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Abstract

The main objective of this investigation is the consolidation and flexural strength of
alpha silicon carbide ceramics produced without additives by spark plasma sintering.
Using the design of the experiment method, we optimized temperature and dwell to
achieve fully dense silicon carbide bulks. The consolidation process of silicon
carbide was analyzed similarly to the creep of bulk ceramics, and it was determined
that the activation energy for the densification process was 596+39 kJ/mol, while
the stress exponent n was below 2. Bulk additive-free silicon carbide ceramics
gradually increased flexural strength as the temperature rose to 2000 °C. The
flexural strength at 2000 °C was influenced by the loading rate, and under 2.5
mm/min, it reached a maximum of 2.08 GPa. To explain this phenomenon, a
deformation mechanisms map was created, indicating that diffusion creep is the most
probable mechanism for the strain sensitivity of SiC at 2000 °C. Transmission
electron microscopy indicated a substantial rise in twin density within the a-SiC
grains at 2000 °C, indicating the activation of a previously unreported self-

reinforcing mechanism.
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1 Introduction

Bulk silicon carbide ceramic or SiC-based ceramics are one of the most used
ceramics in a wide range of structural applications owing to their relatively low
specific density (3.21 g/cm?), high hardness (>24 GPa), and high Young’s modulus
(420 GPa) [1-4]. The majority of the commonly applied characteristics of silicon
carbide are derived from its unique structure and bonding properties. This ceramic
showcases predominant covalent bonds among C-Si, Si-Si, and C—C atoms in the
crystal cell, which can exhibit cubic, hexagonal, or rhombohedral configurations
[5,6]. Hexagonal and rhombohedral silicon carbide can manifest diverse polytypes
where atoms align uniformly in two dimensions but vary in the third dimension.
These layers can be structured in three distinct configurations: A, B, or C, to attain
the highest degree of packing efficiency.

The covalent nature of the bonds in silicon carbide makes it quite difficult to
manufacture using the powder metallurgy approach, i.e., by pressing and sintering,
as sintering temperatures exceeding 2000°C would be required [7-9]. At these
temperatures, silicon carbide undergoes three competing processes: densification,
grain growth, and polymorphic transformation [10]. The use of an inappropriate
sintering medium or slow heating to sintering temperature would lead to the
development of a coarse grain structure, potentially impeding densification beyond
90% of theoretical density (TD).

To overcome these challenges, one can utilize the following methods: (i) reducing
the particle size of the initial SiC powder (i.e., ultrafine or nanopowders) [11]; (i1)
adding sintering additives such as B, Al, C [12]; (iii)) employing liquid phase

sintering [13] or (iv) utilizing pressure-assisted approaches like hot-pressing (HP) or



spark plasma sintering (SPS) [14—16]. Because there should be a phase B—a phase
transformation, if the cubic silicon carbide (B-SiC) powder is being used for
consolidation, the processing at temperatures above 2000 °C may cause the
appearance of elongated grains, affecting the mechanical performance of silicon
carbide. Another issue can be the presence of the surface SiO; layer [5]. In order to
reduce this thin layer during the densification process, the addition of carbon is
commonly used. Noticeably, Prochazka and Scanlan [17] succeeded in the
densification of B-SiC by pressureless sintering using boron and carbon as an
additive and fine SiC powder (specific surface area 9 m?/g). Sintering at 2020 °C
resulted in a relative density of 94-96% of TD. Alliegro et al. hot-pressed silicon
carbide to 98% of TD using various additives, including 1 wt.% of Al. [14].

Using hot pressing at 1950°C and boron carbide as a sintering additive, Bind and
Biggers were able to produce almost fully dense silicon carbide [15]. They observed
that the resulting composition was a cubic silicon carbide matrix with 6H or 2H
polytype inclusions. The presence of a liquid phase during liquid phase sintering
encourages the transformation from beta to alpha phase, leading to improved fracture
toughness and the development of o-SiC platelets in the microstructure.
Nevertheless, the presence of a liquid phase during the sintering of silicon carbide
can result in the formation of disordered silicate compounds at the boundaries
between grains and their accumulation at the junctions of three grains. These factors
will determine the maximum temperature at which the material can be used
effectively, and typically, silicon carbide ceramics sintered with a liquid phase
exhibit poorer creep resistance compared to those produced through solid-state
sintering methods [5].

Alternatively, one can use as few additives as possible or the multistep consolidation
procedure in the case of the B-SiC [18]. Kim et al. [19] thus reported that flexural
strength remains quite high up to 2000°C, where the plastic strain-stress curves were
observed. Sajgalic et al. [20] suggested that additive-free processing results in

Vickers hardness of 29 GPa and creep resistance at 1450°C comparable to that of
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commercial a-SiC sintered at 2150°C.

