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Abstract

:

Nanoindentation-based fracture toughness measurements of ceramic materials like silicon carbide (SiC) with pyramidal indenters are of significant interest in materials research. A majority of currently used fracture toughness models have been developed for Vickers indenters and are limited to specific crack geometries. The validity of the indentation-cracking method for the fracture toughness measurement of single crystal SiC, the elastic-plastic anisotropy and orientation dependence around the c-axis when indented in the <0001> direction is examined using nanoindentation with different pyramidal indenters. The residual impressions are analyzed using scanning electron microscopy to measure the crack lengths and the validity of existing fracture toughness measurement methods and equations is analyzed. A combination of nanoindentation with different pyramidal indenters to produce a wide range of effective strains and finite element simulation is used to extract flow properties of single crystal SiC in the <0001> direction. It is observed that there is no orientation dependence around the c-axis when SiC-6H is indented in the <0001> direction with a Berkovich indenter, i.e., it is transversely isotropic. It is also found that for a Berkovich indenter, the Jang and Pharr model, which is based on the Lawn model for cone/halfpenny cracks, gives approximately constant values at low loads (<1 N), while at higher loads (>1 N), the Laugier model gives constant fracture toughness values. Finite element analysis using equivalent cones is used along with measured hardness values to estimate the yield strength, the work hardening exponents and the stress–strain curve for single crystal SiC-6H in the <0001> direction.
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1. Introduction


1.1. Silicon Carbide


Silicon carbide (SiC) as a material for structural applications has received tremendous interest starting in the 1980s for high temperature, high stress applications like gas turbine engines to increase their efficiency and life span. SiC crystallizes in over 200 polytypes [1,2] with different Si–C stacking sequences. The most common polytypes are the 3C (Cubic) or β and 6H (Hexagonal) or α-SiC [3] and have similar mechanical and thermal properties but different electrical and optical properties. SiC, due to covalent bonding, has a high elastic modulus (~450 GPa) and has shear yield strength of about one tenth of the shear modulus [4], which makes it suitable for composite armor and high strength applications. SiC has superior creep behavior and wear resistance [5,6] which make it an ideal material for use in wear resistant coatings in a variety of automotive components like pistons, valve heads, bearings, etc. and in micro-electromechanical systems. The physical (wide bandgap, high thermal conductivity and high electric field strength) and chemical properties of SiC-6H polytype make it an ideal material for high temperature, high frequency, high power devices, including radar and microwave applications under extreme conditions [7].



Nanoindentation, although initially developed for probing mechanical properties of thin films [8,9,10,11,12] and small-length scale properties [13,14], has recently emerged as an important technique and has been used for high and low temperature testing [15], high strain rate testing [16], dynamic testing for storage and loss moduli [17], creep testing [18,19] and testing properties in a variety of environments (liquids, etc.) [20].



