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Abstract

:

The interfacial mechanics and electrical properties of SiC reinforced copper matrix composites were studied via the first principles method. The work of adhesion (Wad) and the interfacial energies were calculated to evaluate the stabilities of the SiC/Cu interfacial models. The carbon terminated (CT)-SiC/Cu interfaces were predicted to be more stable than those of the silicon terminated (ST)-SiC/Cu from the results of the Wad and interfacial energies. The interfacial electron properties of SiC/Cu were studied via charge density distribution, charge density difference, electron localized functions and partial density of the state. Covalent C–Cu bonds were formed based on the results of electron properties, which further explained the fact that the interfaces of the CT-SiC/Cu are more stable than those of the ST-SiC/Cu. The interfacial mechanics of the SiC/Cu were investigated via the interfacial fracture toughness and ultimate tensile stress, and the results indicate that both CT- and ST-SiC/Cu interfaces are hard to fracture. The ultimate tensile stress of the CT-SiC/Cu is nearly 23 GPa, which is smaller than those of the ST-SiC/Cu of 25 GPa. The strains corresponding to their ultimate tensile stresses of the CT- and ST-SiC/Cu are about 0.28 and 0.26, respectively. The higher strains of CT-SiC/Cu indicate their stronger plastic properties on the interfaces of the composites.
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1. Introduction


Copper metal composites have been extensively utilized in electronic technology [1], transportation [2] and aerospace fields [3]. Although copper metal composites have high electrical conductivity, their lesser hardness and strength limit their further applications. Therefore, copper alloy and copper matrix composites (CMCs) have been designed to improve their hardness and strength properties. However, as the reinforcement phase has been introduced into the Cu matrix, the hardness and strength of the coper materials have been enhanced [4,5]. Moreover, the reinforcements are the key factor enhancing the mechanical properties for the CMCs without serious loss of the thermal and electrical properties of the matrix. To date, reinforced phases including many types of ceramic materials, such as carbides (TiC and WC) [6,7], oxides (Al2O3, Y2O3) [8,9], and ceramics (Ti3AlC2, AlN) [10,11] have been employed to enhance the hardness and strength of the CMCs. Besides the ceramics discussed above, iron [12] and steel [13,14] have been applied as reinforcements for the copper matrix, not only for their high strength but also for the availability and low cost of the iron powder and iron-based materials. Nevertheless, carbon materials such as diamond [15], graphite [16], carbon nanotubes (CNTs) [17] and graphene nano-sheets (GNSs) [18] have been developed as reinforcements. Because of the expensive price of CNTs, diamond and GNSs, and the poor machinability of diamond and carbon materials, these carbon materials are still limited in the application as reinforcements.



Among these reinforcements, SiC is a potential and premium reinforcement for the Cu matrix due to their special properties, which include great hardness and high strength, excellent resistance during oxidation and corrosion, a low coefficient of thermal expansion and high heating transfer capabilities [19,20]. SiC/Cu composites have aroused interest in their properties for improving, electrical [21] and thermal conductivity [22], hardness [23], wear resistance [24], and frictional properties [25,26]. However, many experiments studied on SiC/Cu composites by adding the different content of SiC into the matrix copper. For example, Nalin Somani et al. found that wear resistance capacity was enhanced, and the coefficient of friction was reduced in SiC/Cu, mainly due to the reinforcement by SiC [27]. Rado, et al. found that the Si atom diffuses into the copper matrix and a layer of carbon forms to stop interfacial bonding [28]. According to Jarząbek et al., SiC decomposed to Si and C in contact with copper during the sintering process [29]. Zhang, L. et al. studied SiCp reinforced copper alloy composites, and found that CuSi5, CuSi3 and C were formed in the interfacial reactions; the products were confirmed by XRD tests [30]. Chen, G.Q. et al. found that layered interfacial products consisted of SiC particles, a Cu-Si layer, a polycrystalline C layer and the Cu-Si matrix, but no CuSi3 product was detected in these reacted regions [31]. Strojny-Nędza A, et al. studied SiC/Cu composites using spark plasma sintering, and Cu-SiC-Cu systems were obtained after processing. They found that the copper reacts with the silicon carbide (6H-SiC type) during the process of annealing at high temperature [32]. According to the above, SiC/Cu interfacial investigations are crucial to the properties of the SiC/Cu composites.



In addition to the experiential investigation of the SiC/Cu composites, many theoretical studies have been performed on SiC/Cu composites by molecular dynamics. Zhou Y.G. et al. studied the mechanical behaviors of nanocrystalline SiC/Cu composites via molecular dynamics (MD) simulations and found that high strength and acceptable plasticity of metal matrix composites (MMC) could be obtained by adding a reinforcement to work at the nanoscale [33]. Xiong, Y.N. et al. studied defects generated by cooling of SiC/Cu composites by molecular dynamics and found that during cooling from a higher temperature the magnitudes of thermal residual stresses are higher, and more defects appear in the metal matrix [34]. Much research has studied the interfaces and interfacial electronic properties, via first principles, of TiC/Cu [35], TiB2/Cu [36] and WC/Cu [37] copper matrix composites. The microelectronic properties of the interfacial atoms of SiC/Cu have not been studied by the first principles method. The mechanism of the SiC reinforced Cu matrix at the micro level, especially for electron properties, are not clear.



Hexagonal polytopes (4H and 6H-SiC) are used [38] due to their unique material properties, such as high breakdown voltages, low leakage currents, large thermal conductivities and so on [39]. 6H-SiC has anisotropy of the more than 4.5 electron Hall mobility factor at the normal temperature [40]. Therefore, due to the high electron Hall mobility and premium properties of 6H-SiC, we choose silicon carbide (6H-SiC) as our reinforcement for copper matrix composites.



In this theoretical study, interfacial properties such as interfacial interaction, stabilities of the heterogeneous interface of the SiC/Cu matrix composites were studied via the first principles method. Moreover, according to the interfacial properties of SiC/Cu, the work of adhesion, interfacial energies and ultimate tensile stress were also studied to determine interactions between the SiC particle phase and copper matrix.