To the authors' knowledge, only Maitre et al. [21] reported additive-free processing
of a-SiC ceramic by SPS. Densification at 1950°C using a 5-min dwell resulted in
97.5% of TD density. This was mainly possible due to the extremely fine starting
powder (specific surface area 26.7 m?/g). However, this study did not report any
details on the mechanical properties, but it indicated that rapid densification can be
associated with diffusion mechanisms through melt or a time-independent process
such as plastic deformation.

Therefore, the main objectives of this study are: (a) to create dense silicon carbide
utilizing a-SiC powder, (b) to examine the factors that influence the densification
process, and (c) to evaluate their flexural strength at temperatures reaching 2000°C.
We used a commercial a-SiC powder in combination with SPS employing a linear
ramp-and-hold profile, with densification temperatures ranging from 1900°C to
2100°C. After the trial runs, the processing parameters were assessed using an
experimental design methodology, focusing on optimizing density, average grain
size, and the presence of the 15R polytype. Finally, we performed a flexural strength
test using a three-point and a four-point configuration and characterized the
microstructure of the specimens showing the highest strength by transmission

electron microscopy (TEM).

2 Materials and Methods

2.1 Details on the initial powder

The starting powder was fine a-SiC powder with a mean particle size of 0.61 um
(OY-135, Yakushima Denko Co., Ltd., Tokyo, Japan). This powder was from a 3 kg
batch with the following impurities: Fe < 300 ppm, Al < 200 ppm and SiO; up to
7800 ppm in wt.%. These were measured by the supplier using the JIS R 6124
standard procedure. The untreated a-SiC powder was used for the densification

studies. Several studies attempted to consolidate a-SiC without additives, and, in
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general, copying thermal profiles from previous studies could result in inadequate
density and, thus, mechanical performance. Therefore, within this study, we made a
systematical evaluation of the temperature and dwell time during the spark plasma
sintering process through statistical planning of experiments, i.e., ‘experimental
design' or design of experiments (DoE) approach [22—-24]. The DoE is a statistical
method used to determine the relation between the processing parameters and the
response of the preset experimental output variable, assuming that there is a direct
influence/correlation between them. Using the experimental design approach, it is
possible to establish a combination of the experimental variables that produce the

best response values.

In this study, we utilized a polynomial response surface incorporating the 'function
of desire response' [24] to determine the optimal values and their relationship with
processing parameters, which was successfully achieved through 22 experiments

(refer to Suppl. S1).

2.3 Spark plasma sintering procedure

The untreated powders were placed in the SPS graphite die. We used an inner Ta-
foil (Sigma-Aldrich Chemie, 0.025 mm thick, 99.9+% metal basis) and outer
graphite foil configuration in which the Ta-foil is used to isolate the powder mixture
from the graphite felt or the graphite die. Thus, the hollow tantalum cylinder was
filled with the powder mixture. The top and bottom of such a cylinder were covered
with two circular cut-outs made from the tantalum foil. These steps are necessary to
minimize the diffusion of carbon [25] into the powder mixture during the SPS
process. Tantalum foil will form the ~50 um tantalum carbide layer during the SPS
process [26]. The SPS experiments were conducted using the ‘Dr. Sinter’ 1050
(Sumitomo, Japan) unit with a 25-mm or 30-mm die.

The schedule for the specimens used for the high-temperature flexural tests includes

the following major steps: (step 1) heating the samples to 800 °C in 4 minutes,
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following (step 2) 26 min heating to the densification temperature of between 1900 °C
and 2100 °C. At the sintering temperature, a 15 to 50-minute dwell (step 3) was used as
a homogenizing step. (step 4) cooling to 1800 °C in 5 minutes, then to 600 °C in 40
minutes. The pressure of 45 MPa was maintained during the heating, consolidation,
and cooling stages. Argon gas at the flow rate of 2 L/min was used. The temperature

and duration of step 3 were optimized using DoE methods.

2.4 Characterization of silicon carbide

After coarse grinding, the sintered specimens were polished with diamond disks with
a particle size of up to 0.5 um. The density of the samples was measured by the
Archimedes method using water or ethanol as the medium in accordance with ASTM
B 962-08.

An X-ray diffraction (XRD) analysis (D8 Advance, Bruker, Karlsruhe, Germany)
was performed on the polished surfaces of the bars after the flexural tests using Cu-
Ka radiation. The intensity data were collected over the 20 range of 30°-80° in steps
of 0.02° using a sampling time of 10s for each step. The software used for
refinement was TOPAS (TOPAS Ver. 4.2, Bruker AXS, Germany) or Profex [27].
Instrumental broadening was determined using a NIST 660b LaBs standard run
under the same conditions for each sample.

