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Densified silicon carbide (SiC) is prepared through dry pressing of SiC powder followed by pressureless
sintering in the presence of boron carbide and carbon as the additives. Sintering of SiC parts shows the
increase in density with the increase in temperature (1950-2180 °C) by resulting in higher than 98%
relative density (RD) at 2150 °C and above for 1 h. Sintered specimens are evaluated concerning the phase,
microstructure and mechanical properties including hardness and flexural strength. The machined surface
of SiC parts with about 98% RD is studied for the origin of failure. The estimated size of critical flaws (32-
110 pm) based on flexural strength and fracture toughness indicates that machining defects are one of the
primary reasons for failure in SiC ceramics. The order of magnitude of defects on machined surfaces of
sintered SiC by SEM studies is found to be comparable with the estimated size of critical flaws. The failure
behavior of SiC is discussed with the help of Weibull statistics with respect to the variation of four-point

flexural strength.

Keywords fracture toughness, mechanical properties, silicon
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1. Introduction

Silicon carbide is a non-oxide ceramic material with
superior mechanical properties such as high strength, moderate
fracture toughness, high wear resistance and capability of
retaining strength at high temperature, in combination with
the excellent thermal properties and very high chemical
inertness (Ref 1). Therefore, it has been considered as high-
temperature structural ceramics for several applications includ-
ing gas turbines, industrial heat exchangers, diesel engines,
mechanical seals, abrasives and many other devices (Ref 1-5).
The development of advanced ceramics based on SiC is also
technologically important in a wide range of applications such
as structural material in telescopes for space exploration,
synchrotron optical elements, biomaterials, high-temperature
semiconductors, etc.

Densification of SiC powder compacts can be achieved by
the use of Y,05/Al,05 additives (Ref 4, 6). These additives
become liquid phase at high temperature and assist in the
densification to near theoretical density through particles
rearrangement and solution re-precipitation mechanisms. How-
ever, the presence of high-temperature liquid phase has a
deleterious effect on high-temperature strength and creep
resistance of SiC (Ref 7). High-density SiC parts can also be
made through a reaction bonding process (Ref 8, 9) in which
densification is achieved through the formation of Si;N, or SiC
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by the reaction between molten silicon and N, (in reaction
atmosphere) or C (in the green preform), respectively. SiC parts
made through the reaction bonding process also suffer from
deleterious effect at high temperature as the application
temperature approaches the melting point of silicon. In addition
to that, SiC parts made by the reaction bonding process exhibit
inhomogeneously distributed free silicon, which lowers the
strength and other properties (Ref 9). Prochazka (Ref 10) of
General Electric, in 1975, discovered the solid-state sintering of
SiC and demonstrated the sintering of SiC in the absence of a
substantial amount of liquid phase using B and C as the
additives. Solid-state sintered SiC (S-SiC) ceramics offer
advantages in terms of their superior strength at ambient as
well as elevated temperature compared to the liquid-phase
sintered and reaction bonded silicon carbide.

The flow sheet diagram for processing of S-SiC ceramics by
powder metallurgy technique is shown Fig. 1. The process in-
volves shaping of green bodies by dry pressing SiC powder
premixed with binder/additives followed by low temperature
(~ 500 °C) heat treatment for the removal of organic volatiles
and the increase in green strength for handling and machining
purposes. Subsequently, SiC parts are sintered at high temper-
ature and machined to final shape and required dimensions. The
primary limitation of S-SiC for structural applications is the
variability of strength due to the existence of flaw size
distribution. The origin of defects could be for several reasons:
surface cracks that can arise from machining operations or even
by handling, and internal defects including pores, weak
interfaces, inclusions, etc. There are many studies on the
mechanical properties of SiC ceramics but only a few of them
correlate their mechanical properties with the strength reliabil-
ity and failure origin. Mechanical properties of liquid-phase
sintered and siliconized SiC at ambient as well as elevated
temperature are reported in the literature (Ref 6, 11-13). Also,
the mechanical properties improvements in liquid-phase sin-
tered SiC ceramics through the control of microstructure are
reported elsewhere (Ref 7, 14, 15).
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Fig. 1 Process flowchart diagram for producing S-SiC ceramics by
powder metallurgy technique

