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Abstract
Polymers are soft materials with large molecular chains, which are softened during frictional wear, leading to bulk detach-
ment of materials and poor wear resistance in addition to their low mechanical strength and hardness. This study developed 
polypropylene nanocomposites containing hydrothermal assembled graphene and boron nitride (BN@GNs) with good 
mechanical properties and wear resistance. To ensure good dispersion of the nanoparticles in the polypropylene (PP) matrix, 
they were functionalized and preparation of masterbatch using polypropylene maleic anhydride (PPMA) was adopted, while 
the polymer nanocomposites for this study were developed via melt compounding. The addition of the nanoparticles in the 
PP matrix promoted its wear resistance as all the developed nanocomposites showed a low coefficient of friction (CoF). The 
wear rate of the nanocomposites was dramatically reduced to a minimum of 2.05 × 10−4 mm3/Nm for the PP/3wt%BN@GNs 
nanocomposite from around 24.9 × 10−4 mm3/Nm for the pure PP. The nanoindentation test results of the nanocomposites 
also revealed improvement in their nanomechanical characteristics. For instance, PP/3wt%BN@GNs nanocomposite showed 
an ideal increase of about 124% nano-hardness and 65.7% nano-elastic modulus when compared to pure PP. In comparison 
to pure PP, all of the developed nanocomposites displayed lower nano-percentage creep and nanoindenter’s tip penetration 
depth, which suggest greater plastic deformation resistance.
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1  Introduction

Polymers are characterized by their high flexibility, elastic-
ity, chemical resistance, toughness, storage modulus, light-
weight, easy processing, and cost-effectiveness. With the 
rapid development in technology in the areas of aviation, 
aerospace and automobile, high-performance polymers are 
substituting the metallic materials as promising lubricating 

materials for tribological application [1]. Polypropylene (PP) 
is among the most important types of polymers (thermoplas-
tics) used around the world due to their desired properties 
such as toughness, light weight, flexibility etc. [2]. Gener-
ally, polymers are soft materials with large molecular chains, 
which are softened during frictional wear due to poor heat 
management. Hence, this often results in bulk detachment 
of polymer from the bulk material under friction, resulting 
in poor wear resistance of polymers. In addition, the soft-
ness of polymer materials also leads to their low mechanical 
strength and hardness due to the fast and easy mobility of 
their molecular chains on the application of load [3]. How-
ever, the incorporation of nanofillers with the desired prop-
erties is one of the main strategies used by numerous studies 
to address the challenge of mechanical strength, thermal and 
tribological of polymers.

Various classes of nanofillers such as fibres and particu-
lates with different dimensional structures have different 
ways or degrees of enhancing the mechanical properties of 
the polymer matrix. However, particulates-based polymer 
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composites seem to be more common and popular owing to 
their easy fabrication and suitability for the use of common 
techniques in fabrication such as extrusion, compression 
and injection moulding. Recently, the discovery of graphene 
nanosheets (GNs) has provided fresh perspectives to our 
understanding of nanomaterials with significant improve-
ment in the materials in which it is incorporated [4]. GNs 
are planar sheets of sp2-bonded carbon atoms that are one 
atom thick and tightly packed into a two-dimensional hon-
eycomb crystal lattice [5]. To create polymeric materials 
with improved physicochemical features, such as mechani-
cal and tribological properties [6], electrical and thermal 
conductivity, graphene has been combined with different 
polymers [2, 7]. Its significant contribution in promoting 
various polymers’ properties even at very low concentrations 
is made possible by its large aspect ratio, high surface area, 
extremely small size, and hexagonal structure. By including 
GNs in the epoxy matrix, significant improvements in stor-
age modulus, tensile modulus, and flexural modulus com-
pared to pure epoxy have also been reported [8].