SiC has a high resistance to yielding, but unlike metals, cracks and pre-existing flaws easily propagate because there is very limited dislocation-mediated plastic deformation. A few researchers have attempted to investigate the fracture strength of single crystal SiC-6H using microspecimens [21,22,23,24]. Henshall et al. [24] found that the fracture toughness of single crystal SiC-6H is 3.3 MPa·m1/2 using 3-point bend specimens, which are aligned such that the notch was in the (11–20) plane and the direction of crack propagation is <1–100>. Liang et al. [25] measured the fracture toughness of polycrystalline SiC and compared it to single edge-notched beam (SENB) measurements and found the fracture toughness to be around 3 MPa·m1/2. Sharpe et al. [21,22] found the fracture strength of single crystal SiC-6H microspecimens to be 0.5–1.5 GPa in tension, when the tensile axis is orientated parallel to the <10–10> direction. Nihara et al. [26] and Swayer et al. [27] also performed Knoop hardness measurements on the (0001), (10–10) and (11–20) planes and concluded that the primary-slip system in SiC-6H on which plastic deformation under indentation occurs is preferentially (0001) <11–20> at low temperatures and (1010) <11–20> at high temperatures. Henshall et al. [28] in 1985 used a combination of Vickers and Berkovich indentation in SiC-6H on the (0001) and the (1–100) planes along with SENB measurements to determine the anisotropy of the fracture toughness and hardness. Miyoshi et al. [29] showed that friction, deformation, and fracture of the SiC (0001) surface depend on the crystallographic orientation and that the anisotropies are primarily controlled by the slip system (10–10) <11–20> and cleavages of (10–10) and (0001). Qian et al. [30] measured the Knoop and Vickers hardness and fracture toughness of SiC-6H single crystals and observed that the values at the asymptotic-hardness region are significantly smaller (~20%) than those at low loads, indicating an indentation size-effect. In order to study inelastic deformation mechanisms in SiC-6H, Page et al. [4,31] performed TEM measurements of the deformation zones beneath the indenter and found that plastic deformation is accommodated entirely by nucleation and outward propagation of dislocations on the basal plane, which points to the importance of dislocation-mediated plasticity during indentation of SiC-6H. Kitahara et al. [32] concluded that the primary cleavage planes both in SiC-6H are less resistant to fracture in some cases during indentation experiments which means cleavage of single crystals is an important factor in addition to grain boundary failure in the assessment of cracking in polycrystals. Another study by Yan et al. [33] showed evidence that Berkovich indentation of single crystal SiC-6H transforms the single crystal into polycrystalline SiC directly under the indenter tip. In addition to forming microcracks and basal plane dislocations around the indent, it was also found that the depth of indentation-induced subsurface damage is greater than the indentation depth based on TEM observations. Recent studies on elastic and plastic anisotropy by indentation experiments have shown that SiC has very weak anisotropy in modulus and hardness in different orientations studied [34]. The location of the indent and the stress states during loading are therefore necessary to determine which mode controls the deformation or cracking.




1.2. Fracture Toughness Measurement Using Nanoindentation


Nanoindentation has proved to be a useful tool to evaluate the fracture toughness (mode I) of materials based on the formation of cracks at the corners during indentation. The lengths of cracks, which extend due to the residual stress field, can be related to the fracture toughness of the material. Lawn and Evans [35] proposed the use of Vickers indentation for fracture toughness measurement in the 1980s to relate the plane-strain, mode I, critical stress intensity factor (KIC) to the observed crack lengths. The Lawn equation (Equation (1) below) is based on Hill’s expanding cavity solution for an elastic-plastic solid assuming a halfpenny crack:


    K  I C   = α    (   E H   )    1 / 2    (   P   c  3 / 2      )      



(1)




where P is the indentation load, E is Young’s modulus, H is the hardness, c is the total length from the center of the indent to the end of crack and α is a constant related to the crack morphology and the shape of the indenter used. From the expressions proposed by different researchers over the last two decades, those proposed by Anstis [36], who fitted Equation (1) using experimental data for brittle materials over a range of KIC (1 to 12 MPa·m1/2), and Laugier [37] who modified Equation (1) according to specifics of the crack geometry, have been the most commonly used. Pharr and Jang [38] suggested a modification to the parameter α (α = (0.03352/(1 − ν))(Cot(ψ))2/3) in the Lawn model, to take into account the half-opening angle (ψ) of different pyramidal indenters, and the poisson’s ratio of the material (ν). The Pharr and Jang model [38] was found to be valid for cone/halfpenny cracks. Gong et al. [39] also suggested a modification for the Anstis equation to include the indentation size effect at low loads. The Laugier equation (Equation (2) which was developed for determining the fracture toughness of WC-Co (Tungsten Carbide–Cobalt) ceramics for Palmquist cracks using a Vickers indenter, is given by:


    K  I C   =  χ v     (   l a   )    − 1 / 2      (   E H   )    2 / 3    (   P   c  3 / 2      )      



(2)




where l is the length of the length of the crack; a is the length from the center of the indent to the corner of the indent; E, H, P and c have the same meanings as in Equation (1); and χv was found to be 0.015 for radial cracks [37]. Dukino and Swain in 1992 [40] developed a correction to the Laugier equation (χv = 0.016) for a Berkovich indenter by taking into account the number of symmetric cracks proposed by Ouchterlony. Conventional indentation cracking methods for fracture toughness measurement require a long crack larger than the indent size. In ceramics, the indent size is comparable to the equilibrium crack size [35,36]. The role of plasticity is difficult to evaluate in hard ceramics, which gives a more qualitative measure of the toughness when measured using indentation cracking methods [38].




