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Abstract 
Although polypropylene (PP) is lightweight and offers excellent chemical resistance,
it shows poor mechanical characteristics for structural applications without
reinforcement due to its semi-crystalline structure. This research investigates the 
mechanical and tribological performance of a polypropylene matrix, incorporating
a PP-G-MA compatibilizer and reinforced with both pristine multi-walled carbon 
nanotubes (MWCNTs) and amino-functionalized multi-walled carbon nanotubes 
(AMWCNTs) at a weight percentage of 1 wt. %. We made PP/MWCNTs 
nanocomposite using ultrasonication and magnetic stirring to control the poor
dispersion of MWCNTs within the polypropylene matrix, which results in
consistent mechanical properties. The performance of the fabricated PP/MWCNTs
nanocomposite was compared to that of PP/AMWCNTs using microscopic, 
mechanical and tribological characterisation techniques. Characterisation was carried 
out using FTIR spectroscopy to identify functional groups and chemical bonding in the 
PP matrix, XRD for crystallographic structure and SEM for morphology. Tensile and
hardness tests were used to check the materials' mechanical properties, such as their
modulus of elasticity, tensile strength and hardness. The tribological characteristics 
were evaluated using a pin-on-disc tribometer in dry sliding conditions, allowing the 
assessment of material wear resistance and coefficient of friction. A PP-based 
nanocomposite reinforced with AMWCNTs exhibits exceptional tensile strength,
modulus of elasticity, hardness and wear resistance. This nanocomposite exhibits a
36 % increase in tensile strength and an 87 % increase in wear resistance compared 
to the pure PP sample. The consistent dispersion of AMWCNTs throughout the
matrix and the improved bonding between the AMWCNTs reinforcement and the PP 
matrix result in the PP/AMWCNTs nanocomposite exhibiting exceptional properties.

 
1. Introduction 

The physical properties, mechanical performance 
and manufacturing simplicity of polypropylene 
(PP) make it an ideal engineering plastic [1]. 
However, it is not very useful because it cracks 
easily at low temperatures. Scientists address this 
issue by incorporating carbon-based 
reinforcements or rubber particles into the PP 
matrix. Materials are strengthened and made 

tougher by adding these reinforcements, 
especially carbon nanotubes (CNTs), graphene or 
reduced graphene oxide [2,3]. The CNTs are used 
as reinforcement in polymer matrices due to their 
large surface area, low density and exceptional 
thermal, chemical and mechanical capabilities [4-
6]. Numerous studies have demonstrated that 
multi-walled carbon nanotubes (MWCNTs) 
enhance mechanical performance, electrical 
conductivity, heat resistance and crystallisation in 
PP/MWCNTs nanocomposites [7-10]. 

The thermal conductivity of PP-based 
nanocomposites was enhanced by adding MWCNTs, 
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leading to improved heat dissipation in electronic 
devices [11]. Carbon-based nanofillers in PP-based 
nanocomposites can boost electronic devices' 
electromagnetic conductivity, improving their 
performance. Such improvements can result in 
more effectiveness in a range of applications, 
including automobile components and consumer 
electronics [12]. Nevertheless, an excessive quantity 
of MWCNTs might negatively impact the mechanical 
characteristics of the PP-based nanocomposite. 

Material scientists have been studying the 
feasibility of PP-based nanocomposites reinforced 
with MWCNTs [13-15]. Determining the effect of 
filler concentration on PP-based nanocomposite 
characteristics is an important research topic [16-
18]. Andrews et al. [19] observed a decrease in 
strength with high filler amounts, while Liu and 
Gao [20] found improvements with lower 
percentages. Bao and Tjong [21] suggest an 
optimal filler amount for specific applications 
based on the desired mechanical properties. 
Stanciu et al. [22] discovered that adding MWCNTs 
to PP produces nanocomposites with altered 
characteristics, some of which are useful, such as 
enhanced tensile strength and modulus of 
elasticity. Beyond mechanical enhancements, 
MWCNTs can also improve the fire resistance of 
PP-based nanocomposites. Zhang et al. [23] and 
Liu et al. [24] achieved remarkable results with 
Nylon 6, a compatible polar polymer. Their simple 
melt compounding method created strong 
interfaces and well-dispersed nanotubes, leading 
to significantly stronger nanocomposites. 
However, Tang et al. [25] and Bhattacharyya et al. 
[26] were unable to reproduce this achievement 
when employing nonpolar polyolefins such as high-
density polyethylene and polypropylene. 