Vargas-Gonzalez and Speyer (Ref 16) reported higher
flexural strength and fracture toughness in S-SiC produced by
hot-pressing technique compared to the SiC ceramics by
pressureless sintering. Wereszczak et al. (Ref 17) investigated
the effect of size-scaling and surface condition on the tensile
strength of hot-pressed SiC. The authors observed a substantial
decrease in characteristic strength (i.e., the strength of a body
with unit volume at a failure probability of 0.632) with the
increase in surface area for two different types of specimens
prepared by surface grinding and surface grinding followed by
grit blasting, respectively. The authors also predicted that the
machining damage is the dominant flaw in the specimens with
the effective area ranging between 0.1 and 40, 000 mm?. Scafe
et al. (Ref 13) reported the mechanical properties and fracture
behavior of Si/SiC composites prepared by reaction sintering
process. They showed that the size of the Si inclusion in the
microstructure of composites was in agreement with the
estimated size of critical flaw.

The present study aims at the investigation of the mechan-
ical properties of S-SiC, failure statistics and the origin of flaws
that leads to their failure. We report the preparation of S-SiC by
dry pressing followed by pressureless sintering in the temper-
ature range 1950-2180 °C in the presence of B4C and C
additives. The variation of density, phase(s), microstructure and
mechanical properties with the increase in sintering temperature
are discussed. The size of critical flaws in machined S-SiC parts
with about 98% relative density (RD) is estimated with the help
of measured mechanical properties and compared with the
defects on the machined surfaces by SEM studies. Also, the
failure behavior of S-SiC is investigated with the help of
Weibull statistics.

2. Materials and Methods

2.1 Raw Materials and Powder Processing

The study was carried out using commercial grade o-SiC
powder (Densitec 15, Saint-Gobain Ceramic Materials, Nor-
way) as the starting material. The powder was spray dried
premix granules which contains phenolic resin as the binder
that not only provides strength to the green bodies but also
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yields carbon additive (3 wt.% approx.) while heat-treated in an
inert atmosphere. This powder also contains about 1 wt.% of
B,4C as another sintering additive and 0.75% SiO,, 0.005% free
Si as impurities in addition to 0.20% free C, 0.85% total
oxygen and < 700 ppm of trace elements including Fe, Al, Ni,
V, Na, Cr, Ca, Ti, Mg and K. SiC green compacts were made by
uniaxial pressing at 80 MPa using a steel die. Thereafter, the
compacts were heat-treated in an atmosphere-controlled vac-
uum furnace at 500 °C for 1 h to effect the removal of organic
volatiles and the conversion of phenolic resin to C. Subse-
quently, the specimens were sintered at different temperatures:
1950, 2050, 2150 and 2180 °C for 1 h in a vacuum sintering
furnace in argon atmosphere. The heating rates used were 8 °C/
min up to 1600 °C and subsequently 6 °C/min to the sintering
temperature.

2.2 Material Characterizations

Bulk density (BD) measurement was taken by Archimedes
principle (ASTM C372) with the help of an electronic balance
(Make: Sartorius, Model: CP 225D, AG Gottingen, Germany)
using deionized water as the immersion medium. Density data
were averaged for more than five samples. The phase
composition of raw SiC powder as well as the powder made
from S-SiC was determined by utilizing an x-ray powder
diffractometer (Bruker D8 Advance, Germany) equipped with
copper K,; radiation (0.15418 nm wavelength) source and
nickel monochromator. Microstructural analysis of polished
and thermally etched as well as fracture surfaces was performed
using a scanning electron microscope (S-3400 N, Hitachi,
Japan) with secondary electron mode.