On the other hand, ceramic nanofillers are also an effec-
tive reinforcement phase in the enhancement of various 
properties of polymers including mechanical strength, 
hardness, anti-wear, etc. One such ceramic reinforcement 
is boron nitride (BN), which is characterized by its non-
toxicity, wear resistance/lubrication, chemical inertness, 
and good mechanical properties [9]. In a study by Badgayan 
et al. [10], it was demonstrated that 0.1 wt% BN can lower 
the wear volume of high density polyethylene (HDPE) com-
pared to when loaded with 0.1 wt% CNTs. The study further 
illustrated that the hybrid of 0.15 wt% BN and 0.25 wt% 
CNTs could further improve the wear response of the HDPE, 
where about 70% reduction in wear volume was recorded 
due to the lubricating effect of BN and high thermal con-
ductivity of CNTs. Also, Songfeng et al. [11] demonstrated 
the positive effect of BN as a lubricant additive. The study 
overcome the challenge of interlayer interaction that exist 
between individual BN layer via hydroxylation and polydo-
pamine modification, which gave good dispersion of the BN 
in water with improve wear resistance as a lubricant additive. 
Various other studies have used BN and GNs or a combina-
tion of both to promote and incorporate new properties in 
the polymer matrices. For instance, Madarvoni, Sreekanth 
[12] investigated the effect of GNs and BN nanoparticles on 
Kevlar and hybrid fiber-reinforced composites (FRP). Also, 
Jiang et al. [13] investigated functionalized GNs and BN 
synergistic influence on the thermal conductivity of polymer 
composites. They reported that the thermal conductivity of 
the composites reached a maximum enhancement of about 
20% when the mass ratio of GN/BN-OH was 7:3.

Despite the reports on the use of hybrid GNs and BN in 
the improvement of various properties of polymers, limited 
works have been presented on the influence of the hybrid 

GN and BN on the tribological and nanomechanical prop-
erties of PP matrix for advanced engineering applications. 
Therefore, this study utilized these advanced engineer-
ing nanomaterials in developing PP nanocomposites with 
enhanced tribological and nanomechanical properties. This 
study further adopted surface functionalization of the nano-
particles and hydrothermal assembly to attached BN on the 
large surfaces of GNs (BN@GNs) and rapping of the BN@
GNs with polypropylene maleic anhydrate (PPMA) before 
incorporating into the PP matrix via melt compounding. 
This approach promoted the dispersion of the nanoparticles 
in the PP matrix as layer-to-layer interactions of GNs was 
minimized by the presence of BN with significant enhance-
ment in tribological and nanomechanical properties. The 
study showcased that BN@GNs could further enhance the 
tribological and nanomechanical responses of the nanocom-
posites compared to the use of GNs only. This study presents 
a further strategy to improve the properties of polymer mate-
rials for various advanced engineering applications.

2 � Experimental Section

2.1 � Materials

Hexagonal boron nitride (BN) (assay > 99.5%, parti-
cle size < 100  nm, and density of 2.2  g/mL at 25  °C) 
was provided by Hongwu International Group China. 
3-glycidoxypropyltrimethoxysilane (GPTMS) (BP—
120 °C/2mmHg), xylene plus ethylbenzene basis (ACS 
reagent, essay > 98.5%), dopamine hydrochloride (DH) 
(essay > 98%, MW — 189.64, BP — 248–250 °C), poly-
propylene (PP) (density of 0.9 g/mL and a melt index of 
4 g/10min at 230 °C/2.16 kg), polypropylene grafted maleic 
anhydride (PPMA) (0.5%, density of 0.92 g/mL), graphene 
nanosheets (GNs) (C > 95%, O < 3%, diameter — 2–3 μm, 
few nano thickness — 6–8 nm) were purchased from Sigma-
Aldrich, South Africa.

