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ARTICLEINFO ABSTRACT

Keywords: SiC was densified by spark plasma sintering (SPS) and the effects of surface modification of the powder particles
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on its sintering behavior were investigated. The pressure and temperature conditions were set to 50 MPa and
2200 °C, respectively. Specific SPS experiments at a lower temperature (i.e. 1600 °C) was performed to analyze
the efficiency of the sintering and the early stage of the densification in softer conditions. The surface func-
tionalization was carried out by grafting a thin molecular layer of a preceramic precursor on the grain surface of

SiC particles, which acts as a sintering additive without producing contamination by heteroatoms since, in
addition to hydrogen, it contained only Si and C in the same ratio 1:1 as silicon carbide. One of the advantages of
this surface functionalization is that it reduces the temperature at which the sintering process begins and
therefore it facilitates and increases the densification of the final SiC parts.

1. Introduction

Because of its excellent properties such as its high mechanical stiff-
ness, low density, wide bandgap, low coefficient of expansion, high
thermal stability, and resistance to corrosive environments, silicon
carbide (SiC) is an advanced ceramic material for many technological
applications [1]. Among these applications are high-power microwave
devices for commercial and military systems; electronic devices (LED’s,
MOSFET’s); high temperature electronics/optics for automotive, laser
processes mirrors and well-logging; rugged MEMSs (micro--
electro-mechanical sensors) devices for hostile environments; gas and
chemical sensors for internal combustion engines, furnaces and boilers;
solar-blind UV photodetectors [2], very high temperature solar absorber
[3] and aerospace applications as space telescope mirrors [4] and more
generally very large telescopes [5,6].

The manufacture of monoliths SiC parts is very difficult because it is
a covalent ceramic which decomposes above 2545 °C to form liquid
silicon and carbon [7]. Consequently, under normal conditions, it has no
liquid phase. The main difficulty to fabricate massive and dense SiC
parts lie in the sintering stage. For example, without any additives, the
theoretical density could only be achieved at 2500 °C by a classical
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hot-pressing process under a pressure of 50 MPa [8]. A number of aids
are then used to promote SiC densification, but certain glassy-like phases
formed at grain boundaries from heteroatoms may be detrimental to the
desired performance and, consequently, mechanical properties can be
lowered.

Spark Plasma Sintering (SPS) is an advanced process that was also
used to consolidate silicon carbide powder without additives. The first
step is to choose the most suitable SiC powder and the second one is to
optimize SPS experimental conditions. The SPS process allows various
types of materials to be sintered [9] with control microstructure [10]
and shape [11]. It relies on pulsed DC current passing through an
electrically conducting pressure die containing the sample. Uniaxial
pressure is applied during sintering. The main benefit is that full density
can be reached fairly easily, the whole experience taking only a few
minutes. Unfortunately, like so many other covalentrefractory ceramics,
even by SPS SiC is very difficult to sinter to a high density without using
binder additives (that generally bring heteroatoms that are left in the
part) and/or very high pressures.

Thus, to reach high density sintered SiC functional additives are
used. In previous studies, it was shown that these aids could lower the
sintering temperature. Several compounds were tested as sintering



Table 1
Summary of the process conditions and main features of PCS and PCS + SiC
starting materials sintered by SPS.

Ref. Year Powder PCS SPS Relative
feedstock parameters” density of
final
parts
T: 2050 °C
Nipusi® . R: 100 °C/
Bernardo PCS + o S, ?\Iipportly ’ min
et al. 2014 Boron (5% CarbonCo., P: 16 MPaQ 94 %
[18] and 10 % Ltd. Mw (T<2050 °),
wt) 1400 50 MPa (T
2050 °)
t: 10 min
PCS after T:
pyrolysis at 1600—1800
Lodhe 1400 °C + °C
et al. 2016  SiC - R: 100 °C/ 95 %
[21] whiskers min
(10—20% P: 50 MPa t:
vol.) 10 min
T:
1700-1900
°C
Y. Lee PCS after Mw 13600, :irlloo ¢
et al. 2018  pyolysis at ToBeM Tech. P: 40 MPa 95 %
[22] 1000 °C Co. (T< 2050 °),
80 MPa (T
2050 °)
t: 10 min.
T : 600—2200
°C
SiC powder PSE: Mw ~ R:100°C/
This work 2021 + w/PSE 250 Starfire®  min 91-96%
and w/o System P: 50 MPa (T
2200 °C)
t:1 min