The incompatibility between nonpolar polymers 
and the nanotubes resulted in poor dispersion and 
minimal improvement in the final material's 
properties. Patti et al. [27] highlight the crucial role 
of compatibility between the polymer matrix and 
the nanofillers for achieving well-dispersed and 
effective reinforcements in nanocomposites. Various 
mixing techniques, such as solution blending and 
melt mixing, are used to incorporate MWCNTs into 
PP. Dondero and Gorga [13] focused on achieving 
good dispersion and orientation of MWCNTs 
within the PP matrix. Their efforts resulted in a 
significant improvement in toughness, with a 32 % 
increase observed for a nanocomposite containing 
just 0.25 wt. % MWCNTs compared to pure PP. 
They established that MWCNTs can improve the 

mechanical properties of PP-based nanocomposites, 
but appropriate dispersion is crucial for good results. 

Carbon-based reinforcements have significantly 
contributed to the remarkable decreases in the 
wear rate of the polymer matrix at low loadings. 
Within the literature, findings differ significantly 
from one study to another, often influenced by 
only minor alterations in the reinforcement 
material or blending methodology. Patel et al. [28] 
found that 0.5 wt. % of MWCNTs-reinforced 
PMMA nanocomposites' enhanced tribological 
performance may be attributed to the effective 
transmission of load between the MWCNTs and 
the PMMA matrix, as well as the reinforcing effect 
of the MWCNTs. The sliding wear of a PP-based 
nanocomposite reinforced with carbon nanotubes 
was carried out by Ashok Gandhi et al. [29] on a 
pin-on-disc tribometer with a steel disc surface 
under dry conditions. The test was evaluated as a 
function of the applied load and sliding speed with 
different amounts of CNTs in PP. The findings 
demonstrated that an increase in CNTs content 
enhances wear resistance. On the other hand, 
Johnney Mertens and Senthilvelan [30] developed 
PP/CNTs nanocomposites using melt intercalation 
and conducted wear tests under dry sliding 
conditions. The observation made during the 
ploughing process indicated that the self-
lubricated characteristic of CNTs did not exert any 
effect or influence throughout the experiment. The 
wear resistance of the PP-based nanocomposite is 
inferior to that of the pure PP samples. 

Despite the significant progress in PP/MWCNTs 
nanocomposites, there are still challenges to 
address. These challenges include the 
nonhomogeneous dispersion of MWCNTs 
reinforcement in the PP matrix and the 
agglomeration of reinforcements. To overcome 
these issues, researchers are controlling the 
dimensions of the PP molecules, implementing 
post-mixing treatments and employing additives to 
improve the mixing process. However, further 
research is necessary to meet the criteria of 
structural applications. The literature review 
indicates that many studies have been conducted 
to explore the tribological characteristics of 
polymeric nanocomposites. However, limited 
research has documented the wear performance 
of PP-based nanocomposites reinforced with 
modified MWCNTs under dry sliding conditions. 

The main purpose of this study is to compare 
the effects of amino-functionalized MWCNTs 
(AMWCNTs) and non-functionalized MWCNTs 
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reinforcement on the mechanical and tribological 
properties of PP-based nanocomposites. Previous 
research has shown that a low amount of MWCNTs 
(≤ 1 wt. %) effectively improves wear resistance, 
hardness and load-bearing capacity while 
preventing the problems with processing that 
come up with higher concentrations of MWCNTs 
[31]. The 1 wt. % AMWCNTs was specifically 
selected to address the dispersion limitations of 
non-functionalized MWCNTs. Amino functional 
groups improve compatibility with the PP matrix, 
reducing agglomeration and enhancing stress 
transfer. The present study also aimed to enhance 
the homogenisation of MWCNTs in PP. The first 
step in this approach involved the attachment of 
PP with tiny molecules that have chemical groups, 
namely maleic anhydride (PP-G-MA). Furthermore, 
the MWCNTs are altered to include amino groups 
(MWCNTs-NH2) on their surface. The combination 
of PP-G-MA and MWCNTs-NH2 facilitated the 
chemical bonding of PP chains to the MWCNTs. 
This process led to the creation of a PP/PP-G-
MA/amino-functionalized MWCNTs nanocomposite. 
This method enhanced the dispersion of MWCNTs 
within the PP, resulting in durable and more 
thermally resistant composite products. 
 
