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Abstract: Copper-graphite composite is an ideal friction material due to its good heat resistance, wear resistance and
friction coefficient stability. The addition of Ti3SiC, can improve strength, hardness and wear resistance of copper-
graphite alloy material without affecting its self-lubricating properties and electrical conductivity. Two-dimensional
graphene has become an attractive composite reinforcement owing to their unique electrical, mechanical and thermal
properties. Cu/Ti3SiC,/C/Graphene naocomposite materials reinforced with graphene have been fabricated by vacuum
hot-pressing sintering and hot isostatic pressing. Microstructures and mechanical properties of
Cu/Ti3SiCo/C/Graphene naocomposite materials with different graphene contents have been systematically
investigated. Microstructures of the composites were examined by optical microscopy, X-ray diffraction, back
scattered electron imaging, scanning electron microscope with energy dispersive spectrometer and transmission
electron microscope. The mechanical properties were determined from Brinell hardness, tensile, compressive and
shear tests. Results demonstrated that there was an optimum value of graphene content which has an impact on
microstructures and mechanical properties of Cu/Ti3SiC,/C/Graphene naocomposite materials. Based on graphene
content on microstructure and mechanical properties of Cu/Ti3SiC,/C/Graphene naocomposite materials,

strengthening and fracture mechanisms by graphene reinforcement have been analyzed.
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1. Introduction

Copper matrix graphite composites are widely used in friction materials because of the excellent electrical conductivity
and thermal conductivity of copper and superior anti-friction, anti-welding, and lubrication properties of graphite [1—
3].TisSiC; has emerged as a type of material combining structure, conductivity, and self-lubrication. It exhibits
properties similar to those of metal materials--high electrical conductivity, heat conduction, and ease in processing. In
addition, Ti3SiC, exhibits qualities similar to those of ceramics--light weight, oxidation resistance, and high
temperature resistance [4—6]. Apart from the self-lubricating property and electrical conductivity of copper graphite
alloy, the strength, hardness, and wear resistance of a material can be improved with Ti3SiC, [4-6].The two-
dimensional graphene has become an attractive composite reinforcement because of its distinct electrical, mechanical,
and thermal properties [7—13]. Most studies on copper matrix composites have thus far focused on single
reinforcements [14—15]. However, the enhancement effect of single reinforcements cannot meet the requirements for
its application, whereas the comprehensive functions of two or multiple reinforcements can be considered [16—17].
Ti3SiC; and graphene can be regarded as two types of reinforcement, given that Ti3SiC, possesses properties of both
metal and ceramic. Graphene is recognized for its strength at the nanoscale level. Adding graphene to the Cu—C matrix
may produce synergistic, cooperative, and multi-scale reinforcements [4—13,16—17]. The choice of reinforcement and
design significantly influences the performance of the composite. Several studies have been conducted on the
preparation of graphene-reinforced copper matrix composites. Chemical vapor deposition, hot isothermal pressing,
and spark plasma sintering can be used to prepare copper matrix composites, which can determine the

microstructures and properties of materials [18—20].

On the basis of the preparation method of graphene-reinforced copper matrix composites, the interface mechanism
between nanocarbon materials and metal matrix has drawn increased interest, which can help elucidate the basic
mechanical properties of composites to provide a theoretical basis for the design of graphene-reinforced copper matrix
composites. An interface reaction occurs between multi-walled carbon nanotubes (MWCNTs) and aluminum, which
can lead to Al4Cs generation [21-22]. According to density functional theory, active adsorption sites exist between Cu
and MWCNTs, particularly on top of the carbon atom on the outer wall of MWCNTs. Theoretically, Cu and MWCNTs
can be bonded under certain conditions [23-25]. The interaction between graphene and metal matrix has also attracted
the attention of many researchers [26—30]. The dynamic exfoliation of graphene on the crystal surface of Cu was
examined based on molecular dynamics, and the results show that graphene has the highest surface binding energy in
the Cu(111) direction[31].The elastic properties and deformation mechanisms of graphene and Cu nanocomposites
were investigated by Giannopoulos[32]. The theoretical analysis provides the possibility of designing a better interface
between graphene and Cu[33-34].The surface of graphene is smooth and has a conjugated bond structure, which
exhibits high chemical inertness and hydrophobic properties [35-36].The surface energy of graphene is high,