2.2 � Nanocomposites Functionalization 
and Preparation

To improve the interaction and dispersion of GN and BN 
in the PP matrix, the GNs’ surface was modified using 
DH. Typically, 100 mL of distilled water was added to a 
beaker with 5 g of GNs mixed with it. The nanosheets were 
exfoliated by ultrasonically agitating the mixture for 4 h at 
80 °C. To raise the pH of the suspension, 5 mL of ammo-
nia solution was added after 5 g of DH was added to the 
mixture. While the DH was self-polymerized into polydo-
pamine (PDA) in the presence of the GNs, the solution was 
left under ultrasonication for 10 h at 80 °C. The modified 
GNs were repeatedly rinsed to eliminate unpolymerized DH 
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after the process. On the other hand, GPTMS was used to 
modify the surface of BN. Using an ultrasonicator at 80 °C 
for 4 h, a hydrothermal technique was used to exfoliate the 
BN. A certain amount of BN was added to a beaker con-
taining xylene with a slow addition of 100 mL of GPTMS. 
While the reaction took place, the mixture was ultrasonically 
treated for 10 h at 80 °C. The resultant surface-modified BN 
was then rinsed with distilled water after the procedure. In 
distilled water, functionalized GNs and BN were combined 
at a ratio of 3 wt%GNs to 15 wt%BN. For the hydrothermal 
assembly process to properly disperse the nanoparticles, the 
mixture was ultrasonically agitated for 4 h at 80 °C. The 
mixture was then covered with aluminum foil and kept in an 
oven for 10 h at 140 °C. The GNs and BN nanosheets were 
able to interpenetrate for the entire process. In this study, 
the attached BN onto GNs through this process is referred 
to as BN@GNs.

2.3 � Nanocomposites Fabrication

PPMA compatibilizer and the nanoparticles were first used 
to make the masterbatch, which also helped to improve their 
compatibility and physical interaction with the PP matrix. 
8%wt PPMA was dissolved in xylene at 140 °C for 30 min. 
The dissolved PPMA was then added to a beaker with a 
certain quantity of redispersed nanoparticles in xylene. The 
mixture was stirred for an hour before being transferred to 
a ceramic plate and dried at 80 °C in an oven to create a 
PPMA/nanoparticles masterbatch. To prepare the nano-
composites, the masterbatch was combined with the pure 
PP using HAAK rheomixer 600 OS via melt compounding 
technique. Typically, the masterbatch and the pure PP were 
introduced to the HAAK rheomixer at 190 °C and 100 rpm 
and mixed for 10 min. The resulting nanocomposites were 
granulated and hot pressed using a carver presser at 200 °C 
and 10 MPa for 10 min. For each of the nanocomposites 
developed for this investigation, these steps were repeated. 
Various nanocomposites were developed with different 
wt% of the nanoparticles in the PP matrix, which include 
the pure PP, PP/1wt%GNs, PP/3wt%GNs PP/15wt%BN, 
PP/1wt%5BN@GN and PP/3wt%BN@GNs.

2.4 � Evaluation of Materials Properties

Using thermogravimetric analysis (TGA) (TA instrument 
Q500) the successful functionalization of the nanoparticles 
was determined in a nitrogen environment at a heating rate 
of 10 °C/min. Using an X-ray diffractometer (XRD) (X’pert 
PRO PANalytical) with Cu Kα radiation and a scanning 
speed of 5°/min, x-ray diffraction patterns of the powder 
nanoparticles and bulk nanocomposites were examined. 
The microstructural analysis of the nanoparticles was per-
formed using a transmission electron microscope (TEM) 