2. Computational Details


To construct the 6H-SiC/Cu heterogeneous interfacial models, (0001) and (111) crystal surfaces were utilized to build the SiC, Cu slab and SiC/Cu composites models, respectively. The convergences of the Cu and SiC slabs were tested for acquiring suitable atomic layers to meet the interior features of SiC and Cu bulks. Moreover, along the c axis direction for the SiC and Cu surface slab, a 15 Å vacuum layer was added to eliminate the interactions between the surface atoms. In addition, for the sake of considering all possibilities of the SiC/Cu interfaces, different ways of stacking Cu, the interior structures of SiC and different atomic terminations (carbon terminated (CT) and silicon terminated (ST)) at the surfaces were involved. Therefore, there are 18 types of SiC/Cu models displayed in Figure 1. The stacking patterns of the Cu atoms in the Cu slabs, along with the SiC surface, i.e., “HCP”, “MT” and “OT” stacking patterns were involved, in which the “HCP” stacking pattern means the interfacial Cu atoms were placed on top of the first layer of SiC atoms; “MT” stacking means the interfacial Cu atoms reside on top of the connection midpoint of the first layer SiC atoms, and “OT” stacking means the interfacial Cu atoms reside on top of the second layer SiC atoms. Moreover, owing to the interior structure of the SiC, there are three different structurers connected with the interfacial Cu slab atoms, viz. “(a)” “(b)” and “(c)”. The “(a)” of the 6H-SiC refers to the interfacial atoms C or Si (terminated) residing atop the midpoint of the atomic connection of the first layer of Cu atoms; “(b)” is the inverse of structure “(a)”, and “(c)” means that the interfacial C or Si atoms are connected on top of the first layer of Cu atoms. In general, three different Cu stacking sequences (HCP, OT and MT), three combined modes of SiC ((a), (b) and (c)) and two terminated Si and C atoms of the SiC slab at the surfaces, were taken into account.



All calculations were based on the periodic boundary conditions and plane wave basis set carried out by the Cambridge Serial Total Energy Package Code (CASTEP) [41,42]. Perdew-Burker-Enzerhof (PBE) functional generalized gradient approximation (GGA) [43] was performed to manage the exchange-correlation interactions. Moreover, the Monkhorst-Pack k-point grid [44] 11 × 11 × 1 was sampled with the Brillouin zone for the SiC/Cu, Cu and SiC slab, respectively. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) [45] algorithm was applied to relax the atomic structures to reach the ground state. An energy of 500 eV was chosen as the expansion in reciprocal space for cut-off energy of the plane wave. The total energy tolerance, maximum force tolerance and maximal displacement calculating convergent parameters were performed by 1.0 × 10−5 eV/atom, 0.03 eV/Å and 1.0 × 10−5 Å, respectively. Valence electrons of 3s23p2, 2s22p2 and 3s23p63d24s2 were considered for the Si, C and Cu atom pseudopotentials. In addition, for all 6H-SiC/Cu interfacial models, 18 atoms were included during the processing of calculations.




3. Results and Discussion


3.1. Bulk Properties


The fcc-Cu and 6H-SiC cells were optimized via the GGA-PBE method [46] to evaluate the proper parameters. Our calculated and reported cell parameters are listed in Table 1. 6H-SiC belongs to the P63mc space group and its cell parameters are a = b = 3.095 Å, c = 15.185 Å, α = β = 90°, γ = 120°, respectively. After optimization of the 6H-SiC cell, our calculated 6H-SiC cell parameters are a = b = 3.085 Å, c = 15.123 Å, α = β = 90°, γ = 120°; close to the reported values in Table 1.




3.2. The Convergent Tests of the 6H-SiC(0001) and Cu(111) Slab


The layer thickness was initially determined by testing the change of the layer distances, until optimization of SiC(0001) and the Cu(111) slab reached convergence at the proper atomic layers. On the one hand, the results of the calculation might be inaccurate if atomic layers were too low. On the other hand, much time and resources would be spent if the atomic layers were too large. Therefore, in order to acquire the approximate properties of the bulk for the slab interior, the proper atomic layers of the slabs need to be pretested initially. Δij is applied to determine the layer thickness of the slab as defined in Equation (1). In Equation (1), where    d  i j     refers to the spacing between the neighboring i and j layers of the crystal before relaxation, and      d ′    i j     is the spacing between the neighboring i and j layers after relaxation. The calculated convergent results are listed in Table 2, in which the CT and the ST of the 6H-SiC slabs achieved convergence with the tiny    Δ  i j     values above 11 (for CT    Δ  34     is −0.97%, for ST    Δ  34     is −0.18%) SiC and 7 (   Δ  23     is 0.72%) Cu layer thickness.



Specifically, the calculated    Δ  i j     values for all ST-6H-SiC layer thicknesses (most    Δ  i j     are lower than absolute value |0.5%|) are much lower than those of the CT-6H-SiC layer thickness, which shows that the former are more inclined to be convergent than those of the latter. In addition, it can be seen that after 11 atomic layers of the ST-6H-SiC layer slab, the    Δ  i j     values are gradually reduced and the properties of the interior layers tended to reach those of the bulk materials. Nevertheless, with a layer thickness of CT-6H-SiC above nine (for nine layer thickness their    Δ  23     and    Δ  34     are, respectively, 2.28% and −1.56%), the interior slab properties are similar to the properties of the 6H-SiC bulk, with subtle difference of the    Δ  i j     values. A similar situation happens with the Cu(111) slab when the layer thickness is greater than seven. Therefore, eleven and seven atomic layer thicknesses of SiC and Cu were chosen to construct the SiC/Cu interfacial models.





