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Abstract: In this study, the effect of powder preparation techniques on microstructure, mechanical
properties, and wear behaviors of graphene-reinforced copper matrix (Gr/Cu) composites was
investigated. The composite powders were prepared by two different techniques including high-
energy ball (HEB) milling and nanoscale dispersion (ND). The obtained results showed that the ND
technique allows the preparation of the composite powder with a smaller and more uniform grain
size compared to the HEB technique. By adding Gr, the mechanical properties and wear resistance
of the composite were much improved compared to pure Cu. In addition, the composite using
the powder prepared by the ND technique exhibits the best performance with the improvement in
hardness (40%), tensile strength (66%) and wear resistance (38%) compared to pure Cu. This results
from the uniform grain size of the Cu matrix and the good bonding between Cu matrix and Gr. The
strengthening mechanisms were also analyzed to clarify the contribution of the powder preparation
techniques on the load transfer strengthening mechanisms of the prepared composite.

Keywords: Cu composite; graphene; microstructure; mechanical properties; wear behavior

1. Introduction

Copper matrix composites (CMCs) have wide applications in many different sectors,
including aerospace, energy, and electronics, owing to their superior electrical conduc-
tivity, thermal conductivity, and mechanical qualities [1-3]. Nonetheless, the inadequate
mechanical characteristics and wear resistance of copper matrix composites may lead to
considerable damage and may diminish their operational lifespan. Consequently, enhanc-
ing their mechanical characteristics and resistance to friction and wear is crucial for practical
applications. The addition of reinforcement as a second phase is expected to enhance the
performance of CMCs. Nevertheless, the electrical and thermal conductivity are signifi-
cantly compromised. Conversely, carbon nanofibers (CNFs) and carbon nanotubes (CNTs)
have emerged as appealing reinforcements for CMCs [4-8]. Nevertheless, inadequate
wettability between CNFs and copper results in suboptimal mechanical characteristics. The
uniform dispersion of CNTs in CMCs is challenging, impeding their application. Graphene
has recently been extensively studied as a reinforcement for CMCs [9,10]. Owing to its
unique two-dimensional structure, graphene exhibits superior electrical conductivity, ther-
mal conductivity, and mechanical characteristics [11,12]. Consequently, graphene-CMCs
may exhibit not only superior mechanical qualities and wear resistance but also satisfac-
tory electrical and thermal characteristics. Presently, powder metallurgy, molecular-level
mixing, and electrochemical deposition are standard techniques for the preparation of
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graphene-CMCs [13-15]. Graphene, in either powdered form or as a dispersion in lig-
uid, is frequently utilized as a raw element in these methodologies. Nonetheless, the
van der Waals forces between the aromatic rings frequently lead to the agglomeration of
graphene in the CMCs, presenting a significant difficulty in achieving high-performance
graphene-CMCs [13,16-19]. Furthermore, the integrity of the graphene structure may be
compromised throughout the rigorous process, resulting in a suboptimal performance.
Therefore, there is an urgent necessity to devise novel preparation procedures for graphene-
CMCs to enhance the dispersibility and integrity of graphene. The microstructures of
copper matrices significantly influence their mechanical properties. Nanograins, textures,
twins, and heterogeneous structures have demonstrated advantages for the mechanical
characteristics and wear resistance of the material. Ultrafine structures, consisting of two
unique grain sizes, are characteristic heterogeneous structures that substantially influence
the mechanical properties of materials [16,17,20-22].

Thus, the goal of this study was to evaluate the influence of the initial composite
powder preparation method on the properties of the Gr/Cu composites after sintering.
The composite powders were prepared by using two different techniques including high-
energy ball (HEB) milling and nanoscale dispersion (ND). The microstructure, mechanical
properties, and wear behaviors of the prepared composite were investigated and presented.

2. Materials and Methods
2.1. Preparation of Gr/Cu Composites

Preparation of Gr/Cu powder: Gr/Cu powders containing 2 vol.% Gr was prepared by
using two different approaches including high-energy ball milling (HEB-Approach 1) and
nanoscale dispersion (ND, Approach 2) as shown in Figure 1.
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Figure 1. Schematic view of the preparation process for Gr/Cu powder by using high energy ball
milling (HEB-Approach 1) and nanoscale dispersion (ND, Approach 2).

