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This experimental study investigated the abrasive wear behaviour of pure
copper-based and multi-walled carbon nanotube (MWCNT) doped composites
synthesized by the powder metallurgy technique. Composite structures were
formed by reinforcing MWCNT at different ratios between 1% and 8% in 99.9%
pure copper by powder metallurgy. The microstructures of the nanocomposite
samples were analyzed by X-ray diffraction. Then, density and hardness
measurements and abrasive wear tests were performed to determine their
mechanical properties. The collected data were evaluated with scanning
electron microscopy images. It has been determined that copper’'s nano-sized
carbon reinforcement material has a dry lubricant effect up to a specific ratio,
reducing wear losses. On the contrary, wear losses increase as the MWCNT
reinforcement ratio increases between 4% and 8%. The best results in lowering
wear losses were obtained from the sample with 1% MWCNT reinforcement.
Depending on the increase in the amount of nanomaterial reinforcement in
the composite structure, it was observed that pore formation enlarges with
reinforcement agglomeration. It was concluded that the dense porosity in
the composite structure neglects the lubricating properties of the MWCNT
reinforcement material and increases the wear losses by having a negative effect.

KEYWORDS

pure copper, MWCNT, nanocomposite, microstructure, abrasive wear, solid lubricant

1 Introduction

Humans have used copper for thousands of years because of the properties of
copper, such as high thermal and electrical conductivity, self-lubricating and high melting
temperature. It is widely used in the electricity, marine, aviation, automotive, and railway
commonly used in industries. However, despite some advantages, its use in heavy-
duty applications is limited due to its weak strength and low tribological properties.
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(Panetal,, 2019; Sadounetal, 2021). Copper is also one of
the most widely used electrical materials and is vital in power
systems, transportation, electronics and aerospace. To improve the
mechanical properties of copper, different ceramics and nano-
sized carbon materials are doped into it. These insoluble and
stable particles vary according to the target application. These
materials are usually ceramic materials such as oxides (Al, O3, SiO,),
borides (TiB,, ZrB,), nitrides (TiN, ZrN), carbides (SiC, B,C, TiC)
and carbonaceous materials (carbon nanotubes (CNTs), graphite,
graphene, diamond) (Saboorietal., 2018). In recent years, with
the rapid development of precision machinery, high-speed electric
railways, aerospace, automotive and other fields, the friction and
wear conditions on these working surfaces rapidly deteriorated,
leading to significant reductions in the service life and stability
of existing parts. One of the effective ways to solve this problem
is to select a suitable reinforcement and control the composite
structure and interface to prepare copper matrix composites with
excellent wear resistance and mechanical properties. The above-
mentioned ceramic particle reinforcements improve wear resistance
(Zheng et al., 2021a). With the rapid development of materials
technology, one way to meet these requirements is to develop
suitable nano-reinforced Cu-based composites.

There are various allotropes of the carbon atom. Diamond
and graphite are 3D allotropes of carbon. Carbon also forms low-
dimensional (2D, 1D, or 0D) allotropes known collectively as
carbon nanomaterials. Examples of such nanomaterials are 1D CNTs
and 0D fullerenes. Graphene is known as 2D monolayer graphite
(Kumar et al., 2015) in the list of carbon nanomaterials. CNTs
are rolled sheets of carbon atoms with the same sp2-hybridized
structure and have excellent lubricating properties (Wu et al., 2020).
Carbon nanotubes (CNTs) are cylindrical structures similar to a
rolled graphene sheet with a nanoscale diameter (Wang et al., 2020).
CNTs are promising due to their unique structural properties,
good electrical and mechanical properties, excellent heat transfer
and electrical conductivity, high-temperature strength, and self-
lubrication. Therefore, efforts and scientific studies have been

TABLE1 MWCNT technical specifications.

MWCNT

Purity >96%
Outside Diameter 8-18 nm
Inside Diameter 5-10 nm
Length 10-30 um
Specific Surface Area 220 m%/g
Electrical Conductivity 9800 S/m
Tap Density 0.25 g/em’
True Density 2.4 g/cm’
Manufacturing Method CVD
Color Black

10.3389/fmats.2023.1337735

made to produce CNT-doped composites with Cu matrix and
improve their properties (Sharma etal., 2019; Zuo etal., 2020).
CNTs have been proposed as an ideal reinforcement to enhance
the mechanical properties of the matrix due to their excellent
properties, such as high elastic modulus, high strength, and good
thermal/electrical properties (Duan et al., 2019; Muhammet, 2019).
Multi-walled carbon nanotubes (MWCNTs) can be defined as
concentrically arranged layers of graphene carbon cylinders and
were first described by Iijima in 1991 after using an arc discharge
evaporation method similar to that used for fullerene synthesis
(Jansson, 2021).