    Δ  i j   =      d ′    i j   −  d  i j      d  i j     × 100 %   



(1)








3.3. Interfacial and Surface Energy


3.3.1. 6H-SiC(0001) Surface Energy


Due to the hard directive detection of the 6H-SiC/Cu interfacial structure, simulative calculation is a useful method to analyze the interfacial structure details of the composites. The Si and C chemical potentials need to be considered when the 6H-SiC(0001) slab surface energies are studied, because of polarization of the SiC surfaces slab caused by these two types of atoms. As a result, the 6H-SiC(0001) surface plane can be divided into two components viz., the ST and CT surfaces. The surface energy (   γ s   ) can be defined as:


   γ s  =  (   E  slab   −  N  Si    μ  Si   slab   −  N C   μ C  slab   + P V − T S  )  / 2 A  



(2)




where    E  slab     refers to the total energy of the relaxed surface structure,    μ  Si   slab     and    μ B  slab     represent the chemical potentials of Si and C atoms,    N  S i     and    N C    are the number of the Si and C atoms in the corresponding slab, and  A  is the surface area of the interfacial model. Moreover, the pattern PV and TS can be neglected at the specific pressure and 0 K. When 6H-SiC bulk and SiC(0001) slabs were fully relaxed, they both reached the equilibrium state. In Equations (3) and (4),   Δ  H  SiC     stands for the heat formation of the bulk SiC,    μ  SiC   bulk    ,    μ  SiC   slab    ,    μ  Si   bulk     and    μ C  bulk     refer to the chemical potential of the 6H-SiC bulk, SiC(0001) slab, Si bulk and C bulk, respectively. However, the   Δ  H  SiC     obtained in this study is −0.325 eV/until per cell. Equation (5) is acquired by substituting Equations (3) and (4) into Equation (2).


   μ  SiC   slab   =  μ  Si   slab   +  μ C  slab    



(3)






   μ  SiC   bulk   =  μ  Ti   bulk   +  μ C  bulk   + Δ  H  SiC    



(4)






   γ s  =  [   E  slab   −  N C   μ  SiC   bulk   +  (   N C  −  N  Si    )   μ  Si   bulk    ]  / 2 A  



(5)







Because the chemical potential of each element in the bulk is lower than that in the slab, the difference of the chemical potential for each element (  Δ μ  ) can be expressed by the following inequalities:


  Δ  μ  Si   =  μ  Si   slab   −  μ  Si   bulk   ≤ 0  



(6)






  Δ  μ C  =  μ C  slab   −  μ C  bulk   ≤ 0  



(7)






  Δ  H  SiC   ≤  μ  Ti   slab   −  μ  Ti   bulk   ≤ 0  



(8)







The ST and CT-6H-SiC(0001) surface energies were calculated over the entire range of Si chemical potentials. Compared with previous studies, our calculated 6H-SiC(0001) surface energies were, respectively, 2.553–2.878 J⋅m−2 (ST) and 7.367–7.692 J⋅m−2 (CT) (see in Figure 2), which are a little lower than the reported values of 3.22 J⋅m−2 (ST) and 7.82 J⋅m−2 (CT) [50]. In addition, the reported 4H-SiC(0001) surface values were 2.899–3.535 J⋅m−2 for Si-terminated and 7.783–8.426 J⋅m−2 [55] for C-terminated. Other reported results are 2.86–3.52 for Si-terminated and 7.92–8.59 for C-terminated [56], which are very close to our calculated results.




3.3.2. Surface Energy of Cu(111)


The surface energy of Cu(111) has been studied in many previous works, and values are displayed in Table 3. Compared with these surface energies, a Cu(111) surface energy of 1.39 J·m−2 was calculated in this work, which is close to the reported values of 1.32 J·m−2 [29], 1.36 J·m−2 [30] and 1.40 J·m−2 [57], but higher than the previously reported results (1.2 J·m−2 and 2.07 J·m−2) [29,58].




3.3.3. Work of Adhesion (Wad) and Interfacial Distance


The work of adhesion (Wad) was utilized to evaluate the stabilities of the heterogeneous interfaces, which can be expressed as the work of separation when heterogeneous interfaces are divided into the two free independent parts. 1Wad can be defined as:


   W  ad   = −  (   E  SiC / Cu   total   −  E  SiC   slab   −  E  Cu   slab    )  / A =  (   E  SiC   slab   +  E  Cu   slab   −  E  Si / Cu   total    )  / A  



(9)




where    E  Si / Cu   total    ,    E  SiC   slab     and    E  Cu   slab     represent the total energy of the SiC(0001)/Cu(111) composites, the total energy of the relaxed individual separated SiC(0001) and Cu(111) slabs in identical supercells, respectively. A represents the area of the interfacial surface of the SiC(0001)/Cu(111) composites.



In Figure 3a, all Wad values are positive and vary from 0.4 J·m−2 to 3.34 J·m−2. Among the CT-6H-SiC(0001)/Cu(111) interfacial models, CT-MT(b) (3.34 J·m−2) and CT-HCP(c) (0.40 J·m−2) have the largest and the smallest Wad, while for other interfacial models, the Wad values are between these two extremes. The opposite situation occurred at the ST-6H-SiC(0001)/Cu(111) interfaces. In Figure 3b, Wad of the ST-6H-SiC(0001)/Cu(111) interfaces are all negative and vary from −1.80 J·m−2 to −1.32 J·m−2. The stabilities of the CT-6H-SiC(0001)/Cu(111) interfaces are stronger than those of the ST-6H-SiC(0001)/Cu(111) due to the strong interactions of the CT-6H-SiC(0001)/Cu(111) (Wad are positive) and the weak interactions of the ST-6H-SiC(0001)/Cu(111) (Wad are negative).



In addition, interfacial distances of CT-6H-SiC(0001)/Cu(111) are larger than those of the ST-6H-SiC(0001)/Cu(111) in Figure 3a,b, and the average distance of the former is only 0.85 Å contrasting with the large average distance 2.0 Å of the latter. Specifically, the most unstable interface CT-HCP(c) (0.4 J·m−2) has the largest interfacial distance of 1.81 Å, and ST-OT(b) has the largest interfacial distance (2.34 Å) corresponding to its lowest Wad value (−1.81 J·m−2).




3.3.4. H-SiC(0001)/Cu(111) Interfacial Energies


The stabilities of the heterogeneous interfaces can be evaluated via interfacial energies. However, the assessment format of the interfacial energy is different with the work of adhesion; the larger of the interfacial energies, the weaker of the interface stabilities. The interfacial energy can be defined in the following equation for the 6H-Si(0001)/Cu(111) composite models:


   γ  i n     t  =  γ  Cu ( 111 )   +  γ  SiC ( 0001 )   −  W  ad    



(10)




where    γ  i n     t   ,    γ  Cu  (  111  )     ,    γ  SiC  (  0001  )      and    W  ad     represent the interfacial energy of the 6H-SiC(0001)/Cu(111), surface energy of the Cu(111), surface energy of the 6H-SiC(0001) and work of adhesion of the 6H-SiC(0001)/Cu(111), respectively.



