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In this study, the deformation behaviors and mechanical properties of 4H-SiC
single crystals are investigated using microcantilever beam specimens with two
different sizes, A and B (A < B). Tensile stress is applied along <1120>
direction. Plastic deformation, or nonlinearity, is observed in the stress—strain
curves, and yield stress, or proportional limit, coincides between the two
specimens at ~25 £ 2 GPa. Scanning transmission electron microscopy and
transmission electron microscopy studies show that the plastic deformation is
due to dislocation activities; multiple-dislocation pileup areas are observed in
both the specimens. Assuming {1100}/<1120> prismatic slip which most
plausibly occurs in the <1720>> stress application, the critical resolved shar
stress is estimated to be 10.9 GPa, which agrees well with the previous studies.
Measured fracture strength is 41.9 4 2.8 and 33.5 £ 2.4 GPa for the A and B,
respectively. Dislocation—fracture relationship is discussed on the basis of
dislocation-based fracture mechanics, etc. It is suggested that cracks form within
the multiple-dislocation pileup area, by interaction with dislocation pileups, and
act as fracture origins. A’s strength is close to an ideal tensile strength of 4H-SiC

diodes (LEDs) and microwave devices,?’
space mirrors and optical devices,® and
power electronic devices."""'? In particu-
lar, SiC semiconductors have been studied
extensively for power devices, since they
are operatable at higher voltage, higher
switching frequency, and higher tempera-
tures than silicon. SiC has a large number
of polytypes, including cubic 3C-SiC, hex-
agonal 4H- and 6H-SiC, and rhombohedral
15R-SiC."* Among these polytypes, 4H-SiC
has attracted a lot of attention for the power
device applications, because of its excellent
properties of wide bandgap, high carrier
mobility, high electric breakdown field,
and high thermal conductivity.!'""'”

SiC is a hard chemical compound
comprising covalently bonded silicon and
carbon atoms and had been thought to
be plastically deformable by dislocation

in the <1120> direction, 47-55 GPa.

1. Introduction

Silicon carbide (SiC) is widely used for a variety of engineering
applications requiring high endurance, including structural com-
ponents,'! abrasive parts,’?) automobile parts,?* filters and
porous membranes,>® combustion reactors,”®! light-emitting

glide only at high temperatures under
uniaxial loading conditions. Recently,
however, several studies using micropillar
compression methods have revealed
room-temperature plastic deformation behavior of SiC single
crystals by dislocation glide. Shin et al." performed room-
temperature uniaxial compression tests for 3C-SiC using micro-
pillars and found that ductile plasticity occurred in those of
0.65 pm diameter due to slip on {111} planes. The critical
resolved shear stress (CRSS) was estimated to be 4.9-7.3 GPa
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for {111}<110> slip systems. Kiani et al."* reported dislocation
glide-controlled room-temperature plasticity in uniaxial compres-
sion of micropillars with sub-300 nm diameter of 6H-SiC single
crystals; plastic slip occurred on (0001) basal planes along
<1100> directions at stresses above 7.8 GPa. Chen et al.'®
studied uniaxial compression behavior of 4H SiC nanopillars
with a diameter of ~#180 nm at room temperature and revealed
phase transformation from 4H structure to 3C one due to slip
on (0001) basal planes along <1100> directions at CRSS of
9-10 GPa. Kwon et al.'”! also observed room-temperature plastic
deformation in uniaxial compression of micropillars with diam-
eters below 0.49 pm for 6H-SiC single crystals. Clear slip traces
and dislocations were identified on (0001) basal planes and the
CRSS was determined to be 9.8 GPa. More recently, Kishida
et al®® investigated room-temperature plastic deformation
behavior of 6H-SiC single crystals by uniaxial compression of
micropillar specimens with a square cross section having an edge
length ranging from 1 to 7 pm and an aspect ratio of about 1:3.
The (0001) basal and {1100} prism slips were observed at CRSS
values above 5 and 6 GPa, respectively, each of which increased
with decreasing the specimen size and reached about 7 and 9 GP,
respectively, at 1 pm edge length. It should be noted almost all of
these studies indicated that plastic flow was not in bulk single
crystals or single-crystal micropillars larger than certain sizes,
most likely because of higher density of structural defects. In
contrast, using first-principles calculations, Pizzagalli"® theoret-
ically estimated Peierls stresses for basal-plane slip systems in
2H-, 4H-, and 3C-SiC single crystals to be 9.6, 9.5, and
8.9 GPa, respectively.