1.3. Estimation of Flow Properties Using Nanoindentation Experiments


Extraction of (stress, strain) flow properties using the values of hardness and modulus obtained during nanoindentation experiments relies on the calculation of constraint factors and characteristic strains for a given geometrically self-similar indenter and an assumed constitutive relationship. A unique solution can be obtained using pyramidal indenters with different centerline-to-face angles combined with finite element analysis. Various researchers have used nanoindentation data to obtain stress–strain curves for a material. The method used by Shim et al. [41] is used to estimate the stress–strain curve. The finite element procedure, which is based on Tabor’s concepts of characteristic strains and constraint factors, starts with an initial guess of the yield strength (Y). It is assumed that the materials have a linear elastic response up to the yield point, and follow the Hollomon stress–strain law with the constraint factor relating hardness to flow stress, and that the conical finite element simulations used approximates the behavior of the three-sided pyramid indenters used in experiments. Since it is not possible to get information about plasticity in ceramics using uniaxial testing at room temperatures, nanoindentation with different centerline-to-face angle indenters can be used to extract information about the plasticity of these ceramics. The constraint on deformation due to the indentation geometry produces plastic deformation in these materials, even though they are very brittle in conventional tension or compression tests.



The nanoindentation fracture toughness measurement using pyramidal indenters remains a topic of significant interest, especially for ceramics and other brittle materials. A majority of indentation fracture toughness models are based on the measurements done using the top view of the impression, and it is assumed that cracks created during indentation are halfpenny or Palmquist cracks. The cracking mode during indentation can change depending on the load and the half-opening angle of the indenter used. This research is aimed at studying the validity of the popular indentation fracture toughness models over a range of loads for pyramidal indenters with different half-opening angles. This research also uses a combination of nanoindentation results with different pyramidal results (different characteristic strains) and finite element simulations to generate stress–strain curves and obtain plasticity information about SiC-6H, which cannot be obtained by traditional tension-compression testing at room temperature.





2. Materials and Methods


A Nanoindenter XP® (Nano Instruments Innovation Center, MTS Corporation, Knoxville, TN, USA) was used to perform nanoindentation experiments at ambient temperature using Berkovich [42] and pyramidal indenters with different centerline-to-face angles on the single crystal SiC samples used in this research. All nanoindentation experiments were done using the continuous stiffness measurement (CSM) technique [43] which gives the load on the sample and the contact stiffness as a function of the displacement of the indenter into the samples. The single crystal samples (semiconductor-grade Cree Research, Inc., Durham, NC, USA—herein after referred to as SiC-6H) used in this study were electronic-grade α-SiC (6H polytype). The crystal was transparent with a greenish color from the N impurity with EPI(Epitaxy ready)-grade-polished Si-face. The single crystal wafer was broken along the cleavage planes in the <a> direction and then mounted in resin. Polishing of the mounted samples was done by first mechanical polishing with SiC grit paper from 120 to 2400 grit followed by polishing with Buehler MasterMet 2 non-crystallizing colloidal silica (SiO2) polishing suspension (0.02 µm) using a vibratory polisher. The SiC-6H (Cree single crystal SiC) samples were indented using pyramidal indenters with different half-opening angles (ψ) of the indenter (45°, 55°, 65.3°, 75°), perpendicular to the (0001) and the (−12–10) plane. Data were taken as an average of more than 20 indents. Scanning electron microscopy (SEM) analysis was conducted using a Zeiss Auriga dual beam FIB/SEM instrument to image the post indentation residual impressions made by different indenters on various samples. A Nikon interference microscope was also used to characterize the amount of pile-up post indentation in single crystal samples. Indentation when performed in the <0001> direction is herein after indicated as SiC-6H(0001).



