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Abstract
There have been continuous efforts to further promote various properties of poly-
meric materials to meet various industrial demands, especially in the area of ther-
mal, electrical, mechanical and wear properties. This study developed polyvi-
nylidene fluoride (PVDF)-boron nitride (BN) nanocomposites and significantly 
enhanced their wear and nanomechanical properties by incorporating very low 
content of carbon nanotubes (CNT). The nanocomposites were developed via sim-
ple technique of solution mixing and hot compression. Scanning electron micro-
scope showed that the nanocomposites achieved uniform microstructure with no 
significant agglomeration of the nanoparticles in the PVDF matrix. The wear rate 
of PVDF-10wt%BN-0.1wt%CNT was reduced from 5.68 × 10–4 and 5 × 10–3  mm3/
Nm for pure PVDF to 1.6 × 10–6 and 8 × 10–6 mm3/Nm at applied loads of 10 N and 
20 N, respectively. Also, an increase in hardness and elastic modulus of 225% and 
219% for PVDF-10wt%BN-0.1wt%CNT was obtained relative to the pure PVDF at 
100-mN applied load. While the nanocomposite showed about 75% and 103% incre-
ments compared to PVDF-10wt%BN at 100 mN. This study revealed that the addi-
tion of small amount of CNT could further improve the wear and mechanical prop-
erties of PVDF-BN as well as any other polymer-ceramic binary systems various 
advanced engineering applications.
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Introduction

Polymers are organic compounds that are characterized by interconnected net-
works of molecular chains, mainly hydrogen and carbon atoms. They are also 
characterized by their lightweights, ease of fabrication, resistance to chemical 
attacks, low electrical and thermal conductivity, etc. Hence, polymers usually find 
applications in the industries such as automobiles, energy storage [1], machine 
components, fabrication of biomaterials, etc. Polyvinylidene fluoride (PVDF) is a 
semicrystalline polymer characterized by appreciable thermal stability, high pyro-
electric and piezoelectric properties and good resistance to chemical attacks [2]. 
These characteristics, along with the material’s good elasticity and simplicity in 
modification, made it excellent polymer for several technological applications [2]. 
However, PVDF as well as other polymers such as polypropylene, epoxy resin, 
polyester resin, etc., have features of low mechanical strength, hardness and wear 
resistance, thereby limiting their applications in the industries.

The need for advanced polymer-based materials to meet various advanced 
engineering applications has led to the use of different nanofillers such as metal-
lic, ceramic, carbon-based nanofillers, etc., as reinforcements in polymer matrix 
to enhance mechanical strength, anti-wear, thermal stability, energy-related prop-
erties, etc. [3, 4]. Recently, 2D materials such as graphene have made significant 
contribution in enhancing properties of composite materials due to their excep-
tional engineering features [5]. For instance, graphene is a type of carbon-based 
nanoparticle that exists in a two-dimensional hexagonal shape. It is composed 
of sp2 hybridized carbon [6] and has a honeycomb crystal structure [7, 8]. The 
nanoparticle’s substantial aspect ratio, minuscule size, large surface area [9] and 
interconnected structure contribute significantly to its ability to enhance the char-
acteristics of polymers, even when present in very low concentrations. Shen et al. 
[10] and Li et  al. [11] have reported a reduction in wear rate of around 94.1% 
and 75%, respectively, by adding only about 0.5 wt% and 0.7 wt% of graphene to 
epoxy and nylon-6.

