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Abstract: Given the increase in current density in the constituent materials of electrical systems,
improving the electrical conductivity of these materials, particularly copper (Cu), is crucial. This
would also help to mitigate the heat generated by Joule heating. The incorporation of graphene (Gr)
into a composite material (Cu/Gr) is a viable solution. However, to ensure the proper transfer of
properties between the reinforcement and the matrix, several elements must be considered, including
the orientation of the reinforcement. As a 2D material, controlling graphene’s orientation within the
structure is essential but often overlooked. To address this issue, hot rolling was implemented to
improve the alignment of the reinforcement. The inclusion of graphene led to a 12 HV increase in the
material’s hardness, demonstrating a positive composite effect. Simultaneously, rolling increased
the material’s hardness from 67.6 to 75.1 HV by introducing more dislocations into the material. To
characterize the graphene’s alignment, polarized Raman spectroscopy was used. This technique
highlighted the improved alignment of the reinforcement in the rolling direction, a change that was
visible and confirmed by scanning electron microscopy micrographs.

Keywords: hardness; microstructural analysis; composite; copper; powder metallurgy; polarized
Raman spectroscopy

1. Introduction

Graphene, the latest allotropic form of carbon, was first described theoretically in 1947
by physician Phillipe R. Wallace [1]. However, it was not until 2004 that K. Novoselov
etal. [2] and A. Geim et al. [3] isolated it for the first time. Since then, graphene has become
particularly popular because of its extraordinary physical properties. The main properties
of graphene are (1) the ballistic behavior of its charge carriers with the very high mobility
of its electrons at room temperature (140,000 V/ (cm?-s) [4] and 170,000 V/(cm?-s) [5]),
(2) an excellent thermal conductivity ranging from 1000 to 3000 W/mK [6,7], and (3) the
high transparency of the material, where only 2.7% of visible light is absorbed [8]. All of
these remarkable properties arise from the unique structure of graphene. Indeed, the sp?
hybridization of its carbon atoms induces the purely 2D morphology of the material as well
as the delocalization of the electrons of the p, orbitals of the carbon atoms. This peculiar
structure allows the free movement of outer-shell electrons (7 electrons), leading to a higher
electrical conduction than metals such as silver (Ag) with ¢,;,. = 63 x 10° S/m or copper
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(Cu) with 0,1, = 59 x 10°S/m [9]. Indeed, experimental values of o,;, = 100 x 10° S/m
have been obtained at room temperature [10-12]. Graphene alone is not always the most
studied form. Research is progressing, and we are starting to uncover applications for
materials with ‘graphene-like” properties. These include fluoro-graphene for sensors [13]
and sulfur—-graphene for recharging lithium batteries [14]. However, as a 2D material, its
electrical conductivity properties are anisotropic and are primarily relevant in the in-plane
direction. Therefore, during the fabrication of organic or inorganic composite materials,
the orientations of graphene reinforcements inside organic or inorganic matrices must
be taken into account [15,16] and, specifically, when electrical and /or thermal properties
are the main desired properties [17-20]. Simulation studies have shown that the effect of
the reinforcement becomes negligible when the average disorientation of the graphene
reinforcement exceeds 15° relative to the measurement direction [21]. Other elements, such
as the purity, defect rate, dimensions, number of graphene sheets, and matrix-reinforcement
interfacial properties, can also influence the properties of the graphene and the global
composite properties.

To control the orientation of the reinforcement inside metallic matrices, various fab-
rication methods and post-processing techniques are available. For example, the use of
the 2D plate-like morphology of Cu powder [18] aids in aligning graphene in its preferred
direction, thereby mimicking the natural structure of mother-of-pearl. In addition, fabrica-
tion processes such as uniaxial hot pressing tend to induce the preferential orientation of
the reinforcements in a plane perpendicular to the direction of pressing. Post-processing
treatments, such as hot or cold rolling and extrusion [22], are also needed to optimize the
orientation of the reinforcement. Moreover, post-treatments can induce the delamination of
the graphene/graphite flakes and, therefore, create longer conduction paths [23,24].