According to Figure 4a, all CT-6H-SiC(0001)/Cu(111) interfacial energies are negative, contrasting with the positive interfacial energies of the ST-6H-SiC(0001)/Cu(111), which further ensures that the CT-6H-SiC(0001)/Cu(111) interfaces are more stable than those of the ST-6H-SiC(0001)/Cu(111) interfaces. Specifically, the CT-MT(b) has the lowest interfacial energy (−1.712 J·m−2~−2.037 J·m−2) and the highest Wad (3.34 J·m−2), being the most stable interface among all CT-6H-SiC(0001)/Cu(111) interfacial models. In the same way, the largest interfacial energy (0.510~0.835 J·m−2) and lowest Wad values (−1.81 J·m−2) of the ST-OT(b) has the weakest stable interface among the ST-6H-SiC(0001)/Cu(111) interfacial models. In general, the sequence of the 6H-SiC(0001)/Cu(111) interfacial energies from the large to the small corresponds to the sequence of the Wad from the small to the large, which means the results obtained via these two methods are consistent.






4. Interfacial Atom Electronic Properties of the 6H-SiC(0001)/Cu(111) Composites


The electronic properties of the 6H-SiC(0001)/Cu(111) interfacial atoms were analyzed by charge density distribution, charge density difference and electron localized function methods. Based on these methods, the charge density distribution considers the total electron state of each atom, the charge density difference considers the charge communications between two neighboring atoms, and the electron localized function takes account of the atom bonding state. Furthermore, the partial density of state (PDOS) of the 6H-SiC(0001)/Cu(111) interfacial atoms were analyzed by their atomic orbital electron densities. Among all 6H-SiC(0001)/Cu(111) interfacial models, six of them (CT-HCP(a), CT-MT(a), CT-OT(a), ST-HCP(a), ST-MT(a) and ST-OT(a)) were studied; other calculated models cab been seen in Figure S1 to Figure S6, respectively (see in Supplementary Materials).



4.1. The Charge Density Distributions of the 6H-SiC(0001)/Cu(111) Interfacial Atoms


As shown in Figure 5a–c, abundant charges assembled between the interfacial C and Cu atoms, which indicates that the strong interactions happened at these interfaces. However, in Figure 5c–e, fewer charges distributed among the interfacial Si and Cu atoms, which reveals that weak interactions take place between these two atoms at the interfaces. Compared with CT-6H-SiC(0001)/Cu(111) and ST-6H-SiC(0001)/Cu(111) interfacial charge distribution, it is noted that the charges are inclined to accumulated on CT (6H-SiC(0001)/Cu(111) interfacial atoms than ton hose of the ST (6H-SiC(0001)/Cu(111), which shows that the interactions between the Cu and C atoms are stronger than those between Cu and Si atoms.




4.2. Charge Density Difference of Interfacial Atoms of the 6H-SiC(0001)/Cu(111) Interfacial Atoms


Charge density difference was applied to evaluate the charge communications between two atoms, as defined in Equation (12):


  Δ ρ =  ρ  total   −  ρ  Cu ( 111 )   −  ρ  SiC  (  0001  )     



(11)




where the ρtotal is the total charge density of the 6H-SiC(0001)/Cu(111) interface, and ρCu(111) and ρSiC(0001) refer to the charge densities of isolated Cu(111) and SiC(0001) slab, respectively. In Figure 6, the blue color regions around Si and C atoms of the 6H-SiC indicate that few charge communications are found in these regions. Conversely, the intertwined yellow and red colors surrounding the Cu atoms reveal that strong electron communications take place among the interior Cu atoms. The interfacial atom Cu, Si and C obviously interact by their charge communications, and the color difference between the interfacial Cu and C atoms are more apparent than those of the interfacial Cu and Si atoms, implying that charge communication occurring between Cu and C atoms are stronger than those between Cu and Si atoms.




4.3. Electron Localization Function (ELF) of 6H-SiC(0001)/Cu(111) Interfacial Atoms


ELF is dimensionless and its values are between 0 and 1, evaluating the electron localized or unlocalized state between the two atoms. When the ELF equal to 1, t the electrons between two atoms are fully localized. If ELF = 0, the electrons are totally unlocalized. If ELF is equal to the median value (0.5), the atoms are surrounded by homogeneous electron gases [60]. In Figure 7, the dark green color among the Cu atoms of the six models reveals that abundant free electrons exist in the Cu interior. For the interior SiC of the six models, the red color between Si and C atoms shows that strong covalent bonds form between the two atoms. The color between the interfacial Cu, C and Si atoms is quite different from those of their interior, showing that bonding state of the interfacial atoms are different from those of the interior atoms.




4.4. The Partial Density of State (PDOS) of 6H-SiC(0001)/Cu(111) Interfacial Atoms


The partial density of state (PDOS) was applied to determine features of the bonding states and electronic structures of the interfacial atoms. Six 6H-SiC(0001)/Cu(111) interfacial models were utilized to analyze the interfacial atom bonding states, and their PDOS results displayed in Figure 8. PDOS of the other models can be seen in Figure S7 to Figure S8. In Figure 8a–c, the PODS of the first C layer atom are different with those of their interior C layer atoms. For instance, a sharp peak appears at −10.9 eV for s-orbital electrons of the 1st C atoms in CT-HCP(a) and CT-MT(a) implying that the electrons belonging to the s-orbit of the first C atom are larger than those of the interior C atoms. Moreover, the similar intensity electron of the s-orbit for CT-OT(a) appears as a sharp peak at −10.1 eV in contrast to CT-HCP(a) and CT-MT(a).



The p-orbital charges of the first C atom pass through the Fermi energy level, which shows that the electrons are unlocalized between the interfacial C and Cu atoms. In comparison with the PDOS of interfacial and interior Cu atoms, the two peaks appeared at −1.51 eV and −1.99 eV for interior Cu atoms but were at −3.74 eV and −4.69 eV for the first Cu atom for CT-HCP(a) (Figure 8a). The transformed differences of these two peaks are −2.7 eV and −2.23 eV, which shows that the energies decreased more than those of the interior Cu atoms. In addition, the d-p orbital hybrid formed via the d-orbital electrons of the first Cu atom along with the p-orbital electrons of the first C atoms, which leads to a C–Cu covalent bond formatted. The intensities of the two peaks decreased nearly 0.91 eV/atom and 1.45 eV/atom for the first Cu atom, contrasting with those of the interior Cu atoms. A similar result was obtained for CT-MT(a) and CT-OT(a), respectively.