It has been well known that dislocation activation and
crack formation are heavily related with each other, and that dis-
location pileups result in stress concentration and/or crack for-
mation, leading to the final failure.?>~*? Therefore, it is critically
important to correctly understand the linkage between disloca-
tion and fracture behaviors. The previously stated micropillars
studies on SiC single crystals were performed in compression,
while fracture of materials normally occurs when a crack devel-
ops under tensile stress. Thus, the evaluation of the dislocation
and fracture behaviors in tension is crucial for ensuring the reli-
ability. Microcantilever method is an effective approach for this
purpose, since it can measure the mechanical properties at
microscopic scale under tensile stress. A load is applied at the
tip of a microcantilever beam specimen to generate the bending
stress on the specimen top surface until the failure occurs.
Microscale mechanical properties have been investigated
for various ceramic materials using this technique, and the
effects of focused ion beam (FIB) milling, crystallographic
orientation and microstructure on the properties have been
reported.[?>=4

In this study, we evaluate deformation behaviors and mechan-
ical properties of 4H-SiC single crystals using microcantilever
beam specimens with two different sizes. Focusing on slip
behaviors on planes excluding (0001) basal ones, tensile stress
is applied along <1120> direction. The specimens were plasti-
cally deformed before failure, and the deformation and fracture
behaviors are discussed in association with dislocation activities
and crack formation.
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2. Experimental Section

2.1. Specimen Preparation

Commercially available single crystals of 4H-SiC (ePAK
International, Inc.) with the dimensions of 10 x 15 x 0.33 mm
were used in this study. Microcantilever beam specimens were
fabricated by FIB combined with scanning electron microscopy
(SEM) at FIB acceleration voltage of 30kV (XVision 200TB,
Hitachi High-Tech Corporation, Japan). A thin carbon coating
was applied to the surfaces before machining to avoid machining
damages. Two types of specimens were prepared, A and B, with
different sizes as shown in Table 1. Figure 1a,b shows the side
and front views of the specimen B, for example, as well as sche-
matic illustration of A and B (Figure 1c). The top, side, and front
surfaces were (0001), (1100), and (1120) planes, respectively, and
the tensile stress was applied along <1 120> direction. Their sec-
tion profile was pentagonal because the bottom two planes were
easily machinable from above by FIB processing. The sectional
shape and sizes of each specimen were determined precisely for
rigorous calculation of the second moment of area.

Table 1. Specimen sizes for microcantilever beam specimens A and B.

Specimen A B

Specimen sizes

Width [um] 05401 14402
Thickness [um] 0.8+0.1 1.5+0.2
Length [um] 46+0.1 13.7£15
Loading point-beam end distance [pm] 3.4+01 9.5+0.8

(a)

Loading point

Fixed end

Loading point-fixed end distance

Thickness

Figure 1. a) Side and b) front views of the specimen B. c) Schematicillus-
tration of the specimens A and B. The top, side, and front surfaces are
(0001), (1700), and (1720) planes, respectively, and the tensile stress
is applied along <17120> direction.
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2.2. Microcantilever Bending Tests

The testing was performed by applying a load at the tip of a
microcantilever beam specimen with a nanoindentation tech-
nique (IT Premier; Bruker Corporation, USA). The load was
applied using a cube corner type diamond indenter at a displace-
ment rate of 15 nm s~ for the specimen A and 30 nm s~ for B.
Three specimens were used for each condition. The cube corner
was advantageous to precisely placing the tip of the indenter at
the loading point, which was beforehand marked on the center-
line by an FIB technique (see Figure 1), enabling a correct
loading.