2. Materials and methods 
 
2.1 Materials 

This investigation employed the Repol H110MA 
PP resin from Reliance Industries, India. The PP 
resin density was 0.910 g/cm3, and the melt flow 
rate was 11 g/10 min at 230 °C under a load of 2.16 
kg. The polypropylene grafted maleic anhydride 
(PP-G-MA) copolymer, with a melt flow rate of 15 
g/10 min at 2.16 kg and 230 °C, obtained from Plus 
Polymer, India, was used as a compatibilizer in the 
fabrication of the nanocomposites. The MWCNTs, 
supplied by AD Nano Technologies, India, had an 
average length of 10 – 50 nm, an average diameter 
of 10 – 30 nm and a purity of more than 95 – 99 
vol. %. The (3-Aminopropyl)triethoxysilane (APTES) 
was used to improve the bonding of the polymer 
to the MWCNTs. APTES, with a molecular weight of 
179.29 g/mol and a density of 1.027 g/cm3, 
improved the polymer's morphological properties, 
resulting in more uniformly dispersed particles. 
 
2.2 Fabrication of nanocomposites 

Two PP matrix nanocomposites were produced: 
one reinforced with pristine (non-functionalized) 

MWCNTs and the other with amino-functionalized 
MWCNTs. This study employed the same steps to 
investigate the effects of amino-functionalized and 
non-functionalized MWCNTs on the properties of 
the PP-based nanocomposites. The PP-G-MA was 
incorporated into the non-functionalized MWCNTs 
to improve the interfacial adhesion between the 
PP matrix and the MWCNTs. The surface of non-
functionalized MWCNTs is hydrophobic, and they 
do not mix well with the nonpolar PP matrix. This 
makes it hard for the nanoparticles to spread out 
and forms weak bonds between them. 

The nanocomposites were processed using a 
twin screw extruder 25TS/CO/300/30 at 210 °C and 
80 rpm (Aasabi Machinery). The PP-G-MA 
compatibilizer was incorporated to improve the 
material properties. The composite melt was then 
extruded into a continuous wire, quenched in a 
water bath and pelletized. To minimise void 
formation and moisture-induced degradation, both 
the PP-G-MA compatibilizer and the pure PP 
containing nanofillers were dried in a vacuum oven 
at 80 °C for four hours before melting. The 
pelletized nanocomposites were then injection 
moulded into standard test specimens using a 
semiautomatic machine IM-D30 (Deesha Impex) 
under the following conditions: a melt 
temperature of 200 – 215 °C, a mould temperature 
of 25 °C, a holding pressure of 6 MPa and an 
injection speed of 100 rpm. The extruded wire was 
passed through a water basin at room temperature 
for rapid cooling (quenching), after which the 
material was cut and pelletized for further use. For 
the fabrication of test specimens, the pellets were 
injected into a die cavity under a pressure of 1 
MPa, with the temperature of the injection 
moulding die maintained at 230 °C. The specimens 
were prepared per ASTM D638, Type IV. The pure 
PP and PP-based nanocomposite pellets were 
vacuum-dried at 80 °C before being used to ensure 
their optimal properties. The final polymer-based 
nanocomposites contained 1 wt. % of either 
MWCNTs or AMWCNTs. For comparative analysis, 
we processed pure PP using the same extrusion and 
injection moulding steps, which served as a control 
for mechanical and tribological property 
evaluations. Figure 1 illustrates the steps involved 
in the complete PP/MWCNTs sample fabrication 
process. The detailed composition of fabricated 
samples and their designations are given in Table 1. 
The manuscript refers to the pure PP sample as S1, 
the non-functionalized MWCNTs sample as S2 and 
the amino-functionalized MWCNTs sample as S3. 
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Figure 1. Fabrication process of PP/MWCNTs sample: 

(a) mixing of PP/PP-G-MA/MWCNTs followed by 
vacuum oven treatment, (b) PP/PP-G-MA/MWCNTs 

mixture poured in twin screw extruder and (c) sample 
prepared by injection moulding 

Table 1. Designation and composition details of 
nanocomposites 

Composition 
Designation 

nominal wt. % 
S1 PP 100 
S2 PP/PP-G-MA/MWCNTs 96/3/1 
S3 PP/PP-G-MA/AMWCNTs 96/3/1 