facilitating stacking and gathering as aggregation occurs frequently in metal matrix composites[26—30,37].This
-3-



property impedes the formation of an interface between graphene and Cu to hinder the performance of graphene [26—
30,37]. Accordingly, the composite interface and a new method of graphene surface treatment need to be further

investigated between graphene and Cu.

At present, numerous studies have been conducted on graphene-reinforced polymers in which the theoretical system
and the preparation process are relatively perfect [38—42]. However, graphene-reinforced copper matrix composites
are presented with many challenges, which are attributed to the difficulty of graphene dispersion without damaging
the structure of graphene, poorer interfacial bonding between graphene and copper, high-density preparation. Thus,
high-performance graphene-reinforced copper matrix composites are difficult to obtain [43]. In addition, the relatively
low density of these composites becomes an obstacle in its application [19-20,37]. In the present study, surface
modification of graphene was conducted to improve its dispersion, and Ti3SiC; particles were added to the Cu—C
matrix to obtain multiple phases. Cu/Ti3SiC,/C/Graphene nanocomposites were prepared from raw materials of
graphene, graphite, Ti3SiC; and electrolytic copper powder by vacuum hot-pressing (VHP) and hot isostatic pressing
(HIP). To evaluate the effect of graphene on the properties of Cu matrix composites, Cu/Ti3SiC,/C/graphene
nanocomposites with graphene contents equal to 0.5 wt.%, 1 wt.%, and 1.5 wt.% were prepared. Microstructural
observation and mechanical property testing of Cu/Ti3SiC,/C/graphene nanocomposites were conducted to evaluate
the reinforcing effects. Strengthening and fracture mechanisms of Cu/Ti3SiC,/C/graphene nanocomposites were

discussed on the basis of the experimental results.

2. Experimental Procedures

Cu/Ti3SiC,/C/Graphene nanocomposite materials were designed based on the concept of multi-phase composites and
prepared by powder metallurgy re-pressing methods—that is, VHP sintering and HIP. The process includes mechanical
ball-milling, compacting, and sintering process in which a component is subjected to both elevated temperature and
high pressure [44].The physical parameters of graphene, graphite powder, Ti3SiC, powder, and electrolytic copper
powder used as raw material are listed in Table 1. Dispersions of graphene assisted by ultrasonic oscillation, plasma,
and chemical treatment surface modification were prepared using Ar-NHj3 plasma and 0.02pg/mL rutin solution[45—
46].The raw powders consisting of 10 wt.% Ti3SiCs, 3 wt.% graphite, different contents of graphene (0.5 wt.%, 1.0
wt.%, 1.5 wt.%) and copper were mixed by high-energy ball milling for 1 h. Composite powders were heated from
room temperature to 950°C and applied with pressure of 27.7 MPa for 30min. After pressure was unloaded, the
powders were kept warm for 2h and then cooled inside the furnace to room temperature. The samples obtained by hot
pressing were treated by HIP. The temperature increased from room temperature to 650°C with 0.6 MPa pressure, and
warming compression was kept at 950°C and 100 MPa for 2h.The relative densities of nanocomposite materials were
analyzed by measuring the apparent density of the drainage material on the basis of Archimedes’ principle.

