocomposites for many applications[13] due 
to its adhesive strength, chemical stability, and electrical 
insulation .[14–20] Nowadays, epoxy is greatly used in auto-
mobile, aircraft, and railway transportation system for tri-
bological applications. Although, the limitation of epoxy in 
tribology applications is relatively to its poor wear resis-
tance .[21] Regards with the extensive use of epoxy for 
tribological and mechanical purposes, improving its tribol-
ogy behaviors becomes so paramount to researchers and 
industries. The incorporation of nanofillers, for example 
carbon nanotubes, graphene, nano ceramics, and 
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nanowires into epoxy resin has reportedly improved its 
mechanical properties .[22–27] More so, the enhancement 
of epoxy composite tribological properties via micro or 
nanofillers reinforcement has also be reported over the 
literature .[28,29] The reported improvements arise on dis-
covering that the stability of transfer film as to possess self 
lubricating properties directly affects the reliability of epoxy 
materials when subject to severe wearing conditions. And 
this is because of the high friction coefficient of epoxy, 
which has limited its tribological applications. Therefore, 
the current review study focuses on recent advances on the 
improvement of epoxy nanocomposites properties as 
a friction material for thermal, mechanical, and tribological 
applications (see Figure 1), as well as its challenges and 
recommendations for future enhancement.

1.1. Overview of epoxy resin matrix material for 
both thermal, mechanical, and tribological 
applications

Over the years, polymer composites have drawn the atten-
tion of academia and industries as a promising structural 
material for automobile, aerospace, and chemical indus-
tries due to their lower weight over traditional metallic 
materials. Various numbers of these applications are tribo-
logical components and/or parts, such as cams, brake pad, 
bearing and seals, where the self lubrication of polymers is 
of special benefit as can be seen in Figure 2. The features, 
which have made polymer and polymer composites so 
attracting for industrial applications is the possibility of 
tailoring their properties, [28] easy process ability and 
good development prospect[33–37] and cost effectiveness 
.[38] Among polymer matrices, epoxy matrix has been 
found so promising in tribological applications, owing to 
its low density, and anti-corrosion. Further, the low shrink-
age, adhesion ability, and high strength of epoxies are 
added advantages of employing epoxy resin as better 
matrix material over other polymers .[38] Due to these 
characteristics, epoxy resins have been used widely as 
matrices in several applications .[39] Epoxy resin as an 
organic polymer is been processed from low molecular 
weight oligomers, which constitute two or more epoxy 
groups per molecules. And the most common oligomers 
(prepolymers) are diglycidyl ethers especially the diglycidyl 
ether of bisphenol A. As such, the linear epoxy prepolymers 
are cross linked using curing agents, such as diamines and 
acid anhydrides that contain active hydrogen, which reacts 
with the epoxy groups. However, the most essential epoxy 
resins are determined via the existence of epoxy group of 
three member ring of two carbons and oxygen atoms .[40] 

Figure 1. A typical components of a brake pad system[30,31].

Figure 2. A schematic diagram of ball bearing system .[32].
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The cross linking process in the production of epoxy resins 
are also achieved through catalyst reaction between epoxy 
oligomers. Hence, all these process makes epoxy resin in 
depicting acceptable properties, such as toughness, low 
shrinkage, solvent and chemical resistance, hardness, and 
good adhesion to substrate. Although, such notable prop-
erties depends on the curing agent used .[41] The epoxy 
resin as thermosetting polymer possesses an excellent 
adhesion due to the presence of epoxy groups in its struc-
ture. Due to this, its interaction with the active hydrogen 
groups when applied on the surface of metallic material 
basically served as a protective coating. In addition, as 
a coating material, its application on the surface of metal 
parts has reportedly improved the wear resistance behavior 
of such metal .[42] Thus, epoxy matrix composites are 
however, in recent time utilized as new composite material 
for mechanical friction applications as a result of their 
unique advantages, such as lightweight, high strength, 
abrasion resistance, and resistance to load. However, 
epoxy resins as the commonly used polymer matrices in 
advanced composite materials for engineering and struc-
tural applications is limited by the nature of its cross linking 
structure of 3-dimensional network, followed by their 
inherent brittleness .[42] This existence of brittleness in 
epoxy has usually contributed in the abrasion of the mate-
rial during performance. For this reason, several studies 
have focused on the process of compounding epoxy resin 
with other materials in order to obtain better mechanical 
friction reduction effect. However, the current review 
focuses on the recent advances on improving the thermal, 
mechanical, and tribological properties of epoxy compo-
sites via nano-inorganic ceramic and carbon based nano-
fillers, as well as their processing methods, challenges and 
recommendations.

1.2. Effects of inorganic nanofillers on the 
properties of epoxy matrix nanocomposites for 
thermal, mechanical, and tribological applications

Inorganic nanofillers are refers as particulate materials with 
a property size, which is in a range of nanometers. The 
exceedingly large interfacial area of such nanofillers with 
polymer matrix and size dependent physical properties as 
a result of their dimensional feature gives numerous 
outstanding properties over conventional fillers. 
Reinforcement fillers are forms of material, especially par-
ticulates, that is been incorporated into polymer matrix 
structure to produce polymer composite materials .[43] 

And these fillers are usually in the composites so as to 
improve or incorporate various properties, such as dielec-
tric, mechanical, and thermal .[43] In addition, chemical 
structure and concentration of fillers are majorly a factor 
that determines composites properties. Moreover, one of 
the most promising means to enhance the behavior and 

performance of polymeric materials involves developing 
polymer nanocomposites .[44] As such, with the develop-
ment in the nanotechnology, followed by the easy produc-
tion of nanomaterials, the introduction of nanofillers to 
blend polymers has recently increased. Along this line, as 
hardness of a material is an important parameter influen-
cing the wear behavior of composite, [45] Verma et al.[38] 

studied the effects of inorganic nano-alumina (Al2O3) on 
the hardness, friction and wear properties of epoxy matrix 
composite. To study the effect of particle morphology on 
the tribological behaviors, the author adopted two different 
shapes (nano rod and spherical shape) of Al2O3 nano 
particles. The reinforcement of the epoxy nanocomposites 
with the nano rod and spherical Al2O3 nano particles were 
prepared by cross linking process at 0.5, 1.0, and 1.5 wt% 
concentration of Al2O3. The hardness and tribology prop-
erties were determined using Vickers micro hardness tester 
and pin-on-disk tribometer, respectively. In the study, pin 
of nanocomposites was tested against hard steel counter 
surface of hardness 60 HRC. The results showed that the 
nano-Al2O3 particles were homogeneously dispersed in the 
epoxy matrix with random orientation especially in the case 
of spherical nano-Al2O3. Furthermore, the results demon-
strated that the incorporation of the nano Al2O3 filler 
improved the hardness of the epoxy nanocomposites in 
comparison with the unreinforced epoxy in respective of 
the reinforcement morphology and weight percent concen-
tration. At 1.5 wt% nano spherical Al2O3 loading, 31.4 HV 
optimum hardness of the epoxy nanocomposites was 
recorded, which is of 10.82% higher that the untouched 
epoxy. While in the case of nano rod Al2O3, the optimum 
micro hardness was 31.2 HV at 1.0 wt% and was observed 
to be 10.11% greater when compared to that of unrein-
forced epoxy. In addition, the introduction of the 1.0 wt% 
spherical Al2O3 into the epoxy matrix attributed to the less 
coefficient of friction and as such leads to the reduced wear 
rate of the epoxy nanocomposites. It can be deduced that 
the higher hardness and improved wear resistance of the 
nanocomposites was as result of the strong interfacial bond-
ing between the epoxy matrix and nano-Al2O3 particles. 
Although, the only challenge is that the strength and mod-
ulus of the nanocomposites decreases beyond 1.0 wt% 
spherical Al2O3 loading due to the presence of agglomera-
tion. Alhazmani et al.[46] investigated the tribological and 
mechanical properties of reinforced epoxy hybrid nano-
composites. In the study, nano Al2O3 and nano silicon 
carbide (SiC) were employed as the reinforcing phase mate-
rial. The Al2O3 and SiC or hybrid of them was introduced 
into the epoxy resin at various wt% ratios by ultrasonic 
system technique. The tensile properties of the epoxy nano-
composites were obtained using small punch testing and 
indirect tension testing method. Meanwhile pin-on-ring 
wear testing was carried out to examine the wear 
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performance of the Al2O3 reinforced SiC/epoxy nanocom-
posites against bare-wood sandpaper disk with 220 grit size. 
The results indicated that the incorporation of the nano-
particles be it Al2O3 and SiC, improves the wear resistance 
of the epoxy matrix. In addition, the epoxy composite with 
nano-Al2O3 exhibited better wear resistance than that of 
SiC/epoxy nanocomposite and the hybrid nanocomposite. 
From the study, it was reported that the tensile strength and 
tensile modulus of the epoxy were decreased by incorpora-
tion of the Al2O3 nanoparticles into its matrix. Meanwhile, 
it was noted that the Al2O3 additive influences the kinetic 
energy of the epoxy composites. And this in turn result in 

reinforcing the epoxy by absorbing kinetic energy, hence, 
resulted in reducing the composite plastic deformation .[47] 

More so, adding nanofillers to epoxy resin could affect the 
heat generation at the contact surfaces; however, contribute 
in reducing mass loss of the material during wear perfor-
mance. This could be the point behind the better tribologi-
cal properties reported via the incorporation of Al2O3 

additives in the epoxy matrix. In another study, Youssef 
et al.[27] investigated the effects of TiO2 nanoparticles on the 
hardness and wear behavior of glass fiber/epoxy compo-
sites. This is as a result of TiO2 being cost effective and as 
a safe filler material[48] with enhanced mechanical and 

Figure 3. The schematic illustration of pin-on-disc wear test machine[27].

Figure 4. The effects of nano-TiO2 particles on the hardness of pure woven and chopped glass fibers/epoxy composites[27].
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physical properties on polymers .[49] In the study, different 
weight fraction (0.25 wt % and 0.5 wt %) of TiO2 were 
added to the pure epoxy and as secondary reinforcement 
nanofillers. The pure and nano-filler composites were pre-
pared by vacuum resin infusion process. The composite 
hardness was characterized using PCE-1000 N Hardness 
Tester Instrument. And the abrasive wear test was per-
formed by pin-on-disk technique as can be seen in 
Figure 3. The disc was provided with an abrasive alumina 
paper of 400 grits. From the study, results demonstrated 
that the incorporation of the TiO2 nanoparticles into the 
glass fiber (woven and chopping)/epoxy composites yielded 
better hardness in comparison with neat glass fibers/epoxy 
composites as showed in Figure 4. More so, similar result 
was obtained in a particular research as reported over the 
literature .[50,51] However, such improvement in hardness, 
which resulted from the addition of TiO2 nanoparticles, 
could be ascribed to the high intrinsic hardness of the nano- 
TiO2 particles. Again, as the load is applied from the hard-
ness indenter, there is an increase in compressive force. 
Thus, this indenter presses the epoxy matrix and subse-
quently, the fibers and nanoparticles touch each other and 
possess resistance. Furthermore, embedding of TiO2 nano-
particles in the chopped glass fiber/epoxy composites and 
that of woven glass fiber/epoxy composites leads to the 
increased wear resistance of the nanocomposites over the 
neat woven and chopped glass fiber/epoxy composites. As 
the abrading distance increases, a notable improvement was 
observed on incorporating 0.5 wt% TiO2 to both chopped 
glass fiber/epoxy composites and woven glass fiber/epoxy 

composites. Above 0.5 wt% TiO2 loading, more increase in 
wear resistance occurred. This indicates that the present of 
TiO2 nanoparticles in the epoxy composites enhances the 
wear resistance due to the rolling action of TiO2 nanopar-
ticles, which hinders the rise in the friction force. Again, 
existence of the TiO2 nanoparticles in the contact area 
reduces the stress concentration on either woven or 
chopped glass fibers, hence, prevented the epoxy resin 
matrix in the interfacial area from being subjected to 
mechanical and thermal failure .[52] This increase in wear 
resistance as the wt% TiO2 increases evidenced that the 
TiO2 nanoparticles played a vital role in reducing the fric-
tion coefficient due to the good adhesion between the fibers 
and the epoxy matrix. And a closer look at Figure 5 clarified 
this observation particularly on TiO2/Woven glass fiber/ 
epoxy nanocomposites. In conclusion, the investigators 
recommend that if the mechanical properties are important 
parameter for the applications (automobile and aircraft), 
reinforced woven glass fiber/epoxy composites should be 
considered. But if time is a critical issue in the industry 
during fabrication, filled chopped glass fiber reinforced 
epoxy should be selected.

