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Abstract 
In recent years, there has been increased attention to incorporating hybrid filler in
polymer matrices to enhance the properties for various applications. In this work,
hybrid fillers of hexagonal boron nitride (h-BN) nanosheets and silica (SiO2) 
nanoparticles are incorporated in a polypropylene (PP) matrix using the melt
mixing method. This study is focused on the rheological, thermal, mechanical and
tribological behaviour of hybrid filler-reinforced PP-based nanocomposites. The 
incorporation of hybrid filler in the PP matrix shows an increase in viscosity
compared to individual filler-reinforced PP due to the finer dispersion of hybrid 
filler in the PP matrix. The degree of crystallinity, tensile properties and thermal 
stability are the highest for the hybrid filler-reinforced PP-based nanocomposite.
The increase in tensile modulus and tensile strength are 25 and 1 %, respectively. 
The wear is the lowest for the hybrid filler-reinforced PP-based nanocomposite. 

 
1. Introduction 

Polypropylene (PP) is a mass-produced 
thermoplastic widely used in industry [1-6]. Thus, 
PP is an attractive choice as a matrix material for 
composites. Additionally, PP can be easily recycled 
by melt compounding [7]. In the literature, PP is 
reinforced with many types of fillers to improve 
processability and tailor the properties for many 
applications. The filler materials added to the PP 
matrix were carbon black, halloysite nanotubes, 
carbon nanotubes, graphene, etc. [3-6]. The 
addition of these filler materials in PP revealed an 
improvement in mechanical properties. These filler 
material selections depended on the intended 
application's property requirements and cost 
considerations. In recent years, the use of hybrid 
fillers in polymer matrices has been a focus of 
research in the scientific community. The 
advantage of using hybrid fillers is that the different 
filler materials have various properties and shapes. 

Hexagonal boron nitride (h-BN) nanosheets 
were used by many researchers as reinforcement 
in polymer matrices [8-10]. The main advantage of 
using h-BN nanosheets as a reinforcing material is 
their high modulus of elasticity and layered 
structure with lubricating properties. Kong et al. 
[11] modified the h-BN nanosheets with alkyl 
grafting, and their incorporation in the PP matrix 
increased the modulus of elasticity by 17 %. 
Muratov et al. [12] showed a 29 % increase in 
thermal conductivity by incorporation of h-BN 
nanosheets in the PP matrix. 

Many researchers have studied silica (SiO2) 
nanoparticles as reinforcement for polymer 
matrices [13-15]. Silica, being spherical in shape and 
high in hardness, is attractive for researchers as a 
reinforcing filler due to its low cost and availability. 
García et al. [15] have incorporated 4.5 wt. % silica 
in a PP matrix, resulting in a 33 % enhancement in 
modulus of elasticity. Palza et al. [16] have shown 
that spherical silica is a better-reinforcing filler for 
PP than layered silica. 

Many researchers also studied the hybrid filler-
reinforced PP-based composites. Sinha et al. [8] used 
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graphene and titanium dioxide as a hybrid filler in 
a PP matrix to improve the mechanical properties. 
Graphene was the most significant parameter, 
followed by titanium dioxide, for enhancing the PP 
properties. Kufel et al. [17] used basalt and glass 
fibre in a PP matrix to improve tensile strength and 
tensile modulus by 306 and 333 %, respectively. 
Nurdina et al. [18] studied the combination of 
calcium carbonate, mica and silica in a PP matrix, 
which improved tensile modulus by 38 % when 40 
vol. % filler was added. Hartikainen et al. [19] studied 
the orientation effect and fracture behaviour of 
glass fibre and calcium carbonate particulate filler-
reinforced PP-based composites. Hayajneh et al. 
[20] used eggshell and lemon leaves as a filler in PP 
to improve the tensile modulus by 23 % when 10 
wt. % filler was added. Watt et al. [21] processed 
biocarbon and graphene nanoplatelet-reinforced 
PP-based nanocomposites for mechanical and 
thermal properties enhancement. Biocarbon 
uniform dispersion, resisting graphene from 
aggregates in the PP matrix, was responsible for 
the enhancement of mechanical properties. 