Microstructures of Cu/Ti3SiC,/C/graphene nanocomposite materials were characterized by optical microscopy (OM,
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AxioCam MRCS), X-ray diffraction (XRD, X'Pert Pro-MPD), scanning electron microscopy (SEM, JEOL JSM-7001F
at 15 kV) with back-scattered electron (BSE) imaging mode and energy dispersive X-ray spectrometry (EDS), and
transmission electron microscopy (TEM, FEI Tecnai F20ST at 200 kV). Hardness measurement was conducted using
a Vickers hardness tester (HV, HXD-1000TM). Tensile, compression, and shearing testing were performed using a

microcomputer-controlled electronic universal testing machine (WDW-3100) at a loading speed of 0.5 mm/min.

Taste 1:Properties of the raw material powders.

Material Density(g/cm?) Size Purity(%)
Graphene 2.1 <5 Layers >99.8
Ti3SiC; 4.53 200 Mesh

C 2.2 250 Mesh

Cu 8.89 300 Mesh >99.99

3. Results and discussion

3.1 Characterization of nanocomposite powders

The SEM images of the mixture of graphene, graphite powder, Ti3SiC, powder, and electrolytic copper powder after
ball milling are presented in Figure 1.As shown in Figurela, copper particle clusters are subjected to cold welding by
diffusion produced during high-pressure ball-milling. In Figures 1a and 1b, a transparent laminar structure of graphene
can be observed adhering or embedding in the copper particle clusters that the ball-milling process can promote the
interfacial bonding between the matrix and the reinforcing phase [47]. The reinforcing phase contains some fragments
as a result of the mechanical action of ball-milling, which reduces the size of the reinforcing phase to a certain extent
and contributes to the homogeneous dispersion of the reinforcing phase, as shown in Figure 1d. Ball-milling can change
the shape of powder particles. Rounder particles indicate poorer effect of ball-milling and cold-welding [48]. In the
current study, cold-welding between copper particles is significant, and a small amount of graphene adheres to the
copper particles. This occurrence indicates satisfactory overall mixing effect and that the addition of graphene does

not affect the structural characteristics of the overall material.



®

FiGure 1: (a-c) SEM images of raw materials of graphene, graphite powder, Ti3SiC, powder and electrolytic copper

powder after ball milling; (d) EDS from Fig.1(d).

3.2 Microstructure and phase identification of nanocomposite materials

With an increase in graphene content, the compactness of the copper matrix composite is decline, as revealed in Table
2. When graphene content is 0.5 wt.%, the composite achieves the highest compactness of 98.17%. When graphene
content is increased to 1.0 wt.%, compactness decreases to 96.85%, indicating that graphene content affects the
compactness of the composite. During the sintering process of copper graphite powder metallurgy composite materials,
the copper phases in a semi molten state connect to each other to reduce the surface energy so that it can increase the
sintering neck area and resulting in agglomeration graphene or graphite retained in the gap. Due to the large surface
area and high surface energy of graphene, it will absorb more easily nucleated substances during nucleation cooling
in order to reduce the total free energy. Moreover, owing to the small size of graphene, it will reduce nucleation energy
and improve nucleation rate. However, graphene aggregation do not play a role in grain refinement because it will
grow up to hinder the sintering and sintering neck bonding between copper particles. Therefore, when graphene

content is increased, the presence of Van der Waals' forces and large m bonds facilitates aggregation, impedes the
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sintering process of the copper matrix (i.e., formation of a sintering neck), increases the number of voids, and increases

porosity.

Taste 2: Relative densities of naocomposite materials

Graphene(wt.%) Theory density(g/cm?) Actual density(g/cm?) Relative density (%)
0.5 7.43 7.29 98.17
1.0 7.34 7.11 96.85
1.5 7.25 7.04 97.11