The measured displacements of indentations generated dur-
ing the microcantilever bending tests included both the depth
of the indent itself and the displacement of the beam specimen
at the loading point. Therefore, as shown in Figure 2, the
load-indent depth curve (indentation curve) was separately deter-
mined by performing a general indentation test on a surface of
the same single crystal using the same cube corner type diamond
indenter as the bending test, and then the corrected curve was
obtained by subtracting it from the measured. Some of the
specimens were unloaded before fractures occurred to verify
occurrence of plastic deformation. The stress and strain were cal-
culated from the load and displacement using the following
equations of beam theory:

_ Pla

o= (1)
3d
e="% @)
PI3
- 6)

where ¢ is the maximum bending stress (hereafter, bending
stress), ¢ is the strain, E is Young’s modulus, P is the applied
load, L is the distance from the loading point to the fixed end
(as shown in Figure 1), a is the distance between the top surface
and the neutral plane, I is the cross-sectional secondary moment,
and d is the displacement at the loading point. The cross-
sectional secondary moment I was calculated considering the
pentagonal shape and sizes. The detailed procedure for deter-
mining I is described in Supporting Information. The bending

1200
1000 — Indentation curve
— Corrected curve

800 | Measured curve
=z
=
© 600 |
©
o
-

400

200

0 L L
0 0.5 1 15

Displacement, pm

Figure 2. Corrected load-displacement curve obtained by subtracting
indentation curve from measured one.
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strength (or fracture strength) and yield stress were determined
from the maximum load and the load at the proportional limit of
the curve, respectively, using Equation (1).

Muramoto et al.?*! (Supporting Information) conducted finite-
element analyses for this type of microcantilever beam specimen
and revealed that that both the maximum normal stress and the
loading-point displacement linearly increased with increasing
the applied load. However, the state of the stress distribution
was not exactly homogeneous, and the maximum normal stress,
which arose not precisely at the fixed end but slightly away
(0.5 pm for 10 pm L) to the free end, was ~6% lower than that
of the beam theory.

Transmission electron microscopy (TEM) samples with a
thickness of less than 100 nm were prepared using FIB-SEM
(Scios; Thermo Fisher Scientific, Inc., USA) for pristine speci-
mens (hereafter, reference) and specimens which were loaded
and unloaded before fracture. The locations where TEM samples
were extracted will be shown later. The acceleration voltage was
set for 30 and 2kV for the sample preparation and the final mill-
ing, respectively. The samples were observed using a TEM
(Talos; Thermo Fisher Scientific, Inc., USA) at an acceleration
voltage of 200 kV. Some transmission images were also obtained
by scanning TEM (STEM). High-resolution TEM simulation
image was constructed by ReciPro.l*”!

3. Results and Discussion

3.1. Stress—Strain Curves

In the measured load—displacement curves, all the pieces of the
specimens A and B indicated that the load linearly increased with
increasing the displacement in the initial stage and then began to
deviate from the linearity at a certain load. Figure 3a,b shows the
stress—strain curves for A and B, respectively, which were calcu-
lated from the load—displacement curves using Equation (1)
and (2). All the fractures occurred in the nonlinearity range.
It should be noted that the stress and strain calculated based
on the beam theory lack entire rigorousness.

The curves are very reproducible in the initial linear regions,
and the Young’s moduli calculated for these regions are listed in
Table 2. Both the specimens A and B show the same value,
483 GPa, which is identical with that measured by an ultrasonic
pulse method for 4H-SiC single crystals in <T 120> direction.*®

For the purpose of examining the observed nonlinear defor-
mations, tests were conducted in which the specimens were
unloaded after the nonlinearity, but before fracture, for both A
and B. The obtained stress—strain curve for B is shown as an
example in Figure 4. For both A and B, the loading and unloading
curves did not coincide, demonstrating the permanent strain in
the unloaded specimen after the nonlinearity appearance. This
indicates that the 4H-SiC single crystals are plastically deformed
under bending stress even at room temperature. The stress at the
proportional limit is defined as a yield stress in this study and was
determined using a procedure similar to that previously
reported.’? The yield stresses obtained for the specimens A
and B are listed in Table 2, exhibiting that the two values
coincide.

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 3. a,b) Stress—strain curves calculated from the load—displacement
curves of the specimens A and B, respectively, using Equation (1) and (2).
All the fractures occurred in the nonlinearity range.

Table 2. Mechanical properties, microscopic observations, and equivalent
crack sizes for microcantilever beam specimens A and B.