In addition, Wang et al. [12] fabricated nanocomposites by incorporating few 
layer graphene flakes into PVDF and assessed their mechanical properties using 
the nanoindentation technique. With a loading of 1.0 wt% in the PVDF matrix, 
the authors observed a significant increase in both the elastic modulus and hard-
ness, measuring approximately 337% and 228%, respectively. Similarly, Shokrieh 
et al. [13] observed a 35% increase in elastic modulus and a 25% rise in hardness 
when 0.5 wt% of graphene nanoplatelets were added. On the other hand, hexago-
nal boron nitride (BN) has received tremendous attention in the past years as 2D 
and advanced engineering material [14–16]. When polymers are reinforced with 
a considerably amount of BN nanofillers, the resultant nanocomposites give an 
improved properties such as hardness, anti-wear, thermal stability, etc. [17–19]. 
According to a study by Joy et al. [19], BN/epoxy nanocomposites demonstrated 
a greater storage modulus than clean epoxy. Abe et al. [20] showed an improve-
ment in the hardness, elastic modulus and wear properties of boron nitride-rein-
forced titanium alloy matrix composites.
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However, large amount of BN nanofillers is often needed to significantly impact 
on the properties of the fabricated polymer composites. This limits the flexibility 
of such composite materials, at the same time increase the weight of the compos-
ite materials. To address these shortcomings, this study developed PVDF-based 
composites containing low BN content (5 wt% and 10 wt%) with small addition of 
carbon nanotubes (CNT) (0.05 wt% and 0.1 wt%) to achieved significant increase 
in wear and mechanical properties without deteriorating the flexibility of the nano-
composites. This is as the result of the lightweight, high aspect ratios, large surface 
areas, good mechanical and thermal properties of the CNTs [21], which are desired 
features to improve polymers’ properties [22–25]. Despite the numerous works on 
polymer-BN and polymer-CNT composites for enhancing various engineering prop-
erties of polymers, there are limited works on the hybrid design of polymer-BN-
CNT ternary nanocomposites for advanced tribological and nanomechanical proper-
ties. The PVDF-BN-CNT ternary nanocomposites developed in this study showed 
better mechanical and tribological properties compared to the pure PVDF and its 
PVDF-BN binary counterpart. This is credited to the high aspect ratio and large sur-
face area of the CNT in combination with the desired features of BN, which pro-
moted mechanical interlocking of the PVDF molecular chains and enhanced homog-
enous distribution of the nanoparticles in the polymer matrix.

Experimental method

Materials

Polyvinylidene fluoride (PVDF) (MW: 534,000 and density: 1.74 g/mL at 25  °C) 
in addition to N,N-dimethyl formamide (DMF) (assay: ≥ 99%) was bought from 
Sigma-Aldrich, South Africa. Hexagonal boron nitride (BN) (assay: > 99.5%, parti-
cles size: < 100 nm and density: 2.2 g/mL at 25 °C) and multi-walled carbon nano-
tubes (MWCNT) (purity: > 98%, diameter: 10–30 nm and length: 5–20 μm) were 
purchased from Hongwu International Group, China. All the materials were used as 
received without further modification.

Polymer nanocomposites fabrication

The polymer nanocomposites were prepared using solution mixing process. To 
exfoliate the nanoparticles, different concentrations of the BN (5 wt% and 10 wt%) 
and the CNT (0.05 wt% and 0.1 wt%) were mixed at random in beakers contain-
ing 100 mL of DMF. The mixtures were ultrasonicated (using SCIENTECH bath 
Ultrasonicator with a model code; 704, India) for 5 h at a high frequency, 300 W 
power and 80 °C temperature. PVDF (100 wt%, 94.95 wt%, 94.9 wt%, 89.95 wt%, 
89.9 wt%, 95 wt% and 90 wt%) was dissolved in a 200 mL of DMF and magnetically 
stirred for 10 min at a speed of 300 rpm and temperature of 80 °C using magnetic 
stirrer (model code; SKU: CSLDHOTSTIR, UK). The dispersed mixtures of BN and 
CNT were then combined with the pre-dispersed PVDF and stirred thoroughly for 
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3 h. After that, the mixtures were poured on a clean glass plate and dried in an air 
circulating oven (model code; SFE 600, Czech Republic). Then, the nanocomposites 
were hot pressed to 25-mm diameter and 1.5-mm thickness for 10 min at 200 °C and 
pressure of 10 MPa using a carver press molder (model code; C 3851, USA) and 
cool to 25 °C at a rate of 10 °C/min. The schematic illustration of the nanocomposite 
fabrication process is shown in Fig. 1. The nanocomposites developed for this study 
with various concentrations of BN and CNT include PVDF-5wt%BN-0.05wt%CNT, 
PVDF-10wt%BN-0.05wt%CNT, PVDF-5wt%BN-0.1wt%CNT, PVDF-10wt%BN-
0.1wt%CNT, PVDF-5wt%BN and PVDF-10wt%BN. For comparison, pure PVDF 
was also produced using the same procedures described above.

