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Abstract
Thermoplastic composite materials are widely used for aerospace, automobile and structural applications due to their 
good combination of high strength to weight ratio and specific modulus. Combined with the ease of melt processing, good 
resistance to corrosion, low friction, and noise damping are attributes which make them a popular choice in a wide range 
of emerging applications. Random, short-fibre, E-glass fibre reinforced Polyamide 6 (PA6) composites were manufactured 
by injection moulding in three different fibre volume fractions (25%, 33% and 50%) and the samples were scanned using 
micro-CT. The tribological properties of PA6 and glass fibre reinforced PA6 were investigated in the abrasive wear mode by 
using a pin-on-disc test setup. The tests were done at an abrading distance of 257 m and applied load of 10 N. The abrasive 
wear experiments were performed against three abrasive grit size papers (220, 500 and 1000 grit), to ascertain the wear 
response of the studied materials with respect to these adverse running conditions. Moreover, the mechanical properties of 
PA6 and PA6 composites were examined using tensile testing and compression testing. The surface roughness of the worn 
surfaces was analysed using a 3D digital profilometer. The worn surface topographies were scanned using field emission 
scanning electron microscopy. It was observed that the optimum fibre loading that was associated with the highest wear 
resistance was 33% volume fraction of glass fibres, and the wear performance deteriorated with higher fibre loadings. The 
increase in the grit size showed a significant reduction to the wear rates of all compositions. The results confirmed that the 
wear performance of polyamide composites is highly dependent on the tribological system under which it is being tested.
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Abbreviations
ASTM	� American Society for Testing and Materials
CF	� Carbon fibre
EDS	� Energy-dispersive X-ray spectroscopy
FESEM	� Field-emission scanning electron microscopy
FRP	� Fibre reinforced polymer
GF	� Glass fibre
GFR	� Glass fibre reinforced
Micro-CT	� Micro-computed tomography
MoS2	� Molybdenum disulphide
PA6	� Polyamide 6
PEEK	� Polyetheretherketone
PEI	� Polyetherimide
PPS	� Polyphenylene sulphide
PTFE	� Polytetrafluoroethylene
PU	� Polyurethane
SGF	� Short glass fibres

SiC	� Silicon carbide
TiO2	� Titanium dioxide
TPU	� Thermoplastic polyurethane
UHMWPE	� Ultra-high molecular weight polyethylene
Ws  	� Specific wear rate
Xc	� Degree of crystallinity

1  Introduction

Friction is the primary phenomenon that takes place 
between the contacting members of devices and machin-
ery. Frictional processes associated with the tear and wear 
of pairing members play a vital role in deteriorating the 
functional efficiency of these members. High wear rate 
and frictional coefficient are the major reasons that lead 
to reduced service life of vital elements such as vacuum 
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pumps, bearings and gears [1]. Moreover, in some extreme 
working environments, wear resistance and antifriction 
needs are higher, which majorly restrict the utilization 
of traditional thermoplastic materials in various sectors. 
Adhesion of the contacting member surfaces, crushing, 
cracking, tribo-chemical interactions that take place on 
the frictional surfaces and the abrasion of materials lead 
to the tribological wear of thermoplastic materials, as 
explained in various research works [2–5]. Hence, it is 
essential to investigate methods to enhance the tribological 
characteristics of polymeric materials. The methodologies 
that further enhance the tribological and abrasive proper-
ties of thermoplastic materials by transforming them into 
composite structures receive substantial scientific and 
commercial attention [1]. Currently, various inorganic 
and organic fibres are available as reinforcing materials 
for polymers and can be utilized in applications where 
abrasive resistance is of great necessity; for instance, 
seals, bushes, pump, conveyor belts, gears, chute liners 
and vanes, etc. [2, 3]. Glass fibre (GF) is amongst the 
most popular man-made fibre and is extensively utilized 
in different sectors such as: transportation, mining, sports 
equipment, automotive and aviation due to its distinct 
characteristics including low density, high compressive 
strength, and low cost [4].

Polymeric materials demonstrate distinct properties, in 
contrast to ceramics and metals, due to their relatively high 
strength to weight ratio and their viscoelastic behaviour 
characteristics [6–16]. Polymeric tribo-composite materi-
als can be altered by incorporating reinforcements, filler 
materials and lubricants, in accordance with the predicted 
wear forms or situations [17–19]. Therefore, various 
parameters affect wear rates including the type of matrix, 
type of fibre, surface roughness, physical, mechanical and 
chemical characteristics of mating elements, contact kin-
ematics and service conditions [20, 21]. These parameters 
are critical, specifically in the abrasive wear situation that 
takes place when stiff particles or hard surfaces glide on 
a soft material. The resulting surface grooving can lead 
to multiple folds of wear damage compared to adhesive 
form of wear [22, 23]. The filler materials, that improve 
the adhesive wear performance, may lead to extreme 
damage in abrasive mode of wear [24]. It is commonly 
anticipated that if there is an increase in rigidity and ten-
sile strength of polymeric materials as a result of adding 
reinforcements, their resistance to wear should increase 
proportionally. Even though there are studies demonstrat-
ing that an optimal quantity of reinforcement is needed to 
achieve superior resistance to wear, the behaviour of the 
polymeric composites with improved mechanical charac-
teristics exposed to abrasive form of wear is still ques-
tionable and unpredictable. Numerous researchers have 
investigated the improved abrasive wear performance of 

polymers reinforced with fibres in comparison to neat 
polymeric materials [25–29]. Nonetheless, few research 
works have reported on the decrease of polymeric com-
posites resistance to wear even when there is an increase 
in Young’s modulus and hardness [20, 25]. The decrease 
in wear performance can be attributed to the operating 
conditions including sliding velocity, properties of the 
abrasive materials or the normal load applied, or the par-
ticular mechanical characteristics of the damaged mate-
rial including fatigue behaviour [30] that all can increase 
the recurring ploughing influence on a stiff material. The 
resistance to abrasive wear of ultra-high molecular weight 
polyethylene (UHMWPE) composite materials reinforced 
with wollastonite fibre decreased as the amount of fibre 
surpassed 10% by weight [25]. On the other hand, the wear 
resistance characteristics of thermoplastic materials can-
not be enhanced through the addition of short fibres if the 
form of wear is extremely abrasive [19].