These post-treatments can also deform the original grain shapes of the metallic matrix
and induce the deformation of the grains in the direction of the hot rolling (HR) or extrusion.
This microstructure enhances the electrical or thermal properties by reducing the diffusion
of electrons at the grain boundaries. However, the stresses applied to the material can also
induce the recrystallization of the metallic grains, which may alter the microstructures [25]
and negatively impact the electrical properties of the material. As has been observed in the
work by Miao Wang et al. [23], rolling at high temperatures leads to a spherical morphology
of the particles induced by recrystallization.

To control the alignment of a reinforcement, several methods exist. The most common
one (i.e., image analysis carried out with scanning electron micrographs) cannot be used
because of the nanometric size of graphene reinforcements. To accurately measure the
orientation and flatness of graphene, polarized Raman spectroscopy is a reliable technique.
It has been shown that the G-band of graphene is dependent on the polarization of the
incident laser beam [26-28]. This technique is used to determine the flatness of a graphene
mono-sheet as well as the structure at its edge [29]. This analytical method has also been
used to characterize the alignment of graphene in organic matrix composite materials [14].
However, very few works (e.g., K. Chu et al.’s [30]) using this technique can be found
for composite materials with a metal matrix such as Cu. However, the main difficulties
are based on (1) the absorption of the beam by the metal, (2) the complexity of obtaining
a Raman signal from the nanometric reinforcement, and (3) the need to cryofracture the
material, which is not trivial in a ductile material.

In our work, we propose a post-processing treatment to improve the alignment of
graphene in a composite material with a Cu matrix. The evolution of the alignment of the
graphene (Gr) reinforcement was monitored after several rolling passes using polarized
Raman spectroscopy. The effect of the graphene addition on the hardness of the Cu/Gr
composite materials was analyzed. The microstructure of the composite materials, ana-
lyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM), and electron
backscattered diffraction (EBSD), was correlated with the graphene alignment and the
hardness of the Cu/Gr composite.
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2. Experimental Section
2.1. Type of Cu Powder and Graphene

Dendritic copper (named Cu-D) powders, with an average length of 50 pm and a
diameter of 10 um (cf. Figure 1a), were purchased from ECKART a division of Altana
(Hartenstein, Germany). The powders were used as received, without any treatment. The
multilayer graphene (MLG) powder, with an average thickness of 2.5 &= 0.5 nm (approxi-
mately 3-9 atomic layers; see Figure 1b) and a lateral size of 7.5 &= 2.5 pm (see Figure 1c),
was purchased from KNANO (Xiamen, China). XPS analysis showed that the percentage
of oxygen on the surface of the KNG-5 powder was close to 1.5 atm.% (0.4% for the C=0O
group, 0.8% for the C-O group, and 0.4% for the OH group). Raman spectroscopy analysis
revealed an Ip /I ratio close to 0.12, an Ip /Iop ratio close to 0.55, and a crystalline size (L,)
close to 330 nm (according to Equation (1)). The Ip/Ip- was also calculated to be close to
6.7, suggesting (as shown by A. Eckmann et al. [31]) that the defects were primarily lacunae
present in the graphene (Gr) crystallographic network. The crystalline size of the graphene
used was calculated using the following equation (from L.G. Cancado et al.’s study [32]):

« ()7 L) = 24 x 100 x (2 )
IG s =a - . 1 IG 7

560
Ly(nm) = —
Ef

where E| is the energy of the incident beam (1.96 eV for the 633 nm wavelength laser used),
and A, is the wavelength of the incident laser beam (633 nm).

Section Analysis

Figure 1. (a) Typical SEM micrograph of the dendritic Cu powder, and typical atomic force microscopy
(AFM) image showing (b) the thickness and (c) the diameter of the KNANO graphene used in this
study (both thickness and diameter are measured at the position of the read arrows).

For a perfect graphene sheet (without any surface contamination), the hardness in the
plane is close to the hardness of a pure diamond [29].