 
2.3 Characterisation of nanocomposites 

PP and PP-based nanocomposites were 
analysed using Fourier transform infrared 
spectroscopy (FTIR) and X-ray diffraction (XRD). 
FTIR spectra were recorded with a Cary 630 FTIR 
spectrometer (Agilent Technologies), covering a 
wavenumber range of 400 – 4000 cm–1. XRD 
patterns were obtained using a Cu Kα radiation 
source (λ = 1.54 Å) on a Rigaku MiniFlex 
diffractometer, with a scanning range from 5 to 
90°. Injection moulded nanocomposite samples 
were used for scanning electron microscopy 
(SEM). To see the internal morphology of the PP-
based nanocomposites, the samples were 
cryogenically fractured by immersing them in 

liquid nitrogen for 150 to 200 seconds. This dwell 
period ensures that the polymer matrix becomes 
sufficiently brittle, preventing plastic deformation 
during fracture. A Carl Zeiss EVO 10 SEM, 
operating at 5 kV in a high vacuum, was used for 
microstructural analysis. 

The mechanical strengths of all fabricated 
nanocomposites were evaluated using tensile 
testing. Tensile strength and modulus of elasticity 
were determined according to ASTM D638 using a 
Tinius Olsen H10KL universal testing machine. The 
tests were conducted at room temperature with a 
feed rate of 1 mm/min. The stress-strain curves 
obtained were analysed to calculate the 
mechanical properties. The reported tensile 
strength and modulus of elasticity values for each 
material are the averages of five individual 
specimen tests. Microhardness measurements 
were conducted using a Chennai Metco VH-1MDX 
Vickers hardness tester with a diamond indenter. 
The tests were performed at a load of 0.05 kg (0.49 
N) to assess the hardness variation across the 
samples. The average hardness values were 
determined by taking the mean of five individual 
measurements from each test specimen. 

The tribological properties of pure PP and PP-
based nanocomposites were evaluated using a 
Ducom TR-20LE pin-on-disc tribometer. The 
counter-body was a hardened ground steel EN31 
disc. The disc had a diameter of 165 mm, a 
thickness of 8 mm and a hardness of 62 HRC. The 
surface roughness was Ra = 0.6 µm. A normal load 
of 40 N was used for the tribological tests, 
equivalent to 0.4 MPa of contact pressure. This 
created realistic stress conditions for studying the 
tribological behaviour of PP and PP-based 
nanocomposite samples. A sliding speed of 0.837 
m/s was maintained to simulate moderate wear 
conditions, balancing thermal effects and material 
removal rates. The total sliding distance of 3016 m 
is long enough to assess the progressive wear 
mechanisms. Square-shaped specimens, each 
measuring 10 × 10 mm with a thickness of 4 mm, 
were prepared through injection moulding. These 
specimens were securely attached to a rectangular 
holder with adhesive. The tribological tests were 
repeated three times for each sample (S1, S2 and 
S3) to ensure the reliability and consistency of the 
results. Throughout the testing process, wear and 
friction were continuously measured to monitor 
real-time variations in tribological performance. All 
experiments were conducted at a constant room 
temperature of 24 °C. 

(b)

(a)

(c)
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3. Results and discussion 
 
3.1 FTIR and XRD characterisation 

Adding PP-G-MA to PP along with AMWCNTs 
increases the compatibility between the nanotube 
filler and the polymer matrix. Figure 2 illustrates 
the use of FTIR spectroscopy to analyse the 
interaction between AMWCNTs and PP-G-MA, 
confirming this enhanced compatibility. The FTIR 
spectra of the pure PP matrix (S1), PP with 
MWCNTs (S2) and PP with AMWCNTs (S3) were 
compared. The appearance of a new peak at 1670 
cm–1 in the FTIR spectrum of the PP/MWCNTs and 
PP/AMWCNTs nanocomposites indicates the 
formation of imide bonds. This indicates a chemical 
reaction between the amino groups on the 
AMWCNTs and the anhydride groups in PP-G-MA. 
The nanocomposite spectra displayed several 
prominent peaks. A broad peak centred around 
2902 cm–1 is attributed to C-H stretching 
vibrations, while bands at approximately 1235 cm–1 
correspond to C-H bending modes [32]. Less 
intense peaks at 1390 cm–1 are associated with 
symmetric C-C ring stretching. Notably, the peak 
width-to-intensity ratio gradually decreased in the 
PP/AMWCNTs compared to the PP/MWCNTs, 
indicating evolving molecular interactions and 
structural changes within the nanocomposites. The 
broader peaks in the PP/MWCNTs (S2) sample 
suggest a more amorphous structure or a more 
complex distribution of molecular environments, 
whereas the narrower peaks in the PP/AMWCNTs 
(S3) sample suggest increased order or regularity in 
the molecular structure. The introduction of amino 
(NH2) groups could potentially influence polymer 
chain packing and interactions with MWCNTs. 
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Figure 2. FTIR spectra of PP and PP-based 