2.3 Mechanical Characterization

Four-point bending test was conducted for determination of
flexural strength in a universal testing machine (UTM, Instron
4483, UK) over a span length and crosshead speed of 40 mm
and 0.5 mm min~', respectively. The specimens (49 mm x
7.5 mm x 4 mm) were prepared by sectioning of SiC tiles
(50 mm x 50 mm x 8 mm) followed by surface grinding to
achieve the dimensional accuracy and removal of the sharp
edges and corners of the specimens. The surface grinding was
carried out using a 175-mm-diameter diamond gritted wheel
(150 grit size) at about 10,000 rotations per minute (RPM)
speed by maintaining a depth of cut of less than 8 pm in each
cycle of the operation. Reported flexural strength data were
averaged over minimum twelve specimens.

The Vickers hardness (HV) was measured using a micro-
hardness tester (UHL VMHT, GmbH) equipped with a diamond
indenter with a dwell time of 20 s. Vickers hardness was
determined from the imprint size of the indenter as per the
following equation (Ref 18):

P
HV = 1.854ﬁ (Eq 1)
where P is the applied load and d is the mean length of two
diagonal lines of the indentation imprint. The HV values re-
ported here are the average of at least fifteen indentations.
Fracture toughness (Kjc) was measured employing single-
edge notch beam (SENB) technique. The specimens were of
the same size to that of the four-point flexural tests but with
a notch of about one-third thickness at the middle. Three-
point bending test was conducted on the notched specimen
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using a universal testing machine, and the strength data were
used for the purpose of estimating the Kjc as per the follow-
ing equation (Ref 18):

Kic = oY /e (Eq 2)

where ¢ is the depth of notch, o is the three-point flexural
strength, and Y is the geometric parameter. The mathematical
expression of Y for single-edge notch beam (SENB) method
by three-point bending is expressed as follows (Ref 18):

c

Y =1.93—3.07 (h) 11453 (%)2—25.11(%)3—1—25.8 (%)4
(Eq 3)

where is 4 is the thickness of the specimen. The Young’s
modulus of the sintered specimen was measured by impulse
excitation technique (IET) using Buzz-O-Sonic (model 5.8,
Glendale, WI, USA) elastic modulus measurement instrument.
Measurements were taken on 100-mm-diameter circular disk
having 14 mm thickness. Weibull modulus was estimated
with the help of Weibull statistics through analysis of four-
point flexural strength data over a minimum of forty un-
notched specimens.

3. Results and Discussion

3.1 Density, Phase and Microstructure

The BD of S-SiC densified at different temperatures is
shown in Table 1. It can be observed that the BD increases
from 2.17 g cm > (67.7% RD) at 1950 °C to the maximum of
316 ¢g cm > (98.4% RD) at 2150 °C. It is also observed that
the S-SiC heat-treated at 2180 °C showed the same BD to that
of the specimens sintered at 2150 °C. Therefore, it could be
predicted that the increase in sintering temperature beyond
2150 °C does not induce further densification in SiC in the
presence of B and B4C additives through pressureless sintering.
The comparison between the x-ray diffraction (XRD) patterns
of the starting powder and S-SiC specimen sintered 2150 °C is
shown in Fig. 2. It is observed that the XRD patterns of both
the materials correspond to polycrystalline o-SiC (hexagonal).
It is also observed that the a-phase in S-SiC consists of 6H and
4H polytypes compared to that of only 6H polytype in the
starting powder. This could be attributed to the existence of a
large number of polytypic modifications (Ref 19, 20) of SiC
based on the hexagonal unit cell with the same basal plane but
only differing in the stacking of unit layers along the c-axis.
The low free energy differences among the various SiC
polytypes affected the transformation of 6H polytypes to 4H
during densification. The phase composition in S-SiC sintered
at 1950, 2050 and 2180 °C (XRD patterns not shown in Fig. 2

for simplicity) is also observed to be the same to that of the
specimens sintered at 2150 °C.

