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Abstract

The unique combination of SiC properties opens the ways for a wide range of SiC-based industrial applications. Dense silicon carbide

bodies (3.1870.01 g/cm3) were obtained by an SPS treatment at 2050 1C for 10 min using a heating rate of 400 1C/min, under an

applied pressure of 69 MPa. The microstructure consists of fine, equiaxed grains with an average grain size of 1.2970.65 mm. TEM

analysis showed the presence of nano-size particles at the grain boundaries and at the triple-junctions, formed mainly from the

impurities present in the starting silicon carbide powder. The HRTEM examination revealed high angle and clean grain boundaries. The

measured static mechanical properties (HV¼32 GPa, E¼440 GPa, sb¼490 MPa and KC 6.8 MPa m0.5) and the Hugoniot Elastic Limit

(HEL¼18 GPa) are higher than those of hot-pressed silicon carbide samples.

& 2012 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Silicon Carbide (SiC) displays an unique combination of
physical and mechanical properties, such as low density,
oxidation resistance, strength retention at high temperature
and high Hugoniot Elastic Limit (HEL) [1–5]. Such combi-
nation of properties makes it a choice material for a wide
range of applications. It is difficult, however, to manufac-
ture fully dense specimens by conventional sintering, on
account of the elevated temperature required. The presence
of sintering additives [2,6] may reduce the sintering tem-
perature, but it detracts from the mechanical properties.

Spark Plasma Sintering (SPS) is a recent development in
sintering technology that combines axial pressure with
heating by an electrical current passing through the die
that contains the powder body. This combination enhances
significantly the sintering of covalently bonded refractory
ceramics, such as boron and silicon carbides. Recently
[7,8], we have investigated the microstructure and the
mechanical properties (dynamic and static) of fully dense
0 & 2012 Published by Elsevier Ltd and Techna Group S.r.l.
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B4C specimens that had been SPS-processed in the absence
of any sintering additive. The SPS-processed B4C samples
displayed a higher level of physical and mechanical properties
than those obtained by hot pressing. Several attempts to
consolidate silicon carbide powder without additives by the
SPS technology have been reported [9–12]. Guillard et al. [9]
applied a one stage SPS procedure for synthesizing and
densifying silicon carbide from a powder mixture of graphite
and silicon. Using this procedure, a 92% Relative Density
(RD) was achieved. Close to 98% RD was reported for
specimens fabricated by SPS using silicon carbide nanopow-
der (�70 nm) [10] and from powder obtained by mechanical
alloying [11,12]. The present work is a follow up of our
investigation of the microstructure and mechanical properties
(both static and dynamic) of the SPS-processed covalent
ceramics.

2. Experimental procedure

2.1. Starting materials and experimental set-up

Silicon carbide powder UF 15 grade (Table 1), supplied
by H.C. Starck Company was inserted into a graphite die
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Fig. 1. Densification curve and its derivative (densification rate) as

function of time of processing of silicon carbide specimen. During the

whole sintering cycle, the sample was under 62 MPa axial pressure.
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(inner diameter 20 mm, outer diameter 40 mm), which was
covered with 20 mm thick graphite wool for thermal
insulation. The die was placed to the SPS apparatus (type
HP D5/1, FCT System. Rauenstein, Germany) equipped
with a 50 kN uniaxial press [7]. Based on preliminary
results, the SPS consolidation was conducted at 2050 1C
under vacuum (1.3 h Pa) and uni-axial pressure of 69 MPa.
The heating rate was 400 1C/min and the holding time at
the sintering peak temperature varied from 0 to 10 min.

2.2. Microstructural characterization

The microstructure was studied using Scanning Elec-
tron Microscopy (SEM, JEOL-35) and by Transmission
Electron Microscopy (TEM) JEOL FasTEM 2010
equipped with the Noran Energy Dispersive Spectrometer
(EDS). The samples for the SEM characterization were
prepared using a standard metallographic procedure
finalized by polishing with a 1 mm diamond paste.
Polished specimens were thermally etched for 1 h at
1200 1C under vacuum (1.3� 10�4 h Pa). The TEM sam-
ples were prepared as follows: 1 mm thick foils were cut
using a 0.4 mm diamond saw and ground down to
500 mm. Disks, 3 mm diameter, were drilled with a cooper
drill pipe and 40 mm diamond paste, ground down to
70 mm thickness, glued to a Cu support and polished to
30 mm thickness. Final thinning to electron transparency
was carried out with a GatanTM model 691 precision ion
polishing system until foil perforation.

2.3. Static mechanical properties

The hardness of the SPS-processed silicon carbide
samples was determined by a Buehler-Micromet 2100
microhardness tester with a Vickers indenter under 20 N
loads. The flexural strength was determined by the three-
point bending test on 3� 4� 20 mm bars in an LRX Plus
LLOYD instrument (Lloyd Instruments, Fareham Hants,
UK). The velocities of the longitudinal Cl and shear Cs

acoustic waves were measured by the pulse-echo technique
using a 5 MHz probe. The elastic moduli were derived
from the ultrasonic velocity data and the density values
measured by the liquid displacement method in distilled
water.