In another study, to meet up the requirements of high 
corrosion resistance, wear resistance, and self lubrica-
tion of composite coatings basically for marine applica-
tion, Ying et al.[53] prepared epoxy matrix composites 
coatings, which contain PTFE and TiO2 nanoparticles 
on steel substrate. The TiO2 nanoparticles filler was 
modified with silane coupling agent (KH570). For the 
section morphology, tribological, and corrosion 

Figure 5. The scanning electron microscope (SEM) image of woven glass fiber/epoxy composite reinforced with 0.25 wt% TiO2 

nanoparticles[27].
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resistance properties of the prepared coating, that is neat 
epoxy, epoxy-PTFE, and the composite coating with 
modified and unmodified TiO2 nanoparticles were 
examined using SEM, friction-abrasion testing machine, 
and an electrochemical workstation. The obtained 
results showed that the introduction of the modified- 
TiO2 particles into the epoxy-PTFE composites coatings 
led to good mechanical properties, such as section 
toughness, hardness, and binding force when compared 
to the neat epoxy, epoxy-PTFE, and unmodified TiO2 

/epoxy-PTFE composites. Furthermore, with the syner-
gistic action of the friction reduction of the PTFE and 
dispersion improvement of the TiO2 nanoparticles, the 
dry coefficient of friction was noticed to decrease by 
more than 73%. On the other hands, modified TiO2 

have no much influence on the water contact angles of 
the coating. However, a larger water contact angle, and 
uniform and compact microstructure made the compo-
site coating embedded with modified-TiO2 nanoparti-
cles to possess good anti corrosion ability, with 
a minimum corrosion current density of 1.688 × 10−7 

A/cm2. From the SEM analysis, with modified-TiO2 

nanoparticles, the composite coating fracture surfaces 
are much rougher and as such could be attributed to 
the reported dispersive distribution of the titanium 
dioxide, which prevent crack propagation with better 
interfacial adhesion in reducing the crack source. The 
improved toughness of the composites coating could be 
inferred to the grafting of organic functional groups 
adsorbed on the surface of the modified-TiO2 nanopar-
ticles over the unmodified nanoparticles .[54,55] More so, 
Abass et al.[56] reported on the improvement of epoxy 
nanocomposites using TiO2 nanoparticles. The epoxy 
composites, which contain glass fiber as primary and 
TiO2 nanoparticles as secondary reinforcing phase was 
prepared by hand lay-up method. The TiO2 particles 
were distributed in the epoxy matrix at different weight 
percents (1, 3, and 5 wt %). The tensile test and hardness 
of the samples were conducted using tensile test 
machine at room temperature and Dorumeter hardness 
tester type (shore D), respectively. From the experimen-
tal results, it was revealed that the tensile strength of the 
fiber-reinforced epoxy composite increased with the 
fiber and TiO2 nanoparticles up to utmost value of 
3 wt. %, though after which it decreases. Meanwhile, 
the modulus of elasticity, tension resistance, and hard-
ness value of the fiber reinforced epoxy composites 
increased with the increasing fiber loading. In conclu-
sion, it was noted that the incorporation of the TiO2 

nanoparticles up to 3 wt% into the fiber-reinforced 
epoxy eventually contributed to the nanocomposite 
mechanical strength enhancement over neat epoxy. In 
a certain study, it was stated that the addition of small 

nanoparticles into polymer matrices usually increase 
their thermal, mechanical, and tribological properties. 
Noticing this, Zhang et al.[57] studied the influence of 
silica (SiO2) nanoparticles on the tribological behavior 
of poly (epoxy resin-bismaleimide diaminodiphenyl-
methane) (EP-BMI-DDM)-based nanocomposites. The 
EP-BMI-DDM copolymer reinforced with SiO2 nano-
particles were prepared through in situ suspension poly-
merization. And to improve the interfacial adhesion of 
the SiO2 particles into the polymer matrix, the nano- 
SiO2 particles were organo-modified employing silane 
coupling agent. As chemical modification of nanoparti-
cles surface could enhance the coupling property 
between polymer matrix and the fillers .[58–60] In char-
acterizing the nanocomposites, results of the tensile 
strength test performed revealed that the composite 
toughness was improved and such improvement were 
ascribed to the microcavitations, which were induced by 
the modified-SiO2 nanoparticles. The SEM result indi-
cated stress zones in the composites formed by the 
organo-modified SiO2 due to high hydrostatic stress 
below crack tip .[61] Basically, from the study, localized 
cavitations at the modified SiO2/ matrix interface actu-
ally induced energy dispersion being found close to the 
crack tip, hence enhance crack growth resistance of the 
polymer matrix, however, and improved the fracture 
toughness. The present of the organo-modified SiO2 in 
the polymer matrix also improved the nanocomposites 
hardness and tensile strength at 2 wt% incorporation as 
it hinders crack propagation and fracture in comparison 
with the virgin copolymer. In addition, loading of the 
organo-modified SiO2 at 2 wt% played a critical role in 
anti-friction behavior with optimum friction coefficient 
of 0.17. In the study, thermal stability of the nanocom-
posites was determined via differential thermal gravi-
metric evaluation. It was reported that at the maximal 
rate of weight loss of the 3 wt% organo-modified SiO2 

/EP-BMI-DDM nanocomposite, the temperature reads 
452 °C, which is 52 °C greater than the virgin EP-BMI- 
DDM copolymers of 400 °C value. The outcome of the 
study shows that the developed nanocomposites with 
good thermal stability and self lubrication can widely 
be employed as wearable material under harsh working 
conditions with high temperature. Also, in a study con-
ducted by Yadav et al., [62] it was also reported that the 
reinforcement of epoxy matrix composites with nano- 
SiO2 greatly improved their mechanical properties, such 
as toughness, stiffness and strength, and similar finding 
was reported in Zhang et al work. In developing polymer 
composite material, epoxy is found the most favorable 
matrix material based on its highly cross linked structure 
during curing. And as such offers a remarkable improve-
ment in certain properties, for example shear strength, 
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reduction of friction coefficient, high modulus, and low 
creep, hence extends the service period of composite 
component .[63–66] However, due to the highly cross 
linked structure of the thermosetting polymer, epoxy 
material do exhibits brittleness and poor resistance to 
crack propagation. To address this limitation of epoxy, 
Christy et al.[67] concentrate on the development and 
characterization of epoxy matrix nanocomposites rein-
forced with nano-SiO2 fillers. The nanocomposites were 
prepared at varying concentration (0 to 3 wt %) of nano- 
SiO2 particles by ultrasonic vibration assisted proces-
sing. The evaluation was on microstructure and 
mechanical properties. Studying the sample microstruc-
ture using SEM, it was observed that at lower wt% of 
SiO2 nanoparticles in the epoxy matrix, the SiO2 are 
distinctly visible in the matrix. Meanwhile at 2 wt% 
there is clustering of the SiO2 particles, but proper dis-
persion was noticed at 3 wt% SiO2, although, agglom-
erations were formed but it was homogeneously 
distributed as can be seen in Figure 6. Also, the results 
showed increased tensile strength as wt% of nano-SiO2 

increases up to 3 wt%. Such increment of the mechanical 
strength could be attributed to the improved interfacial 
bonding between the epoxy matrix and nano-SiO2 par-
ticle induced by the ultrasonic dispersion process. The 
bearing capacity of the nanocomposites evidenced its 
hardness and impact strength enhancement till 3 wt% 
addition of nano-SiO2. Incorporating SiO2 into epoxy 
matrix network inculcates lower shrinkage on curing, 
reduces coefficient of thermal expansion, enhancement 

in mechanical properties and thermal conductivity 
.[68,69] However, to consider epoxy composites as fric-
tion material, Dmitriev et al.[70] investigated the influ-
ence of nano-SiO2 particles on the tribological 
properties of epoxy nanocomposite. From the study, 
results indicated that the addition of 5 wt% SiO2 nano-
particles in the epoxy reinforced composite reduces it 
friction coefficient. As such position the nanocomposites 
a choice material for wear applications over pure epoxy 
material. Furthermore, subjecting epoxy materials to 
wear by metal surfaces, it normally depicts rather high 
coefficient of friction, for this causing high wear rate, 
exacerbate noise, and friction, hence limiting their per-
formance during service. Observing this drawback in 
epoxy resin, Imani et al.[71] incorporated nano-SiO2 

particles into epoxy matrix to investigate its effects on 
the epoxy matrix composite. The friction and wear 
behavior of the samples were determined by universal 
tribometer under dry sliding condition on a ball-on-disc 
configuration. The ball was made of stainless steel with 
hardness HRC 39. From the results, there is a steady 
improvement in the composites Vickers hardness, flex-
ural strength and modulus. This was observed with 
increasing filler fraction of nano-SiO2 into the epoxy 
composite and similar trend of properties has been 
reported in a particular study conducted by .[72–74] 

Further, examining the wear behavior of the pure 
epoxy, a dramatic increase in friction coefficient was 
recorded at the beginning of sliding wear, which likely 
ascribe to the gradually increased contact area between 

Figure 6. The SEM image of varying nano-SiO2 particle reinforced epoxy composites[67].
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friction pairs. And for the nano-SiO2 reinforced epoxy 
composite, similar friction coefficient curve and value 
were developed in comparison with the pure epoxy, 
although the friction value was more stable for most of 
the sliding time as reported by the authors. However, 
reductions in friction coefficient and wear rate were 
reported on modification of the nano-SiO2 reinforced 
epoxy composites with wax containing microcapsules. 
Here, the wax aid in forming the thin and continuous 
transfer film on the steel counter face, thereby resulting 
in polymer to polymer contact instead of the original 
steel-polymer counter system. In another study, Zhang 
et al.[75] investigated the effects of the dispersion state of 
SiO2 nanocomposites on the tribological behavior of 
short glass fiber reinforced epoxy composites. In order 
to eliminate abrasion that could be caused by the nano-
particles agglomeration, the SiO2 nanoparticles were 
introduced into the short glass fiber (SGF) via in situ 
synthesized process. The tribology tests were conducted 
employing pin-on-disc tribometer and 100Cr6 steel disc 
was employed as counterparts. The results showed that 
introducing SiO2 nanoparticles into the SGF reinforced 
epoxy composites aggravate the abrasion effects, hence 
lowered the composites tribological performance. The 
major reason, which could results to this observation, 
remain the high abrasiveness of SGF, thus the steel 
counterpart severely scratched by the sliding polymer 
composites and as such results in severe abrasion of the 
nanocomposite. In this case, it can be deduced that the 
expected SiO2 transfer film, which could have depicts 
excellent lubrication performance never form. 
Although, incorporation of the nano-SiO2 particles 
into the SGF reinforced epoxy significantly improves 
the mechanical properties (tensile strength and modu-
lus) of the composites. However, introducing SiO2 

nanoparticles into SGF/epoxy composites as a friction 
material under severe sliding motion should not be 
recommended unless there is further addition of self- 
lubricating material like PTFE, graphite, and/or 
MoS2

[76–78] into such compounding epoxy composites. 
Along this line, Chen et al.[79] carried out a study on the 
effect of nanosheets molybdenum disulfide (MoS2) on 
the tribological properties of epoxy hybrid composite. 
The epoxy nanocomposites were fabricated by facile 
in situ hydrothermal method. The results indicated 
that embedding MoS2 into the epoxy hybrid nanocom-
posite, the nanocomposites exhibited the optimal anti 
friction and wear resistance. It was reported that the 
reinforced epoxy composite friction coefficient and 
wear rate under harsh sliding conditions (against steel 
ball) decreased by about 80% and 88%, respectively. 
According to the SEM results, the improved tribological 
properties of the composite over pure epoxy were attrib-
uted to the uniformly dispersion and solid lubrication 
properties of the MoS2 on the reinforced epoxy compo-
sites. Also, Chen et al.[80] reported on the influence of 
MoS2 exfoliation conditions on the mechanical proper-
ties of epoxy nanocomposites. In the study, MoS2 fillers 
were produced via chemical exfoliation method and 
employed as reinforcement phase to prepare the epoxy 
nanocomposites through casting process. From the 
experimental results, preparing the MoS2 fillers through 
chemical exfoliation, interfacial adhesion strength 
between MoS2 and epoxy matrix was enhanced. Hence, 
the tensile strength and tensile modulus of the epoxy 
matrix were improved by about 500% and 6800%, 
respectively, with the incorporation of 1.0 wt% exfo-
liated MoS2 nanofillers. However, the study contributes 
a facial way to produce high performance epoxy nano-
composites. On the other hand, Liu et al.[81] prepared 

Figure 7. The schematic illustration on the preparation of modified MoS2 reinforced SiC/epoxy composites[81].
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epoxy composites with different proportions of silicon 
carbide and MoS2 powders using hydrothermal and 
vacuum degassing process as can be seen in Figure 7. 
Here polyethylene polyamine was the curing agent for 
the composites mixture. In the study, silicon carbide 
(SiC) and MoS2 powders particles were modified by 
silane coupling agent KH560 as to improve the distribu-
tion and avoid agglomeration of the particles into the 
epoxy matrix. The evaluation was on the concentration 
effect of modified MoS2 on the tribological behavior of 
SiC/Epoxy composites and the wear mechanism of the 
composite worn surface. The SEM results on examining 
the microstructure of the fractured sample showed that 
the modified-MoS2 particles were uniformly distributed 
and well dispersed into the SiC/epoxy composites. 
Hence incorporation of 4 wt% modified-MoS2 in the 
epoxy composite, notably affects the behavior of the 
composites. It was reported that the sample hardness, 
reduction in coefficient of friction and wear rate were 
improved in comparison with the pure epoxy, SiC/ 
epoxy, and other concentration of MoS2/SiC/epoxy 
composites. Reason was that the present of such 
weight percent modified-MoS2 played a role by hinder-
ing surface worn out of the composites as a result of the 
reportedly good interfacial adhesion and transfer film, 
which must have occurred. In another study, it was 
found that addition of modified SiC into epoxy matrix 
reduces its friction coefficient by impeding the tearing of 
the epoxy composite surface .[82–84] However, 
Kadhim[85] reported on the tribological properties 
enhancement of epoxy matrix reinforced nano-SiC par-
ticle composites. For preparing the epoxy nanocompo-
sites with varying concentration of SiC nanoparticles, 
mechanical layup technique with ultrasonic method for 
the dispersion of the SiC particles in the epoxy matrix 
are used. The friction and wear tests were performed on 
the pin-on-disc machine against hardened ground stain-
less steel disc of hardness 55 HRC. On different loading 
conditions (5, 10, and 15), with sliding speed (1.5 m/s) 
and sliding time (5secs), results demonstrated significant 
improvement in hardness, wear resistance and low fric-
tion coefficient for 10 wt% SiC incorporation into the 
epoxy matrix over the neat epoxy and other wt % con-
centrations. In addition, Naeimirad et al.[86] studied the 
influence of shape and filler concentration on the 
mechanical and physical properties of SiC (nanoparti-
cles and nanowhiskers) reinforced epoxy nanocompo-
sites. The epoxy nanocomposites were prepared at 0.5, 
1.0, 2, and 4 wt% of β-SiC nanoparticles and nanowhis-
kers using a high-intensity ultrasonic liquid processor 
and casting method. The mechanical, physical, and tri-
bological test of the specimen along with the morpholo-
gical examination by FT-IR, SEM, and TEM were 

conducted. From the mechanical test experimental 
results, which was also evaluated with theoretical 
model, results indicated about 20% and 40% improve-
ment in 1.0 wt% nanoparticles and 2 wt% nanowhisker 
reinforced composites specimen, respectively. 
Furthermore, tribology results showed that the wear 
and friction properties were enhanced to about 50% 
and 30%, respectively, on adding 4 wt% SiC (nanoparti-
cles and nanowhisker) into the epoxy resin. And this is 
because the nano-fillers are well distributed and dis-
persed in the epoxy matrix at low weight ratio, however 
agglomerated above a critical content. It can be deduced 
that nanoparticles and nanowhiskers form of SiC remain 
a promising reinforcement phase material on improving 
the epoxy matrix nanocomposites for mechanical and 
tribological applications. Although, the SiC nanoparti-
cles reinforced epoxy matrix composites exhibited better 
mechanical properties. More so, authors like Bazrgari 
et al., [87] Gu et al., [88] Mostovoy et al., [89] Mohan and 
Renjanadevi, [90] Dass et al., [91] and Che et al.[92] 

reported widely on the improvement of the thermal, 
mechanical and tribological properties of epoxy and 
epoxy hybrid composites using inorganic based nanofil-
lers. And their obtain results are summarized in Table 1.

