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Abstract 

Single-crystal silicon carbide (SiC) has been widely applied in the military and civil fields because of its excellent 
physical and chemical properties. However, as is typical in hard-to-machine materials, the good mechanical properties 
result in surface defects and subsurface damage during precision or ultraprecision machining. In this study, single- 
and double-varied-load nanoscratch tests were systematically performed on single-crystal 4H-SiC using a nanoin-
denter system with a Berkovich indenter. The material removal characteristics and cracks under different planes, 
indenter directions, normal loading rates, and scratch intervals were analyzed using SEM, FIB, and a 3D profilometer, 
and the mechanisms of material removal and crack propagation were studied. The results showed that the Si-plane 
of the single-crystal 4H-SiC and edge forward indenter direction are most suitable for material removal and machin-
ing. The normal loading rate had little effect on the scratch depth, but a lower loading rate increased the ductile 
region and critical depth of transition. Additionally, the crack interaction and fluctuation of the depth-distance curves 
of the second scratch weakened with an increase in the scratch interval, the status of scratches and chips changed, 
and the comprehensive effects of the propagation and interaction of the three cracks resulted in material fractures 
and chip accumulation. The calculated and experimental values of the median crack depth also showed good 
consistency and relativity. Therefore, this study provides an important reference for the high-efficiency and precision 
machining of single-crystal SiC to ensure high accuracy and a long service life.
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1  Introduction
As third-generation semiconductor materials with a wide 
bandgap, single-crystal silicon carbides (SiC), such as 
4H-, 6H-, 15R-, and 3C-SiC, are hexagonal, rhombohe-
dral, or cubic structures that have a high hardness, strong 
stability, low thermal conductivity, favorable temperature 
resistance, and other excellent physical and chemical 
properties [1, 2]. Single-crystal SiC is advantageous for 

producing electronic and sensor devices under extreme 
temperature, pressure, frequency, power, and radiation 
conditions and is widely used in the aerospace, telecom-
munication, automotive, and semiconductor production 
fields. Recently, researchers have demonstrated increased 
interest in the performance characterization, applica-
tions, and growth of high-quality and large-sized single-
crystal SiC [3, 4].

To obtain various high-quality components with low 
surface damage, grinding, polishing, and other precision 
and ultraprecision machining methods are used to pro-
cess single-crystal SiC and ensure high surface integrity 
in the finished components [5–8]. However, single-crys-
tal SiC is a typical hard-to-machine material due to its 
high hardness, brittleness, and low fracture toughness [9]. 
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These properties result in surface defects and subsurface 
damage such as cracks, scratches, chipping, and spalling 
during the machining process, which seriously affect the 
accuracy and service life of the components [10]. There-
fore, it is important to study the material removal charac-
teristics and ductile removal mechanism of single-crystal 
SiC to achieve machining with high efficiency and preci-
sion, low emissions, and carbon reduction.

The use of the nanoscratch test with a diamond 
indenter is an effective method for investigating the 
material removal mechanism, crack propagation, surface 
deformation, and damage characteristics in machining 
and has been widely applied in property tests for various 
types of workpieces and films.

Huang et  al. [11] studied the surface and subsurface 
deformation characteristics during the nanoscratching of 
cemented carbide and showed that smooth surfaces were 
produced at loads of less than 3 mN. When large loads 
were applied, debris, fractures, and crushed particles 
were generated. Li et  al. [12] systematically studied the 
effect of strain rate on the surface deformation charac-
teristics and surface damage by conducting nanoscratch 
tests at different scratch speeds on Lu2O3 single crystals. 
The results showed that a higher scratch speed results in 
a shallower scratch depth and more continuous chips. 
Marshall et al. [13] studied transverse crack propagation 
in the contact field of sharp indenters and discussed the 
prospect of predicting the transverse fracture degree of 
other ceramics. Huang et al. [14] performed nanoscratch 
tests on dense bulk alumina ceramic samples with three 
grain sizes, and the results showed that the plastic defor-
mation ability of ultra-fine-grained alumina ceramic sam-
ples increases at the nano-and microscales. Kovalchenko 
et  al. [15] used abrasive particles of different shapes to 
characterize monocrystalline silicon. The results showed 
that spherical WC particles induce a uniform cutting 
pressure and limit the degree of brittle fracture. Moreo-
ver, the sharp edges and corners of the particles pro-
duce stress concentration areas, leading to cracking and 
spalling. Wu et  al. [16] studied the lattice bending and 
dislocations, twins, and stacking faults during the process 
of carving GaAs. The results showed that the residual 
stress may be the cause of local lattice bending. Wasmer 
et  al. [17] studied the mechanical deformation of GaAs 
nanoindentation and scratching and found that twins 
were the main deformation processes during the inden-
tation process, and only slip bands and ideal dislocations 
were observed during the scratch process. Qiu et al. [18] 
conducted double-scratch tests on glass ceramics to 
study the mechanisms of crack propagation and material 
removal. The results showed that the interaction between 
adjacent scratches depends on the scratch depth and 
separation distance. Cai et al. [19] performed a scratching 