The curves of the PDOS of the ST-6H-SiC(0001)/Cu(111) are different from those of the CT-6H-SiC(0001)/Cu(111). Taking ST-HCP(a) for instance (Figure 8d), although the p-orbital electrons pass through the Fermi energy level, only feeble intension of the p-orbital electrons occurs around the Fermi energy level. In contrast to the s-orbital and p-orbital electrons of the interior Si atoms, subtle changes happened to those of the interfacial Si atoms, which implies that the p-orbital electrons of the interfacial Si atoms are less influenced by d-orbital electrons of the interfacial Cu atoms. Moreover, the line shape of the first Cu d-orbit is not the same as the that of the CT-HCP(a), nor of its interior Cu atoms. In comparison with the interior Cu d-orbit, the line shape of the interfacial Cu d-orbit has a wider and broad peak, which formed by the two peaks (same as the interior line shape of the Cu d-orbital) move to each other and finally combined to a single broad peak. Therefore, the interactions between interfacial Si and Cu atoms are quite different than those of the C and Cu atoms, i.e., the type bond between Si and Cu atoms is different from the bond which formed between Cu and C atoms. Moreover, the bond formed between interfacial Si and Cu in ST-HCP(a) is similar in ST-MT(a) and ST-OT(a). The PDOS of other CT-6H-SiC(0001)/Cu(111) and ST-6H-SiC(0001)/Cu(111) interfacial models had similar results to those obtained by CT-HCP(a) and ST-HCP(a), and they can be seen in Figures S7 to S8.





5. Interfacial Mechanical Properties


5.1. Interfacial Elastic Properties of 6H-SiC(0001)/Cu(111) Interfaces


The elastic energy of an homogenous substance is a constant, while for heterogeneous materials it is quite different [61,62,63]. For 6H-SiC(0001)/Cu(111) heterogeneous interfaces, the fracture toughness tends to occur at the interface. Therefore, the interfacial fracture toughness was evaluated via elastic energy as defined in Equation (12) [64]. In Equation (12), G1 and G2 refer to the shear modulus of SiC and fcc-Cu bulk, D1 and D2 represent the diameters of the atoms at the interface and ν2 is the Poisson’s ratio of bulk fcc-Cu. The specific interfacial elastic values of 6H-SiC(0001)/Cu(111) are displayed in Table 4, where the interfacial elastic energies of the CT-6H-SiC(0001)/Cu(111) are higher than those of corresponding ST-6H- SiC(0001)/Cu(111). According to the Table 4, the interfacial stabilities of CT-6H-SiC(0001)/Cu(111) are more stable than those of the ST-6H-SiC(0001)/Cu(111).


   γ  es   =    G 1   G 2  (  D 1  +  D 2  ) |  D 1  −  D 2  |   2 π  D 2  (  G 1  +  G 2  ) ( 1 +  ν 2  )    [  ln  [       D 2    2 |  D 1  −  D 2  |       ]  + 1  ]   



(12)







The assumed interfacial elastic energies are not consistent with the sequence of Wad and γ (interfacial energies), e.g., ST-MT(c) has the largest Wad (−1.32 J·m−2) and lowest interfacial energy (0.273–0.600 J·m−2), but its interfacial elastic energies (2.84 J·m−2) are neither the highest nor the lowest among the ST-6H-SiC(0001)/Cu(111) interfaces, which is mainly due to the complicated circumstance of the interfaces, such as the diameter of the interfacial atoms, the occupation of the interfacial atoms and the work of adhesion of the interfaces. Similar results were acquired for CT-6H-SiC(0001)/Cu(111) interfaces. Therefore, it can be noted that the elastic energies of 6H-SiC(0001)/Cu(111) interfaces influenced by different atomic termination (CT or ST) are stronger than those of stacking modes (HCP, MT, OT for Cu stacking and (a), (b), (c) for SiC interior structures). Specifically, the elastic energies of CT-6H-SiC(0001)/Cu(111) interfaces are about 2 J·m−2 larger than those of the ST-6H-SiC(0001)/Cu(111) interfaces. In addition, comparing the same atom terminated interfaces (CT or ST-6H-SiC(0001)/Cu(111)), the difference of the elastic energies are no more than 1 J·m−2, e.g., the difference of the highest (CT-OT(a)) and the smallest (CT-OT(c) elastic energy of CT-6H-SiC(0001)/Cu(111) is 0.87 J·m−2 (the difference of ST-6H-SiC(0001)/Cu(111) is 0.9 J·m−2).




5.2. Interfacial Fracture Toughness of the 6H-SiC(0001)/Cu(111)


The generation of the stress transferred depending on the interfaces is ascribed to the ductile matrix to brittle reinforcement of the composites. The energy released from the crack tip zone is the same as the energy required to form the crack area and is a necessary condition for brittle fracture under the static condition.



The bulk and the interface of the composite fractures can be estimated according to the Griffith theory.


   G  bulk   = 2  γ s   



(13)






   G  i n t   =  γ  s 1   +  γ  s 2   −  γ  s 12   −  γ  e s      



(14)







Therefore, the work of fracture at interface for composites can be defined in Equations (13) and (14), where    γ s    refers to the energy of bulks,    γ  s 1     represents the surface energy of the one part,    γ  s 2     refers to the surface energy of the other part,    γ  s 12     is the interfacial energy before the heterogeneous interfaces fractured into two faces and    γ  e s     represents the interfacial elastic energy, respectively. Because the works of adhesion are closely related the surface energies    γ  Cu ( 111 )    ,    γ  SiC ( 0001 )     and interfacial energies    γ  i n t     (   W  ad   =  γ  Cu  (  111  )    +  γ  SiC  (  0001  )    −  γ  i n     t   ) Equation (15) is obtained via substituting the Equation (10) into the Equation (14), which can be expressed as:


   G  i n t   =  W  ad   −  γ  e s    



(15)







In Equation (14), the negative sign of    γ  e s     indicates that before the interface breaking into two free surfaces the system sustaining elastic energy. Before the interface fractured into two free surfaces, which requires    G  bulk     >    G  i n t    , when the interface trend to fracture into two free surfaces, which demands    G  bulk     gradually approaches    G  i n t     (   G  bulk     =    G  i n t    ), and for absolutely fractures of the interface, which requests    G  i n t     >    G  bulk    . Therefore, it could be noted that when SiC/Cu interface fractured, the separated two parts are interior Cu matrix and SiC particles, respectively.