+Approach 1: Firstly, the Gr (Figure 2a) powder was functionalized with a mixture of
acids consisting of H,SO4 and HNOs (v:v/3:1) at a temperature of 70 °C for 5 h. After that,
the obtained solution was filtered and washed with alcohol and distilled water to obtain
the Gr-COOH. The obtained Gr-COOH was then dispersed in alcohol to form a Gr-COOH
solution with a concentration of 1 g/1 L. The mixture of Cu powder (Figure 2b) and Gr-
COOH powders is milled and mixed by high-energy ball (HEB) milling with a speed of
200 rpm and a ball/powder ratio of 10:1. The obtained Gr/Cu powder after milling was
reduced in H; at a temperature of 300 °C for 3 h to remove metal oxide components to
obtain Gr/Cu powder.
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Figure 2. SEM images of (a) Cu powder and (b) graphene powders.

+Approach 2: The preparation process of composite powder by using ND technique
is described in Figure 1. Firstly, the functionalized Gr was dispersed in alcohol to form
Gr-COOH solution with concentration of 1 g/1 L. Then, the mixture of CuSO; salt and
Gr-COOH is stirred together by magnetic stirrer at speed of 500 rpm for 1 h. Next, NaOH
solution is slowly added to the above solution. After that, the obtained solutions were
filtered, washed, and dried at 300 °C to obtain Gr/CuO powder. The Gr/CuO powder was
then reduced in H, at temperature of 280 °C for 3 h to remove metal oxide components to
obtain Gr/Cu powder.

Sintering process: The sintering process of Gr/Cu composite material is described in
Figure 3. Hot iso static pressing (AIP6-30 H, American Isostatic Presses Inc., Columbus,
OH, USA) were used to consolidate the Gr/Cu composite specimens. Firstly, the pre-
pared Gr/Cu powder was pre-compacted to form bar-shaped samples with dimensions
of 40 x 10 x 3 mm. The specimens were then put in the chamber and heated (5 °C/min)
up to 500 °C and held for a 30 min dwell time, followed by increasing the temperature to
900 °C (10 °C/min) and applying the pressing process under a load of 100 MPa for 120 min
to obtain Gr/Cu composite.
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Figure 3. Sintering process of Gr/Cu composite by hot isostatic pressing technique.

2.2. Characterizations

The microstructure was observed by a scanning electron microscope (SEM) (Hitachi
54800, Tokyo, Japan), SEM energy dispersive spectroscopy (SEM-EDS, Hitachi S-4800,
Tokyo, Japan), and JEOL JSM-6500F equipped with an electron backscatter diffraction
(EBSD) detector. An X-ray diffraction (XRD) analysis was recorded by using an X-ray
diffractometer (Bruker D8 Endeavor, Billerica, MA, USA) with CuK« radiation. The
Archimedes method was used to determine the experimental density of sintered composites.
Hardness was assessed with a Vickers hardness tester (Mitutoyo HM-124) with a load
of 9.8 N for a duration of 10 s. Tensile characteristics were assessed utilizing a universal
testing equipment (INSTRON 8848 micro-tester) at a cross-head velocity of 0.2 mm/min at
ambient temperature. A ball-on-disc apparatus (CMS tribometer) was employed for the
wear test, utilizing steel balls under a load of 10 N, at a speed of 5 cm/s, and a sliding
distance of 10 m.
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3. Results
3.1. Microstructure

The microstructure of composite powders prepared by different dispersion techniques
is shown in Figure 4. Figure 4a is a Gr/Cu powder prepared by the HEB technique. As
observed in the figure, Gr is dispersed on the surface of deformed Cu particles during the
milling process. However, the appearance of Gr clusters is also observed in the Cu matrix.
This indicated that the HEB technique is less effective in dispersing Gr. Figure 4b shows the
morphology of Gr/Cu powder prepared by the ND technique. The obtained results showed
the ability to evenly disperse Gr and Cu particles during the preparation process. This is
attributed to the formation of Cu nanoparticles on the surface of Gr sheets. The Gr sheets
are surface modified with COOH functional groups at the boundary. These functional
groups will interact with Cu?* ions. Then, the chemical reduction process is carried out
and Cu nanoparticles are formed at the positions of the functional groups. This process
helps to disperse Cu particles more uniformly than the HEB technique. The presence of Gr
in the powder was confirmed by EDS spectra at position B for the powder prepared by the
HEB technique and position D for the powder prepared by the ND technique.

