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1. Introduction and Background

Silicon carbide (SiC) is used for armor applications because of its excellent
combination of low-density, high-elastic modulus, high hardness, good fracture
toughness, and good chemical inertness.''? Although ceramics are relatively brittle
materials, many exhibit some degree of “plasticity” under compressive loading
conditions.'*'¢ The role of plasticity in the ballistic response of a ceramic has long
been a point of discussion. Wilkins et al. were the first to identify the apparent
importance of ceramic plasticity or plastic deformation mechanisms in the ballistic
performance of beryllium oxide (BeO) and aluminum nitride (AIN).!” Later, Heard
and Cline demonstrated the positive effect of lateral confinement on the inelastic
response of BeO, AIN, and aluminum oxide (Al2O3) during compressive uniaxial
loading.'® Ballistic results by Lundberg et al. appear to present further support for
the importance of ceramic plasticity on ballistic performance.'” They showed that
the compressive yield strength derived from hardness measurements of several
armor ceramics appeared to correlate well with soft projectile impact velocities
corresponding to penetration onset. (This is also referred to as the
“dwell/penetration transition velocity”.) Furthermore, Lundberg et al. showed that
penetration onset velocities for boron carbide, two SiCs, titanium diboride (TiB>),
and synthetic diamond (Syndie) variants, plotted as a function of their derived
compressive yield strengths (oy), yielded data that appeared to fall between two
curves based on perfect plasticity theory.!® These curves, one upper bound and one
lower, are related to the critical pressures corresponding to hardness (3oy) and yield
onset (~1.1oy, depends on Poisson’s ratio), respectively, for blunt indentation (i.e.,
spherical indenter).

Using a physically based model for the inelastic behavior of geological materials
under compression,?® LaSalvia et al. showed that the lower bound curve is not
unique and corresponds to ceramics with low “ductility” parameters.?! Ductility is
defined as the ratio of tensile fracture strength to yield strength in shear.? The
implication of the ductility parameter is that for ceramics with low ductility
parameter values, their inelastic response is governed by brittle fracture while those
with higher values exhibit more plasticity. This is in qualitative agreement with
Lundberg et al. in that the lower curve represents materials with almost no ductility
while the upper curve represents materials with higher ductility.!” If the proposed
analysis is correct, then a small amount of plasticity can potentially have a
significant effect on the dwell/penetration transition velocity of an armor ceramic.
Note that in the context here, plasticity refers to inelastic, nonlinear deformation
prior to catastrophic failure.
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In general, it has long been known that hardness correlates with gross ballistic
performance. It has not, however, been correlated to such a degree as to be useful
for predicting ballistic performance or aiding materials’ development. Hardness is
considered a measure of a material’s resistance to deformation or penetration.
Unfortunately, it is not an inherent physical property of the material since it is
influenced not only by the material’s response to the indentation process, but to
indenter geometry, specimen size, and interface and boundary conditions.
Conceptually, the hardness—load curve can be divided into three main regions: 1) a
predominantly elastic region at low indentation loads, 2) a predominantly plastic
region at intermediate loads, and 3) a region of extensive permanent damage
(fracture) at high loads where substantial cracking is occurring and the hardness is
essentially load independent (Fig. 1).

Predominartly plastic
Slope is measure of
brittleness o extert
of dominating
plasticity

F

Energy Abearption
Befare Failure

Bedginning of extensive permanent
damage - cracking occurring

Can obtain & K, — energy for
crack propagation

Hardness 2>

Hardnezs & load independent

E:) Predominartly elastic

Load =

Fig. 1  Conceptualized hardness—load curve (Wilantewicz and McCauley??)

