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Abstract
In this article, an attempt has been made to experimentally investigate the synergistic effect of organically modified
montmorillonite (OMMT) nanoclay and short carbon fibers (SCFs) on the tribological behaviour of additively manufactured
Polyethylene Terephthalate Glycol (PETG) based nanocomposites. The tribo-specimens are 3D printed using fused
deposition modelling (FDM). The tribological properties, that is, specific wear rate (SWR) and coefficient of friction (CoF)
of various PETG/SCF/OMMT nanocomposites were assessed by performing dry-sliding wear test. In addition, an artificial
neural network (ANN) methodology is proposed to accurately predict the wear performance of PETG nanocomposites.
The ANN model is trained using the datasets obtained from the experimentation. For the training of the ANN model, the
Levenberg–Marquardt optimisation algorithm with 10 neurons along with a tangent sigmoid activation function is utilised.
Additional experimentation was performed for arbitrary load and sliding velocity which were not used for training the
ANN model and the results were compared to assess the predictive capability of the ANN model on unseen data. The
proposed ANN methodology predicted the SWR and CoF with agreeable accuracy. It is believed that by adopting the
proposed ANN methodology, the experimentation costs and time can be significantly reduced without compromising on
the accuracy of the results.
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Highlights
· Tribological performance of PETG/SCF/OMMT nano-
composites are studied.

· The specimens are fabricated using additive
manufacturing.

· ANN based prediction methodology is proposed.
· ANN predicted results match well with experimental
results.

· Significant influence of OMMT nanoclay on wear
properties is seen.

Introduction

The use of polymer composites has increased significantly
over the last decades in aerospace, automotive and wind
energy industries. The extreme tailorability, specific
strength and stiffness exhibited by polymer composites
makes them suitable for a wide range of structural

applications. Structural components made of polymer
composites in a variety of applications are exposed to ex-
treme working conditions where wear and tear is in-
evitable.1 Henceforth, understanding and thus improving
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the tribological behavior of polymer composites is crucial
for successful adoption in wear-prone applications. Man
et al.2 investigated the effect of reinforcing continuous
carbon fiber on the frictional characteristics of additive
manufactured polyamide composites. In addition, the in-
fluence of layer deposition and fibre orientation directions
on the wear behaviour was also studied. Mohammad et al.3

investigated the influence of 3D printing process parameters
on the wear performance of Polycarbonate-Acrylonitrile
Butadiene Styrene composite. Sahin4 studied the in-
fluence of glass and carbon fiber reinforcements on the wear
behaviour of Polytetrafluoroethylenes material.

Among the many forms of thermoplastics, PETG is
found to be extremely beneficial for the usage in additive
manufacturing, owing to its better thermoforming and layer
adhesion. PETG with short fibers are easy to fabricate and
can be a natural choice for applications that do not demand
extremely high mechanical properties.5 Garcia et al.6 in-
vestigated the effect of carbon fibers on the geometry of 3D
printing PETG composites. Further, they optimized the
geometry of the specimens using ANN. Kumar et al.7 and
Srinivasan et al.8,9 analyzed the influence of 3D printing
process parameters on the mechanical performance of
PETG composites with carbon fibres. Mahesh et al.10,11

experimentally examined the mechanical and thermal
performance of nanoclay reinforced PETG/Carbon fiber
composites fabricated through additive manufacturing
routine. In addition, the stiffness characteristics of the same
PETG composite variant is experimentally studied by
Mahesh12 by performing free vibration studies. Mahesh
et al.13 developed auxetic structures out of PETG/nanoclay/
Carbon fiber composites and evaluated the compressive
strength under quasi-static loading. Meanwhile, using
ANN, the absorption characteristics of PETG composites
was predicted by Vinyas.14 Panneerselvam et al.15 in-
vestigated the mechanical characteristics of 3D-printed
PETG for a range of printing process parameters. Similar
studies were performed by Durgashyam et al.16 by con-
ducting mechanical and flexural tests. Feed rate, infill
density and layer thickness were taken as the process pa-
rameters in the study. Ranganathan et al.17 studied the
influence of infill density and annealing on the tribological
behaviour of PETG-based composites. The study particu-
larly states that the annealed PETG with carbon fibre with
100% infill density shows a considerable increase in wear
resistance.