In this work, hexagonal boron nitride (h-BN) 
nanosheets and silica (SiO2) nanoparticles are used 
as hybrid nanofillers. The h-BN nanosheets are 
lubricating materials and their dispersion in the PP 
matrix can influence the tribological properties. On 
the other hand, silica is a hard material and its 
incorporation in the PP matrix can influence the 
mechanical properties. Thus, the hybrid filler was 
incorporated into the PP matrix and studied for its 
influence on the mechanical, thermal, rheological 
and tribological behaviour. In addition, 
polypropylene grafted maleic anhydride (PP-G-MA) 
was used. The melt mixing method for processing 
nanocomposites was used since it is of industrial 
importance. 
 
2. Experimentation 
 
2.1 Materials 

The micron-size h-BN powder was procured 
from Momentive Performance Materials, India. It 
has a mean particle size of 5 µm and a specific 
surface area of 30 m2/g. Silica nanoparticles were 
procured from Fiber Region, India and had an 
average diameter of 70 nm. PP (Repol H110MA) 
was procured from Reliance Industries, India 
having a melt flow rate of 11 g/10 min at 2.16 kg 
and 230 °C. The compatibilizer (PP-G-MA) with a 
melt flow rate of 15 g/10 min at 2.16 kg and 230 °C 
was procured from Plus Polymer, India. 

2.2 Processing 

The h-BN nanosheets were processed using the 
following procedure. The 3 g of h-BN powder was 
heated in a tube furnace at 1000 °C for 1 hour in 
an air atmosphere. Upon cooling, the powder was 
mixed with 750 ml of deionised water under 
continuous stirring on a magnetic stirrer for 1 
hour. Further, sonication was done for 2 hours. 
Thereafter, the solution was centrifuged and 
washed repeatedly with distilled water to reach a 
pH 7 value. The washed h-BN nanosheets were 
dried in a vacuum oven at 80 °C for 6 hours to 
obtain h-BN nanosheets. 

The neat PP and PP-based nanocomposites 
have been processed using a twin screw extruder 
followed by pelletization. The extruder was 
operated in temperature zones of 165 – 210 –
 230 °C, with exit nozzle temperature maintained 
at 230 °C and screw speed of 90 rpm. The injection 
moulded was done with a pressure of 1 MPa, 
which was used to push the material inside the die 
cavity to obtain the test specimens. The injection 
moulding die was maintained at 230 °C. The 
obtained sample from injection moulding was as 
per ASTM D638, Type IV. The PP and PP-based 
nanocomposites were vacuum-dried at 80 °C. 

The concentration of silica nanoparticles, h-BN 
nanosheets and their hybrid was 1 wt. %. The ratio 
of hybrid filler SiO2 : h-BN was 1 : 1, which means 
0.5 wt. % h-BN nanosheets and 0.5 wt. % SiO2 
nanoparticles dispersed in the PP matrix. The 
material designation is done based on the 
composition (PP is polypropylene, GM is PP-G-MA, 
Si is silica nanoparticles and hBN is h-BN 
nanosheets) as follows: PP for neat PP sample, 
PPGMSi for PP/Si nanocomposite, PPGMhBN for 
PP/hBN nanocomposite and PPGMhBNSi for 
PP/Si/hBN nanocomposite. 
 
2.3 Characterisation 

The h-BN nanosheets were characterised using 
X-ray diffraction (XRD) and transmission electron 
microscopy (TEM). The XRD was done with a 
Malvern Panalytical Empyrean diffractometer, 
using Cu Kα radiation with a wavelength of 1.54 Å 
and a scanning range of 5 – 90°. The TEM was done 
with a FEI Tecnai G2 F30 transmission electron 
microscope. 