1.3. Effects of carbon based nanofillers on the 
properties of epoxy matrix nanocomposites for 
thermal, mechanical, and tribological applications

Over the years, different kinds of nanofillers have been 
employed to improve the properties of polymer compo-
sites. Regards to the topology, these nanofillers can be 
classified into three categories, such as spherical, rods, 
fibrous, layered, and flakes nanofillers .[109,110] Among 
these nanofillers, for example spherical carbon black (CB), 
fibrous carbon nanotubes (CNTs), layered graphene (GN), 
and nanoflakes graphene oxides (GO); all belong to carbon 
based nanofillers and they are of the same chemical com-
positions. The used of these nanofillers in several applica-
tions is their ability in tailoring the properties of matrix 
materials indirectly via structural interventions. Thus, 
researchers and industries recently found the carbon 
based nanofillers (CNTs, GNPs, and GO) as a promising 
reinforcement phase material for developing polymer 
nanocomposites, owing to their excellent properties, such 
as unique surface area and high aspect ratio, stiffness, and 
wear resistance, .[111–114] Polymers exhibits desirable prop-
erties, such as low cost, corrosion resistance, good friction 
coefficient, and environmental friendly, but have limitation 
for thermal, mechanical, and tribological applications over 
long period of time. However, by incorporating carbon 
based nanofillers into polymer matrices, the polymers 
retain their original properties but benefit from enhanced 
rigidity and stiffness, while still being a lightweight material. 

184 V. E. OGBONNA ET AL.



As such Campon et al.[93] studied the dispersion effect of 
CNTs on the tribological properties of epoxy composites. 
The epoxy nanocomposites were prepared at 0.1, 0.2, 0.3, 
and 0.5 wt% multi-wall carbon nanotubes (MWCNTs) by 
calendaring process. The tribological behavior of the epoxy 
reinforced MWCNTs nanocomposites were examined 
using pin-on-disc wear testing machine under different 
conditions. SEM machine and 3D profilometer were 
employed to study the samples worn surfaces as can be 

seen in Figure 8. From the study, the epoxy nanocomposites 
with MWCNTs demonstrated a lower weight loss, reduced 
coefficient of friction and wear rate in comparison with the 
pure epoxy. The properties response decreases as the 
MWCNTs wt% increases. Also, the results showed that 
the 0.5 wt% MWCNTs/epoxy nanocomposites depicted 
the best tribological behavior. In addition, to design 
a laminating resin that will meet the standard for motor 
planes, Mucha et al.[115] reinforced epoxy matrix with 

Table 1. Summarization of the processing methods and recent advances on improving the properties of epoxy reinforced nanocom-
posites for thermal, mechanical, and tribological applications.

Polymer 
matrix Nanofillers Process Method

Mechanical properties Tribological Properties

Thermal 
Stability Ref.Hardness

Tensile 
(MPa)

Elastic 
Modulus (GPa)

Coeff. of 
Friction

Wear rate (mm3/ 
Nm)

Epoxy 1.0 wt% Al2O3 Cross-linking 31.4 ≈74.4 ≈3.38 0.51 Improved wear 
resistance

- [38]

3 wt% Al2O3 Ultrasonic - 40.79 ≥2.4 - Improved wear 
resistance

- [46]

0.5 wt.%TiO2/Woven 
glass fiber

Vacuum infusion Improved - - Reduced Improved wear 
resistance

- [27]

Modified-TiO2/PTFE Solution methods 60 - - ≤0.10 Improved wear 
resistance

- [53]

Epoxy 2 wt % SiO2 In situ polymerization 84.3 57.5 - 0.21 Decreased Improved [57]

3 wt.% SiO2 Ultrasonic vibration - Improved - - - Improved [67]

5 wt.% SiO2 Solution Mixing 250 - 3.5 ≤0.7 Increased - [71]

3 wt% SiO2/10 wt% 
SGF

In situ synthesis - Improved Improved ≥0.5 4.0 x 10−6 - [75]

MoS2 Hydrothermal method - - - 0.1 Improved wear 
resistance

- [79]

1.0 wt%MoS2 Casting Improved 174.8 [80]

10 vol. % SiC Mechanical layup 58.0 - - 0.03 2.24 x 10−7 - [85]

2 SiC wt% 
nanoparticles

Casting method 84.1 105.4 2.67 0.04 1.2 x 10−3 - [86]

2 SiC wt% 
nanowhiskers

86.0 115.1 3.23 0.06 4.0 x 10−3 -

Epoxy 1.0 wt% Al2O3 Ultrasonication 80 ≥0.5 ≤2.5 x 10−6 [87]

Si3N4-PTFE High pressure 
compression molding

Improved Improved - [88]

0.1 wt% BN Ultrasonication - ≈45 2.35 - - - [89]

2 wt% ZnO Ultrasonicaton 35 78.07 - 0.34 3.4 x 10−8 - [91]

0.1 wt% ZrO2/rGO Michael addition 
reaction

- 82.33 1.30 0.8 5.5 x 10−5 Improved [92]

0.5 wt% MWCNTs Calendering 20 - - 0.1 1.0 x 10−3 - [93]

0.5 wt% MWCNTs Mechanical mixing 70.5 45 1.73 - Improved wear 
resistance

- [94]

1.5 wt% CNT Casting - - 3.8 0.1 3.37 x 10−5 - [95]

0.4 wt%/3 wt SiO2 In situ synthesis - - - ≤0.9 ≤5.0 x 10−6 - [75]

0.1 wt% MWCNTs Ultrasonication 
Treatment

- 75 2.46 - - Improved [96]

0.1 wt% fluorinated- 
CNTs

Casting - Improved 1.48 - Decreased in 
weight loss

Improved [97]

0.3 wt% modified- 
GNP

Mixing/ultrasonication ≤65 ≈3.75 0.43 3.63 x 10−4 - [98]

0.5 wt GNP Mechanical mixing and 
sonication

≤80 65 5.35 0.14 5.0 x 10−7 Improved [99]

4.5 wt GNPs Solution mixing 85 ≈47.5 ≤1.35 Improved Reduced [100]

1.0 wt functionalized 
GO

Wet mixing and solvent 
evaporative

- 62.3 3.02 - - Improved [101]

0.2 wt% 
functionalized-GO

Ultrasonication 175 73.0 3.15 0.35 0.55 x 10−6 Improved [102]

0.5 wt% modify GO - ≥35 - 0.41 3.0 x 10−5 Improved [103]

Epoxy 2 wt% Al2O3-0.5 wt% 
GNP

Sonication and ball 
milling

- - Improved - - Improved [104]

10 wt% TiO2 Ultrasonic dual mixing 
process

- 82 Improved - - Improved [105]

3 wt% SiO2 Extrusion 61 43 0.77 Reduced Improved wear 
resistance

Reduced [106]

1.0 wt% Reduced-GO Ultrasonication and 
shear mixing

- 49.8 3.56 - - Improved [107]

5 wt% Si3N4 Hand lay-up 473 15.0 - - Improved [108]
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MWCNTs at different weight percent concentrations (0 to 
2 wt%). Here, the nanocomposites were prepared by 
mechanical mixing and ultrasound exposure process. The 
evaluation was on mechanical and tribological properties. 
The results showed that the best wear resistance was 
obtained at 0.25 and 0.5 wt% MWCNTs reinforced epoxy 
nanocomposites. Also, at the same range of concentration, 
the tensile strength properties result to the highest values 
with lowest hardness value. This indicates that the lower the 
hardness of the material, the more it tends to form a carbon 
film, which could cover the contact surfaces, hence act as 
a solid lubricant .[94] Together with the topography and 
surface imaging analysis, it was concluded that the devel-
oped epoxy nanocomposites stand to be a considerable 

material for friction system. On the other hand, Sakka 
et al.[95] reported on the tribological response of an epoxy 
matrix reinforced with graphite and carbon nanotubes. The 
influence of different fillers on the tribological properties of 
an epoxy matrix structure network were studied by the 
treated and untreated carbon nanotubes, graphite, and 
a mixture of graphite and carbon nanotubes. On investigat-
ing the friction and wear behavior of the bulk epoxy and the 
carbon based fillers reinforced epoxy composites adopting 
a pin-on-disk under dry sliding conditions against 100Cr6 
steel ball. Results indicated that the incorporation of fillers 
into the epoxy greatly improves its mechanical and tribo-
logical performance by reducing its friction coefficient and 
wear rate. Furthermore, the highest coefficient of friction 

Figure 8. The SEM image of the samples worn surfaces; (a) pure epoxy, (b) 0.2 wt%, (c) 0.3 wt% and (d) 0.5 wt% epoxy 
nanocomposites[93].

Figure 9. The schematic illustration for the fabrication process of the MWCNTs reinforced epoxy nanocomposites[96].
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value of 0.65 and lowest value of 0.1 were recorded with the 
virgin epoxy and treated CNTs reinforced epoxy compo-
sites, respectively. However, of all the samples, the best 
result was noticed at the treated CNTs reinforced epoxy 
nanocomposites. It was inferred that the CNTs was well 
distributed and dispersed into the epoxy matrix owing to 
the presence of the NH2 groups. In conclusion, it was 
deduced that there is no synergetic influence between 
CNTs and graphite. Zhang et al.[75] reinforced CNT/ 
epoxy nanocomposites with silica in order to develop 
epoxy hybrid nanocomposites, followed by the character-
ization of their tribological behavior. From the experimen-
tal analysis, it was observed that the wear resistance of 
nanocomposites were enhanced. The incorporation of the 
silica actually attributed to enhanced wear resistance of the 
composite as the presence of silica nanoparticles on the 
interface generated transfer films with different structures 
and functions. The challenge remains that the CNT/silica 
hybrid could not show any synergic effect on the tribologi-
cal behavior of nanocomposites. However, there is need for 
future study in order to understand the mechanism behind 
such limitation as it was not detailed in the study. Although, 
it was reported that 0.4 wt% CNTs addition into the epoxy 
matrix improves it mechanical properties. In addition, 
Mostovoy et al.[96] carried out a study on epoxy composites 
filled with functionalized carbon nanotubes. In the study, 
amino functionalized MWCNTs were fabricated via che-
mical modification of the MWCNTs surface employing γ- 
aminopropyltriethoxysilane (APTES) and dispersed in the 
epoxy matrix composition. Figure 9 shows the process 
route in preparing the functionalized MWCNTs reinforced 
epoxy nanocomposites. On analyzing the samples, the 
obtained results indicated that the functionalized and che-
mical compatibility of the modified-MWCNTs reinforced 
epoxy nanocomposites yielded an increased physicomecha-
nical properties (bending stress, impart strength, tensile 
strength and modulus) of the nanocomposites. Here, it 
was reported that the tensile strength and tensile elastic 
modulus of the epoxy matrix reinforced at 0.1 wt% 
MWCNTs(APTES) increases by 108% and 52%, respectively, 
when compared with the plasticized epoxy without 
MWCNTs(APTES). Meanwhile the tensile strength and ten-
sile elastic modulus of 0.1 wt% MWCNTs (APTES)/epoxy 
nanocomposites increases by 10.3% and 6.65%, respec-
tively, in comparison with that of unmodified 0.1 wt% 
MWCNTs/epoxy nanocomposite. The improved proper-
ties of the modified-MWCNTs/epoxy nanocomposites 
over the neat epoxy and unmodified-MWCNTs/epoxy 
nanocomposites was attributed to the effective surface 
modification of the MWCNTs with APTES and the forma-
tion of strong interfacial bonding between the epoxy matrix 
and the fillers. However, the conducted study has proven 
that it is quite possible to regulate directly operational 

properties of epoxy composites by small MWCNTs fillers, 
which allow in developing epoxy nanocomposites with 
high performance properties.