Wilantewicz and McCauley used the exponent of a power law curve fit of the
hardness—load curve as a quantitative representation of the amount of plasticity
(a plasticity parameter) in structural ceramics.*? They were able to link the plasticity
parameter with a 0.98 N hardness value to predict the transitional velocity in several
SiC materials. More recently, Hilton et al. refined this analysis and the associated
equation leading to a robust method that predicts the transitional velocities of
various SiCs to within 5% of the measured values and aluminum oxynitride (AION)
within 10%.%

To better understand the mechanisms of plasticity in SiC armor ceramics and the
role they play in ballistic performance we have employed transmission electron
microscopy (TEM) to examine thin cross sections of mechanically deformed
regions created beneath Knoop indentations. In this report we compare three
varieties of commercially available polycrystalline SiC.
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2. Experimental Procedure

The SiC materials tested were commercially obtained and included CoorsTek
SiC-N, a pressure-assisted sintered material (CoorsTek Inc, Golden, Colorado),
Saint-Gobain SiC-Hexoloy, a pressureless sintered material (Saint-Gobain
Ceramics & Plastics Inc, Malvern, Pennsylvania), and Ekasic-T SiC-ESK, a liquid-
phase sintered material (3M Technical Ceramics, Germany). These were obtained
in the form of bend bars 50-mm long by 3 mm X 4 mm in cross section.

Samples to be indented were prepared by initially cutting the bars along the cross
section into 3- x 4- x 3-mm pieces (length, width, height) using an ULTRA TEC
ULTRASLICE precision saw (ULTRA TEC Manufacturing, Inc, Santa Ana,
California) and a 150-pm-thick diamond blade running at about 5,000 rpm at the
lowest feed-rate setting. With these conditions, the chipping at the edge of the
sample from the sawing process was less than 20 pm. The surface to be indented
was then polished flat to a specular finish using a series of diamond films with the
last film being 1 pwm grade. With the long axis of the Knoop indenter oriented
perpendicular to the prepared cross section, a linear array of 10—12 indents were
made on the polished surface with the centers at approximately 100 pm from the
cut face. Indents were made using a Wilson Instruments’ Tukon 2100
microindenter with a diamond indenter tip (Wilson Instruments, Norwood,
Massachusetts). A loading of 1 kg was applied with a process time of 15 s, which
resulted in Knoop indents approximately 8 pm % 80 pum.

Cross sections of the areas suitable for TEM analysis on the indented samples were
then prepared by a multistep method** using a Leica TIC-3X (Leica Microsystems,
Wetzlar, Germany) masked-ion milling system (MIMS), vacuum epoxy
infiltration, and an FEI Nova 600 NanoLab focused-ion beam (FIB) mill (FEI
Company, Hillsboro, Oregon). An added benefit of the multistep preparation
technique was the ability to examine the cross section of the indents in the scanning
electron microscope (SEM).

After the MIMS process and prior to the infiltration step, the indents for each
sample were examined and indexed using a Hitachi S-4700 SEM (Hitachi America,
Ltd, Tarrytown, New York). This step allowed selecting the indents that were
closest to being cut at the midpoint of the indent long axis and assessing the quality
of the cross section prior to the epoxy covering up the indent. The indexing was
performed by aligning the edge of the cross section with one of the axes of the SEM
and then measuring the distance from a corner of the sample to the indent by using
the X-Y position values of the SEM stage as illustrated in Fig. 2. Tilting the sample
to 45° in the SEM permitted both the cross section and the top indented surface to
be imaged simultaneously. In the FIB, the distance from a corner was used to find
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a particular indent even though it was obscured by the epoxy. This was
accomplished by aligning the edge of the sample with the X-axis, finding the
corner, and then doing a relative translation of the X-axis by the distance
determined in the SEM. During the SEM examination for a particular indent, the
extent of subsurface cracking seen determined the size of the TEM sample to be
prepared by the FIB. The inherent microstructure was also examined by preparing
TEM specimens of unindented SiC samples. These samples were prepared by
standard dimpling and low-angle and low-energy argon (Ar) ion milling in a Gatan
PIPS II ion mill (Gatan Inc, Pleasanton, California).