Specimen A B

Mechanical properties

Young's modulus, E [GPa] 483.8+0.7 483.9+1.6
Fracture strength, of, [GPa] 419+2.8 33.5+24
Yield stress, oy, [GPa] 251+£19 252+£1.6
CRSS (Equation (5)), 7crss [GPa] 10.9 10.9
Microscopic observations

Depth of defect area [nm] 15 150
Depth of multiple-dislocation pileup area [nm] 5-10 6-20
Depth of area subjected to yield stress or higher, D (Equation (4))

[nm] 107 181
Equivalent crack size, 2¢ (Equation (6))

Griffith crack (Y=1) [nm] 1.2 1.8
Penny-shaped crack (Y=2/z) [nm] 29 4.5

3.2. STEM and TEM Observations

To investigate the sources causing the plastic deformation, STEM
and TEM observations were performed for the specimens which
had been loaded and unloaded before fracture. In the loading, the
bending stress increased up to 37.1 and 32.1 GPa for the speci-
mens A and B, respectively. Figure 5a,b shows STEM images of
the unloaded specimens observed from [1100] direction for A
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Figure 4. Stress—strain curves in the loading and unloading tests for the
specimen B.

Figure 5. a,b) STEM images of the unloaded specimens observed from
[1700] direction for the specimens A and B, respectively. > indicates
the surface of the specimen.
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and B, respectively. The observation area is the beam base por-
tion which was subjected to the maximum bending stress.
Defects were identified in the vicinities of the top and bottom
of the base. Figure 6a,b shows the magnified views of the top
parts indicated by the red frames in Figure 5a,b, respectively.
For comparison, an image from the same crystal direction
[1100] for the reference (non-loaded) is also given in
Figure 6c. The dark dense area of defects is seen in
Figure 6a,b, and the depth of the area is ~15 and 150 nm, respec-
tively (Table 2). Because of the lower stress gradient, the horizon-
tal border of the area was not clearly discernible in either of the
two specimens. On the contrary, such dark areas are not observed
in the reference (Figure 6¢). While there is a possibility that the
crystal structure of 4H-SiC is damaged by Ga ions during the FIB
process, the image with little disorder (Figure 6¢) indicates that
the influence of Ga ions is negligible.

It is possible to estimate the depth of the area which was sub-
jected to a tensile stress higher than the yield stress, oy, by using
the following equation.

(op —oy)a
Op

D= (4)

) —

Figure 6. a,b) Magnified views of the top parts indicated by the red frames
in Figure 5a and b, respectively. ¢) STEM image from [1100] direction for
the reference (non-loaded) for comparison. > indicates the surface of the
specimen.
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where op, is the bending stress applied in the loading, being 37.1
and 32.1 GPa for A and B, respectively. The top surface-neutral
plane distance, a, is 0.332 and 0.845 pm for A and B, respectively.
The calculated D is 107 nm for A and 181 nm for B (Table 2).
Comparing them with the defect area depth (15 and 150 nm,
respectively), one can see a relatively good agreement for B
but some discrepancy for A. The latter is most likely due to defect
formation which is invisible in the STEM observation. The defect
area depth, 15 nm, for A is the depth of the dark area observed in
Figure 6a; it does not mean that dislocations are not generated
below the dark area, and it can be presumed that the detailed
TEM studies would detect the evidence of dislocations there.
Figure 7a,b shows TEM images of the areas of heavily disor-
dered crystal structures with multiple-dislocation pileups
observed in Figure 6a,b, respectively. It is found that the depth
of the multiple-dislocation pileups area is 5-10 nm for the speci-
men A and 6-20 nm for B (Table 2). This difference between A
and B can be explained by a similar discussion using
Equation (4), where the yield stress, oy, is replaced by a critical
stress at which multiple dislocations start to move and

Figure 7. a) and b) (b1,b2) TEM images of the areas of heavily disordered
crystal structure with multiple-dislocation pileups observed in Figure 6a,b,
respectively. The area border was identified by the lattice distortion. >
indicates the surface of the specimen.
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accumulate, making the crystal structure disordered. The top
surface-neutral plane distance, a, for the specimen A is almost
half of that for B, and this depth for the former becomes almost
half that for the latter as well, due to the steep stress gradient.