Even though many works have been reported on in-
vestigating the tribological properties of different polymer
composites, it should be noted that the fabrication and
experimentation costs and time involved are high. There-
fore, it demands an alternate approach to study the wear
properties without compromising on the accuracy of in-
vestigation. ANN is one such approach that predicts the

wear characteristics of the material with the help of a trained
algorithm. Many researchers have adopted ANN in their
studies and the outcomes of their work have been encap-
sulated here. Jiang et al.18 and Zhang et al.19 studied the
wear properties of short fiber reinforced polyamide com-
posites using ANN. Based on improved bat algorithm,
Gangwar and Pathak20 investigated the tribological be-
havior of marble dust reinforced alloy composites. Hasan
et al.21 proposed different machine learning models to
understand the wear properties of aluminium composites
reinforced with graphite, considering both dry and wet
conditions. Varol et al.22 used ANN approach to investigate
the wear performance of Al2024–B4C composites. Using
generalized regression neural networks (GRNN), Sar-
avanakumar et al.23 predicted the wear of AA2219-Gr
matrix composites. Joshi et al.24 optimized the wear be-
haviour of Aluminium hybrid composites using Antlion
algorithm. Kurt et al.25 adopted ANN to understand the
wear of polyethylene composites. Sathiskumar and Raj-
mohan26 made use of ANN methodology to optimize the
wear behaviour of epoxy-based composites. Shebani and
Iwnicki27 applied ANN to railway wheels and predicted its
wear when operated in different conditions. Suryawanshi
and Behera28 applied ANN methodology to dental implant
and investigated their wear performance. Agbeleye et al.29

investigated the effect of heat treatment and clay re-
inforcements on the wear behaviour of Aluminium com-
posites. Pati and Satapathy30 employed ANN and probed on
the wear performance of slag-filled epoxy composites with
glass fibers.

From the literature review, it is evident that the literature
on the tribological behaviour of additive manufactured
PETG composites is scarce. In specific, to our best
knowledge, there are no works published on investigating
the synergistic influence of reinforcing short carbon fibers
(SCFs) and OMMT nanoclay on the wear behaviour of
additive manufactured PETG composites. In this direction,
this work makes the first attempt. More importantly, an
ANN based methodology which has the potential to
eliminate/reduce the fabrication and experimentation time
and costs without compromising on the accuracy is pro-
posed along with the experimental methodology. Further,
the wear mechanism is studied in detail using scanning
electron microscope (SEM) images.

Materials and methods

Materials

In this study, two main variants of PETG composites are
studied, namely, (PETG + SCF) and (PETG + SCF +
OMMT) composites. The raw ingredients such as PETG
matrix, SCF and OMMT nanoclay reinforcements are
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procured from S K Chemical, South Korea, Arrow Tech-
nical Textiles Pvt. Ltd, India and BYK Additives and In-
struments (Cloisite SE3000), India, respectively. Further
details on these materials are tabulated in Table 1. In the
(PETG + SCF) variant, two sub-variants with 5% SCF and
10% SCF reinforcements are fabricated. Initially, the tri-
bological properties of these two compositions are studied
and OMMT nanoclay is then reinforced to the most wear-
prone (PETG + SCF) composition to get (PETG + SCF +1%
OMMT) and (PETG + SCF +3% OMMT) variants. The
addition of OMMT nanoclay is restricted to 3% to avoid any
agglomeration issues. The composition of different variants
of PETG composites considered in this study is shown in
Table 2.

