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Abstract. In this work, graphene-carbon nanotube/copper (Gr-CNT/Cu) composites were fabricated by using the spark plasma sintering (SPS) technique. The effect of Gr-CNT hybrid material on the microstructure, mechanical properties and wear behavior of the composites was investigated. The obtained result showed that the Gr-CNT hybrid material was uniformly dispersed on the surface of Cu particles. The relative density of the fabricated Gr-CNT/Cu composite was higher than 98 %. The Gr-CNT/Cu composite exhibited enhanced hardness and tensile strength relative to pure Cu and Cu composite reinforced by single CNTs or Gr. The enhancement in hardness and tensile strength was attributed to the incorporation of Gr-CNT hybrid material. Furthermore, the friction coefficient and wear rate of the composite decreased by 43 % and 50 %, respectively, in comparison to pure Cu. The reduction in the friction coefficient of the composite indicated the excellent wear resistance of the Gr-CNT hybrid material within the Cu matrix.
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1. Introduction 
The advancement of modern technology has resulted in increased demands for the characteristics of materials, which individual materials such as metals, ceramics, and polymers cannot fulfill independently. The emergence of composite materials has met those requirements [1]. Especially metal matrix composite materials with outstanding mechanical properties, electrical properties and thermal properties compared to other materials [2 - 4]. Therefore, this material has become one of the most important and interesting materials in recent years. They are increasingly widely used in many industries such as aerospace, national security, machine manufacturing, electricity, electronics, etc [3, 5]. Copper (Cu) is extensively utilized in cables and electrical and electronic components owing to its superior ductility, thermal conductivity, and electrical conductivity [6, 7]. Due to the swift advancement of the electronics and energy sectors, electrolytic copper foil, a crucial raw material for copper-clad plates, printed circuit boards, and lithium battery cathode current collectors, is experiencing heightened demand and rising prices. Some critical issues are low mechanical properties, oxidation resistance and conductivity, which significantly influence performance and service life in precision electronic components.
To improve the performance, copper-based composites have been developed by involving the integration of reinforcements, which are primarily classified into two categories: metal ceramics (Al2O3, SiC, TiC, ZrO2) and carbon nanomaterials (carbon fiber, carbon nanotubes (CNTs), and graphene (Gr)) [6, 8 - 13]. The addition of metal ceramics generally improves the mechanical qualities (hardness, elastic modulus, wear resistance, etc.) of copper matrix composite, but consistently diminishes electrical conductivity due to their lower electrical conductivity. Alternatively, it is posited that graphene and carbon nanotubes are the most potential reinforcement materials owing to their exceptional strength and superior electrical conductivity [14 - 16]. Copper matrix composites reinforced by single phases like CNTs or Gr have been investigated and presented in the previous reports [14, 17, 18]. The obtained results demonstrated the enhancement in the performance of copper composite in terms of mechanical properties. Recently, the Gr-CNT hybrid material exhibited as a promising reinforcement material for composite systems due to the combination of the unique properties of both CNTs and Gr [19]. To improve the comprehensive characteristics of nano-carbon materials reinforced metal matrix composites, a mix of graphene oxide and carbon nanotubes was employed as reinforcement. In the preparation of Gr-CNTs hybrid material, the p-orbitals in CNTs overlapped to create highly delocalized π bonding, allowing CNTs to interact with certain macromolecules exhibiting conjugation properties via non-covalent bonding, thereby forming a Gr-CNT network reinforcement through π-π bonding. The hybrid network between Gr and CNTs was established through π-π bonding, are expected to generate a substantial synergistic enhancement of the strength of the composites [20 - 24].
Thus, in this work, copper matrix nanocomposites reinforced with CNT-Gr hybrid material were prepared by using a powder metallurgy route. The composite powders were prepared by using high-energy ball milling and then consolidated by spark plasma sintering (SPS) technique. The effect of Gr-CNT hybrid material on the mechanical properties and wear behavior of composite were investigated. In addition, to clarify the strengthening effect of the Gr-CNT hybrid material in the composite, CNT/Cu and Gr/Cu composites were fabricated under the same conditions for comparative analysis.