nanocomposites 

The XRD is used to look at the crystalline 
structure of pure PP matrix, PP/MWCNTs and 
PP/AMWCNTs nanocomposites, which can be seen 
in Figure 3. For pure PP, the XRD patterns revealed 
many diffraction peaks. These peaks corresponded 
to different crystallographic planes of the α phase, 
such as (110), (040), (130), (131) and (060) at 2θ 
angles of 13.87, 16.67, 18.26, 21.5 and 25.22°, 
respectively. It is well established that PP can exist 
in two crystalline forms: α and β. The significantly 
higher intensity of the (040) peak compared to the 
(110) peak for the pure PP matrix indicates a 
predominant α-phase growth along the (040) 
plane, confirming that the PP phase present in all 
samples is the α phase [33,34]. This is the most 
common and stable crystalline form of PP. To 
quantitatively assess the evolution of the crystal 
structure, the ratio of the (040) to (110) peak 
intensities (I040/I110) is calculated, which yielded 
a value of 1.3 for pure PP. 
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Figure 3. XRD spectra of PP and PP-based 

nanocomposites 

Introducing MWCNTs into the PP matrix also 
led to the formation of the α phase. However, the 
peak intensities ratio I040/I110 increased from 
1.3 to 1.6 for PP/MWCNTs nanocomposite, 
indicating faster crystal growth along the (040) 
plane compared to pure PP. This indicates that 
MWCNTs influence the crystal structure of the PP. 
The XRD patterns for PP/AMWCNTs 
nanocomposite showed only the α phase of PP, 
with no evidence of the β phase. The β phase in 
PP forms only in the presence of specific β-
nucleating agents or nanoparticles [35]. This 
study did not use agents like quinacridone 
derivatives, pimelic acid salts or rare earth 
compounds [36]. Without them, PP typically 
crystallises into the more stable α phase. 
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Additionally, the cooling rate and processing 
temperature influence the crystalline structure. 
Since these conditions were not optimised for β 
phase formation, the α phase is more likely to 
form. Notably, the I040/I110 ratio for this 
nanocomposite was the lowest at 1.1, depicting 
that the (040) and (110) planes contributed 
almost equally to crystal growth. This means that 
AMWCNTs more effectively promote a uniform 
crystal orientation in the PP matrix than 
MWCNTs. Furthermore, a slight shift in peak 
positions was noticed between the PP/AMWCNTs 
and PP/MWCNTs nanocomposite. This subtle shift 
suggests that the incorporation of functional 
groups onto the MWCNTs surface has a minor 
effect on the crystallographic parameters of the 
PP phase. This result suggests that the AMWCNTs 
and PP chains may interact with each other, 
which may slightly alter the packing and 
arrangement of the polymer chains within the 
crystal lattice. 
 
3.2 Mechanical properties 

Figure 4 displays a tensile stress-strain graph for 
the PP matrix and MWCNTs/AMWCNTs 
nanocomposites. Figure 5 represents the 
calculated value of the tensile strengths, and 
Figure 6 summarises the modulus of elasticity 
values. The PP matrix (S1) had a modulus of 
elasticity of 2.4 GPa and a tensile strength of 35.8 
MPa. Incorporating non-functionalized MWCNTs 
into the PP matrix (S2) resulted in modest 
improvements, increasing the modulus of elasticity 
by 34 % and tensile strength by 20 %. The tensile 
properties of the sample S2 improved due to the 
effective dispersion of MWCNTs within the PP 
matrix [9], as confirmed by XRD analysis. Fine 
fibrils and microvoids formed in the stress-
whitening region further supported these 
enhanced properties. PP/AMWCNTs 
nanocomposite (S3) showed the most significant 
improvements, with a 53 % modulus of elasticity 
and a 36 % tensile strength increase. Covalent 
bonding between the PP chains and MWCNTs 
enhanced load transfer from the matrix to the 
nanotubes. During tensile testing, all materials 
exhibited visible stress-whitening. This 
enhancement can be attributed to the reactive 
compatibilization between AMWCNTs and PP-G-
MA (as confirmed by FTIR spectroscopy in Figure 
2), the finer dispersion of AMWCNTs within the PP 
matrix and the increased crystallinity of the 
nanocomposite. 
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Figure 4. Stress-strain curves of PP and PP-based 