Processing of materials

Compounding, extruding and filament winding are
among the phases involved in the processing of the
materials. The requisite composition of the raw materials
PETG, SCF and OMMT were mechanically achieved
before being mechanically combined and delivered into
the screw chamber via the hopper system. The PETG/
SCF/OMMT composite pellets are compounded using
a twin-screw extruder of the ZV20 model, supplied by
Specific Engineering and Automats, India. The extruder’s
screw diameter, screw length to outer diameter ratio, and
screw speed were 21.5 mm, 40:1 and 600 r/min, re-
spectively. During the compounding process, the ex-
truder’s melt temperature and pressure were 400°C and
200 bar, respectively. Further, by keeping the shaft’s
maximum torque value constantly at 75N-m, the con-
tinuous filaments were extracted. The temperatures of the
four heating zones (feed-compression-mixing-die) while
performing the compounding and extruding processes
were 270-275-285°C–280°C and 175-185-205°C–
200°C, respectively. Meanwhile, the compounded PETG/
SCF/OMMT strands are transformed into pallets fol-
lowed by pre-drying before transforming them into fil-
ament in a single screw extruder. The specifications of the

extruder such as screw diameter, screw length to outer
diameter ratio and screw speed were 40 mm, 30:1, 90 r/
min screw speed, respectively. Also, 6 kWand 1440 r/min
were the motor’s specified power and speed values re-
spectively. The average diameter of the filament was
1.75 mm. Further, a laser-based optical scanner was used
to verify diametrical accuracy.

Specimen preparation

The PETG/SCF/OMMT tribo-specimens are 3D printed
according to ASTM G99-05 standards, using FDM
routine (Figure 1(a)). PETG/SCF/OMMT tribo-
specimens are of 10mm diameter and a length of
25 mm, as seen in Figure 1(b). The infill direction of the
specimen is along the sliding direction as depicted in
Figure 1(c). To this end, a 3D printer developed by The
Creality3D Ender-3 v2 is used with the printing speci-
fication highlighted in Table 3.

Dry-sliding wear test

Figure (2) illustrates the setup used for wear analysis of
PETG/SCF/OMMT composites. A pin-on-disc tribometer
manufactured by DUCOM instruments was used for the dry
sliding test, as seen in Figure 1(b).

This assembly is spun at a predetermined speed to
maintain contact with a 62 HRC steel disc made of E31
hardened steel. The wear track diameter is kept constant at
35 mm for all samples. Before and after each test, the disk’s
surface was cleaned using acetone-soaked soft paper and

Table 1. Properties of materials.

Materials Quality Grade
Tensile strength
(maximum)

Bulk density
(g/cm3) Miscellaneous properties

PETG SKYGREEN
KN100

50 MPa 1.27 Flexural strength: 69
MPa

Flexural Modulus: 2100
MPa

Carbon
fibres

Code
405–100
96% natural
bentonite treated

4.9 GPa 0.48 Length of Fibre:
12 mm

Fiber diameter
7 μm

Nanoclay Cloisite
SE3000

Colour
White

0.45 Particle size
10 μm

Table 2. Composites used in the present study.

Composite Configuration Constituents

PC5 PETG + 5% SCF
PC10 PETG + 10% SCF
PO1C5 PETG + 1% OMMT + 5% SCF
PO3C5 PETG + 3% OMMT + 5% SCF

Mahesh et al. 3



properly dried. Alongside, 600-grit SiC paper was used to
polish the pin and disc, to maintain constant surface
roughness. Also, the evenness of the disc was ensured
using a dial indicator. The sliding wear loss is calculated by
subtracting the initial and end weights of the samples.
Additionally, the wear rate and coefficient of friction were
also reported. The sliding distance is determined as
follows:

Sliding distance (L) = Sliding velocity (v) x time
But,

Sliding Velocity ðvÞ ¼ πDN
60

(1)

therefore, equation (1) can be re-written as follows:

Sliding distance ðLÞ ¼ πDN
60

× time (2)

where, D represents wear track diameter and N represents
speed.