study on AIN ceramics and found that when the double 
scratch interval was between 0.5 μm and 1 μm, the sec-
ond scratch merged with the first scratch to form a single 
scratch, resulting in an increase in the depth of the sec-
ond scratch.

In this study, varied-load nanoscratch tests were per-
formed on single-crystal 4H-SiC using a nanoindenter 
system with a Berkovich indenter to investigate the mate-
rial removal, crack propagation, surface deformation, and 
damage characteristics of single-crystal SiC in ultrapre-
cision machining. The material removal characteristics 
under different planes, indenter directions, loading rates, 
and scratch intervals are discussed, and the nanoscratch 
groove surface morphology, distribution law of cracks, 
material deformations and fractures, and cross-sectional 
characteristics are analyzed using SEM, FIB, and 3D pro-
filometry. Finally, the mechanisms of material removal 
and crack propagation in single-crystal 4H-SiC are stud-
ied. The proposed research provides a guideline for the 
high-efficiency and precision machining of single-crystal 
SiC to ensure high accuracy and a long service life.

2 � Experimental Method
The workpiece material was 4H-SiC (Hefei Yuanjing 
Technology Material Co., Ltd., China), where H and 
4 denote the hexagonal structure and periodicity of 
the tetrahedrons along the [0001] c-axis of the crystal, 
respectively. The differences between the [0001] Si- and 
[000-1] C-plane of 4H-SiC in nanoscratch tests are dis-
cussed herein. Figure  1 shows the microstructure dia-
gram [20]. The surface of the 5×5×0.41 mm workpiece 
was polished, and the roughness was less than 15 nm. 
Additionally, the workpiece was fixed to a copper sub-
strate using a special solid adhesive. The size of the sub-
strate was 20 ×10 ×1 mm, and its surface was polished 
before adhesive bonding. To ensure cleanliness, it was 
necessary to clean the workpiece before the tests. First, 
the workpiece was placed in an acetone solution and 
rinsed twice using an ultrasonic cleaning machine for 10 
min. The samples were then cleaned using distilled water 
for 10 min before being dried in a dust-free environment.

Figure 1  Micro-structure diagram of the Si- and C-plane [20]
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As shown in Figure  2, varied-load nanoscratch tests 
were carried out using a Nano Indenter G200 (Keysight 
Technologies, USA) to observe the stage and character-
istics of the brittle, ductile, and brittle-ductile removal of 
the materials and to explore the crack propagation and 
surface deformation of the single-crystal 4H-SiC during 
machining. The diamond triangular-pyramidal Berkovich 
indenter was used because it has the same surface and 
projection area as the Vickers indenter and avoids the 
influence of the tip cross-edge [21]. The geometric shape 
of the Berkovich indenter used in this study is shown in 
Figure  2(b). Its tip radius is 90 nm, the included angle 
between the centerline and each edge is 77.05°, and the 
included angle between the centerline and each surface 
is 65.3° [22].