2.4. Dynamic behavior

In order to characterize the response of the material to
dynamic (impact) loading, a series of planar impact experi-
ments was carried out with a smooth bore 25-mm diameter,
6-meter long gas gun. The gun is capable of accelerating the
PMMA projectile equipped with a 1–2 mm thick impactor
to a velocity of about 1.2 km/s. The impactors were tungsten
or copper (1.0–1.2 mm thickness), 24.5 mm diameter disks.
The silicon carbide specimens were polished to ensure 5-mm
parallelism of their surfaces. The reflectivity of the rear
surface of the specimens was enhanced by a submicron thick
layer of vapor-deposited gold. To prevent the loss of
reflectivity caused by the arrival of the shock at the sample
surface, 6-mm polymethylmetacrylate (PMMA) windows
were glued on the coated rear surface. The velocity of the
specimen–window interface was continuously monitored by
a Velocity Interferometer System for Any Reflector (VISAR)
[13].

3. Results and discussion

Evolution of the silicon carbide sintering behavior
during the SPS process was carried out by using the
densification curve and its derivative as a function of time
(Fig. 1). The data presented in Fig. 1 corresponds to the
process with 10 min holding time at the sintering tempera-
ture. Densification of silicon carbide powder starts at
1000 1C. The densification rate increases significantly at
1900 1C. At the peak sintering temperature, 2050 1C, the
densification rate decreases and approaches zero after
10 min of soaking and the density reaches its maximum,
RD 99.4%.Fig. 2 The microstructure of the dense speci-
mens consists of fine equiaxed grains with an average grain
size of 1.3070.65 mm, and a small amount of nano-size
pores (Fig. 3). TEM analysis was performed (Fig. 4), in
order to clarify the detailed characteristics of Grain
Boundaries (GB), Sub-micron particles, composed mainly
from Al, Fe and Ni, were observed at the GB and, at
the triple-junctions, in particular, These particles are due
to the impurities present in the original silicon carbide
powder (Table 1). The HRTEM image, (Fig. 5) showed
high-angle clean GB that were free of amorphous films
in contrast to their presence in hot pressed silicon
carbide[14,15].

3.1. Static mechanical properties

The hardness of the SPS processed silicon carbide
changes from 2072 GPa to 3270.7 GPa with the relative
density increasing from 89 to 99.4%. Young’s modulus
and the flexural strength of silicon carbide also increase
as a function of the relative density (Fig. 5). The fully



Fig. 2. Effect of holding time on the relative density of silicon carbide

specimens.

Fig. 3. SEM image of the SPS-processed silicon carbide specimen after

thermal etching.

Fig. 4. Bright field TEM image of a triple junction of the grain

boundaries in SPS processed silicon carbide. The inset is the dark field

image of the impurity at the triple junction.

Table 1

Powder characteristics.

a-SiC Acheson type mainly 6H polytype

Specific surface area 14–16 m2/g

Particle size distribution r1.2 mm D 90%

r0.55 mms D 50%

r0.2 mm D 10%

Impurity levels O 1.5 wt%

Al 0.03 wt%

Ca 0.01 wt%

Fe 0.03 wt%

Total carbon C 29.0–30.0 wt%
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dense material displays high values of Young’s modulus
(440720 GPa) and the flexural strength (490770 MPa).
These values are higher than those reported for hot-
pressed silicon carbide [1,3]. As apparent from Fig. 6, the
fracture mode of the presently studied silicon carbide is a
mixture of intergranular and transgranular fracture.

The fracture toughness, KC, was determined from the
lengths of the cracks generated at the corners of the
Vickers imprints [8,16–18]. The optical images of the
indentation vicinity, after the indentation and after the
subsequent polishing (Fig. 7), indicate that the cracks
appearing under the indentation of the SPS processed
silicon carbide correspond to a Palmqvist crack system
[17,18]. The equations that have been put forward in
[17,18] for such crack system yield KC value of 6.970.1
and 6.870.1 MPa m0.5, respectively. These values are
higher than those reported in the literature for SiC-AlN
(�3.25 MPa m0.5) [19–21] and close to values for the SiC-
YAG system (�6.35 MPa m0.5) [22].
3.2. Dynamic properties

The parameters of the planar impact experiments per-
formed with porous and fully dense silicon carbide speci-
mens are given in Table 2 together with the HEL values
derived from the experimental results. Typical SiC/PMMA
interface velocity histories wif(t) recorded after loading the
fully dense and slightly porous (RD of about 97.5%)
silicon carbide disks by W impactors are shown in Fig. 8.
The interface velocity wHEL

if (see Fig. 8) was used for



Fig. 5. Typical HRTEM images from the grain boundary of SPS processed

silicon carbide.