Different techniques, such as compression casting, stir casting,
infiltration, mechanical alloying, and powder metallurgy, produce
metal matrix composites. The mechanical properties of composite
materials, such as strength, elastic modulus, and elongation, depend
highly on the production method (Sadoun etal., 2021). When
the literature is examined, studies examine the properties of
composites formed by reinforcing carbon-based nanomaterials
into the copper matrix with different production methods
(Zhang etal.,, 2017; Chenetal, 2019; Zhangetal, 2021; Pul,
2022a; Koltsova etal.,, 2022; Tanetal, 2022; Chika etal,, 2023;
Singh et al., 2023).

2 Materials and methods

This experimental study used copper (Cu) with an average grain
size of 325 mesh with 99.99% commercial purity purchased from
Nanografi-Nanoteknoloji-Turkey as the matrix material. Multi-
walled carbon nanotubes (MWCNT) used in nanocomposites
were also purchased from Nanografi Nanoteknoloji Turkey, and
some technical properties of the nanomaterial are given in
Table 1.

In this experimental study, the powder metallurgy technique
produced nanocomposite structures. For this purpose, firstly, the
weight ratios of the matrix and reinforcement materials that will
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TABLE 2 Composite matrix-reinforcement ratios (wt%).

Sample Cu MWCNT
1 99 1
2 98 2
3 96 4
4 94 6
5 92 8
6 100 -

form the composite structure were determined and weighed on
a scale with a precision of 1:10000 g. Then, a ZrO, ball with a
diameter of 5 mm was added into the rotary drum mixer at a ratio
of 10:1 and homogeneous composite mixtures were obtained by
mixing at 300 rpm for 3 h. Furthermore, compact test specimens
were obtained by compressing with 700 MPa pressure in a 16 mm
diameter mould. In the last stage of the production process,
the production process was completed by applying sintering heat
treatment at 950°C temperature for 2 h. The matrix-reinforcement
ratios used in producing nanocomposite structures are given
in Table 2.

The nanocomposite structures were imaged in LEO 1430VP
brand/model scanning electron microscope (SEM) to visualize their
microstructures, and EDS elemental analyses were performed. In
addition, additional imaging and EDS analysis were performed with
a HITACHI SU5000 field emission scanning electron microscope
(FE-SEM) capable of shooting at higher magnifications to detect
nano-sized MWCNT reinforcement particles in the composite
structure. X-RD analyses were then performed to examine the
phase structures. X-RD analyses were performed with a Shimadzu
XRD-6000 LabX model device at 2°/min. They are scanning speed,
using Cu K alpha X-ray from 10 to 100° 2° in 0.02-degree steps.
Density and hardness measurements were performed to determine
the mechanical properties of the composite structures. The densities
of the composite structures were calculated according to the
mixing rule in Eq. I, and the porosity amounts were determined
according to Eq. 2.

Pth = Ppacx VB4C T Pcux VCu (1)

Here, V, unit volume, is the unit density.

Porosity (%) = 100 < M) (2)
P

Here, py, is the theoretical density, and p;, is the experimental
density.

Hardness measurements were performed using the Vickers
method with a 300 g load and 15 s application time. In the last stage
of the study, wear tests were carried out to determine the abrasive
wear behaviour of the nanocomposites. Abrasion tests were carried
out on 600 mesh size sandpaper at a speed of 1.0 m-1, and 20 N and
40 N loads were applied at 60 min and 120 min. A schematic view of
the pin-on-disc test method is given in Figure 1.
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FIGURE 1
Schematic illustration of pin-on-disc wear test device.

Based on the wear loss amounts obtained from the experiments,
wear rates K were calculated according to Eq. 3.

K=W/FV.T (3)

In Eq.3, W (mm?) is the wear volume, K is the wear factor
(mm?/Nm), F (N) is the force, V (m/s) is the linear velocity, and
T (s) is the test duration. The wear factor indicates the resistance
of materials to wear as a function of the volume lost at the wear
interface and time, force, and velocity.

3 Results and discussion
3.1 Microstructure

of Cu matrixed MWCNT
composites

The microstructure images

nanomaterial-reinforced produced by powder
metallurgy, captured by SEM at x200 magnification, are given
in Figure 2.