(JEM-2100) at an acceleration voltage of 200 kV and a beam 
current of 110 µA., The morphologically and microstructur-
ally study of the nanocomposites was done using a scanning 
electron microscope (SEM) (VEGA 3 TESCAN) at an accel-
eration voltage of 20 kV. The ASTM G99-95 standard was 
followed using a tribometer (Anton Paar, TRB3) to analyze 
the wear behaviors of the nanocomposites. A pin-on-disc 
dry sliding rotating mode was employed at an applied load 
of 20 N and a speed of 300 rpm for 15 min. A stainless-steel 
ball with a radius of 0.3 cm and a roughness of 0.03 μm 
was used as the counterface. Friction coefficient measure-
ments were made for the nanocomposites. The wear rate (Wr 
[mm3/Nm]) was measured using a profilometer (Surtronic 
S128) coupled to the tribometer. Nanoindenter (Anton Paar, 
NHT) was used to determine the nanomechanical features of 
the nanocomposites in compliance with ASTM D785 stand-
ard. 200 mN load was applied at 20 s penetration, holding 
and retracting time each. Five to ten tests were performed 
on each sample and the average results are presented. The 
nanocomposites’ hardness (MPa), elastic modulus (GPa), 
creep (%) and deformation profile were determined.

3 � Results and Discussion

3.1 � TGA and XRD Analyses

Figure  1 represents the TGA result of the pristine and 
functionalized nanoparticles. It was observed that pristine 
nanoparticles of GNs and BN have more thermal stability 
compared to their functionalized counterparts (see Fig. 1a). 
This deviation is noted to have resulted from the attach-
ment of organic functional groups during functionalization, 
which reduces their thermal stability. GNs showed a constant 
thermal stability up to 363 °C, the wt% material’s loss at 
this temperature is attributed to thermal decomposition of 
oxygen content in GNs. At a temperature of 900 °C, GNs 
experienced the least thermal stability with a wt% loss of 
about 10%, this reveals good thermal stability of GNs as 
reported in other studies [14, 15]. For fGNs, wt% loss started 
at 82 °C representing the decomposition of water absorbed 
during functionalization. The second decomposition stage 
occurred at 160 °C which is due to oxygen from functional 
groups bonded or reacted with water. Another major weight 
loss was seen between 700 and 900 °C, this decomposi-
tion is attributed to the pyrolytic decomposition of carbon. 
The highest decomposition is experienced at 900 °C where 
the fGNs has decomposed with a wt% loss of 36%. BN on 
the other hand showed good thermal stability up to 900 °C 
with about 1.5% wt% only. This good thermal stability of 
BN has been recorded by other researchers [16, 17]. How-
ever, fBN showed a drastic decomposition when compared 
to BN with major decompositions occurring from 50 to 
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600 °C as presented in Fig. 1b. The decomposition from 
50 to 400 °C is due to remnant water, solvent and oxygen 
functional groups. At 400–600 °C, the wt% loss resulted 
from the decomposition of Si–O–Si and Si–O–BN. Between 
600 and 900 °C, thermal stability is maintained for fBN as 
shown in Fig. 1b.

The nanoparticles’ and polymer nanocomposites’ dif-
fraction patterns are shown in Fig. 2. Graphene has a very 
high diffraction peak at 2θ = 26.4°, which corresponds to 
the crystal plane of (002) as shown in Fig. 2a. This diffrac-
tion peak is the graphitic peak of GNs [18, 19]. In addition, 
diffraction peaks corresponding to (100) and (004) crystal 
planes were also present, which occurred at 2θ = 44.3° and 
54.5° respectively. On the other hand, BN showed diffrac-
tion peaks for hexagonal BN at 2θ = 26.5°, 41.4° and 75.8°. 
These peaks accordingly represent the crystal planes of 
(002), (100) and (104). For the pure PP, typical diffraction 
peaks are displayed at 2θ = 18.6°, 21.2°, 22.4°, 27.8° and 
41.2°, which represent (110), (040), (130), (111) and (060) 
crystal plane [20, 21] as shown in Fig. 2b. However, the 

nanocomposites showed only the diffraction peaks corre-
sponding to the PP matrix and GNs/BN nanoparticles, which 
demonstrate successful incorporation of the nanoparticles in 
the PP matrix. Hence, no additional diffraction peaks other 
than those belonging to the nanoparticles were observed, 
indicating that no new phase was formed in the nanocom-
posites. In addition to the narrowing of the PP broad peaks 
by the inclusion of the GNs and BN nanoparticles suggested 
strong compatibility and interaction between the nanoparti-
cles and the matrix.