@ ) Temperature (T); Heating Rate (R); Total Pressure (P); Duration in steady
state (t).

additives for SiC powder both to enhance the densification rate and to
slow down grain growth kinetic. To achieve high densities through solid-
state sintering and to avoid the appearance of low corrosion resistance
intergranular phases, consolidation of SiC with boron and carbon as
sintering additives seems to be the most efficient way [12]. Therefore,
boron carbide was found to enhance the hot-pressing behavior of SiC
that could be so obtained in a fully dense state [13,14]. These additives
permit to reach high density slightly over 2000 °C by means of the
reduction of the surface energy of the grains (surfactant effect due to
boron) and reaction with residual silica (carbon reduction). Following
these results, Maitre et al. used SPS method and boron additive to pro-
duce fully dense SiC-based materials with several non-oxide secondary
phases such as boron carbide (B4C) or free boron (B) plus free carbon (C)
[15]. However, for some applications these additives are considered as
contaminants for final parts and as a consequence not acceptable.

For this reason, no additive was used and a stringent optimization of
the process parameter was a preferred route. For instance, Guillard et al.
applied a specific SPS procedure for synthesizing and densifying pure
commercially available submicrometer-sized SiC powder. Using this
procedure, a 92 % Relative Density (RD) was achieved. The aim of this
previous study was to assess the evolution of SiC grain size and density
versus temperature, holding time and pressure on a commercial powder
[16]. As another example of pure SiC SPS, Hayun et al. obtained a
density of SiC bodies of 3.1870 g/cm3 (RD 99 %) in the absence of
sintering additives. They have used an SPS treatment at 2050 °C for 10
min, a heating rate of 400 °C/min and a high applied pressure of 69 MPa
to densify alpha-SiC powder [17]. However, even with the advantages of
SPS, sintering aids are generally required to obtain a dense SiC body.

A potential possibility recently proposed by authors to obtain full-

dense SiC body by SPS is the direct use of polymer-derived ceramics
as single-source materials, i.e. without SiC powder [18]. These pre-
ceramic molecular precursors present distinctive features such as low
process temperatures and, above all, the possibility of applying forming
techniques for conventional polymer processing. However, heating of
preceramic polymers generally leads to the formation of cracks and
pores in the ceramic products due to gas release and shrinkage resulting
from polymerization and crosslinking. Crack free products can be
manufactured in the case of fibers, microcellular foams and thin films
thanks to the key role of the many interfaces. In these configurations, the
material can tolerate both the release of a great amount of gases as
by-products (mainly hydrogen and lightweight hydrocarbons) during
the polymer-to-ceramic conversion and also the significant volumetric
shrinkage up to 60 % [19].

Bernardo et al. analyzed the SPS processability of SiC derived from
one of the commercial family of polycarbosilane (PCS) powders
(Nipusi® type S, Nippon CarbonCo.,Ltd) featuring a molecular weight
(Mw) of 1400 mixed with boron as additive [18]. PCS compounds are
inorganic polymer composed of a Si-C backbone leading to a fixed Si/C
atomic ratio (characteristic of each PCS compound) and a small amount
of hydrogen. Furthermore, they exhibit similar properties as organic
polymers, ie. they are meltable, soluble, and unstable at high temper-
atures. For conversion to silicon carbide, PCS must undergo several steps
during heat treatment: formation of oligomers by pyrolysis, usually by
dehydrogenation, then polymeric intermediaries, crosslinking, amor-
phous preceramics, crystallization, and crystal growth. When comparing
PCS compounds and SiC powder as starting materials in the sintering
process, there are notable differences. In the sintering process for a
ceramic material as SiC, a crystallized powder is generally used, whereas
PCS is used in an amorphous state after pyrolysis with a Si- or C-rich
content depending on its initial composition. Therefore, starting with
PCS, several steps must accompany sintering as the events above cited as
well as nucleation, crystal growth, and grain growth [20].