2.2. Fabrication of the Composite Material and Post-Treatment
2.2.1. Fabrication of the Composite Materials

After the surface treatment and functionalization of the graphene materials (i.e.,
per [33,34]) the treated Gr materials were first homogenously dispersed inside an ethanol
medium at a concentration of 0.1 g/L using an acoustic mixer (LABRAM II, Resodyn, Buitte,
MT, USA) operating at 60 Hz for 6 min with an acceleration of 80 g. Subsequently, the
Gr suspension was sprayed onto the surface of the Gr powders using the same apparatus
working in the spray mode. More details of the apparatus can be found in [35]. After drying
in an oven (at 70 °C), the Cu + Gr composite powders were then deoxidized at 400 °C for
60 min in an Ar (5% Hjy) atmosphere. The concentration of Gr was tuned to 0.1 vol.%, which
was close to the percolation thresholds discovered by various authors [36]. The densifica-
tion of the material was carried out using a Thermolab® press, equipped with an inductive
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heating system, at a temperature of 650 °C for 45 min under a pressure of 60 MPa. The
temperature was monitored via a K-type thermocouple (Prosensor, Amanvillers, France)
located inside the mold and close to the composite powders. The temperature reduction
was managed according to the thermal inertia of the enclosure. The relative densities of the
parts were greater than 99.4%, as measured by the Archimedes method.

2.2.2. HR Post-Treatment

The HR materials (Cu/Gr composite materials (x = 40 mm, y = 10 mm, and z = 5 mm))
were placed in an oven (Beijing JinYeHong Metallurgical Mechanical Equipment Corp Ltd.,
Beijing, China), under a neutral atmosphere, for 30 min at 500 °C (above the recrystallization
temperature of Cu (326 °C), according to Y. Dong et al. [31]), and then immediately hot-rolled
(Cavallin 130 mm Rolling Mill (Beijing JinYeHong Metallurgical Mechanical Equipment
Corp. Ltd., Beijing, China)) at a speed close to 1072 m/s. The temperature of the roller was
close to 100 °C, as measured by a thermocouple (Prosensor, Amanvillers, France) prior to
hot rolling.

After each HR pass, the composite materials were annealed at 500 °C for 60 min in
an Ar/5% H; atmosphere (HR + A). Each pass resulted in a 10% reduction in thickness.
Table 1 illustrates how the percentage reduction in the thickness of the composite materials
changed with the number of passes, relative to the initial thickness of the materials (5 mm).
Finally, each material that had undergone 15 HR passes (a 10% reduction during each HR
pass) underwent 15 pre-heating (at 500 °C for 30 min) and 15 post-heating (annealing) (at
500 °C for 100 min) treatments.

Table 1. Reduction in the thickness of the composite materials with the number of HR passes
(accuracy close to 1%).

Number of Passes

1 2 3 4 5 10 15

Thickness reduction (%)

10 19 27 34 41 65 79

It is important to note that all analyses (Raman spectroscopy, X-ray diffraction, EBSD,
and hardness testing) were conducted in the (X, y) plane of all the tested materials.

2.2.3. Polarized Raman Spectroscopy

In the case of Gr, polarized Raman spectroscopy is often used to determine the flatness
of edges or full sheets [13,15]. This technique exploits the dependence of the intensity of the
G-band of Gr (~1580 cm~!) on the polarization of the incident laser beam [27-30]. When
the incident laser beam is oriented parallel to the basal plane of graphene, the intensity of
the G-band is maximized at a polarization angle of 0° or 180° (relative to the basal plane).
Conversely, the intensity of the G-band decreases as the polarization angle increases from
0° to 90°. Note that this is only true in the case of a perfectly aligned sheet; otherwise, the
intensities obtained of the G-band tend to even out. In this study, once the G-band intensity
values were obtained, normalization and refinement through the use of the minimum and
maximum intensities were performed using Equation (2) [27].

I6(03n) = Imin + (IGmax — IGmin)cos*(8i), )

where I is the intensity of the G-band, with min for the minimum and max for the
maximum, and 6;, is the angle of polarization of the incident laser beam. The intensity
obtained after this normalization was used to determine the alignment of the Gr in the
matrix. During the measurements, the polarization of the incident laser was tuned using a
half-wave plate at the output exit of the laser.