The three-point flexural strength was determined using rectangular blocks
(1.5x2%25 mm, ASTM C1211-13, configuration B) and the strength testing
equipment that was previously described in detail [28]. A span of 16 mm was used.
Unless stated otherwise, the flexural strength data were averaged based on eight tests.
In some cases, additional tests using the four-point flexure method were performed.
For the four-point tests, the 20/10 configuration was used.

The hardness was determined by a Vickers hardness tester (Akashi, AVK-A, Japan)
using loads of 49, 98, and 196 N with a dwell time of 15 s following the standard
procedure (ASTM C 1327-15). The indentation fracture toughness was calculated

using the half length of the crack formed around the corners of indentations at the
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load of 196 N using the following equations developed by Anstis et al. [29] or Lawn
and Fuller [30].

The microstructure of the silicon carbide ceramics was studied by scanning electron
microscopy (SEM, JCM-6000, JEOL). Scanning transmission electron microscopy
(STEM) was performed using a Titan G2 80-200 (FEI) equipped with a probe

aberration corrector and an energy-dispersive X-ray spectrometer (EDS).

3 Results and Discussion

3.1 Optimization of the SPS processing

In order to find the best processing conditions for the fully dense silicon carbide, we
performed a set of experiments using a factorial design approach with an additional
center point [23]. Figure 1 shows the contours for the linear regression performed
using specimens of different sizes. It is clear that the nature of the response of the
density to temperature and dwell time differs significantly when experimenting with
specimens with a slight distinction in diameter. This is due to temperature
distribution inside a die during the SPS process [31].

Based on the results in Figure 1, it was decided to fabricate specimens for high-
temperature tests using a 2010°C/20 min configuration, which was not used during
the screening process. The bulk and relative density of these specimens were 3.208
g/cm® and 99.80% of TD, respectively.

This shows a decent proximity with that expected by a model. As can be seen from
Fig. 1 (b), the path for the fully dense bulk silicon carbide lies with 20-25 min dwell
using 2010-2050 °C. Going beyond this area will gradually lead to a decrease in
density. Alternatively, one can use a 2050°C/48 min configuration for preparing SiC
using a 30-mm die (Fig. 1(b)). Such an effort will result in a coarser grain size, but

a density higher than 3.2 g/cm?® can be obtained.
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Figure 1: Response surface representation of the relative density of the SPSed
silicon carbide ceramics. The dotted lines show the initial 2000/30 or 2010/20
configurations. (a) is for the specimens using a 25-mm die, and (b) is for the 30-mm
die. (c¢) shows the relation between the observed density values and those forecasted

by the linear regression model presented in (b).



3.2 Densification kinetics of SiC

The shrinkage data during the sintering process can be used to identify the dominant
consolidation mechanism. For silicon carbide, we found only two studies that were
focused on the densification behavior of SiC [10,15]. Bind and Biggers [15]
analyzed the densification process of SiC containing 1 wt.% B4C during the HP
process. They used the approach of Murray et al. [32], which allows the activation
energy for sintering to be calculated using apparent viscosity at selected processing
conditions. Bind and Biggers [15] reported that the activation energy for hot-
pressing was 481+75 kJ/mol. They concluded that viscous flow was the main
mechanism controlling densification between 1750°C to 1950°C.

Lodhe et al. analyzed the spark plasma sintering of silicon carbide using a
polycarbon silicate as SiC precursor [10]. Their work focused on densification and
B—a phase transformation. They used the model proposed by Bernard-Granger and
Guizard [33] for their analysis. This model is based on the creep deformation process

of bulk ceramics, which should satisfy the following:

- ()

where € 1s creep rate, A — constant, D — diffusion coefficient, Gy — shear modulus,

b — the Burgers vector, k — Boltzmann’s constant, T — absolute temperature, d — grain
S1Z€, Omacro Macroscopic applied stress, p — inverse grain size exponent, and 7 1s stress
exponent, while ¢ is time.

Using a densification rate of 1x10* s! Lodhe et al. [15] analyzed the densification
of silicon carbide ceramics containing both the a-SiC and B-SiC. They evaluated that
n in eq (1) should be higher than 2 (i.e., dislocation-based mechanism), and they
reported the activation energies for the SPS process between 232 and 415 kJ/mol.
Within this study, we also applied this approach, while the key parameters for the
(eq.1) were green density 60% of TD, GO = 182 GPa, Poisson’s ratio 0.21, and
Omacro= 45 MPa.

