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Densification of ultrafine SiC powders

R. VABEN, A. KAISER, J. FORSTER, H. P. BUCHKREMER, D. STOVER
Institut fir Werkstoffe der Energietechnik, Forschungszentrum Jiilich, 52425 Jiilich,
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Recent results on the densification behaviour of ultrafine SiC powders (below 20 nm) are
presented and compared with results on the densification of ultrafine silicon-based ceramic
powders given in the literature. A study of different powder processing routes and their
influence on the pore-size distribution is given. Pressureless sintered green bodies having
pore sizes of about 20 nm show extreme coarsening without significant densification. The
results indicate a significant influence of green density on shrinkage. Encapsulated hot
isostatic pressing (HIPing) led to a reduction of pore size and to considerable density
increase at temperatures below 1600 °C. But even then full density without extensive grain
growth was difficult to achieve. The applied method to determine grain sizes (X-ray
diffraction measurements, XRD, using the Scherrer formula, scanning electron microscopy,
SEM, and transmission electron microscopy, TEM) gave similar results for TEM and SEM but
lower values for XRD. A possible explanation is presented. Density and grain growth both
during pressureless sintering and HIPing showed significant differences between samples
with and without sintering additives (B and C). Whether or not the use of sintering agents is
favourable in reaching high densities and fine grain sizes, is discussed. HIP densification was
modelled assuming diffusion to be the dominant mechanism. Grain growth according to
a tV* dependence and an activation energy of 6.8 eV was introduced into the model. Results
on the properties (hardness, also at elevated temperatures, fracture toughness, bending and

compression tests, thermal conductivity) of the hot isostatically pressed samples, are

presented.

1. Introduction

Silicon carbide is a promising candidate for high-tem-
perature structural applications because of its combi-
nation of properties, such as excellent high-temper-
ature strength and good oxidation, creep and thermal
shock resistance [ 1-37. Despite these properties, wide-
spread use of (SiC) ceramics still requires a significant
improvement in fracture toughness and reliability. As
pointed out by several authors [4-6] a promising way
to achieve this aim might be the reduction of grain size
down to the nanosized range. Although an improve-
ment of fracture toughness at room temperature due
to plastic deformation seems to be unlikely in
nanophase SiC [7], an improvement of strength and
reliability is expected. This requires an optimized pro-
cessing of the ultrafine starting powders (i.e. large
agglomerates should be avoided or destroyed during
processing routes and grain growth is minimized). The
resultant densified material will then exhibit a defect
size which is of the order of the grain size. Fracture
strength, as well as reliability, will increase.

For oxide ceramics (doped zirconia [8] or titania
[6]), it has been demonstrated that a dense, nanocrys-
talline (grain size below 100 nm) material can be pro-
duced by pressureless sintering if the pore to grain
diameter ratio does not exceed a critical value [9].
Much work has also been performed on the densifica-
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tion of ultrafine covalently bound powders. Several
authors have found that the sintering of ultrafine
silicon powders to densities greater than 90% theore-
tical led to grain growth up to more than 200 nm [10,
11]. HIPing of ultrafine Si,N, powders [12] resulted
in grain sizes of about 500 nm and densities of 90%
theoretical. As shown in the discussion of the present
work, similar results can also be found in the literature
for the densification of ultrafine SiC powders. This
seems to indicate that the manufacture of nanophase
covalently bound materials is difficult, even when
pressure-assisted sintering is used.

In order to improve the unfavourable ratio between
grain growth and densification, further information
on the densification process would be useful. The main
variables which determine the densification process or
the sintering rate are mass transport (e.g. diffusion),
driving forces such as surface curvature and HIP pres-
sure, as well as grain size, grain growth, and the
pore-size distribution of the green body. As shown in
the present work, the influence of the green body
microstructure can be reduced by applying pressure-
assisted sintering. The enhancement of the neck
growth rate in the final stage, by the HIP pressure is
probably of lesser importance because the actual sin-
tering pressure (2y/r &~ 500 MPa with y = 1.85Jm™2
[13]) is comparable to the pressures used in
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Figure 1 (a) Micrograph and (b} particle-size distribution of
laser-synthesized SiC powders.

conventional HIPing (200 MPa). In the present
investigation, this situation is improved by increasing
the HIP pressure up to 350 MPa.