The SEM micrographs at lower magnification on the
polished surfaces of S-SiC densified at different temperatures
are shown in Fig. 3. The distribution of residual pores is found
to be uniform in all the samples. It is also observed from the
micrographs (Fig. 3) that the specimens sintered at higher
temperature exhibited smoother surfaces which is in agreement
with the BD. The changes in microstructure with the increase in
sintering temperature are shown in Fig. 4. The increase in
sintering temperature gradually decreased the overall porosity
and increased the intergranular bonding which are also in
agreement with the BD results. It can be observed from
Fig. 4(a) that S-SiC sintered at 1950 °C consists of loosely
bonded small size grains as the specimen exhibited only 67.7%
RD. The increase in RD to 91.0% through the increase in
sintering temperature to 2050 °C resulted in the microstructure
with decreased porosity and well developed faceted gains
(Fig. 4b). The increase in sintering temperature to 2150 °C
increased the RD to 98.4%, and the microstructure (Fig. 4c)
shows further decrease in porosity and noticeably higher size
interconnected duplex grains (equiaxed and elongated). The
microstructure of S-SiC sintered at 2180 °C (Fig. 4d) is found
to be comparable to that of the 2150 °C microstructure but with
slightly higher grains.

The densification behavior of SiC in the absence of any
secondary phase was first demonstrated by Prochazka (Ref 10)
using B and C additives. However, the role of B and C in
influencing mass transport mechanism for the densification of
SiC has not been understood completely, although SiC
densification due to the reduction of grain boundary energy
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Fig. 2 X-ray diffraction (XRD) pattern of (a) raw SiC powder and
(b) S-SiC sintered at 2150 °C

Table 1 Bulk density (BD) of S-SiC sintered at different temperatures

Sintering temperature 1950 °C 2050 °C 2150 °C 2180 °C
Bulk density (BD, g cm )" 2.17 2.92 3.16 3.16
Relative density (RD%) 67.6 91.0 98.4 98.4

*Uniaxially compacted green specimens exhibited the density of 1.75 g cm > (54.5% RD)
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Fig. 4 SEM micrograph of on thermally etched surfaces of S-SiC sintered at (a) 1950 °C, (b) 2050 °C, (c) 2150 °C and (d) 2180 °C

(Ref 10, 21), the transient liquid phase sintering (Ref 22, 23) mechanism (s) prevailed, the present study demonstrates that
and the activation of grain boundary diffusion (Ref 24) are the SiC ceramics can be densified to 98.4% RD through
reported in the literature. Irrespective of the exact densification pressureless sintering at 2150 °C.
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3.2 Mechanical Properties

The mechanical properties, i.e., flexural strength (four-point)
and Vickers hardness of S-SiC sintered at different tempera-
tures, are shown in Table 2. It can be observed from
the Table 2 that the increase in sintering temperature in the
range of 1950-2150 °C increased both the mechanical proper-
ties. The maximum strength and hardness of 219 £ 22 MPa
and 2530 + 80 kg mm >, respectively, are observed in the S-
SiC parts sintered at 2150 °C. The increase in RD with the
increase in the sintering temperature (1950-2150 °C) reduced
the porosity and increased intergranular bonding which in turn
resulted in the higher mechanical properties. In spite of the
same RD, the reason for slightly lower mechanical properties in
the S-SiC sintered at 2180 °C than 2150 °C (Table 2) could be
attributed to the grain size (Fig. 4d and c, respectively).
Following the results presented in this section, it can be
understood that the S-SiC parts sintered at 2150 °C show the
better combination of density, microstructure and mechanical
properties compared to that of at other temperatures. Subse-
quently, detailed studies on the indentation and fracture
behavior and the origin of strength-limiting flaws in the S-
SiC parts sintered at 2150 °C are discussed below.

Figure 5 shows the effect of indentation load on HV of S-
SiC specimens sintered at 2150 °C. As seen from Fig. 5, HV of
S-SiC decreases with the increase in indentation load and it
exhibited HV of 2530 kg mm 2 at 500 g load. The decrease in
HYV with the increase in load (known as indentation size effect,
ISE) is explained based on the elastic—plastic model of discrete
deformation bands in high hardness materials including SiC

Table 2 Vickers hardness and flexural strength of S-SiC
sintered at different temperatures

Flexural Vickers
Sintering strength, hardness, HV,
temperature MPa kg mm ™2
1950 °C 92 +£ 12 642 + 72
2050 °C 175 + 25 20.46 £ 80
2150 °C 219 + 22 2530 £ 80
2180 °C 213 £ 26 2488 £+ 98
2900