According to the Equation (13),    G  Cu  (  111  )    = 2  γ  Cu  (  111  )     . Therefore, the value of    G  Cu  (  111  )      at 2.78 J·m−2, is twice the Cu(111) slab surface energy(1.39 J·m−2). However, due to the polar surface of the SiC(0001) slab, its fractures    G  SiC  (  0001  )      are more complex. The    G  SiC  (  0001  )      can be obtained from the sum of the    γ  SiC  (  0001  )   - Si      (ST-6H-SiC(0001) surface energies) and    γ  SiC  (  0001  )   - C      (CT-6H-SiC(0001) surface energies), which represent the Si-terminated surface energy of the SiC(0001) and the C-terminated surfaces energy of the SiC(0001), respectively. Thus, the value of the    G  SiC  (  0001  )      can be obtained via the surface energy of the SiC(0001). It can be noted that there are two region of surface energies with chemical potential of the Si atom from the poor side to the rich side. So, the works of fractures    G   SiC ( 0001 )      is equal to the sum of the C-terminated SiC(0001) surface energies (in Figure 2 which is 7.692 J·m−2 ) and the Si-terminated SiC(0001) surface energies (in Figure 2 which is 2.553 J·m−2) on the poor side of the Si chemical potential (the value of    G  SiC  (  0001  )      is 10.245 J·m−2). Similarly, the same    G  SiC  (  0001  )      value 10.245 J·m−2 can be acquired on the rich side of the Si chemical potential, the C-terminated SiC(0001) surface energies and the Si-terminated SiC(0001) which are, respectively, 7.367 J·m−2 and 2.878 J·m−2. Table 5 shows fracture values of all SiC/Cu interfacial models obtained via Equation (14). According to the results in the Table 5, it can be noted that all    G  i n t     values are negative (the values vary from −5.32 J·m−2 (ST-OT(b)) to −1.49 J·m−2 (CT-MT(b)) and are smaller than their corresponding    G  bulk     (   G  bulk   =  γ  SiC     = 10.245 J·m−2 or    G  bulk   = 2  γ  Cu     (2.78 J·m−2) values. In general, based on discussion of the    G  bulk     and    G  i n t     mentioned above, it can be noted that the interfaces of all 6H-SiC(0001)/Cu(111) are hard to fracture.





6. Ultimate Tensile Strength


The Ultimate Tensile Stress and Strains of the 6H-SiC(0001)/Cu(111) Interfaces


As strain increases along the c directions of the models, the ultimate tensile stress of the various 6H-SiC(0001)/Cu(111) models can occur under different ultimate strains. Therefore, to determine the ultimate tensile strength of the 6H-SiC(0001)/Cu(111) interfacial models, a 0.02 strain step is performed in the c directions to reach the ultimate tensile stress of the 6H-SiC(0001)/Cu(111) interfaces. In order to obtain the relationships of the strain and ultimate tensile stress, stress vs. strain were plotted to acquire the variation trend of the stress. The normal strain can be expressed by Equation (16) [64] in terms of engineering strain.


   ε  tensile   =  (  l −  l 0   )  /  l 0   



(16)




where l0 and l refer to the primary cell length and the deformed cell length, respectively. The engineering strain yield maintains the interfacial supercell model in a quasi-static way. The ultimate tensile stress of the C-terminated and Si-terminated 6H-SiC(0001)/Cu(111) can be obtained via a plot of the stress vs. strain as in in Figure 9. Figure 9a,c shows all strains which from 0 to 0.32, and at the highest stress a 0.005 strain step was added to confirm the ultimate tensile stress. Figure 9b,c shows enlarged graphs which are marked red squares in Figure 9a,c respectively.



According to the Figure 9, the plotted strain vs. stress of CT-6H-SiC(0001)/Cu(111) can be distinguished by their color point lines (Figure 9a). However, the plotted strain vs. stress of ST-6H-SiC(0001)/Cu(111) have the same variation trend which leads to all colored lines overlapping (Figure 9c). The ultimate tensile stress for CT-6H-SiC(0001)/Cu(111) interfaces are nearly at 23 GPa (varying from 22.11 GPa (CT-OT(b) to 23. 73 GPa (CT-HCP(c)) and their corresponding stains are different from 0.26 (CT-HCP(c)) to 0.295 (CT-HCP(b)). In addition, the ultimate tensile stress for ST-6H-SiC(0001)/Cu(111) in Figure 9d is about 25.5 GPa (the lowest is 25.46 GPa (ST-HCP(c) and the highest is 25.96 GPa (ST-MT(c)). The strain corresponding to the ultimate tensile stress with the small differences for ST-6H-SiC(0001)/Cu(111) interfaces are respectively from 0.26 to 0.27. In comparison with the ultimate tensile stress of the ST-6H-SiC(0001)/Cu(111), the CT-6H-SiC(0001)/Cu(111) have higher ultimate tensile stress values. The strains at the ultimate tensile stress are equal to or higher than 0.28 (excepting for CT-HCP(c) (0.265)) for most of the CT-6H-SiC(0001)/Cu(111) interfaces. The strains corresponding to the ultimate tensile stress of CT-6H-SiC(0001)/Cu(111) interfaces are larger than those of the highest strain corresponding to the ultimate tensile stress 0.27 of the ST-6H-SiC(0001)/Cu(111) interfaces. The higher strain of the CT-6H-SiC(0001)/Cu(111) interfaces indicate that they have better plastic properties, which are ascribed to the C–Cu formed at the interfaces, i.e., the plastic properties have been enhanced by SiC reinforcement of the copper matrix, mainly due to covalent carbide formed at the interfaces.





7. Conclusions


SiC/Cu matrix composites were systematically investigated via first principles. The stable properties, electronic properties and ultimate tensile strength of 6H-SiC(0001)/Cu(111) interfaces were studied and the main results are summarized: below.



(1) The work adhesion and interfacial energies indicate that the CT-SiC(0001)/Cu(111) interfaces are more stable than the ST-SiC(0001)/Cu(111) interfaces.