Recently, nanocomposites are often utilized in various 
industrial applications, owing to their specific physicome-
chanical properties as nano dispersed particles are report-
edly not stress raisers or concentrators in polymer matrix 
composites .[97, 116–119] However, to improve the character-
istics of epoxy matrix, Amirbeygi et al.[98] investigated the 
reinforcing effects of functionalized graphene on the 
mechanical and tribological behavior of epoxy nanocom-
posites. The graphene at different content (0, 0.05, 0.1, 0.3, 
and 0.5 wt %) nanoplatelets were functionalized with ami-
nopropyl trimethoxysilane, which stand as an interfacial 
modifier. The results indicated that the highest value of 
interlaminar shear stress and compressive strength were 
related to the 0.3 wt% modified graphene nanoplatelets 
(GNP) reinforced epoxy nanocomposites. More so, the 
addition of the modified GNP into the epoxy matrix, 
improved the tensile strength and strain to failure only at 
low concentrations (in particular 0.05 wt %). Furthermore, 
approximately 40 and 68% decrease of friction coefficient 
and wear rate, respectively of the nanocomposites were 
noticed at 0.3 wt % modified-GNP loading. Hence, 
improved compressive, interlaminar shear stress, tensile, 
and wear properties in the modified-GNP/epoxy samples 
were observed on the modified-GNP/epoxy when com-
pared to the unmodified-GNP/epoxy samples. The authors 
findings revealed that graphene agglomeration occurred on 
the fracture surface of the 0.5 wt% modified-GNP rein-
forced epoxy nanocomposites and as such attributed to 
the main factors responsible for the reduction in the 
mechanical properties (compressive and tensile strength) 
of the samples at higher GNP addition .[120] As reported 
that graphene nanoplatelet is one of the most used nano-
fillers to improve the entire mechanical characteristics and 
tribological behavior of polymer composites owing to their 
solid lubricant properties and thermal stability, Sukur et al.-
[99] carried out a study on the mechanical, tribological, and 
thermal stability properties of epoxy Phenolic nanocompo-
sites filled with graphene nanoplatelet. The nanocomposites 
were prepared at different concentrations of GNP. The 
sliding wear test of the reinforced epoxy nanocomposites 
were conducted by ball-on-disc tester at room temperature 
under a constant load and sliding speed in ambient air. 
From the experimental results, at 1.0 wt% GNP loading, the 
tensile strength and elastic modulus was recorded to be 74 
MPa and 6.2 GPa, respectively. Meanwhile, the friction 
coefficient and wear rate value were 0.14 and 5 x 10−7mm-
3/Nm, respectively, which indicates 30% and 74% incre-
ment, respectively. In addition, examining the thermal 
behavior of the samples using thermogravimetric analyzer 
(TGA), there is a notable increase in thermal stability of the 
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nanocomposites over the pure epoxy Phenolic resin. Also, 
with increase of the GNP concentration into the epoxy 
matrix, the hardness value increases, and such is not the 
same with the tensile strength which decreases above 1.0 wt 
% GNP addition into the epoxy phenolic based matrix. This 
can be described by the fact that the hardness of the nano-
composites is not sensitive to the nanoplatelet agglomera-
tion as much as the basic mechanical properties .[121] Again 
such trend in the mechanical properties could be the het-
erogeneity of the nanoparticles above 1.0 wt% loading, 
which was revealed in the SEM image presented by the 
authors. Further, it can be deduced that the 0.5 wt% GNPs 
incorporation is more effective at stabilizing the friction 
coefficient and hence reduces it values when compared to 
other additive ratios. This evidenced that the GNPs greatly 
act as a solid lubricant between the friction surfaces. The 
reported increase in hardness and elastic modulus of the 
epoxy phenolic composites with GNP additive could also 
attributed to the decreased in friction by reducing contact 
between the steel ball and developed composites .[122] It can 
be concluded that GNP additive and dispersion in epoxy 
resin have a substantial influence on thermal, mechanical, 
and tribological behavior of the composites. On the hands, 
Eayalawwad et al.[100] investigated the effects of GNPs on 
the mechanical properties and adhesive wear performance 
of epoxy-based composites as it is stated that epoxy has 
a high coefficient of friction, [123] thus have limits its tribo-
logical applications. The influence of the solid lubricant 
GNPs were evaluated at different weight fractions (0 to 
4.5 wt %). The nanocomposites were prepared via mixing 
process. The effect of the GNPs on the adhesive wear 
behavior of epoxy was performed by using the block-on- 
ring against the stainless steel counterpart under dry 

condition. The sliding speed was stabled at 2 m/s with 
applied loads (15, 30, 45, and 60 N). The failure mechanism 
for both the mechanical and tribological specimens were 
observed using SEM. The results demonstrated that the 
incorporation of the GNPs into the epoxy matrix, improved 
its stiffness and hardness, meanwhile reduces it fracture 
strength and toughness. Also, from the adhesive wear 
results, the epoxy matrix depicted high efficiency with the 
GNP incorporations with good reduction in the specific 
wear rate and friction coefficient by 76% and 37%, respec-
tively. This improvement is ascribed to the ability of GNPs 
to produce a stable transfer film. As such, the created 
transfer film stand as a thin coating layer during the wearing 
process between the steel counterpart and the worn surface, 
and hence protect the worn surface (composites) from 
further material tearing (see Figure 10). Still on improving 
the properties of polymer matrices, graphene derivative, 
such as graphene oxide is also found attractive as 
a promising reinforcing phase material in the fabrication 
process of polymer composites .[124] And several studies 
have reported that graphene oxide (GO) has a good effect 
on the performance of epoxy composites .[125–127] However, 
considering the potential effects of nanofillers on modifying 
the properties of polymer matrices, Xue et al.[101] developed 
epoxy nanocomposites reinforced with in situ functiona-
lized nano graphene oxide using a facile wet mixing and 
solvent evaporation techniques. The GO was functionalized 
with 3ʹ,4ʹ-epoxycylohexylmethyl-3,4-epoxyclohexanecar-
boxylate (GO-2021P). The surface modification of the GO 
result to its thermal stable and hence change its nature from 
hydrophilic to hydrophobic. Thus the effects of the surface 
functionalization on the morphology of GO contents, its 
dispersion in the epoxy matrix, thermal and mechanical 

Figure 10. SEM micrograph of neat epoxy and its nanocomposites after adhesive wear performance at 30 N of the applied load[100].
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properties of the composites were examined. From the 
study, analyzing the nanocomposites microstructure using 
digital microscope and transition electron microscope 
(TEM), it was reported that grafting of GO with 2021P, 
improved its dispersion and as such the exfoliation status of 
the GO and interfacial interaction between the epoxy 
matrix and GO were enhanced. The results also indicated 
that the tensile strength (62.3 MPa) and Young’s modulus 
(3.02 GPa) of epoxy nanocomposites reinforced with 1.0 wt 
% GO-2021P increased by 34% and 25.9%, respectively, 
when compared to neat epoxy (46.5 MPa and 2.40 GPa) 
and 1.0 wt% unmodified GO/epoxy nanocomposite (52.4 
MPa and 2.64 GPa). Further, the glass transition tempera-
ture and thermal stability of the reinforced nanocomposite 
were improved. The outcome of the study shows that the 
properties of graphene based polymeric nanocomposites 
greatly depends on the dispersion of graphene oxide. 
Furthermore, in order to employed epoxy matrix as lubri-
cating material, Bao et al.[102] modified epoxy resin with 
polyetheramine-functionalized graphene oxide so as to 
improve its tribological properties. The friction, mechan-
ical, and thermal properties of the composites were inves-
tigated at different concentrations of functionalized-GO 
fillers (0.1 to 0.4 wt %). The tribological behavior of the 
epoxy nanocomposites were fully determined against 
GCr15 steel ball with a surface hardness of 63HRC on 
a ball-on-disc reciprocating under different loading condi-
tions. The results showed that the incorporation of the 
functionalized-GO contents into the epoxy resin reduced 
its friction coefficient and wear rate. Where, the optimum 
tribological performance was obtained at 0.2 wt% functio-
nalized-GO loading. Simultaneously, the modified GO, also 
improved the thermal, and mechanical properties of the 
composites, owing to the observed disparity and strong 
interfacial bonding in the matrix. Again, the reported out-
standing lubrication and wear resistance properties of the 
composites could be attributed to the good interaction of 
the composites and transfer film. However, the findings 
revealed a prospect to the practical application of the gra-
phene oxide and solve wear related mechanical failures of 
epoxy resin. In a certain study, it was observed that thermo-
setting resin based on bisphenol epoxy usually exhibits high 
rigidity and brittleness, hence limits its wide potential appli-
cations. Regards to this information, Wu et al.[103] fabri-
cated a novel tertiary amine (NC-514-DEA), which 
contains cardanol-based epoxy resin via reaction of dietha-
nolamine (DEA) with cardanol epoxy resin (NC-514). 
Further, the author prepared NC-514-DEA modified- gra-
phene oxide (GOND) and was employed as a reactive 
nanofillers reinforcement phase to develop epoxy nano-
composites. Meanwhile, the evaluation was on the mechan-
ical and tribological properties. In comparing the obtained 
result of the virgin epoxy resin, the nanocomposites with 

0.5 wt% GOND exhibited a reduced coefficient of friction 
from 0.567 to 0.408 under dry condition against steel ball, 
which was used as the friction pair. And its fracture tough-
ness was increased by 10%, hence demonstrating the opti-
mal performance over other samples. Here, the enhanced 
wear resistance and mechanical properties of the compo-
sites could be ascribed to the synergistic influence of NC- 
514-DEA and GO, which contributed in hindering the 
growth and propagation of cracks by improving the inter-
facial interaction and stress distribution within the nano-
composites. On the other hands, the reactive bio-based 
epoxy grafted on the graphene oxide can improved the 
interface bonding between the epoxy matrix and the filler. 
Accordingly, the author synthesis process has actually pro-
vides a novel means of designing epoxy nanocomposites 
materials for mechanical and tribological applications. In 
addition, studies conducted by[104–107] revealed more on 
improving the thermal, mechanical, and wear performance 
of epoxy matrix with graphene hybrid, silica, titania, and 
graphene oxide. And such findings were presented in 
Table 1.

1.4. Challenges facing epoxy reinforced 
nanocomposites for mechanical and tribological 
applications

In the fabrication of polymer composites for mechanical 
friction applications, epoxy reinforced nanocomposites 
have gained wide attention as a favorable candidate mate-
rial for such application. From the review literature, sev-
eral studies have been conducted on improving the 
properties of epoxy matrix nanocomposites using nano- 
inorganic and carbon based nanofillers, such as Al2O3, 
TiO2, SiO2, SiC, MoS2, Si3N4, ZnO, ZrO2, CNTs, GNP, 
GO and so on for mechanical, friction, and wear applica-
tions as can be seen in Table 1. However, epoxy matrix 
nanocomposites were still noticed to be facing some chal-
lenges, such as mechanical properties degradations caused 
by particle agglomeration, [38,98,120] which have detrimen-
tally affects the toughness and tribological characteristics 
of the nanocomposites .[128] Notwithstanding the various 
efforts, which has been made and the advancement of 
enhancing the mechanical, thermal stability, and wear 
behavior of epoxy nanocomposites for tribological appli-
cations, there is still a need to eliminate the occurrence of 
agglomeration during the fabrication process. Several 
researches have involved surface modification of the 
nanofillers for their good dispersion and distribution in 
the epoxy matrix nanocomposites as to avoid particle 
agglomeration via ultrasonication assisting process. But 
that could not put a stop to the aforementioned issues on 
critical nanofillers contents particularly on the inorganic 
fillers .[86] However, there is need for future studies on 
improving the mechanical and tribological properties of 
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reinforced epoxy nanocomposites with negligible agglom-
eration. In considering the cost effectiveness and 
improved interfacial interaction of polymer composites 
prepared employing injection molding technique, the 
reported agglomeration in reinforced epoxy nanocompo-
sites, which has affected its properties, can be eliminated. 
Besides, the development of polymer composites with 
injection molding technique usually results to near zero 
void content. Hence contribute to mechanical properties 
improvement of the composites, especially its fracture 
toughness .[129,130] Again, optimizing the processing para-
meters and incorporation of well functionalized nanofil-
lers in the epoxy matrix network to develop epoxy 
nanocomposites using Tanguchi design of experiment 
and injection molding method could be a breakthrough 
in this area of applications. Moreover, injection molding 
is a low cost and time saving method of processing poly-
mer composites. In addition, introduction of nanofillers, 
such as nano-boron free glass fiber and niobium carbide 
into epoxy based composites could be a way forward in 
developing a new material for thermal, mechanical and 
tribological applications. This is because niobium carbide 
(NbC) has reportedly been employed as a high potential 
material for wear protection and tribological applications, 
[131] which is non toxic to human health. Furthermore, the 
low density of NbC has eventually attributed to its advan-
tageous dynamic performance .[132] More so, nano boron 
free glass fiber has impressive mechanical, thermal, and 
good corrosion resistance properties[133] and as such 
could be a good candidate reinforcement material in 
producing epoxy nanocomposites. Therefore, this review 
recommends the adoption of nano-NbC, and nano-boron 
free glass fiber as a reinforcement phase in epoxy compo-
sites. Hence a point for future study, which could con-
tribute and address most issues by improving the epoxy 
composites properties for thermal, mechanical, and tribo-
logical applications.

2. Conclusion
The study has reviewed the numerous means of improving 
the properties of epoxy reinforced nanocomposites for 
mechanical and tribological applications. From the review 
study, it is quite clear that epoxy nanocomposites remains 
a considerable material for fabricating friction moving 
parts, which can be used in machine, automobile, aero-
space, and marine industries. However, this current review 
article has been able to summarize the previous research 
conducted and recent advances on the influence of nano- 
inorganic and carbon based nanofillers on the thermal, 
mechanical, and tribological properties of epoxy matrix 
for mechanical friction and wear applications. It was 
observed that epoxy nanocomposites as a friction material 
for mechanical and tribological application still face some 

challenges, such as agglomeration and porosity, which has 
reportedly leads to their mechanical properties degradation 
and as such affects their tribological performance. Various 
efforts have actually been made on reducing the friction 
coefficient of epoxy nanocomposites by improving their 
wear resistance under different condition, such as surface 
functionalization of the nanofillers using amino and silane 
coupling agent before their incorporation. However, the 
improvements of epoxy composites characteristics for 
mechanical, thermal, and tribological applications are still 
needed in order to maintain their utilization in this area of 
applications. As such the authors recommend further 
research on improving the processing and the properties 
of epoxy nanocomposites using injection molding techni-
que. Also, the introduction of novel nano-NbC and nano- 
boron free glass fiber into the epoxy matrix with suitable 
optimization process using Taguchi design of experiment 
and injection molding technique can be a total break-
through in the advancement of epoxy nanocomposites for 
tribology system application.