A deeper insight in the influence of process para-
meters such as temperature, HIP pressure, sinter time,
and pore-size distribution of the green body, on the
densification of ultrafine SiC powders, can be
obtained if a theoretical description of the
densification ~ results is  possible.  Therefore,
experimental results were compared with common
models for grain growth and HIP densification.

2. Experimental procedure

2.1. Powder synthesis and characterization
Nanophase B-SiC powders (Fig. 1a) were produced at
the Institut fiir Laser- und Plasmaphysik, Universitit
Diisseldorf, Germany, by a CO, laser-assisted syn-
thesis using a mixture of SiH, and C,H, as gas-phase
precursors [14, 15]. The laser power was 100 W, the
chamber pressure 50 kPa and the silane and acetylene
flows 333 and 167 standard cm®min~?, respectively.
In some cases, the sinter additive, boron, was
introduced during the laser synthesis by adding
diborane to the reactant gases. These powders are
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denoted SiCB. The powders can be produced at
a production rate of about 50 gh 1. After filling into
a 101 steel vessel (capacity ~ 200 g) the powders are
transported under an argon atmosphere to the
KFA-Jilich and introduced into an argon filled glove
box without contact with air. The subsequent
processing steps were also performed under inert gas
conditions.

The produced particles showed an extremely nar-
row particle-size distribution. The mean particle size
measured using a transmission electron microscope
(TEM) was 15 nm for the SiC and 13 for the SiCB
powder. The extremely narrow particle-size distribu-
tion is given in Fig. 1. BET analysis gave surface arcas
of 104 and 126 m%g~! for the ultrafine SiC and the
SiCB powders, respectively. These values correspond
to spherical particles with diameters of 17.8 and
14.8 nm in good agreement with the TEM results.
X-ray diffraction measurements revealed partially
amorphous structures with broad B—-SiC peaks. A line-
width analysis (Scherrer formula [16]) resulted in
crystallite sizes of 3-5 nm indicating that each powder
particle consists of approximately 20-100 individual
grains.

The results of a chemical analysis of the ultrafine
powders approximately 1 week after production are
given in Table 1. In some cases, amorphous boron (HC
Starck ~ 830nm) and/or carbon (Lonza, KS6,
~ 500 nm) as sintering additives were added during
the agglomeration step (see below). For comparison,
SiC powder from HC Starck (B20, = 500 nm) was
also used.

2.1.1. Powder processing

Owing to the extremely low density of the as-prepared
powders ( & 0.6% theoretical [17]), the powders were
agglomerated by dispersing them in ethanol (with SiC
balls) in a Turbula mixer for about 24 h and after-
wards dried under reduced pressure and at elevated
temperature (70°C). The SiC powder subsequently
showed an apparent density of 11% theoretical, which
was sufficient for the succeeding cold isostatic pressing
step (CIP). Green bodies produced by CIPing had
cylindrical geometries with diameters between 7 and
12 mm and lengths between 40 and 60 mm; densities
of 38%—42% theoretical were obtained. SiCB pow-
ders had a lower density of about 4.4% theoretical
after the agglomeration step. Therefore, these powders
were CIPed at 100 MPa and ground. The powder
density was increased to about 13% theoretical,
subsequent CIPing led to green densities of 31%
theoretical. The significant lower powder density of
ultrafine SiCB powders compared to SiC powders
might be a result of the smaller particle size ([17])
and/or the surface modification due to the addition of
boron.

In order to analyse the influence of solvent and
drying process, water instead of ethanol was used. The
mixtures were dried by freeze drying as well as by the
conventional method. Furthermore, powders were
also agglomerated by cold isostatic pressing
{250 MPa) to avoid the drying process.



TABLE I Results of the chemical analysis of the laser-synthesized powders

Powder Silicon Carbon Oxygen Boron Total
(wt %) (wt %) (wt %) (wt %) (%)