VHP sintering is the process of Cu/Ti3SiC»/C/graphene nanocomposite densification, which is mainly divided into
three stages: contact of particles with one another, neck formation caused by a shaping flow and grain boundary slip,
and grain boundary diffusion. The existence of graphene can prevent the abnormal growth of copper matrix [49].
However, VHP sintering fails to completely close the gap. HIP treatment is needed to compact nanocomposites, which
can achieve complete densification and homogenization between direction parallel and perpendicular to pressure
direction. Figures 2(a) and 2(b) illustrate the change in shape of copper particles by VHP sintering in which direction
I is parallel to the pressure and direction II is perpendicular to the pressure. Figures 2(c) and 2(d) are metallographic
results of sintered nanocomposites. As shown in Figure 2(c), the black reinforcement phase is mostly embedded in the
copper particles, and the black enhancement phase in Figure 2(d) is the strip distribution along the copper grain
boundary. The electrolytic copper powders used in the current study are uniform in size and regular in shape and can
be compressed to an oblate form after single-phase loading during VHP sintering [44]. The diameter of the copper
particles in direction I is smaller than that in direction II. Reinforcements can be dispersed along the copper surfacein
direction II, in which it is linearly distributed along the copper grain linearly, whereas in direction I, it is an irregular

block.



(b)

FiGure 2:(a, b) Schematic diagram of copper particles shape change by vacuum hot-pressing sintering, in which
direction I is parallel to the pressure and direction II is a perpendicular to the pressure. (¢, d) Metallographic results of

sintered nanocomposites.

Graphene can absorb substances prone to nucleation during copper nucleation and cooling. Addition of a small
quantity of graphene, which is taken as a nanophase, can reduce nucleation energy and improve the nucleation rate.
When a proper amount of graphene is added to the nanocomposite, there is no graphene aggregation and it can be
completely coated by a copper matrix so that nanocomposite with excellent performance can be obtained. Graphene
is filled in the pores of the nanocomposite which can increase the density and hinder the matrix fusion during pressing
and sintering. With the increase of graphene content, because the size of graphene is larger than the metal lattice of
copper, it is easily aggregated on the grain boundary when its content exceeds a certain value so that the continuity of
the copper matrix is separated and the binding force between the crystals is weakened. Graphene is damaged to a
certain extent during ball-milling. An irregular five-membered ring, seven-membered ring, and other structures can
form a fulcrum [37]. Addition of graphene can refine the microstructure. On the basis of the BSE patterns of the
sintered nanocomposites with different graphene contents shown in Figure 3, the microstructure of the composite
containing 0.5wt.% graphene was homogeneous and tiny. Agglomeration of the reinforcing phase intensified with an

increase in graphene content. White base is identified as the copper matrix, whereas the gray block is identified as
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Ti3SiCo. The black strip consists of graphite and graphene. The number and area of the black zones increased
significantly, and several large black zones were observed. These observations indicate that the agglomerated graphene
plays no role in refining the grains. Agglomeration of graphene may impede the sintering and binding of copper
particles and growth of sintering neck, influence material migration in copper atoms, reduce binding among copper
matrices, and increase porosity. An increase in graphene content during sintering can reduce, to a certain extent, the
fluidity of the semi-molten copper matrix and the homogeneity as well as exert an adverse effect on pores filling and
sintering neck formation. The reinforcing phase was evenly distributed in the copper matrix, and a considerable
amount of graphite was evenly distributed in the margin of titanium silicon carbon in the grey area (as shown in Figure

4), which can influence the reinforcing effect.

(a) 0.5 wt.% (b)) 1.0 wt.% )) 1.5 wt.%

Graphenes Graphenes Graphenes

Figure 3: BSE patterns of sintered nanocomposites: (a) Sintered nanocomposites with 0.5 wt.% graphene, (b)

Sintered nanocomposites with 1.0 wt.% graphene, (c) Sintered nanocomposites with 1.5 wt.% graphene.



(a) 0.5 wt.% Graphenes (b)
0.5 wt.% Graphenes

Ficure 4: BSE patterns of sintered nanocomposites with 0.5 wt.% graphene.