It is widely recognized that silicon carbide, being a covalent ceramic, will experience
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limited shrinkage during the densification stage. The addition of different additives
during the processing of a-SiC can significantly impact its shrinkage characteristics.
Figure 2 illustrates the typical shrinkage curves observed during the SPS, and Fig.
2 (b) shows a shrinkage as a function of time at 2010 °C. Here, the shrinkage curves
were numerically recalculated in order to satisfy the (eq. 1).

And it was empirically evaluated that the stress exponent n=1.85. The value of the
stress exponent at a fixed densification rate varied from 1.56 to 1.91. Using the
selected trial points from the SPS screening process and using an identical
densification rate as in Lodhe et al. [15] (1x10* s!), the data were summarized in
Fig. 3 to evaluate the activation energy for the densification process. Here, the value

of the stress exponent obtained for each sintering run was used.
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Figure 2: Densification details on a-SiC ceramics during the spark plasma sintering
process using a 2010/20 configuration. (a) heating profile, and (b) shrinkage as a
function of temperature. (c) shows shrinkage as a function of dwell time at 2010°C,
while (d) presents the densification of silicon carbide by the method proposed by

Bernard-Granger et al. [33].
10



1 o a-SiC OY-15
] N O using 2020/10 and 2050/48
S - E]\\\ ® using data from SPS screening
© 10.5— NN  (Q4 59639 kJ/mol)
o ] N
% ] N 8
Q . O\\ 99% Confidence Interval
5 100 o
s iy
@ 7] N
= 9.5+ \'~.\
@ . o
= . o NN
c — \\
£ N ANE
9.0 R
|IIIIIIII|||I|IIIII|IIIIIIIII
4.2x1074 4.3x1074 4.4x1074 45%x1074
1T, K™

Figure 3: Evaluation of the activation energy for the densification during the SPS

process using a fixed pressure of 45 MPa and the densification rate of 1x10* s-!.

Using a fixed pressure of 45 MPa, we evaluated that the activation energy for the
densification process was 596439 kJ/mol. Which is higher than that reported by Bind
and Biggers [10] (48175 kJ/mol) or Lodhe et al. [15] (415 kJ/mol).

It can be stressed that in the case when the n value is greater than 2 but less than 5,
it is expected that the densification process should be controlled by the dislocation
activity. While n ~ 2 should correspond to the diffusion-based densification (or at
least the diffusion-based process should contribute substantially as Coble creep or
Nabarro-Herring creep have n=1). In the original analysis for the method involving
eq (1), Bernard-Granger and Guizard [33] analyzed the rate equation, which has n=2
using a model developed by Burton [35] for the superplastic deformation of a
polycrystalline material by grain-boundary sliding. Alternatively, Langdon [36]
suggested that for some ceramics, the creep controlled by the grain-boundary sliding
should have n=2. At the same time Cannon and Sherby [37] found a considerable

contribution of grain-boundary sliding during creep tests on the coarse-grained
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alumina (65 pm) while the main mechanism was considered as dislocation creep
with n=2.6. Ashby and Verrall [38] also mentioned that the strain rate for diffusion
creep for fine grain size is proportional to 6/d rather than o/d? or o/d®. Here, similar
to eq. (1) the o 1s the applied stress, and d is the grain size.

At elevated temperatures, the dislocations can overcome the obstacles by glide or
climb; however, within this study, after consolidation, only a few intragranular
dislocations were observed (see Sect 3.4.3). The presence of these dislocations that
the grain boundary sliding mechanism has operated during the deformation, we may
postulate that the contribution of this mechanism to densification is negligible. In
the alternative case, when the dislocation terminates inside the grain, one can
presume that the mechanism associated with the stress release during deformation
can be expected.

Considering the value of the activation energy is slightly higher than reported by
[10] or [15]. Obviously, it is possible that multiple mechanisms are active during the
densification process. Table 1 summarizes the activation energies for the self-
diffusion in the SiC and is determined by the analysis of the sintering kinetics
[5,10,15]. Because mass transport is expected to be vacancy-based, it is noteworthy
that the analysis by van Rijswijk and Shanefield [42] suggested that the excess vapor
pressure of the other element enhances the self-diffusion rate of C or Si. One can
expect that the presence of carbon monoxide (CO) in the solid-phase sintering
process would enhance silicon self-diffusion in silicon carbide [5].

At the same time, several creep studies were performed on the SiC ceramics
(including reaction-bonded SiC). These experiments are being presented in the
Table 2 [43-49]. As expected, most of the observations are being made below
1600°C. As a rule, for creep studies, the activation energy for steady-state creep
below 1600°C is lower than expected for the boundary diffusion of 14C in SiC (see
Tables 1,2). However, the value listed in Table 1 was measured in a highly defective
polycrystalline material prepared using chemical vapor deposition. Creep at lower

temperatures in this range was likely influenced by grain-boundary diffusion. In
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comparison, at higher temperatures, the activation energy for creep was greater than
that for self-diffusion through the lattice in pure a-SiC single crystals.