< 2800

IS

£

2 2700-

"

8 4

=1 \

T 26004 +____

=

g - \

S 2500

>

2400 T T T T T
0 100 200 300 400 500

Indentation load (g)

Fig. 5 Relation of Vickers hardness (HV) of S-SiC with indenta-
tion load
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(Ref 25, 26). According to this model, the size of an indentation
imprint is the combined effect of elastic recovery and plastic
deformation. This model also assumes that the extent of elastic
recovery is relatively higher at low indentation load compared
to the formation of a new plastic zone. Therefore, a relatively
smaller indentation imprint at low load resulted in higher HV.

Fracture toughness (Kjc) of S-SiC sintered at 2150 °C by
SENB technique is found to be 3.43 MPa m"?. Although SiC
exhibits relatively higher toughness compared to other ceramics
(Ref 9, 16), it is also brittle and fails catastrophically. Brittle
fracture in S-SiC (densified at 2150 °C) is evidenced in the
fracture surface SEM micrograph in Fig. 6. As can be seen
from Fig. 6, S-SiC exhibited transgranular fracture without
showing any plastic deformation. The inherent brittle behavior
of SiC is associated with the presence of strong directional
covalent bonds which inhibits plastic deformation even in the
presence of high mechanical stress (Ref 15). For the sake of
completeness in mechanical properties of S-SiC sintered at
2150 °C, the measured value of Young’s modulus by IET
method is found to be 422 GPa which is in agreement with the
literature (Ref 2).

3.3 Surface Defects and Critical Flaw Size

The failure of SiC-based ceramics is normally associated
with the presence of preexisting flaws including cracks, voids
and microstructural defects that cause the stress concentration
by subjecting the body under the influence of mechanical load.
The general relationship between stress intensity factor (K) and
applied stress (o) can be expressed as per the following
equation (Ref 18):

K =o0Yyc (Eq 4)

where ¢ is the flaw size and Y is a dimensionless parameter
which depends on the type of loading and the crack geome-
try. It is evident from Eq 4 that the largest flaw in a body
causes the highest stress concentration and eventually limits
the strength which is analogous to the weakest link of a
chain. As the severity of surface cracks is greater than any
other defects, we estimated the critical flaw size by consider-
ing non-interacting semi-elliptical surface crack as per the fol-
lowing equation (Ref 18):

Fig. 6 SEM micrograph of the fracture surface of S-SiC densified
at 2150 °C

Journal of Materials Engineering and Performance



1 (K’
‘T 1251 <af ) (Ea3)
where o/ is the fracture strength. Equation 5 is a special form
of Eq 4 at the point of failure where the value of Y is 1.12
for a semi-elliptical surface crack. Based on the measured
four-point flexural strength (o in the range of 177-272 MPa)
and Kic (3.43 MPa m"?) of S-SiC densified at 2150 °C, the
estimated critical crack size in our study varied between 32
and 110 pm.

The genesis of flaws and their population in brittle materials
like SiC is attributed to the processed microstructure, e.g.,
impurities, hard agglomerates, pores, voids. Also, the most
severe surface cracks are introduced during machining opera-
tions including sectioning and surface grinding or even during
handling. The estimated critical flaw sizes in our study are
much greater than any of the microstructural feature. Therefore,
it can be predicted that the critical flaws might have originated
from machining operations associated with the specimen
preparation (Ref 27, 28). The SEM micrograph on machined
surfaces of S-SiC (sintered at 2150 °C) in Fig. 7(a) reveals the
distribution of surface defects including particle pullouts and
surface cracks. It can also be observed from Fig. 7(a) that the
order of magnitude of such defects is comparable to the crack
size estimated from Eq 5. Although the length of some surfaces
cracks (e.g., ~ 38 pm in Fig. 7b) falls well within the range of
estimated flaws, the size of critical flaws as per Eq 5 is

Particle
pull outs

Fig. 7 SEM micrograph of machined surfaces of 2150 °C sintered
S-SiC: (a) surface defects including distribution of cracks and (b)
with a surface crack of length ~ 38 pm
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considered to represent the depth of the non-interacting semi-
elliptical surface crack. However, the accuracy in determining
critical flaw size depends on the exact geometry of surface
cracks, the mode of fracture (orientation of the crack surface
with loading direction) and defects interaction.