In general, plastic deformation is caused by the accumulation
of dislocations, and then, TEM studies were performed for the
multiple-dislocation pileups area in the specimen of Figure 7b
to investigate the dislocation behaviors. Heavily disordered crystal
structures with multiple dislocations were observed in the densest
parts, making it difficult to clearly analyze the dislocations. Figure 8
is one of the TEM observations for the less dense parts of defects;
Figure 8a is the magnified view of the part indicated by the white
frame in Figure 7b1. For comparison, a TEM lattice image and an
electron beam diffraction one from the same direction [1100] for
the reference (non-loaded) are also given in Figure 8b,c, respec-
tively. The simulation results of Si atoms in 4H-SiC (blue dots)
are overlapped with the lattice images in Figure 8a,b. While the
simulation coincides with the TEM lattice image in the reference
(Figure 8b), some lattice misalignment is confirmed in the (1122)
plane in Figure 8a. The simulation of Si atoms in the upper left of
Figure 8a is obtained by shifting the simulation image of the [1100]
incidence (lower right) along the (1122) plane. A structure consis-
tent with a slip on the (1122) plane is confirmed.

The 4H-SiC belongs to the hexagonal crystal system, which
has several slip planes including (0001), {1010}, {1011},
{1122}, and {1012}.?77*" It is well known that slip most occurs
in parallel with the (0001) plane with the slip direction of
<1120>."% In hexagonal SiC, slip has been reported for the
(0001) basal plane/<1120> direction (as the most slippery
one), the {1100} prismatic plane/<1120> direction, and the
{1701} pyramidal plane/<1120> direction, etc.*"** The previ-
ously observed pyramidal slip on the {1122} plane has been
observed for some hexagonal metals such as Mg, Ti, Zn, and
Cd with the <T123> direction®™*! and has been identified in
a simulation study on deformation mechanisms of 6H-SiC.*%
In this study, tensile stress is applied along the <1120> direction,
shear stress does not arise on the (0001) plane in principle and thus
the basal slip can be excluded from consideration. As previously
stated, because of the heavily disordered crystal structures, the clear
analyses on the dislocations were difficult in the TEM study. As
stated in the introduction, Kishida et al."® studied plastic deforma-
tion behavior of 6H-SiC single crystals by uniaxial compression
using micropillar specimens. When the compression applied in
the <1120> direction, which is exactly the same as this study,
the clear prismatic slip of {1100} plane/<1120> direction was
almost solely observed with a Schmid factor of 0.433, which is high
compared with those of other possible slips when a uniaxial stress
applied in this direction. Therefore, it can be considered that this
prismatic slip first occurred in this study as well, followed by the
occurrence of other slips including the {1122}<1123> and {1101}
<1120>, leading to the heavily disordered crystal structures.

3.3. CRSS

Slip occurs when the shear stress applied in the slip direction on
the slip plane reaches a certain value, so-called CRSS, which can
be calculated from the following equation.
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Figure 8. a) Magnified TEM image of the part indicated by the white frame
in Figure 7b1. For comparison, b) a TEM lattice image and c) an electron
beam diffraction one from [1700] direction for the reference (non-loaded).

fenss — om 5)

where tcgrss is the CRSS, o is the tensile stress, m is the Schmid
factor, which is the product of the angle between the slip plane
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normal and the tensile direction and that between the slip direc-
tion and the tensile direction. Assuming that the first slip
occurred on the {1100} plane with the <1120> direction as pre-
viously discussed, m is 0.433. Substituting the measured yield
stresses into ¢ in Equation (5), the obtained 7cgss value is the
same, 10.9 GPa, for both the specimens A and B (Table 2).