Fig. 6. Young’s modulus and the hardness as a function of the measured

relative density.

Fig. 7. SEM micrograph of the fracture surface of SPS processed silicon

carbide with 99.7% relative density.
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determination of the HEL value according to [23]:

sHEL ¼
1

2
wHEL

if ðrClÞCerþðrDÞPMMA

� �
ð1Þ

where (r0Cl)Cer is the elastic impedance of the ceramic and
(r0D)PMMA is the shock impedance of the PMMA window.
The latter was derived from the PMMA data reported in
[24]. The obtained HEL values (Table 2) for fully dense
silicon carbide processed by SPS, along with the data
reported in the literature [23–26] as a function of the
grain size, are shown in Fig. 9. The HEL values for the
SPS-processed silicon carbide, which displays a fine
microstructure, are higher than those of hot-pressed speci-
mens Fig. 10.
In order to evaluate the inelastic dynamic behavior of the

SPS-processed silicon carbide, the correlation between the
hardness (HV) and compressive strength (Y) [28–30] HV/
YE3, is used. For dynamic experiments, Y is considered as
the material failure threshold under 1-D stress compression.
Based on Griffith’s brittle failure criterion, Rosenberg

[31,32] proposed the relation:

Ybr ¼
ð1�2nÞ2

1�n
sHEL; ð2Þ

where sHEL, n and Ybr, are HEL value, Poisson’s ratio and
the dynamic threshold stress corresponding to the onset of
the brittle fracture in compression, respectively. Eq. (2)
gives Ybr values ranging from 6.2 to 9.2 GPa. Taking
into account the respective hardness values of fully dense
(32 GPa) and porous (24.5 GPa) silicon carbide, the HV/Y
ratios were estimated as 3.50 and 3.95. If the equation
Yduct ¼ ðð1�2nÞ=ð1�nÞÞsHEL; based on the von Mises cri-
terion for ductile yielding is used, the HV/Y ratio are equal
to 2.22 and 2.53 for fully dense and porous material,
respectively. Since the HV/Y ratios calculated according to
two different criteria are almost equally distant from the
common value of 3, we are unable to derive an unambig-
uous conclusion concerning the mode, either brittle or
ductile, of the inelastic deformation in the SPS-processed
silicon carbide above its HEL. It is believed, however, that
in the presence of some porosity, the collapse of the pores
dictates the post HEL response of porous silicon carbide
specimens.
4. Summary

Fully dense silicon carbide specimens with fine equiaxed
grains (average grain size is 1.2870.64 mm) were fabricated



Fig. 8. Optical images of a Vickers imprint just after the indentation (a), and after the subsequent polishing (b). The right image shows the presence of the

bulk material between the crack and the imprint indicating the Palmqvist cracks.

Fig. 9. SiC/PMMA interface velocity histories recorded in the plate

impact tests listed in Table 2. In order to account for the difference of

the samples thickness the time is normalized on the period of the

reverberating of the elastic wave in the sample of thickness h.

Table 2

Parameters of planar impact tests and dynamic properties of SiC specimens.

Test Impact

velocity

(km/s)

Impactor

material

Impactor/target

thickness (mm)

Density

(g/cm3)

Cl

(km/s)

Cb

(km/s)

sHEL

(GPa)

YD (GPa)

(Griffith)

YD (GPa)

(von Mises)

SiCA 1.0 W 1.06/2.50 3.204 12.67 8.80 18.5 9.2 14.4

SiCB 1.1 Cu 1.00/2.69 3.203 12.73 8.91 17.6 8.5 13.7

SiCE 0.68 W 1.18/5.00 3.130 12.28 8.51 12.4 6.2 9.7

SiCF 1.05 W 1.19/4.96 3.124 12.19 8.37 13.2 6.9 10.4

Fig. 10. Stress at HEL as a function of the grain size of silicon carbides

[4,25–27]. For clarity, only the maximum and minimum HEL values of

each study are shown.
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by SPS technology at 2050 1C in the absence of sintering
additives. The TEM analysis discerned the presence of the
inclusions of the secondary phases at the triple grain
junctions and GB, which originated from impurities in the
starting silicon carbide powder. The HRTEM observation
did not reveal any amorphous layer at the grain boundaries.
The fully dense silicon carbide displays high fracture
toughness (6.8 MPa m0.5), Young’s modulus (440 GPa),
flexural strength (490 MPa) and hardness (32 GPa). The
value of HEL of the fully dense specimens (18 GPa) is
higher than that of the hot-pressed silicon carbide with
similar grain size; while for slightly porous (2.6% vol.
porosity) specimens, it is much lower (13 GPa). Thus, the
SPS-processed SiC ceramic is highly competitive with its
hot-pressed counterpart.
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