More authors explored the use of PCS for densification of SiC by SPS
(Table 1). Lodhe et al. studied the phase transition of SiC during SPS,
where a PCS was used after pyrolysis at 1400 °C combined with SiC
whiskers (10 20% vol.) [21], and Lee et al. sintered PCS (Mw 13600,
ToBeM Tech. Co.) powder after pyrolysis at 1000 °C by SPS [22].

The aim of our study is to extend and to explore the use of original
PCS compounds as a sintering aid by direct surface grafting on SiC
powder. For that, we used a simple and volatile commercially available
PCS precursor not yet tested as additive in an SPS process.

Consequently, by means of SPS, the original scientific approach of
this work resides in the production of innovative SiC powders that
enhance the sintering behavior of SiC by surface functionalization of
grains consisting of grafting a molecular nanolayer that does not contain
heteroatoms and does not induce the formation of secondary phases. The
effects of the surface functionalization have been studied and compared
to non-modified SiC powder.

2. Experimental

A commercial compound of the PCS family, namely poly(sila-
ethylene) (PSE) was supplied from Starfire® System (supplier name
CVD-4000). It was used for the surface functionalization of silicon car-
bide powder as SiC forming oligomer and known to lead to the growth of
stoichiometric silicon carbide coatings (ratio Si:C  1:1) without the
need for additional reactants by chemical vapor deposition [18]. Its
formula is [ SiH2 CH2 Jn,n  3-8), which reveals Si—C covalent
bonds already formed and an atomic Si:C ratio  1:1 as in crystallized
silicon carbide. It is a volatile liquid compound, easy to handle and
readily available. It produces amorphous hydrogenated silicon carbide
coatings by pyrolysis at 800 °C in a chemical vapor deposition process
[23].

The SiC samples were spark plasma sintered using a Dr. Sinter 2080
unit, SPS Syntex Inc., (Japan,) available at the Plateforme Nationale
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Fig. 1. PSE (CVD-4000), SiC powder and smSiC powder IR spectra.

CNRS de Frittage Flash located at the Université Toulouse 3 Pau 1
Sabatier (France). The SiC powder was loaded into graphite dies with an
inside diameter of 8 mm to produce pellets at least 10 mm thick. Prior
this step, a graphite foil (PERMA-FOIL®Toyo Tanso) was systematically
placed to cover the inside wall of the die, as well as at the interfaces
between the punches/sample and spacers/electrodes. The outside wall
of the die was systematically covered with a graphite felt to minimize
the heat loss during the experiment. A heating rate of 300 °C/min was
used from room temperature to 600 °C, where a 1-min dwell was
applied. Then, a heating rate of 100 °C/min between 600 and 2200 °C
was applied. An optical pyrometer (IR-AH series Chino), focused inside a
little hole (1.8 mm in diameter and 3 mm in depth) located in the outside
wall of the die was used to control and monitor the temperature. For one
pure SiC powder and a surface-modified Silicon Carbide powder
(namely smSiC) the heat treatment was stopped at 1600 °C to observe
and compare the early stages of sintering. Pressure was set at 50 MPa at
room temperature and maintained up to the end of the dwell. In each
case, pressure was released at the end of the holding time and the
cooling rate down to 1000 °C was around 400 °C/min. Some graphite
paper, used for the die protection, remaining at the surface of the pellets
after the SPS step was removed by soft polishing of the samples using
abrasive paper. Then, density of the final specimens was determined
according to Archimedes’ principle and compared to SiC theoretical
density [1].