In the aforementioned study by Kishida et al."® the CRSS was
also investigated for the (0001)/<2110> basal slip and the
{1100}/<1120> prismatic one. As stated in the introduction,
they found that the CRSS increased with decreasing the speci-
men size, following an inverse power-law relationship,
tcrssx Lg" (Lg: edge length). For the case of the {1100}/
<1120> prismatic, the CRSS varied from 6 GPa at Lg=5pm
to 9GPa at Lg=1pm, with n=2.1. Similar size dependence
of the yield stress or CRSS has been frequently reported in micro-
scale mechanical testing of metals, including face-centered cubic
and body-centered cubic materials. Various models including
size-dependent dislocation nucleation*”*®! and dislocation star-
vation'*® have been proposed to account for this effect, while the
source and mechanism have not fully elucidated. Thus, it is dif-
ficult to correctly predict the CRSS of this study from the results
of Kishida et al.® However, the volume subjected to the maxi-
mum tensile stress in the microcantilever beam specimens of
this study is much smaller than that at Lg =1 pm in Kishida
et al.™® It is plausible that the CRSS of this study, 10.9 GPa,
is higher than theirs, 9 GPa, due to this volume effect. In addi-
tion, Pizzagalli™ theoretically estimated Peierls stresses for
basal and prism plane slip systems of 2H-, 4H-, and 3C-SiC sin-
gle crystals using first-principles calculations. The calculated
stress for the prism-plane slip of 4H-SiC was 10.1 GPa, which
shows a good agreement with the CRSS of this study,
10.9 GPa. Therefore, this value is reasonable for the CRSS of
the 4H-SiC {1100}/<1120> prismatic slip. In other words,
the CRSS values for A and B are the same, most likely because
they both have reached the theoretical one (or the stress without
influence of crystallographic defects) due to the very limited area
which is subjected to the maximum tensile stress.

3.4. Fracture Strength

The fracture strength, of which was calculated by using
Equation (1), was 41.9+ 2.8 and 33.5 £ 2.4 GPa for the speci-
mens A and B, respectively (Table 2). Again, since all the frac-
tures occurred in the nonlinearity range, the calculated values
lack entire rigorousness. Using first-principles density functional
theory calculations, etc., Umeno et al.*® and Kubo et al.*" inves-
tigated ideal tensile strength of various polytype structures of
SiC; in terms of 4H-SiC, the ideal tensile strength in the
<1120> direction, which was reached after significant yielding
phenomenon or plastic deformation, was estimated to be
47-55 GPa. The fracture strength obtained for A, 41.9 GPa, is rel-
atively close to this ideal strength.

According to the linear fracture mechanics, oy, can be related
to the crack size of the fracture origin through the fracture tough-
ness, Kic, which is expressed by the following equation.

Kic
N

of = (6)
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where Y is the crack shape factor and ¢ is the crack length.
Assuming two types of crack, a Griffith crack and a penny-shaped
one, Y=1 and 2/, respectively. Kunka et al.*? carefully inves-
tigated Kic. values for {0110} and {1120} planes of 4H- and 6H-
SiC single crystals by using Knoop indentations, resulting in 1.4
and 1.8 MPam'/? for 4H and 1.5 and 1.9 MPam'? for 6H,
respectively. Kishida et al."® also studied fracture toughness
for 6H-SiC single crystals by using a chevron-notched beam test
which is one of the most reliable K;c measurement methods.
They estimated the Kjc values to be 1.37+0.13 and
1.57 £ 0.13 MPam'/? for specimens with a notch plane being
parallel to the (0001) and {0110} planes, respectively.
Although Kishida et al. did not measure those for a {1120} plane,
there is a good agreement between these two studies for the Kic
value of the 6H {0110} plane. Thus, we employ 1.8 MPam'/? for
the Kj¢ value in Equation (6), from the results of Kunka et al. The
equivalent crack sizes, 2¢, calculated for a Griffith crack and a
penny-shaped one are 1.2 and 2.9 nm for the specimen A and
1.8 and 4.5 nm for B, respectively (Table 2). It should be noted,
however, that the estimated crack size is so small that it is uncer-
tain whether they meet strictly criteria of small scale yielding of
linear fracture mechanics, allowing only a relative comparison.
Fractographic study was conducted for the fracture surfaces of
the specimens A and B using SEM; however, the fracture origins
were not clearly identified because of such small defect sizes.
Figure 9 shows an SEM image of a fracture surface of the speci-
men B as an example. It is observed that the fracture crack tends
to proceed along the cleavage planes of (0001).