Scanning electron microscopy (SEM) was done 
on silica nanoparticles with a Carl Zeiss Supra 55 
scanning electron microscope. Cryofracture of PP-
based nanocomposites was done to have a brittle 
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fracture and locate the nanoparticles dispersed in 
the matrix by SEM. In addition, XRD and SEM of PP 
and PP-based nanocomposites were done.  

Rheological characterisation was performed 
with an Anton Parr MCR 102 modular compact 
rheometer in a steady-state shear mode at 230 °C 
with a shear rate of 0.1 – 100 s–1. 

Differential scanning calorimetry (DSC) studies 
were done on a PerkinElmer STA 8000 thermal 
analyser. For a 5 to 15 mg sample, a heating-
cooling-heating cycle was performed in a range of 
30 – 230 °C at 10 °C/min under a nitrogen 
atmosphere. The degree of crystallinity was 
obtained from the ratio of the melting enthalpy of 
the sample and the melting enthalpy of 100 % 
crystalline PP, i.e. 207 J/g [3,4]. The 
thermogravimetric analysis (TGA) studies were done 
on PerkinElmer STA 8000 thermal analyser, in the 
heating cycle range of 30 – 900 °C at 20 °C/min in a 
nitrogen atmosphere. Two samples were tested for 
each material during DSC and TGA studies. 

Tensile testing was done as per ASTM D638 
using a Tinius Olsen H10KL universal testing 
machine at a crosshead speed of 5 mm/min. Five 
samples were tested for each material during 
tensile testing. 

Tribological studies were done using a Ducom 
TR-20LE pin-on-disc tribometer at a disc speed of 
200 rpm, applied normal load of 40 N and time of 1 
hour. Pins were square samples of 10 × 10 mm and 
4 mm thickness. Counter-body (disc) material was 
EN31 steel alloy, having a hardness of 65 HRC. The 
calculated sliding speed was 1.2 m/s. Friction force 
and thickness of worn material (wear thickness) 
were measured continuously with time. Three 
samples were tested for each material during 
tribological testing. 
 
3. Results and discussion 
 
3.1 Filler characterisation 

Figure 1a shows the TEM image of h-BN 
nanosheets. It shows the h-BN nanosheets of 
varying sizes, between 100 – 500 nm. XRD was 
done to characterise the crystal structure of h-BN 
nanosheets (Fig. 1b). A sharp peak at 26.7° for (002) 
is seen in XRD spectra, confirming the hexagonal 
structure of h-BN nanosheets. Additionally, a peak 
at 41.8, 55 and 75.8°, which corresponds to (100), 
(004) and (110) planes of h-BN nanosheets, 
respectively, were noticed [22]. Figure 2 shows the 
SEM image of silica nanoparticles. The silica 
nanoparticles were spherical. 

 

 
Figure 1. Characterisation of h-BN nanosheets: (a) 

TEM image and (b) XRD spectra 

 
Figure 2. SEM image of spherical shape silica 

nanoparticles 
 
3.2 Rheological characterisation 

To understand the influence of filler addition on 
PP matrix flow behaviour, rheological studies were 

 

(a)

(b)
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done on PP and PP/hBN, PP/Si and PP/hBNSi 
nanocomposites. Figure 3 is a plot of steady-state 
rotational viscosity vs. shear rate of tested 
materials. From the viscosity curve of PP and PP-
based nanocomposites, it could be noticed that 
they exhibit Newtonian behaviour at low shear 
rates. A shear thinning region is noticed at higher 
shear rates, depicting a decrease in viscosity. 