nanocomposites 
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Figure 5. Tensile strengths of PP and PP-based 

nanocomposites 
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Figure 6. Modulus of elasticity of PP and PP-based 

nanocomposites 

Figure 7 presents the average hardness values 
for PP and PP-based nanocomposites. The hardness 
of sample S1 is 1.4 HV 0.05, but it goes up to 5.2 
HV 0.05 in sample S2 because of the MWCNTs' 
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reinforcement effect. The hardness further improves 
in sample S3, reaching 8 HV 0.05, representing the 
highest value among all tested samples. The increase 
in hardness seen from S1 to S2 is due to the high 
strength and stiffness of MWCNTs, which strengthen 
the PP matrix because of their high length-to-
diameter ratio. The further enhancement in S3 is 
primarily due to the amino-functionalization of 
MWCNTs, which significantly improves interfacial 
adhesion with the matrix. This stronger interfacial 
interaction leads to better dispersion of MWCNTs 
within the matrix, significantly improving the 
nanocomposite's hardness. 
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Figure 7. Hardness of PP and PP-based 

nanocomposites 
 
3.3 Cryogenic fracture morphology 

Figure 8 displays SEM images of the fracture 
surfaces of test specimens. Microstructure analysis 
of the PP matrix revealed shear band formation, as 
seen in Figure 8a. Figure 8b shows that 
PP/MWCNTs nanocomposite formed microvoids in 
the stress-whitening region. The SEM image of the 
S2 sample also reveals poor dispersion of 
MWCNTs, which is characterised by large MWCNTs 
agglomerates and numerous unbroken nanotubes 
visible on the fracture surface. These agglomerates 
act as stress concentrators, leading to premature 
failure due to ineffective load transfer. To highlight 
these microstructural features, MWCNTs 
agglomeration is marked with a yellow rectangle, 
while poor MWCNTs dispersion is indicated using a 
yellow ellipse. Microvoids, which contribute to the 
stress-whitening effect and fracture propagation, 
are highlighted by a yellow triangle. The presence 
of these defects suggests that inadequate 
dispersion of MWCNTs can limit reinforcement 
efficiency. This can result in an early failure under 
tensile stress. 

 

 

 
Figure 8. SEM images of cryogenically fractured 

samples 

Figure 8c presents the fracture surface 
morphology of the PP/AMWCNTs nanocomposite. 
A more uniform dispersion of MWCNTs within the 
matrix is noticed compared to the non-
functionalized MWCNTs. The better distribution 
and less clustering of AMWCNTs show that the 
nanotubes and matrix have strong interfacial 
adhesion, which improves the mechanical 
performance. The finer fibrillar structure noticed in 
PP/AMWCNTs indicates that amino-functionalized 
MWCNTs (AMWCNTs) are better integrated into 
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the PP matrix. This results in improved stress 
transfer during mechanical loading. The presence 
of amino-functionalization around PP fibrils is 
highlighted by a red-coloured ellipse, emphasising 
the improved interaction at the interface. In S2 and 
S3 samples, the addition of compatibilizers 
effectively reduced aggregate size and enhanced 
MWCNTs dispersion. This indicates that PP-G-MA 
compatibilizers improved MWCNTs dispersion by 
decreasing interfacial tension between the PP 
matrix and nanotubes [37]. 
 
3.4 Tribological behaviour 

Common wear mechanisms for polymers and 
their composites include abrasion, adhesion and 
fatigue. Pin-on-disc tests were performed on pure 
PP and PP-based nanocomposites to investigate 
the lubricating effect of amino-functionalized and 
non-functionalized MWCNTs.  

Figure 9 represents the coefficient of friction 
(COF) versus time for PP and PP-based 
nanocomposites. The COF of the PP-based 
nanocomposites (S2 and S3) is lower than the PP 
(S1) due to the weak van der Waals forces 
between the MWCNTs and PP matrix. The average 
PP COF value in the steady-state zone, from 900 to 
1500 s, is 0.71 ± 0.02. The average COF of sample 
S2 is 0.46 ± 0.01, from 600 to 852 s, whereas COF 
for sample S3 is 0.57 ± 0.02, from 1200 to 1600 s. 
In the initial stage of sliding, from 0 to 100 s, PP 
shows a relatively high COF, primarily due to its 
inherent surface roughness and adhesion between 
the contacting surfaces (polymer and steel disc). As 
wear progresses, from 100 to 600 s, localised 
softening of the polymer matrix may occur, and 
temporarily unstable friction can be noticed. After 
900 s, the COF tends to stabilise and increase, 
which can be attributed to plastic deformation of 
the surface and enhanced adhesion and abrasion. 
The intermediate zone, from 900 to 1500 s, can be 
considered a steady-state zone where COF 
stabilises and slightly increases. In extended sliding 
time, from 2400 to 3600 s, the COF remains 
elevated or increases further due to progressive 
material degradation. Abrasion and fatigue cause 
fluctuations in friction in this zone [38]. 