Acknowledgments

The authors wish to thank the centre for tribology (CT) and 
Tshwane University of Technology (TUT) South Africa for 
their financial support in the course of this work.

Disclosure statement
No potential conflict of interest was reported by the author(s).

Notes on contributors

Victor E. Ogbonna received his BEng and MSc degree in 
Metallurgical and Materials Engineering from Federal 
University of Technology, Owerri, Nigeria, in 2012, and 
University of Lagos, Nigeria, in 2017, respectively. From 
2017 to 2019, he was a corrosion control supervisor at the 
Eclat Oil and Gas, Nigeria. He is currently a Doctoral student 
at the Department of Chemical, Metallurgical and Materials 
Engineering, Tshwane University of Technology, South Africa 
under the mentorship of Professor Popoola. Ogbonna's major 
research interest is on corrosion control engineering, polymer 
engineering, and materials development/characterization for 
engineering applications.

Prof Patricia Popoola is a Full Professor at the Department of 
Chemical, Metallurgical and Materials Engineering, at the 
Tshwane University of Technology, Pretoria, South Africa. 
Prof Patricia Popoola obtained her BSc (Honours) degree in 
Metallurgical and Materials Engineering from Obafemi 
Awolowo University, Ile- Ife, Nigeria; Master’s and Doctoral 
degrees in Metallurgical Engineering at the Tshwane 
University of Technology. Prof Patricia Popoola is an NRF 
rated researcher (C3-category) with research focus in 
Advanced Engineering Materials. She is an author/co-author 
of more than 400 Journal articles (in high-impact Journals and 
Conference Proceedings) and more than 30 book chapters. As 

190 V. E. OGBONNA ET AL.

http://LPTE_A_1967391.docx


a researcher, her publications have shown dedication to 
research and development in the engineering field, which is 
an indication of her ability to work independently. To date, 
Prof Patricia Popoola has made a lot of impact with her 
publications, which have been acknowledged both locally 
and internationally. Google Scholar Citation - (h-index 32, 
i10-index 183, citations 6097). Currently, she has produced 
thirty Masters’ and fifteen Doctoral degree graduates. Prof 
Popoola and her students are recipients of numerous aca-
demic excellence awards. Prof Patricia Popoola continues to 
network with numerous national and international scientists. 
Mentorship of students remains her prime objective.

Prof Olawale Popoola is an Engineer/technologist/lecturer/ 
author with diverse experience in the Electrical and Power 
Industry, Oil and Gas Sector, Shipping Building Industry, 
Education and Quality Management field. A Certified 
Measurement and Verification Professional (CMVP) with a 
proven record and extensive knowledge of the energy indus-
try. An author & co-author of numerous scientific publica-
tions, as well as a reviewer for different journals. His research 
interest includes Energy Management, Energy and Behaviour, 
Renewable and Sustainable Energy, Quality Management, 
Power electronics application in Power Systems, New 
Materials as well as Laser Applications. He has made several 
presentations both locally and internationally. Prof Popoola 
has received awards, support funding and accolades for his 
knack and drives for research interest that contributes to 
sustainable energy/society, especially with a multidisciplinary 
approach. Furthermore, innovative product development in 
new materials and load management with emphasis on profi-
cient operation/utilization, effective management, affordabil-
ity, cost savings, etc. are some high points in his career.

Samson Oluropo Adeosun is a full Professor in the 
Department of Metallurgical and Materials Engineering, The 
University of Lagos, Nigeria. His works are in the area of 
materials development, processing and characterisation. He 
currently works on biodegradable polymer composites for 
orthopaedic applications and ferrous/non-ferrous alloy and 
its composites for high temperature and wears applications. 
Professor Adeosun is a Registered Engineer with the Council 
for the Regulation of Engineering in Nigeria (COREN).

ORCID

V. E. Ogbonna http://orcid.org/0000-0002-6132-7344
A. P. I. Popoola http://orcid.org/0000-0003-4447-8551
O. M. Popoola http://orcid.org/0000-0002-9980-5241
S. O. Adeosun http://orcid.org/0000-0001-9847-7592

References

[1] Gorlach, B.; Holweger, W. Future Polyimide Coatings 
Used in High Loaded Bearings. Ind. Lubr. Tribol. 2005, 
57, 197–201. DOI: 10.1108/00368790510614172.

[2] Zhang, X. R.; Pei, X. Q.; Wang, Q. H. Tribological 
Properties of MoS2 and Carbon Fiber Reinforced 
Polyimide Composites. J. Mater. Sci. 2008, 43, 
4567–4572. DOI: 10.1007/s10853-008-2699-6.

[3] Liu, P.; Huang, T.; Lu, R.; Li, T. Tribological Properties of 
Modified Carbon Fabric/polytetrafluoroethylene 
Composites. Wear. 2012, 289, 17–25. DOI: 10.1016/j. 
wear.2012.04.021.

[4] Chang, L.; Friedrich, K. Enhancement Effect of 
Nanoparticles on the Sliding Wear of Short 
Fiber-reinforced Polymer Composites: A Critical 
Discussion of Wear Mechanisms. Tribol. Int. 2010, 43, 
2355–2364.

[5] Watanabe, M.; Yamaguchi, H. The Frictional and Wear 
Properties of Nylon. Wear. 1986, 110, 379–388. DOI:  
10.1016/0043-1648(86)90111-0.

[6] Chang, L.; Zhang, Z.; Breidt, C.; Friedrich, K. 
Tribological Properties of Epoxy Nanocomposites: 
Enhancement of the Wear Resistance by Incorporating 
nano-TiO2 Particles. Wear. 2004, 258, 141–148.

[7] Chang, L.; Zhang, Z.; Zhang, H.; Schlarb, A. K. On the 
Sliding Wear of Nanoparticle Filled Polyamide 66 
Composites. Compos. Sci. Technol. 2006, 66, 
3188–3198. DOI: 10.1016/j.compscitech.2005.02.021.

[8] Fu, Y.-F.; Li, J.; Zhang, F.-Q.; Xu, K. The Preparation 
and the Friction and Wear Behaviours of TiO2/CNT/PI 
Composite Film. J.Exp. Nanosci. 2016, 11, 459–469. 
DOI: 10.1080/17458080.2014.980446.

[9] Gou, J.; Liang, Z.; Zhang, C.; Wang, B.; Kramer, L. 
Nanotube Bucky Paper-epoxy Composites: Modeling, 
Fabrication and Characterization. In: 10th foresight con-
ference on molecular nanotechnology, MD, USA, 2002.

[10] Lee, S. R.; Park, H. M.; Lim, H. L.; Kang, T.; Li, X.; 
Cho, W.-J.; Ha, C.-S. Microstructures, Tensile 
Properties and Biodegradability of Aliphatic Polyester/ 
clay Nanocomposites. Polym. 2002, 43, 2495–2500. 
DOI: 10.1016/S0032-3861(02)00012-5.

[11] Oladele, I. O.; Oladejo, M. O.; Adediran, A. A.; Makinde- 
Ishola, O.; A., F.; Akinlabi, E. T. Influence of Designated 
Properties on the Characteristics of Dombeya Buettneri 
Fber/graphite Hybrid Reinforced Polypropylene 
Composites. Sci. Rep. 2010, 10, 11105. DOI: 10.1038/ 
s41598-020-68033-y.

[12] Aradhya, R.; Renukappa, N. M. Mechanical and 
Tribological Properties of Epoxy Nanocomposites for 
High Voltage Applications. Nanorods and 
Nanocomposites Morteza Sasani Ghamsari and Soumen 
Dhara IntechOpen. 2020. DOI: 10.5772/intechopen.88236.

[13] Zhang, Y.; Zhao, M.; Zhang, J.; Shao, Q.; Li, J.; Li, H.; 
Lin, B.; Yu, M.; Chen, S.; Guo, Z. Excellent Corrosion 
Protection Performance of Epoxy Composite Coatings 
Filled with Silane Functionalized Silicon Nitride. J. Polym. 
Res. 2018b, 25, 1–13. DOI: 10.1007/s10965-018-1518-2.

[14] Ma, L.; Li, N.; Wu, G.; Song, G.; Li, X.; Han, P.; 
Wang, G.; Huang, Y. Interfacial Enhancement of 
Carbon Fiber Composites by Growing TiO2 
Nanowires onto Amine-based Functionalized Carbon 
Fiber Surface in Supercritical Water. Appl. Surf. Sci. 
2018, 433, 560–567. DOI: 10.1016/j.apsusc.2017.10.036.

[15] Ma, L.; Zhu, Y.; Wang, M.; Yang, X.; Song, G.; Huang, Y. 
Enhancing Interfacial Strength of Epoxy Resin Composites 
via Evolving Hyperbranched Amino-terminated POSS on 
Carbon Fiber Surface. Compos. Sci. Technol. 2019, 170, 
148–156. DOI: 10.1016/j.compscitech.2018.12.001.

[16] Gong, X.; Liu, Y.; Wang, Y.; Xie, Z.; Dong, Q.; Dong, M.; 
Liu, H.; Shao, Q.; Lu, N.; Murugadoss, V.; et al. Amino 
Graphene Oxide/dopamine Modified Aramid Fibers: 
Preparation, Epoxy Nanocomposites and Property 
Analysis. Polym. 2019, 168, 131–137. DOI: 10.1016/j. 
polymer.2019.02.021.

[17] Gu, H.; Zhang, H.; Ma, C.; Xu, X.; Wang, Y.; Wang, Z.; 
Wei, R.; Liu, H.; Liu, C.; Shao, Q.; et al. Trace 
Electrosprayed Nanopolystyrene Facilitated Dispersion of 

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS 191

https://doi.org/10.1108/00368790510614172
https://doi.org/10.1007/s10853-008-2699-6
https://doi.org/10.1016/j.wear.2012.04.021
https://doi.org/10.1016/j.wear.2012.04.021
https://doi.org/10.1016/0043-1648(86)90111-0
https://doi.org/10.1016/0043-1648(86)90111-0
https://doi.org/10.1016/j.compscitech.2005.02.021
https://doi.org/10.1080/17458080.2014.980446
https://doi.org/10.1016/S0032-3861(02)00012-5
https://doi.org/10.1038/s41598-020-68033-y
https://doi.org/10.1038/s41598-020-68033-y
https://doi.org/10.5772/intechopen.88236
https://doi.org/10.1007/s10965-018-1518-2
https://doi.org/10.1016/j.apsusc.2017.10.036
https://doi.org/10.1016/j.compscitech.2018.12.001
https://doi.org/10.1016/j.polymer.2019.02.021
https://doi.org/10.1016/j.polymer.2019.02.021


Multiwalled Carbon Nanotubes: Simultaneously 
Strengthening and Toughening Epoxy. Carbon. 2019, 
142, 131–140. DOI: 10.1016/j.carbon.2018.10.029.

[18] He, Y.; Chen, Q.; Liu, H.; Zhang, L.; Wu, D.; Lu, C.; 
Yang, W. O.; Jiang, D.; Wu, M.; Zhang, J.; et al. Friction 
and Wear of MoO3/graphene Oxide Modified Glass Fiber 
Reinforced Epoxy Nanocomposites. Macromol. Mater. 
Eng. 2019, 304, 1900166. DOI: 10.1002/mame.201900166.

[19] Zhang, J.; Liang, Y.; Wang, X.; Zhou, H.; Li, S.; Zhang, J.; 
Feng, Y.; Lu, N.; Wang, Q.; Guo, Z. Strengthened Epoxy 
Resin with Hyperbranched Polyamine-ester Anchored 
Graphene Oxide via Novel Phase Transfer Approach. 
Adv. Compos. Hybrid. Mater. 2018a, 1, 300–309. DOI:  
10.1007/s42114-017-0007-0.

[20] Zhang, Z.; Zhang, J.; Li, S.; Liu, J.; Dong, M.; Li, Y.; Lu, N.; 
Lei, S.; Tang, J.; Fan, J.; et al. Effect of Graphene Liquid 
Crystal on Dielectric Properties of Polydimethylsiloxane 
Nanocomposites. Compos. Part B: Eng. 2019, 176, 
107338. DOI: 10.1016/j.compositesb.2019.107338.

[21] Dong, B.; Yang, Z.; Huang, Y.; Li, H.-L. Study on 
Tribological Properties of Multi-walled Carbon 
Nanotubes/epoxy Resin Nanocomposites. Tribol. Lett. 
2005, 20, 251–254. DOI: 10.1007/s11249-005-8637-8.

[22] Agwa, M.; Youssef, S. M.; Ali-Eldin, S. S.; Megahed, M. 
Integrated Vacuum Assisted Resin Infusion and Resin 
Transfer Molding Technique for Manufacturing of 
Nano-filled Glass Fiber Reinforced Epoxy Composite. 
JInd. Text 2020. DOI: 10.1177/1528083720932337.

[23] Kurahatti, R. V.; Surendranathan, A. O.; Kumar, A. V. R.; 
Auradi, V.; Wadageri, C. S.; Kori, S. A. Mechanical and 
Tribological Behaviour of Epoxy Reinforced with Nano 
Al2O3 Particles. Appl. Mech. Mater. 2014, 592 – 594, 
1320–1324. DOI: 10.4028/AMM.592-594.1320.