Characterization and measurement

Diffraction patterns of both BN and CNT nanofillers as well as fabricated nanocom-
posites were studied using X-ray diffraction (XRD) (X’pert PRO PANalytical, UK) 
at 30 kV and 40 mA. The XRD investigation was carried out using Cu Kα radiation 
at 25 °C. A scanning electron microscope (SEM) (VEGA 3 TESCAN, Czech Repub-
lic) working at accelerated voltage of 20 kV was utilized to examine the agglomera-
tion of the nanoparticles and morphology of the nanocomposites. The surfaces of 
the samples were first coated with carbon film using vacuum carbon coater (Q300T 
ES, USA) to make them conductive for the SEM analysis. In compliance with 
ASTM G99-95 standard, a tribometer (Anton Paar TRB3, Austria) was used to eval-
uate the wear response of the nanocomposites. At temperature of 25 °C, a dry slid-
ing rotating module with a pin-on-disk configuration was used for the wear test for 
15 min at applied loads of 10 N and 20 N and sliding speed of 0.06 m/s. A stainless 
steel ball with a radius of 0.3 cm and a roughness of 0.03 µm (Ra) was employed as 

Fig. 1   Schematic illustration of the nanocomposites’ fabrication route
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the counterface. The nanocomposites’ coefficient of friction was measured, and the 
wear rate was determined using profilometer (Surtronic S128, Austria) attached to 
the tribometer. In accordance with ASTM D785 standard, the nanomechanical char-
acteristics were assessed using nanoindenter (Anton Paar TTX-NHT3, Austria). The 
nanoindenter was operated at 100-mN and 300-mN applied loads, 20-s penetration 
time, 20-s holding period and 20-s release time. For repeatability, this study meas-
ured ten nanoindentation tests at different locations for each sample, and average 
of the ten nanoindentations per sample is presented. The wear and nanoindentation 
tests were conducted without any surface preparation of the samples.

Results and discussion

XRD analysis

X-ray diffraction patterns of the nanoparticles are shown in Fig. 2. Different diffrac-
tion peaks corresponding to hexagonal structure of BN at 2θ = 26.4°, 41.6°, 49.9°, 
54.9° and 75.8° were present as previously studied [26–28]. The CNT showed major 
diffraction peaks at 2θ = 26.4o and 42.5o which correspond to graphitic diffraction 
peaks of CNT [29]. Both the BN and CNT nanoparticles showed similar diffraction 
peaks, which emanated from their hexagonal crystal structures [26], and this aids for 

Fig. 2   X-ray diffraction of the nanoparticles
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the compatibility of BN and CNT nanoparticles since they have similar crystal struc-
ture [29]. The X-ray diffraction patterns of the nanocomposites are shown in Fig. 3. 
The pure PVDF has diffraction peaks corresponding to α-phase at 2θ = 17.5°,19.0°, 
26.0° and 37.5°, which represent (100), (020), (110) and (021) crystal planes [30]. 
The broad diffraction peak at 2θ = 37.5° with crystal plane of (021) decreased with 
the addition of the nanoparticles for the developed nanocomposites in this study. 
This is expected since the nanoparticles in the PVDF matrix can facilitate hetero-
geneous nucleation, where they can act as nucleation agents with increase in phase 
change [31, 32].

Microstructural analysis

SEM micrographs of the pure PVDF and its nanocomposites are shown in Fig. 4. 
The pure PVDF showed a smooth surface and homogeneous microstructure in 
Fig. 4a. The SEM micrographs of all the nanocomposites revealed dense morpholo-
gies, which resulted from the presence of BN in the nanocomposites. The BN is a 2D 
structural material; hence, the PVDF-5wt%BN and PVDF-10wt%BN nanocompos-
ites showed layered microstructure as presented in Fig. 4b and c, respectively. There 
is no observable agglomeration of the BN nanoparticles in the PVDF matrix, pos-
sibly due to the use of the BN at relatively low concentration. Also, the PVDF-BN-
CNT-based nanocomposites show no significant clustering of the nanofillers in the 

