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Abstract: The present research investigates the wear properties of a continuous carbon fiber-reinforced
additively manufactured polymer composite under dry sliding conditions. The effect of load and
fiber orientation is examined on polymer composite specimens. The wear test of the additively
manufactured polymer composite specimens is conducted on pin-on-disk test equipment. The result
shows that the applied load and fiber orientation significantly affect the composite specimen’s wear
properties. The wear and coefficient of friction (COF) increase with load. The minimum effect on
wear and COF is observed for 0° fiber orientation, and the maximum effect is observed for 90° fiber
orientation. Finally, morphological analysis is conducted using an optical micrograph of the worn-out
surfaces to understand the failure type for different fiber orientations.
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1. Introduction

Additive manufacturing (AM) is a vital manufacturing technology for fabricating
metallic and polymer parts. Fused deposition modelling (FDM), among the other AM
processes, has gained popularity for fabricating polymer parts. Due to their low cost and
light weight, polymers are primarily used in applications, i.e., shaft seals, gears, bushes,
sliding bearings, and electrical applications [1-5]. The use of polymers alone has resulted
in limited applications. The reinforcement of fibers can further increase the application
of polymers. The reinforcement of fibers in the polymer matrix leads to modifications of
tribological, thermal, and mechanical properties [6,7]. Many polymer composites are used
in dry conditions because they offer less frictional resistance to sliding. In many fields,
the application of polymer composites has increased as an end product, leading to the
increased study of the friction and wear of polymer composites.

Most of the research was found to investigate the effect of process variables (such
as load, speed, sliding distance, and temperature) on the tribological properties of poly-
mer composites. Zao et al. (2015) [8] investigated the wear and friction properties of
the polyimide reinforced with carbon, glass, and aramid fibers at higher temperatures
under sliding and erosive conditions. They reported that the wear rate increases as the
temperature rises. Xu et al. (2010) [9] examined the effect of load and sliding velocity on
the wear properties of PA1010 polymer reinforced with aramid fiber. They reported that
the wear resistance increases and the coefficient of friction (COF) decreases with aramid
fiber reinforcement in PA1010. Sharma et al. (2009) [10] investigated the effect of fiber
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orientation concerning sliding direction on the tribological behavior of unidirectional car-
bon fiber-reinforced polyetherimide polymer. They reported that with increases in the
fiber orientation angle from 0° to 90°, the wear properties of the composite deteriorate.
Stanley et al. (2021) [11] investigated the abrasive wear properties of glass fiber/methyl
methacrylate resin composites fabricated using the vacuum infusion process. To enhance
the fiber /matrix interface and composite properties, cellulose microcrystals were added to
the resin. They concluded that the wear performance is improved by 22.27% by adding
1% CMC to the composites. Chavali and Taru (2020) [12] investigated the wear properties
of banana fiber-reinforced composite at various fiber orientations (0°, 15°, 45°, 75°, and
90°) and load (20 N and 50 N). They reported that the wear increases as the load and
fiber orientation angle increases. Lasikun et al. (2018) [13] examined the influence of fiber
orientation in Zalacca Midrib fiber composite. They reported that the strength decreases as
the fiber orientation angle increases, and different failure modes were observed at different
fiber orientations. Vigneshkumar and Rajasekaran (2018) [14] examined the tribological
properties of polyester polymer reinforced with banana, sisal, rice husk, kenaf, and carbon
fiber. They reported that the wear properties of the specimen are influenced by the sliding
distance, applied load, and speed. Kichloo et al. (2021) [15] studied the effect of process
variables and carbon fiber on the tribological behavior of PETG-based composite polymer.
They reported that carbon fiber reinforcement resulted in a decrease in COF.

Most of the research investigated the effect of operating parameters on the wear
properties of polymer composite. Few studies focus on the wear analysis of additively
manufactured (AM) composites. Therefore, in the present research, the effect of applied
load and fiber orientation on the wear properties of AM composite specimens is conducted.
Moreover, the morphological study of worn surfaces is carried out using an optical micro-
scope.

2. Experimental Procedures
2.1. Material and 3D Printer

The specimens are additively manufactured with continuous carbon fiber-reinforced
polymer (CFRP) composite material. The onyx material (a combination of chopped carbon
fiber and nylon) is used as a matrix and continuous carbon fiber as the reinforced material.
Onyx is stiff, intense, gives dimensionally stable parts, and has twice the strength of other
3D-printed plastic parts. Carbon fiber has a high strength-to-weight ratio and can yield
parts as vital as 6061-T6 aluminum. The onyx and carbon fiber are in filament forms of
1.75 mm and 0.35 mm diameter, respectively.