To further identify the products, the microstructure of the nanocomposites sintered is analyzed by SEM surface
scanning. As shown in Figure5(a), all particles are evenly distributed with copper, titanium, and silicon, which is
consistent with the afore mentioned BSE results in Figures 3 and 4.Figure 5 shows that the Cu, Ti, and Si are almost
similarly distributed and that no gap is present between the two phases. This observation indicates that Ti3SiC, and
Cu matrix exhibit excellent wettability. From the SEM results of the previous analysis, the position of the distribution
of Cu, Ti, and Si complemented with the distribution of graphite and graphene. This finding suggests that graphite
neither wets the metallic copper nor reacts with metallic copper and that the formation of a strong interface presents a

challenge.
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Ficure5: SEM surface scanning analyses of sintered nanocomposites. (a) SEM; (b) Cu map; (¢) Ti map; (d) Si map.

Figure 6(a) presents a dark-field TEM image of copper matrix composites with a mass fraction of 0.5 wt.% graphene.
Figures 6(b—e) show the corresponding local magnifications in Figure 6(a). In contrast to the EDS diagram of sp1 and
sp2 in Figure 6(b), the copper matrix in the photo appears bright and gray, and the gray Ti3SiC; is embedded in Cu.
Figure 6(c) is surrounded by a dashed line of Cu particles. The shortest line has a diameter of about 50nm, whereas
the longest line has a diameter measuring about 200nm, compared to the beginning of raw material electrolytic copper
powder 300pum reduced many. These findings indicate that the addition of a reinforcement phase played a role in
strengthening the fine grain of Cu [50]. As can be observed in Figures 6(d) and 6(e), the dark-gray phase is the
reinforcement phase, whereas the gray-white phase is the matrix phase. The sp3 EDS results in Figure 6(d) show that
C has a high content, suggesting that graphene exists in the region. The result shown in Figure6 shows the presence

of graphene at the edge of the sample.
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Ficure 6: (a) TEM image of sintered nanocomposites with 0.5wt% graphene. (b, c, d, ) Magnified TEM image of
local amplification corresponding to Fig. 6(a). Inserted in (b, d, e) is EDS spectra taken from the marked cross

symbol spots.
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Figures 7(b) and 7(c) are present diffraction photographs of TiC and Cu, respectively. Figure 7(d) shows an enlarged
view of TiC in Figure 7(a).These observations indicate that Ti3SiC, decomposition occurred during VHP; however,
small amounts of CusSi particles remained. Research indicates that the interfacial reaction between Cu and Ti3SiC,
was mainly attributed to the interfacial reaction between Cu and Ti3SiC,, and that interfacial reaction between Cu and
Ti3SiC, was promoted. The interfacial reaction between Cu and Ti3SiCs can improve the wettability of the system in
that diffusion of elements leads to the formation of a reaction intermediate, which can change the interface structure

of the system to promote interfacial bonding between Cu and Ti3SiC,[51].

o b L

B=z=[011] TiC

Ficure 7: (a) TEM image of sintered nanocomposites with 0.5 wt.% graphene. (b, ¢) Diffraction patterns from Cu

matrix and TiC. (d) Magnified TEM image of local amplification corresponding to Fig. 7(a).
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Figure 8 shows the XRD patterns of the nanocomposites in which TiC and CugSi were detected. The same substance
was detected in three types of Cu/Ti3SiC,/C/graphene composites with different graphene contents, indicating that
graphene content exerts no effect on the generation of TiC and CuoSi. That is, the thermal decomposition of Ti3SiCs
was not related to graphene content. Ti3SiC, thermal decomposition can occur at approximately 950°C for Ti3SiC, and
Cu composites [16]. When the temperature exceeds 450°C, the silicon reacts with Cu, forming a CusSi compound.
When the composites are maintained for 2 h at a temperature lower than 950 °C, Ti3SiC; is inferred to be subject to
slow decomposition and generates TiC, and the reaction product of silicon reacts with copper matrix, forming CuoSi.