However, to ensure that the results obtained were representative of the material,
proper sample preparation was essential. First, it was not advisable to determine the
orientation of the reinforcement at the edges of the sample, as the graphene may have
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been deformed there. A central analysis was necessary for accurate results. The composite
materials were broken in liquid nitrogen. Therefore, polarized Raman spectroscopy was
performed on fractured cross-sections of the composite materials, subjected to various
numbers of passes. An excitation wavelength of 532 nm was used with a maximum power
of 1 mW to minimize laser heating. The measurements were conducted with a spectral
resolution of 0.1 cm ™! using a high-resolution Jobin Yvon Horiba LabRam HR micro-Raman
spectrometer (Houston, TX, USA), which was equipped with a charge-coupled device
detector. Raman spectra were obtained in the backscattering micro-configuration. The
incoming and backscattered lights were focused using a 10 x objective. The polarizations
of the incoming and scattered light were aligned parallel to each other. The angle between
the polarization direction and the sample normal was rotated with a A/2 waveplate.

2.3. Hardness and Microstructural Characterization

Hardness measurements are performed using a Vickers micro-indenter with a square-
based pyramid-shaped diamond tip (WILSON Hardness, Vickers 452 SVD, London, UK).
The measurements were carried out parallel to the direction of compression with a force of
196 N to obtain the largest possible footprint. Each sample was indented ten times on both
sides to ensure higher accuracy.

The density of the composite materials was measured using the Archimedes method
(Sartorius Analitic® balance (d = 0.1 mg)). A scanning electron microscope (Tescan VEGA®,
Brno, Czech republic) was used to characterize the morphology of the composite powders
and high-resolution transmission electron microscopy (HRTEM) (JEOL®-2100 microscope
Tokyo, Japan) for the nano CuO(Cu) dots on the surface of the Gr. Microstructural charac-
terization was carried out by electron backscattered diffraction (EBSD, EDAX®, Billerika,
MA, USA, with a probe size of 330 nm and a step of 0.1 um). To improve the EBSD lattice
quality and sharpen the diffraction bands, the samples were polished by metallographic
and ion milling. The final mechanical polishing was performed with a %4 pm diamond
suspension followed by ion milling using a Fischione polisher SEM MILL MODEL 1061
Milling (Vuko Place Warriewood NSW 2102 Australia) with an angle of 5° at 5 kV for
10 min. EBSD maps were obtained via an SEM JEOL JSM-7800F LV, Tokyo, Japan, operated
at 20 kV equipped with an EBSD Symmetry camera from the Oxford Society. The EBSD
data were processed with the AztecCrystal software package (Copyright © 2020 Oxford
Instruments plc, Tubney Woods, Abingdon, Oxon OX13 5QX, UK). X-ray diffraction (XRD)
was carried out using a Philips PANalytical X'Pert Pro, Madison, WI, USA, equipped with
a copper source (Ax«1 = 0.15405 nm and Ak «2 = 0.15443 nm) between 26 = 10 and 80°, with
a 0.02° (26) step and a 2.022° (20) active width in the detector.

3. Results and Discussion
3.1. Cu/Gr Composite Materials and HR Post-Treatment

Raman spectroscopy was employed to determine the evolution of the defect rate in
the graphene (Gr) induced by the various processes, including the surface treatment of the
Gr, the densification of the Cu-Gr powders, and the subsequent HR post-treatment. An
example of the Raman spectra of our material is presented in Figure 2, with the evolution
of the Ip /I ratio of the Gr shown in Figure 3. With an initial Ip /I ratio of 0.12, neither the
surface treatments (Ip/Ig = 0.1) nor the heat reduction treatment (Ip/Ig = 0.08) induced
any defects in the Gr. However, after the last step, i.e., the densification of the material,
the Ip/Ig ratio sharply increased to a value of 0.64. The various post-rolling steps did
not appear to introduce any additional defects in the material. This was likely due to the
low reduction rate (10%) applied, as well as the annealing step after each HR pass, which
tends to alleviate the stresses induced by the rolling process. During the densification step,
uniaxial pressure (50 MPa), at 600 °C, was applied to the Cu + Gr mixture. This pressure,
to any metal matrix, tends to orient the reinforcement in a plane perpendicular to the
pressure direction [35]. Therefore, during the densification steps, the Gr materials, initially
randomly dispersed, tended to align perpendicularly to the pressure direction. Even if
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at 600 °C, while the mechanical properties of the Cu matrix were low (for example, for
Young’s modulus (E), Ecy (20 °C)~115 GPa and Ecy (600 °C)~40 GPa), the orientation of the
Gr may have created structural defects (i.e., point defects, 1D defects, defects between the
Gr layers, 3D defects induced by the curvature of the Gr, etc.), which lowered the properties
of the Gr and increased the Ip /I ratio [37].