Sample S2 showed lower COF than samples S1 
and S3. During the initial stage of sliding, from 0 to 
520 s, the COF decreased. This decrease is 
primarily due to the MWCNTs reinforcement in the 
PP matrix, which prevents direct polymer-to-
polymer contact and makes the structure more 

rigid. However, due to the poor dispersion of non-
functionalized MWCNTs in the PP matrix, the COF 
value in sample S2 fluctuates more over time 
compared to sample S3. This shows that the load is 
not evenly distributed and that there are areas of 
high stress. As the wear process progresses, from 
520 to 970 s, wear debris generated from the 
polymer matrix and nanotube detachment may act 
as a temporary lubricant, leading to friction 
stabilisation [29]. After 970 s, the weak interfacial 
adhesion between non-functionalized MWCNTs 
and the PP matrix results in gradual nanotube 
pullout, which can cause fluctuation and localised 
increases in COF. 
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Figure 9. COF of PP and PP-based nanocomposites vs. 

time 

Sample S3 demonstrated the lowest COF during 
the initial stage of sliding, which lasted from 0 to 
520 s. This decrease in friction is primarily due to 
the better mixing of amino-functionalized 
MWCNTs into the polymer matrix and their 
stronger bonding with PP at the interface. 
Additionally, amino-functionalized MWCNTs act as 
solid lubricants, minimising further friction at the 
contact interface. As the test progresses to the 
intermediate stage, up to 2215 s, the COF stays 
stable because the functionalized nanotubes stick 
firmly to the PP matrix. This prevents the 
nanotubes from separating and ensures effective 
load transfer. Over an extended period, from 2300 
to 3600 s, sample S3 maintained a stable COF. 

Figure 10 shows the wear (material thickness 
loss) in micrometres versus time for PP and PP-
based nanocomposites. Pure PP shows the highest 
wear as compared to non-functionalized and 
amino-functionalized MWCNTs-reinforced 
nanocomposites. PP is a semi-crystalline 
thermoplastic with low hardness and a relatively 
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low melting temperature, leading to the highest 
wear. For the first 350 s of sliding, the wear is 
negative (– 35 μm) due to material transfer to the 
steel disc and localised plastic deformation rather 
than immediate material removal. Between 350 
and 495 s, wear stabilises. After 495 s, intensive 
wear is noticed in PP due to repeated frictional 
heating that softens the matrix and causes 
localised thermal degradation. Poor mechanical 
properties of PP, which have been previously 
highlighted, contribute to the increase of material 
removal. Within the steady-state zone, between 
1235 and 2000 s, wear is measured as 2012 ± 5.3 
μm. Progressively increasing wear can be noticed 
after 2400 and up to 3600 s due to fatigue wear 
and plastic deformation. 
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Figure 10. Wear of PP and PP-based nanocomposites 

vs. time 

As shown in Figure 10, the non-functionalized 
MWCNTs-reinforced PP matrix has higher wear 
resistance than sample S1 but lower wear 
resistance than sample S3. The presence of 
MWCNTs as reinforcement in the PP matrix 
increases mechanical properties, such as stiffness 
and hardness. This improvement helps to lower 
the wear compared to sample S1. Furthermore, 
minimising polymer-to-polymer friction is another 
reason for lower wear. For the first 300 s of sliding, 
wear was intensive due to localised plastic 
deformation. Thereafter, wear increased gradually 
until 600 s. Between 600 and 1200 s, wear was 
stable and considered as steady-state wear. In the 
steady-state zone, the average wear was 256 ± 2 
μm. The gradual pullout of nanotubes from the 
matrix during sliding causes a fluctuation in wear 
after 1300 s of sliding. The wear increased after 
2400 s due to both abrasive and adhesive wear. 
MWCNTs pullout contributes further to material 

degradation. However, the wear is lower than that 
of PP, but it remains inconsistent due to 
agglomeration and poor dispersion of MWCNTs in 
the PP matrix, which was previously noticed. 