(2) The charge density distribution, charge density difference, electron localization function and PDOS were calculated to investigate the electronic properties of 6H-SiC(0001)/Cu(111), and the results indicate that covalent C–Cu bonds are formed at the CT-6H-SiC(0001)/Cu(111) interfaces, while less interactions between the Si and Cu atoms of ST-6H-SiC(0001)/Cu(111) interfaces indicate that the valence bonds between them are weak.



(3) The ultimate tensile strains of 6H-SiC(0001)/Cu(111) were estimated. The ultimate tensile stresses were about 23 GPa and 25 GPa for the CT-6H-SiC(0001)/Cu(111) interfaces and the ST-6H SiC(0001)/Cu(111) interfaces, respectively. Moreover, the strains corresponding to ultimate tensile strength were mostly higher than 0.28 and 0.26 for the CT-6H-SiC(0001)/Cu(111) and for ST-6H-SiC(0001)/Cu(111), respectively.
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Figure 1. 6H-SiC Reinforced Copper Matrix Composite Models: (A) Carbon-terminated (CT)-6H-SiC(0001)/Cu(111) interfacial models, (B) silicon-terminated (ST)-6H-SiC(0001)/Cu(111) interfacial models. The above graphs represent side views of the 6H-SiC(0001)/Cu(111). Under the side view graphs is a top view of the 6H-SiC(0001)/Cu(111). 
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Figure 2. Surface energy of 6H-SiC(0001) with respect to Si chemical potential change. 
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Figure 3. Interfacial distance and work of adhesions for 6H-SiC(0001)/Cu(111): (a) CT-6H-SiC(0001)/Cu(111) interfaces; (b) ST-6H-SiC(0001)/Cu(111) interfaces. 






Figure 3. Interfacial distance and work of adhesions for 6H-SiC(0001)/Cu(111): (a) CT-6H-SiC(0001)/Cu(111) interfaces; (b) ST-6H-SiC(0001)/Cu(111) interfaces.



[image: Crystals 12 00051 g003]







[image: Crystals 12 00051 g004 550] 





Figure 4. Interfacial energy of the 6H-SiC/Cu composite models: (a) CT-6H-SiC(0001)/Cu(111) interfacial energies; (b) ST-6H-SiC(0001)/Cu(111) interfacial energy. 
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Figure 5. Charge density distribution of the interfacial atoms of all “(a)” types of 6H-SiC(0001)/Cu(111) interfacial models along (211) interface (eV/Å3). (a) CT-HCP(a); (b) CT-MT(a); (c) CT-OT(a); (d) ST-HCP(a); (e) ST-MT(a); (f) ST-OT(a). 
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Figure 6. Charge density difference of the interfacial atoms of all “(a)” types of 6H-SiC(0001)/Cu(111) interfacial models along (211) interface (eV/Å3). (a) CT-HCP(a); (b) CT-MT(a); (c) CT-OT(a); (d) ST-HCP(a); (e) ST-MT(a); (f) ST-OT(a). 
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Figure 7. Electron localization function of the interfacial atoms of all “(a)” types of 6H-SiC(0001)/Cu(111) interfacial models along (211) interface (eV/Å3). (a) CT-HCP(a); (b) CT-MT(a); (c) CT-OT(a); (d) ST-HCP(a); (e) ST-MT(a); (f) ST-OT(a). 
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Figure 8. Partial density of state of the interfacial atoms of all “(a)” types of 6H-SiC(0001)/Cu(111) interfacial models. (a) CT-HCP(a); (b) CT-MT(a); (c) CT-OT(a); (d) ST-HCP(a); (e) ST-MT(a); (f) ST-OT(a). 
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Figure 9. Strain vs. stress of the 6H-SiC(0001)/Cu(111). (a) The profiles of tensile stress vs. engineering strain of the CT-6H-SiC(0001)/Cu(111), (b) partial enlargement of the tensile stress vs. engineering strain of the CT-6H-SiC(0001)/Cu(111) around the ultimate tensile strength, (c) the profiles of tensile stress vs. engineering strain of the ST-6H-SiC(0001)/Cu(111), (d) partial enlargement of the tensile stress vs. engineering strain of the ST-6H-SiC(0001)/Cu(111) around the ultimate tensile strength. 
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Table 1. Simulated and experimental cell parameters of the 6H-SiC and Cu bulks.
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Bulks

	
Method

	
a (Å)

	
c (Å)

	
Vo






	
6H-SiC

	
GGA [this work]

	
3.085

	
15.123

	
143.93




	
GGA [47]

	
3.078

	
15.114

	
143.19




	
GGA [48]

	
3.079

	
15.110

	
143.25




	
GGA [49]

	
3.081

	
15.117

	
143.50




	
GGA [50]

	
3.09

	
15.17

	
144.85




	
Exp. [51]

	
3.08

	
15.08

	
143.05




	

	
GGA [this work]

	
3.628

	
3.628

	
47.77




	

	
GGA [35]

	
3.627

	
3.627

	
47.71




	
Cu

	
GGA [52]

	
3.636

	
3.636

	
48.07




	

	
GGA [53]

	
3.631

	
3.631

	
47.87




	

	
Exp. [54]

	
3.615

	
3.615

	
47.24
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Table 2. 6H-SiC(0001) and Cu(111) surface relaxations as a function of termination and slab thickness.
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Surfaces

	
Interlayer

	
  Slab   Thickness   ( n ) ,    Δ  i j     (%)




	
3

	
5

	
7

	
9

	
11

	
13






	
ST-6H-SiC(0001)

	
Δ12

	
−1.13

	
−0.08

	
−0.21

	
−0.16

	
−0.21

	
−0.22




	
Δ23

	

	
1.34

	
0.09

	
0.03

	
−0.10

	
−0.16




	
Δ34

	

	

	
−0.19

	
−0.19

	
−0.18

	
−0.30




	
Δ45

	

	

	

	
0.08

	
−0.18

	
−0.35




	
Δ56

	

	

	

	

	
−0.32

	
−0.42




	
Δ67

	

	

	

	

	

	
−0.49




	
CT-6H-SiC(0001)

	
Δ12

	
−11.0

	
−3.69

	
−5.83

	
−6.47

	
−6.55

	
−6.51




	
Δ23

	