The SEM images in Figure 2. Present the different distribution
characteristics of the MWCNT doping in the composite structure,
which stands out in the first place. It is seen that the porous regions
(black regions in the structure) are gradually increasing due to
the increase in the amount of nano-reinforcement materials in
the composite structure. One of the most common problems in
such nano-reinforced composite structures is the inhomogeneous
distribution of the reinforcement particles and their tendency
to agglomerate together densely (Zuo etal, 2020). A literature
review shows that similar reinforcement agglomeration results have
been reported in CNT-reinforced and metal matrix composite
studies (Zhou etal., 2017a; Senel etal., 2017). The agglomerated
particles caused the formation of porous regions by partially
preventing the bonding of the matrix material particles. In
addition, those regions deter heat transfer during the sintering.
As a result, MWCNT reinforcement has a very high thermal
resistance due to its nature; it can act as a thermal barrier
and reduce the effect of the sintering process. A study reported
that CNT agglomeration prevents the densification and bonding
of the matrix in the sintering process applied in the powder
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FIGURE 2
SEM images of Cu/MWCNT composite structures.

metallurgy process and deteriorates the mechanical properties of the
composite (Liu et al., 2017).

The homogeneity gradually deteriorated with the increase in
the MWCNT ratio in the composite structure, and porous regions
started to form. In the literature study, it was reported that
homogeneous reinforcement distribution was obtained when a low
volume percentage of CNTs was used, and CNT reinforcement
of more than 2 wt% did not improve mechanical properties (Rais
and Sharma, 2015). EDS analysis was carried out to prove copper’s
elemental presence as the composite structure’s main constituent
and MWCNT as the reinforcing element. For this purpose, EDS
analysis of 1% MWCNT reinforced composite samples is given
in Figure 3.

When Figure 3A is examined, it is understood that a high
proportion of carbon is in the EDS analysis taken from the region
with intense blackness. In addition, it is seen that some oxidation
occurred during the sintering heat treatment, which appears as
oxygen in the same region. Figure 3B shows the presence of copper,
which forms the main structure, and the presence of oxygen with
oxidation on the surface. Therefore, it can be stated that the black
regions in the microstructure images are mostly filled with carbon-
based nanomaterials. At the same time, air gaps in the volumes
formed by these dark-coloured regions, which means porous

Frontiers in Materials

regions, appear as oxygen in EDS analysis. Because the elemental
analysis in Figure 3A shows that there is approximately 22% oxygen.
In addition, it is understood that oxidation also occurs on the surface
of the matrix material Cu in Figure 3B analysis, with 19% oxygen
detected. It is also understood from these analyses that copper is
a metal that can be oxidized very quickly. The copper matrix’s
surface oxidation is a common problem during the composite
production process. Research has been conducted on the causes and
elimination issues by examining different studies in the literature
(Singhal et al., 2012; WuHou et al., 2019).

3.2 Phase analysis (X-RD)

The graphs of XRD analyses performed to investigate the phase
and crystal structures of MWCNT-reinforced Cu-based composite
structures after sintering heat treatment are given in Figure 4. XRD
analyses were performed on the lowest, highest and medium (1%,
4%, 8%) MWCNT reinforced samples to better understand the
differences between the composite structures.

The X-RD graph in Figure 4 shows that the most intense
reflection for the surface-centered cubic (FC) Cu element in all
three composite structures is in the (111) plane at 26. Subsequent

frontiersin.org
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FIGURE 3

EDS analysis of Cu/MWCNT composite structures; (A) reinforcement material, (B) matrix material.
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FIGURE 4
X-RD analysis graph of Cu/MWCNT composite.
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reflection peaks occurred at (200) and (220) planes. Similar studies
have the same results (Kumar et al., 2018; Akbarpour et al., 2019).
It is seen that Cu,O phases occur in 4% and 8% MWOCNT
reinforced composites, unlike 1% MWCNT reinforced composites.
It is understood that the matrix material copper is oxidized by

Frontiers in Materials 05

the effect of oxygen remaining in the environment during the
sintering heat treatment. In a study in the literature, the formation
of amorphous copper oxides (Cu,O,) between CNTs and Cu is
attributed to oxygen diffusion and the thermodynamic reaction
that occurs during internal oxidation (Long et al., 2022). As a result
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FIGURE 5
Porosity variation of Cu/MWCNT composite structures.

of the reaction between the Cu matrix material and MWCNT
reinforcing elements, it is seen that a different phase structure is not
formed. In addition, due to the deficient concentration of carbon-
based MWCNT in the hexagonal P63/MMC crystal structure, the
densest peak in the (002) plane at 26 is not seen in any of the
composite structures.

3.3 Porosity and hardness

The porosity values determined according to the density
measurements of Cu composite samples reinforced with MWCNT
at different ratios are given in the graph in Figure 5.