The composite 3D printer, named Mark Two, was used to fabricate the specimens as
shown in Figure 1. It has high precision and accuracy with the highest layer resolution of
100 microns. It can print polymer and fiber independently as it has two extruders.

Carbon fiber
Filament Spool

Figure 1. Mark Two 3D printer.
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2.2. Specimen Fabrication

The specimens of dimensions 10 x 10 x 8 mm? are additively manufactured with a
continuous CFRP composite specimen. The specimen size and shape are considered as per
the requirements of the specimen holder. The 3D model of the specimen is designed using
the Solidworks modeling software and exported in STL format. It is then transferred to
the Eiger software, where all of the printing parameters are assigned, and the slicing of the
model is carried out as per the defined layer height. Further, the file is saved to an mfp file
format using Eiger and transferred to the 3D printer. Based on the mfp file, the 3D printer
starts depositing the material layer-by-layer on the print bed, and the part is fabricated.

All specimens were fabricated with a layer height of 0.125 mm, 100% infill density,
two wall layers, and an isotropic fiber fill type. The wall layers were printed by onyx,
and the infill was printed by the fibers. The isotropic fiber fill type helped to fabricate the
specimen with different fiber orientations. In this study, the specimens were fabricated by
considering three fiber orientations, i.e., 0°, 45°, and 90°, as shown in Figure 2 (the white
line represents the wall layers of the onyx material, and the yellow line represents the fiber
reinforcement with the defined orientation).

45°
Figure 2. Orientation of reinforced continuous carbon fiber in wear specimen.

2.3. Wear Testing

Pin-on-disk wear test equipment (DUCOM WO-1883) was used to perform the wear
test with a data acquisition system, as shown in Figure 3. The equipment is versatile and
is designed to study wear under sliding conditions only. An investigation on the wear
properties such as the COF and wear of the polymer composite is conducted against a
disk with an abrasive surface under dry sliding conditions. Nagaraju et al. (2011) [16]
reported that the wear is very low for polymer composites against a steel surface due to
the formation of a thin protective film. The steel disk surface was converted to an abrasive
by pasting on silicon carbide paper of 400 grit size. The test parameters were selected
based on literature reviews under ASTM G99 [17], shown in Table 1. In this work, the fixed
parameters were rotational speed, test duration, track diameter, and temperature, and the
varying parameter was the applied load. Before each test, using SiC paper, the surface of all
specimens was polished to ensure proper contact between the specimen and the abrasive
surface of the disk. The specimens were then cleaned with acetone to remove the worn-out
plastic debris before each test. The wear in micron and COF value were obtained from the
Winducom 2010 software (2010, Ducom Instruments (Asia), Bangalore, India).
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Specimen

Specimen Hold,

Figure 3. Pin-on-disk wear test equipment.

Table 1. Testing parameters for tribology test.

Parameters Value
Sliding speed (rpm) 100
Test duration (sec) 600
Track diameter (mm) 50
Applied load (N) 10, 20, 30, 40, 50
Temperature (°C) 27
Environment Air

3. Results and Discussion
3.1. Abrasive Wear Properties

This section discusses the influence of load and fiber orientation on the abrasive
wear properties of continuous CFRP composites. The specimens were slid against SiC
abrasive paper with a varying load at a constant speed of 100 rpm. Figure 4 represents the
results of the wear and COF for the varying load and fiber orientation of the composites.
It is observed that the wear and COF significantly influence the varying load and fiber
orientation of AM composites. The maximum wear value at the 10 N load for the 0°
orientation is 37.32 microns, for the 45° orientation is 41.06 microns, and for the 90°
orientation is 48.83 microns.

Similarly, considering the maximum load to 50 N, the wear for the 0° orientation
is 88.92 microns, for the 45° orientation is 93.99 microns, and for the 90° orientation is
155.6 microns. It is observed from the result that the high load and increasing fiber angle
have high wear because the percentage increase in the wear is 58.02% for the 0° orientation,
56.31% for the 45° orientation, and 68.61% for the 90° orientation. The minimum effect on
wear and COF is observed for the 0° fiber orientation, and the maximum effect on the wear
and COF is observed for the 90° fiber orientation. Similar results were observed in [12],
whereby the wear of banana-reinforced composites increases with an increase in the load
and fiber angle.
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Figure 4. (a) Wear vs. load for different fiber orientations; (b) COF vs. load for different fiber orientations.

3.2. Effect of Applied Load

The wear and COF increase as the load increases, as shown in Figure 4. In abrasive
wear, the fiber protects the matrix, which undergoes a substantial wear process by thinning
when the fibers are orientated parallel to the sliding direction. If fibers are orientated
perpendicular to the sliding direction, it results in maximum fiber cutting and minimum
wear thinning, leading to very high wear, as shown in Figure 4a.