A commercial finite element package ABAQUS was used to perform two-dimensional finite element analysis (FEA) using an axis-symmetric model (a cylinder with 200 µm in both length and radius) of four-node linear axisymmetric elements with rigid conical indenters with half-included angles 52.1°, 61.4°, 70.3° and 78.2°, corresponding to half-opening angles of 45°, 55°, 65.3° and 75°, respectively, of the pyramidal indenters. The method outlined by Shim et al. [44] shown schematically in Figure S2 in Supplementary Materials, was used to perform FEA simulations to estimate the flow properties of SiC-6H in the <0001> direction. The friction coefficients of 0 and 0.2 were chosen to represent the ideal frictionless case and the realistic case for SiC-6H, respectively.




3. Results and Discussion


3.1. Berkovich Indentation on SiC-6H Single Crystal


Figure 1 below shows the load (P) vs. displacement into surface (h), modulus (E) vs. h and hardness (H) vs. h curves for SiC-6H single crystal samples. The hardness and the modulus data were corrected for pile-up behavior by using SEM and interference microscope images of the indents to determine the actual contact area. It can be seen from Figure 1c that the SiC-6H when indented in the <0001> direction shows an indentation size effect on the hardness. This is probably due to pop-in behavior at low loads observed during the Berkovich indentation experiments on SiC-6H samples when indented in the <0001> direction (see Supplementary Materials, Figure S1). SiC-6H when indented in the <01–10> direction does not show any pop-in behavior during Berkovich indentation (see Supplementary Materials, Figure S1). The results are summarized in Table 1 below. The hardness and modulus of SiC-6H in the <0001> direction is higher than in the <01–10> direction. The differences in modulus and hardness between the <0001> and the <01–10> directions are ~7% and <0.5%, respectively, indicating that SiC-6H has very little elastic and plastic anisotropy. The hardness values are similar to those obtained in previous research by Shaffer et al. [45], who obtained a hardness of around 30 GPa in the c-axis and around 26 GPa in the a-axis using a Knoop indenter, and by Henshall et al. [28] who obtained hardness values of around 30 GPa in the <0001> and 28 GPa in the <1–100> direction using a Berkovich indenter. Figure 2 shows representative SEM images of Berkovich indentations in SiC-6H single crystal samples when indented in the <0001> and the <01–10> directions. A difference in the cracking pattern between the two orientations is observed; when indented in the <0001> direction, cracks originate at the tip (Figure 2a–f), whereas for <01–10> (Figure 2g–i), at least one out of three or sometimes all of the cracks originate from the side of the indent for reasons related to anisotropy in cleavage cracking. Based on our previous research [34] and conclusions made by other researchers on elastic and plastic anisotropy in SiC-6H [4,31,45,46], indentation in the <0001> direction is primarily used to determine cracking behavior and flow properties.




3.2. Indentation Cracking in SiC-6H


3.2.1. Orientation Effects in SiC-6H Single Crystals during Indentation in the <0001> Direction


The SiC-6H single crystal samples were indented with a Berkovich indenter in the <0001> direction by rotating them in the <a> plane to study indenter orientation effects. Figure 3 shows representative images in four different rotations around the <0001> axis in the <a> plane. The yellow lines in the images show the path of the cracks. It can be seen from the images that the crack propagation in the single crystal generally takes place parallel to the nearest cleavage plane. There is very little difference (<1% between the maximum and the minimum) in the measured hardness, modulus and the crack lengths in these indentation experiments, indicating that SiC-6H does not exhibit significant orientation effects during Berkovich indentation experiments in the <0001> direction. Table 2 shows the average hardness, modulus, and c/a ratios for different rotation angles. These observations agree with observations made by Shaffer et al. [45], who also noticed that there is no significant difference in the hardness values when using the Knoop indenter in the <0001> axis with the long axis of the indenter parallel to the (10–10) and (11–20) faces.