Figure  3 shows the experimental scheme for the var-
ied-load nanoscratches used in this study. The material 
removal characteristics under different planes (Si- and 
C-plane), indenter directions (edge, face, and side face 
forward), normal loading rate vp (5, 7, 10 mN/s), and 
scratch intervals d (3, 5, 8, 11, 14 μm) were discussed, and 
the mechanism of material removal and crack propaga-
tion was also analyzed. A field-emission scanning elec-
tron microscope (MIRA3 TESCAN, TESCAN ORSAY 
HOLDING, a. s., Czech Republic) and a focused ion 
beam scanning electron microscope (Crossbeam 350, 
Carl Zeiss Microscopy GmbH, Germany) were employed 
to observe the microcracks, fractures, and deformations 
of the surface and subsurface, and an optical surface pro-
filometer was used to determine the 3D morphology and 
cross-sectional characteristics of the double nanoscratch.

3 � Results and Discussions
3.1 � Material Removal Characteristics of the Si‑ and C‑ 

plane
Figure 4(a) and (b) show the surface morphology char-
acteristics of the scratches on the Si- and C-planes, 

respectively. With an increase in loading, the width 
and depth of the scratches, chips, and both sides of the 
scratches increased accordingly. Ductile, transition, 
and brittle regions were distinguished based on groove 
morphology characteristics to facilitate the comparison 
of the distinct scratch regions.

In Figure  4(a) and (b), zones (a1)–(a3) and (b1)–
(b3) represent some portions and the final part of the 
scratch, respectively, and diagrams (a4) and (b4) indi-
cate the depth-distance curve of the scratch. No obvi-
ous cracks or fractures were observed in either zone 
(a1) or (b1). However, in zones (a2), (a3), (b2), and 
(b3), both sides of the scratches began to show the 
morphological characteristics of some cracks, chunks, 
and squama-shaped fractures, and this became more 
evident with the progression of scratching. Accord-
ing to diagrams (a4) and (b4), the scratch groove sur-
face produced the first crack, and the curve began to 
fluctuate, therefore, the scratch depth at this time was 
defined as the critical value of the brittle-plastic tran-
sition. The critical depths of the ductile-brittle transi-
tion [23–25] of the C- and Si-planes on scratching are 
approximately 212.3 and 105.5 nm, respectively. This 
shows that the initiation of brittle material removal on 
the C-plane occurred earlier than that on the Si-plane. 
Furthermore, in zones (a3) and (b3) of the final part of 
the scratches, the scratch track of the C-plane deflects 
and its depth-distance curve exhibits greater fluctua-
tion, whereas the scratch process of the Si-plane is rela-
tively stable. This is possibly related to the element type 
and mechanical properties of the two planes [26–29] 
and also indicates that the brittle fracture damage of 
the C-plane is more serious than that of the Si-plane, 
where the latter is more suitable for precision or ultra-
precision machining.

Figure 2  (a) Schematic of the nanoscratch process, (b) Structural schematic of the Berkovich indenter
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3.2 � Material Removal Characteristics under Different 
Indenter Directions

Figure 5(a)–(c) show the surface morphology characteris-
tics of the scratch in the indenter directions of the edge, 
face, and side face forward on the Si-plane, respectively. 
In Figure  5(a)–(c), zones (a1)–(c1) and (a2)–(c2) rep-
resent the middle and final parts of the scratch, respec-
tively, and diagrams (a3)–(c3) indicate the depth-distance 
curve of the scratch.

In zones (a1)–(c1) and (a2)–(c2), the scratch groove 
morphology under the indenter direction of the edge 
forward is smoother and more regular than that of the 
face and side face forward, and the chips are also fewer 
in number than those of the last two. Both sides of the 
scratches exhibited crack and fracture morphological 
characteristics, and this became more evident as scratch-
ing progressed. However, the fractures of the former 
are mainly squama-shaped, whereas those of the latter 
two are chunky. According to diagrams (a3)–(c3), the 
critical depths of the ductile-brittle transition under the 
three indenter directions are 162.7, 92.1, and 128.1 nm, 
which correspond to scratch distances of 38.3, 19.2, and 
26.1 μm, respectively. This indicates that the initiation 

for brittle material removal and transition of the first one 
occur later than those of the last two. This is related to 
the difference in chip accumulation and stress release 
under various indenter directions, which is confirmed 
by the fluctuation range and status of the depth-distance 
curves. The above images and data indicate that the 
indenter direction of the edge forward is more suitable 
for the material removal of single-crystal 4H-SiC com-
pared to the last two, and it also extends the range of the 
material’s ductile region.