The data for high-temperature tests are limited by the creep in bending by
Farnsworth [48] (732.6 kJ/mol) or Francis and Coble [49] (305 kJ/mol). These
results are consistent with the data analyzed in this study (596+39
kJ/mol). Comparing these results, one should indicate that within this study, the
grain size was smaller than in [48] (1.5 um vs 26 um), suggesting that the 100 kJ/mol
difference can be associated with a co-occurring GB diffusion. Nevertheless, the

assumption could not be verified through the TEM observations.

Table 1: Activation energies for diffusion of *C, 3°Si in SiC [5,10,15]

Diffusing Type  of  the Type of the SiC specimen Qa (kJ/mol) Reference

species diffusion

14C Self single-crystal a-SiC 79148 [5]

14C Self single-crystal a-SiC 71545 [5]

14C Self polycrystalline B-SiC via CVD 842+13 [5]

30Si Self single-crystal a-SiC (<0001> direction)  697+6 [5]

308i Self single-crystal a-SiC (<0001> direction) ~ 789+10 [5]

30Si Self polycrystalline B-SiC via CVD 91145 [5]

3084 Grain-boundary polycrystalline B-SiC via CVD 536+8 (5]

- dislocation-based  polycrystalline a-SiC + B-SiC 232415 [10]
mechanism

- dislocation-based  polycrystalline a-SiC + B-SiC 481+£75 [15]
mechanism

- GB sliding polycrystalline a-SiC 596+39 This study
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Table 2: Activation energies determined by creep experiments for silicon carbide
ceramics [43—49]

Temperature  Type of the excrement  Type of the SiC specimen Qa (kJ/mol) Reference
range, °C

1397-1647*  Compressive creep CVD SiC 17545 [45]
1397-1647*  Compressive creep sintered a-SiC 395-434 [43]
1647-1747*  Compressive creep sintered a-SiC 802-914 [43]
1647-1747*  Compressive creep reaction bonded SiC 711+21 [43]
1497-1647 Compressive creep sintered a-SiC 387-541 [44]
1647-1747 Compressive creep sintered a-SiC 838-877 [44]
1620-1760 Compressive creep sintered SiC 735-790 [46]
1300-1400 Creep in bending SiC 146+25 [47]
19002200 Creep in bending Hot-pressed a-SiC 732.6 [48]
1975-2120 Creep in bending Hot-pressed SiC 305 [49]

* See original publication for details. The authors indicate a shift in the activation

energy between 1607°C and 1647°C.

3.3 Grain size and structure analysis of SPSed SiC

The average grain size value had a slightly different distribution when comparing
the surface responses for the density and the grain size (Figs. 1 and 4). Higher
processing time at elevated temperatures should result in a larger grain size value.
In this study, any lengthy processing above 2050°C would result in the average grain
size value above 2 um, which is a three-fold increase in the size when compared with
the size of the aggregates of the initial power (0.67 pm). Grain size for the 2010/30
and 2050/48 configurations, as observed by the optical microscopy (thermally
etched), SEM (fractured and polished), and TEM, were within 1.35+0.4 um and

2.440.5 pm, respectively. Individual histograms for the grain size distribution
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observed by SEM are presented in Suppl. S2. For the 2050/48 configuration, we

observed a statistically significant (up to 8%) of the elongated grains with a roughly

1 to 3 ratio between width and length (i.e., 2 by 6 um). These were rarely (~1%)

present. In the specimen consolidated using 2010/20 configuration.
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Figure 4: Response surface representation of the grain size of the SPSed silicon
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using a linear regression. The data on the residuals in (c¢) confirms that the model
used for analysis is an adequate one, as data points do not deviate greatly from

normal.

3.4 Mechanical properties

As observed in [5,20], additive-free silicon carbide displayed relatively high
hardness levels. The hardness was recorded at 31.7+1.1 GPa under a 49 N load. With
increasing loads to 96 N and 196 N, the hardness experienced a slight decrease to
28.3+0.2 GPa (for typical SEM see also Suppl. S4). These results align with the
reported hardness values for various commercial SiC tiles.

Toughness determined by the indentation method was within 2.1-2.5 MPa m'? and
2.3-2.8 MPa m'? using approaches by Anstis [29] or Lawn and Fuller [30],
respectively. These values are in line with the SiC single-crystals [5] and agree with
the data on sintered alpha silicon carbide [50].