In another study, Polyamide 6 (PA6) was reinforced with 
three different fibre volume fractions of short carbon fibres 
(CF) which were: 10%, 20% and 30%. When reinforcing 
PA6 with 20% of CF, the maximum resistance to wear was 
exhibited under the dry sliding wear state [31]. PA6 and poly-
phenylene sulphide (PPS) were reinforced with CF at three 
different weight fractions which were: 5%, 10% and 15% and 
the materials were tribo-tested. The results showed that there 
was a proportionate increase in resistance to wear with the 
increase in CF weight fraction, whereas there was a reduction 
in the coefficient of friction up to 10% of CF which increased 
with the increase of CF weight fraction [32]. Moreover, there 
was a proportional increase in wear rates with the increase in 
fibre content when polyurethane (PU) composite materials 
reinforced with short glass fibres (SGF) at 10%, 20%, 30% 
and 40% by weight were subjected to the abrasive form of 
wear [33]. The wear rate decreased with the increase of fibre 
content for Polyvinyl Pyrrolidone composite materials rein-
forced with Date Palm Leaf at 30% and 40% by weight frac-
tion [34]. There was a proportionate increase in the wear rate 
and coefficient of friction with the rise in CF content at 5%, 
10%, 15% and 20% by weight as a result of fibres aggrega-
tion for phenolic-CF composite materials [35]. The optimum 
tribological and mechanical characteristics were observed 
for paper-based frictional composite material reinforced with 
10% by weight of short glass fibres [36]. Moreover, a similar 
observation was noticed for Polyetheretherketone (PEEK) 
composite materials comprising potassium titanate and short 
carbon fibres at 5%, 10%, 15% and 20% by weight fraction 
[37]. For Polyetherimide (PEI), the effect of increasing carbon 
fabric amount at 40%, 55%, 65%, 75% and 85% by weight 
fraction showed that the highest wear resistance in abrasive 
mode, reciprocating and adhesive wear forms were observed 
for composites reinforced with 65% by weight of carbon fab-
ric [38–40]. The fabric amount, necessary for obtaining the 
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highest wear resistance and highest mechanical characteristics 
was not matching. Moreover, the amount of threshold changed 
for each wear form. The lesser weight fraction of fabric dem-
onstrated being insufficient to act as an efficient wear barrier 
in the case of PEI, whereas higher weight fraction of fabric 
severely decreased the overall performance and resulted in 
higher wear and breaking of fibres due to the improper matrix 
wetting.

The main motivation of this research thus is elucidate the 
interactions between the contacting surfaces (Polyamide 6 
and its glass fibre reinforced variations against Silicon car-
bide) with respect to grit size variations and material con-
figuration variations. The abrasive wear behaviour of the 
injection moulded PA6 composites was investigated as a 
function of varying fibre volume fractions. The influence of 
grit size of a hard counter-face material (replicating a real-
life application) on the wear performance of the selected 
materials was assessed. Additionally, the mechanical prop-
erties and surface roughness analysis of the manufactured 
samples were analysed. Besides, the morphological analysis 
of the worn-out surfaces was investigated. In light of the 
research gaps discussed in the review article by Moustafa 
et al. [1], the composites of three fibre volume fractions have 
been produced by injection moulding, and some combina-
tions included Molybdenum disulphide (MoS2) as a lubri-
cant. The required wear, tensile, hardness and compression 
test specimens were prepared for assessing the influence of 
the compositions of different constituents on the tribological 
and mechanical performances of PA6 composites. The pin-
on-disc abrasive tests under dry conditions were carried out 
using three different grit sizes for the counter-face material 
and the relationships between wear and mechanical behav-
iours were assessed based on the findings. Finally, the wear 
modes of the prepared materials are discussed.

2 � Materials and Characterizations

2.1 � Materials and Preparation

In this research, the raw materials used were Polyamide 
6 (PA6) as the matrix material and E-glass fibres as the 

reinforcement phase. The yield strength, flexural strength 
and specific gravity of PA6 were: 77.0 MPa, 92.0 MPa and 
1.13, respectively, as supplied from Duromer (Australia). 
There are five different material compositions prepared 
which are: Pure PA6, PA625GF (PA6 + 25% by volume of 
E-glass fibres), PA625GF5MoS2 [PA6 + 25% by volume of 
E-glass fibres + 5% by weight of the lubricant Molybdenum 
disulphide (MoS2)], PA633GF (PA6 + 33% by volume of 
E-glass fibres) and PA650GF (PA6 + 50% by volume of 
E-glass fibres). The injection moulding process was used to 
manufacture the different material compositions by using 
HXF 168 by NINGBO HAIXING PLASTICS MACHIN-
ERY moulding machine. The real-life application of the 
manufactured pure thermoplastics, lubricated thermoplas-
tics and fibre reinforced thermoplastic materials is targeting 
the mining industry. Different moulds were used to obtain 
samples of the required geometries for tensile, compression, 
roughness, density measurement, wear testing and morpho-
logical analysis.

2.2 � Mechanical Testing of Materials

The mechanical properties of the materials were evalu-
ated using an INSTRON model 5900R 5584 universal 
testing machine from Germany, under normal ambient 
temperature conditions. The load cell capacity was 10 KN 
and the type of grippers used was self-aligning hydraulic 
grips. To remove moisture from the samples, they were 
subjected to drying at 60 °C in a drying chamber for 24 
hours prior to the tension test. The tensile testing was 
carried out in accordance with ASTM standard D638-10 
[41] at a constant cross head speed of 5 mm/min and a 
gauge length of 33 mm. The data were acquired using 
a video extensometer instead of the crosshead displace-
ment to overcome the slippage effect between the sample 
and grips. An assessment of each material configuration 
involved analysing five distinct specimens, with the mean 
values of the measured parameters recorded for each. The 
geometry of the tensile samples is presented in Fig. 1 and 
the tensile testing setup is shown in Fig. 2. Additionally, 
the compression testing of materials was carried out in 
accordance with the standard ASTM D 695 [42] for the 

Fig. 1   Geometry of the tensile 
specimens
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compression testing of plastic materials, using the same 
universal testing machine. The height and diameter of the 
dried rod-shaped samples were 15 mm and 10 mm, respec-
tively. The crosshead speed was set at 1.3 mm/min. Like-
wise, five samples were tested per configuration and the 
average results were recorded. Moreover, shore D hardness 
was measured using an INSTRON tester, following ASTM 
D2240-15. The scale ranges from 0 to 100, with lower 
values indicating lower hardness. Specimens were 10 mm 
in diameter and 15 mm in height. Samples were cleaned 
with alcohol before testing to ensure accurate readings. 
The test was done at 25 °C and 50% relative humidity, 
with a 1-second delay before recording readings and ten 
measurements per sample were averaged.

2.3 � Wear Testing of Materials

Prior to the wear testing of materials, the density of the sam-
ples was assessed using a density kit, following the Archi-
medes principle and the testing procedures of ASTM 792 
standard for density calculation of plastic materials [43]. The 
mass of each sample was recorded using a weighing scale of 
0.1 mg scale value, in two conditions; air medium and water 
medium. Five samples of each material configuration were 
assessed and the average values of densities were reported. 
The tribological properties of the polymeric samples were 
carried out by using the pin-on-disk tribometer, rotary plat-
form abrader 5135, as presented in Fig. 3. The geometry of 
the sample used for abrasion was a rod of 15 mm height and 
10 mm diameter which were checked using a Vernier Caliper 
with a scale resolution value of 0.01 mm. An illustration of 
the wear testing configuration showing the pin sample and 
the silicon carbide (SiC) grinding paper as the counter-face 
material is presented in Fig. 4.

The counter-face material used for the abrasion test-
ing was SiC which was provided by Struers, and the poly-
meric pins were abraded against three different grit sizes 
which were: 220, 500 and 1000, which replicate coarse grit, 
medium grit and fine grit sizes, respectively. Table 1 lists 
the characteristics of the counter-face materials used for 
abrasion. The outside diameter of SiC papers was 102 mm 
and the track diameter was kept at 82 mm in the abrasion 
experiments.