3.3 � Material Removal Characteristics under Different 
Normal Loading Rates

Figure 6(a)–(c) show the surface morphology character-
istics under normal loading rates of 5, 7, and 10 mN/s, 
respectively, on the Si-plane. In Figure  6(a)–(c), zones 
(a1)–(c1) and (a2)–(c2) represent some portions and the 
final part of the scratch, respectively, and diagrams (a3)–
(c3) indicate the depth-distance curve of the scratch.

In zones (a1)–(c1) and (a2)–(c2), both sides of the 
scratches exhibit crack and fracture morphological char-
acteristics with mainly squama-shaped fractures and sig-
nificant chip accumulation and fracture generation in the 

Figure 3  Experimental scheme of (a) single and (b) double nanoscratch
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final part of the scratches under all three normal loading 
rates. According to diagrams (a3)–(c3), the critical depths 
of the ductile-brittle transition under the three rates are 
235.2, 186.5, and 154.7 nm, and the scratching depths 
under a maximum normal load of 100 mN are 418.1, 
417.1, and 417.4 nm, respectively. This indicates that the 
normal loading rate had little effect on the scratch depth 
under the same maximum normal load. In addition, the 
ductile region and transition critical depth increase at 
lower normal loading rates. This can also be reflected by 
the degree and frequency of the fluctuation of the depth-
distance curves.

3.4 � Material Removal Characteristics under Different 
Scratch Intervals

In actual precision and ultraprecision machining such as 
grinding, lapping, and polishing, multiple scratches that 
interact with each other are generated on the surfaces 
of the components. It is necessary to conduct double-
varied-load nanoscratch tests to study the effect of the 
scratch intervals on material removal. Figure  7(a)–(e) 
show the surface morphology characteristics of the 
scratch at a scratch interval of 3, 5, 8, 11, 14 μm, respec-
tively, on the Si-plane. As shown in Figure  7, zones 
(a1)–(e1) and (a2)–(e2) represent some portions and 
the final part of the scratch, respectively, and diagrams 
(a3)–(e3) show the depth-distance curve of the scratch. 

Furthermore, Figure 8 (a)–(e) show the characteristics of 
a cross-section of the scratch at a distance of 80 μm from 
the starting point of the scratch. An evident interaction 
between the materials is observed at this position, and 
the unloading effect is weaker.

As shown in Figure  7(a) and (b), when the scratch 
interval is small, the second scratch merges with the 
first and deflects, and the transverse or radial cracks 
between the adjacent scratches produce strong inter-
actions, resulting in the removal of a large amount of 
intermediate material between the two scratches. With 
an increase in the scratch interval, the crack interac-
tion between the scratches gradually weakens, and only 
a small number of fractures and chips appear. When the 
scratch interval is 14 μm, there is no interaction between 
cracks and scratches, and the material removal is not 
affected by an adjacent scratch. These characteristics are 
shown in Figure  7(c). A larger fluctuation is presented 
in the depth-distance curve of the second scratch and is 
postponed with an increase in the scratch interval, which 
also decreases the maximum scratch depth. When the 
scratch interval exceeds 7 μm, this fluctuation is gradu-
ally weakened, and the curves of the two scratches show 
high coincidence.

Furthermore, as shown in Figure  8, a large quan-
tity of materials accumulates at the end segments of all 
five groups of double scratches. With the extension of 

Figure 4  Surface morphology characteristics of scratches: (a) Si-plane: (a1) Front part, (a2) Middle part, (a3) Final part, (a4) Depth-distance curve; 
(b) C-plane: (b1) Front part, (b2) Middle part, (b3) Final part, (b4) Depth-distance curve
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the scratch interval, the status of the double scratches 
changed from merging and deflecting to separating, and 
their interaction also decreased. This indicates that it is 
important to select a suitable abrasive distribution and 
density to improve the machining accuracy and efficiency 
of grinding, lapping, and polishing.