Room temperature strength of specimens with density over 98% TD surpassed 600
MPa but seldom exceeded 700 MPa. This finding is in line with Tanaka's analysis
of B-SiC [51]. The high-temperature strength was rigorously tested on the 2010/20
specimen, with the 2050/48 specimen as a reference to decrease any error originating
from the flexural strength set-up.

From the results on the hardness, toughness, and strength, it is apparent that there is
a tradeoff for developing the additive-free alpha silicon carbide ceramic as these
bulks have relatively low toughness but higher strength. Considering these bulks'
rather good high-temperature performance (see Section 3.4.1), one may consider this
situation acceptable. Nevertheless, we underline that further improvement in the

toughness is suggested as the main goal in further studies on additive-free SiC.

3.4.1 High-temperature flexural strength

The strength of silicon carbide ceramics depends on a number of factors, including
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bulk density [16,52], additives used during processing, and starting and final
polytype contribution [52]. If silicon carbide ceramics were prepared using the
reaction bonding method, infiltration of silicon, or using the liquid phase sintering
method, the high-temperature behavior would be limited by the 1400°C/1600°C.
Above these temperatures, secondary phases might lead to a sufficient decrease in
strength.

Figure 5 shows flexural strength as a function of the temperature of the bulk SiC
ceramics developed in this study and compared with those of reported values in the

literature [16,19,52-54].
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Figure 5: Temperature dependence of silicon carbide ceramics flexural strength
[16,19,52—-54]. If the error bars are not visible, the error value is smaller than the
symbol used for the representation of the average value. The tentative composition

is provided, as depending on the processing, the a-SiC may contain the 3-SiC [53].

One can already see that there are a few contradicting trends in strength behavior vs
temperature: decrease, increase, or almost unchanged strength. The specific

mechanisms responsible for these trends are discussed in the refs. [16,19,52—-54],
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nevertheless, in the case of the unchanged or increase in strength upon an increase
in temperature, these can be attributed to the covalent nature of SiC polycrystal and
activation of plasticity above 1000 °C [5]. Similar observations for the various

shapes of the strength vs temperature curves were reported for boron carbide bulks

[54].
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Figure 6: Flexural strength of silicon carbide bulks (2010/20) obtained in this study.
(b) represents the strength data obtained at 2000°C using different configurations*
in this study and by Kim et al. [19]. The dashed line in (b) is for the average strength
at room temperature. (¢) shows the Weibull plot for the 2000°C tests. (d) Loading
curve for the a-SiC ceramic during the three-point flexural test using a 2.5 mm/min
loading rate. The red line approximates a linear portion of the strain-stress curve.

This specimen was later used for the TEM studies.

* 3P — three-point, 4P — four-point, numbers are loading rate in mm/min.

The data of Kim et al. [19] for the liquid phase sintered beta silicon carbide would
have an unchanged strength up to 1800°C followed by an increase in strength at
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2000°C. Within this study, we used the same equipment for flexural testing as Kim
et al. [19] and, using a-SiC SPSed without any additives, found that strength would
only slightly increase when compared to RT values vs 1600°C. However, we
observed a gradual increase in strength above 1600°C. This increase in strength can
be attributed to an increased contribution of plastic deformation during the tests. In
[19] and within this study, the profound plastic curves were observed only at 2000°C.
We also found that the strength and strain-stress curve of silicon carbide ceramics
showed significant sensitivity to the strain rate (see Section 3.4.2). This agrees with
Shinoda et al. [56], who reported even a superplastic deformation of SiC using the

strain rate of 3x107 g1,

Figure 7: SEM images obtained from the fracture surface of the silicon carbide
ceramics after bending tests at (a) 1600 °C, (b) 1800 °C, and (c, d) 2000 °C. (b, ¢) is
for ceramic consolidated using a 2010/20 configuration, while (a, d) is for the

specimen SPSed using 2050/48.
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The effects of the loading conditions on the final strength are summarized in Figure
6. One can see that the strength exceeding 2 GPa was observed using the relatively
high strain rate of 2.5 mm/min (also see Suppl. S5). The shape of the strain-stress
curve had a peculiar shape (Fig. 6(d)), and the flexural strength reported in Fig. 8 is
for the end of the elastic part of the strain-stress curve. One may recall that the
theoretical strength of the silicon carbide E/10 would be around 40 GPa [57]; what
is interesting here is that the elastic part would be as high as 1.3 GPa. Typical fracture
surfaces after flexural tests suggested the dominance of the intergranular fracture as
a main mechanism, as shown using secondary electron SEM images in Fig. 7.