The abrasion testing of polymeric samples was performed 
as per the ASTM G99-17 standard for abrasion testing of 
materials in a pin on disk format [44]. Prior to wear testing, 
the polymeric specimens were cleaned from dirt and foreign 
particles using ethanol, followed by being dried in the oven 
at 50 °C for six hours, in order to obtain a similar surface 
finish for the samples. The mass of all samples was meas-
ured before and after wear testing using a balance scale of 
0.1 mg scale resolution value. The pin samples were placed 
securely in the specimen’s holder while ensuring that the 
samples meet the required contacting conditions by being 
perpendicular to the rotating grinding paper. The abrading 

Fig. 2   Testing Setup of Tensile Specimens using the INSTRON Uni-
versal Testing Machine

Fig. 3   Wear testing setup using the 5135 Abraser tribometer device

Fig. 4   Schematic diagram for abrasive wear of pin samples against 
SiC abrasive paper bonded disc
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velocity and applied force were set at 72 rpm (0.31 m/s) and 
10 N, respectively. The abrading distance was set at 257.48 
m for all samples by controlling the revolutions count for 
each experiment. A new abrasive paper was used for each 
sample. Five samples were examined for each material com-
position and the average mass loss values were calculated in 
order to evaluate the specific wear rate of the materials (Ws) 
[1]. The abrasion test was performed at ambient conditions 
(25 ± 2 °C) without any disruptions. After completion of the 
abrasion test, the sample was removed, cleansed of any wear 
debris through the use of ethyl alcohol, and subsequently 
dried, prior to the measurement of the final mass.

The mass loss of polymeric specimens was evaluated 
according to Eq. (1), as follows:

where, ∆m is the mass loss of the specimen, mi is the initial 
mass of the specimen and mf is the final mass of the speci-
men after the abrasion testing.

The wear amount was converted from mass loss to volu-
metric loss and Eq. (2) expresses (∆V) as the ratio of mass 
loss to the calculated density of the materials.

Through the utilization of Eq. (3), the calculated data 
obtained from the wear test enables the determination of the 
specific wear rate Ws.

where L is the abrading distance in meters, ΔV is the volu-
metric loss in mm3 and FN is the applied load in newtons.

2.4 � Roughness Testing of Materials

The surface profiles of the polymeric pins were evaluated 
using the 3D digital profilometer Olympus DSX1000 across 
the worn-out surface of the samples. The surface texture 
parameters, Arithmetical mean height (Ra), Mean width of 
the profile elements (Rsm) and Maximum height of pro-
file (Rz) were used to indicate the surface roughness pin 

(1)Δm = mi − mf

[

mg
]

(2)

Volumetric loss (ΔV) =
Mass loss, (g)

Density, (g.cm−3)
× 1000 [mm3]

(3)Ws = ΔV∕FNL
[

mm3∕N.m
]

samples that were subjected to abrasive wear. The profile 
roughness for each sample was assessed by measuring the 
roughness values across ten equally spaced lines, as seen in 
Fig. 5, on the surface of each sample and the average results 
were recorded.

2.5 � Micro‑CT Analysis of Materials

The specimens were subjected to micro-CT scanning using 
the SkyScan 1272 instrument from Bruker (Belgium), which 
enabled evaluation of fiber orientation and distribution. The 
following parameters were used during acquisition: 1.25 μm 
voxel size, 111 uA current, 70 kV voltage, 2.175 seconds of 
exposure time, 0.5 mm Al filter, 2x2 binning, frame aver-
aging of 2, and a rotation step of 0.18 degrees around the 
specimen's full 360-degree rotation. The micro-CT data was 
reconstructed using InstaRecon (from InstaRecon, USA) and 
NRecon (Version 1.7.4.6, from Bruker, Belgium) through 
back-projection algorithm, with ring artifact reduction and 
correction for beam hardening. Visualization of the data 
were achieved via CTVox from Bruker, Belgium.

2.6 � X‑Ray Diffraction (XRD) Analysis

The X-ray diffraction (XRD) analyses were performed using 
a Bruker D8 Advance instrument equipped with Cu Kα2 
radiation over a 2θ range of 10˚ to 60˚. The measurements 
were conducted in fixed time mode with a step size of 0.02˚ 
per minute. The crystalline and amorphous components of 
the materials were distinguished and the crystallinity degree 
(Ws) was determined using DIFFRAC.EVA Version 5.1.

Table 1   Properties of the counter-face materials

Serial Counter-face 
material

Grit size (European 
FEPA)

Particle 
size 
(μm)

1 SiC 220 68
2 SiC 500 30
3 SiC 1000 18

Fig. 5   Representation of the roughness lines drawn for assessing the 
surface roughness parameters of the polymeric pin samples
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2.7 � Morphological Analysis of Worn‑out Surfaces

The morphologies of the worn-out surfaces of polymers and 
polymeric composite materials were assesseusing JEOL 
7100 field emission scanning electron microscope (FESEM). 
The tribological tested polymers and composites were 
plasma cleaned and the worn-out surfaces for observation 
were platinum coated with a layer of 15 nm thick, to render 
them electrically conductive. The specimens' worn surfaces 
were positioned facing upwards on a standard FESEM stub 
affixed with double-sided carbon tape. During FESEM 
imaging, parameters such as accelerating voltage (kV) and 
probe current (A) were fine-tuned to produce high-quality 
images devoid of any sample charging or surface degrada-
tion artefacts. Based on our findings, optimal images were 
obtained by employing a 10 kV accelerating voltage and 8 A 
probe current. Different magnifications were used to capture 
a representative view of the worn surfaces.

3 � Results and Discussion

3.1 � Mechanical Performance of Materials

The subsequent section of this study details and analyses the 
mechanical properties of both pure polymers and fibre-rein-
forced polymers, which were determined through a variety 
of testing methods, including wear testing, hardness testing, 
compression testing and tensile testing.

3.1.1 � Tensile and Hardness Behaviours of Materials

Figure 6 illustrates the tensile properties of PA6 and its com-
posites, which includes 25%, 33%, and 50% by volume of 
glass fibres. The data indicates that PA650GF has the high-
est Young's modulus among the materials tested. Moreover, 

PA650GF exhibits a tensile strength 231% greater than the 
lowest-performing material, PA6. These findings suggest 
that an increase in fibre volume fraction leads to an increase 
in the composite materials’ stiffness, Young’s modulus, 
which is consistent with the rule of mixtures theory. Addi-
tionally, it can be observed that that the inclusion of a 5% 
MoS2 lubricant in PA625GF results in an average increase of 
14% in Young's modulus when compared to the absence of 
the lubricant. The mean values of Shore D hardness readings 
for specimens with different formulations has been meas-
ured. It is anticipated that an increase in the number of rigid 
components within a relatively softer component would 
result in higher hardness values. Several factors influence the 
hardness values in fibre-reinforced thermoplastics, including 
fibre size, type, volume fraction, and the adhesion strength 
between the matrix and the fibre. The contribution of the 
fibre volume fraction to hardness was confirmed through the 
hardness testing results. These results demonstrate that the 
thermoplastic composite materials exhibited higher hardness 
values compared to the plain polymers. The mean hardness 
values for PA6, PA625GF, PA625GFMoS2 and PA633GF 
were 74.9, 82.8, 85.3 and 86.5, respectively. Notably, the 
50% filled glass fibre-reinforced thermoplastic materials 
exhibited the highest hardness values, reaching as high as 
93.3 Shore D. This is attributed to the rigid structure of the 
fibres and their higher volumetric fraction in the composite, 
which contribute to the enhanced hardness properties.