SiC 66.20 + 2.00 314 +0.35 1.01+011 - 98.61

SiCB 64.74 +1.94 28.0 £ 0.8 1.49 + 0.03 4.04 +0.12 98.27

2.1.2. Sintering
Pressureless sintering of the green bodies was per-
formed under a vacuum in a graphite furnace.

2.1.3. Hot isostatic pressing

CIPed cylinders were filled into glass capsules with
a BN or, in a few cases, a carbon {foil) interlayer. In the
intermediate temperature (1500-1700°C) range,
borosilicate glasses produced by Schott or Corning
(Vycor) were used. In. HIP runs performed at lower
temperatures, capsules were made of Duran glass, and
at higher temperature quartz glass was used. Before
HIPing, the capsules were degassed in a vacuum fur-
nace { < 1072 mbar) at 400-800°C and afterwards
sealed under vacuum. HIPing was performed in two
facilities produced by National Forge, Belgium, with
pressures in the range between 100 and 350 MPa. The
dwell time varied between 10 min and 4 h. Heating
rates were 15 K min ™! up to 1350 °C. Afterwards pres-
sure and temperature were increased at about
6 MPamin~! up to the final pressure and temper-
ature.

2.2. Analysis of microstructure and

evaluation of mechanical properties
Densities of the composites were measured by Ar-
chimedes’ method. For the theoretical density of SiC,
3.21 gcm~? was taken.

Using X-ray diffraction, the constitution of the com-
posites was determined and line broadening was used
to calculate the grain size from the Scherrer formula.
Chemical analysis was performed to determine the
carbon content (LECO system), the oxygen and nitro-
gen content (hot gas extraction with thermal conducti-
vity measurement and infrared spectroscopy, respec-
tively), and the silicon and boron content (inductively
coupled plasma-optical emission spectroscopy). Poro-
sity distributions were determined in a micromeritics
autopore mercury porosimeter.

Microstructure was investigated by-scanning elec-
tron microscopy (SEM) mainly on fracture surfaces of
the composites. The SEM was a Jeol JSM T300 oper-
ating at 25 keV. Grain sizes were estimated by multi-
plying the mean diameter determined from fracture
surfaces by a factor of 1.2 [18]. TEM investigations
were performed with a Philips transmission electron
microscope (EM 430, 300 kV).

Mechanical properties, such as hardness and frac-
ture toughness, were evaluated at room temperature.
Hardness tests were performed with a Vickers hard-
ness tester operating with a load of 10 kg and a load-

ing time of 15 s. Fracture toughness, Kj., was meas-
ured by the indentation fracture method [19], using
an optical microscope at a magnification of x 500. For
one specimen, the hardness at 800, 1000, and 1100°C
was measured at the Lehr- und Forschungsgebiet
Werkstoffkunde, University of Aachen [20]. Also
a three-point bending test with fixed rods and 17 mm
span was performed. Cylindrical specimens with a dia-
meter of about 5 mm have been used in compression
tests at 1400 °C.

Thermal conductivity was measured at room tem-
perature by measuring the temperature gradient,
which is established by heating one side of the cylin-
drical specimen with a known electrical power, and
cooling the other side.

3. Results and discussion

3.1. Powder processing

Fig. 2 shows the results of pore-size measurements of
cold isostatically pressed green bodies. The used pow-
ders were processed by the different methods given in
Section 2. Table II gives further information on the
samples. Chemical analysis was performed 36/68/82
days after powder production. While the carbon con-
tent remains approximately constant (only the dry
processed powder revealed one extremely low value
which cannot be explained), the oxygen content of the
pressed and freeze dried powder increases with storage
time. Although storage was performed under argon, it
is difficult to avoid oxygen contact completely. The
final amount of 1.9 wt % oxygen is equal to about half
a monolayer of oxygen which is formed within hours if
the powders are exposed to air [21]. Powders which
are mixed in water and dried conventionally show this
oxygen amount for all measurements: They probably
pick up the oxygen during the drying step.

Table II and Fig. 2 reveal that the first three pro-
cessing methods lead to only slightly different pore-
size distributions within the green bodies. The large
deviations in the apparent densities might partly be
due to different pore volumes which cannot be filled
by mercury. The higher total pore area of the CIPed
freeze dried powder might be explained by the avoid-
ance of a liquid/vapour interface during solvent
removal. An evaporating liquid pulls the powder par-
ticles together due to capillary forces, leading to closer
contacts between the particles, i.e. harder agglomer-
ates with a reduced free surface. On the other hand,
one would also expect an increase in the average pore
diameter and a decrease in green density in the case of
freeze dried powder, which is not observed.

Processing with ethanol leads to larger pore dia-
meters and higher green densities compared to the
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Figure 2 Pore-size distribution of differently processed ultrafine SiC powders: (A) uniaxially pressed, (l) H,O, (¢) H,O freeze dried, (@)

ethanol, ( + ) SiCB20 ethanol.