Position B Position D

keV keV keV keV

Figure 4. SEM images and EDS spectra of Gr/Cu powder prepared by using different techniques
(a) HEB and (b) ND.

To observe the distribution of Gr in the Cu matrix, the composites were polished and
etched with the etchant containing 25 mL H,O + 25 mL NH4OH + 5 mL H;O, for 15 s
at room temperature. Figure 5 shows the distribution of Gr in the Cu matrix. As can be
seen, the presence of some Gr clusters was observed with the composite using the powder
prepared by HEB (Figure 5a). Meanwhile, the uniform dispersion of Gr was obtained
with the composite using the powder prepared by the ND technique (Figure 5b). This is
consistent with the SEM observation with the prepared powder. Consequently, the uniform
dispersion of Gr in the Cu matrix could be obtained by using the ND technique.
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Figure 5. SEM images of Gr/Cu composite using powder prepared by using different techniques:
(a) HEB and (b) ND.

Figure 6 shows the grains of pure Cu and Gr/Cu composites with powder prepared
by different techniques. As can be seen, the preparation techniques strongly affected the
microstructure of the sintered samples. The samples using the powder prepared by the
HEB technique exhibited an ununiform grain size. In contrary, uniform grain sizes were
obtained with the samples using the powder prepared by the ND technique. In addition,
the grain size of samples with the prepared by ND technique is smaller than that of the
sample using the powder prepared by the HEB technique. Consequently, the ND technique
facilitates the preparation of powder samples with uniformly dispersed Gr and produces
materials with a more consistent ultrafine particle size compared to the HEB technique.

| RD

oo1 101

Figure 6. EBSD inverse pole figure (IPF) maps of (a) pure Cu (HEB), (b) Gr/Cu (HEB), (c) pure Cu
(ND), and (d) Gr/Cu (ND).
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Figure 7a shows the X-ray diffraction patterns for pure Cu and Gr/Cu composites.
The XRD patterns of the samples reveal only Cu diffraction peaks at 20 = 43.29°, 50.43°,
74.13°, 89.93°, and 95.14° corresponding to (111), (200), (220), (311), and (222) planes,
respectively. There are no typical peaks of the CuO phases detected. This demonstrated
that no oxidation phase was formed during the preparation process. In addition, the typical
peak of Gr located at 26.3° has not been identified in the composites. This could be due to
the concentration of Gr in the prepared composites being too small to detected [23,24]. The
crystallite size of Cu was calculated by using Scherrer’s equation:

0.9
b= Bcos(0)

where D is the crystallite size, A = 0.15406 nm is the wavelength of X ray source, § is the full
width at half maximum (FWHM) calculated from XRD profiles, and 0 is the peak position.
Figure 7b shows the crystallite size of the pure Cu and Gr/Cu composites. As can be seen,
the crystallite size of the samples (both the pure Cu and Gr/Cu composites) prepared by
the ND technique is smaller than that of the samples prepared by the HEB technique.
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Figure 7. (a) XRD patterns and (b) crystallite size of pure Cu and Gr/Cu with powder prepared by
HEB and ND techniques.

3.2. Mechanical Properties

Measurements of density, hardness, and tensile strength were carried out to study the
influence of the initial Gr/Cu powder preparation technique on the composite properties.
As shown in Table 1, the density of the composites decreased with the addition of Gr. The
hardness of Gr/Cu composites with powder samples prepared by the different methods is
shown in Figure 8a. The results show that after coagulation, the hardness of the material
with powder samples prepared by HEB increased by 29%. However, the hardness of the
composite using the powder prepared by the ND technique increased by 40%. Similarly,
the tensile strength of the composite with powder samples prepared by the ND technique
also showed significant improvement compared to the HEB technique. The tensile strength
of the composite with powder samples prepared by HEB technique increased by 29%, while
for samples prepared by the ND technique, the tensile strength increased by 66% (Figure 8b).
The increase in mechanical properties of composites with powder samples prepared by
ND technique is attributed to the uniform dispersion of Gr in the Cu matrix and the strong
bonding between Gr and Cu matrix during the fabrication process. In addition, the smaller
grain size of the composites using the powder prepared by ND, as presented in the previous
section, also contributed to the enhancement on the mechanical properties.
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Figure 8. (a) Microhardness and (b) tensile strength of pure Cu and Gr/Cu with powder prepared by
HEB and ND techniques.