3.4 Weibull Statistics

The variation of strength in brittle materials could be
analyzed with the help of various statistical approaches
including generalized exponential relationship, log-normal,
Weibull and gamma distribution to predict the probability of
failure (Ref 29). We applied commonly used two-parameter
Weibull distribution to analyze the probability of failure using
four-point flexural strength data of S-SiC sintered at 2150 °C.
Following is the expression for two-parameter Weibull distri-
bution (Ref 18):

lnln( : ):mlnof—mlnas (Eq 6)
1-F

where F is the probability of failure, o, is the fracture
strength, of is the scaling parameter, and m is the Weibull
modulus. The probability of failure F is estimated as per the
following equation:

J

N+ (Ea7)
where j is the /™ specimen in a group of N specimens ranked
in the order of increasing fracture strength. The plot of a dou-
ble logarithmic left-hand side of Eq 6 versus Ino; Weibull
plot, is shown in Fig. 8, and m is determined from the slope
of the best fit straight line. A high m value is an indicator of
the uniform distribution of critical flaws with the high degree
of reliability of parts in service and vice versa. Based on the
varied strength between 177 and 272 MPa (with the average
of 219 MPa and the standard deviation of 22 MPa), we ob-
tained the Weibull modulus 11.2 in the S-SiC ceramics sin-
tered at 2150 °C, in agreement with the literature (Ref 17,
30).

The effect of processing conditions and specimen size on the
Weibull modulus are well reported in the literature. Dongliang
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Fig. 8 Weibull plot of four-point bending strength of S-SiC sin-
tered at 2150 °C
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and Jihong (Ref 30) reported that post-hipping of 92% RD S-
SiC for 1 h increased the density to 98% RD and fracture
strength by 18% without any positive effect on the Weibull
modulus. Although the post-hipping treatment resulted in
reduced porosity and pore size, the distribution of strength-
limiting defects, e.g., agglomerates, inclusions, second phases,
etc., remained unchanged. The authors also reported the
increase in the Weibull modulus by longtime annealing of hot
isostatically pressed (HIPed) S-SiC specimens. The increase in
the Weibull modulus in hot-pressed S-SiC by control of
microstructure through crack-bridging is also reported (Ref 16).
Wereszczak et al. (Ref 17) reported that the Weibull modulus
for hot-pressed SiC decreased with the decrease in the effective
area of the specimens due to the multiple distributions of flaws
in a given range of specimen size (in terms of area). Irrespective
of anomalous results in certain cases, a given value of the
Weibull modulus corresponds to a particular distribution of
flaws depending on the materials behavior and its processing
history. The Weibull modulus observed in our study is
attributed to the distribution of surface defects originated from
machining. Therefore, the failure behavior of S-SiC parts
produced by pressureless sintering followed by machining
could be predicted from the distribution of surface defects.

4. Conclusions

Densified S-SiC ceramics with the maximum of 98.4% RD
were prepared in the presence of B4C and C as additives
through pressureless sintering at 2150 °C and above. The
increase in sintering temperature in the range of 1950-2150 °C
increased the density of S-SiC through the removal of porosity
and increase in intergranular bonding which resulted in the
increase in mechanical properties including flexural strength
and hardness. X-ray diffraction study shows that the sintered
SiC consisted of polycrystalline a-phase in the form of 4H and
6H polytypes. Fracture surface scanning electron micrograph of
S-SiC densified at 2150 °C reveals the brittle fracture. Based on
the flexural strength and fracture toughness of 2150 °C sintered
S-SiC, the size of the critical flaw on the machined surfaces
ranges between 32 and 110 pm. The size of critical flaws is
found to be comparable with the order of magnitude of surface
defects. The failure behavior of macroscopic S-SiC parts is
predicted from the distribution of strength-limiting surface
flaws generated through machining operations.
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