 
Figure 3. Steady-state rheology of PP and PP-based 

nanocomposites 

The addition of 1 wt. % of silica in the PP 
matrix shows an increase in viscosity in the 
Newtonian plateau and shear thinning region. 
Since silica nanoparticles possess a high surface 
area, their dispersion in the PP matrix enhances 
the flow resistance of PP chains. For a PP/hBN 
nanocomposite, the viscosity values in the 
Newtonian plateau and shear thinning region are 
lower than those of the PP/Si nanocomposite but 
higher than those of the neat PP. As h-BN has a 
layered structure, the slip of the h-BN nanosheets 
in the PP matrix under rotational shear 
contributes to the noticed decrease in viscosity 
values in comparison with PP/Si nanocomposite. 
It is noticed that the viscosity curve of PP/hBNSi 
nanocomposite shows the highest increase in 
viscosity in the Newtonian plateau and shear 
thinning region. The possible reason is that the 
concentration of h-BN nanosheets is lower in the 
PP matrix and along with better dispersion of 
silica in the PP matrix, it facilitates the restriction 
of slip of h-BN nanosheets and PP chains [22]. 

To understand the relationship between the 
deformation of the polymer chains and their 
resistance to flow under stress, the power-law 
model can be fitted. The power-law model was 
applied to understand the flow behaviour of PP 

and PP-based nanocomposites. The power-law 
model is written as follows [23]. 

  
n 1–=η Kγ , (1) 

where η is apparent viscosity in Pa s, K is flow 
consistency index in Pa sn, γ is shear rate in s–1 and 
n is flow behaviour index. 

The power-law model shows a direct 
relationship between viscosity and shear rate. The 
constants in the equation n and K can be 
determined by analysing the slope and intercept of 
the data, respectively. 

Table 1 presents calculated flow behaviour 
index (n) and apparent viscosity (η) for each 
material at a specific shear rate. All materials exhibit 
a flow behaviour index of less than 1, indicating 
that they behave as pseudoplastic fluids. The PP 
shows a viscosity of 1.8 × 105 Pa s at a shear rate of 
10 s–1, with n value of 0.61. The addition of silica in 
the PP matrix induces a decrease in n value to 0.55, 
with the viscosity value increasing to 4.4 × 105 Pa s 
at the same shear rate. The decreased n value for 
PP/Si nanocomposite indicates an improvement in 
processability. Introducing 1 wt. % h-BN in the PP 
matrix results in a decreased n value to 0.6, and a 
viscosity value increased to 3.4 × 105 Pa s at the 
shear rate of 10 s–1, also indicating improved 
processability. Furthermore, the addition of h-BN 
and silica to PP increased the n value to 0.74 and 
viscosity to 5.9 × 105 Pa s at a shear rate of 10 s–1. 
The increase in n value depicts the synergistic 
effect of hybrid filler components in reducing the 
PP chain mobility. The increased viscosity can be 
used as a measure of the dispersion state of hybrid 
filler in the polymer matrix. 

Table 1. Flow behaviour index and apparent viscosity 
of PP and PP-based nanocomposites 

Material 
Apparent 

viscosity at 
1 s–1, Pas 

Apparent 
viscosity at 
10 s–1, Pas 

Flow 
behaviour 

index 
PP 1.0 × 105 1.8 × 105 0.61 
PPGMSi 7.3 × 105 4.4 × 105 0.55 
PPGMhBN 5.4 × 105 3.4 × 105 0.60 
PPGMhBNSi 9.2 × 105 5.9 × 105 0.74 

 
3.3 SEM characterisation of cryofractured samples 

Figure 4 shows the SEM images of cryofractured 
PP/hBN and PP/hBN/Si nanocomposites. Figure 4a 
shows the fibril formation due to the localised 
deformation of PP chains in the presence of h-BN 
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nanosheets. Sharp and curved fibril edges reveal 
the presence of h-BN nanosheets in the PP matrix. 
Figure 4b shows the PP/hBN/Si nanocomposite 
and the presence of encircled spherical silica with 
parallel edges, revealing the presence of the h-BN 
nanosheets. 