Table 1. Relative density, hardness, and tensile strength of pure Cu and Gr/Cu composites with
powder prepared by different dispersion techniques.

Composite Relative Density (%) Microhardness (HV) oys (MPa) oyts (MPa) Elongation (%)
Pure Cu (HEB) 98.1+1.2 555+ 54 120 +9.4 168 + 10.5 55+3.1
Gr/Cu (HEB) 976+ 14 719 £ 6.2 188 +11.2 218 +12.8 11 £45
Pure Cu (ND) 985+ 1.1 61.2 +6.8 137+ 7.8 187 £9.9 42 +£34

Gr/Cu (ND) 97.8 +1.3 859+ 5.7 248 £ 89 311 + 10.7 30+28

To evaluate the ability to enhance the mechanical properties of materials, the mecha-
nisms of enhancing the mechanical properties of materials such as the Hall-Petch, Orowan
strengthening, dislocation density, and load transfer are considered and evaluated.

The Aoy is calculated by using the Hall-Petch equations as follows [25]:

oy = oo+ kyd /2 1)

Aagb — ky(d;1/2 _ d;l/Z) (2)

where k, = 0.14 MPa/m!/2 is the Hall-Petch coefficient for pure Cu [26], and d is the grain
size of the Cu matrix.

The Aoy is contributed by the thermal mismatch between Gr and Cu matrix at the
interface and described as shown in the following equation [27]:

12ATACTEV,
AO’TM = LKGmb # (3)

where o (=1.25), G, (~42.1 GPa), and b (=0.256) are the dislocation strengthening efficiency,
the shear modulus, and the Burgers vector of the matrix [26]; AT (=680 K) is defined as a
difference between the fabrication and testing temperatures; and ACTE is the difference in
CTE between the Cu matrix (17 x 107¢ K) and Gr (—2 x 107 K) [28].

The Ao orwan Value is usually contributed by the strengthening of nano-sized rein-
forcements in a matrix by inhibiting the dislocation motions to form Orowan loops during
plastic deformation. The Ao oypya, Value can be estimated by the following equation [29].

0.13Gub ., r
A0orowan = Tm In b (4)
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where d), is the average flake size of graphene, r is defined as dj,/2, and A is an interparticle
spacing and is defined as shown in Equation (5).

<2V1Gr>1/3_1] -

The modified shear-lag model is employed to estimate the load transfer strengthening,
which is described by the following equation [30].

Azdp

. 1+6s] .
Ocy 2 Oy Vr {1 * (41)} + Oy (1= Vaer) ©)

where a,fw is the yield strength of matrix (=omy + Aoy, + Acy;s). The values [, ¢, and S are
the sizes of particles parallel and perpendicular to the loading direction, and S is the aspect
ratio of the particle.

Table 2 presents the calculated the contribution of strengthening mechanisms to the
yield strength of pure Cu and Gr/Cu composites with powder prepared by using different
dispersion techniques. Figure 9 shows the contribution of the strengthening mechanisms to
the yield strength of composite materials with powder samples prepared by HEB technique.
As can be seen, the contribution of the strengthening mechanisms, the majority of the
contribution comes from the load transfer mechanism, which is nearly 60%. Meanwhile,
with powder samples prepared by the ND technique, the contribution of the load transfer
mechanism is up to more than 70% (Figure 10). As a result, the ND technique allows the
fabrication of composite materials with higher mechanical strength than the HEB technique
due to the uniform dispersion of Gr and the high interface bond strength between Gr and
the Cu matrix.

Table 2. Contribution of strengthening mechanisms to the yield strength of pure Cu and Gr/Cu
composites with powder prepared by using different dispersion techniques.