It is known that dislocations are involved both in the initiation
and propagation of cracks and that dislocation pileups tend to
cause stress concentration and/or crack formation, which possi-
bly act as fracture origins of materials.[?>*?! Stress concentration
occurs at a crack tip, and such stress field is also represented by a
dislocation array.?®?! Although the distribution of edge

Figure 9. SEM image of fracture surface after a bending test for the speci-
men B. Dusts identified as carbon by X-ray photoelectron spectroscopy are
attached to the upper side of the specimen B.
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dislocations equivalent to mode I crack cannot form by plastic
deformation caused by dislocation slip, that equivalent to mode
IT crack is possible to occur by the dislocation pileups moving on
a slip plane (when it meet some obstacles).”” In addition, it is
generally known that one typical source of cracks is the interac-
tion of different slips, causing dislocation pileups and cleavage
cracks generated at the intersections of two different slip
planes.”**?) For example, Fang et al** demonstrated
dislocation-based crack initiation and propagation in single-
crystal SrTiOs; a locally stressed volume at small scale undergoes
dislocation on primary slip planes that are 45° inclined to the sur-
face and then dislocation on secondary slip planes perpendicular
to the surface, followed by crack initiation and propagation due to
dislocation pileups, etc.

The areas of heavily disordered crystal structures with
multiple-dislocation pileups were observed in Figure 7a,b; the
area depth was 5-10 and 6-20 nm for the specimens A and B,
respectively, due to the steeper stress gradient of A. It should
be noted that the estimated equivalent crack size, 2, is smaller
than the area depth for each of A and B, and that the ratio
between the two values (crack size and area depth) is almost
equal. Thus, it is reasonable to think that cracks form within this
multiple-dislocation pileup area, by the above stated interaction
with dislocation pileups. The cracks formed in this fashion can
act as the fracture origins. The larger area of multiple-dislocation
pileups is likely to lead to the greater crack formation, resulting
in the lower fracture strength of B.

As already mentioned, the specimen A showed the very high
fracture strength of 41.9 GPa, which is close to the ideal tensile
strength of 4H-SiC in the <1120> direction, 47-55 GPa.>%*!
Most presumably, this high strength is possible because of
the seep stress gradient of the specimen A, which substantially
restricts the expansion of the multiple dislocation pileup area and
suppress the resultant crack formation. It is worthy of noting,
however, that Tatami et all*”) investigated grain boundary
strength of silicon carbide bicrystals using microcantilever bend-
ing tests (the same as this study) and found that the strength was
distributed from 19 to 62 GPa, indicating that a very high
strength was possible depending on the crystal orientations of
the two adjacent grains. In addition, the first-principles density
functional theory calculations revealed that the ideal tensile
strength of 3C-SiC ranged, depending on the crystal orientation,
from ~45 GPa in <111> direction and ~50 GPa in <110> to as
high as ~#90 GPa in <100>." Thus, there is a possibility that a
tensile strength higher than those measured in this study exists
for SiC single crystals.

4, Conclusions

In this study, we evaluated the deformation behaviors and
mechanical properties of 4H-SiC single crystals using microcan-
tilever beam specimens with two different sizes, A and B (A < B).
The tensile stress was applied along <1 120> direction. The plas-
tic deformation, or nonlinearity, was observed in the stress—
strain curves, and the stress at the proportional limit was defined
as the yield stress, which coincided between the two specimens at
~25+2 GPa. The STEM and TEM studies indicated that the
plastic deformation was due to the dislocation activities.
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The multiple-dislocation pileup areas were observed in both
the specimens, but the depth of the area of A (5-10 nm) was
almost half of that of B (6-20 nm), due to the steeper stress gra-
dient. Assuming the {1100}/<1120> prismatic slip which most
plausibly occurs in the <1 120> stress application, the CRSS was
estimated to be 10.9 GPa, which agreed well with the previous
studies. Despite the identical yield stresses, the measured frac-
ture strength was 41.9 +2.8 and 33.5 & 2.4 GPa for the speci-
mens A and B, respectively. The relationship between the
fracture and the dislocations was discussed on the basis of
dislocation-based fracture mechanics and others. It was sug-
gested that cracks form within the above multiple-dislocation
pileup area, by the interaction with the dislocation pileups and
act as the fracture origins. The larger area of multiple-dislocation
pileups is likely to lead to the greater crack formation, resulting
in the fracture strength difference. The strength of the specimen
A was close to the ideal tensile strength of 4H-SiC in the <1120>
direction, 47-55 GPa, estimated by the first-principles density
functional theory calculations, etc.
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