The analysis of the densification mechanism (see section 3.2) suggested that the
dislocation-based mechanism might be responsible for consolidation using spark
plasma sintering. Thus, a sufficient number of dislocations and other defects, such
as stacking faults, can be expected in as-consolidated ceramic. In this case, the high
strength of bulk silicon carbide is due to 1) high bulk density, 2) absence of
impurities, and 3) a fairly large number of defects. The relaxation of these defects
and generation of novel defects during heating/flexure procedures is expected, as
also reported in [55]. Hence, the TEM observations were carried out to identify the
micro mechanism responsible for the increase of the flexural strength, particularly

at 2000°C (see section 3.4.3).

3.4.2 Correlation between strain rate and the high-temperature deformation

First, to understand the mechanism behind the sensitivity of the flexural strength to
the applied strain rate, we performed a formal analysis using a deformation map
mechanism approach [58]. Using data from [1,5, 58] and Sargent and Ashby [59],
we constructed the deformation maps for silicon carbide in Fig. 8 (also see Suppl.
S3). One can see that using a strain rate of 0.005 s! (0.5 mm/min) or 0.02 s (2.5

mm/min), one should expect an increase in the stress. A similar observation was
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experimentally confirmed for other ceramics [60]. According to [58], the ceramics
fracture at a rate lower than 1x10® s! should be elastic, which is consistent with the

result of this study, as plastic load-displacement curves were observed only at 2000°C.
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Figure 8: Deformation mechanism map for SiC: (a) at 2000 °C and (b) for the 2 um
grain size. Solid lines are for the combined strain rate in s”'. Dashed lines are for the

combined strain rate in s”!. LTP — low-temperature plasticity.

It is worth noting that, similar to the strength, the fracture mechanism map can be
expected [61]. Applying a slow loading rate above a certain temperature, i.e.,
1600°C, will result in a relatively small area for the slow-crack growth region. For
silicon nitride, Koehler et al. [62] suggested that the stress/strain rate increase may
indirectly affect the strength. In contrast, the fracture toughness or crack propagation
speed will be directly affected by the different strain rates. When a fixed temperature
is maintained, an increase in strain rate should result in a corresponding increase in
strength, assuming that the same mechanism is active, as depicted in Figure 8.

Here, we should stress that the ASTM C1211—13 indicates that the total time for the
stress test should be between 10 and 40 seconds. In our tests, any temperature below

2000 °C this criterium is being satisfied using a 0.5 mm/min loading rate. At 2000°C,
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a typical displacement-force curve using this rate will require up to 55 seconds to
complete, and at the same time, at this loading rate, one always observes the plastic
end after the linear elastic region. The same observation was made by Kim et al. [19].
Changing a set-up to four-point strength or using a configuration from B to A (i.e.,
3x4x25 mm) will not change the shape of the curve. As one may expect, even a
slight increase in loading rate, i.e., 0.7 or 1 mm/min, will ensure that the data
collected are acceptable according to ASTM C1211-13. Hence, in this study,
various loading rates were used to analyze strength at 2000°C (Fig. 6).

Crucially, an increase in the loading rate up to 5 mm/min (0.05 s™') would result in a
completely linear loading curve, and it was not used in the analysis in Fig. 6, while
the strength of nearly 1 GPa was observed. The fracture of these specimens remained
identical to that of Fig. 8(b). Hence, one may assume that a comparable crack growth

speed was observed.

3.4.3 Local defects during the high-temperature deformation

We observed the microstructure of the 2010/20 sample after a flexural test at 2000°C
from the undeformed (as-sintered) and highly deformed area (i.e., the tensile part in
the vicinity of the crack formation) after a flexural test at 2000°C at the tensile side
as the results are shown in Figure 9.

Fig. 9 (a) and (b) show the low and high magnification BF-TEM images obtained
from undeformed area. One can observe the following: a) no visible cracks, b) the
existence of twins in the grains. BF-STEM observations from the highly deformed
area after the flexural test show the density of twins is substantially increased in the
grains (Fig. 9(c)) while occasionally, the dislocations were present close to the grain
boundary region (Fig. 9(d)). The SF always terminates within a grain, suggesting
that this is an intrinsic strengthening mechanism and explains to some extent the
ability to withstand stress exceeding 2 GPa (Fig. 6 (d)).

We did not observe any formation of an amorphous GB phase nor the segregation
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of the secondary elements, as demonstrated in the high-resolution BF-STEM image
shown in Fig. 9(e, f). Maeda et al. [63] noted that relatively low SF energy for silicon
carbide leads to extremely large dislocation width, provided that applied stress

exceeds a critical level (~14 MPa).