Meanwhile, the specific wear rate is also calculated as
follows:

Specif icWear Rate ðSWRÞ �inmm3
�
N�m

� ¼ V

PL
(3)

here, ‘V’ is the volume of removed material (mm3), ‘P’ is the
applied normal load (N) and ‘L’ is the sliding distance (m)

Artificial neural network

The ANN model has been created in MATLAB software in
the present research. To train the ANN model, 540 ex-
perimental data points related to four inputs (PETG
composite composition, sliding distance, load, and speed
of rotation) were collected from the experimentation.
Table 4 depicts the ranges of the input variables selected.
The ANNmodel was instructed to use 70%, 15%, and 15%
of the input data for training, validation, and testing, re-
spectively. The most optimum ANN algorithm and the
number of neurons were decided based on the trial-and-
error method. The regression plots corresponding to dif-
ferent neuron numbers and algorithm types are shown in

Figure 1. The schematics of (a) 3D printer (b) specimen dimension (c) infill direction.

Table 3. FDM process specifications and Values.

Specifications Value

Nozzle temperature 220°C
Bed temperature 65°C
Print speed 45 mm/sec
Infill ratio 100%
Infill pattern Linear
Layer height 0.16 mm
Print direction 0-degree straight lines with flat face down
Material flow rate 98%
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Figure (3). From this figure and Table 5, it is evident that
the optimum value of mean square error (MSE) and
correction coefficient (R) is obtained for 10 neurons.
Figure 4(a) depicts the regression result obtained from the
trained ANN optimum model with 10 neurons. Further, the
capability of the trained ANN model to accurately predict
the wear behaviour of PETG composites is verified. To this
end, the experimentation is performed for those values of
input parameters which were not used to train the ANN
model. In other words, the values of input parameters such
as sliding distance (1650 m), speed (950 r/min) and load
(80 N) were selected outside the range used for training the
ANN model. As shown in Figure 4(b), the values of SWR
predicted by ANN agree with that of the experimental data.
Figure 5(a) and (b) depict the error histogram and the
performance of the ANN model developed. The schematic
representation of the ANN model with input, hidden and
output layers is shown in Figure 5(c).

Results and discussion

This section discusses the tribological characteristics of
additive-manufactured PETG/SCF/OMMT nanocomposite
samples, considering the effect of load, sliding velocity and
sliding distance. Also, the credibility of the ANN model
developed to accurately predict the specific wear rate
(SWR) and the coefficient of friction (CoF) is verified and
compared with the experimental results.

Effect of parameters: load and sliding velocity

Initially, the influence of load and sliding velocity on the wear
behaviour of PETG composites is experimentally investigated
and the compared with that of the ANN predicted values.
Considering the sliding distance of 500 m and sliding speed of
600 r/min, the effect of load on the SWR and CoF is studied in
Figure 6(a) and (b), respectively. It can be inferred from these
figure that higher load conditions enhance the SWR and CoF.
This is obvious due to the thermal softening behaviour of PETG
and breakage of tribo-layers at higher loads. Further, it can also
be seen from these figures that the agreement between the ex-
perimental and ANN predicted results are convincing. Similarly,
the effect of sliding velocity is evaluated in Figure 7(a) and (b).
At higher speed, the SWR drastically magnifies due to the
thermal softening because of frictional heating. Contradictorily,
the CoF reduces owing to reduced shear strength. These effects
are well captured and well predicted by the ANNmodel as well.

Effect of OMMT nanoclay fillers on PETG/
SCF composites

In this section, the influence of adding OMMT nanoclay on
the wear behaviour of PETG/SCF composites is presented.
Two variants of PETG/SCF composites, namely, PC5
(PETG +5% SCF) and PC10 ((PETG +10% SCF)) are
initially assessed to select the most wear-prone composition.
The different combinations of load, sliding velocity and
sliding distances were selected for this experimental in-
vestigation. From Figure 8, it can be clearly seen that
PETG +5% SCF exhibit a severe specific wear rate as
opposed to PETG +10% SCF composite. This might be due
to the enhanced fiber-matrix adhesion between the SCFs
and PETG components exhibited by PC10 composition.
Due to the obvious reasons, the CoF also follows a similar
trend as noticed from Figure 9(a)–(f). In addition, this
variation can be attributed to the enhanced self-lubrication
effect of higher percentage of SCFs. In addition, the transfer
films formed at the contact also reduce the CoF. However,

Table 4. The range of input parameters selected for
experimentation and ANN training.