G Band

/

2D Band
D Band
w\’ﬂ/\u -
a s LA Wttt bk A A ARt sttt e b e e sttt 1 ALk
1200 1400 1600 1800 2000 2200 2400 2600 2800

Wave Number (cm~?)

Figure 2. Typical Raman spectrum of KNG-5 graphene.

Commercial  After surface After reduction After After 5 HR After 1I0HR  After 15 HR
KNG-5 treatment treatment  densification passes passes passes
graphene (400°C)

Figure 3. Evolution of the Ip /I ratio of the Gr induced by the fabrication process of the Cu/Gr

composite materials.

Even though this specific spectroscopy can reveal the degree of degradation of the Gr
during the material fabrication steps, it does not indicate the potential orientation of the Gr
induced by HR. This aspect is critical, given the anisotropic properties of Gr.

3.2. Polarized Raman Spectroscopy: Effect on HR of Gr Alignment

Polarized Raman spectroscopy was performed to correlate the HR process with the Gr
orientation. Figure 4 illustrates the evolution of the G-band intensity with the polarization
angle of the incident laser beam, considering the effects of the HR post-treatment and the
number of passes.
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Figure 4. G-mode intensity for Cu/Gr composite materials as a function of the angle between the
polarization of the incoming light and the composite in-plane axis.

For the interpretation of this graph, it is crucial to concentrate on the changes in the
minimum intensity of the G-band at 90° and 270°. In the initial state (without rolling),
the minimum intensity was not equal to 1, indicating that, as described previously, the
uniaxial hot-pressing step had already caused some alignment of the graphene (Gr) in a
plane perpendicular to the pressing direction. Experiments were also carried out directing
the Raman laser perpendicular to the basal plane of the graphene, and a G-band value of
0.95 was obtained. This clearly demonstrated a preferential orientation of the graphene
after densification. As the rolling passes progressed, the minimum intensity of the G-band
tended to decrease from 0.72 before HR to 0.68, 0.56, and 0.45 after 5, 10, and 15 HR passes,
respectively. These decreases show that the HR treatments improved the alignment of
the Gr in a plane perpendicular to the pressing direction and, thus. parallel to the rolling
direction. It must be noted that the intensity of the G-band did not generally go down to
zero, even when the laser polarization was at 90° to the Gr plane, due to the misalignment
or waviness of the Gr. It is also important to note that this experiment did not provide an
accurate measurement of the average disorientation of the graphene sheets. In fact, this
technique only allowed us to obtain a qualitative change in the orientation.

SEM analyses were carried out to visualize the alignment of the graphene. A sample
containing 1 vol.% of graphene was prepared and laminated under the same conditions.
Due to agglomeration, the graphene sheets became visible by SEM (Figure 5). Before
lamination, the graphene sheets showed a preferential orientation, but this remained
imperfect, with the presence of folds on the reinforcement. After 15 HR passes, a better
orientation of the sheets was obtained, as well as improved flatness. Polarized Raman
spectroscopy was proven to be a reliable and effective technique for characterizing the
alignment of graphene in the structures of composite materials.
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Figure 5. SEM analysis of Gr orientation before (a) and after (b) hot rolling.

3.3. Microstructural Analysis and Hardness Measurements
3.3.1. XRD Analysis

Figure 6 shows the XRD patterns of the pure Cu materials and the Cu/Gr composite
materials before and after 15 HR passes. For the Cu/Gr composite materials, the presence
of the Gr (200) peak was observed at 26.7°.

c (111) Cu
u ; 220
----Cu 15P ( : ) Cu/Gr a1
E - -~ CWGr 15P
200) \ 5 Cu
( . \ (200)
, ' ; (220)
I 1
:: Gr .:
(a) J i (b) (200 J h
N L_.A‘L‘..... A
25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 80

20

Angle (°) Angle (°)

Figure 6. XRD analysis of (a) pure Cu materials and (b) Cu/Gr composite materials before HR and
after 15 passes of HR and annealing.