 

 
Figure 4. SEM images of cryofractured 

nanocomposites: (a) PP/hBN and (b) PP/hBN/Si 
 
3.4 XRD characterisation 

Figure 5 shows the XRD spectra of PP and PP-
based nanocomposites. The XRD spectra of PP 
shows five peaks at 2θ equal to 13.86, 16.68, 
18.27, 21.55 and 25.21°. This is corresponding to 
(110), (040), (130), (131) and (060) crystallographic 
planes of the α-crystal form of PP. In addition, a β-
crystal form (300) plane at 2θ = 15.7° is noticed for 
PP. The addition of silica in PP shows that the XRD 
spectra have the α-crystal form of PP. Similarly, the 
addition of h-BN nanosheets in PP shows that the 
XRD spectra have the α-crystal form of PP. 
However, the intensity of the (040) peak is higher 
than the (110) peak, confirming the h-BN facilitates 
the formation of PP crystal along the (040) plane. 
An additional peak at 2θ = 26.6° for the (002) 
crystallographic plane of h-BN nanosheets is 

observed in XRD spectra of PP/hBN and PP/hBN/Si 
nanocomposites. This confirms the presence of 
multilayer h-BN nanosheets in the PP matrix. 

 
Figure 5. XRD spectra of PP and PP-based 

nanocomposites 
 
3.5 DSC characterisation 

DSC analysis was carried out over the PP and 
PP-based nanocomposites. Table 2 shows the 
quantified data from the DSC analysis. 

Table 2. Crystallisation, melting and degree of 
crystallinity of PP and PP-based nanocomposites 

Material Tm, °C Tonset, °C Tc, °C Tdiff, °C Xc, %

PP 168.2 125.3 114.5 10.8 37.8 
PPGMSi 170.1 133.6 124.6 9.0 39.7 
PPGMhBN 168.7 134.7 125.8 8.9 36.6 
PPGMhBNSi 168.9 136.3 125.6 10.7 38.6 

Tm – melting temperature; Tonset – onset temperature; 
Tc – crystallisation temperature; Tdiff – difference in onset 
and crystalline temperature; Xc – degree of crystallinity 
 

Figure 6a shows the crystallisation exotherms 
of PP and PP-based nanocomposites. The 
crystallisation exotherms show a single peak of 
PP. The crystallisation temperature (Tc) of PP is 
114.6 °C. The addition of individual or hybrid filler 
in the PP matrix shows an increase in Tc. The 
increase in Tc is due to the heterogeneous 
nucleation effect of fillers on PP crystal formation. 
The Tc of PP/Si nanocomposite is lower than that 
of of PP/hBN nanocomposite. This reveals higher 
a surface area of contact of the h-BN nanosheet 
with the PP matrix in comparison with the silica 
and PP matrix. The Tc of the PP/hBNSi 
nanocomposite lies between the PP/Si and 

(b) 

(a) 
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PP/hBN nanocomposites, confirming the 
synergistic influence of hybrid filler components in 
dispersion. 

 

 
Figure 6. DSC analysis of PP and PP-based 

nanocomposites: (a) crystallisation exotherms and 
(b) melting endotherms 

Figure 6b shows the melting endotherms of PP 
and PP-based nanocomposites. All melting 
endotherms show a single melting peak. The 
melting temperature (Tm) of PP is 168.2 °C. The Tm 
of PP/Si nanocomposite is 170.1 °C, which is higher 
than PP, depicting the aggregated dispersion of 
silica in the PP matrix. The Tm of PP/hBN 
nanocomposite is 168.7 °C, depicting the improved 
dispersion of h-BN nanosheets in the PP matrix and 
the higher surface area of contact between the PP 
and h-BN nanosheets. The Tm of PP/hBN/Si 
nanocomposite is 168.9 °C, which is higher than 
the PP but less than the PP/Si nanocomposite, 
depicting the synergistic effect of hybrid filler 
components in dispersion on the Tm of PP/hBN/Si 
nanocomposite. 