The amino-functionalized MWCNTs-reinforced 
PP-based nanocomposite (S3) is more wear 
resistant than samples S1 and S2. This significant 
reduction in wear of sample S3 is due to better 
dispersion and stronger interfacial bonding 
between the MWCNTs and the PP matrix. For the 
first 125 s of sliding, the wear is intensive. 
Thereafter, from 125 to 440 s, it gradually 
increases but stays lower compared to sample S2. 
Between 440 and 2100 s, wear is very stable and 
may be considered as steady-state wear. The 
average wear in this zone was 122 ± 10 μm, which 
is the lowest among the samples. This stability in 
wear over time comes from uniform dispersion of 
MWCNTs and improved adhesion with the matrix. 
This process enables efficient load transfer and 
restricts matrix deformation. Furthermore, there is 
a fluctuation in wear, from 2200 to 2600 s, 
because nanotubes are pulled out, which causes 
the PP matrix to deform in some places. Between 
2600 and 3200 s, wear stabilises with more 
fluctuations due to wear debris. Thereafter, fatigue 
wear can be noticed. Amino-functionalized 
MWCNTs act as nanoscale lubricants, mitigating 
wear-induced heat. This process keeps the 
structure stable over time and lowers the wear. 

Samples S2 and S3 had significantly reduced 
wear and friction compared to sample S1. 
Specifically, the wear decreased by 73 % for S2 and 
by 87 % for S3, considering only steady-state zone 
average values. Regarding COF, the reduction was 
40 % for S2 and 19 % for S3 compared to pure PP. 
Both nanocomposites show lower friction than PP, 
but S2 shows a more intensive decrease. The wear 
rate of PP was calculated as 0.0014 mm3/m, 
indicating significant wear under dry sliding 
conditions. When 1 wt. % non-functionalized 
MWCNTs were added, the wear rate decreased to 
0.00071 mm3/m. This material showed a moderate 
improvement in wear resistance, but it was limited 
by poor dispersion and weak interfacial bonding, 
which can cause MWCNTs to pullout. The amino-
functionalized MWCNTs-reinforced PP-based 
nanocomposite had an even lower wear rate of 
0.00054 mm3/m. The lower wear rate was because 
the AMWCNTs were spread out more evenly and 
had stronger interfacial adhesion, which improved 
load transfer. This makes it more wear resistant 
while keeping a moderate friction level. 
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4. Conclusion 

This research shows that AMWCNTs-reinforced 
PP-based nanocomposite has better mechanical 
and tribological properties than PP/MWCNTs 
nanocomposite. The results indicate that surface 
functionalization is key to better nanofiller 
dispersion, interfacial adhesion and load transfer in 
the polymer matrix. 

FTIR spectroscopy confirmed that imide bonds 
formed between PP-G-MA and AMWCNTs. These 
bonds made the interactions between the 
nanofiller and matrix stronger and increased 
chemical stability. 

XRD analysis indicated that adding AMWCNTs 
made the crystal orientations more uniform in the 
PP matrix, which improved the structure's stability 
and order. A slight change in peak positions 
between functionalized (PP/AMWCNTs) and non-
functionalized (PP/MWCNTs) nanocomposite is also 
noticed. This variation was due to strong 
interactions between the AMWCNTs and PP chains. 

The covalent bonding between the PP chains 
and the AMWCNTs surfaces improved the 
interfacial bonding, increasing mechanical strength 
and decreasing wear. Cryogenic fracture 
morphology analysis indicated uniform dispersion 
of AMWCNTs, which minimised agglomeration and 
ensured homogeneous reinforcement. 

Compared to pure PP, PP/AMWCNTs 
nanocomposite had a 53 % higher modulus of 
elasticity and a 36 % higher tensile strength. This 
improvement was because it was better at 
transferring stress and having nanofillers reinforce 
them. 

Tribological testing revealed a 73 % reduction in 
wear for PP/MWCNTs nanocomposite and an 87 % 
reduction for PP/AMWCNTs nanocomposite 
compared to pure PP. The coefficient of friction 
was 40 % lower for the PP/MWCNTs 
nanocomposite and 19 % lower for the 
PP/AMWCNTs nanocomposite compared to pure 
PP. This shows effective load distribution and 
reduced adhesive wear.  

The results suggest that PP/AMWCNTs 
nanocomposite is a promising material for 
applications that require high mechanical strength 
and wear resistance. 
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