3.1.2 � Compressive Behaviour of Materials

Figure 7 depicts the compressive strength of two poly-
mer candidates and PA6 reinforced variations. The results 
indicate that PA6 demonstrates 91% greater compressive 
strength than TPU at 30% strain. Furthermore, the com-
pressive strength values of glass fibre-reinforced PA6 dis-
play a direct correlation with fibre volume fraction, with 
PA6 reinforced with 50% glass fibres by volume exhibiting 

Fig. 6   Young’s modulus for 
PA6 and glass fibre reinforced 
PA6 at different fibre volume 
fractions
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higher compressive strength than PA633GF and PA625GF 
by 40% and 86%, respectively. Additionally, the inclusion of 
a lubricant marginally increased PA6's compressive strength 
by 11.7%. These findings align closely with the tensile test 
results of the materials, as previously discussed.

3.1.3 � Wear Behaviour of Materials

Tables 2, 3, and 4 present the mass loss data for neat poly-
mers and PA6 composites, subjected to varying configura-
tions of Silicon carbide grinding paper counter-face with 
grit sizes 1000, 500, and 220, respectively. The mechanical 
and wear characteristics of polymeric composite materi-
als are greatly influenced by the type, size, and shape of 
the filler, as well as its chemical treatment. For instance, 
shorter fibre lengths may decrease the load carrying capac-
ity of fibres and lead to high wear rates, whereas longer fibre 
lengths may cause pull-out of the fibres and increase wear 
rates. Therefore, the use of fibres shorter than the critical 
length was pursued to improve stress transfer efficiency.

In order to evaluate the wear characteristics of the com-
posite specimens, both mass loss and volume loss meas-
urements were taken. Subsequently, the mass loss data was 
converted to wear volume (∆V) using the average values of 
densities recorded for the five specimens examined per con-
figuration. The densities of the fibre-reinforced composite 

materials and their corresponding wear amounts, as quanti-
fied by both volumetric and mass loss measurements, are 
presented in Table 5, with respect to the three grit sizes of 
the counter-face material used.

The specific wear rate of PA6 was investigated with the 
addition of three different fibre volume fractions (25%, 33%, 
and 50%) and glass fibre at 25% volume fraction, along with 
5% lubricant material MoS2. The samples were subjected to 
three different grit sizes of SiC counter-face grinding papers, 
and the results were presented in Figure 8. The addition of 
glass fibres was found to decrease the wear resistance of the 
composite materials in all cases. The specific wear rate rose 
with the increase of fibre volume fraction, possibly due to 
the increased rigidity of the structure at higher fibre frac-
tions, leading to increased abrasive wear. The wear rate of 
PA650GF was found to be the highest, with specific wear 
rates against SiC of grit size 220, 500, and 1000 being 163%, 
161%, and 178% higher than that of pure PA6, respectively. 
These results are partially consistent with the findings of 
Palabiyik et al. [45], who concluded that the addition of 
glass fibres was not effective in reducing the wear rate of 
high-density polyethylene and polyamide 6 polyblends. 
Additionally, the incorporation of 5% MoS2 led to a signifi-
cant decrease in the wear rate, with a reduction of 18.84% 
observed when comparing the wear rates of PA625GF+5% 
MoS2 and PA625GF.

Fig. 7   Compressive strength for 
polymeric materials and vari-
ations of glass fibre reinforced 
PA6
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Table 2   Mass loss 
measurements of the polymeric 
and composite samples against 
SiC counter-face of grit size 
1000

Sample Mass loss (mg) Mean 
value 
(mg)

PA50GF 4.0 4.0 4.0 5.0 4.0 4.2
PA33GF 5.0 5.0 6.0 5.0 6.0 5.4
PA25GF5MoS2 6.0 7.0 6.0 6.0 7.0 6.4
PA25GF 8.0 8.0 9.0 8.0 9.0 8.4
PA6 10.0 10.0 11.0 10.0 10.0 10.2
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PA6 and PA6 reinforced compositions showed greater 
wear rates, specifically against 220 abrasive grit size, than 
these against 500 and 1000 abrasive grit sizes. The penetra-
tion depth, namely wear depth was significantly higher for 
the materials which were abraded against 220 grit size paper 
than the higher grit sizes. Therefore, PA6 and PA6 rein-
forced compositions demonstrated wear sensitivity to these 
adverse contacting conditions. The main aspects of two-
body abrasive wear of thermoplastics are reflected in micro-
cutting and micro-ploughing forms. In the micro-ploughing 
form, a shallow groove was created due to continuous load-
ing. In the micro-cutting form, long, curled ribbon-like par-
ticles were generated. Therefore, the wear of polyamide 
compositions was dominated by micro-ploughing because 
of deep penetration of the brittle SiC particles and material 
being transferred on either face. The fibrils were adhering to 
the counter-face during micro-cutting. The clogging of the 
SiC abrasive papers with wear debris and fibrils may also 
have an influence on the specific wear rate of the materials. 

In the case of 500 and 1000 abrasive grit sizes, the abrasivity 
was decreased after repeated abrading and clogging. This 
expresses why substantial fluctuations in the specific wear 
rates were not detected in 500 and 1000 grit size papers. In 
two-body abrasive wear, the abrasive particles were involved 
in micro-ploughing while the remainder of the abrasive par-
ticles are responsible of micro-cutting [46]. The angle of the 
abrasive particles with respect to softer surfaces is said to be 
controlling the material deformation. The abrasive wear rate 
of polymers is proportional to 1

�u�u

 where �u is the elongation 
at break and �u is the tensile break strength [47]. The less 
values of 1

�u�u

 lead to reduced wear rates. Accordingly, 
PA33GF showed improved wear resistance than PA50GF. 
The elongation at break of PA50GF is less than that of the 
other fibre fractions and it is one of the main controlling 
factors for resisting wear, particularly in severe conditions. 
Hence, under adverse conditions, as against 220 grit size 
papers, PA6 and PA6 reinforced compositions are more sus-
ceptible to wear due to their mechanical characteristics.

Table 3   Mass loss 
measurements of the polymeric 
and composite samples against 
SiC counter-face of grit size 500

Sample Mass loss (mg) Mean 
value 
(mg)

PA6 18.0 19.0 19.0 20.0 19.0 19.0
PA33GF 25.0 25.0 26.0 25.0 26.0 25.4
TPU 25.0 25.0 26.0 24.0 28.0 25.6
PA25GF5MoS2 34.0 31.0 32.0 30.0 31.0 31.6
PA25GF 39.0 37.0 39.0 38.0 37.0 38.0
PA50GF 37.0 41.0 42.0 45.0 43.0 41.6

Table 4   Mass loss 
measurements of the polymeric 
and composite samples against 
SiC counter-face of grit size 220

Sample Mass loss (mg) Mean value (mg)

PA50GF 211.0 204.0 212.0 209.0 215.0 210.2
PA33GF 126.0 129.0 121.0 126.0 128.0 126.0
PA25GF5MoS2 190.0 189.0 191.0 192.0 188.0 190.0
PA25GF 201.0 197.0 205.0 202.0 199.0 200.8
PA6 48.0 45.0 49.0 51.0 47.0 48.0