2. MATERIALS AND METHODS 
2.1. Materials 
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Figure 1. SEM images of (a) Cu powder, (b) graphene and (c) carbon nanotubes.
Commercial dendritic shaped copper powder (99.9 %) with an average diameter of 35 μm purchased from Xilong Scientific Co. Ltd, China is used as a matrix material (Figure 1a), lab-made Gr having an average diameter of 2 µm (Figure 1b) and CNTs with an average diameter of 30 nm were used as reinforcement materials (Figure 1c).
2.2. Methods 
The copper matrix composites reinforced by Gr-CNT hybrid material were prepared by powder metallurgy route. The Gr-CNT/Cu powders were prepared by using the process shown in Figure 2a. Firstly, Gr and CNTs were functionalized with carboxylic (COOH) functional groups [25, 26], followed by dispersion in ethanol to create a CNT-Gr (1:1) suspension with a concentration of 1 g/l. Secondly, the Cu particles were incorporated into the Gr-CNT suspension under continuous magnetic stirring with a speed of 200 rpm and heating temperature of 60 °C to produce a Gr-CNT/Cu slurry with Gr-CNT content of 1 vol.%. The Gr-CNT/Cu slurry was then milled at 300 rpm for 3 hours using a W-Co alloy jar and balls, the ratio of ball to powder of 10:1. Thereafter, the obtained samples were dried under vacuum at 200 mbar for 3 hours, and then reduced in H2 at 300 °C for 3 hours to get the Gr-CNT/Cu composite powder. The obtained powders were placed into a graphite mold with a diameter of 20 mm. The samples were subsequently sintered using an SPS system (LaBox-350, Sinter Land). The sintering process is conducted at a temperature of 700 °C for 5 minutes under a pressure of 50 MPa to produce               Gr-CNT/Cu composite Figure 2b-c. The Cu composites reinforced by CNTs and Gr with the same concentration of 1 vol% were prepared by using the same conditions to compare.
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Figure 2. (a) Preparation process of Gr-CNT/Cu powder, (b) sintering cycle and                              (c) Gr-CNT/Cu composite after sintering.
2.3. Characterization 
The morphology and microstructure of powders and sintered composites were studied using optical microscopy (Axiovert 40MAT, Carl Zeiss, Germany) and scanning electron microscopy (SEM, Hitachi S-4800, Japan). Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the compositions of Gr-CNT/Cu composite by using Hitachi S-4800, Japan. The microhardness was measured using a Vickers hardness tester (Shimadzu HMV 2000, Japan). Tensile tests were conducted with an Instron 8848 Microforce Tester. The wear behaviors of the prepared composites were measured by using a Pin-on-disk tribometer (TRB3, Anton Paar) with loads of 5N with a distance of 20m and a rotation speed of 10 cm/s. 
3. Results and Discussion
3.1. Microstructure
[image: ]
[bookmark: _Hlk190985099]Figure 3. SEM images of (a-b) Gr-CNT/Cu powder and (c-d) Gr-CNT/Cu composite.
Figure 3a-b shows the SEM images of Gr-CNT/Cu composite powder after the milling and mixing process. Observing from the figures, we can see that the copper powder has been deformed after the milling with the Gr-CNT hybrid material. Besides, the Gr-CNT hybrid material has dispersed into the Cu powder which is still in its initial form (Figure 3b). Figure 3c is an SEM image of the Gr-CNT/Cu composite containing Gr-CNT content of 1 vol.% after the consolidation by SPS. As can be observed, the microstructure of the composite material after sintering has high homogeneity. The dispersion of Gr-CNT hybrid materials in the Cu matrix is ​​observed in Figure 3d. As a result, the Gr-CNT hybrid material still exists after the consolidation process and has good bonding with the Cu matrix. EDS spectrum and element mapping of the Gr-CNT/Cu composite were showed in Figure 4. As a result, the compositions of the prepared composites were determined to be 0.45 wt.% for C and 99.55 wt.% for Cu. The measured C content was equivalent to 0.95 vol.%, slightly lower than the designed value (1 vol.%). This could be due to the loss of Gr during the functionalization process of Gr and CNTs. The distribution of C and Cu elements was also presented in Figure 4 (c-d). As can be seen, the C element was unform dispersion within Cu matrix. The obtained results implied that the                    Gr-CNT/Cu composite was successfully prepared, which is expected to increase the mechanical properties of the material such as hardness and strength of the material.   
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Figure 4. (a) EDS spectrum and (b-d) EDS mapping of Gr-CNT/Cu composite.
3.2. Mechanical properties
Table 1. Density and relative density of Cu and Gr-CNT/Cu composite.
	Samples
	Theoretical density 
(g/cm3)
	Measured density
(g/cm3)
	Relative density 
(%)