[24] Megahed, A. A.; Agwa, M. A.; Megahed, M. Improvement 
of Hardness and Wear Resistance of Glass Fiber-reinforced 
Epoxy Composites by the Incorporation of Silica/carbon 
Hybrid Nanofillers. Polym. Plast. Technol. Eng. 2018, 57, 
251–259. DOI: 10.1080/03602559.2017.1320724.

[25] Megahed, M.; Megahed, A.; Agwa, M. The Influence of 
Incorporation of Silica and Carbon Nanoparticles on the 
Mechanical Properties of Hybrid Glass Fiber Reinforced 
Epoxy. J. Ind. Text. 2019, 49, 181–199. DOI: 10.1177/ 
1528083718775978.

[26] Megahed, M.; Tobbala, D. E.; AbdEl-bakym, M. A. The 
Effect of Incorporation of Hybrid Silica and Cobalt 
Ferrite Nanofillers on the Mechanical Characteristics of 
Glass Fiber-reinforced Polymeric Composites. Polym. 
Compos. 2021, 42, 271–284. DOI: 10.1002/pc.25823.

[27] Youssef, S. M.; Agwa, M. A.; Ali-Eldin, S. S.; Megahed, M. 
Hardness, Wear Behavior and Processing Time of Diluent 
and Non-diluent Nanocomposite Laminates 
Manufactured by Vacuum Infusion Technique. JInd. 
Text. 2020. DOI: 10.1177/1528083720970165.

[28] Chang, L.; Zhang, Z.; Ye, L.; Friedrich, K. Tribological 
Properties of Epoxy Nanocomposites III. Characteristics 
of Transfer Films. Wear, 2007, 262, 699–706.

[29] Khun, N. W.; Zhang, H.; Lim, L. H.; Yue, C. Y.; Hu, X.; 
Yang, J. Tribological Properties of Short Carbon Fiber 
Reinforced Epoxy Composites. Friction. 2014, 2, 
226–239. DOI: 10.1007/s40544-014-0043-5.

[30] Bonfanti, A. Low-impact Friction Materials for Brake 
Pads. PhD thesis, Italy: University of Trento, 2016.

[31] Brembo, S. P. A. Advanced R&D Dept. And Technical 
Development Areas. http://www.brembo.com , 10 June 2021

[32] https://tech.bareasschoppers.com/resources/why-cant- 
you-re-use-bearings/  10, June, 2021

[33] Andrich, M.; Hufenbach, W.; Kunze, K.; Scheibe, H. J. 
Characterisation of the Friction and Wear Behaviour of 
Textile Reinforced Polymer Composites in Contact with 
Diamond-like Carbon Layers. Tribol. Int. 2013, 62, 
29–36. DOI: 10.1016/j.triboint.2013.01.023.

[34] Qing, G.; Min, R.; Guo, J.; Tak, K.; Ming, Z. Sliding 
Wear Performance of nano-SiO2/short Carbon Fiber/ 
epoxy Hybrid Composites. Wear. 2009, 266, 658–665. 
DOI: 10.1016/j.wear.2008.08.005.

[35] Kumar, A.; Daudu, M. Characterisation of PAN Carbon 
Fabric/ Epoxy Resin for Structural Materials. Conf.  
Procedia Materials Science 2015, 10, 760–767. DOI:  
10.1016/j.mspro.2015.06.092.

[36] Hui, Z.; Zhao, Z.; Fang, G. A Study on the Sliding Wear of 
Hybrid PTFE/Kevlar Fabric/Phenolic Composites Filled 
with Nanoparticles of TiO2 and SiO2. Tribol. Trans. 
2010, 53, 678–683. DOI: 10.1080/10402001003672228.

[37] Bing, P.; Ming, X.; Hong, W.; Er, Y.; Ji, L.; Yong, Z. 
Tribological Properties of Epoxy/aramid Fabric 
Composites Reinforced by Boron Nitride of Single 
Layer. Polym.Plast. Technol. 2014, 53, 678–683. DOI:  
10.1080/03602559.2013.874034.

[38] Verma, V.; Tiwari, H. Role of Filler Morphology on 
Friction and Dry Sliding Wear Behavior of Epoxy 
Alumina Nanocomposites. ARCHIVE Proceedings of 
the Institution of Mechanical Engineers Part J, J.Eng. 
Tribol. 2020, (208 -210), 1994 - 1996 DOI: 10.1177/ 
1350650120970433.

[39] Zhang, Y.; Zhao, M.; Zhang, J.; Shao, Q.; Li, J.; Li, H.; 
Lin, B.; Yu, M.; Chen, S.; Guo, Z. Excellent Corrosion 
Protection Performance of Epoxy Composite Coatings 
Filled with Silane Functionalized Silicon Nitride. J. Polym. 
Res. 2018b, 25, 1–13. DOI: 10.1008/s10965-018-1518-2.

[40] Jang, B. Z. Advanced Polymer Composites: Principle and 
Applications; ASM International, Materials Park: OH, 1994.

[41] Akay, M. Bearing Strength of as Cured and 
Hygrothermally Conditioned Carbon-fibre/epoxy 
Composites under Static and Dynamic Loading. Compos. 
1992, 23, 101–108. DOI: 10.1016/0010-4361(92)90110-G.

[42] Wei, F.; Pan, B.; Lopez, J. The Tribological Properties 
Study of Carbon Fabric/epoxy Composites Reinforced 
by nano-TiO2 and MWNTs. Open Phys. 2018, 16, 
1127–1138. DOI: 10.1515/phys-2018-0133.

[43] Imai, Y. Inorganic Nano-fillers for Polymers. In: 
Kobayashi S., Müllen K. (eds) Encyclopedia of poly-
meric nanomaterials. Springer, Berlin, Heidelberg. 
2014. DOI: 10.1007/978-3-642-36199-9_353-1.

[44] Mouritz., P.; Gibson, A. G. In Fire Properties of Polymer 
Composite Materials; Springer: Dordrecht, 2006; pp 394.

[45] Ai, N. A.; Hussein, S.; Jawad, M. K. Effect of Al2O3 and 
SiO2 Nanoparticle on Wear, Hardness and Impact 
Behaviour of Epoxy Composites. Chem. Mater. Res. 2015, 
7, 34–39.

[46] Alhazmi, W. H.; Jazaa, Y.; Mousa, S.; Abd-Elhady, A. A.; 
Sallam, H. E. M. Tribological and Mechanical Properties 
of Epoxy Reinforced by Hybrid Nanoparticles. Latin 
American Journal of Solids and Structures 2021, 18, 
e361. https://doi.org/10.1590/1679-78256384 

[47] Vaisakh, S. S.; Mohammed, A. A. P.; Hassanzadeh, M.; 
Tortorici, J. F.; Metz, R.; Ananthakumar, S. Effect of Nano- 
modified SiO2/Al2O3 Mixed-matrix Micro-composite 

192 V. E. OGBONNA ET AL.

https://doi.org/10.1016/j.carbon.2018.10.029
https://doi.org/10.1002/mame.201900166
https://doi.org/10.1007/s42114-017-0007-0
https://doi.org/10.1007/s42114-017-0007-0
https://doi.org/10.1016/j.compositesb.2019.107338
https://doi.org/10.1007/s11249-005-8637-8
https://doi.org/10.1177/1528083720932337
https://doi.org/10.4028/AMM.592-594.1320
https://doi.org/10.1080/03602559.2017.1320724
https://doi.org/10.1177/1528083718775978
https://doi.org/10.1177/1528083718775978
https://doi.org/10.1002/pc.25823
https://doi.org/10.1177/1528083720970165
https://doi.org/10.1007/s40544-014-0043-5
http://www.brembo.com
https://tech.bareasschoppers.com/resources/why-cant-you-re-use-bearings/
https://tech.bareasschoppers.com/resources/why-cant-you-re-use-bearings/
https://doi.org/10.1016/j.triboint.2013.01.023
https://doi.org/10.1016/j.wear.2008.08.005
https://doi.org/10.1016/j.mspro.2015.06.092
https://doi.org/10.1016/j.mspro.2015.06.092
https://doi.org/10.1080/10402001003672228
https://doi.org/10.1080/03602559.2013.874034
https://doi.org/10.1080/03602559.2013.874034
https://doi.org/10.1177/1350650120970433
https://doi.org/10.1177/1350650120970433
https://doi.org/10.1008/s10965-018-1518-2
https://doi.org/10.1016/0010-4361(92)90110-G
https://doi.org/10.1515/phys-2018-0133
https://doi.org/10.1007/978-3-642-36199-9_353-1
https://doi.org/10.1590/1679-78256384


Fillers on Thermal, Mechanical, and Tribological 
Properties of Epoxy Polymers. Polym. Adv. Technol. 
2016, 27, 905–914. DOI: 10.1002/pat.3747.

[48] Datta, J.; Kosiorek, P.; Włoch, M. Effect of High Loading 
of Titanium Dioxide Particles on the Morphology, 
Mechanical and Thermo - Mechanical Properties of 
the Natural Rubber-based Composites. Iran Polym. J. 
2016, 25, 1021–1035. DOI: 10.1007/s13726-016-0488-7.

[49] Hayeemasae, N.; Rathnayake, W. G. I. U.; Ismail, H. Nano- 
sized TiO2-reinforced Natural Rubber Composites 
Prepared by Latex Compounding Method. Journal of 
Vinyl and Additive Technology. 201 5, 23, 200–209. DOI:  
10.1002/vnl.21497.

[50] Molazemhosseini, A.; Tourani, H.; Khavandi, A.; 
Eftekhari Yekta, B. Tribological Performance of PEEK 
Based Hybrid Composites Reinforced with Short 
Carbon Fibers and Nano-silica. Wear. 2013, 303(1–2), 
397–404. DOI: 10.1016/j.wear.2013.03.019.

[51] Megahed, A. A.; Agwa, M. A.; Megahed, M. 
Improvement of Hardness and Wear Resistance of 
Glass Fiber-reinforced Epoxy Composites by the 
Incorporation of Silica/carbon Hybrid Nanofillers. 
Polym. Plast. Technol. Eng. 2018, 57, 251–259. DOI:  
10.1081/03602559.2017.1320724.

[52] Lee, S.-H.; Noguchi, H.; Cheong, S.-K. Static Behavior 
Characteristics of Hybrid Composites with Nonwoven 
Carbon Tissue. J. Compos. Mater. 2003, 37, 253–268. 
DOI: 10.1177/0021998303037003992.

[53] Ying, L.; Wu, Y.; Nie, C.; Wu, C.; Wang, G. 
Improvement of the Tribological Properties and 
Corrosion Resistance of epoxy–PTFE Composite 
Coating by Nanoparticle Modification. Coatings. 2021, 
11, 10. DOI: 10.3390/coatings11010010.

[54] Ahmetli, G.; Deveci, H.; Soydal, U.; Seker, A.; 
Kurbanli, R. Coating, Mechanical and Thermal 
Properties of Epoxy Toluene Oli-gomer Modified 
Epoxy Resin/sepiolite Composites. Prog. Org. Coat. 
2012, 75, 97–105. DOI: 10.1016/j.porgcoat.2012.04.003.

[55] Sabzi, M.; Mirabedini, S.; Zohuriaan-Mehr, J.; Atai, M. 
Surface Modification of TiO2 Nano-particles with Silane 
Coupling Agent and Investigation of Its Effect on the 
Properties of Polyurethane Composite Coating. Prog. Org. 
Coat. 2009, 65, 222–228. DOI: 10.1016/j. 
porgcoat.2008.11.006.

[56] Abass, B. A.; Hunain, M. B.; Khudair, J. M. A. Effects of 
Titanium Dioxide Nanoparticles on the Mechanical 
Strength of Epoxy Hybrid Composite Materials 
Reinforced with Unidirectional Carbon and Glass 
Fibers. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1094, 
012159. DOI: 10.1088/1757-899X/1094/1/012159.

[57] Zhang, G.; Lu, S.; Ke, Y. Effects of Silica Nanoparticles 
on Tribology Performance of Poly (Epoxy Resin 
Bismaleimide)-based Nanocomposites. Polym. Eng. Sci. 
2019, 59, 274–283. DOI: 10.1002/pen.24901.

[58] Karousis, N.; Tagmatarchis, N.; Tasis, D. Current 
Progress on the Chemical Modification of Carbon 
Nanotubes. Chem. Rev. 2010, 110, 5366–5397.

[59] Kandanur, S. S.; Rafiee, M. A.; Yavari, F.; Schrameyer, M.; 
Yu, Z. Z.; Blanchet, T. A.; Koratkara, N. Suppression of 
Wear in Graphene Polymer Composites. Carbon. 2012, 
50, 3180. DOI: 10.1016/j.carbon.2011.10.038.

[60] Kang, S. M.; Park, S.; Kim, D.; Park, S. Y.; Ruoff, R. S.; 
Lee, H. Simultaneous Reduction and Surface 
Functionalization of Graphene Oxide by Mussel-inspired 
Chemistry. Adv. Funct. Mater. 2011, 21, 108–112. DOI:  
10.1002/adfm.201001692.

[61] Cangialosi, D.; Boucher, V. M.; Alegria, A.; Colmenero, J. 
Free Volume Holes Diffusion to Describe Physical Aging 
in Poly(mehtyl Methacrylate)/silica Nanocomposites. 
J. Chem. Phys. 2011, 135, 014901. DOI: 10.1063/1.3605600.

[62] Yadav, P. S.; Purohit, R.; Kothari, A. Study of Friction and 
Wear Behaviour of Epoxy/nano SiO2 Based Polymer 
Matrix Composites- A Review. Mater. Today Proc. 2019, 
18, 5530–5539.

[63] Martin, C.; Ceschini, L. A Comparative Study of the 
Tribological Behaviour of PVD Coatings on the Ti-6Al- 
4V Alloy. Tribol. Int. 2011, 44, 297. DOI: 10.1016/j. 
triboint.2010.10.031.