3.2.2. Influence of Indenter Angle (Centerline-to-Face) on Cracking in SiC-6H(0001)


Pyramidal tips with different centerline-to-face angles were used to study the effect of the indenter angle on the cracking of SiC-6H when indented in the <0001> direction. Figure 4a–c shows representative SEM images of indents using a 75° pyramidal indenter at different peak loads on SiC-6H in the <0001> direction. Figure 4d–f shows representative SEM images of indentations in SiC-6H in the <0001> direction using a 55° pyramidal indenter at various peak loads. The sharper the indenter, the more strain it will generate in a material for a given peak load. A 55° pyramidal indenter therefore has a greater displacement into surface than a 75° indenter at a particular peak load. At low loads, for brittle ceramics, previous literature has shown that, it is expected that there will be median radial cracking at low loads, which Palmquist cracking will be at higher loads. Previous research [19,38] has shown that a sharper indenter, which induces more strain in the material, may be able to change the cracking mode from the median radial cracking mode to the Palmquist cracking mode. It can be seen from Figure 2, Figure 3 and Figure 4 that the surface cracking patterns for all the 55°, 65° and 75° pyramidal indenters appear to be similar. However, there might be a difference in the subsurface cracking between the sharper (55°) and the blunter (75°) indenters. It can also be seen from SEM images that at a particular peak load, the crack lengths for a shaper indenter are much larger than those for a blunt indenter.





3.3. Fracture Toughness Measurement in SiC-6H(0001)


Figure 5a,b shows the variation of c/a and the P/c1.5 ratios at various loads (P) for different pyramidal indenters when the SiC-6H single crystal samples are indented in the <0001> direction. The results show that the c/a ratios are not constant, indicating that the cracking behavior of the SiC-6H when indented in the <0001> direction is not geometrically self-similar. According to the model developed by Lawn et al. [35] and the model developed by Jang and Pharr [38], the P/c1.5 ratio should stay constant for a given material, provided that there is no change in the cracking mode. It can be seen from Figure 5b that the ratio stays approximately constant for the Berkovich indenter up to 1 N peak load, after which it starts increasing. This might be indicative of a change from the median cracking to the Palmquist cracking regime. Figure 5c shows the indentation fracture toughness of SiC-6H(0001) at various peak loads evaluated using both the Lawn and the Laugier models. The Lawn model gives constant values up to 1 N loads, after which the Laugier model gives constant values. Since the Lawn model and the Laugier model were developed for median and Palmquist cracking systems, respectively, it is conceivable that at low loads (<1 N), the cracking is median radial-type while at higher loads (>1 N), the cracking is of Palmquist type. The observed indentation fracture toughness is about 3.2 MPa·m1/2. Liang et al. [25] also obtained similar values of approximately 3 MPa·m1/2 for polycrystalline SiC using indentation methods that are verified using SENB experiments.



Applying the Laugier and the Jang and Pharr models (based on the Lawn model) for fracture toughness measurements with pyramidal indenters with different centerline-to-face angles requires accurate constants. Since the equations were developed for certain crack morphologies, in order to check whether the fracture toughness equations are valid for a given indenter over a range of loads, the Jang and Pharr equation and the Laugier equation can be modified to Equations (3) and (4), respectively:


    K  I C   / α    (   E H   )    1 / 2   =  (   P   c  3 / 2      )  = constant     



(3)






    K  I C   /  χ v     (   E H   )    2 / 3   =    (   l a   )    − 1 / 2    (   P   c  3 / 2      )  = constant     



(4)




where in the Equations (3) and (4) above, the left side of the modified equation above should be constant for a given indenter geometry and a given material; KIC, α, χ, E and H are constant as long as there are no indentation size effects or changes in the mode of fracture. Figure 5c,d shows the evaluation of the validity of the Laugier model and the Jang and Pharr model based on the Lawn model for the fracture toughness measurement in SiC-6H when indented in the <0001> direction. It can be seen from Figure 5c,d that the Laugier model does not yield constant values for the modified equation at low loads for a 55° centerline-to-face angle indenter as compared to the Jang and Pharr model based on the Lawn model, while for a 75° centerline-to-face angle indenter, the Jang and Pharr model based on the Lawn model is valid for peak loads up to 5 N. The Laugier model does not seem to yield constant values up to 5 N peak load for a 75° pyramidal indenter. It is conceivable that at higher loads for a 75° indenter, the Laugier model might give constant values for fracture toughness.