	Pure Cu
	8.89
	8.81  0.11
	99.12  0.39

	CNT/Cu composite
	8.82
	8.69  0.11
	98.42  0.46

	Gr/Cu composite
	8.82
	8.70  0.11
	98.69  0.38

	Gr-CNT/Cu composite
	8.82
	8.68  0.12
	98.34  0.47


The density and relative density of the samples are shown in Figure 5a and Table 1. As a result, the presence of Gr, CNTs and Gr-CNT hybrid material causes the decrease in the density of the prepared composites. This result is consistent with the calculation because the density of Gr (2.2 g/cm3) and CNTs (1.8 g/cm3) is lower than that of Cu (8.89 g/cm3). The relative density  was calculated to be 98.42 %, 98.69 % and 98.34 % coresponding to CNT/Cu, Gr/Cu and Gr-CNT/Cu composites, respectively. These values were decreased compared to that of pure Cu (99.12%). This implied that the porosity of the composite increased gradually with the addition of CNTs, Gr and Gr-CNT hybrid material. The high relative density of both Cu and the prepared composites demonstrated that SPS sintering is an effective method in the consolidation of Cu matrix composites reinforced by CNTs, Gr and Gr-CNT hybrid materials.
Figure 5b shows the hardness of the prepared samples. As a result, the prepared composites reinforced by CNTs, Gr or Gr-CNT hybrid materials increased compared to pure Cu, CNT/Cu composite and Gr/Cu composite. When the Gr-CNT hybrid material was added, the hardness of the composite increased with a value of 85.5 HV which is 54 % higher than that of the pure Cu (55.7 HV). It is interesting noted that the hardness of Gr-CNT/Cu composite is higher compared to the composites reinforced by single phase reinforcement (CNTs or Gr). This can be explained that the matrix material can transfer and distribute external forces acting on the reinforcement. Gr-CNT has high mechanical properties thus leading to enhancing the mechanical properties of the Gr-CNT/Cu composite [11,27]. On the other hand, the hardening here follows the mechanism of dispersion hardening characterized by the movement of dislocations. In this case, Gr-CNT acts as a pin that hinders the movement of dislocations. The dislocations need more energy to move, thereby increasing the mechanical properties of the material.
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Figure 5. (a) Density and relative density and (b) hardness of the prepared samples. 
Figure 6a is the stress-strain characteristic curve of pure Cu, CNT/Cu composite, Gr/Cu composite and Gr-CNT/Cu composite. Accordingly, we can see that the yield strength of the composite increased when compared to pure Cu. The yield strength of the composite material reinforced by Gr-CNT hybrid materials increases by 33 %, 19 % and 21 % compared to pure Cu, CNT/Cu and Gr/Cu composite, respectively. The tensile strength of the Gr-CNT/Cu composite reaches the highest value of 225.5 MPa, which is increased up to 50 % compared to pure Cu. The increase in the tensile strength of the prepared composite could be due to the presence of Gr-CNT hybrid material, and the load transfer from the matrix to the reinforcement material. In addition, the significantly synergistically strengthened composite reinforced by Gr-CNT hybrid materials compared to CNT/Cu composite and Gr/Cu composites could be resulted from π-π bonding network between Gr and CNTs [23, 24]. Furthermore, the difference in the thermal expansion coefficient of Cu and Gr-CNT can cause some dislocations in the composite during sintering. The formation of dislocations at the contact layer between Cu and Gr-CNT leads to an increase in the hardness and tensile strength of the composite. In addition, the mechanical properties of the composite material could be enhanced by other strengthening mechanisms such as grain refinement and Orowan, etc [28, 29].
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Figure 6. (a) Stress-strain characteristic and (b) yield strength of the prepared samples. 
3.3. Wear behavior
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Figure 7. (a) The friction coefficient (b) wear rate of prepared samples and Optical images of wear track of (c) Cu and (d) Gr-CNT/Cu composite 
The wear behavior of pure Cu and CNT-Gr/Cu composites was investigated and presented in Figure 7. The friction coefficient of pure Cu, CNT/Cu composite, Gr/Cu composite and CNT-Gr/Cu composites was tested with steel balls under a load of 5N (Figure 7a). The average friction coefficient of the composite (0.41) decreased by 43 %, 33 % and 37 % compared to the pure Cu, CNT/Cu composite and Gr/Cu composite, respectively.  The decrease in the friction coefficient of the composite reinforced by Gr-CNT hybrid material demonstrated the good wear resistance of the prepared composites compared to other samples. This could be explained by the Gr-CNT hybrid material breaking to produce a carbon coating on the wear track during the wear test [30]. This film has high wear resistance, thereby reducing the coefficient of friction of the composite. The change in average friction coefficient accompanied by the change in wear rate of the CNT-Gr/Cu composites is shown in Figure 7b. The obtained result indicated that the wear rate of the composite is 50 % lower than that of pure Cu. The reduction in the wear rate of the composite is consistent with the coefficient of friction under the effect of the material composition. Besides. observation of the optical images shows that the track after testing has different sizes depending on the material compositions. The tracks exhibited larger widths and depths for pure Cu and smaller sizes for the CNT-Gr/Cu composites (Figure 7c-d). The obtained results demonstrated the Gr-CNT/Cu composite exhibited a good wear resistance compared to the Cu composite reinforced by CNTs or Gr.
4. Conclusions 
We have investigated the effect of Gr-CNT hybrid materials on the microstructure and properties of Gr-CNT/Cu composite consolidated by the SPS technique. The Gr-CNT hybrid material was dispersed on the surface of Cu particles after the ball milling process The Gr-CNT/Cu composite was successfully fabricated with a relative density higher than 98 %. The hardness of the composite increased compared to the pure Cu and reached 85.5 HV. The tensile strength of the composite was measured to be 225.5 MPa which is 50 % higher compared to pure Cu. The increase in hardness and tensile strength were attributed to the presence of Gr-CNT hybrid material. The friction coefficient and wear rate of the composite decreased by 43 % and 50 % compared to pure Cu under the applied load of 5N, respectively. The decrease in friction coefficient and wear rate of the composite demonstrated the vital of Gr-CNT hybrid material on the increase of wear resistance of the composite.
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