Figure 5 shows that the amount of porosity gradually increases
with the effect of MWCNT doping in the composite structure.
In the pure Cu reference sample without MWCNT reinforcement,
19.5% porosity was detected. The powder metallurgy method forms
more porosity than other composite production methods. Especially
during the sintering heat treatment process, hollow regions can
be formed during the expansion of the metals forming the main

10.3389/fmats.2023.1337735

structure and the growth of their volumes. In addition, ceramic
or graphene-based reinforcement materials added to such metallic
composites have much lower expansion coefficients than metals. At
sintering temperatures applied according to the melting temperature
of the matrix metal, the reinforcing materials in the metal are
not much affected by the applied sintering temperatures and do
not show expansion behaviour. In this case, due to the different
thermal behaviour of the matrix and reinforcement materials, there
is not enough wetting in the composite structure, and pores are
formed between the particles separated from each other. Another
critical reason for porosity in Cu/MWCNT composite structures is
the MWCNT reinforcement material that exhibits agglomeration
behaviour in the Cu matrix. A study in the literature stated that
the agglomeration of CNTs significantly reduces the reinforcement
effects and makes it difficult to achieve uniform and stable properties
of the composites. In addition, the significant difference in bulk
density between Cu and CNTs is reported to cause difficulties in
the mixing process of matrix and reinforcement (Zheng et al., 2022).
In another study, MWCNT with a high reinforcement ratio was
reported to cause agglomeration (Stalin et al., 2021). This issue was
explained in the section on microstructure evaluation by drawing
attention to the SEM images in Figure 2. However, to identify
the MWCNT reinforcement particles agglomerated in the porous
regions of the composite structure, FE-SEM images taken at different
magnifications are given consecutively in Figure 6. In Figure 6C, the
MWCNT reinforcement particles, which are densely agglomerated
and become a ball, are visible.

The graph of the values obtained from the hardness
measurements of Cu composite samples reinforced with MWCNT
at different ratios by the Vickers method is given in Figure 7.

In Figure 7, it is seen that there is a significant decrease in
hardness values with the effect of nanomaterial reinforced in the
Cu matrix. Similar results were noted in different studies in the
literature (Garg et al., 2016; Zhou et al., 2017b). The most important
reason for this is the porosity in the composite structure. When
the porosity values in Figure 5 are examined, it is seen that the
pore ratios increase depending on the increase in the amount of
MWCNT in the composite structure. Therefore, increasing porosity
and decreasing hardness are in a direct proportional relationship.
Compared to pure Cu matrix material, while the hardness value
of the 1% MWCNT reinforced sample decreased by 50%, this

FIGURE 6
MWCNT agglomerated into pore (A) 5.000X, (B) 15.000X, (C) 50.000X.
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FIGURE 7
Hardness variation of Cu/MWCNT composite structures.

value decreased by approximately 400% in the 8% MWCNT
reinforced sample. There is a direct proportional increase between
the rate of decrease in hardness values and MWCNT reinforcement
ratios. The hardness value decreased eight times as the MWCNT
reinforcement ratio increased eight times. The other reason for
the low mechanical strength in such composite structures is the
composite production technique applied. A study reported that the
lack of ductility and strength of composite components produced
by powder metallurgy (PM) is one of the disadvantages of the PM
method (Mohammed Ridha, 2022).

3.4 Abrasive wear

This experimental study conducted abrasive wear tests by
contacting Cu (MWCNT composite samples) on the abrasive
sanding surface according to the specified test parameters. The
schematic drawing of the lubrication mechanism expressing the
self-lubricating property of carbon nanotubes (CNTs) during the
abrasion test is shown in Figure 8.

As shown in Figure 8, under the influence of the load and
friction applied in the experiments, MWCNT particles form a
lubricating film layer between the composite test sample and the

10.3389/fmats.2023.1337735

abrasive sanding surface, reducing the friction coefficient and
reducing wear losses. The amount of material loss in the composite
structures and the amount of wear calculated according to Eq. 1
and the computed wear factors according to the abrasive wear tests
performed by the pin-on-disc method on nanocomposite samples
with pure Cu matrix and MWCNT reinforced at different ratios are
given in Table 3. The graphs created according to Table 3 values are
detailed in Figures 9, 10.