Table 5   Density and wear amount of PA6 and PA6 composite samples

Sample Density (ρ) 
[g/cm3]

Grit size #220 Grit size #500 Grit size #1000

Mass loss 
(∆m) [mg]

Volume loss 
(∆V) [mm3]

Mass loss 
(∆m) [mg]

Volume loss 
(∆V) [mm3]

Mass loss 
(∆m) [mg]

Volume loss 
(∆V) [mm3]

PA6 1.128 210.200 186.340 19.000 16.840 4.200 3.720
PA33GF 1.319 126.000 95.520 25.330 19.200 5.400 4.090
PA25GF + 5%MoS2 1.331 190.000 142.740 33.330 25.040 6.400 4.810
PA50GF 1.533 200.800 130.980 41.670 27.180 8.400 5.470
PA25GF 1.286 48.000 37.320 40.000 31.100 10.200 7.930
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The lubricant was significant in minimizing the friction at 
interfaces in relative motion, hence minimizing the wear rate 
and increasing the lifetime of structures subjected to abra-
sive wear. The thermal resistance of composites is a critical 
factor affecting their friction and wear properties. During 
friction, heat is generated, particularly under dry sliding con-
ditions, and in the absence of lubrication, the generated heat 
cannot be dissipated. Consequently, composites are more 
prone to degradation in the presence of frictional heat, and 
those with higher thermal stability exhibit greater resistance 
to such damage. In our current research, we have determined 
that PA625GF+5% MoS2 composites exhibit excellent ther-
mal stability, which is advantageous for their wear proper-
ties. Moreover, the PA625GF+5% MoS2 samples exhibit 
higher hardness, indicating that they have better load-car-
rying capacity and can prevent PA6 from wearing off. This 
improvement in wear resistance because of the incorporation 
of MoS2 is consistent with previous studies [48–51]. Addi-
tionally, among the three fibre volume fractions used to rein-
force PA6, we found that 33% glass fibre content by volume 
was the optimal percentage for resisting wear, with the spe-
cific wear rate of PA633GF being 30.59% and 44.07% less 
than that of PA625GF and PA650GF, respectively. Abrasive 
wear causes the surfaces of the counter-face materials to 
become relatively rough compared to the unworn side sur-
faces of SiC grinding papers. During sliding between the 
counter-face and candidate polymers, the adhesion between 
the two surfaces at the original interface is strong enough to 
impede sliding motion, leading to tearing at the interfaces 
within the polymeric specimens. Consequently, a coherent 
thin film of each specimen is deposited on the counter-face 
material in the wear track. Subsequent motion of the poly-
meric specimen over this thin layer removes the transferred 
film, and a new layer is deposited. This process continues 

until the surfaces of the polymeric specimens are gradually 
worn away. The results indicate that the specific wear rate 
of materials decreases as the grit size of the counter-face 
increases. This finding is consistent with previous research 
that suggests the abrasive wear resistance of polymer com-
posites is proportional to their rigidity or fibre volume frac-
tion in fibre-reinforced composite systems, as reported in the 
literature survey [52–54].

3.2 � Micro‑CT Analysis of Materials

The micro-CT, as a non-destructive technique was carried 
out to visualize and characterize the internal geometry of the 
thermoplastics and thermoplastic composites. It was used to 
investigate fibre alignment, fibre distribution, the existing 
voids and the effect of the injection flow in the manufactured 
composites. Besides, it was carried out to check if there are 
structural changes due to the applied moulding conditions. 
Figure 9 presents 3D tomogram images of the polymeric 
reinforced specimens, showing the randomly distributed 
fibres of varying lengths. The fibre phase is represented in 
red colour, while the matrix phase is represented in white. 
The elevation views of the images in Fig. 9 represent the sec-
tion views of specimens, while the top views of the images in 
the same figure represent the top surfaces of the specimens. 
The direction of glass fibres is perpendicular to the loading 
direction of the injection moulding process. Notably, the 
images reveal that the injection moulding process resulted 
in a close packing of the composites, thereby achieving uni-
form fibre distribution without any agglomerates. Addition-
ally, the images demonstrate that the composites exhibited 
negligible voids.

Fig. 8   Average specific wear 
rate for polymers and their 
fibre reinforced variations for 
three different grit sizes of SiC 
counter-face
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3.3 � XRD Analysis of Materials

X-ray diffraction (XRD) analyses were employed to deter-
mine the crystallographic properties of both PA6 and PA6 
composite materials, as well as to evaluate the influence 
of the resulting degree of crystallinity on the materials' 
wear resistance. The XRD results are presented in Fig. 10, 

showing characteristic peaks of PA6 at 2θ = 20.8˚ (200) and 
22.9˚ (202, 002).

Table 6 displays the degree of crystallinity of the inves-
tigated materials. The addition of glass fibres was observed 
to decrease the intensity of the characteristic peaks, while 
the introduction of MoS2 resulted in a noteworthy rise in the 
crystallinity of the materials, increasing from Xc = 40.52 to 
Xc = 52.38. This rise in crystallinity corresponds to a reduc-
tion in the specific wear rates.

3.4 � Surface Roughness of Worn‑Out Surfaces

The worn-out surfaces of polymers and their composites 
in the analysed scenarios have been assessed by measuring 
the roughness parameter Ra across ten profile lines on each 

Fig. 9   Tomogram 3D image 
visualisations of the central por-
tion of the plain polymeric spec-
imens; each subset representing 
approximately one third of the 
specimens’ volumes imaged; 
(PA625GF, PA625GF + 5MoS2, 
PA633GF and PA650GF)

10 20 30 40 50 60
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Fig. 10   X-ray diffraction (XRD) patterns of PA6 and PA6 composites

Table 6   Degree of crystallinity of PA6 and PA6 composite materials

Serial Sample code Crystallinity 
degree (Xc%)

1 PA6 47.03
2 PA625GF 40.52
3 PA633GF 37.81
4 PA650GF 33.39
5 PA625GF5MoS2 52.38
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sample, as shown in Fig. 5. The height maps of the different 
surfaces worn-out by SiC counter-face of grit size 1000 are 
displayed in Fig. 11. The line roughness parameters for the 
worn-out surfaces of PA6 against SiC of grit sizes 1000, 
500 and 220 are displayed in Tables 7, 8 and 9, respectively. 

Additionally, the line roughness parameters for the worn-
out surfaces of the optimum reinforced variation in terms 
of wear performance, PA633GF, against SiC of grit sizes 
1000, 500 and 220 are displayed in Tables 10, 11 and 12, 
respectively.