TABLE II Characterization of ultrafine SiC powders processed by different methods (see text)

Powder Before CIP After CIP
processing
Caron Oxygen Av. pore Total pore (Apparent) Density
content content diameter area density geometrical
(Wt %) (wt %) (nm) (m?g™ 1) (gem™*)/%TD (gem™%)/%TD
Cold 29.9/-/24.8 1.36/-/1.72 18.6 97.2 1.23 (2.79)/38.3 1.22 +0.07/38.0
isostatically
pressed
Water 29.8/29.6/29.1 1.93/1.94/1.92 187 972 1.22 (2.72)/38.0 112 + 0.03/34.9
Water freeze  29.8/29.9/28.4 1.36/1.94/1.87 186 99.1 1.25 (2.98)/38.9 1.14 + 0.03/35.5
dried
Ethanol 28.1/29.8/29.2 ~/~/1.99 217 77.1 1.34 (3.07)/41.7 1.36 + 0.04/42.3
other methods. One explanation might be the low 90 T
surface tension of ethanol which leads to reduced
pressures during drying and therefore to a more open, 80T
loosely packed microstructure. On the other hand, the £ 751
agglomerates formed during drying are relatively soft. _§
During pressing they will easily break and therefore e %07
an increased green density will result. % 50 +
If the mean pore diameters are compared with the =
particle size (15 nm) it is found that the pore size is 40T "‘I
larger than the particle size. This indicates an open 20 1——. ; - :
structure in which interagglomerate pores, as SiC SiC  SiC+1wt % B,C SiC+1wt % B,C

described elsewhere [9], also play an important role.

As can be seen from the sintering results, these
microstructures lead to extensive grain growth if pres-
sureless sintering is applied. It is also shown below
that hot isostatic pressing can effectively reduce the
mean pore diameter.

3.2. Pressureless sintering

Results of pressureless sintering of specimens with
1 wt % boron and carbon addition using ethanol as
a solvent, are given in Fig. 3. Also included are results
of cold isostatically pressed ultrafine SiC powders
without sintering agents. The high green density (48%
theoretical) of one of the samples was achieved by
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1h 2000°C  2h 1900°C  4h 1600°C 4h 1650 °C

Figure 3 ((]) Green densities and (H) final densities after
pressureless sintering of ultrafine SiC powders with and without
sintering agents.

milling the powders in a planetary mill before cold
isostatic pressing. Specimens without sintering agents
were not treated for the whole time under argon.
Therefore their oxygen content before sintering
(5 wt %) was higher than that of the samples with
sintering agents (see TableI). During sintering, the
oxygen content decreases below 1.5 wt % (0.08 wt %
in the case of the sample sintered at 2000 °C) probably



Figure 4 Scanning electron micrographs of sintered ultrafine SiC. (a)(d) correspond to the samples in Fig. 3 from right to left.

due to reaction of SiQ, with carbon from the graphite
furnace.

The sample with sintering agent shows a significant
density increase at 1650 °C, although the final density
is still low. Densification of the specimens without
sintering agents starts at considerably higher temper-
atures (> 1850°C), which was confirmed by
dilatometric measurements [22]]. Furthermore, com-
parison of the densities of the samples without sinter-
ing agents indicates the large effect of green density on
the densification. This is also demonstrated by the
micrographs given in Fig. 4. The specimen without
sintering agents and with low green density (Fig. 4a)
after sintering for 1 h at 2000°C, revealed a micro-
structure which was very similar to the
laser-synthesized starting powder (Fig. 1a). The major
difference is the scale; the “particles” grew by more
than two orders of magnitude to a grain size of about
5 pm. Also, the sample without sintering agents and
high green density (Fig.4b) revealed large grain
growth (10 um). But in this case, a much lower
porosity level was also observed.

Fig. 4c and d show samples with sintering agents
sintered at 1600 and 1650 °C, respectively. Grain sizes
were estimated to be approximately 62 and 74 nm.
The factor of 1.2 (see Section 2.2} has not been taken
into account because the particles are isolated and not
embedded in a matrix.