Fig. 3   X-ray diffraction of the nanocomposites
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PVDF matrix as depicted in Fig. 4d-g. The nanocomposites revealed uniform micro-
structure and dense morphology, especially for PVDF-10wt%BN-0.05wt%CNT and 
PVDF-10wt%BN-0.1wt%CNT nanocomposites. The absence of the formation of 
small bundles or clustering of the nanoparticles in the PVDF-BN-CNT systems is 
due to the BN and CNT assisting each other in distribution in the polymer matrix, 
where walls-to-walls contacts of CNT are minimized by the presence of BN, and 
layers-to-layers contacts of BN are minimized by CNT. There was no significant 
agglomeration of the nanoparticles in the polymer matrix, indicating good synergy 
between the hybrid ceramic and carbon-based nanoparticles as previously reported 
[33]. The CNT has a great tendency of showing agglomeration in the polymer 

Fig. 4   SEM micrographs of a pure PE, b PE-5wt%BN, c PE-10wt%BN, d PE-5wt%BN-0.05wt%CNT, 
e PE-10wt%BN-0.05wt%CNT, f PE-5wt%BN-0.1wt%CNT and g PE-10wt%BN-0.1wt%CNT nanocom-
posites
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matrix; however, the presence of the BN aided in its distribution. The nanocompos-
ites displayed no substantial microcracking and debonding of the nanoparticles from 
the matrix, thereby indicating good compatibility of the constituent nanoparticles. 
The unnoticed agglomeration of the nanoparticles in the PVDF matrix contributed 
to the improved nanomechanical properties and wear resistance in this study.

Tribological properties

The plot of coefficient of friction (CoF) against sliding time for the pure PVDF and 
its nanocomposites at applied loads of 10 N and 20 N is shown in Fig. 5. The addi-
tion of the nanoparticles greatly reduced the CoF of the pure PVDF as observed for 
both 10 N and 20 N applied loads. For instance, at sliding time of 800 s, the CoF 
reduced from 0.36 and 0.33 for pure PVDF to 0.34 and 0.32 for PVDF-10wt%BN 
and further reduced to 0.06 and 0.28 for PVDF-10wt%BN-0.1wt%CNT at 10 N and 
20 N, respectively. There was no large difference between the CoF of the pure PVDF 
and the PVDF-BN binary nanocomposites as 6% and 3% reduction for PVDF-
10wt%BN and 83% and 15% decrease for PVDF-10wt%BN-0.1wt%CNT com-
pared to the pure PVDF at 10 N and 20 N were obtained accordingly. The signifi-
cant reduction in the CoF of the PVDF-BN-CNT ternary nanocomposites relative 
to their PVDF-BN binary counterparts could be credited to the high wear resistance 
and lubrication effect of BN [34] and the ability of the CNT to form debris by frac-
ture, which the sliding counterface rolled over during the frictional test with reduc-
tion in the CoF [35, 36]. This has a way of preventing direct contact of the sliding 
counterface with the material under friction, which promotes wear resistance of such 
material. In addition, this also confirmed the synergetic effect of the ceramic and 
carbon-based nanoparticles on the enhancement of the wear resistance of polymeric 
materials [33]. The uniform morphology of the PVDF-BN-CNT ternary nanocom-
posites which was achieved by the CNT minimizing the layers-to-layers interactions 
of BN and the BN minimizing the walls-to-walls interactions of CNT contributed to 
the observed reduction in CoF. This is essential for the nanocomposites to have even 
distribution of frictional force to all parts of the nanocomposite system.

The wear rate of the fabricated nanocomposites for 10 N and 20 N applied loads is 
shown in Fig. 6. The wear rate of the nanocomposites revealed significant reduction 
when compared with the pure PVDF but was more pronounced for the PVDF-BN-
CNT ternary nanocomposites relative to their PVDF-BN binary counterparts. For 
instance, the wear rate was reduced from 5.68 × 10–4 and 5 × 10–3 mm3/Nm for the 
pure PVDF to 1.6 × 10–6 and 8 × 10–6 mm3/Nm for PVDF-10wt%BN-0.1wt%CNT 
at 10 N and 20 N applied loads, respectively, which amounted to about 99.7% and 
99.84% reduction, respectively. While for PVDF-10wt%BN, the wear rate was meas-
ured as 2.15 × 10–5 and 4.18 × 10–4 mm3/Nm at 10 N and 20 N, respectively.