Milled area

10, Qu

Fig.2 SEM images of an indented SiC sample at different magnifications showing the
procedure for indexing the indents

Imaging was done using a JEOL 2100F (JEOL USA Inc, Peabody, Massachusetts)
TEM/STEM (scanning transmission electron microscope) equipped with Gatan
DigitalMicrograph and DigiScan systems and an Oxford Instruments (High
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Wycombe, United Kingdom) INCA energy-dispersive X-ray spectroscopy (XEDS)
system. Spectrum imaging used the XEDS signal in area or line profile modes and
was primarily used to determine the chemical nature of the included phases.
Multivariate statistical analysis (MSA) of the spectrum images was performed
using the Interdisciplinary Centre for Electron Microscopy (CIME) (Lausanne,
Switzerland) MSA/principal component analysis plugin for Gatan
DigitalMicrograph or the Automated eXpert Spectral Image Analysis (AXSIA)
program (Sandia National Laboratories, Albuquerque, New Mexico).?> %’

3. Results and Discussion

3.1 As-Received SiC

The initial comparison of unindented samples showed some obvious differences
between the three materials—namely, grain size, defect densities, and phase
distributions. The largest grain size was observed in the SiC-Hexoloy and SiC-N
materials, which were approximately equal, having grain sizes averaging
5-10 um. The average grain size for the SiC-ESK was much smaller at about
0.5-1 pum. Figure 3 shows representative SEM images of the three materials at the
same magnification, while Fig. 4 shows representative bright-field (BF) TEM
images of the three materials that further illustrates the differences in grain size.
The larger grain size for SiC-N is due primarily to the larger initial powder particle
size (~5 um). Because SiC-Hexoloy is pressureless sintered, its initial powder
particle size is on the order of approximately 1 um. However, even with sintering
aids and a fine initial powder particle size, pressureless sintering requires high
processing temperatures of approximately 2200 °C to achieve full densification.
Consequently, grain growth occurs, resulting in a significant increase in grain size.
Liquid-phase sintered SiCs are typically processed with approximately 7-8 volume
percent yttrium aluminum garnet (YAG) at temperatures between 1900-2000 °C.
At these temperatures, YAG is a liquid phase, which wets the SiC particles and
through particle rearrangement, capillary pressure, and solution-reprecipitation,
densifies the initially porous (“green’) body. For this process to be successful, the
initial particle size is typically also fine, like in pressureless sintering. This particle
size allows for high green densities to be achieved and relatively low oxygen
contents (oxide surface particle coatings). The high curvatures associated with
relatively fine pore channels and particles allow for large capillary forces to
develop, thus promoting densification. During the solution—reprecipitation stage,
some small amount of particle or grain growth is expected. The consequence is a
fully dense ceramic with fine grain size. Interestingly, the solution—reprecipitation
process can result in the formation of a “core-rim” type structure for the resulting
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grains because of higher solute concentrations within the liquid that get
incorporated into the SiC that is precipitating onto the surface of larger particles.
Consequently, it is not surprising that the liquid-phase sintered SiC-ESK ceramic
has not only the smallest grain size of the three SiC variants, but also a core-rim
grain structure. This is evident in the SEM image of Fig. 3C. The SiC-N ceramic
also possesses a core-rim grain structure suggesting the possible existence of a

liquid phase during densification. This is evident in Fig. 3B.

Fig.3 SEM images showing relative grain size comparison: A) SiC-Hexoloy: 5-10 pm,
B) SiC N: 5-10 pm, and C) SiC-ESK: 0.5-1 pm
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Fig. 4 TEM-BF images showing relative grain size comparison: A) SiC-Hexoloy: 5-10 pm,
B) SiC N: 5-10 pm, and C) SiC-ESK: 0.5-1 pm

A qualitative examination of defects inherent in the three variants shows a
combination of stacking faults, dislocations, and even a few twins. SiC-Hexoloy
and SiC-ESK had the fewest preexisting defects while SiC-N contained the most,
as shown in the BF TEM images in Fig. 5. It is presumed that the high pressure
exerted during densification for the SiC-N produces a high defect density in that
material.?®*?° The high stacking fault density in the SiC-N also indicates the
numerous SiC polytypes that are present in that material compared to the other two.
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Stacking Faults

iy

Dislocations

Fig.5 TEM-BF images showing defects for A) SiC-Hexoloy: stacking faults and a single
twin with most grains free from defects, B) SiC-N: stacking faults, twins, and dislocations, and
C) SiC-ESK: stacking faults and second phases that are mostly intergranular