When the graphs in Figure 9 are analyzed together, it is
understood that the lowest wear losses occurred in composites
with 1% MWCNT reinforcement at both 20 N and 40 N test loads.
Likewise, 2% MWCNT reinforced specimens also showed less wear
loss than the reference material pure Cu. Although there was
a twofold difference between the abrasion loads applied in the
experiments, there was no twofold difference in abrasion losses
between the experiments with 20 N and 40 N loads. As can be
seen from Table 3, results that are not very proportional in wear
values depending on the porosity and homogeneity of the composite
structures were obtained. For example, in the 120 s wear test of the
1% MWCNT reinforced sample, although the test load increased by
100% (20 N and 40 N), there was an increase in wear loss of about
20%. In the 60s test with the same loads, the wear loss increase
was 80%. If Table 3 continues to be analyzed, it is understood that
the amount of wear loss increases approximately twice as much
between 60 s and 120 s test times in experiments with 20 N load.
However, in the experiments with a 40 N load, it is seen that the
amount of wear loss is not doubled like the increase in the wear
time, and there are fewer wear losses. With the increase in load
in abrasive wear tests, the friction between the composite samples
and the abrasive sandpaper is higher. Accordingly, the temperature
increase occurs due to the heat generated on the composite sample
contact surface. It is evaluated that the lubricating properties
of MWCNT reinforcement particles increase with the composite
structure softening with increasing temperature. MWCNT particles
are more easily transported and spread on the Cu matrix surface,
which softens with increasing temperature. Therefore, there was
a decrease in wear loss in the wear tests performed at 40 N load
and 120s test duration. When the test results are analyzed in
terms of wear factor, it is seen that the lowest wear factor value is
obtained from the experiment performed under 40 N load for 120 s.
This presentation was realized to be the opposite of the wear loss
result. In other words, the lowest wear factor was obtained in the
experiment where the highest wear loss occurred (Figure 9B). As the
test load and duration increase, the temperature rises in the wear

FIGURE 8
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TABLE 3 Abrasive wear values of MWCNT reinforced nanocomposites with Cu matrix.

MWCNT ratio (wt (%)

Test load, 20 N

Test load, 40 N

Wear loss (g) Wear factor (mm?3/Nm) Wear loss (g) Wear factor (mm?3/Nm)
Sliding time
60 s
0 0.2841 0.5972 0.0266 0.0279 0.5068 0.9659 0.0237 0.0226
1 0.2257 0.5114 0.0211 0.0239 0.4061 0.6171 0.0190 0.0144
2 0.2574 0.5498 0.0241 0.0257 0.4210 0.8168 0.0197 0.0191
4 0.3359 0.6908 0.0314 0.0323 0.5694 1.0128 0.0266 0.0237
6 0.3785 0.7714 0.0354 0.0361 0.7928 1.4712 0.0371 0.0344
8 04977 0.8321 0.0466 0.0389 0.9391 1.6603 0.0439 0.0388
A B
2.0 0.05
20N, (60 s) 20N, (60 s)
P B 20N (120 5) P 20N (120'5)
01 ——— 40N, (605) 2 0.04{ | ——— 40N, (605) i
—_ | e 40 N’ (120 S) 1= N Y 40 N’ (120 s)
2, g
2 £
2 0.03
o 0.8 5]
= ;
S 0.02 N——
0.4 = N
0.0 . . . . . : 0.01 : . . . . .
0% 1% 2% 4% 6% 8% 0% 1% 2% 4% 6% 8%
MWCNT reinforcement ratios (wt.) MWCNT reinforcement ratios (wt.)
FIGURE 9
Cu/MWCNT composite (A) wear loss, (B) wear factor values according to applied load and wear time.

zone due to friction. The matrix metal copper inevitably softens
when the temperature rises above a specific value. In this case, it
is possible for some of the copper separated from the structure
during abrasion to adhere or plaster to the surface again. Similar
results were reported in a study on abrasive wear of metal matrix
composite materials (Pul, 2022b). Another reason for the decrease
in the wear factor is the emergence of the lubricating properties of
the MWCNT particles agglomerated in the structure. In the same
way, MWCNT, which is densely accumulated and agglomerated in
some areas within the composite structure, can spread over the
surface without moving away from the surface with increasing test
load and duration. It is evaluated that the increased hotness in the
wear zone can show the dry lubricant effect of MWCNT particles
by spreading more easily on the surface. Therefore, for the above
reasons, the wear factor values decrease with increasing load and
test time. A study (Singh et al., 2006) reported that in abrasive wear
tests, the wear mechanism varies according to the load and material
loss is effective under small loads. At the same time, micro-wear
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is effective under heavier loads. In the same study, it was stated
that there is a decrease in subsurface strain consolidation with
increasing load amount.