	
5.07

	
2.33

	
2.28

	
2.57

	
2.20




	
Δ34

	

	

	
−1.10

	
−1.56

	
−0.97

	
−1.49




	
Δ45

	

	

	

	
−0.37

	
−0.37

	
−0.24




	
Δ56

	

	

	

	

	
−0.09

	
−0.55




	
Δ67

	

	

	

	

	

	
−0.18




	
Cu(111)

	
Δ12

	
1.32

	
0.33

	
0.59

	
0.92

	
0.07

	
−0.13




	
Δ23

	
-

	
0.68

	
0.72

	
1.04

	
1.01

	
0.85




	
Δ34

	
-

	

	
0.89

	
1.32

	
0.53

	
1.05




	
Δ45

	
-

	

	

	
1.08

	
0.72

	
0.88




	
Δ56

	
-

	

	

	

	
0.74

	
0.79




	
Δ67

	

	

	

	

	

	
0.75
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Table 3. Calculated surface energy of Cu(111).
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Entry

	
Surface Energy (J·m−2)






	
Cu(111)

	
1.39 [this work]

	
1.32 [35]

	
1.36 [36]

	
1.2 [58]

	
1.40 [57]

	
2.07 [59] (unrelaxed)
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Table 4. The interfacial elastic energy of SiC(0001)/Cu(111).
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Entry

	
Atomic

Termination

	
G1 (GPa)

	
G2 (GPa)

	
D1 (×10−12m)

	
D2 (×10−12m)

	
ν2

	
γes (J·m−2)






	
ST-6H

SiC(0001)/Cu(111)

	
ST-HCP(a)

	
191.00

	
78.73

	
263.5

	
361.5

	
0.266

	
2.63




	
ST-MT(a)

	
191.00

	
78.73

	
244.5

	
359.6

	
0.266

	
2.88




	
ST-OT(a)

	
191.00

	
78.73

	
197.7

	
357.5

	
0.266

	
3.50




	
ST-HCP(b)

	
191.00

	
78.73

	
246.3

	
358.7

	
0.266

	
2.84




	
ST-MT(b)

	
191.00

	
78.73

	
238.1

	
360

	
0.266

	
2.98




	
ST-OT-(b)

	
191.00

	
78.73

	
198.4

	
359.2

	
0.266

	
3.52




	
ST-HCP(c)

	
191.00

	
78.73

	
198

	
358.7

	
0.266

	
3.51




	
ST-MT(c)

	
191.00

	
78.73

	
247.8

	
360

	
0.266

	
2.84




	
ST-OT(c)

	
191.00

	
78.73

	
260

	
358

	
0.266

	
2.60




	
CT-6H

SiC(0001)/Cu(111)

	
CT-HCP(a)

	
191.00

	
78.73

	
120.8

	
361

	
0.266

	
4.80




	
CT-MT(a)

	
191.00

	
78.73

	
122.5

	
354.5

	
0.266

	
4.63




	
CT-OT(a)

	
191.00

	
78.73

	
93.4

	
359.1

	
0.266

	
5.49




	
CT-HCP(b)

	
191.00

	
78.73

	
123.1

	
353.7

	
0.266

	
4.60




	
CT-MT(b)

	
191.00

	
78.73

	
120.5

	
362.1

	
0.266

	
4.83




	
CT-OT(b)

	
191.00

	
78.73

	
121.3

	
360.8

	
0.266

	
4.78




	
CT-HCP(c)

	
191.00

	
78.73

	
93.5

	
359.3

	
0.266

	
5.49




	
CT-MT(c)

	
191.00

	
78.73

	
121.8

	
362.8

	
0.266

	
4.81




	
CT-OT(c)

	
191.00

	
78.73

	
121.2

	
352.9

	
0.266

	
4.62
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Table 5. Interfacial fractural mechanism parameters for SiC2/Cu interfaces (J·m−2).






Table 5. Interfacial fractural mechanism parameters for SiC2/Cu interfaces (J·m−2).





	
Entry

	
Interfaces

	
Wad

	
γes

	
Gint

	
GSiC(0001)

	
GCu(111)

	
Gint > Gbulk






	
ST-6H-

SiC(0001)/Cu(111)

	
ST-HCP(a)

	
−1.65

	
2.63

	
−4.28

	
10.25

	
2.78 (2.72 [36])

	
No




	
ST-MT(a)

	
−1.39

	
2.88

	
−4.27

	
10.25

	
2.78

	
No




	
ST-OT(a)

	
−1.66

	
3.50

	
−5.16

	
10.25

	
2.78

	
No




	
ST-HCP(b)

	
−1.46

	
2.84

	
−4.3

	
10.25

	
2.78

	
No




	
ST-MT(b)

	
−1.59

	
2.98

	
−4.57

	
10.25

	
2.78

	
No




	
ST-OT(b)

	
−1.80

	
3.52

	
−5.32

	
10.25

	
2.78

	
No




	
ST-HCP(c)

	
−1.55

	
3.51

	
−5.06

	
10.25

	
2.78

	
No




	
ST-MT(c)

	
−1.32

	
2.84

	
−4.16

	
10.25

	
2.78

	
No




	
ST-OT(c)

	
−1.37

	
2.60

	
−3.97

	
10.25

	
2.78

	
No




	
CT-6H-SiC(0001)/Cu(111)

	
CT-HCP-a

	
2.76

	
4.80

	
−2.04

	
10.25

	
2.78

	
No




	
CT-MT-a

	
2.83

	
4.63

	
−1.83

	
10.25

	
2.78

	
No




	
CT-OT-a

	
0.46

	
5.49

	
−5.03

	
10.25

	
2.78

	
No




	
CT-HCP-b

	
2.88

	
4.60

	
−1.72

	
10.25

	
2.78

	
No




	
CT-MT-b

	
3.34

	
4.83

	
−1.49

	
10.25

	
2.78

	
No




	
CT-OT-b

	
2.83

	
4.78

	
−1.95

	
10.25

	
2.78

	
No




	
CT-HCP-c

	
0.40

	
5.49

	
−5.09

	
10.25

	
2.78

	
No




	
CT-MT-c

	
3.30

	
4.81

	
−1.51

	
10.25

	
2.78

	
No




	
CT-OT(c)

	
2.88

	
4.62

	
−1.74

	
10.25

	
2.78

	
No
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