High-angle annular dark-field (HAADF) imaging in STEM mode clearly showed
the distribution of second phases in these materials because the contrast is sensitive
to the average atomic number. In all of the materials, tungsten carbide (WC)
particles could sometimes be found in the images. This is due to the physical
grinding of the powders before sintering. Because they do not affect the property
of SiC in any significant way, no images with WC inclusions are shown for any of
the SiC samples. These particles are small, limited in quantity, well dispersed and
are usually seen at triple junctions. Figure 6 shows STEM BF, dark field (DF), and
HAADF images from SiC-Hexoloy that show one of these sparse inclusions of
graphite and a few smaller oxide inclusions. The volume fraction of these inclusions
is very low in this material and does not influence its mechanical properties.
Figure 7A shows a spectrum image line profile across the graphite inclusion shown
in Fig. 6. Graphite is the most common inclusion found in this material, but graphite
has been detected in all of the SiC types. Figure 7B shows the grayscale line profile
of the HAADF signal. MSA analysis identifies additional inclusions within the
graphite inclusion. The profile for the SiC component phase is seen in Fig. 7C,
while the graphite component profile is seen in Fig. 7E. Within the graphite phase,
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apresence of Ar is seen (Fig. 7F). This is most likely an artifact from the ion milling
during TEM preparation. Additionally, Fig. 7D shows the presence of an oxide
phase adjacent to the graphite phase with complicated chemistry that includes
zirconium (Zr), iron (Fe), chromium (Cr), vanadium (V), and titanium (T1i) whose
origin is unknown. Figure 8A shows a spectrum image line profile of another
metalloid inclusion found at a triple junction in SiC-Hexoloy. MSA analysis reveals
that there are three spatial components: the matrix SiC phase shown in Fig. 8C and
two adjacent and overlapping metalloid phases. Figure 8D shows a silicon (Si)-rich
phase with minor amounts of Zr and Fe that overlaps within the thickness of the
sample phase in Fig. 8E, which is Si- and Fe-rich with no Zr seen. The MSA data
also show that the phase in Fig. 8E overlaps with the matrix within the sample
thickness.

Y

STEM BF STEM DF STEM HAADF

Fig. 6  SiC-Hexoloy: A) STEM BF, B) STEM DF, and C) STEM HAADF images showing a
graphite inclusion (arrow) containing a few smaller oxide inclusions
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Fig.7 A) XEDS spectrum image data acquired across graphite inclusion from Fig. 6.
B) The HAADF signal plot shows the intensity across the line profile and is superimposed on
four distinct spatial components (C, D, E, F) as determined by MSA analysis.
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Fig.8 A) XEDS spectrum image data acquired across inclusion in SiC-Hexoloy at a triple
junction. B) The HAADF signal plot shows the intensity across the line profile and is
superimposed on three distinct spatial components (C, D, E) as determined by MSA analysis.
There are two phases present: a SiC (C, E) and a metalloid (D, E). E) indicates that the
inclusion overlaps part of the SiC matrix.

With the high defect density and crystalline secondary phases, it is difficult to
differentiate the included phases in SiC-N when viewed in TEM-BF from the
matrix as shown in Fig. 9A and B. The reason for this is that diffraction contrast
coupled with the increased strain contrast from defects dominates in the images
while the mass differences add little to the contrast. Although diffraction contrast
is still dominant in the STEM-BF image of Fig. 9C, the strain contrast is
significantly reduced and this helps differentiate the second phase (indicated with
an arrow) from the SiC matrix. However, with the Z-contrast imaging of STEM-
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HAADF, the indicated phase is more easily identified as shown in Fig. 9D. The
SiC-N material has a variety of different phases. Graphite is also seen in this
material. Figure 10 shows an MSA analysis of an XEDS spectrum image of an area
that shows several phases. The analysis shows the prevalence of an Al-Si-rich oxide
phase and another Al-Si oxide with a high concentration of Fe. The presence and
distributed volume fraction of these Al-Si-rich oxide phases are thought to be
responsible for giving SiC-N mixed grain boundary complexions. A grain boundary
complexion is a structure of the grain boundary that may or may not include an
intergranular film and behaves similar to a phase in that it can undergo
transformations at different temperatures in a similar fashion as equilibrium phases
in a bulk.*® Approximately half of the grain boundaries observed in SiC-N have an
intergranular film.*! Figure 11 shows an approximately 10-nm-thick intergranular
Al-Si-oxide film in SiC-N analyzed by MSA, while Fig. 12 shows another grain
boundary that is clean. The grain boundaries that were characterized were ones that
were oriented parallel to the X-tilt axis of the specimen holder. To further improve
the dimensional accuracy of the width of the grain boundary, the sample was tilted
to minimize its appearance in STEM-BF mode. Figure 13 shows a line profile
across another grain boundary that shows an intergranular film. It is interesting to
note that Fig. 12 has a second phase at a triple junction for the grain boundary
analyzed, but no intergranular film is present; while in Fig. 13, no second phase is
seen but an intergranular film is present. In SiC-N, these different grain boundary
complexions, particularly the presence of thin intergranular films at about half of
the grain boundaries, are thought to improve fracture toughness as well as impact
performance.
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TEM BF TEM BF