3.2 � Microstructural Investigation

TEM images of the nanoparticles are shown in Fig. 3. The 
TEM image revealed the successful attachment of BN 
onto GNs (BN@GNs) as well as the microstructures of 
the nanoparticles. 2D large in-plane GNs microstructure 
with smooth surfaces can be seen in Fig. 3a. Figure 3b 
shows a 2D plate-like image of BN microstructure. Fig-
ure 3c shows the incorporation of BN onto GNs (BN@

Fig. 1   TGA Curves of a GNs, 
fGNs and b BN, fBN nanopar-
ticles

Fig. 2   XRD diffraction patterns 
of a nanoparticles and b nano-
composites
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GNs), which was achieved through hydrothermal assem-
bly of the nanoparticles. The hydrothermal assembly and 
interpenetration of GNs and BN could result in a 3D struc-
ture. BN@GNs had better dispersion, interlocking, and 
wettability with PP matrix due to the minimized layers-
to-layers interaction of the GNs caused by the presence of 
BN nanoparticles. This successful interpenetration led to 
an increase in the anti-wear and nanomechanical proper-
ties of PP nanocomposites.

Figure 4 shows the SEM images of the pure PP and 
its nanocomposites. The pure PP showed a smooth sur-
face due to the absence of external content as presented in 
Fig. 4a. PP/15wt%BN nanocomposite revealed relatively 
homogeneous morphology with no significant aggloma-
ration of BN in the PP matrix. This can be credited to 
the surface functionalization of the nanoparticles, which 
aided in promoting interfacial bonding between the matrix 
and the BN nanoparticles. For nanocomposites contain-
ing 1wt%GNs and 3wt%GNs as shown in Fig. 4c and d 
respectivley, there was also relatively good dispersion in 
the polymer matrix. Earlier reports have shown improve-
ment in the dispersion of GNs in polymer matrix when 
functionalized [22]. However, the homogeneous micro-
structure was more pronounced for PP/BN@GNs nano-
composites compared to their counterparts. As earlier 
stated, the layer-to-layer interactions of GNs in polymer 
matrix were reduced by the hydrothermal assembly of 
BN onto GNs (BN@GNs). The resultant SEM images for 
PP/1wt%BN@GNs and PP/3wt%BN@GNs are shown in 
Fig. 4. With BN presence, the PP/BN@GNs nanocompos-
ites showed dense microstructure with good dispersion of 
nanoparticles. As reported in other literature, the func-
tionalization of nanoparticles [23] and mixing with PPMA 
[24] helped in improving the interrelationship of polymer 
nanocomposites’ constituents. Also, Cui et al. [25] has 
previouly demostrated that grafting of PPMA onto BN can 
improve its dispersion with promoted mechnaical proper-
ties. This had a significant influence on the improvement 
of the tribological and nanomechanical properties of poly-
mer nanocomposites.