[64] Aderikha, V. N.; Shapovalov, V. A. Mechanical and 
Tribological Behavior of PTFE–polyoxadiazole Fiber 
Composites. Effect of filler treatment. Wear. 2011, 271, 
970–976.

[65] Roussi, E.; Tsetsekou, A.; Tsiourvas, D.; Karantonis, A. Novel 
Hybrid Organo-silicate Corrosion Resistant Coatings Based 
on Hyperbranched Polymers. Surf. Coat. Technol. 2011, 205, 
3235–3244. DOI: 10.1016/j.surfcoat.2010.11.037.

[66] Deng, S. Q.; Ye, L.; Friedrich, K. Fracture Behaviours of 
Epoxy Nanocomposites with Nano-silica at Low and 
Elevated Temperatures. J. Mater. Sci. 2007, 42, 
2766–2774. DOI: 10.1007/s10853-006-1420-x.

[67] Christy, A.; Purohit, R.; Rana, R. S.; Singh, S. K.; Ranal, S. 
Development and Analysis of Epoxy/nano SiO2 Polymer 
Matrix Composite Fabricated by Ultrasonic Vibration 
Assisted Processing. Mater. Today Proc. 2017, 4, 2748–2754.

[68] Nakamura, Y.; Yamaguchi, M.; Iko, K.; Okubo, M.; 
Matsumoto, T. Internal Stress of Epoxy Resin Modified 
with Acrylic Polymers Containing Functional Groups 
Produced by in Situ U.v. Radiation Polymerization. 
Polym. 1990, 31, 2066–2070. DOI: 10.1016/0032-3861(90) 
90077-C.

[69] Nielsen, L. E. Mechanical Properties of Polymers and 
Composites; Marcel Dekker: New York, 1974; Vol. 2.

[70] Dmitriev, A. I.; Nikonov, A. Y.; Osterle, W. Multiscale 
Modeling of Low Friction Sliding Behaviour of a Hybrid 
Epoxy-matrix Nanocomposite. Procedia Struct. Integr. 
2016, 2, 2347–2354. DOI: 10.1016/j.prostr.2016.06.294.

[71] Imani, A.; Zhang, H.; Owais, M.; Zhao, J.; Chu, P.; 
Yang, J.; Zhang, Z. Wear and Friction of Epoxy 
Nanocomposites with Silica Nanoparticles and 
Wax-containing Microcapsules. Compos. A. 2018, 107, 
607–615. DOI: 10.1016/j.compositesa.2018.01.033.

[72] Ghazali, H.; Ye, L.; Zhang, M. Q. Interlaminar Fracture of 
CF/EP Composite Containing a Dual-component 
Microencapsulated Self-healant. Compos. Part A: Appl. 
Sci. Manuf. 2016, 82, 226–234. DOI: 10.1016/j. 
compositesa.2015.12.012.

[73] Zhang, H.; Zhang, Z.; Friedrich, K.; Eger, C. Property 
Improvements of in Situ Epoxy Nanocomposites with 
Reduced Interparticle Distance at High Nanosilica 
Content. Acta Mater. 2006, 4(7), 1833–1842. DOI:  
10.1016/j.actamat.2005.12.009.[74] Tian, Y.; Zhang, H.; Zhao, J.; Li, T.; Bie, B.-X.; Luo, S.-N.; 
Zhang, Z. High Strain Rate Compression of Epoxy Based 
Nanocomposites. Compos. Part A: Appl. Sci. Manuf. 2016, 
90, 62–70. DOI: 10.1016/j.compositesa.2016.06.008.

[75] Zhang, L.; Zhang, G.; Chang, L.; Wetzel, B.; Jim, B.; 
Wang, Q. Distinct Tribological Mechanisms of Silica 
Nanoparticles in Epoxy Composites Reinforced with 
Carbon Nanotubes, Carbon Fibers and Glass Fibers. 
Tribol. Int. 2016, 104, 225–236. DOI: 10.1016/j. 
triboint.2016.09.001.

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS 193

https://doi.org/10.1002/pat.3747
https://doi.org/10.1007/s13726-016-0488-7
https://doi.org/10.1002/vnl.21497
https://doi.org/10.1002/vnl.21497
https://doi.org/10.1016/j.wear.2013.03.019
https://doi.org/10.1081/03602559.2017.1320724
https://doi.org/10.1081/03602559.2017.1320724
https://doi.org/10.1177/0021998303037003992
https://doi.org/10.3390/coatings11010010
https://doi.org/10.1016/j.porgcoat.2012.04.003
https://doi.org/10.1016/j.porgcoat.2008.11.006
https://doi.org/10.1016/j.porgcoat.2008.11.006
https://doi.org/10.1088/1757-899X/1094/1/012159
https://doi.org/10.1002/pen.24901
https://doi.org/10.1016/j.carbon.2011.10.038
https://doi.org/10.1002/adfm.201001692
https://doi.org/10.1002/adfm.201001692
https://doi.org/10.1063/1.3605600
https://doi.org/10.1016/j.triboint.2010.10.031
https://doi.org/10.1016/j.triboint.2010.10.031
https://doi.org/10.1016/j.surfcoat.2010.11.037
https://doi.org/10.1007/s10853-006-1420-x
https://doi.org/10.1016/0032-3861(90)90077-C
https://doi.org/10.1016/0032-3861(90)90077-C
https://doi.org/10.1016/j.prostr.2016.06.294
https://doi.org/10.1016/j.compositesa.2018.01.033
https://doi.org/10.1016/j.compositesa.2015.12.012
https://doi.org/10.1016/j.compositesa.2015.12.012
https://doi.org/10.1016/j.actamat.2005.12.009
https://doi.org/10.1016/j.actamat.2005.12.009
https://doi.org/10.1016/j.compositesa.2016.06.008
https://doi.org/10.1016/j.triboint.2016.09.001
https://doi.org/10.1016/j.triboint.2016.09.001


[76] Zhang, G.; Wetzel, B.; Jim, B.; Oesterle, W. Impact of 
Counterface Topography on the Formation 
Mechanisms of Nano Structured Tribofilm of PEEK 
Hybrid Nano- Composites. Tribol. Int. 2015, 83, 
156–165. DOI: 10.1016/j.triboint.2014.11.015.

[77] Zhang, G.; Sebastian, R.; Burkhart, T.; Friedrich, K. Role of 
Monodispersed Nano- Particles on the Tribological 
Behaviour of Conventional Epoxy Composites Filled 
with Carbon Fibers and Graphite Lubricants. Wear. 
2012, 292–293, 176–187. DOI: 10.1016/j.wear.2012.05.012.

[78] Zhang, G.; Rasheva, Z.; Schlarb, A. K. Schlarb, Friction 
and Wear Variations of Short Carbon Fiber (Scf)/ptfe/ 
graphite (10 Vol. %) Filled PEEK: Effects of Fiber 
Orientation and Nominal Contact Pressure. Wear. 
2010, 268, 893–899. DOI: 10.1016/j.wear.2009.12.001.

[79] Chen, B.; Zhang, M.; Li, X.; Dong, Z.; Jia, Y.; Li, C. 
Tribological Properties of Epoxy-based Self-lubricating 
Composite Coating Enhanced by 2D/2D h-BN/MoS2 
Hybrid. Prog. Org. Coat. 2020, 147, 105767. DOI:  
10.1016/j.porgcoat.2020.105767.

[80] Chen, B.; Ni, B.-J.; Fu, M.-X.; Zhong, H.; Jiang, W.-F.; 
Liu, S.-Y.; Zhang, H.-X.; Yoon, K.-B. Effect of 
Molybdenum Disulfide Exfoliation Conditions on the 
Mechanical Properties of Epoxy Nanocomposites. Chin. 
J. Polym. Sci. 2019, 37, 687–692. DOI: 10.1007/s10118- 
019-2239-7.

[81] Liu, C.; Li, M.; Shen, Q.; Chen, H. Preparation and 
Tribological Properties of Modified MoS2/SiC/epoxy 
Composites. Mater. 2021, 14, 1731.

[82] Luo, Y.; Rong, M. Z.; Zhang, M. Q. Tribological Behavior 
of Epoxy Composites Containing Reactive SiC 
Nanoparticles. J. Appl. Polym. Sci. 2007, 104, 2608–2619.

[83] Durand, J. M.; Vardavoulias, M.; Jeandin, M. Role of 
Reinforcing Ceramic Particles in the Wear Behaviour of 
Polymer-based Model Composites. Wear. 1995, 181–183, 
833–839.

[84] Jiang, Y. M.; Liu, K.; Tang, X. K.; Li, Z. S. Preparation 
and Properties of Epoxy Composite Reinforced with 
SiC. J.Synth. Cryst. 2018, 47, 197–202.

[85] Kadhim, B. B. Tribological Characteristics of Silicon 
Carbide-epoxy Nanocomposites. Al-Mustansiriyah 
Journal of Science (MJS). 2017, 28, 164–169.

[86] Naeimirad, M.; Zadhoush, A.; Neisiany, R. E. Fabrication 
and Characterization of Silicon Carbide/epoxy Nanocomp- 
osite Using Silicon Carbide Nanowhisker and Nanoparticle 
Reinforcements. J. Compos. Mater. 2016, 0, 1–12.

[87] Bazrgaria, D.; Moztarzadeh, F.; Sabbagh-Alvani, A. A.; 
Rasoulianboroujeni, M.; Tahriri, M.; Tayebi, L. Mechanical 
Properties and Tribological Performance of epoxy/Al2O3 
Nanocomposite. Ceram. 2018, 44, 1220–1224.

[88] Gu, D.; Liu, S.; Lu, G.; Wang, S.; Wang, Z.; Chen, X.; 
Chen, S.; Yang, B.; Pan, D. Tribological Performances of 
micro/nano-Si3N4-PTFE-EP Composites Prepared by 
High-pressure Compression Moulding. J.mater Des 
appl. 2021, 235, 991–1003.

[89] Mostovoy, A. S.; Vikulova, M. A.; Lopukhova, M. I. 
Reinforcing Effects of Aminosilane Functionalized H BN 
on the Physicochemical and Mechanical Behaviors of 
Epoxy Nanocomposites. Sci. Rep. 2020, 10, 10676.

[90] Mohan, A. C.; Renjanadevi, R. B. Effect of Zinc Oxide 
Nanoparticles on Mechanical Properties of Diglycidyl 
Ether of Bisphenol-A. J.Material. Sci. Eng. 2016, 5, 291.

[91] Dass, K.; Chauhanb, S. R.; Gaur, B. Study on the Effects of 
Nanoparticulates of SiC, Al2O3, and ZnO on the 
Mechanical and Tribological Performance of Epoxy-based 
Nanocomposites. Part. Sci. Technol. 2017, 35(5), 589–606.

[92] Che, Y.; Sun, Z.; Zhan, R.; Wang, S.; Zhou, S.; Huang, J. 
Effects of Graphene Oxide Sheets-zirconia Sphere 
Nanohybrids on Mechanical, Thermal and 
Tribological Performances of Epoxy Composites. 
Ceram. 2018, 44, 18067–18077.

[93] Campon, M.; Jiménez-Suárez, A.; Ureña, A. Effect of Type, 
Percentage and Dispersion Method of Multi-walled 
Carbon Nanotubes on Tribological Properties of Epoxy 
Composites. Wear. 2015, 324-325, 100–108.

[94] Jacobs, O.; Xu, W.; Schadel, B.; Wu, W. Wear Behaviour of 
Carbon Nanotube Reinforced Epoxy Resin Composites. 
Tribol. Lett. 2006, 23, 65–75. DOI: 10.1007/s11249-006- 
9042-7.

[95] Sakka, M. M.; Antar, Z.; Elleuch, K.; Feller, J. F. 
Tribological Response of an Epoxy Matrix Filled with 
Graphite And/or Carbon Nanotubes. Friction. 2017, 5 
(2), 171–182. DOI: 10.1007/s40544-017-0144-z.

[96] Mostovoy, A.; Yakovlev, A.; Tseluikin, V.; Lopukhova, M. 
Epoxy Nanocomposites Reinforced with Functionalized 
Carbon Nanotubes. Polym. 2020, 12, 1816. DOI: 10.3390/ 
polym12081816.

[97] Kharitonov, A. P.; Tkachev, A. G.; Blohin, A. N.; 
Dyachkova, T. P.; Kobzev, D. E.; Maksimkin, A. V.; 
Mostovoy, A. S.; Alekseiko, L. N. Reinforcement of 
Bisphenol-F Epoxy Resin Composites with Fluorinated 
Carbon Nanotubes. Compos. Sci. Technol. 2016, 134, 
161–167. DOI: 10.1016/j.compscitech.2016.08.017.

[98] Amirbeygi, H.; Khosravi, H.; Tohidlou, E. Reinforcing 
Effects of Aminosilane-functionalized Graphene on the 
Tribological and Mechanical Behaviors of Epoxy 
Nanocomposites. J. Appl. Polym. Sci. 2019, 136, 47410. 
DOI: 10.1002/app.47410.

[99] Sukur, E. F.; Kocaman, S.; Onal, G. Mechanical, 
Tribological and Thermal Properties of Epoxy Based 
Phenolic Nanocomposites Reinforced with Graphene 
Nanoplatelet, Special Issue: ICAMMEN 2018, Yıldırım 
Beyazıt University, CRPASE. Transactions of Mechanical 
Engineering. 2020, 6, 21–27.

[100] EayalAwwad, K. Y.; Yousif, B. F.; Fallahnezhad, K.; 
Saleh, K.; Zeng, X. Influence of Graphene Nanoplatelets 
on Mechanical Properties and Adhesive Wear 
Performance of Epoxy-based Composites. Friction. 2021, 
9(4), 856–875. DOI: 10.1007/s40544-020-0453-5.