The measured wear rate of the nanocomposites and their associated CoF showed 
that the PVDF-BN-CNT-based nanocomposites have better anti-wear behavior com-
pared to the PVDF-BN binary nanocomposites. For instance, by incorporation of the 
BN nanoparticles into the PVDF matrix, the wear rate was reduced in comparison 
with the PVDF, although there was only slight difference in the wear rate of binary 
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Fig. 5   Coefficient of friction of the nanocomposites at applied load of a 10 N and b 20 N
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nanocomposites containing 5 wt% and 10 wt% BN. However, on the introduction 
of the small content of CNT (0.05  wt% and 0.1  wt%), the wear rate significantly 
dropped, especially for the PVDF-10wt%BN-0.1wt%CNT nanocomposite. This is 
because the CNT can greatly increase the surface hardness of the nanocomposites, 
thereby reducing the wear rate of such nanocomposites [37]. The limited formation 
of agglomerated nanoparticles in the PVDF matrix due to the CNT and BN assisting 
each other in distribution also contributed to the enhanced wear resistance as this is 
essential for effective transmission of load from the matrix to the nanoparticles [38]. 
Absence of agglomeration of such nanoparticles in the polymer matrix could pro-
mote mechanically interlocking of the polymer matrix against slipping on the appli-
cation of load, hence, resulting to improved wear resistance. The good interaction 
between the ceramic and carbon-based nanomaterials used in this study could also 
contributed to the enhanced anti-wear response of the nanocomposites [33].

Figure 7 displays the wear tracks of the nanocomposites. The pure PVDF showed 
a broad wear track resulting from the softness of the polymer matrix and large 
detachment of material during the wear test. However, the nanocomposites showed 
a reduction in worn scars resulting from their increase in stiffness and hardness due 
to the presence of the nanoparticles. Since the BN and CNT are characterized by 
high hardness, it was possible for the nanocomposites to have increase in hardness 
against removal of material during the frictional test. The nanocomposites contain-
ing the hybrid BN-CNT nanoparticles showed faint wear scars when correlate with 
the PVDF-BN binary nanocomposites and the pure PVDF. This indicates that the 

Fig. 6   Wear rate of the nanocomposites
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PVDF-BN-CNT-based nanocomposites have better resistance to wear and soften-
ing of material during the frictional test. This is expected since the CNT can form 
conductive network structures in the polymer matrix, which enables fast and quick 
conduction of frictional generated heat out the materials rather than softening of the 
materials [39]. Since CNT is more conductive than the BN nanoparticles, the fric-
tional heat dissipation could have been more in PVDF-BN-CNTs based nanocom-
posites than the PVDF-BN-based nanocomposites, leading to the observed higher 
wear resistance of the PVDF-BN-CNTs group in this study. This is evidenced by the 
smaller debris formation and peeled materials’ films from the counterface during the 
frictional test compared to the PVDF-BN group, which are seen as small lumps on 
the wear tracks of the nanocomposites.

Nanomechanical properties

The hardness and elastic modulus of the nanocomposites were carried out using 
nanoindenter, and the results are presented in Fig.  8. The hardness and elastic 
modulus of the nanocomposites were greatly enhanced. As the concentration of 
BN was increase to 10 wt%, the hardness and elastic modulus also increased rel-
ative to the pure PVDF. For instance, the hardness and elastic modulus increased 