3.3 � Wear Behaviour of the Nanocomposites

The wear rates (WR) of the nanocomposites are represented 
in Fig. 5a. Significantly, all the nanocomposites showed 
improved WR compared to the pure PP. This is account-
able for the strengthening and hardening of the polymer 
matrix against detachment during the wear test. This was 
achieved through the formed network configurations in the 
matrix and efficient load transfer from the matrix to the 
nanoparticles, which have good capability to bear the load. 
The WR decreased from 24.9 × 10−4 mm3/Nm for the pure 
PP to 2.05 × 10−4 mm3/Nm for PP/3wt%BN@GNs, which 
is about a 91% reduction in the WR when compared with 
the pure PP. The significant enhancement in the anti-wear 
behaviour of the PP/BN@GNs-based nanocomposites is 
due to the presence of BN, which naturally has a good 
wear resistance in conjunction with good load bearing of 
GNs. PP/GNs nanocomposites also showed reduced wear 
resistance when compared to pure PP, however, the WR 
reduction was more pronounced for their PP/BN@GNs 
counterparts The good wear resistance obtained for the 
nanocomposites could be attributed to the formation of 
network structures in the PP matrix through interpenetra-
tion of the nanoparticles [26] and their good synergetic 
effect [22]. However, the PP15wt%BN nanocomposites 
showed high WR compared to other nanocomposites. This 
indicates that more synergy was obtained between GNs 
and BN in optimal enhancement of the anti-wear property 
of PP/BN@GNs nanocomposites. The solution blending 
of the functionalized nanoparticles with the PPMA facil-
itated their interactions with the PP matrix as revealed 
by the SEM images, which contributed to the enhanced 
anti-wear behaviours. It has been previously shown by 
Chand, Dwivedi [27], that PPMA can enhance the wear 
response of PP composites reinforced with chopped Jute 
fibres. Therefore, the promoted bonding and dispersion 
of the nanoparticles in the PP matrix was a necessity for 
efficient load transfer, uniform distribution of load among 
the nanoparticles in the matrix, and enhanced wear resist-
ance of the nanocomposites [28].

Fig. 3   TEM micrographs of 
a GNs b BN and c BN@GNs 
nanoparticles
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The coefficient of friction (CoF) of the nanocom-
posites after the wear test is presented in Fig. 5b. All 
the nanocomposites showed lower CoF compared to the 
pure PP. As the friction between the samples and the 
counterface proceeds, the CoF increases due to abrasive 
wear. The CoF remained relatively stable or with a slight 
increase as the frictional test went beyond 200 s due to 
adhesion wear. Adhesive wear is the wear mechanism that 
involves the transfer of film from the bulk material under 
test to the sliding counterface. This prevents direct con-
tact between the materials and the sliding counterface 
[29]. Hence, it reduces the CoF and detachment of mate-
rials as the wear proceeds. However, to achieve this, the 
transferred film must be thin, uniformly cover the slid-
ing counterface, and strongly adhere to the counterface 
without peeling off easily [30]. The reduced CoF of the 
nanocomposites can be attributed to the above-mentioned 

features, which could not be achieved with the pure PP. 
Various studies have also reported enhanced wear resist-
ance of GNs-based nanocomposites [22, 29]. In this study, 
the attachment of BN onto GNs surfaces still maintained 
relatively low CoF, indicating a good synergetic effect 
between the nanoparticles [31]. The pure PP revealed 
higher CoF at all sliding times. The low CoF of the nano-
composites can be credited to the quick dissipation of 
frictional generated heat from the bulk materials due to 
the formation of conductive network configurations in 
the matrix by the nanoparticles. It has been previously 
demonstrated that high thermal properties materials have 
good anti-wear behaviours [32]. This is due to their abil-
ity to dissipate frictional heat that would have softened 
the polymer and resulted in a large detachment of mate-
rials [10]. The nanocomposites showed smaller wear 
grooves and lesser peeled transferred film on their wear 

Fig. 4   SEM Micrographs of the 
nanocomposites Pure PP PP/15wt%BN

PP/3wt%GNsPP/1wt%GNs

PP/1wt%BN@GNs PP/3wt%BN@GNs

GNs GNs

GNs

BN@GNs

BN

BN@GNs
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tracks compared to the pure PP as presented in Fig. 6. 
This can be attributed to their quick heat dissipation and 
low softening of the samples. This also suggests the rea-
son for their enhanced wear resistance.