Continuing to examine the wear losses, it is seen that the wear
losses first decrease and then gradually increase due to the effect of
MWCNT reinforcement material in the Cu matrix. Wear losses were
less in composite samples with 1% and 2% MWCNT reinforcement
than in pure copper’s reference material. With the increase in
MWCNT content to 4%, the wear losses increased abruptly and
gradually until the 8% MWCNT reinforced specimen. In a study in
the literature, it is reported that under the same load, the coefficient
of friction decreases with increasing CNT content. Still, the decrease
in the coefficient of friction gradually loses its effect when the CNT
content is above 2 wt%. This situation is explained by the self-
lubricating effect of CNTs (Zhou Mingyang et al., 2017). Another
study in the literature states that carbon-based nanomaterials,
especially carbon nanotubes (CNTs) and graphene, play an
important role in developing metal matrix nanocomposites. The
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Abrasive wear losses as a function of wear time.

addition of CNTs and graphene has been reported to improve the
mechanical and tribological properties of metal matrix composites,
reducing the coefficient of friction and wear rate while increasing the
tensile strength. It has also been stated that adding these materials
beyond a certain volume fraction can increase the coefficient
of friction and wear rate and reduce mechanical properties
(Dorri Moghadam et al., 2015).

The 1% MWCNT nanomaterial effect in the Cu matrix reduced
wear losses by half. In the sample with 2% MWCNT reinforcement,
wear losses decreased by approximately 57%. The self-lubricating or
solid lubricant properties of carbon nanotube, a form of graphene,

10.3389/fmats.2023.1337735

can explain this result. The literature shows that different studies
report the lubricant properties of nanographene and carbon
nanotubes in a metallic matrix (Tabandeh-Khorshid et al., 2016;
Chen et al,, 2019; Zheng et al., 2021a). However, the wear losses are
not expected to increase significantly with the nano-reinforcement
ratio of 4%. Here, a more important reason is the lubricating
properties of MWOCNT in the background. Reinforcement
agglomeration, which occurs with the uneven reinforcement
distribution in the composite structure, is the most important reason
for this negative result. A similar study in the literature stated that
the lubrication effect weakens when the CNT addition exceeds
2 wt%, which may be due to the accumulation of CNTs and high
porosity (Zhou Mingyang et al., 2017). This is because the MWCMT
nanoparticles, which come together and agglomerate densely,
cause the formation of porous regions in the composite structure.
These porous regions are present in Figure 2 in the microstructure
evaluation section and in the SEM images in Figure 11, where the
wear surfaces are visualized. Carbon elements, i.e., nano carbon
reinforcement materials, are very intense in the EDS analyses of
the porous regions with the SEM images. It is understood from the
microstructure images that the reinforcement agglomeration and
porosity increase with the increase in the MWCNT ratio in the Cu
matrix structure.

During the abrasive wear tests, abrasive particles adhere more
easily to the porous regions in the composite structure and remove
more material from the surface of the composites. The cutting
particles of the abrasive remove the MWCNT particles agglomerated
in the dense porous regions from the composite structure by
breaking them in masses before they can show their lubricating
properties. In this case, the resulting porous structure repeats

Hag= 1.00KX
EHT =20.00 kV

FIGURE 11

Abrasive wear test surface images of Cu/MWCNT composite structures at 40 N load and 120 s test duration.
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Worn surface EDS analysis of 1% MWCNT reinforced composite with Cu matrix; (A) MWCNT reinforcement, (B) Cu matrix.

one after another and wear losses increase gradually. The most
common structural problems in such nano-reinforced composite
structures are inhomogeneous reinforcement distribution and
agglomeration. The literature emphasizes that graphite and CNTs
form agglomeration and reduce the strength of composites after
a certain level. It is stated that it is challenging to distribute
such nanomaterials evenly in large volumes (Khanna et al., 2021).
This study evaluates that the best homogeneous reinforcement
distribution is in the sample with 1% MWCNT reinforcement,
followed by the sample with 2% reinforcement. It is understood
that this homogeneous structure increases the lubricating properties
of MWCNT. The nanomaterial homogeneously distributed in the
composite form showed more effective dry lubrication properties.
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According to the composite production parameters applied in
this study, the best result was obtained from a 1% MWCNT-
reinforced composite sample. Testing lower MWCNT reinforcement
ratios, such as 0.5% and 0.25%, may be recommended in a
future study.