3.4. Extraction of Flow Properties


Nanoindentation experiments with pyramidal indenters having different centerline-to-face angles were performed on SiC-6H along the <0001> direction. Figure 6a,b shows the load displacement curves with different pyramidal indenters at peak loads of 200 mN, and the hardness values measured using the residual impressions. As expected, the penetration depth and therefore the hardness decreases with an increase in the centerline-to-face angle, while an increase in reversible elastic recovery is also observed with an increasing centerline-to-face angle. Since the FEA analysis requires accurate values of modulus, the value obtained using the elastic contact prediction of 460 GPa for the elastic modulus in the <0001> direction [34] is used in the analysis. The elastic modulus (460 GPa), pile-up-corrected hardness (Hcorr) (Figure 6b) for different pyramidal indenters, a poisson’s ratio of 0.18, an assumed friction coefficient (0 or 0.2) and an initial guess of yield strength (Y = Hcorr/2) are the starting inputs for the iterative process (see Supplementary Materials, Figure S2). Figure 6c,d summarizes the FEA results for the characteristic strains, constraint factors and flow stresses after 4 iterations for different half-opening indenter angles (ψ = 45°, 55°, 65°, 75°) and friction coefficients (µ = 0 and 0.2). It should be noted that friction plays an important role in calculating the hardness of a material and in determining the constraint factor and characteristic strains for sharp indenters. According to the literature [41], the normal force exerted by an indenter can increase by up to 20% for a 45° indenter with an increase in the friction coefficient from 0 to 0.2. Based on the constraint factors and characteristic strains and the E/Y ratios obtained in the FEA analysis, the Hollomon fit variables (n and K) are calculated and shown in Figure 6. Figure 6d shows the stress–strain curves for SiC-6H(0001) extracted using the flow stress and characteristic strain values obtained from a combination of experimental indentation hardness values and FEA simulations using equivalent cones. The results from the FEA analysis shown in Figure 6d show similar trends to the results obtained by Shim et al. [44] but the values of the Holloman fit exponents (n and K) and the yield strength are different due to the difference in the values of the modulus and hardness used by Shim et al. [44]. The yield strength is estimated to be 6.2–8 GPa, which agrees with previous literature [4,41].





4. Conclusions


Nanoindentation experiments were carried out to experimentally evaluate the fracture and plastic flow of single crystal SiC in the <0001> direction. Salient observations include:




	
There is no significant indenter orientation dependence when indented in the <0001> direction using a Berkovich indenter, indicating that SiC-6H is a transversely isotropic material.



	
It was found as expected that the sharper indenters produce more strains in the material and longer cracks for a given peak load. The surface cracking patterns are similar for all pyramidal indenters used in this research. This does not consider any subsurface cracking that might occur due to different pyramidal indenters. It is also possible that there might be lateral subsurface cracking at higher loads along with possible phase transformation in the material at higher loads for a particular indenter. Further careful study of the subsurface cracking needs to be done for a better understanding of the effects of cracking on fracture toughness.



	
Fracture toughness measurements were carried out, and the Jang and Pharr model based on the Lawn model and the Laugier models were evaluated for different pyramidal indenters. It was found that within the range of our testing loads, the Jang and Pharr model for the fracture toughness measurement works better for estimating the fracture toughness of SiC-6H in the <0001> direction. It was also found that for a Berkovich indenter, the Lawn model, which is for medial radial cracking modes, gives approximately constant values at low loads (<1 N). It was also found that for a Berkovich indentation experiments in SiC-6H in the <0001> direction, at higher loads (>1 N), the Laugier model gives constant fracture toughness values. It is conceivable that there is a change in the cracking modes in this range of loads. Since most indentation fracture toughness models are developed using assumptions based on the top view of residual impressions, it becomes apparent based on the experimental results that careful consideration and attention must be given to possible changes in cracking, phase transitions and other mechanisms with increasing loads along with the indenter geometry.