The main reactions are as follows:

TisSiCy= 3TiCys+ Si (1)
C +Si=SiC ()
SiC + 9Cu = CuySi + C 3)
Si+ 9Cu = CuoSi “)

Standard molar generation of Gibbs free energy change can be used to determine the direction of a chemical reaction.
The standard molar generation of Gibbs free energy is expressed as
A G =20, MGy 5)

In this study, A,G?,, is the standard molar Gibbs free energy change of the chemical reaction;v;, is the stoichiometric
number in the reaction formula, given that the product v, is positive and the reactant v, is negative; and A;G?,,
stands for the standard molar generation of Gibbs free energy. The relationship between A,G?,, and AfG?,, of the
reaction is calculated. When A,.G%,,< 0, the reaction can occur positively. When the Gibbs reaction free energy is
1200K, AGg(rizsic,,1200k) 18 248.54kJ/mol, and AGy s 1200k 18 39.66k)/mol. Therefore, A, Gpof Reaction (1) is -
231.68 kJ/mol, which is negative, and a reaction occur. By thermodynamic calculation of Reaction (2), A,.G,, is -
55.44kJ/mol which is also negative, so that Reaction (2) can occur. Reaction (4) is more likely to occur than Reaction
(3) because (4) - (3) = (2), where A,G,, of Reaction (2) is -55.44 kJ/mol. As a component of hard alloy, TiC is
characterized by high melting point, high hardness, and high brittleness. CuoSi is also a brittle compound and an
instable phase. Formation of the brittle phase is likely to cause stress concentration. However, the presence of hard
reinforcement phases has endowed composites with good tribological (friction and wear) characteristics [52-55].
Therefore, the two compounds generated during the decomposition of Ti3SiC, can adversely affect the properties of
the copper matrix composites. The XRD results in Figure 8 shows TiC formation, and the TEM results in Figure 7
reveal the morphology of the TiC hard particles in the matrix. The results of XRD characterization are consistent with

the TEM characterization.
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Figure 8: XRD patterns of sintered nanocomposites.

Figure 9 (b) shows a partial enlargement of graphene bonded to the matrix in Figure 9(a). As shown, graphene is
translucent and has curled edges. Graphene is still monolayer or less in the composite. In addition, graphene is
presumed to be evenly dispersed in the composites. Figures 9(c) and 9(d) present HRTEM images of the Cu matrix
composites. Cu and Ti3SiC, are clearly determined by measuring the interplanar spacing. Cu is exhibits good

wettability with graphene and Ti3SiC,, which explains the uniform dispersion of the reinforcement in the matrix and

90

the effective interface combination to ensure the high performance of composite materials.
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Fiure 9: (a) TEM image of sintered nanocomposites with 0.5 wt.% graphene. (b, ¢) Magnified TEM image of local

amplification corresponding to Fig. 9(a). (d) Magnified TEM image of local amplification corresponding to Fig.9(c).

3.3Mechanical propertiesand tensile fracture analysisof nanocomposite materials

The results of the Vickers micro-hardness test are listed in Table 3.When the mass fraction of graphene was increased
to 1.5wt.% from 0.5wt.%, the hardness of graphene exhibited a decreasing trend. On the basis of the rule of mixtures,
graphene can increase the hardness of the composite if the reinforcing phase is evenly distributed in the matrix. A
higher mass fraction of graphene can result in higher hardness. However, in the current study, a larger quantity of
graphene led to lower hardness of the composite. The main causes are as follows: (1) A series of defects, such as pores,
may lead to this phenomenon. Decreased compactness can lead to increased porosity and decreased structural
homogeneity. Meanwhile, the presence of pores can also reduce the elasticity modulus and hardness of the
composite[56].(2) With increased graphene content, a large specific surface area of graphene and the presence of the
Van der Waals' force prompted graphene to agglomerate, weakening its reinforcing role [57]. The increased reinforcing

phases influence sintering, decrease interfacial bonding, and reduce the properties.
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TasLe 3:Mechanical properties of sintered naocomposite materials.