Fig. 11   Height maps of the 
materials (PA6, PA625GF, 
PA625GF5MoS2 and 
PA650GF) against SiC, grit size 
1000

Table 7   Surface roughness 
parameters of PA6 against SiC 
of grit size 1000

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 1.021 0.667 1.688 0.545 1.688 0.241 0.3 0.503 2.869 49.26
2 0.827 1.606 2.433 0.79 2.433 0.32 0.419 0.786 4.049 71.21
3 1.646 0.923 2.568 0.751 2.568 0.262 0.345 0.778 5.13 47.65
4 1.205 0.585 1.791 0.724 1.791 0.194 0.26 1.253 5.192 71.21
5 1.073 1.606 2.679 1.178 2.679 0.284 0.385 0.934 5.531 136.6
6 1.333 0.541 1.875 0.691 1.875 0.219 0.28 1.004 5.317 48.39
7 1.06 0.93 1.99 0.557 1.99 0.241 0.312 0.042 3.125 42.25
8 0.873 0.977 1.85 0.591 1.85 0.221 0.293 0.611 3.722 72.32
9 0.622 1.107 1.729 0.493 1.729 0.178 0.233 0.708 4.995 54.19
10 0.726 0.895 1.621 0.507 1.621 0.165 0.221 0.021 4.405 54.73
Average 1.039 0.984 2.022 0.683 2.022 0.232 0.305 0.174 4.434 64.79
Max 1.646 1.606 2.679 1.178 2.679 0.32 0.419 1.253 5.531 136.6
Min 0.622 0.541 1.621 0.493 1.621 0.165 0.221 0.934 2.869 42.25
Range 1.023 1.065 1.058 0.684 1.058 0.154 0.199 2.188 2.663 94.39
σ 0.303 0.374 0.389 0.203 0.389 0.048 0.064 0.782 0.953 27.54
3σ 0.91 1.123 1.167 0.61 1.167 0.143 0.191 2.346 2.859 82.63
Sum 10.39 9.838 20.22 6.828 20.22 2.324 3.047 1.74 44.34 647.9
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The surface roughness parameters in Tables 7, 8 and 
9, show an increase in roughness with the increase in 
the wear volume which is attributed to the decrease in 
the grit size of the counter-face material. When increas-
ing the grit size of the counter-face material to 1000, 
gradual flattening of the worn-out surface was observed 

during the abrasion, which is indicated by the reduc-
tion of surface roughness parameters to as low as (Ra 
= 0.232 µm, Rz = 2.02 µm and Rsm = 64.79 µm) as a 
result of surface smoothness. The same observation can 
been deducted out of the surface roughness parameters 
in Tables  10, 11 and 12, where the roughness values 

Table 8   Surface roughness 
parameters of PA6 against SiC 
of grit size 500

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 5.013 2.726 7.739 1.865 7.739 1.29 1.656 0.752 2.933 88.322
2 2.744 1.741 4.485 3.314 4.485 0.925 1.077 0.511 2.151 122.09
3 2.117 2.006 4.123 2.09 4.123 0.76 0.938 0.14 2.662 75.47
4 1.301 2.426 3.727 1.885 3.727 0.53 0.675 -0.732 4.034 70.421
5 1.33 1.397 2.726 1.397 2.726 0.478 0.57 -0.18 2.425 68.126
6 1.155 0.796 1.951 0.979 1.951 0.388 0.458 0.13 2.112 85.45
7 2.21 1.642 3.852 1.253 3.852 0.412 0.549 0.751 5.094 46.467
8 1.405 1.44 2.846 1.315 2.846 0.446 0.561 0.33 2.692 35.178
9 5.523 2.336 7.858 4.784 7.858 1.405 1.879 1.371 4.222 103.075
10 5.648 4.181 9.83 7.813 9.83 1.968 2.378 0.498 2.467 120.778
Average 2.845 2.069 4.914 2.669 4.914 0.86 1.074 0.357 3.079 81.538
Max 5.648 4.181 9.83 7.813 9.83 1.968 2.378 1.371 5.094 122.09
Min 1.155 0.796 1.951 0.979 1.951 0.388 0.458 0.732 2.112 35.178
Range 4.493 3.385 7.879 6.834 7.879 1.579 1.92 2.103 2.982 86.912
σ 1.834 0.934 2.625 2.141 2.625 0.535 0.67 0.573 1.012 28.73
3σ 5.503 2.803 7.874 6.423 7.874 1.604 2.01 1.72 3.037 86.191
Sum 28.445 20.692 49.137 26.695 49.137 8.601 10.742 3.572 30.791 815.376

Table 9   Surface roughness 
parameters of PA6 against SiC 
of grit size 220

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 2.168 2.035 4.203 3.837 4.203 0.803 0.96 0.281 2.437 177.823
2 2.026 2.44 4.466 2.424 4.466 0.773 0.986 0.171 2.553 139.925
3 2.037 1.953 3.991 2.063 3.991 0.793 0.957 0.319 2.201 74.041
4 2.792 1.817 4.608 2.634 4.608 0.871 1.056 0.392 2.619 128.647
5 3.006 1.908 4.914 3.337 4.914 1.002 1.2 0.545 2.385 131.007
6 2.356 1.773 4.129 4.129 4.129 0.894 1.102 0.263 2.276 300.569
7 2.451 2.417 4.869 3.795 4.869 0.96 1.174 -0.157 2.482 295.454
8 2.417 2.227 4.644 1.68 4.644 0.945 1.124 -0.086 2.336 339.124
9 4.03 3.025 7.056 2.824 7.056 1.334 1.631 0.003 2.36 152.645
10 3.223 2.315 5.537 3.185 5.537 1.067 1.293 0.064 2.387 237.623
Average 2.651 2.191 4.842 2.991 4.842 0.944 1.148 0.179 2.404 197.686
Max 4.03 3.025 7.056 4.129 7.056 1.334 1.631 0.545 2.619 339.124
Min 2.026 1.773 3.991 1.68 3.991 0.773 0.957 0.157 2.201 74.041
Range 2.005 1.252 3.065 2.449 3.065 0.561 0.675 0.701 0.417 265.083
σ 0.629 0.38 0.899 0.808 0.899 0.167 0.202 0.222 0.125 89.445
3σ 1.886 1.141 2.696 2.423 2.696 0.5 0.606 0.666 0.374 268.334
Sum 26.507 21.91 48.417 29.908 48.417 9.442 11.483 1.795 24.036 1976.857
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increased with the decrease in the grit size number. An 
improved surface flattening could be seen when the grit 
size of the counter-face increased from 220 to 1000. The 
line roughness parameters were softened from (Ra = 
1.416 µm, Rz = 16.66 µm and Rsm = 212.3 µm) to (Ra 

= 0.508 µm, Rz = 3.277 µm and Rsm = 123.7 µm). The 
line roughness parameters Ra and Rz were smoother for 
PA6 than PA633GF by 118.9% and 90.9%, respectively, 
in the abrasion against SiC of the finest grit size. The 
line roughness parameters for PA650GF against SiC of 

Table 10   Surface roughness 
parameters of PA633GF against 
SiC of grit size 1000