The degree of crystallinity (Xc) of PP, PP/Si, 
PP/hBN and PP/hBN/Si nanocomposites are 

obtained using the DSC characterisation. It was 
calculated from the enthalpy values of the melting 
endotherm. The Xc of PP/Si nanocomposite is 
higher than the Xc of PP since silica acts as a 
heterogeneous nucleating agent. In addition, the 
difference in onset and crystalline temperature 
(Tdiff) is smaller, confirming the influence on 
spherulitic morphology. The Xc decreases for 
PP/hBN nanocomposite because of the better 
dispersion of h-BN in the PP matrix, facilitating a 
more amorphous chain at the interphase. The Xc 
increase for PP/hBN/Si nanocomposite is due to 
the synergistic effect of hybrid filler components 
on the PP matrix. In the case of PP/hBN/Si 
nanocomposite, the concentration of h-BN in the 
matrix is lower, facilitating lower amorphous chain 
adsorption on the h-BN nanosheet surface. In 
addition, silica dispersion contributes significantly 
to the increase in crystallinity of PP. 
 
3.6 TGA characterisation 

Figure 7 shows thermogravimetric analysis 
(TGA) studies of the PP and PP-based 
nanocomposites. Figure 7a shows the TGA curves 
of PP and PP-based nanocomposites. The TGA 
curves of PP and PP-based nanocomposites show 
single-step degradation in the range of 340 –
 510 °C. Figure 7b shows the differential 
thermogravimetric analysis (DTGA) curves of PP 
and PP-based nanocomposites. The thermal 
degradation temperature (Td) of PP is 451.1 °C. The 
addition of silica in the PP matrix induces 
enhancement in Td value to 452.5 °C. This suggests 
the influence of silica in improving the thermal 
stability of PP. Further, the Td value of 453.2 °C for 
PP/hBN nanocomposite suggests that the addition 
of h-BN in the PP matrix also increases the thermal 
stability. The Td value of 450.5 °C for PP/Si/hBN 
nanocomposite is lower than for PP, depicting no 
influence on thermal stability. 
 
3.7 Tensile characterisation 

Tensile testing was done on PP and PP-based 
nanocomposites. The stress-strain curves of PP and 
PP-based nanocomposites are shown in Figure 8a. 
The tensile strengths are shown in Figure 8b and 
calculated tensile modulus values are shown in 
Figure 8c. From the histogram of tensile modulus 
and tensile strength, it could be noticed that, 
compared to PP, values for PP containing h-BN 
nanosheets or silica nanoparticles were lower, 
while for PP/Si/hBN nanocomposite values were 

(b) 

(a) 
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increased, confirming the synergistic effect of 
hybrid filler components. The tensile modulus of 
PP is 2.41 GPa. The addition of silica in the PP 
matrix decreased the tensile strength by 3 % and 
tensile modulus by 7.9 % in comparison to PP. 
Further, adding h-BN nanosheets in the PP matrix 
decreased the tensile strength by 9.6 % and tensile 
modulus by 0.8 % compared to PP. Adding h-BN 
nanosheets and silica nanoparticles in the PP 
matrix increases the tensile strength by 1 % and 
tensile modulus by 21.5 % compared to PP. 

 

 
Figure 7. TGA characterisation of PP and PP-based 

nanocomposites: (a) TGA curves and (b) DTGA curves 

SEM was carried out over the fractured samples 
to understand the mechanism of tensile 
deformation of PP and PP-based nanocomposites. 
Figure 9a shows the fracture surface of PP, 
showing the fibril formation and depicting the 
ductile fracture. Figure 9b shows the fracture 
surface of the PP/Si nanocomposite and the 
dispersion of aggregates of silica nanoparticles. 
Due to the aggregation of silica in the PP matrix, 
tensile properties decrease. Figure 9c shows the 
fracture surface of the PP/hBN nanocomposite, 

showing the formation of fibrils and shear bands 
and depicting the aggregated dispersion of h-BN 
nanosheets in the PP matrix. Due to the 
aggregation of h-BN nanosheets in the PP matrix, 
tensile properties decrease. Figure 9d shows the 
formation of fine fibrils in the PP/Si/hBN 
nanocomposite, depicting the finer dispersion of 
hybrid nanofillers. The finer dispersion of hybrid 
filler in the PP matrix exhibits a lesser amount of 
PP between fillers, which facilitates the formation 
of finer fibrils. 