Input parameter Range

PETG composition PC5, PC10, PO1C5, PO3C5
Sliding distance (m) 1–1500 (in intervals of 100)
Sliding speed (rpm) 300, 600, 900
Load (N) 25, 50, 75

Figure 2. The schematics of pin-on-disc setup.

Mahesh et al. 5



this reduction in the CoF is minimal at the higher load
conditions since there is a significant amount of damage
happening to the films. From this investigation it is realized
that PC5 composition is more vulnerable for wear. Hence,
attempts are made to enhance the tribological properties of
PC5 composite through the addition of OMMT nanoclay.

From the Figure 10(a)–(f) it is clearly evident that
adding/reinforcing PETG/SCF composite with nanoclay
drastically reduces the specific wear rate. In other words, the
tribological properties of PETG/SCF composites are sig-
nificantly enhanced by adding OMMT nano fillers. This
may be because the nano fillers added in the matrix cause
interfacial strengthening which may lead to increased wear
resistance. The high specific surface area of the nano par-
ticles leads to high interfacial adhesion between the

nanoparticles and the matrix. The well dispersed nano
particles can act as a barrier to the soft matrix reducing the
fragmentation of the polymer matrix. Also, the OMMT
addition might have caused an improvement in the adhesion
of transfer films to the disk thereby reducing the specific
wear rates. Meanwhile, it is also evident that though the
SWR for both PO1C5 and PO3C5 is lesser than PC5, the
SWR is slightly higher for PO3C5 as opposed to PO1C5
variant. This can be due to the agglomeration of nano
particles leading to a reduction in the surface effects of the
overall composites.

Figure 11(a)–(f) show the variation of CoF, for PC5,
PO1C5 and PO3C5 compositions subjected to various
loads, sliding distance and velocity. It can be witnessed that
the CoF is significantly reduced with OMMT nanoclay
addition, as opposed to PC5. However, unlike SWR, the
predominant effect of PO3C5 is seen on reducing the
CoF. The decrease of CoF with increasing nanoclay
addition is generally attributed to the rolling effect of
nanoclay at the sliding contact. Further, the well dis-
persed nanoclay particles gets pulled out during the
sliding and they can remain on the specimen surface.
These pulled out particles can act as a roller preventing
the contact between the pin and the disk reducing the CoF.
It is also notable that the CoF values show less

Table 5. The performance parameters of the ANN model.

Training parameter Values

No of neurons 5 6 7 10
Training time (s) <1 <1 2 2
MSE (10�3) 3.98 1.93 0.53 0.095
R 0.998 0.9994 0.9996 0.9999
Epoch 38 47 59 81

Figure 3. Comparison of the neuron number on the overall value of ‘R’ of the ANN model.
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Figure 5. The plot of (a) error histogram (b) training performance (c) architecture of the ANN model developed to predict
tribological behaviour of PETG/SCF/OMMT nanocomposites.

Figure 4. The regression plots for (a) training and (b) validation of the optimum ANN model with 10 neurons and Levernberg–
Marquardt algorithm.

Mahesh et al. 7



Figure 7. Effect of sliding velocity on the (a) SWR (b) CoF of different PETG/SCF/OMMT nanocomposite samples (25 N, 500 m).

Figure 8. Variation of SWR of different PETG/SCF nanocomposite samples subjected to various combinations of loads, sliding
velocity and sliding distance.

Figure 6. Effect of load on the (a) SWR (b) CoF of different PETG/SCF/OMMT nanocomposite samples (300 r/min, 500 m).
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Figure 9. Variation of CoF of different PETG/SCF nanocomposite samples subjected to various combinations of loads, sliding velocity
and sliding distance.

Figure 10. Effect of OMMT nanoclay inclusion on the SWR of different PETG/SCF nanocomposite samples subjected to various
combinations of loads, sliding velocity and sliding distance.