Item HV Compressive strength Tensile strength Shear strength
(MPa) (MPa) (MPa)
0.5 wt.% 129.17(£11.89) 467.97(+10.26) 250.92(+12.38) 129(+9.85)
1.0 wt.% 123.84(£9.56) 446.03(+4.64) 214.38(%2.70) 106(+3.32)
1.5 wt.% 121.57(£9.71) 435.26(£11.58) 174.67(£7.62) 89(£7.40)
Cuw/Ti3SiCo/C[58] 85 / 113 /
Cu/T13SiCo/C/MWCNTs[16] 91 301.8 126.92 /

XMulti-Walled Carbon Nanotubes(MWCNTs).

The measured mechanical properties of the nanocomposites are listed in Table 3.When the soft coefficient (a) of the
stress state of the single-direction compression experiment is 2, the mechanical behavior of the material exhibiting
brittleness under tensile force is in the plastic state. As shown in Table 3, when the mass fraction of the graphene is
0.5 wt.%, the highest compressive strength of the composite is obtained. The compressive strength exhibits a
decreasing trend, similar to the trend depicting the mechanical property. The main factors influencing the strength of
the composites include porosity, interface, homogeneous dispersion of graphene, and grain size of the copper matrix
[59—61]. When the graphene content was higher than 0.5wt.%, the transfer of the folded structure weakened the stress
and the interfacial bonding with the copper matrix because of agglomeration. Given that the increased pores were

equivalent to the sources of micro-cracks, the compressive strength of the composite declined.

The shear strength of the nanocomposites is listed in Table 3. As presented in the diagram, the highest shear strength
of the composite was obtained when the graphene content was 0.5wt.%. The shear strength reflects more of the
cohesive force of the material—that is, the mutual connection between the atoms and molecules of the material. Thus,
the shear strength can reflect the conditions of the interfacial bonding between the copper matrix and the reinforcing
phase [62]. The shear strength decreased with an increase in the graphene content. On the basis of this analysis,
graphene and the copper matrix had a large contact area, given that graphene had a large specific surface area and
small thickness, which effectively promoted interfacial bonding and transfer of shear strength [63]. However, when
the graphene content increased, agglomeration exerted no strengthening effect on the graphene and significantly

decreased the mechanical properties of the composite.

Tensile deformation curves of the nanocomposites are presented in Figure 10.The tensile strength of the composite

reached its maximum when the mass fraction of graphene was 0.5wt.%. With an increase in graphene content, tensile
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strength decreased. The mechanical properties of the composites were associated not only with the compactness but
also with the degree of homogeneous dispersion of the reinforcing phase in the matrix and the size of the copper matrix
grains [64—65]. The compactness and metallographic analysis indicates the presence of voids in the composite. The
voids are equivalent to microcracks within the material. They are likely to become the sources of microcracks and can
reduce the mechanical properties of the material. With an increase in graphene content, the tensile strength of the
composite almost exhibited a linearly decreasing trend. The reduction in its mechanical properties could be associated
with graphene agglomeration. The high strength and the reinforcing phase failed to exert their influence after graphene
agglomeration; however, the graphite and graphene retained in the voids became a lubricant in subsequent frictional
wear and current-carrying frictional wear. The cracks would be impeded by graphene and the path would change to
extend along the graphene surface if graphene did not agglomerate and could evenly disperse. The bonding strength

between graphene and the copper matrix plays an important role in improving the mechanical properties.
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Ficure 10: Tensile deformation curves of sintered nanocomposites