The areas of all Cu peaks were determined using the EVA software (https://www.
bruker.com/fr/products-and-solutions/diffractometers-and-x-ray-microscopes/x-ray-
diffractometers/diffrac-suite-software/diffrac-eva.html, accessed on 27 March 2024) af-
ter subtracting both the background and the contribution of Kx2 radiation. The changes
in the area ratios of both (200)/(111) and (220)/(111) are shown in Table 2. For both
the Cu and Cu/Gr materials, the (111)/(200) ratio remained relatively stable before and
after hot rolling (HR). However, there was a significant decrease in the (111)/(220) ratio
observed in the Cu materials after HR, with a more moderate decrease noted in the
Cu/Gr composite. This was mainly due to an increase in the (220) peak intensity. Also,
as shown in Figure 6 and Table 2, the incorporation of Gr inside Cu slightly enhanced
the (220) preferred orientation of the composite material before the HR step. However,
after HR, this tendency was weaker compared with pure Cu.
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Table 2. Evolution of the area ratios (200)/(111) and (220)/(111) for the Cu and Cu/Gr materials
before and after 15 HR passes.

(111)/(200) (111)/(220)
Cu 2.1 17.0
Cu 15 HR 1.8 1.1
Cu/Gr 2.3 6.0
Cu/Gr 15 HR 2.1 2.3

T. Leffers et al. [35] showed that the HR of face-centered cubic metals induces two
types of rolling textures: the “copper-type texture” and the “brass-type texture”. The
“copper-type texture” ({123} <121>) is favored by a low strain rate and a high staking fault
energy (SFE) (yspg > 30 mJ/m?) and the “brass-type texture”, which is described by a
combination of “brass orientation - {110} <112>" and “Goss orientation - ({110} <001>", is
favored by a low SFE and a high strain rate. {hkl} <uvw> means that the crystallographic
({hkl} plane is parallel to the rolling plane, and the crystallographic <uvw> direction is
parallel to the rolling direction. It must be mentioned that the stacking fault energy (SFE)
of copper, approximately 45 m]/m?, categorizes it as a medium-high SFE material. Taking
into account the results of T. Leffers et al. [38], the hot-rolling (HR) conditions for both pure
copper and the Cu/Gr composite materials tended to induce a “brass-type texture,” with
this effect being more pronounced in the Cu/Gr composite compared with pure copper.
The graphene reinforcement, which can act as a crystallographic default and nucleation
site for grain growth, tended to enhance the (220) orientation before HR compared with
pure Cu. This behavior decreased after HR. The exact role of Gr is not fully understood yet.

3.3.2. EBSD Analysis

Table 3 shows the evolution of the grain size, as measured from the inverse-pole
figure in the z-direction (perpendicular to the plane of the materials and the extrusion
direction) (IPF(z)), for both pure Cu and the Cu/Gr composite materials before and after
the hot-rolling (HR) and annealing treatments (see Figure 7).

Table 3. Evolution of the grain size for Cu and Cu/Gr materials in the post-treatment conditions.

Cu Cu15
Grain size (um?) 13 9
Surface fraction of twins 13 31
Cu/Gr Cu/Gr 15
Grain size (um?) 15 19
Surface fraction of twins 15 21

For pure Cu, the HR and annealing treatments reduced the surface grain size of the
densified materials from 13 um? before HR to 9 um? after 15 HR passes. This increase was
more pronounced with the number of treatments: 5 um after 1 HR pass and 9 um after 15 HR
passes. The increase in grain size should be attributed to the pre- and post- heat-rolling
treatment for each HR pass and the recrystallization of the Cu grains. Recrystallization
mechanisms are influenced by several factors, including the energy stored in the grains
during deformation, the temperature, the extent of deformation, and the presence of
a second phase. For materials with low-energy stacking faults like Cu, the twinning
induced by annealing is often a complementary recrystallization mechanism. For two-
phase materials (Cu + Gr), there is also another mechanism, particle-stimulated nucleation
(PSN), which is linked to the formation of nuclei around precipitates.
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101

Figure 7. IPF(z) orientation color map of the Cu and Cu/Gr materials before and after hot rolling
(15 passes (15HR)). The color code is linked to the grain orientation in the crystal lattice.