	
Finite element analysis using equivalent cones was used along with measured hardness values to estimate the yield strength, the work hardening exponents and the stress–strain curve for single crystal SiC-6H in the <0001> direction. It was found that it is possible to estimate the stress–strain curve, the yield strength of a material and the Holloman fit constants for a brittle material like SiC-6H, provided accurate information about friction coefficients is available. Verification of the stress–strain curve is not possible due to the non-availability of room temperature uniaxial stress–strain curves. The results obtained in this study show good agreement with previous researchers.
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Figure 1. (a,c) Load–displacement curves for Berkovich indentation of SiC-6H samples. (b) Pile-up-corrected hardness (H)—displacement into surface (h) curves for Berkovich indentation of SiC-6H samples (d) Pile-up-corrected modulus (E)—h curves for Berkovich indentation of SiC-6H samples. 
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Figure 2. (a–f) Representative SEM images of Berkovich indentation of SiC-6H in the <0001> direction at different peak loads. (g–i) Representative SEM images of Berkovich indentation of SiC-6H in the <01–10> direction at different peak loads. 
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Figure 3. Representative images of Berkovich indentations in SiC-6H in the <0001> direction with different rotations around the <0001> axis. (Yellow lines are drawn approximately on the crack or parallel to the crack to indicate the angle). 
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Figure 4. (a–c) Representative SEM images of indentations with a 75° tip in SiC-6H in the <0001> direction at different peak loads, (d–f) representative SEM images of indentation with a 55° pyramidal tip in SiC-6H in the <0001> direction at different peak loads. 
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Figure 5. (a) Load (P) vs c/a ratio for indentation in SiC-6H(0001) with different pyramidal indenters. (b) Load vs. P/c1.5 ratio. (c) Fracture toughness measurement in SiC-6H(0001) using different pyramidal indenters based on the Jang and Pharr model. (d) Evaluation of the Laugier model based on Equation (4). 
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Figure 6. (a) P–h curves for indentation of SiC-6H in the <0001> direction with pyramidal indenters of different centerline-to-face angles. (b) Corrected hardness (input) measured as a peak load over a measured area (obtained with an SEM) for pyramidal indenters of different centerline-to-face angles. (c) Constraint factor (output) and characteristic strain (output) with pyramidal indenters of different centerline-to-face angles using FEA analysis. (d) Stress–strain curves for SiC-6H(0001) using FEA analysis. 
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Table 1. Modulus and hardness of SiC-6H measured by Berkovich indentation.
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SiC-6H—Indentation Direction

	
Berkovich Indentation




	
EOP

	
HOP

	
ECorr

	
HCorr




	
(GPa)

	
(GPa)

	
(GPa)

	
(GPa)






	
<0001>

	
549.66 ± 20.63

	
40.97 ± 1.21

	
503.13 ± 28.19

	
32.26 ± 5.01




	
<01-10>

	
513.71 ± 19.84

	
39.13 ± 0.79

	
461.94 ± 22.49

	
30.81 ± 2.1
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Table 2. Hardness, modulus and c/a ratios for Berkovich indentation along the c–axis in different orientations around the c axis.
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EOP

	
HOP

	
c/a




	
(GPa)

	
(GPa)

	
@ 500 mN






	
R1 (θ ≈ 19°)

	
543.81 ± 27.13

	
49.70 ± 3.67

	
1.97 ± 0.06




	
R2 (θ ≈ 12°)

	
546.58 ± 29.29

	
49.64 ± 3.14

	
1.96 ± 0.09




	
R3 (θ ≈ 5°)

	
545.64 ± 24.46

	
49.08 ± 2.75

	
2.03 ± 0.07




	
R4 (θ ≈ 7°)

	
542.77 ± 21.44

	
48.85 ± 2.49

	
1.98 ± 0.13
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