3.5 � Mechanism of Material Removal and Crack 
Propagation

For further research on the mechanism and behav-
ior of material removal and crack propagation, the 
subsurface topography characteristics of single and 

double scratches on the Si-plane were observed using 
FIB SEM, as shown in Figures  9 and 10, respectively. 
As the scratching progressed and the scratch depth 
increased, radial cracks were generated on the surface, 
and median and transverse cracks gradually appeared 
in the subsurface of the workpieces [30]. Moreover, 
the median and transverse cracks propagated from the 
subsurface to the surface and interacted with the radial 
cracks, resulting in the brittle removal of the single-
crystal 4H-SiC. This was particularly evident in the 
middle and final parts of the double scratches, as shown 
in Figure 10.

Figure 5  Surface morphology characteristics of scratches under different indenter directions: (a) Edge forward: (a1) Front part, (a2) Final part, (a3) 
Depth-distance curve; (b) Face forward: (b1) Front part, (b2) Final part, (b3) Depth-distance curve; (c) Side face forward: (c1) Front part, (c2) Final 
part, (c3) Depth-distance curve
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In Figures  9(b), 10(c), and (d), squama-shaped frac-
ture can be clearly observed on the surface. Based on 
research on subsurface cracks in scratches, it was con-
cluded that the squama-shaped fracture was caused by 
a strong interaction between the transverse crack of 
the subsurface extending to the material surface and 
radial crack of the material surface. For a single scratch, 
the material removal mode is the interaction between 
the transverse and radial cracks. For double scratches, 
material removal includes the former as well as the 
interaction between adjacent scratches.

The progress of material removal and crack propaga-
tion can be explained using the models shown in Fig-
ures 11 and 12, respectively. Figure 11 shows a schematic 
of the contact between the indenter and workpiece [31].

For a small load, the tip of the Berkovich indenter can 
be approximated as a sphere [32], and the scratch hard-
ness can be defined using Eq. (1):

(1)Hs = P
AN

,

Figure 6  Surface morphology characteristics of scratches under different normal loading rates: (a) 5 mN/s: (a1) Front part, (a2) Final part, (a3) 
Depth-distance curve; (b) 7 mN/s: (b1) Front part, (b2) Final part, (b3) Depth-distance curve; (c) 10 mN/s: (c1) Front part, (c2) Final part, (c3) 
Depth-distance curve
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Figure 7  Surface morphology characteristics of the scratches at different scratch intervals: (a) 3 μm: (a1) Front part, (a2) Final part, (a3) 
Depth-distance curve; (b) 5 μm: (b1) Front part, (b2) Final part, (b3) Depth-distance curve; (c) 8 μm: (c1) Front part, (c2) Final part, (c3) 
Depth-distance curve; (d) 11 μm: (d1) Front part, (d2) Final part, (d3) Depth-distance curve; (e) 14 μm: (e1) Front part, (e2) Final part, (e3) 
Depth-distance curve
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Figure 8  Cross-section characteristics of the scratches under different scratch intervals: (a) 3 μm: (a1) Profile curve; (b) 5 μm: (b1) Profile curve; (c) 8 
μm: (c1) Profile curve; (d) 11 μm: (d1) Profile curve; (e) 14 μm: (e1) Profile curve
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where Hs is the scratch hardness (GPa), P is the normal 
load, and AN is the projected area of the contact region 
between the indenter and workpiece. AN can be approxi-
mated using Eq. (2):

where ξ is the included angle between the centerline and 
edge, h is the scratch depth, and hf  is the residual depth. 
The proportionality coefficient k∗ is then introduced, let-
ting hf = k∗ × h . Therefore, the scratch hardness can be 
calculated as

When the normal load reaches the critical value of Pc , 
the material begins to undergo a ductile-brittle transition:

where λ* is the dimensionless coefficient and KIC is frac-
ture toughness. The critical depth of the brittle-plastic 
transition hp−b can be deduced from Eq. (3) and Eq. (4):

Figure 12(a) and (b) show the schematics of the single 
and double scratches, respectively. During nanoscratch-
ing, the stress concentration leads to median cracks 
at the bottom of the contact area with an increase in 
the load, and the residual stress in the rear area of the 
indenter leads to transverse and radial cracks. With crack 

(2)AN =
√
3
4
tan2(ξ)

(

3h− 2hf
)

h,

(3)Hs = P√
3
4
tan2(ξ)

(

3h−2hf
)

h
= P√

3
4
tan2(ξ)(3−2k∗)h2

,

(4)Pc = �
∗KIC

(

KIC
Hs

)3

,

(5)hp−b =

√

�∗
√
3
4
tan2(ξ)(3− 2k∗)

(

KIC

Hs

)2

.

propagation and interaction, material fractures and chip 
accumulation were observed on the workpiece surface. 
The transverse crack length CL and depth CH were calcu-
lated using Eq. (6) and Eq. (7), respectively [13]:

where C2 is a dimensionless constant, E is the elastic 
modulus, H is the hardness, KIC is the fracture toughness, 
ν is the Poisson’s ratio, FN is the normal force applied to 
the indenter, and β is the half apical angle of the indenter.