3.5 Wear surface morphology
SEM images were taken at different magnifications to examine
the worn surfaces of Cu/MWCNT composite structures after

abrasive wear tests. In addition, the situation of Cu and carbon-
based MWCNT reinforcement materials in the composite structure

frontiersin.org


https://doi.org/10.3389/fmats.2023.1337735
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Pul et al. 10.3389/fmats.2023.1337735

Ve " %
. P2 /o4
YBU-MERLAB 10.0kV 8.6mm M-x15.0k SE(L)

£}

J

13.4nm*

MWCNT £

1_6_0 nm 16.3nm

-
RN YBU-MERLAB 10.0kV 8.6mm M-;ZSOR SE(L)

FIGURE 13
MWCNT reinforcement particles in Cu/MWCNT composite structure; (A) 250x, (B) 5.000x, (C) 15.000x, (D) 50.000x, (E) 100.000x, (F) 250.000x.

was examined by performing an EDS analysis. For this purpose, the ~ amount of MWCNT particles in the porous regions of these samples
surface images of 1%, 4% and 8% MWCNT reinforced composites,  showed some lubrication effect by rubbing against the matrix surface
which are the lowest, medium and highest ratios, taken at 1000X  while moving away from the composite structure. They helped
magnification after 40 N load and 120s test time, are shown  the matrix material Cu to become lubricated and plastered. In
in Figure 11. addition, the temperature increase caused by friction during the
Looking at the eroded surface images in Figure 11, it is seen ~ wear tests also effectively softened and lubricated the already soft
that with the increase in the MWCNT ratio, deep hollow and  matrix material. In similar studies, it is stated that as a result of
hollow regions are formed on the surfaces. The worn surface of  such wear tests, matrix material plastering occurs on the wear
the Cu matrix has the appearance of an exfoliated microstructure.  surfaces (Pul, 2018). Another study noted that CNTs exposed to
The exfoliation behaviour on the worn surfaces was effective in ~ the worn surface during the wear process act as a lubricating
increasing wear losses. The excessive deformation on the 4% and  carbon film thanks to their low friction coefficients. The addition
8% MWCNT reinforced composite covers is especially remarkable. ~ of CNTs into the structure is reported to increase wear resistance
As mentioned before, the MWCNT particles agglomerated in the =~ due to the strengthening and self-lubricating effects of CNTs
composite structure with increasing reinforcement rates, causing the ~ (Hoon Nam et al., 2014).
formation of dense porous regions. Some oxidation wear occurred As shown in eroded surface images in Figure 11, it is seen
on the surfaces with an abrasive wear mechanism. In addition, that with the increase in the MWCNT ratio, deep hollow and
it is understood from the SEM images that a large amount of  hollow regions are formed on the surfaces. The worn surface of
matrix plastering has happened due to the effect of the adhesive  the Cu matrix has the appearance of an exfoliated microstructure.
wear mechanism. The plastering is more pronounced, especially in ~ The exfoliation behaviour on the worn surfaces was effective in
4% and 8% MWCNT reinforced composite structures. The dense  increasing wear losses. The excessive deformation on the 4% and
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Worn surface EDS analysis and elemental distribution FE-SEM mapping images; (A) Copper, (B) Carbon, (C) Oxygen, (D) Silicon.

8% MWCNT reinforced composite covers is especially remarkable.
As mentioned before, the MWCNT particles agglomerated in the
composite structure with increasing reinforcement rates, causing the
formation of dense porous regions. Some oxidation wear occurred
on the surfaces with an abrasive wear mechanism. In addition,
it is understood from the SEM images that a large amount of
matrix plastering has happened due to the effect of the adhesive
wear mechanism. The plastering is more pronounced, especially in
4% and 8% MWCNT reinforced composite structures. The dense
amount of MWCNT particles in the porous regions of these samples
showed some lubrication effect by rubbing against the matrix surface
while moving away from the composite structure. They helped
the matrix material Cu to become lubricated and plastered. In
addition, the temperature increase caused by friction during the
wear tests also effectively softened and lubricated the already soft
matrix material. In similar studies, it is stated that as a result of
such wear tests, matrix material plastering occurs on the wear
surfaces (Pul, 2018). Another study noted that CNTs exposed to
the worn surface during the wear process act as a lubricating
carbon film thanks to their low friction coefficients. The addition
of CNTs into the structure is reported to increase wear resistance
due to the strengthening and self-lubricating effects of CNTs
(Hoon Nam et al., 2014).

During the wear tests, the sharp-edged SiC particles on the
abrasive remove the agglomerated MWCNT particles in the porous
regions from the structure. In this case, the lubricating effect of
MWCNT particles is significantly reduced. In addition, during the
experiments, the abrasive SiC particles adhere more strongly to the
voids on the surface and remove more material from the surface.
The images in Figure 11 shows that the primary wear mechanism
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occurring on the wear surfaces is plastic deformation caused by
micro cutting, micro ploughing and micro scratching effects (Kok
and Ozdin, 2007).