STEM BF STEM HAADF

Fig. 9 BF-TEM images A) and B) of SiC-N showing that it is difficult to differentiate the
matrix from secondary phases using diffraction contrast. C) STEM-BF and D) STEM-
HAADF are images of an oxide phase (indicated by arrow) showing that it is easier to
determine the presence of secondary phases.
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Fig. 9  MSA analysis of an XEDS spectrum image area of SiC-N with several phases seen.
(Yellow box in lower left of top image used for drift correction reference.)
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Fig. 10 MSA analysis of an XEDS spectrum image of a grain boundary (G.B.) in SiC-N
(denoted by green box in top image) showing about a 10-nm-thick intergranular film. (Yellow
box in upper right image used for drift correction reference.)
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Fig. 11 MSA analysis of an XEDS spectrum image of a clean grain boundary in SiC-N
(denoted by green box in upper image) showing no intergranular film present. (Yellow box in
upper right of top image used for drift correction reference.)
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Fig. 12 MSA analysis of an XEDS spectrum image line profile (green line upper right image)
of a grain boundary showing a thin intergranular film in SiC-N. (Yellow box in upper right
image used for drift correction reference.)

The SiC-ESK microstructure contains many grains completely wetted by thicker
intergranular phases and films. It is this film that forms the liquid in the liquid-
phase sintering of this material. Figure 14 shows an area of SiC-ESK that has a
glass phase in the triple junctions of grains and a thick film that fills in between
grains. For the most part, these phases are amorphous. Figure 14A is a TEM-BF
image that shows the pronounced strain contrast present that obscures some
microstructural details such as the indicated dislocations. Much of the strain
contrast seen in the BF images is removed in the STEM-BF image (Fig. 14B) and
the STEM-DF image (Fig. 14C), which allows clearer images of the dislocations.
But the Z-contrast of the intergranular phase and the films along grain boundaries
is clearly seen in the STEM-HAADF image (Fig. 14D). The relative distribution of
these intergranular phases is demonstrated in Fig. 15, which shows spectra collected
from four points within different phases. It is easily seen that there are different
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chemistries of the Y-Al-rich, Al-rich, and Si-rich oxide phases. The phases can
readily be seen at triple points and “filling” in between grains. The intergranular
films that can be seen between grains along the boundaries will originate from these

junction phases. This was clearly seen in Fig. 14.

TEM BF

Dislocations Dislocations

STEM BF STEM DF STEM HAADF

Fig. 13 Images of SiC-ESK: A) TEM-BF, B) STEM-BF, C) STEM-DF, and D) STEM-
HAADF. Removal of the strain contrast in A) allows dislocations to be more easily observed
with B) STEM-BF and C) STEM-DF.
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Fig. 14 STEM-HAADF image of SiC-ESK along with XEDS analysis at four points within
intergranular phases

3.2 Indented SiC

The multistep sample preparation technique that was developed for indented SiC
samples allowed the full extent of the inelastic region under the indents to be
preserved and fully examined in the TEM as demonstrated in Fig. 16.3

Approved for public release; distribution is unlimited.