3.4 � Nanomechanical Properties

Figure 7 represents the nano-hardness (nH) and nano-elastic 
modulus (nEM) of the nanocomposites. All the nanocom-
posites showed improved nH when placed side by side with 
the pure PP as displayed in Fig. 7a. The nH increased from 
79.4 MPa for the pure PP to an optimal of about 177.9 MPa 
for PP/3wt%BN@GNs and a minimum of 130.2 MPa for 
PP/1wt%GNs. These are about 124% and 64% increases for 
the former and latter nanocomposites respectively compared 
to the pure PP. This is an indication of higher resistance to 
the penetration of the nanoindenter’s tip on the nanocom-
posites compared to the pure PP. It can also be noted that 
PP/1wt%BN@GNs has lower hardness value compared to 
other nanocomposites except PP/1wt%GNs, while the same 
nanocomposite has significantly low wear rate (Fig. 5a). 
Although materials with low hardness are expected to have 
high wear rate, elastic modulus also has significant role on 
the wear response of materials which PP/1wt%BN@GNs 
has appreciable nEM. For instance, assessment of rigidity 
and plastic deformation resistance of materials, as per the 
theory of fracture mechanics, relies on important parameters 
such as the ratio of hardness to elastic modulus [33], which 
is useful in the estimation of wear behaviours of wide range 
of materials [34]. It can be inferred that materials possess-
ing high hardness will exhibit elevated levels of wear resist-
ance. Nevertheless, achieving a balance between hardness 
and elastic modulus can result in more enhanced resistance 
to wear.

Since in most cases, an increase in nH often results in to 
increase in nEM, the nanocomposites also showed higher 
nEM compared to the pure PP as shown in Fig. 7b. The 
nEM revealed increment as the GNs content increased from 
1 to 3 wt% due to the network structural hardening of the 
PP matrix by the GNs. However, the PP/15wt%BN showed a 
drop in the nEM, which can be attributed to lesser hardening 
and interlocking of the PP matrix since the BN has a lower 

Fig. 5   a Wear rate and b Coefficient of friction of the nanocomposites

Fig. 6   Wear Scar on the nano-
composites Pure PP PP/1wt%GNs

PP/3wt%GNs

PP/15wt%BN

PP/1wt%BN@GNs PP/3wt%BN@BNs

50 µm 50 µm 50 µm

50 µm 50 µm50 µm
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aspect ratio compared to GNs, leading to low deformation 
resistance of the nanocomposite. On the other hand, the 
nEM increased from 1.66 GPa for the pure PP to an optimal 
of 2.75 GPa for PP/3wt%BN@GNs nanocomposite, which 
is about 65.7% increment. Although all the nanocomposites 
showed significant enhancement in the nH and nEM com-
pared to pure PP, it was more pronounced for the nanocom-
posite containing 3BN@GNs. The results indicate that on 
application of load, the sliding of PP chains was restricted 
and minimized by the nanoparticles in the matrix through 
mechanical interlocking of the PP chains [35]. Hence, the 
controlled PP chains’ mobility in a restricted manner by the 
nanoparticles (not allowing the adjacent PP chains to move 
easily) enhanced the resistance to nanoindentation and plas-
tic deformation of the resultant nanocomposites.

It is worth mentioning that the rough surfaces of BN@
GNs as revealed by the TEM image in Fig. 3c facilitated 
the interlocking of the PP chains, where the presence of the 
BN served as intermediate layers for effective load trans-
mission. This was deduced from the observation that the 
nanocomposites containing BN@GNs gave higher values of 
nH and nEM at similar concentrations with that containing 
GNs only. Generally, the enhanced nH and nEM can also be 

accounted for the following reasons; (i) surface functionali-
ties of the nanoparticles, which facilitated their distribution 
in the matrix [23], (ii) solution mixing to melt compounding 
route employed in the fabrication process [36], (iii) the use 
of PPMA, which introduced polar groups in the nanocom-
posites and enhanced adhesion with their constituents [24], 
(iv) formation of network structure, which improved the nH 
and nEM of the nanocomposites through network structural 
hardening [37] and (v) the good synergy effect among the 
nanoparticles as this has been previously reported in enhanc-
ing properties of polymers [38].