The tendency was different for the Cu/Gr composite materials. Indeed, an increase in
the surface grain size (going from 15 to 19 um?) was measured after HR. The presence of
Gr inside Cu played an important role in the Cu grain size. This tendency was unusual
due to the fact that most metal matrix composite materials, reinforced with nanomaterials,
show a decrease in grain size compared with non-reinforced materials.

The color code in the IPF(z) orientation maps (i.e., Figure 7) represents the position of
a sample direction in the crystal lattice. For Cu after HR, an increase in the (101) orientation
can be observed in the IPF(z) maps (i.e., Figure 7). This tendency should be correlated
with the XRD analysis, showing that mostly for Cu, the HR process enhanced the (220)
orientation. This tendency was no longer visible for the Cu/Gr composite.

Figure 8 shows the coincident site lattice (CSL) maps of the (111) twins (X3) for a
disorientation ranging from 58° to 64°. The twins are colored in blue in the four maps of
Figure 8, and Table 3 shows the surface fractions of the (111) twins for the Cu and Cu/Gr
materials before and after the 15 HR passes.

Table 3 shows that for both Cu and Cu/Gr, hot rolling tended to increase the surface
fraction of the twins by a factor of 2.4 for Cu and 1.4 for Cu/Gr. Also, as shown in Figure 8,
the shape of the twins was more elongated after HR.
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Figure 8. CSL maps of (111) twins for Cu and Cu/Gr materials before and after hot rolling (15 passes
(15HR)). The blue color represents the (111) twins (£3) for disorientation ranging from 58° to 64°.

3.3.3. Hardness Measurements

The mechanical performances of the composites reinforced with nanosized particles
were evaluated for hardness. The mechanical properties of composite materials mainly
depend on the type of reinforcement, shape, quantity of reinforcement, distribution, size,
etc. [39]. Generally, the mechanical properties (i.e., a 0.2% yield strength, ultimate tensile
strength, and hardness) of nanocomposites are improved by increasing the volume fraction
of the nanosized reinforcement [40,41]. The hardness of the material was measured after
1,2,3,4,5,10, and 15 HR + annealing steps (i.e., Figure 9). Without the presence of the
reinforcement, it was observed that the hardness of the material gradually increased during
the first three rolling passes to reach an asymptote after five passes, reaching a value of
64.1 HV. For the composite, the presence of Gr increased the hardness by more than 20% in
comparison with the initial material (67.6 HV vs. 55.8 HV). This increase in the hardness
was consistent with previous works that showed an increase in the hardness of metals
reinforced with nanoscale materials. The hardness of the material increased from 67.6 to
72.1 HV after the first pass and then reached a maximum of 75.1 HV after five passes. This
value remained constant after further passes. This experiment was also carried out on a
material that had not undergone annealing: a hardness of 87.4 HV was reached, clearly
showing the benefit of the annealing steps. The increase in hardness observed between the
two materials was likely due to the reinforcement. The difference in the hardness between
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the initial state and after 15 passes remained consistent, suggesting that the reinforcement
significantly contributed to the observed hardness improvement. These results indicate
that the increase in the hardness of the composite material (Cu/Gr) during the hardening
process was not caused by improved alignment. Instead, they suggest that the observed
change in the hardness was more likely due to alterations in the microstructure.

Y I 3
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L 1 1 L 1
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3 4 5 6 7 8 9 10 11 12 13 14 15

Number of pass

Figure 9. Evolution of the hardness (HV) of Cu and Cu/Gr materials with the number of HR passes
and annealing.

Several parameters can play a role in the increase in the hardness of non-reinforced
and reinforced metals. In nanocomposites, nanoparticles act as a barrier against the move-
ment of dislocations, known as Orowan strengthening [42]. As indicated by Hall-Petch
relationship, finer grains result in stronger yield strength [43]. In the Orowan strengthening
mechanism, nanoparticles pin down the dislocation lines and generate Orowan loops
around the particles, and the induced stress resistance can be expressed as:

0.13Gb, r
o0 = — lng, 3)

where G is the shear modulus of the material, b is Burger’s vector, and r is the average
radius of the nanoparticles, assuming a spherical shape. The distance A between the
particles can be calculated by:

4(1—f)r
where f is the volume fraction of the particles. The reduction in the distance between the
nanoparticles results in an increase in the required stress 1 for forcing dislocations to move
among the reinforcement particles; thus, the overall strength of the material increases:

_Gb

To b\

®)

It is evident that smaller particles contribute more significantly to strengthening
through the Orowan process. However, the effectiveness of Orowan strengthening signifi-
cantly degrades when particle agglomeration or clusters are present.
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Also, the effect of twins on hardness is well known. Indeed, J. Gates et al. have shown
that a high density of twins is important to strengthen micro-hardness [44]. Finally, the
increase in strength can also be attributed to the mismatch in the coefficient of thermal
expansion (CTE) values of the matrix and reinforcement. The metal matrix has higher
CTE values than those of carbon. During the cooling stage, thermal stress resulting from
the difference in the CTEs can be released by generating dislocations in the vicinity of the
interfaces. These dislocations contribute to the hardening of the materials [36].

For Cu, the microstructural analysis of the different samples showed a decrease in the
surface grain size and an increase in the surface fraction of twins. Therefore, the increase
in the hardness with the number of HR passes can be attributed to (1) the decrease in the
grain size (Hall-Petch), which is common for metals, (2) the increase in dislocation density
induced by HR, and (3) the increase in the surface fraction of twins.

For the Cu/Gr materials, the microstructural analysis of the different samples showed
an increase in both the surface grain size and the surface fraction of twins. Therefore, the
increase in the hardness with the number of HR passes can be attributed to (1) the intrinsic
properties of Gr (which is much harder than Cu), (2) the increase in the dislocation density
induced by HR and the CTE difference between Cu and Gr, and (3) the increase in the
surface fraction of twins.

The increase in the hardness of the composite materials compared with the non-
reinforced ones (see Figure 9) was not due to an indirect effect related to the matrix grain
size. Instead, it was attributed to a direct effect, where the mechanical properties of the
graphene (Gr) reinforcement and effective property transfer between the matrix and the
reinforcement lead to enhanced mechanical properties in the composites.

4. Conclusions

The aim of this work was to improve and quantify the alignment of graphene within a
metal matrix composite. Polarized Raman spectroscopy showed that the uniaxial pressing
of the material resulted in a preferential orientation of the graphene reinforcement in a
plane perpendicular to the pressing direction. The intensity of the G-band showed a signifi-
cant decrease between polarization angles of 0 and 90°. To further improve the orientation
and flatness of the graphene sheets in the direction of stress, hot-rolling processes were
carried out. The polarized Raman spectroscopy results show a decrease in the G-band at a
polarization angle of 90° (270°), demonstrating the improved alignment of the reinforce-
ment in the direction of stress. Regarding the microstructural deformations induced in the
matrix, the EBSD analyses showed that the incorporation of the graphene did not result in
a significant modification in the grain size (15 um? for the composite and 13 um? for pure
Cu), which was unusual. The post-treatments resulted in a preferential orientation of the
Cu grains in the (220) plane, as demonstrated by the XRD analysis. This was consistent
with the EBSD results. After Cu HR, an increase in the (101) orientation was observed in
the IPF(z) maps. The Cu/Gr composites showed a higher hardness than pure Cu (67.6 HV
vs. 55.8 HV), which was attributed to a composite effect, as with the high hardness of the
graphene sheet. This increase was also visible after the rolling passes for pure Cu and
the composite (64.1 and 75.1 HV, respectively), induced by the increase in the number of
dislocations despite the relaxation heat treatments. The EBSD analyses showed a slight
increase in the copper grain size with the incorporation of the graphene reinforcement,
which was contradictory to the Orowan reinforcement. This trend was also observed after
hot rolling (15 um?, initially, vs. 19 um? after HR), which, again, contradicted the hardness
measurements. Conversely, the results for pure Cu showed a more consistent trend: the
grain size decreased after hot rolling (from 35 pum?, initially, to 9 um? after HR). How-
ever, there remained some ambiguity regarding the structural modifications of the matrix.
Nevertheless, we successfully improved the orientation of graphene in the direction of
stress application through a lamination post-treatment and demonstrated this qualitatively.
This advancement is crucial for the development of 2D-reinforced composite materials, as
orientation is a key and often underestimated factor in enhancing physical properties.
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