Figures 11 and 12 present the SEM analyses of the tensile fractures and a schematic of the tensile fracture microscopic
process of the nanocomposites. The fractures of the nanocomposites were straight as indicated in Figure 11, which
shows fracture orientation perpendicular to the maximum normal stress and dimples related to material plastic

deformation. Figures 11 (a-b) and Figure 12 (a) are the SEM images of fractures of the sintered nanocomposites (0.5
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wt.%, 1.5 wt.% , 1.0 wt.%) with the same magnifications (500X). The shape of the dimples can be seen clearly as it
is indicated that the sintered nanocomposites has a plastic deformation during the tensile process. With the increase of
graphene content, the diameter of the dimple is larger. Figures 11 (c-e) are the SEM images of typical fractures of the
sintered nanocomposites (0.5 wt.%, 1.0 wt.%, 1.5 wt.% ). So it is clear that a good interface is formed between
graphene and copper and graphene is evenly dispersed in the matrix. Figures 11(f) is the magnified SEM image of
local amplification corresponding to Fig. 11(e). When the sintered nanocomposites bear the external tensile stress,
graphene also bears the load through interfacial stress transfer. Within the red circle in Figures 12(a-b) are the
agglomerated graphene sheets. The graphene sheets were embedded into the copper matrix and properly bonded with
the copper matrix. The graphene had a large specific surface area. The characteristic contact area helped increase the
contact area between the graphene and the matrix and promote interfacial bonding with the copper matrix. Meanwhile,
a properly bonded interface could impede dislocation motion [66—67]. The distance that the dislocation needed to
bypass could also increase during crack propagation. The graphene layer was thin, and the gaps among the copper
matrix grains were considerably small. These characteristics helped transfer the external force from the copper matrix
to graphene and directly use the ultra high strength of graphene. The high strength of the material would be achieved
accordingly. The graphene sheets had a unique folded structure. When force was applied on the composite, graphene
underwent fold flattening and fracturing, as shown in the schematic in Figurel12(c). The mechanisms of graphene in
toughening the copper matrix composites mainly included large interface strengthening, shear stress transfer
strengthening, second-phase strengthening, and strengthening of the unique folded structure as the graphene exhibited

good plasticity.
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SEM WD 11.6mm 9:31:09

Ficure 11 (a-b) SEM images of fractures of the sintered nanocomposites (0.5 wt.%, 1.5 wt.%). (c—e) SEM images of
fractures of the sintered nanocomposites (0.5 wt.%, 1.0 wt.%, 1.5 wt.%). (f) Magnified SEM image of local

amplification corresponding to Fig. 11(e).
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Ficure 12:(a) SEM images of fractures of the nanocomposite with 1.0wt.% graphene. (b) Magnified SEM image of

local amplification corresponding to Fig. 12(a). (c¢) Schematic diagram of tensile fracture microscopic process of

graphene reinforced Cu matrix composites.

4. Conclusions

(1)

()

)

Cu/Ti3SiC,/C/Graphene nanocomposites have been successfully fabricated by combined VHP and HIP.
Addition of graphene can refine the microstructure because it can reduce nucleation energy and improve the
nucleation rate. HIP not only provided further densification but also effectively eliminated the defects of the
nanocomposites as the composite reached the highest compactness of 98.17% when graphene content was
0.5wt.%.

Cu/Ti3S1C2/C/Graphene nanocomposites showed homogeneously dispersed graphene in the matrix with
interface interaction products TiC and CuoSi generated by Ti3SiC, thermal decomposition, resulting in highly
enhanced mechanical properties. The micro Vickers hardness, tensile strength, compressive strength, and
shear strength of the nanocomposites with 0.5wt.% graphene were129.17HV, 250.92 Mpa, 467.97 Mpa, and
129 Mpa, respectively, owing to the strengthening mechanisms of graphene.

Observation of the tensile fractures of the Cu/Ti3SiC,/C/graphene nanocomposites, including the
microporous aggregation fractures of the matrix, interfacial debonding fractures, transgranular fractures of
the reinforcing particles, tears of the matrix, and cracks of the defects. In general, Ti3SiC», C, and graphene
were uniformly distributed in the Cu matrix, largely along the grain boundary. In this manner, dispersion-

strengthening, dislocation strengthening, and graphene wrinkle effect can be the strengthening mechanisms.
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