However, in some studies in the literature, it is stated that the
direct contact of the matrix material separated from the surface
with the effect of carbon nano lubricant such as graphene in
the structure is prevented to some extent, and this increases the
wear resistance by reducing the ploughing effect and friction
coeflicient (Baradeswaran and Elayaperumal, 2011; Adeosun et al.,
2014; Sharmaa et al., 2016; Velmurugan, 2017). It is seen that the
abrasive particles create deep scratches with the ploughing effect.
When the surface image of the 1% MWCNT reinforced composite
with the lowest wear loss value is compared with the worn surface
image of the pure Cu material, it is seen that the wear pits on the
pristine Cu material surface are more comprehensive than the 1%
MWCNT reinforced sample. Therefore, the 1% MWCNT reinforced
sample exhibited the lowest wear loss value among all composite
samples. This specimen manifested the self-lubricating or solid
lubricating property of MWCNT nanomaterial. The lubricant film
layer formed by MWCNT particles on the surface reduced the
friction coefficient and effectively reduced wear losses (Pan et al.,
2019). This lubricity continued even though it decreased to a 2%
reinforcement ratio. However, as the reinforcement ratio increased
above 2%, the dense porosity in the composite structure came into
play, and the lubricating effect of MWCNT was significantly reduced
and eliminated. To prove the elemental presence of MWCNT
reinforcement material and matrix material Cu, concentrated in
the porous region on the worn surface, EDS analysis performed
on the worn surface of 1% MWCNT reinforced composite is given
in Figure 12.

frontiersin.org


https://doi.org/10.3389/fmats.2023.1337735
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Pul et al.

To see the presence of MWCNT particles in these porous
regions in the composite structure in much more detail, FE-SEM
images taken at different magnifications are given in Figure 13 to
complement each other.

As shown in Figure 13, MWCNT particles are gathered and
agglomerated as a ball. In this way, MWCNT reinforcement particles
in large masses in the composite structure cause the formation
of porous regions. Due to the friction, pressure and temperature
during wear tests, the MWCNT masses in the form of lumps
are dispersed and spread over the surface and have a lubricating
effect. In the production process of such composite structures, it
is essential to distribute the nano-sized reinforcement materials as
homogeneously as possible within the main structure. In addition to
the importance of the MWCNT ratio in the composite structure on
the abrasive wear behaviour, the homogeneous distribution of these
nanomaterials is considered the second important issue. Elemental
Mapping SEM image and Energy Dispersive Spectroscopy (EDS)
analysis taken from the worn surface of the 1% MWCNT reinforced
composite is given in Figure 14 to continue to examine the worn
surface morphology.

4 Conclusion

The results obtained from the experimental study are
summarized below:

- Porous regions were formed with reinforcement agglomeration
depending on the increase in MWCNT reinforcement in the
composite structure.

- In the EDS, EDS and XRD analyses, partial oxidation of the
Cu matrix material was detected. It took a lot of work to
see the deficient concentration of MWCNT in XRD analysis.
However, no phase-forming structures other than Cu and
Oxygen elements were found due to the heat treatment.

- The presence of MWCNT in the composite samples decreased
the density of the structure and increased the porosity. The
hardness values decreased in direct proportion to the increase
in the MWCNT ratio in the composite structure. Increasing
porosity caused the hardness values to fall.

- The best homogeneous reinforcement distribution was
observed in the 1% MWCNT reinforced sample, followed
by the 2% reinforced sample. It was evaluated that there is a
relationship between the lubricating properties of MWCNT in
the composite structure and its homogeneous distribution.

- Compared to the pure copper reference specimen, the 1%
and 2% MWCNT reinforced specimens showed lower wear
losses. With a further increase in the MWCNT reinforcement
ratio, the composite structure gradually deteriorated, and the
lubricity of MWCNT particles decreased.

- According to the data obtained from abrasive wear tests, it was
evaluated that the 1% MWCNT reinforcement rate had the
highest dry lubrication effect.

- With increasing test load and time, the amount of wear did
not grow at the same rate. The increased heat due to increasing
load and time increased the temperature of the wear zone and
facilitated the spreading of MWCNT particles on the surface.
In this case, wear losses occurred at lower rates compared to
the experiments performed at lower loads and times.
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- Insimilar studies to see the dry lubricant effect of MWCNT on
such composites, it was evaluated that going above 2% would
not be effective, and lower MWCNT reinforcement ratios such
as 0.25% and 0.5% may be more helpful.
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