The structure of the samples was analyzed using Cu K-alpha radia-
tion (. 1.5406 A) over the 20 range of 20-80°using X-ray powder
diffraction (Diffractometer D8 2) and the phase composition was
determined by the Rietveld method from XRD patterns with MAUD,
following the strategy developed by Hongchao et al. [24]. Their
microstructure was studied using Scanning Electron Microscopy
(LEO435VP) The samples for the microstructural characterization were
prepared using a standard metallographic procedure. The samples were
polished with diamond paste and subsequently introduced in hard resin
to study the cross section of the material. The cut was made with a
cutting machine (Mecatome T210) using a diamond blade. FT-IR spectra
of the PSE (CVD-4000), SiC powder and smSiC powder were obtained
over the range of 4000 to 400 cm 1 using a Nicolet 5700 spectrometer.

KBr discs were used, prepared by compressing a finely ground mixture of
about 3 mg of the sample and 300 mg of KBr powder. Raman
micro-spectroscopy using a Labram HR 800 Yvon Jobin Raman confocal
spectrometer with a confocal hole of 100 mm and an argon laser emit-
ting at 532 nm provided chemical and structural characterizations of the
samples. We have recorded the Raman spectra by scanning the entire
range of interest 550-1050 cm 1. References to standard transform
acoustic phonons (TA), transverse optical phonons (TO) and longitudi-
nal optical phonons (LO) were obtained from literature for the following
basic polytypes: a-SiC (6H-SiC) and 4H-SiC — both have hexagonal
symmetry and wurtzite structure, and 15R-SiC [25,26].

3. Results and discussion

PSE has been grafted onto the surface of SiC particles in the form of a
conformal coverage molecular layer, which avoid the excess of oligomer
that can be provided by the feed powder.

Alpha-SiC, powder with a mean grain size of 2 ym provided by
Mersen Boostec were used in this project. As it was already mentioned
by E. Lidén [27] et al. and experimentally proofed by Luo et al. [28], it is
important not to use an excess of polymer that can be grafted onto the
surface of the powder, since this could increase the specific surface area,
change the morphology of the powder too much and the coupling agent
could hardly infiltrate into the nanoparticle agglomerates of the powder
and reduce the graft efficiency. Therefore, it was first necessary to
calculate the amount of oligomer required for a conformal coverage of
the powder grains with a molecular monolayer of PSE. The powder
grains were supposed monodisperse and spherical with an average
diameter of 2 pm. An approximate value of ~ 1 wt.% of PSE was found.
Then the surface-modified silicon carbide (smSiC) powder was prepared
by a wet route. A suspension of the alpha-SiC powder was stirred in
toluene in a Schlenk tube, then a PSE solution (~ 1 wt.%) in toluene as a
solvent was added dropwise under argon atmosphere using a vacuum
manifold to avoid premature degradation of this PCS compound. This
suspension was magnetically stirred for 1 h at 60 °C, and then it was
transferred into a rotative evaporator for 3 h at 60 °C to remove slowly
the solvent and the PSE excess. At the end, the smSiC powder was stored



Table 2

Experimental and relative density for SPS-SiC and SPS-smSiC. The relative in-
tensity was determined compared to the theoretical value of alpha-SiC. The
temperature and pressure experimental conditions were set constant at 50 MPa
and 2200 °C with a rate of 100 °C/min for all the samples. The steady state
temperature was maintained constant for 1 min.