The coarsening of the microstructure during sinter-
ing was also found in porosity measurements (Fig. 5).
The mean pore size of a sample sintered at 1600 and

1650 °C increases from about 20 nm in the green state
to about 63 and 76 nm, respectively, after sintering.
Kingery and Francois [23] showed that for a given
dihedral angle, ¢, there exists a critical ratio of pore
size to particle size. If this value is exceeded, pores will
grow. The dihedral angle of SiC can be estimated
using a grain boundary energy, v, of 2.5 Jm™2 [24],
a surface energy, v, of 1.85Jm™? [13] and applying

¢ _ Yeb
cos (5) -l M)

The value ¢ of 95° is close to the result (92°) reported
elsewhere [25]. It corresponds to a maximum pore
size to grain size ratio of 0.5 [23]. Taking the powder
particle diameter of 15 nm and the pore sizes given in
Table I, ratios between 1.24 and 1.46 were obtained
for our samples. Even if a reduction of the grain-
boundary energy due to the segregation of boron and
an increase of surface energy due to the reduction of
SiO, by the added carbon, leads to an increase of the
dihedral angle [11], a densification of loosely packed
ultrafine SiC without excessive grain growth is diffi-
cult, as observed in the present experiments. Sintering
at 1650°C led to a reduction of the pore size to grain
size ratio to a value of about 1 (Table III) which is still
much larger than the maximum value for pore shrink-
age. So further pore growth is expected during sub-
sequent sintering,

As shown in Table IV, similar results on the sinter-
ing of ultrafine SiC powders have been found by other
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Figure 5 Pore-size distribution of green, sintered, and HIPed samples prepared from ultrafine SiC powder with 1 wt % boron and carbon
addition. {{J) One sample HIPed at 1150 °C contained no sintering additive. (@) SiC ethanol; (O} sintered 1600°C, SiC + B, C; () sintered

1650°C, SiC + B, C; (H) HIP 1150°C, SiC + B, C.

TABLE III Results of porosity measurements of green bodies, sintered, and HIPed specimens

0.10

Sample Av. pore Total pore Apparent Density
diameter area density Hg-poros
{nm) (m*g™") (gem™?) (gecm™3)/%TD
Green body* 217 77.1 296 1.34/41.7
Sintered at 1600°C, 4 h? 62.5 17.6 3.33 1.74/54
Sintered at 1650°C, 4 h* 75.7 109 3.59 2.07/64
HIPed at 1150°C, 300 MPa, 3 h 10.2 66.9 2.85 1.92/59.8
HIPed at 1150°C, 300 MPa, 3 h? 10.9 70.7 242 1.65/51.4

*Sintering additives used (1wt % B, C).

authors. Pressureless sintering of SiC to densities be-
yond 90% theoretical without excessive grain growth
has not, to our knowledge, been stated in the literature
up to now. The relatively small grain sizes and large
densities of sintered SiC powders [26] are probably
due to the achieved high green densities of about 70%
theoretical by uniaxial pressing of small pellets with
pressures of 2 GPa. But this method is not suitable for
the production of larger ceramic parts.

3.3. Hot isostatic pressing (HIPing)

3.3.1. Results on densification

The following figures give an overview of the influence
of different parameters such as powder processing,
temperature, pressure, dwell time, sintering additive
content and amount of conventional powders on the
HIP densification of ultrafine and, for comparison,
conventional SiC powder. Green bodies produced
from differently processed powders (Table II) were
HIPed at 1700°C and 350 MPa for 20 min. The re-
sults are summarized in Table V. They indicate that
powders processed with ethanol give the highest
densities with grain sizes close to the samples prepared
by mixing with water. As a result, further experiments
were performed using processing with ethanol.
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In Fig. 6 the final densities of ultrafine SiC powders
with and without sintering additives after HIPing at
different temperatures are given. Unless stated other-
wise, HIPing dwell time varied between 3 and 4 h. The
sample SiC with 1 wt % B and C HIPed at 1500°C
was held for 5 h at the maximum pressure. Also results
for shorter HIP cycles are given (indicated as
10-20 min, 20 min at 1700°C, 10 min at 1800 and
1900 °C). For comparison, the densification behaviour
of conventional powder (HC Starck B20) is also
shown. Doped ultrafine powders achieve densities of
3.05gcm ™ ? (95% theoretical) and above, at temper-
atures between 1500 and 1600 °C, whereas the densit-
ies of samples made of conventional and undoped
ultrafine powders do not exceed 2.89 gem™? (90%
theoretical) below 1650 °C. Doped and undoped con-
ventional powders show no significant difference.