Calculated Enhancement in Y. S. (MPa)

. Measured i i
Composite Y. S. (MPa) Grain Boundary Dlslocat'lon Orowan Load
o Strengthenin Strengthening by Strengthenin: Transfer
& & CTE Mismatch & &
Pure Cu (HEB) 120 - - - -
Gr/Cu (HEB) 188 10.5 16.2 1.1 40.2
Pure Cu (ND) 137 - - - -
Gr/Cu/ND) 248 14.9 16.2 1.1 78.8
250 70
60 -
©200
% & 50
£150- S 40+
‘3 100 1 E ‘E
3 S |3 2]
b= ) 3 101
5
0 d

AO'gb Ao‘dis Aaor AO-LT

Figure 9. Contribution of strengthening mechanisms to the yield strength of Gr/Cu composites with
powder prepared by HEB technique.
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Figure 10. Contribution of strengthening mechanisms to the yield strength of Gr/Cu composites
with powder prepared by ND technique.

3.3. Wear Behaviors

The friction coefficient of the Gr/Cu composite with powder prepared by different
techniques is shown in Figure 11a,b. From Figure 11, it can be seen that the friction
coefficient of the material after being reinforced with Gr decreased. With the sample
prepared by the HEB technique, the friction coefficient of the composite decreased by
34%, while the friction coefficient of the sample prepared by the ND technique decreased
by 43%. Figure 11c is a graph showing the wear rate of the composite prepared with
powder samples prepared by different techniques. Similarly to the friction coefficient of the
samples, the wear rate of the composite prepared by the ND technique was more effective,
decreasing by 38% compared to the composite prepared with powder prepared by the HEB
technique (27%).

1.0 @ 0.7 ) 4.0

0,8-

ow i W«WN W
| A“|' i m//“\» i \u

o

Friction coefficient
Friction coefficient

M 0.3 —

0414 v,xw;u s VM/(«,&’M g 5
/ 0.2 z =
0.24 Pure Cu (MA) 3 3
. Gr/Cu (MA) 01 @ °
Pure Cu (ND) . E ;::‘_

0.0 T T T CLE (ND) 0.0

0 2 4 6 8

Distance (m)

Figure 11. (a,b) Friction coefficient and (c) wear rate of pure Cu and Gr/Cu with powder prepared
by HEB and ND techniques.

It is well known that graphene exhibits a variety of beneficial features that render
it exceptionally effective in enhancing wear resistance and diminishing the wear rate of
metal matrix composites. The integration of graphene into the copper matrix considerably
enhances stress dispersion and mitigates stress concentration. In pure copper, the stress
regions caused by applied loads will be more profound and susceptible to localized stress
concentrations and fracturing. The incorporation of graphene sheets in the composite
facilitates the absorption and distribution of stress from applied loads, hence significantly
reducing localized stress concentration. In addition, the spatial distribution of graphene
significantly influences the wear resistance of the composite. The graphene in the compos-
ite serves to provide lubrication and inhibits interfacial delamination caused by weaker
interlayer sliding. Finally, the distribution of graphene on the composite surface serves as a
barrier, effectively inhibiting abrasive particles from penetrating the thin foil surface. The
hardness of abrasive particles may exceed that of the re-crystallized regions of pure copper,
leading to the penetration of these particles into the copper surface during sliding, resulting
in more pronounced wear tracks. The barrier effect of graphene markedly diminishes
the abrasion depth of the composite and efficiently inhibits delamination and spalling.
Moreover, abraded graphene sheets can offer enhanced lubrication, which is crucial for
efficiently reducing the friction coefficient and preventing excessive wear.



Crystals 2024, 14, 1000 10 of 11

In conclusion, graphene promotes advantageous characteristics, such as improved
lubrication, stress spread, and the inhibition of delamination and spalling. This effectively
reduces the wear rate of the composite and enhances its wear resistance.

4. Conclusions

We have investigated the effect of powder preparation techniques on the microstruc-
ture, mechanical properties, and wear behaviors of Gr/Cu composites. The obtained results
demonstrated that the mechanical properties and wear resistance of the composite could be
improved with the addition of Gr. This is attributed to Gr promoting advantageous charac-
teristics including self-lubrication, stress dissipation, and the inhibition of delamination
and spalling. In comparison to pure Cu, the hardness of the Gr/Cu composite is elevated
by 40%, the average friction coefficient is reduced by 43%, and the tensile strength of the
composite is enhanced to 311 MPa with an elongation of 30%. This work is expected to
offer insights into the industrial production of high-performance Gr/Cu composites.
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