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 1.353 1.633 2.986 2.222 2.986 0.626 0.731 − -0.493 2.064 131.1
2 2.268 1.225 3.493 2.122 3.493 0.444 0.619 0.409 4.442 188.1
3 1.646 1.203 2.849 1.181 2.849 0.447 0.578 0.352 3.011 67.08
4 0.706 0.768 1.474 0.853 1.474 0.249 0.306 0.144 2.574 107.3
5 3.319 2.059 5.378 3.392 5.378 0.593 0.822 0.85 5.809 121.6
6 1.336 2.517 3.852 1.849 3.852 0.487 0.674 − 1.37 5.695 112.7
7 0.999 1.889 2.888 0.962 2.888 0.54 0.682 − 0.686 2.842 114.5
8 1.993 3.087 5.08 3.452 5.08 0.854 1.057 − 0.18 2.532 148.4
9 1.422 1.69 3.112 1.32 3.112 0.51 0.668 − 0.642 3.218 87.26
10 0.871 0.79 1.661 0.994 1.661 0.334 0.42 0.14 2.375 158.5
Average 1.591 1.686 3.277 1.835 3.277 0.508 0.656 − 0.147 3.456 123.7
Max 3.319 3.087 5.378 3.452 5.378 0.854 1.057 0.85 5.809 188.1
Min 0.706 0.768 1.474 0.853 1.474 0.249 0.306 − 1.37 2.064 67.08
Range 2.613 2.32 3.904 2.599 3.904 0.605 0.751 2.22 3.745 121
σ 0.775 0.74 1.263 0.966 1.263 0.166 0.206 0.656 1.37 35.02
3σ 2.326 2.22 3.788 2.898 3.788 0.498 0.617 1.968 4.11 105.1
Sum 15.91 16.86 32.77 18.35 32.77 5.085 6.555 − 1.474 34.56 1237

Table 11   Surface roughness 
parameters of PA633GF against 
SiC of grit size 500

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 2.269 1.219 3.487 1.437 3.487 0.567 0.727 0.779 3.064 55.57
2 2.429 1.685 4.114 3.215 4.114 0.815 0.955 0.407 2.194 123.3
3 3.041 2.003 5.045 2.893 5.045 0.667 0.875 0.41 4.446 118.5
4 6.304 5.249 11.55 8.337 11.55 1.785 2.298 − 0.441 3.129 167.2
5 1.744 2.758 4.502 3.358 4.502 0.816 0.985 − 0.349 2.898 132.4
6 1.365 1.155 2.519 1.86 2.519 0.56 0.663 0.307 2.113 118.5
7 1.954 2.534 4.488 3.244 4.488 0.632 0.835 − 0.296 3.77 150.9
8 2.805 2.155 4.96 2.447 4.96 0.862 1.13 − 0.04 2.893 119.9
9 4.129 4.231 8.36 1.729 8.36 1.747 2.107 − 0.375 2.228 216.8
10 3.485 3.006 6.491 2.133 6.491 1.117 1.384 0.15 2.597 125.4
Average 2.952 2.6 5.552 3.065 5.552 0.957 1.196 0.055 2.933 132.8
Max 6.304 5.249 11.55 8.337 11.55 1.785 2.298 0.779 4.446 216.8
Min 1.365 1.155 2.519 1.437 2.519 0.56 0.663 − 0.441 2.113 55.57
Range 4.94 4.094 9.034 6.899 9.034 1.225 1.635 1.22 2.334 161.2
σ 1.44 1.302 2.649 1.975 2.649 0.458 0.57 0.418 0.736 41.16
3σ 4.319 3.906 7.947 5.924 7.947 1.373 1.709 1.254 2.209 123.5
Sum 29.52 26 55.52 30.65 55.52 9.568 11.96 0.551 29.33 1328
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grit size 1000 were (Ra = 0.829 µm, Rz = 5.481 µm and 
Rsm = 187.9 µm) and the line roughness parameters for 
PA650GF against SiC of grit size 220 were (Ra = 1.819 
µm, Rz = 19.17 µm and Rsm = 348.7 µm). The addition of 
the lubricant Molybdenum disulphide was significant in 
smoothing the surface of the samples after the conclusion 
of the abrasion process, where the line roughness param-
eters, Ra, Rz and Rsm for PA625GF5MoS2 were lower 
than these for PA625GF by 24.8%, 17.9% and 21.4%, 
respectively. The highest line roughness parameters were 
obtained for PA650GF samples, which directly relate to 
their high specific wear rates against all grit sizes.

3.5 � Surface Morphology of Worn‑Out Surfaces

Figures 12, 13, 14 and 15 show the surface morphologies 
of the worn-out interfaces at variable magnifications. Fig-
ure 12 displays a smooth worn surface with some debris, 
grooves and cavities, resulting from matrix rubbing and 
removal. The smooth to mild surface roughness features 
are attributed to the low contact pressure and the softness 
of the pure Polyamide material rubbing against the coun-
ter-face. In Fig. 13, the lack of support for glass fibres at 
25% of fibre volume fraction exposes the matrix to more 
aggressive micro-ploughing and micro-cutting attacks by 
the silicon carbide counter-face, which led to a remarkable 
rise in the specific wear rate. The greater amount of wear 
debris produced during the abrasion process further reduces 
the wear resistance of the fibre-rich composite. Overall, no 
noticeable fibre pull-outs were observed, indicating strong 

compatibility between the matrices and fibres. The penetra-
tion of the matrices through glass fibres demonstrates this 
strong compatibility. Ripple markings and abrasion grooves 
were also observed, along with some interface gaps between 
glass fibres and PA6. The yellow arrows in the figures indi-
cate the direction of abrasion. The debris generated during 
the abrasive wear action shows that a relatively thick layer 
of PA6 was peeled off because of the reciprocating shearing 
state for samples abraded against grit size 500 and grit size 
220. Relatively large wear debris is removed from the sur-
faces. Large grooves and deep irregular cavities are evident 
in the micrographs in Figs. 14 and 15.

The literature presents conflicting findings on the impact 
of fibre reinforcement on the wear resistance of polymer 
composites, with some studies reporting a significant reduc-
tion in wear rate and others suggesting a detrimental effect 
of fibres or solid lubricants. This highlights the idea that 
the friction and wear behaviour of these materials is not 
solely governed by their intrinsic properties but instead 
strongly influenced by the tribological system in which they 
are employed. Therefore, more comprehensive tribological 
investigations are needed to fully evaluate the friction and 
wear performance of polymer composites under different 
contact conditions.

The surface of glass fibre reinforced PA6 undergoes 
micro-cracking when exposed to coarse grit size 220. Fric-
tion generates heat between counterparts during wear, 
causing the composite surface to soften and become 
more susceptible to wear and ploughing. Figures 16, 17 
and 18 display the energy-dispersive X-ray spectroscopy 

Table 12   Surface roughness 
parameters of PA633GF against 
SiC of grit size 220

Measure-
ment 
number

Rp[µm] Rv[µm] Rz[µm] Rc[µm] Rt[µm] Ra[µm] Rq[µm] Rsk Rku Rsm[µm]

1 1.446 1.376 2.823 0.932 2.823 0.373 0.477 0.192 3.277 66.82
2 0.761 0.726 1.487 0.587 1.487 0.264 0.329 − 0.03 2.535 88.18
3 8.001 4.782 12.78 5.637 12.78 2.581 3.058 0.395 2.15 86.36
4 22.87 3.415 26.28 3.356 26.28 1.708 3.535 4.77 28.68 171.3
5 6.998 7.532 14.53 6.31 14.53 1.908 2.534 0.163 3.355 64.02
6 2.423 3.712 6.135 3.195 6.135 1.287 1.487 − 0.503 2.299 263.1
7 14.99 9.343 24.33 8.058 24.33 2.085 2.857 0.83 6.958 121.4
8 3.665 2.018 5.683 2.05 5.683 0.665 0.925 1.114 5.397 70.31
9 19.14 6.307 25.45 14.42 25.45 1.283 2.69 3.818 29.34 494.5
10 44.18 2.898 47.08 47.08 47.08 2.009 6.404 6.374 42.87 697.1
Average 12.45 4.211 16.66 9.162 16.66 1.416 2.43 1.712 12.69 212.3
Max 44.18 9.343 47.08 47.08 47.08 2.581 6.404 6.374 42.87 697.1
Min 0.761 0.726 1.487 0.587 1.487 0.264 0.329 − 0.503 2.15 64.02
Range 43.42 8.617 45.59 46.49 45.59 2.317 6.075 6.877 40.72 633.1
σ 13.55 2.782 14.25 13.94 14.25 0.781 1.797 2.381 15.01 216.5
3σ 40.64 8.347 42.74 41.81 42.74 2.344 5.39 7.144 45.03 649.5
Sum 124.5 42.11 166.6 91.63 166.6 14.16 24.3 17.12 126.9 2123