Fig 6 also reveals the influence of the amount of
sintering agent and the method of mixing it
SiC+B+C or SiCB+ C powder mixed with
ethanol in a turbula mixer (see Section 2.1). Unfortu-
nately, the sintering agent contents are not exactly the
same, but nevertheless some general tendencies can be
found. Firstly, there seems to be no significant differ-
ence between conventional mixing and mixing during
the laser synthesis. Secondly, an increasing amount of



TABLE IV Results given in the literature on the sintering of ultrafine SiC powders

Reference Powder Sintering Approx. Density
characteristics temperature grain size (% TD)
0) (um)
Nannetti et al. [45] Laser 2000-2050 >1 96
synthesized + B, C;
= 20 nm
Baumgartner et al. [46] Plasma synthesized 2025-2175 10 to > 100 94-98
SiC+ B, C;
200-500 nm
Kijima et al. [43] Plasma synthesized 1900-2300 ~1( 67-87
SiC;
Snm
Croix et al. [42] Laser synthesized 1800-2100 0.4 70-96
SiC+B, C;
15-30 nm
Wehling [47] Plasma synthesized 2100 8 94-97
SiC + B, G
2 150 nm
Bishop et al. [48] Polymeric precursor 1900-2100 0.5-2 70-93
SiC + 19 wt % excess
C + B,C, 3nm (XRD)
Ohkohchi et al. [49] Gas evaporation 1550-2200 Excessive Low
SiC + 15 wt % excess Si; grain
carbon substrate; 50 nm growth
Vafien [26] Laser-synthesized 1050-1500 < 0.1 75-88
+ 50 wt % excess Si;
14 nm
TABLE V Densities and grain size of samples processed with 100% TD
water or ethanol and HIPed at 1700 °C for 20 min with a pressure of 3.2 — -
350 MPa - % =
=z | g g .
A
Powder processing Density (%TD) dsey (nm) ... %% T A o
2.8 —
Water 89.2 4+ 0.9 309 + 20 - |
Water freeze dried 903+ 1.3 390 + 32 ‘E 4
Ethanol 914 +32 350 + 30 ; u
T 2.4 N
% 4 -
c 4 -
sintering agent (B + C) leads to a reduction of the final a -
density. 2.0 —
. A
In Fig. 7a, the pressure dependence of the final
density is shown for different powders and different ]
HIPing temperatures. The values at 350 MPa and 16 12
o . .. . T T T T T ] T
1550°C were calculated by taking the mean densities 1200 1400 1600 1800 2000
of two samples HIPed at the given pressure at 1500 rec
)

and 1600 °C. With the exception of a slight decrease of
the doped conventional SiC, there is a general increase
in density with HIP pressure.

In Fig. 7b the influence of the dwell time on the final
density is shown for two HIP runs, both performed at
1600 °C. Taking into account the difference in HIP
pressures, which would slightly increase the slope of
the data points (40 MPa corresponds to 2% theoreti-
cal density (TD) = 0.064 gcm ~2 according to a mean
pressure dependence of 0.05% TD/MPa taken from
Fig. 7a), the slope of the data points of ultrafine pow-
ders is about 1.7% =+ 0.7% TD/h and is similar to the
results of Gilissen et al. (1.4% TD/h [27]), which are
also included in Fig. 7b. Often the potential of ultra-
fine powders as sintering agents is discussed. To inves-

Figure 6 Densities of ultrafine (®, x, [, A, V) SiC and (®, O)
SiCB powders after HIPing at the given temperatures for 3-4 h at
350 MPa (300 MPa at 1150°C), doped (A, @, V (10-20 min))
without and with (@, [ (10-20 min)), 1 wt % or (O (C), x)2.5 wt %
carbon and boron. For comparison, the densities of conventional
powders (HCS = B20 from HC Starck, particle size ~ 500 nm) are
also shown: (—-—) HCS + 1wt % B, C, ( ) HCS.

tigate this application, two types of conventional pow-
ders were mixed with ultrafine SiC powders { + B, C)
and HIPed. The results are shown in Fig. 8. Obviously
the density increases nearly linearly with increasing
ultrafine powder content. As a result, the increase for
low amounts of ultrafine powder is only marginal and