19



Fig. 15 Low magnification TEM-BF montage showing the extent of the inelastic region of
the 1-kgf indent in SiC-Hexoloy

To be consistent with discussion of the as-received SiC, the indented SiC materials
will be discussed in the same order as the as-received materials. There were some
common features of the indented SiC samples. These included intergranular and
intragranular cracking, the increased density of stacking faults, the generation of
dislocations, and the observation of shear bands. Severe intergranular cracking was
immediately obvious in SiC-N and SiC-ESK. Figure 17 shows relatively low
magnification STEM-HAADF images of the region just below the indent of the
three SiC materials. Because the epoxy has a lower average atomic number than
the SiC and other included phases, the HAADF images clearly show both the
intergranular and the intragranular cracks that occur in these materials. Because the
tip of the indent at the surface was preserved and the whole extent of the inelastic
region was revealed, as shown in Fig. 16, microstructural defect features and the
amount of deformation could be determined relative to the distance from the tip of
the indent. This could then be correlated to theoretical strain calculations, if desired.
Figure 18 shows the benefit of imaging with STEM-BF compared to TEM-BF.
STEM-BF decreases strain contrast in the image and certain crystalline defects,
such as dislocations, can be seen more clearly. In all the samples, shear bands could
be located that showed steps where the band would meet the surface of an
intergranular crack in SiC-ESK, as shown in Fig. 19.
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Fig. 16 STEM-HAADF images of the subsurface regions just below the indent in
A) SiC-Hexoloy, B) SiC-N, and C) SiC-ESK. (Note the scale change.)

Fig. 17 A) TEM-BF image of SiC-N and B) STEM-BF image of the same area that shows
decreased strain contrast
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Fig. 18 A) STEM-DF image of shear bands in SiC-ESK; B) enlarged STEM-BF image of a
shear band in A) at the crack surface showing two steps at the surface

The larger grain size of the SiC-Hexoloy material causes much of the cracking that
occurs under the indent to be intragranular in nature (Fig. 20). The cracking both
laterally and vertically can extend quite far from the indent, as shown in the very
low-magnification image in Fig. 20A. The strain contrast from the increase in
defect density is quite apparent in the inelastic zone. Stacking faults can be seen
further from the tip of the indent, but the extreme strain, shown better in Fig. 21, is
primarily due to a dislocation entanglement with such a high density of dislocations
that it prevents individual dislocations from being seen.
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Fig. 19 A) Low-magnification TEM-BF image of SiC-Hexoloy, B) TEM-BF image showing
that cracking is primarily intragranular in the inelastic zone beneath the indent, and C) higher
magnifcation showing the high defect density in this area

Fig. 20 TEM-BF of SiC-Hexoloy showing the extremely high strain contrast due to the high
defect density in the inelastic zone beneath the indent. The strain is primarily due to high
dislocation entanglements.

The SiC-N material has a higher defect density in the as-received material than the
other two materials and, because of that, it is nearly impossible to ascertain whether
a defect such as a stacking fault or dislocation was preexisting. After indentation,
both the dislocation and stacking fault densities are much higher in the inelastic
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zone than were seen in the as-received SiC-N. As shown in Fig. 17, intragranular

cracks can appear at triple junctions because of stress concentration. The increase
in dislocations also seems to be concentrated around these types of sites (Fig. 22).
It is obvious that these sites nucleate dislocations, which then move away under the
applied stress. The grain boundaries near triple junctions within the inelastic zone
also seem to show a higher concentration of stacking faults (Fig. 23).

Fig. 21 TEM-BF images of dislocations associated with the high stress concentration sites at
triple junctions in SiC-N (A, B, and C), and D) TEM-DF of C)

Approved for public release; distribution is unlimited.