 

 

 
Figure 8. Tensile characterisation of PP and PP-based 
nanocomposites: (a) stress-strain curves, (b) tensile 

strength and (c) tensile modulus 

(b)

(a)

(c)

(b) 

(a) 
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Figure 9. SEM images of PP and PP-based 

nanocomposites: (a) neat PP, (b) PP/Si, (c) PP/hBN 
and (d) PP/hBN/Si 

It is important to note that the crystallinity of 
PP/Si/hBN nanocomposite is higher than that of 
neat PP. From rheological characterisation, the 
viscosity of PP/Si/hBN nanocomposite is higher 
than that of neat PP. Thus, the rheological, 
fracture and DSC characterisation depict the finer 
dispersion of h-BN nanosheets and silica 
nanoparticles in the PP matrix. Finer dispersion of 
h-BN nanosheets and silica nanoparticles in the 
PP matrix increases the crystallinity, viscosity and 
fine fibril formation, enhancing mechanical 
properties. Finer fibrils signify a higher load-
bearing capacity. 
 
3.8 Tribological characterisation 

Tribological studies have been carried out over 
PP and PP-based nanocomposites. Figure 10 shows 
the wear as a function of time for the PP and PP-
based nanocomposites. The wear of PP increases 
with time, depicting the running-in stage of wear 
when the thickness of the worn material increases. 
After 200 s of sliding, the wear reaches a steady 
state. After 144 s, there is an accelerated wear of 
PP due to fatigue. The addition of silica in PP shows 
a decrease in wear as compared to PP. This is due 
to the addition of hard silica nanoparticles resisting 
the wear. Fluctuations in PP/Si nanocomposite 
wear are noticed due to the precedence of hard 
silica abrasive particles. After 600 s, the PP/Si 
starts to wear significantly due to the layer of PP 
with silica nanoparticles deposited over the metal 
surface, acting as a hard abrasive. 

 
Figure 10. Wear vs. time for PP and PP-based 

nanocomposites 

Adding h-BN nanosheets in PP decreases the 
wear as compared to PP and PP/Si nanocomposite 
for 600 s. This is due to the multilayer dispersion of 
h-BN nanosheets in the PP matrix, which are 

(b) 

(a) 

(d) 

(c) 
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mobile during deformation and resist wear. 
Thereafter a gradual increase in wear is noticed for 
PP/hBN nanocomposite up to 1000 s. After 1000 s, 
a steady-state wear of PP/hBN nanocomposite was 
noticed up to 3600 s, which depicts that the wear 
is due to the sliding of PP/hBN nanocomposite 
against the deposited layer of PP/hBN 
nanocomposite. The incorporation of silica 
nanoparticles and h-BN nanosheets in the PP 
matrix shows the lowest wear for 3600 s of testing. 
This reflects the synergistic effect of hybrid filler 
components on the wear resistance of PP. 

To understand the steady-state wear of 
PP/hBN/Si and PP/hBN nanocomposites in detail, 
wear was closely analysed in Figure 11, which 
shows the wear results for a 1000 – 3600 s testing 
period. The long sliding distance wear studies can 
reveal insights into the adhesive wear of PP-based 
nanocomposites. After the formation of the PP-
based nanocomposites layer, the appearance of 
the contacting surfaces is similar to the adhesive 
wear mechanism. During adhesive wear, material 
transfer and debris formation take place. For 
PP/hBN nanocomposite, the wear increases with 
time up to 2400 s, which depicts the transfer of 
 

 
Figure 11. Wear vs. time for PP/hBN/Si and PP/hBN 

nanocomposites 

material over the counter-body surface. The slope 
of wear with time for PP/hBN nanocomposite was 
calculated as 1.2 µm/min. After 2400 s, the 
measured worn material thickness of PP/hBN 
nanocomposite shows a decrease with time. This 
reflects the formation of wear debris, which 
contributes to the removal of PP/hBN 
nanocomposite from the counter-body surface. 