	 Tribology Letters          (2023) 71:102 

1 3

  102   Page 16 of 22

Fig. 12   FESEM images depicting the worn surfaces of PA6 against SiC, grit 1000

Fig. 13   FESEM images depicting the worn surfaces of PA625GF against SiC, grit 1000

Fig. 14   FESEM images depicting the worn surfaces of PA6 against SiC, grit 500
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(EDS) elemental analysis of specimens containing Molyb-
denum as a lubricant, which is confirmed through mapping 
images. The presence of obvious and narrow grooves, micro-
cracks, and debris in the figures suggests that the samples 
suffered the most from abrasive wear when loaded against 

the coarse grit size. High volume fraction of glass fibres 
acted as stress concentrators and promoted crack forma-
tion. Increasing the reinforcement content may decrease the 
wear properties of neat polyamide 6. The optimum wear 
performance was achieved with 33% fibre volume fraction 

Fig. 15   FESEM images depicting the worn surfaces of PA625GF against SiC, grit 500

Fig. 16   Micrograph and EDS elemental analysis of PA625GF containing 5%MoS2, after wearing out against SiC of grit size 1000 and the dot 
mapping scan of the Molybdenum disulphide lubricant
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of reinforcement, and the addition of lubricant significantly 
reduced the wear rate of the materials. Figure 19a shows a 
summary to the abrasive wear of pin samples in a sketch and 
Fig. 19b displays an overview the engagement between pin 
samples and abrasive grit papers while the hard SiC abrasive 
particles are digging into the softer material.

In wear conditions of samples against finer grit sizes, 
the deterioration of the grits would occur quickly and the 
removal ability of the material slows down. The fine grit 
abrasive particles would adversely deteriorate than coarser 
grit sizes for the applied distance and load [50]. Therefore, 
it can be deducted that for finer grit sizes, the specific wear 
rate will be lesser than that for coarser grit sizes. Addition-
ally, the damage of samples become intense when they get 
abraded against coarse grit size papers owing to the higher 
penetration depth caused by the coarser abraders. How-
ever, the presence of MoS2 presents a self-lubricating layer 
between the samples and the grinding papers. This layer acts 
as a sacrificial material and a polishing agent in the abra-
sion process. This explains the improved wear resistance 

for materials containing the filler MoS2 than the unfilled 
materials.

4 � Conclusions and Future Directions

4.1 � Conclusions

Tribological properties are some of the most important 
parameters that influence the material durability and ser-
viceability. In the current work, three different fibre volume 
fractions of glass fibres were used to reinforce Polyamide 
6 by injection moulding and in the presence of MoS2 as 
a lubricant. The wear mode applied for all materials was 
the abrasive mode. Three grit sizes of the SiC counter-face 
were used to assess the grit size influence on the wear per-
formance of materials. Other mechanical properties were 
evaluated including compressing testing and tensile testing. 
Surface roughness parameters on worn-out samples were 
executed by optical microscopy. The morphological anal-
ysis and elemental analysis were carried out on worn-out 

Fig. 17   Micrograph and EDS elemental analysis of PA625GF containing 5%MoS2, after wearing out against SiC of grit size 500 and the dot 
mapping scan of the Molybdenum disulphide lubricant
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surfaces. The following summary is a set observation con-
cluded from this study:

•	 The increase in fibre volume fraction from 33 to 50% was 
detrimental to the specific wear rate of materials, where 

the addition of 50% of glass fibres led to an increase in 
specific wear rate by 167% than pure PA6.

•	 The incorporation of the lubricant MoS2 showed a signif-
icant enhancement in the wear resistance of the materials 
against all grit sizes, whereas the average improvement 

Fig. 18   Micrograph and EDS elemental analysis of PA625GF containing 5%MoS2, after wearing out against SiC of grit size 220 and dot map-
ping scan of the Molybdenum disulphide lubricant

Fig. 19   a A schematic illustra-
tion of the abrasion process; and 
b Pin to Counter-face engage-
ment and close view of abrasive 
grits digging into the material
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in specific wear rate was 18.84%. The wear tracks of PA6 
composite samples exhibited smoother wear surfaces, 
which indicate that the materials were protected from 
further deterioration due to the presence of molybdenum 
disulphide.

•	 The optimum fibre volume fraction that showed the least 
specific wear rate among the other fractions, was 33%, 
with the specific wear rate of PA633GF being less than 
these of PA625GF and PA650GF by 30.59% and 44.07%, 
respectively.

•	 The increase in the grit size of the SiC counter-face 
material was inversely proportional to the specific wear 
rate of PA6 and PA6 composite variations. At low grit 
size, the penetration depth was higher which causes 
damage to the materials. This indicates that the wear of 
PA6 and glass fibre reinforced PA6 can be severe under 
highly abrasive conditions.

•	 The surface roughness parameters of worn-out surfaces 
were directly proportional to the wear amount, such 
that smooth surfaces corresponded to less wear volume 
and rough surfaces corresponded to high wear volume.

4.2 � Future Directions of Wear and Friction

The future direction of tribology remains challenging to 
ascertain due to the inherent uncertainties associated with 
extrapolating from the present to the future. However, the 
subsequent essential research requirements are identified 
with utmost priority for the upcoming research directions:

•	 Crucial considerations to be considered during the 
advancement of tribo-materials pertain to their sustain-
ability and the broader economic implications. Thor-
ough tribological inquiries are imperative to elucidate 
strategies for enhancing the longevity of tribo-materi-
als, mitigating environmental effects through the imple-
mentation of biodegradable lubricants and greases, as 
well as establishing effective recycling methodologies 
for tribo-materials.

•	 Evaluating abrasion resistance through the application 
of diverse methodologies and tools, such as the use 
of micro-CT to evaluate and predict the wear amount 
of materials. Additionally, efforts can be made to 
establish a correlation between tribological properties 
and dynamic attributes of materials including impact 
strength, compressive strength and surface roughness.

•	 Advancement of surface coating technologies can be 
pursued for enhancing the wear resistance of tribo-
elements.

•	 Creation of wear and failure maps as valuable tools in 
machine tribo-element design.

•	 Thorough investigations are required to ascertain the 
influence of vibrations on the behaviour of tribo-systems.

•	 The utilization of artificial neural networks in wear 
analysis presents an opportunity to discern the opti-
mal coating materials for diverse substrates, effectively 
augmenting their wear resistance through precise pre-
dictions. This approach proves more efficient and less 
time-consuming compared to conventional methods for 
identifying such coating materials.
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