24



Fig. 22 A) and B) TEM-BF images of SiC-N showing the increased density of stacking faults
that are associated with triple junctions in the inelastic zone

The behavior of the SiC-ESK materials is quite different than the other two SiC
materials. Because of the oxide wetting films on the grain boundaries and the oxide
particles at triple junctions, the intergranular cracking of the SiC-ESK follows the
grain boundaries extensively. This can be seen in the very low-magnification TEM-
BF image in Fig. 24. It is impossible to tell from the indented sample whether all
of the observed intergranular cracking was due to the presence of an intergranular
film because the thickness of the intergranular films in SiC-ESK varied from very
thin to thick as shown in Figs. 14 and 15. Also, because of the smaller grain size in
the SiC-ESK, there are more triple junctions that cause the stress concentration sites
leading to intragranular cracking. This was seen clearly in the STEM-HAADF
image in Fig. 17C. The inelastic region is not as well defined with the SiC-ESK
material as it was for SiC-Hexoloy and SiC-N. This can be seen in the relatively
low-magnification image shown in Fig. 25A. However, within the grains under the
indent, the defect density, and hence the strain, is high, showing that plastic
deformation is also occurring within the grains. This can be seen in Fig. 26 A—C.
The large dark grain in Fig. 26B is basally oriented and shows a high density of
dislocations and stacking faults visible within that grain. Fig. 26B also shows the
intergranular cracking in the other two grains adjacent to that dark grain.
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Fig. 24 TEM-BF images of SiC-ESK showing location of indent tip: A) low magnification,
and B) higher magnification
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Fig. 25 A), B), and C) TEM-BF images showing high strain contrast due to high defect
densities within grains under the indent in SiC-ESK

4. Conclusions

Initial examination of the three commercial SiCs showed that SiC-ESK had the
smallest grain size, averaging 0.5—1 pum, while SiC-N and SiC-Hexoloy were of
approximately equal size, averaging 5-10 um. Each of the material’s inherent
crystalline defects consisted of mostly stacking faults with a few dislocations. SiC-
ESK and SiC-Hexoloy exhibited the lowest densities of defects while SiC-N
exhibited the highest.

After examination of the three SiCs after indentation, we found that heavy defect
structures, including stacking faults and dislocations, were generated below the
inelastic zones of all of the materials. TEM-BF imaging of the samples showed the
presence of extremely high strain due to the high defect densities. Each material
also exhibited both intergranular and intragranular cracking. With its intergranular
phase inherent by design, the SiC-ESK was observed to have the most intergranular
cracking followed by SiC-N and then SiC-Hexoloy, which had the least. By
contrast, the SiC-Hexoloy exhibited the most intragranular cracking because of its
larger grain size and clean grain boundaries. SiC-ESK, with its smaller grain size,
which leads to more triple points, also exhibited a high degree of intragranular
cracking. SiC-N, with its higher density of dislocations and stacking faults,
exhibited the least amount of intragranular cracking due to the defects allowing
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more plastic deformation to occur. Although not explicitly pointed out earlier,
intergranular oxide phases are also subject to intragranular cracking and can be seen
in some of the micrographs.

Also of note, triple junctions are stress concentration sites and can cause not only
intragranular cracking, but also nucleation of dislocations. Additionally,
deformation within grains under the indent was mainly due to dislocations and
stacking faults as opposed to cracking. And finally, the presence of intergranular
oxide films and phases changes the spatial extent of plastic deformation and
intergranular cracking under the indent.
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List of Symbols, Abbreviations, and Acronyms

Al aluminum

AIN aluminum nitride

AION aluminum oxynitride

ALO; aluminum oxide

Ar argon

BeO beryllium oxide

BF bright field

Cr chromium

DF dark field

Fe iron

FIB focused-ion beam

G.B. grain boundary

HAADF high-angle annular dark field
kg kilograms

kgf kilogram-force

MIMS masked-ion milling system
mm millimeters

pm microns

MSA multivariate statistical analysis
N newton

nm nanometer

rpm revolutions per minute

s second

SEM scanning electron microscopy (or microscope)
oy compressive yield strength
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Si

SiC
STEM
TEM
Ti

TiB2

WC
XEDS
YAG

Zr

silicon

silicon carbide

scanning transmission electron microscopy (or microscope)
transmission electron microscopy (or microscope)

titanium

titanium diboride

vanadium

tungsten carbide

energy-dispersive X-ray spectroscopy

yttrium aluminum garnet

zirconium
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