Figure 4b shows that the COF increases as the load increases. As the load increases,
the interface temperature rises and softens the polymer material, which leads to adhesion,
and hence COF increases [18]. In addition, the thin film formed at the interface is damaged
due to the high contact pressure, resulting in an increasing COF. The friction is less at lower
loads because the carbon fibers form a thin protective film due to the capability of solid
lubrication. However, this advantage of carbon fiber fails at higher loads because, at higher
loads, the protective film breaks as the pressure increases, leading to increased COF.

3.3. Effect of Fiber Orientation

As shown in Figure 4, the wear and COF increase as the fiber orientation angle
increases. During sliding, the fibers carry the shear force acting on the specimen. If the
fiber-matrix interface is good, this leads to better load transference by the fibers. The
force generated is divided into two components: Fcos 6 and Fsin 6. The direction of
Fcos 0 is parallel to the fiber orientation, and the direction of Fsin 0 is perpendicular to
the fiber orientation. Fcos 0 is significant concerning fiber orientation. For the 0° fiber
orientation, Fcos 0 has a high magnitude, leading to most of the force being carried by
the fibers. When the fibers carry the maximum force, low forces are transferred to matrix
and interface, resulting in low specimen wear. For the fiber orientation angle at 90°, Fsin 0
has a high magnitude, leading to the majority of the force being carried by the matrix and
interface. When the matrix carries the maximum force, low forces are transferred to the
fibers, resulting in more fibers peeling off the matrix, and the wear increases. As the fiber
orientation increases, the COF increases, as shown in Figure 4b. As the fiber orientation
increases, the wear increases by cracking and cutting the fibers, and these cut pieces of
fiber oppose easy sliding, which results in higher COF. From Figure 4a,b, it is observed
that the COF and wear vary non-linearly with increasing load because the layer-by-layer
deposition of fibers leads to improper bonding and porosity, which may lead to the varying
values of wear and COF at different loads.
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3.4. Optical Micrograph Studies

Studies on worn surfaces are carried out using optical microscope images to under-
stand the wear mechanism. Figure 5 represents the optical images of the worn surface
of AM composites. The optical images represent the effect of fiber orientation, resulting
in fibers debonding from the matrix, fiber cracking and cutting pulverization, and the
removal of fibers from the matrix in the form of debris, which leads to a change in the
COF. The increase in the fiber angle, i.e., 0°, 45°, and 90°, enhances the matrix and fiber
damage and is correlated to wear behavior. It is also observed that as the fiber orientation
increases, the wear thinning of the fiber decreases, and fiber fracture increases with the
random dispersion of fiber debris. From Figure 5, for the 0° fiber orientation, mostly minor
damage to the fibers and fiber—matrix interface is observed. The least peeling off of fibers
is observed with maximum wear thinning, and the fibers are also well covered with a
matrix, which results in minimum wear. For the 45° fiber orientation, the debonding of
fibers and peeling off from the matrix are observed. The wear thinning of the fibers is
lower, and debonding is increased in comparison to the 0° fiber orientation. For the 90°
fiber orientation, the maximum fracture of fibers is observed due to cracking and cutting,
which has led to high wear.

Figure 5. Cont.
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Figure 5. Optical micrograph of wear surfaces at 50 N load with different fiber orientation angles:
(a) 0°, (b) 45°, and (c) 90°.

4. Conclusions

The present research examined the wear properties of additively manufactured com-
posite fabricated using the FDM process. The influence of applied load and fiber orientation
on wear properties were investigated using pin-on-disk equipment at a run time of 600 s
and a constant speed of 100 rpm. The wear and COF were significantly affected by the
applied load and fiber orientation. The following conclusions were observed from the
experimental wear study:

The wear and COF increase as the load and fiber orientation angle increases.
For the 0° fiber orientation, the minimum effect on wear and COF was observed; for
the 90° fiber orientation, the maximum effect on wear and COF was observed.
e  The morphological study of worn-out surfaces of AM polymer composites represents
various reasons for the fiber fracture and matrix failure at different fiber orientations.
e  For the 0° fiber orientation, the maximum wear thinning of the fibers occurs, which
results in minimum wear; for the 45° fiber orientation, some debonding of fibers
from the matrix is observed with wear thinning of the fibers, and for the 90° fiber
orientation, the maximum fiber fracture results in maximum wear.

Additional research can be conducted to investigate the effect of additional variables
on the wear properties of AM polymer composites.
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