Mahesh et al. 9



fluctuations in Figure 11(a)–(c) where the load-rpm
values are relatively lower. This can be due to the
changing conditions at the interface resulting from the
ploughing actions and the interface action of the debris.

Figure (12) depicts the wear mechanism involved in the
proposed composites. When slid against steel counterparts, the
OMMT nanoclay fillers reinforced to the neat PETG/SCF

assists the production of the transfer layer by filling the cavities
present in PETG matrix. High frictional forces during sliding
generate heat, potentially leading to elevated wear. Elevated
temperatures can cause softening, melting, or degradation of
the polymer matrix. PETG/SCF/OMMT nanocomposites with
improved resistance to wear, owing to the presence of en-
hanced OMMT nanoparticles, exhibit reduced wear. Further,

Figure 11. Effect of OMMT nanoclay inclusion on the CoF of different PETG/SCF nanocomposite samples subjected to various
combinations of loads, sliding velocity and sliding distance.

Figure 12. Wear mechanism of (a) PO1C5 (b) PO3C5 composites.
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the rolling action of OMMT nanoclay particles between the
specimen and the steel counterpart minimises the coefficient of
friction. However, the degree of reduction depends on the
percentage of nanoclay reinforcement. The OMMT nanoclay
particles in PO1C5 have been dragged along the surface,
plastically distorted, and crushed (Figure 12(a)). However, the
surface of PO3C5 appears smoother than that of PO1C5
because it withstands higher contact pressure with a minimal
wear rate. Therefore, the appearance of visible wear track is
limited (Figure 12(b)).

When PO3C5 filled epoxy nanocomposites are com-
pared to PO1C5, the wear volume loss is modest. The two
surfaces of all the asperities were in touch with each other at
the commencement of the slide. The asperities distorted as
shear pressures were applied. The OMMT particles protrude
from the sample’s surface. Initially, the matrix wears down,
leaving just the OMMT nanoparticles in contact with the
countersurface. After extended sliding, OMMT nano-
particles adhered to the matrix, and an excess of filler
concentration was observed on the composite surface. A
rolling action of nanoparticles during sliding might lower
shear stress, frictional coefficient and contact temperature.
As a result, it was claimed that many of the hard particles
were embedded in the soft polymeric transfer films on the
countersurface and grooved the sample surface during the
sliding process. The distance between the countersurface
and the sample also increased as a result of the particle
acting as spacers. As a result, the adhesion between the
contacting surfaces may be reduced. As a result, the co-
efficient of friction of PO3C5 was always lower than the
coefficient of friction of PO1C5.

Furthermore, because the nanoparticles were free to
move, they were spread equally throughout the transfer
films during the wear process, resulting in more uniform
contact stress between the contact surfaces and, as a result,
a lower stress concentration.

Conclusions

In this article, the influence of reinforcing OMMT nanoclay
fillers on the tribological behaviour of PETG/SCF composites
is experimentally investigated. The tribo-specimens are fab-
ricated through additive manufacturing. The dry-sliding wear
tests were performed as per ASTM G-99 standards. From the
investigation, it is revealed that compared to PC5, a better wear
performance can be achieved for PC10 composition. Further,
the tribological behaviour of PETG/SCF composites can be
significantly enhanced by adding small weight percentage of
OMMT nanoclay. The specific wear rate drastically decreased
with the addition of 1% and 3% wt. OMMT nanoclay.
However, the significant effect of 1% OMMT nanoclay was
seen in contrast to 3% nanoclay. On the other hand, 3% in-
clusion of the nanoclay exhibited a predominant effect on the
coefficient of friction. This is due to the enhanced rolling effect
of the nanoclay between the layers. Further, using the

experimental data, an ANN methodology is proposed to ac-
curately predict the specific wear rate and coefficient of friction
of OMMT reinforced PETG/SCF composites subjected to
arbitrary testing conditions. It is envisaged that such machine
learning-based models combined with the experimental da-
tabase may aid material scientists to reduce time and costs in
materials analysis and design process.
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