The radial crack length CR was calculated using Eq. (8) 
[33]:

Additionally, the median crack depth S can be 
expressed based on Eq. (9), which is as follows [34]:

where αk is a correction coefficient ( αk = 0.1336 ), e is a 
lateral load factor ( e = 1.1 ), and XM

e  and XM
r  are inden-

tation coefficients of the elastic stress field and plastic 
stress field ( XM

e = 0.032 , XM
r = 0.026 ), respectively.

(6)

CL = C2

(

1

tanβ

)5/12
(

E3/4

HKIC

(

1− v2
)1/2

)1/2

FN
5/8

,

(7)CH = C2

(

1

tanβ

)1/3 E1/2

H
FN

1/2
,

(8)CR = 0.12

(

E

H

)1/3

(cotβ)4/9
(

FN

KIC

)2/3

.

(9)

S =

{[

αk

(

1+
XM
e

XM
r

e

)

(cotβ)2/3
(

E

H

)1/2
]

FN

KIC

}2/3

,

Figure 9  Subsurface topography of the Si face with an indenter edge face forward: (a) Direction parallel to the scratch: (a1) Subsurface 
topography; (b) Direction perpendicular to scratch: (b1) Subsurface topography
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The median crack depth, S, can be approximated from 
the edge damage size of the scratch [35]. The edge dam-
age sizes at 10 characteristic positions were measured in 
the experiments. Figure 13(a) shows the measured values 
of the edge damage size under normal forces of 67 and 79 
mN, whereas Figure 13(b) shows the calculated value of 
the median crack depth S and the experimental data of 
the edge damage size. The calculated values were fitted 
using Eq. (9). As shown in Figure 13, the calculated val-
ues and experimental data exhibit good consistency and 
relativity, and the errors between them are less than 10%.

4 � Conclusions
In this study, single- and double-varied-load nanoscratch 
tests were performed on single-crystal 4H-SiC using 
Berkovich indenter. The main conclusions drawn are as 
follows:

Figure 10  Subsurface topography of the double scratches at different scratch intervals: (a) 3 μm: (a1) Subsurface topography; (b) 5 μm: (b1) 
Subsurface topography; (c) 8 μm: (c1) Subsurface topography; and (d) 11 μm: (d1) Subsurface topography

Figure 11  Diagram of the contact region between the indenter 
and workpiece
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(1)	 The initiation of brittle removal on the Si-plane 
occurs later than that on the C-plane, and the 
scratch process is relatively more stable, mak-
ing it more suitable for precision or ultraprecision 
machining.

(2)	 The scratch groove morphology under the edge for-
ward direction is smoother and more regular than 
that of the face and side face forward directions, 
and its brittle removal occurs later than that of the 
other two. Therefore, the forward direction of the 
edge is more suitable for the material removal of 
single-crystal 4H-SiC.

(3)	 The normal loading rate has little effect on the 
scratch depth under the same maximum normal 
load, however, a lower rate increases the ductile 
region and critical depth of transition.

(4)	 In the double nanoscratch tests, the crack interac-
tion between the scratches and fluctuation of the 
depth-distance curves of the second scratch weak-
ens with an increase in the scratch interval, and 
the status of the scratches and chips also changes. 
Therefore, it is important to select a suitable abra-
sive distribution and density to improve machining 
accuracy and efficiency.

(5)	 As scratching proceeds, radial cracks are gener-
ated on the surface, and median and transverse 
cracks appear on the subsurface. The propagation 
and interaction of the three types of cracks result in 
material fractures and chip accumulation. Moreo-
ver, the calculated and experimental values of the 
median crack depth S exhibit good consistency and 
relativity.
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