Sample Sintering Powder Experimental Relative
name Temperature feedstock density (g/cm®) density (%)
Q) (theo  3.217
g/cm®)
SPS-SiC-1 2200 SiC 2.921 91 %
SPS-SiC-2 2200 SiC 2.933 91 %
SPS-SiC-3 2200 SiC 2.934 91 %
SPS-SiC- 2200 SiC 2.929 +0.007 91 %
1-2-3*
SPS- 2200 SiC + PCS 3.046 95 %
smSiC- (1 wt%)
1
SPS- 2200 SiC + PCS 3.097 96 %
smSiC- (1 wt%)
2
SPS- 2200 SiC + PCS 3.005 93%
smSiC- (1 wt%)
3
SPS- 2200 SiC + PCS 3.048 + 0.046 95 %
smSiC- (1 wt%)
1-2-3*
SPS-SiC 1600 SiC 2.472 61 %
SPS- 1600 SiC + PCS 2.780 72 %
smSiC (1 wt%)

" Average values of data above.

in the dry atmosphere of a vessel before its use in SPS.

Indeed, this strategy does not change significantly the main features
of the SiC powder as the specific surface area and the morphology.
Furthermore, this coupling agent infiltrates into the particle aggregates
and increases the grafting efficiency [27]. This original approach is
highlighted in the Table 1 summarizing a brief state-of-the-art of SPS
sintering of SiC using PCS compounds.

The liquid oligomer samples were examined as a thin film between
KBr plates. Fig. 1 shows the FT-IR spectra. The bands are assigned with
reference to literature on known organic compounds and poly-
carbosilane (PCS) [29,30]. In the spectra, we observe the CH stretching
region (3100 2800 cm™}) and the strong band at 2150 cm ™ assigned to
the SiH. Regarding smSiC powder IR spectra, SiH band is detected due to
the oligomer grafting onto the SiC particles. Consequently, SiC powder
IR spectra doesn’t show this band.

3.1. Relative density

Table 2 summarizes the processing conditions applied to the inves-
tigated SiC-based ceramics, along with measured density. Interestingly,
a high reproducibility was obtained using the as-received untreated SiC
powder with a relative density of 91 % for several runs of only 1 min. For
the functionalized SPS-smSiC samples the relative density in the same
conditions reaches the narrow range 93-96 %, which also confirms a
very good reproducibility. If this very low dispersion is considered sig-
nificant, it can then be assumed that it would reflect some differences in
the grafting efficiency of the different batches of smSiC powders.

Density of these various pellets shows differences versus the various
powders used as starting materials. In general, SPS-smSiC samples pre-
pared at 2200 °C for only 1 min exhibit the highest relative density (95 +
1%). Their relative density is approximately 4% higher than that of SiC
samples prepared using ungrafted powders (Table 2). Thus the density
achieved is as high as those obtained previously by directly using a pre-
treated PCS compound and additives (Table 1). We retain that dense SiC
bodies were obtained under our SPS conditions for both types of SiC
powders used (with and without grafting).

We will further discuss the samples heat treated up to only 1600 °C

vac mode HFW
High vacuum | 1.27 mm

D HV
mm | 20.00kV | C

11.1

Fig. 2. SEM fracture micrographs of the SPS-SiC-1 sample after polishing (final
SPS temperature 2200 °C).

w HV det vac mode HFW
10.0 mm | 20.00 KV | CBS | High vacuum | 1.27 mm

— L —

Fig. 3. SEM fracture micrographs of the SPS-smSiC-2 sample after polishing.
(final SPS temperature 2200 °C).

for 1 min (namely SPS-SiC and SPS-smSiC) in section 4.3 (Sintering
initiation). We will see that the differences in density mentioned above
are confirmed and even reach 9%.