The wear results for the 1000 – 2600 s range of 
PP/hBN/Si nanocomposite show an increase in 
wear, depicting the transfer of material from the 
sample to the counter-body metal disc. The slope 
of wear with time for PP/hBN/Si nanocomposite 
was calculated as 0.9 µm/min. After 2600 s, the 
wear is in the range from 60 to 64 μm for 
PP/hBN/Si nanocomposite, which is shown as 
detail image inserted in Figure 11. This depicts that 
the debris formation and materials transfer occur 
simultaneously. The important thing to note is that 
the hybrid filler dispersion in the PP matrix is fine, 
as depicted earlier in rheology, crystallinity, tensile 
and SEM studies. The finer dispersion of hybrid 
filler increases the interfacial contact between the 
nanofiller and PP, contributing to higher wear 
resistance. 

Figure 12 shows the coefficient of friction (µ) as 
a function of time for the PP and PP-based 
nanocomposites. It was noted that the µ value 
increases with time for PP due to three-stage 
friction behaviour. The µ value for PP/Si 
nanocomposite is lower in comparison to PP. The µ 
value for PP/Si nanocomposite is steady-state from 
600 s onwards. This is due to the wear debris of 
silica, acting as an abrasive. Hard silica 
nanoparticle debris easily wear the PP/Si 
nanocomposite, thus reducing the friction force. 

 
Figure 12. Coefficient of friction vs. time for PP and 

PP-based nanocomposites 
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Incorporating h-BN nanosheets in the PP matrix 
has shown an increase in µ value compared to 
PP/Si nanocomposite. The µ for PP/hBN 
nanocomposite reached steady-state after 1600 s. 
The higher µ for PP/hBN nanocomposite is because 
multilayered h-BN nanosheets debris undergoes 
slip which has to overcome higher shear forces at 
the interface, which increases frictional force. The 
µ for PP/hBN/Si nanocomposite is the highest 
among all PP-based nanocomposites. Since 
PP/hBN/Si nanocomposite has the lowest wear rate, 
debris accumulation is slower. The wear debris layer, 
once formed, needs a higher force for wear to occur 
due to the finer dispersion of hybrid filler in the PP 
matrix. The h-BN nanosheets protect from the 
abrasive action of silica nanoparticles, while silica 
facilitates the finer h-BN dispersion in the PP matrix, 
resulting in improved wear resistance. The average 
µ value in the steady-state range is 0.36 for PP/Si 
nanocomposite, 0.6 for PP/hBN nanocomposite and 
0.85 for PP/hBN/Si nanocomposite. 
 
4. Conclusions 

The h-BN nanosheets were synthesised and 
characterised. The obtained h-BN nanosheets are 
multilayered. 

Rheological characterisation suggests that the 
finer dispersion of hybrid fillers in the PP matrix is 
due to the highest increase in viscosity in the zero 
shear zone. Flow behaviour index values were less 
than 1, which depicts the pseudoplastic fluid 
behaviour for PP-based nanocomposites. 

XRD observation reveals the formation of PP 
crystals in PP-based nanocomposites. The DSC 
characterisation reveals the increase in crystallinity 
and crystallisation temperature of PP-based 
nanocomposites, depicting the heterogeneous 
nucleating action of solid fillers on the PP matrix. 

The tensile strength and tensile modulus of 
hybrid filler-reinforced PP-based nanocomposites 
increased by 1 and 25 %, respectively, due to the 
finer dispersion of hybrid fillers and the formation 
of finer fibrils as observed in fractography studies. 

The hybrid filler-reinforced PP-based 
nanocomposites showed the lowest wear, 
reflecting the synergistic effect of hybrid 
components on the wear resistance of PP. 
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