Pure PVDF PVDF-5wt%BN PVDF-10wt%BN

PVDF-5wt%BN-0.05wt%CNT PVDF-5wt%BN-0.1wtCNT PVDF-10wt%BN-0.05wt%CNT

PVDF-10wt%BN-0.1wt%CNT

Fig. 7   Micrographs of the wear tracks on the nanocomposites
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Fig. 8   a Hardness and b elastic modulus of nanocomposites
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from about 100 MPa and 2.27 GPa for PVDF-5wt%BN to 141 MPa and 2.92 GPa 
for PVDF-10wt%BN nanocomposite, respectively, at 100-mN load. This shows 
that the binary nanocomposites containing 10 wt% BN increased the hardness 
and elastic modulus of the pure PVDF by 86% and 76%. The good mechanical 
properties of BN nanomaterial are responsible for the enhanced hardness and 
elastic modulus. However, incorporation of the CNT in the PVDF-BN binary 
systems further promoted the hardness and elastic modulus significantly. For 
instance, hardness and elastic modulus of about 246.75 MPa and 5.29 GPa were 
measured for the PVDF-10wt%BN-0.1wt%CNT, which amount to 225% and 
219% increments at 100 mN. While the same ternary nanocomposites revealed 
the hardness and elastic modulus increase of about 75% and 103% compared to 
the PVDF-10wt%BN nanocomposite at 100-mN load. Similar results were also 
observed for the applied load of 300  mN as presented in Fig.  8b. This can be 
attributed to the high aspect ratio and large surface area of CNT, which aided in 
the formation of network structures in the polymer matrix with promoted hard-
ness and elastic modulus. Hence, the significant enhanced hardness and elastic 
modulus of the PVDF-BN-CNT-based nanocomposites is due to network struc-
tural hardening of the polymer matrix [40]. The non-significant agglomeration 
of the hybrid BN-CNT nanoparticles in the PVDF matrix as revealed by the 
SEM micrographs in Fig.  4 also contributed to the observed nanomechanical 
properties. The hybrid nanoparticles having good interaction with the matrix 
promoted efficient transfer of stress from the matrix to the nanoparticles. Hence, 
the good synergy between the BN and CNT was also demonstrated through the 
enhanced hardness and elastic modulus of the nanocomposites. The PVDF-BN-
CNT-based nanocomposites also demonstrated better interlocking of the PVDF 
chains, which constrained the slipping and mobility of the chains on the applica-
tions of external load with significant improvement in the mechanical properties 
[41].

Displacement profile for the nanocomposites

The deformation profile of the nanocomposites at 100 mN and 300 mN is shown 
in Fig. 9, which presents the plot of penetration depth against penetration time. 
The plot shows a reduction in the penetration depth of the nanocomposites com-
pared to the pure PVDF as the curve for the nanocomposites shifted downwards. 
The penetration depth showed continues increase till 20  s, it maintained 20-s 
holding time and retarding time of 20 s. Although the BN nanoparticles reduced 
the penetration depth of the PVDF-BN systems, this was more pronounced when 
CNT was introduced into the PVDF-BN systems. This indicates increase in stiff-
ness and resistance to plastic deformation of the nanocomposites compared to 
the pure PVDF, which agrees with their high hardness and elastic modulus. The 
nanocomposites containing the hybrid BN-CNT nanoparticles must have expe-
rienced 3D network configurations via interpenetration of CNT and BN in the 
polymer matrix, which contributed to the hardening of the PVDF matrix.
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Fig. 9   Deformation profile of the nanocomposites at applied load of a 100 mN and b 300 mN
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Conclusion

In this study, CNT was used to significantly enhance the wear resistance and nano-
mechanical properties of PVDF-BN nanocomposites. The nanocomposites were 
prepared by solution mixing and hot compression processes. The SEM micrographs 
of the developed nanocomposites showed uniform morphology. The non-significant 
agglomeration of the nanoparticles was credited to CNT and BN assisting each other 
in the distribution in the PVDF matrix. Optimal wear rate was achieved with the 
PVDF-10wt%BN-0.1wt%CNT ternary nanocomposite, which showed about 99.7% 
and 99.84% reduction in wear rate compared to the pure PVDF at 10 N and 20 N, 
respectively. Also, hardness and elastic modulus of the PVDF-BN-CNT ternary 
nanocomposites was greatly enhanced when related to the pure PVDF and PVDF-
BN binary nanocomposites. It showed an increase in hardness and elastic modulus 
of 225% and 219% for PVDF-10wt%BN-0.1wt%CNT compared to the pure PVDF 
at 100-mN applied load. In comparison with PVDF-10wt%BN nanocomposite, 
PVDF-10wt%BN-0.1wt%CNT showed about 75% and 103% increase. This study 
reveals that with only 0.05 wt% and 0.1 wt% CNTs in the PVDF-BN system, the tri-
bological and nanomechanical properties could be further promoted. The improved 
properties of PVDF-BN-CNT ternary nanocomposites were as results of good syn-
ergy between CNT-BN nanoparticles, efficient transmission of stress from the pol-
ymer matrix to the hybrid nanoparticles and good mechanical interlocking of the 
PVDF matrix. The developed nanocomposites can find potential applications where 
high wear resistance and mechanical properties are required such as automobile and 
other mechanical components.
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