3.2. Microstructural and crystallographic characterization

SPS-SiC and SPS-smSiC pellets exhibit similar grain morphologies.
Both polished SiC (Fig. 2) and polished smSiC samples (3) show a low
porosity which increases at the edges of the pellet of 8 mm in diameter
(see for instance at the bottom of micrographs of Figs. 2 and 3). How-
ever, no specific changes are found between them. This observation is in
accordance to the density measurement since we observe practically full
dense SiC and smSiC bodies with RD > 91 % (samples SPS-SiC-1 to SPS-
smSiC-2 in Table 1). The SEM images in Figs. 2 and 3 have been recorded
using a concentric backscatter detector (CBS) and, usually, the contrast
originates both from changes in the composition and topography.
However, since the samples have been carefully polished, the different
darker/brighter areas shown in the SEM image of Fig. 3 are preferen-
tially due to different crystallographic orientation (or SiC polymorphs)
since no chemical modification is detected by an EDS line-scan analysis,
as confirmed by the constant value of the normalized Si intensity
through a dark area of about 24 pm wide. Also, EDS analysis excludes
the formation of elemental Si that would come from the decomposition
of SiC. This is in agreement with the fact that such a decomposition is



Table 3
Phase composition determined by Rietveld method [24] of XRD patterns of SiC
and smSiC samples prepared by SPS compared to the powders used.

Sample Name SiC-6H SiC-15R SiC-4H Rwp Rexp
(%) (%)

SiC As- 93.02 % 3.35% 3.63% + 14.23 3.05
powder received +1.30 + 0.47 0.51

smSiC After 93.24 % 2.08% 4.47% + 22.54 4.24
powder grafting + 1.05 + 0.56 0.66

SiC (2200 SPS-SiC- 70.06% 2.06% 27.88% 6.81 3.38
°C/1 1 +0.78 +0.21 +0.39
min)

smSiC SPS- 72.60 % 1.68% 25.71% 8.10 3.29
(2200 smSiC-2 +0.95 +0.23 +0.38
°C/1
min)

SiC (1600 SPS-SiC 93.89 % 3.03% 3.08% + 8.29 3.24
°C/1 + 0.90 +0.18 0.22
min)

smSiC SPS- 94.42 % 2.61 % 2.97% + 7.58 3.31
(1600 smSiC +0.85 +0.16 0.23
°C/1
min)

expected only at 2545 °C [7].

The phase composition of the SiC powder used was investigated by
XRD (Figs. 2 and 3) and data are reported in Table 3. It is shown that as-
received SiC powder contains only two phases: the hexagonal-wurtzite
SiC-6H (also called a-SiC) and the rhombohedral SiC-15R in the pro-
portion 85 % and 15 % respectively. No significant difference was found
for the smSiC powder, which was expected since the molecular grafting
was a soft wet method that does not require high temperatures.

The XRD analysis of the SiC samples densified by SPS at 2200 °C as
SPS-SiC-1 (Fig. 2) exhibits 3 different crystal phases: SiC-6H and SiC-15R
like originally in the starting powder plus the hexagonal SiC-4H. The
graphite signals at about 2theta  26.5 and 78 deg are also present on
the XRD patterns but they are due to the contamination by the graphite
dies and therefore graphite was not considered subsequently. Decom-
position of silicon carbide did not occur since elemental silicon is not
detected. From the Table 3, it can be seen that the proportion of the new
phase SiC-4H is 25 % and it was preferentially produced to the detriment
of SiC-15R and for a smaller part from SiC-6H.

The XRD pattern of the smSiC sample also prepared at 2200 °C as
SPS-smSiC-2 (Fig. 3) exhibits the same three SiC phases with very close
proportions as reported in Table 3. It is notable that the SiC-4H content
is only 22 % instead of 25 % using as-received SiC powder. If it is
assumed that these differences are significant, this can be attributed to
an effect of molecular grafting which would limit the structural
transformations.

The XRD patterns of SiC (SPS-SiC) and smSiC (SPS-smSiC) samples

AS22 1
MAG: 1067%  HV; 209 KV WU 305 mm v-.&‘u-

prepared at only 1600 °C are shown in Figs. 5 and 6 respectively. Both
patterns are similar to that of the as-received SiC powder, i.e. no evi-
dence for the presence of SiC-4H was found. This is consistent with the
fact that for these low temperature samples the SPS process was inter-
rupted before reaching the sintering SiC temperature and, consequently,
no SiC-4H transformation can occur [31,32].