[101] Xue, G.; Zhang, B.; Xing, J.; Sun, M.; Zhang, X.; Li, J.; 
Wang, L.; Liu, C. A Facile Approach to Synthesize in Situ 
Functionalized Graphene Oxide/epoxy Resin 
Nanocomposites: Mechanicaland Thermal Properties. 
J. Mater. Sci. 2019, 54, 13973–13989. DOI: 10.1007/ 
s10853-019-03901-1.

[102] Bao, T.; Wang, Z.; Zhao, Y.; Wang, Y.; Yi, X. Improving 
Tribological Performance of Epoxy Composite by 
Reinforcing with Polyetheraminefunctionalized Graphene 
Oxide. J. Mater. Res. Technol. 2021, 12, 1516–1529. DOI:  
10.1016/j.jmrt.2021.03.091.

[103] Wu, H.; Liu, C.; Cheng, L.; Yu, Y.; Zhao, H.; Wang, L. 
Enhancing the Mechanical and Tribological Properties 
of Epoxy Composites via Incorporation of Reactive 
Bio-based Epoxy Functionalized Graphene Oxide. RSC 
Adv. 2020, 10, 40148. DOI: 10.1039/D0RA07751H.

[104] Kesavulu, A.; Mohanty, A. Compressive Performance and 
Thermal Stability of Alumina–graphene Nanoplatelets 
Reinforced Epoxy Nanocomposites. Mater. Res. Express 
in press, 2019. DOI: 10.1088/2053-1591/ab58e3.

194 V. E. OGBONNA ET AL.

https://doi.org/10.1016/j.triboint.2014.11.015
https://doi.org/10.1016/j.wear.2012.05.012
https://doi.org/10.1016/j.wear.2009.12.001
https://doi.org/10.1016/j.porgcoat.2020.105767
https://doi.org/10.1016/j.porgcoat.2020.105767
https://doi.org/10.1007/s10118-019-2239-7
https://doi.org/10.1007/s10118-019-2239-7
https://doi.org/10.1007/s11249-006-9042-7
https://doi.org/10.1007/s11249-006-9042-7
https://doi.org/10.1007/s40544-017-0144-z
https://doi.org/10.3390/polym12081816
https://doi.org/10.3390/polym12081816
https://doi.org/10.1016/j.compscitech.2016.08.017
https://doi.org/10.1002/app.47410
https://doi.org/10.1007/s40544-020-0453-5
https://doi.org/10.1007/s10853-019-03901-1
https://doi.org/10.1007/s10853-019-03901-1
https://doi.org/10.1016/j.jmrt.2021.03.091
https://doi.org/10.1016/j.jmrt.2021.03.091
https://doi.org/10.1039/D0RA07751H
https://doi.org/10.1088/2053-1591/ab58e3


[105] Kumar, K.; Ghosh, P. K.; Kumar, A. Improving 
Mechanical and Thermal Properties of TiO2-epoxy 
Nanocomposite. Compos. Part B. 2016. DOI: 10.1016/j. 
compositesb.2016.04.080.

[106] Abenojar, J.; Tutor, J.; Ballesteros, Y.; Del Real, J. C.; 
Martínez, M. A. Erosion-wear, Mechanical and Thermal 
Properties of Silica Filled Epoxy Nanocomposites. Compos. 
Part B. 2017, 120, 42–53. DOI: 10.1016/j. 
compositesb.2017.03.047.

[107] Al-Zahrany, A. A. Nano-reinforced Epoxy Resin 
Composites with Reduced Graphene Oxide. PhD thesis, 
University of Sheffied, 2019.

[108] Belgacemi, R.; Derradji, M.; Trache, D.; Zegaoui, A.; 
Mehelli, O.; Tarchoun, A. F. Advanced Hybrid Materials 
from Epoxy, Oxidized UHMWPE Fibers and Silane Surface 
Modified Silicon Nitride Nanoparticles. High Perform. 
Polym. 2021, 33(4), 440–450. DOI: 10.1177/ 
0954008320964547.

[109] Wen, S.; Zhang, R.; Xu, Z.; Zheng, L.; Liu, L. Effect of the 
Topology of Carbon-based Nanofillers on the Filler 
Networks and Gas Barrier Properties of Rubber 
Composites. Mater. 2020, 13, 5416.

[110] Motevalli, B.; Parker, A. J.; Sun, B.; Barnard, A. S. The 
Representative Structure of Graphene Oxide Nanoflakes 
from Machine Learning. Nano Futures. 2019, 3, 045001.

[111] Hirlekar, R.; Yamagar, M.; Garse, H.; Vij, M.; Kadam, V. 
Carbon Nanotubes and Its Applications: A Review. 
Asian J.Pharm. Clin. Res. 2009, 2, 17–27.

[112] Iijima, S. Helical Microtubules of Graphitic Carbon. 
Nature. 1991, 354(6348), 56–58.

[113] Stankovich, S.; Dikin, D. A.; Dommett, G. H.; 
Kohlhaas, K. M.; Zimney, E. J.; Stach, E. A.; Piner, R. D.; 
Nguyen, S. T.; Ruoff, R. S. Graphene-based Composite 
Materials. Nature. 2006, 442(7100), 282–286.

[114] Lawal, A. T. Recent Progress in Graphene Based Polymer 
Nanocomposites. Cogent Chem. 2020, 6, 1833476.

[115] Mucha, M.; Krzyzak, A.; Kosicka, E.; Coy, E.; Ko´scinski, M.; 
Sterzynski, T.; Sałacinski, M. Effect of MWCNTs on Wear 
Behavior of Epoxy Resin for Aircraft Applications. Mater. 
2020, 13, 2696. DOI: 10.3390/ma13122696.

[116] Li, W.; Song, B.; Zhang, S.; Zhang, F.; Liu, C.; Zhang, N.; 
Yao, H.; Shi, Y. Using 3-Isocyanatopropyltrimethoxysilane 
to Decorate Graphene Oxide with Nano-titanium Dioxide 
for Enhancing the Anti-corrosion Properties of Epoxy 
Coating. Polym. 2020, 12, 837. DOI: 10.3390/ 
polym12040837.

[117] Akbari, V.; Jouyandeh, M.; Paran, S. M. R.; Ganjali, M. R.; 
Abdollahi, H.; Vahabi, H.; Ahmadi, Z.; Formela, K.; 
Esmaeili, A.; Mohaddespour, A.; et al. Effect of Surface 
Treatment of Halloysite Nanotubes (Hnts) on the 
Kinetics of Epoxy Resin Cure with Amines. Polym. 2020, 
12, 930. DOI: 10.3390/polym12040930.

[118] Meisak, D.; Macutkevic, J.; Plyushch, A.; Kuzhir, P.; 
Selskis, A.; Banys, J. Dielectric Relaxation in the 
Hybrid Epoxy/MWCNT/MnFe2O4 Composites. 
Polym. 2020, 12, 697. DOI: 10.3390/polym12030697.

[119] Tikhani, F.; Moghari, S.; Jouyandeh, M.; Laoutid, F.; 
Vahabi, H.; Saeb, M. R.; Dubois, P. Curing Kinetics and 
Thermal Stability of Epoxy Composites Containing Newly 
Obtained Nano-scale Aluminum Hypophosphite (Alpo2). 
Polym. 2020, 12, 644. DOI: 10.3390/polym12030644.

[120] Jamali, N.; Rezvani, A.; Khosravi, H.; 
Tohidlou, E. On the Mechanical Behavior of 
Basalt Fiber/epoxy Composites Filled with 

Silanized Graphene Oxide Nanoplatelets. Polym. 
Compos. 2018, 39, E2472–E2482. DOI: 10.1002/ 
pc.24766.

[121] Ayatollahi, M. R.; Alishahi, E.; Doagou-R, S.; Shadlou, S. 
Tribological and Mechanical Properties of Low Content 
Nanodiamond/epoxy Nanocomposites. Compos. Part B: 
Eng. 2012, 43, 3425–3430. DOI: 10.1016/j. 
compositesb.2012.01.022.

[122] Khun, N. W.; Zhang, H.; Lim, L. H.; Yang, J. Mechanical 
and Tribological Properties of Graphene Modified Epoxy 
Composites. Appl. Sci. Eng. Prog. 2015, 8, 101–109.

[123] Wang, F. Z.; Drzal, L. T.; Qin, Y.; Huang, Z. X. Mechanical 
Properties and Thermal Conductivity of Graphene 
Nanoplatelet/epoxy Composites. J. Mater. Sci. 2015, 50 
(3), 1082–1093. DOI: 10.1007/s10853-014-8665-6.

[124] Papageorgiou, D. G.; Kinloch, I. A.; Young, R. J. 
Mechanical Properties of Graphene and Graphene-based 
Nanocomposites. Prog. Mater. Sci. 2017, 90, 75–127.

[125] Gorelov, B.; Gorb, A.; Nadtochiy, A.; Starokadomsky, D.; 
Kuryliuk, V.; Sigareva, N.; Shulga, S.; Ogenko, V.; 
Korotchenkov, O.; Polovina, O. Epoxy Filled with Bare 
and Oxidized Multi-layered Graphene Nanoplatelets: 
A Comparative Study of Filler Loading Impact on 
Thermal Properties. J. Mater. Sci. 2019, 54, 9247–9266. 
DOI: 10.1007/s10853-019-03523-7.

[126] Mahmood, H.; Tripathi, M.; Pugno, N.; Pegoretti, A. 
Enhancement of Interfacial Adhesion in Glass Fiber/epoxy 
Composites by Electrophoretic Deposition of Graphene 
Oxide on Glass Fibers. Compos. Sci. Technol. 2016, 126, 
149–157. DOI: 10.1016/j.compscitech.2016.02.016.

[127] Olowojoba, G. B.; Kopsidas, S.; Eslava, S.; Gutierrez, E. S.; 
Kinloch, A. J.; Mattevi, C.; Rocha, V. G.; Taylor, A. C. 
A Facile Way to Produce Epoxy Nanocomposites Having 
Excellent Thermal Conductivity with Low Contents of 
Reduced Graphene Oxide. J. Mater. Sci. 2017, 52, 
7323–7344. DOI: 10.1007/s10853-017-0969-x.

[128] Zare, Y. Study of Nanoparticles Aggregation/agglom-
eration in Polymer Particulate Nanocomposites by 
Mechanical Properties. Compos. Part A-Appl. S. 2016, 
84, 158–164. DOI: 10.1016/j.compositesa.2016.01.020.

[129] Ishida, H.; Zimmerman, D. A. The Development of an 
Epoxy Resin System for the Injection Molding of 
Long-Fiber Epoxy Composites. Polym. Compos. 1994, 
15(2), 93–100. DOI: 10.1002/pc.750150202.

[130] Guo, G.; Chen, J. C.; Gong, G. Injection Molding of 
Polypropylene Hybrid Composites Reinforced with 
Carbon Fiber and Wood Fiber. Polym. Compos. 2017, 00, 
000.

[131] Woydt, M.; Mohrbacher, H.; Vleugels, J.; Huang, S. 
Niobium Carbide for Wear Protection – Tailoring Its 
Properties by Processing and Stoichiometry. Met. pow-
der rep. 2016, 00, 1–8.

[132] Uhlmann, E.; Meier, P.; Hinzmann, D. Application of 
Niobium Carbide Based Cutting Materials for 
Peripheral Milling of CFRP. 2nd CIRP Conference on 
Composite Material Parts Manufacturing (CIRP- 
CCMPM 2019) Proceedia CIRP, 2019, 85, 108–113.

[133] Xie, J.; Yin, P.; Shi, W.; Hu, M.; Wang, J.; Zhou, X.; 
Han, J.; Cao, S.; Han, L.; Yao, Y. Corrosion Mechanism 
of E-glass of Chemical Resistance Glass Fiber in Acid 
Environment. J.Wuhan University of Technol. Mater. 
Sci. 2016, 31, 872–876. DOI: 10.1007/s11595-016-1461-1.

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS 195

https://doi.org/10.1016/j.compositesb.2016.04.080
https://doi.org/10.1016/j.compositesb.2016.04.080
https://doi.org/10.1016/j.compositesb.2017.03.047
https://doi.org/10.1016/j.compositesb.2017.03.047
https://doi.org/10.1177/0954008320964547
https://doi.org/10.1177/0954008320964547
https://doi.org/10.3390/ma13122696
https://doi.org/10.3390/polym12040837
https://doi.org/10.3390/polym12040837
https://doi.org/10.3390/polym12040930
https://doi.org/10.3390/polym12030697
https://doi.org/10.3390/polym12030644
https://doi.org/10.1002/pc.24766
https://doi.org/10.1002/pc.24766
https://doi.org/10.1016/j.compositesb.2012.01.022
https://doi.org/10.1016/j.compositesb.2012.01.022
https://doi.org/10.1007/s10853-014-8665-6
https://doi.org/10.1007/s10853-019-03523-7
https://doi.org/10.1016/j.compscitech.2016.02.016
https://doi.org/10.1007/s10853-017-0969-x
https://doi.org/10.1016/j.compositesa.2016.01.020
https://doi.org/10.1002/pc.750150202
https://doi.org/10.1007/s11595-016-1461-1

	Abstract
	1. Introduction
	1.1. Overview of epoxy resin matrix material for both thermal, mechanical, and tribological applications
	1.2. Effects of inorganic nanofillers on the properties of epoxy matrix nanocomposites for thermal, mechanical, and tribological applications
	1.3. Effects of carbon based nanofillers on the properties of epoxy matrix nanocomposites for thermal, mechanical, and tribological applications
	1.4. Challenges facing epoxy reinforced nanocomposites for mechanical and tribological applications

	2. Conclusion
	Acknowledgments
	Disclosure statement
	Notes on contributors
	ORCID
	References