Figure 8a shows that all the nanocomposites have lower 
nano-percentage creep (nPC) relative to that of the pure PP. 
This is because the chains of the pure PP were fast-moving 
or deforming at the constant applied 200 mN load for 20 s. 
On the other hand, the PP chains in the nanocomposites 
were slowly moving at similar conditions. This is due to the 
restrained mobility of the PP chains by the presence of the 
nanoparticles in the matrix. This resulted in the impediment 
of the PP chains through network structural hardening. The 
enhanced nPC of the nanocomposites was more noticeable 
for PP/3BN@GNs, indicating better PP chains interlocking 
compared to other nanocomposites. This can be confirmed 
by the relatively uniform and dense microstructure of the 
nanocomposite as presented in Fig. 4f. Hence, the PP matrix 

Fig. 7   a Nano-hardness and b nano-elastic modulus of the nanocom-
posites

Fig. 8   a  Nano-percentage creep and b  deformation profile of the 
nanocomposites
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was efficiently network hardened by the addition of the BN@
GNs nanoparticles [37]. The loading-unloading curves of 
the nanocomposites are shown in Fig. 8b. The figure shows 
that the curves for all the nanocomposites shifted to the left 
compared to that of the pure PP, indicating a reduction in 
the penetration depth as the applied load was increasing. 
The reduction in the penetration depth simply means more 
resistance or difficulty faced by the nanoindenter’s tip in 
penetration into the nanocomposites compared to the pure 
PP. It means that the nanoparticles in the PP matrix did not 
allow the PP chains to move easily while the nanoindenter’s 
tip was trying to penetrate. This gave the nanocomposites 
higher stiffness relative to the pure PP through mechanical 
interlocking of the PP chains and their restricted mobility 
or sliding [35]. The restricted polymer chains against move-
ment and interfacial sliding are the ideas for enhancing the 
mechanical properties of polymers using hard reinforcing 
fillers, since they are not melted to form hard phases as in the 
case of most metallic alloys. On the removal of the applied 
load between 40 and 60 s, the samples tend to restore their 
original shapes as the penetration depth decreases in that 
region. From the figure. the penetration depth at 60 s is taken 
as the final penetration depth (Df), while the maximum pen-
etration depth (Dm) is taken at 40 s. The figure shows that 
the lowest Dm and Df were recorded for PP/BN@GNs group 
nanocomposites. This agrees with the large nH and nEM of 
the nanocomposites.

4 � Conclusion

The GNs and BN nanoparticles used in this study were first 
surface functionalized to enhance wettability with each 
other and good interaction with the PP matrix. The BN was 
attached to GNs via the hydrothermal assembly method, 
where the layer-structured BN was stacked on the surfaces 
of the large in-plane dimensioned GNs. This was revealed 
by the TEM micrographs. The developed nanocomposites 
showed reasonable dispersion and good interaction with 
the PP matrix. The addition of the nanoparticles in the PP 
matrix promoted its wear resistance. All the developed nano-
composites showed low coefficient of friction (CoF). The 
wear rate of the nanocomposites was significantly reduced 
from about 24.9 10−4 mm3/mN for the pure PP to a mini-
mum of about 2.05 × 10−4 mm3/Nm for PP/3wt%BN@GNs 
nanocomposite. This is about 91.7% reduction for the nano-
composite relative to the pure PP. The resistance to plastic 
deformation of the nanocomposites than the pure PP contrib-
uted to their enhanced wear resistance. The nanomechanical 
properties of the nanocomposites obtained from the nanoin-
dentation test showed enhancement. For instance, an optimal 
of about 124% increase in the nH and 65.7% in the nEM 
were recorded compared to the pure PP. All the developed 

nanocomposites showed lower nPC and nanoindenter’s tip 
penetration depth than the pure PP, which indicates higher 
resistance to plastic deformation.
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