These results show that the use of PSE oligomer as SiC grafting
molecular precursor does not change very significantly the final phase
composition of the SPS samples and its conversion to SiC is fulfilled.

A RAMAN analysis was realized on the samples SPS-SiC-1 and SPS-
smSiC-2 (Fig. 7). In this study, the focus is on the most intense FLO
and FTO modes. The presence of three polytypes was identified at the
initial state: SiC-4H, -6H and -15R; written in the Ramsdell notation.
These polytypes differ by their crystalline lattice and stacking order. The
associated Raman spectrum is a combination of these polytypes from
which some peaks are characteristics of one polytype. For example, the
peak at 789 cm 1 characterizes the SiC-6H, the peak at 777 cm 1, the
SiC-4H and the peak at 785 cm 1, the SiC-15R [25,26]. This result is in
accordance with the XRD pattern of the SiC and smSiC sample also
prepared at 2200 °C as SPS-SiC-1 and SPS-smSiC-2 (Figs. 5 and 6). They
exhibit the same three SiC phases with very close proportions as
reported.

3.3. Sintering initiation

Figs. 8 and 9 indicate the temporal variation of temperature and
displacement during the SPS process. The displacement is not corrected
for the contribution of the components of the SPS column, i.e. it takes
into account the graphite and SiC contribution. For these two experi-
ments, the process was stopped at T 1600 °C. From the red curve of
sample SPS-SiC (Fig. 8), we observe a slight expansion at the beginning
of the SPS process that is caused by the thermal expansion of particles
and die, as well as gas release [33]. This low temperature expansion
occurs in two main steps: the first one up to 100 s and the second up to
approximately 300 s to reach a plateau. In this low temperature range,
the behavior of the smSiC sample (SPS-smSiC) is close to that of SiC
(SPS-SiC) except the plateau is reached after 200 s (Fig. 9) instead of 300
s for the SiC sample (Fig. 8). The great increase of the displacement
curve at high temperature occurs faster for the SPS-smSiC sample
(Fig. 9) compared to the SiC one (Fig. 8), approximately at 650 s and 750
s respectively. For both samples, the relationship between the temper-
ature and the displacement shows that the displacement starts at 1060
°C in the smSiC sample and at 1240 °C in the SiC sample (Fig. 10). This
change in the displacement curve means a dimension shrinkage of the
powder [34]. Wherewith it can be deduced that the sintering process
begins with a difference between both powders of ca.180 °C, revealing
that sintering is significantly facilitated using smSiC powder. Then, the
temperature and pressure remained constant during the SPS process as
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Fig. 4. SEM fracture micrographs of the SPS-smSiC-2 sample after polishing prepared with a final SPS temperature in the steady state of 2200 °C for 1 min (left). EDS
line-scan analysis along the red arrow across the dark area showing a constant Si content (right). (For interpretation of the references to colour in the Figure, the

reader is referred to the web version of this article).
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Fig. 5. XRD pattern of SPS-SiC-1, SPS-SiC and SiC powder.

explained in section 3.

Regarding the microstructure, the porosity of the SPS-SiC (Fig. 11)
and SPS-smSiC (Fig. 12) samples appear to be both closed and open (as
suggested by some extensive ramifications of the porosity network).
Anyways, the total porosity of these samples determined using the
ImageJ software from SEM images as in Figs. 11 and 12 gave approxi-
mate values of 39 % and 32 % for the SiC (SPS-SiC) and smSiC (SPS-
smSiC) samples, respectively. This result is in very good agreement with
the relative density measured by the Archimedes method since the
values of 61 % and 72 % were found (Table 1). Clearly, SEM analysis and
density measurements demonstrate that, compare to raw SiC powder, a
better densification is obtained with the use of SiC powder previously
grafted with the PSE oligomer. This is in good agreement with the sin-
tering initiation difference that we measured in situ during the SPS
process as reported in Fig. 10.
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Fig. 6. XRD pattern of SPS-smSiC, SPS-smSiC-2 and smSiC powder.