Undeformed area (as SPS-ed)

Heavily deformed area - after flexural test at 2000°C
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Figure 9: TEM observation of silicon carbide ceramics prepared within this study.
(a-b) bright field (BF)-TEM image obtained from the 2010/20 sample prepared from
undeformed (just SPSed) area and (c-f) overall microstructure of heavily deformed
area after flexural test at 2000°C using a 2.5 mm/min loading rate. (¢, d) BF-STEM
images show the dislocation loops emitted from the center of the grains while the
twinning plains are terminated at the grain boundaries. (e, f) A high-resolution BF-
STEM image was obtained from a grain boundary region, illustrating the absence of
an intergranular film. STEM-EDS data (not shown here) indicated no oxygen

segregation in the grain boundaries of the as-SPSed or deformed materials.

This observation suggests that an accumulation of defects has occurred during the
deformation process. As shown in Fig. 9, the twin density increase is most likely
caused by the deformation during the flexural test. Here, one can consider that, in
this case, the silicon carbide bulks illustrate a self-strengthening behavior at the
nanoscale.

If numerous intergranular dislocations are observed in the deformed surface samples,
these intergranular dislocations likely reveal that a grain boundary sliding
mechanism operated during the deformation. However, we did not encounter a large
amount of dislocation as expected for typical high-temperature plastic fracture, and,
as a rule, stacking faults or twins were observed. These defects terminated inside the
grains (Fig. 9). Suggesting that these defects (or the increase in density of these
defects) are due to a release of internal stress during the deformation. Other
processes, such as deformation-twinning, can also be considered [57]. However, this
hypothesis cannot be confirmed for the specimen presented in Fig. 9.

The occurrence of plastic deformation was confirmed by the noticeable curvature in
specimens tested at 1400°C. The temperature at which yielding was first observed

coincided with the temperature at which the fracture stress began to increase. Thus,
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it 1s reasonable to postulate that the same mechanism that led to yielding in bending
also acted to relieve the stresses at the crack tip. As such, any increase in strength,
as observed in Fig. 9, can be reasonably connected to the conclusions made by
Gulden. Another similarity between the two studies is that CVD SiC [64] or additive-
free polycrystalline SiC, as in this study, are reasonably pure, and oxide or any other
phases will not affect the crack propagation process during the high-temperature
deformation.

At this point, the structural performance of such produced SiC bulks can be further
improved while focusing on toughness. As such, further studies that involve high-
temperature toughness tests and optimization of the SPS processing to improve
toughness are considered the next steps in the ongoing research, focusing mainly on

the activation of the self-strengthening behavior at high temperatures.

Summary and concluding remarks

This study shows that a long-term dream of producing bulk additive-free silicon
carbide was accomplished using a simple ramp-and-hold procedure at 2010°C using
spark plasma sintering. bulk silicon carbide showed rather high hardness (29 GPa),
room-temperature strength (600—700 MPa), and an acceptable level of toughness (2—
3 MPam'?).

Conditions for the consolidation of monolithic a-SiC ceramics were determined by
optimization using an experimental design approach and statistical analysis of data
on density, grain size, or 6H polytype content in the SPSed SiC bulk.

The consolidation of silicon carbide was analyzed similarly to the creep of bulk
ceramics using the approach proposed by Bernard-Granger and Guizard [33]. It was
established that the activation energy for the densification process is within 596439
kJ/mol, which is in general agreement with previously reported studies on creep [48]
or hot-pressing [10]. According to the stress exponent n value of 1.56 to 1.91, the

mechanism responsible for the densification of silicon carbide without introducing
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any additives into the system was the grain-boundary sliding or its combination with
diffusional creep.

Nevertheless, dislocations were rarely observed for the ceramic after the SPS
consolidation, and the main defects were stacking faults or twins. These defects were
often terminated at the grain boundaries. Numerous probing attempts revealed that
the grain boundaries for additive-free SiC were crystalline and contained no
secondary or amorphous phases.

Importantly, SiC bulks showed a gradual increase in flexural strength from room
temperature (>600 MPa) to 2000°C (>950 MPa). At least 10 measurements
confirmed both values with a relatively high Weibull parameter (m > 15) for 2000 °C.
At 2000°C, the flexural strength of additive-free SiC was sensitive to the loading
rate, and under 2.5 mm/min, it reached a maximum of 2.08 GPa. To explain this
observation, we used a constructed deformation mechanisms map [58], and it was
found that the Coble creep is the most likely mechanism explaining the strain
sensitivity of SiC at 2000°C. Furthermore, a gradual increase in strength with an
increase in temperature for additive-free silicon carbide may be associated with the
self-strengthening of this ceramic during the deformation process. We observed a
sufficient increase in the stacking faults density inside the SiC grains at 2000°C,
suggesting a self-strengthening mechanism was activated. Importantly, most twins
and stacking faults terminate inside the grains, which can be connected to stress

release during the deformation process.
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