--- SPS-SiC-1
--- SPS-smSiC-2
10000
8000 -
0
(&)
6000+
>
z
G
E 4000
2000 + &/‘) JI N H
) i
0 N
6(‘)0 760 860 9(‘)0 1dOO

Raman shift (cm™)

Fig. 7. Raman pattern of SPS-SiC-1 and SPS-smSiC-2.

Despite the relatively large porosity of the SPS samples prepared at
1600 °C (Fig. 11 and Fig. 12), their SEM analysis did not reveal the
obvious presence of dark zones unlike the samples densified at 2200 °C
(Figs. 2 and 3). We assumed that these bright/dark contrasts were
mainly due to differences in crystallographic orientation as no variation
in atomic composition was found by EDS (Fig. 4). According to this
hypothesis, the dark structures could for example be attributed to the
SiC-4H phase which is barely present in the starting powder but which
forms during SPS runs at 2200 ° C. The minor presence of this SiC-4H
phase in samples prepared at 1600 °C was revealed by XRD analyzes.
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this article).

In addition, the absence of dark areas on the SEM micrographs of these
low temperature samples supports our hypothesis to attribute the pres-
ence of dark areas to the SiC-4H phase. We then performed image
treatment of the micrographs of Figs. 11 and 12 using ImageJ software
and we found that the dark areas represented 27 % and 24 %, respec-
tively for the SPS-SiC-1 and SPS-smSiC-2 samples. This is in very good
agreement with the proportions of the SiC-4H phase determined by
Rietveld analysis [24] of the XRD phases which were respectively 27 %
and 22 % (Table 3) and the RAMAN spectra. This good overall consis-
tency gives credibility to our hypothesis, which can be checked later, for
example by TEM analyzes.

4. Conclusion

Dense silicon carbide specimens were fabricated by SPS process at
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Fig. 11. SEM fracture micrographs of the SPS-SiC sample after polishing. The
final temperature was stopped at 1600 °C to avoid a full densification.

2200 °C and 50 MPa for only 1 min in this steady stage. The SiC samples
were densified up to 91 % and the surface-modified smSiC sample up to
96 % using the same SPS conditions. The final porosity is very low since
it lacks only 4% in density compared to theoretical bulk SiC. Interest-
ingly, the densification is always found better for smSiC than for raw SiC
sample. Consequently, the poly(silaethylene) (PSE) grafted onto the SiC
grains is completely converted into SiC. This confirms that thanks to its
atomic ratio Si:C  1:1 (as in stoichiometric SiC) and to the absence of
heteroatoms, it is a suitable preceramic molecular precursor for SiC. This
was previously demonstrated for CVD process for the growth of SiC
coatings [23] and this is extended here for the fabrication of 3D SiC parts
by SPS technique.

Moreover, the surface-grafting of the oligomer-derived ceramic does
not affect the final phases of the dense bodies since they are all
composed of the three phases SiC-6H, SiC-4H and SiC-15R. This study
allowed us to determine that the surface modification of the SiC powder
decreases the sintering start temperature by about 180 °C and therefore
a better densification is obtained, which is a good result for developing a
more energy efficient SPS process.

Finally, compared with previous results [18,21,22], an innovative
method has been used to graft a oligomer used as SiC molecular pre-
cursor in a controlled way on the surface of the SiC particles instead of
using this preceramic precursor directly after pyrolysis or mixed with
heteroatoms as boron additives to obtain a significantly improved final
densification. Taking into account progress to understand and simulate
SPS processes [35,36], this result is a new step towards the achievement
of a 3D SiC part by SPS.
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The final temperature was stopped at 1600 °C to avoid a full densification.
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