3629



3.21
i ®
@]
®
3.0
A
- _ O
E E(B)
o 2.8 — ‘f
> A
£ - -
=
3]
8 26
o
7 o
2.4 — &
T T T I T T T ]
0 100 200 300 400
(a) p (MPa)
3.2
3.1 4 350 MPa *
‘T’E 3.0 - 390 MPa
Q
°
> 29 -
‘B
T
S 28
2.7 # *
26 T T T T T T T T T T T T T T T

0 1 2 3 4 b 6 7 8
(b) HIP time (h)

Figure 7 Dependence of the relative densities of HIPed ultrafine
SiC powders on (a) HIP pressure and (b) HIP time. (a) (O)
Nano + B+ C, 1550°C (cal), (®) nano + B + C, 1680°C; (A)
nano + HCS + B, C, 1680°C; (l) HCS + B, C, 1550°C (cal); (H)
HCS + B, C, 1680°C; ([OJ) HCS 1680°C. Nano corresponds to the
ultrafine SiC powder while HCS indicates a conventional SiC pow-
der produced by HC Starck. (b) (@) SiC + B, C, 1500°C; (O)
SiC + B, C, 1600°C; (A) SiC + HCS + B, C, 1600 °C. A result from
Gilissen et al. [27] is also given (*).

so ultrafine SiC powder does not act as a sintering
agent in the sense that small amounts lead to signifi-
cant increase in density. On the other hand, mixtures
of ultrafine powders with rather small amounts (e.g.
10 wt %) of conventional coarse-grained powders, can
be densified at rather low temperatures. This type of
ceramic offers promising mechanical properties [7].

3.3.2. Characterization of HIPed samples

3.3.2.1. Chemical analysis. Results of chemical analy-
sis of several HIPed and also sintered specimens are
given in Table VI. The amount of oxygen lies in the
range between 2.3 and 3.7 wt %, the carbon content is
close to the stoichiometric carbon content in SiC
(30 wt %). A slightly lower oxygen content in doped
specimens compared to undoped samples was found
at 1150°C, while a higher content was found after
HIPing at 1700 °C. An effective reduction of the sur-
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Figure 8§ Influence of the amount of ultrafine powders on the den-
sity of ultrafine/conventional powder mixtures. (O) SiC + 1 wt %
B, C,1500°C; (@) SiC + 1 wt % B, C, 1600 °C; ([]) SiCB + 2.5 wt %
C, 1500°C; (M) SiCB + 2.5 wt % C, 1600°C; (H) SiCB + 2.5 wt %
C, 1650°C.

TABLE VI Resuilts of chemical analysis and grain-size determina-
tion of green bodies, sintered, and HIPed specimens

Sample Carbon Oxygen dey dxzp
content content (nm) (nm)
(WE%) (Wt %)

Green body? 30.0 2.0 15° 3-5

Sintered at 1600°C, - - 62+4 -

4 h*

Sintered at 1650°C, 30.7 1.3 74+5 -

4 h*

HIPed at 1150°C, 30.7 3.7 51+4 59+04

300 MPa, 3h

HIPed at 1150°C, 30.5 34 58+4 454041

300 MPa, 3 h*

HIPed at 1700°C, 29.5 2.3 74+14 29 +t4

350 MPa, 20 min

HIPed at 1700°C, 29.7 34 360 + 32 > 100

350 MPa, 20 min®

*Sintering additives used (1 wt % B, C).® Particle size determined by
TEM.

face oxygen on the SiC powder is prevented by the
cladding of the samples. This is confirmed by the
comparison with the sintered specimen which shows
a significantly lower oxygen content.

The oxygen content in the HIPed specimens leads
to a reduction of the density compared to oxygen-free
SiC. Assuming densities of 2.20 gcm ™3 for SiO, and
321 gem™? for SiC, the theoretical density of the
HIPed specimens with oxygen contents between 2.0
and 3.7 wt % lies between 3.11 and 3.15 gem ~3. A fur-
ther reduction of the theoretical density is caused by
excess carbon. For the HIPed sample with a low
amount of carbon (29.5 wt %), an amount of 1.1 wt %
carbon is calculated if it is assumed that only SiC, C,
and SiO, are present in the sample. This amount
results in a theoretical density of about 3.13 gem ™3,
with taking 2.25 gem ™32 as the theoretical density of
the used carbon.
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Figure 9 XRD results of SiC specimens prepared from (a) undoped
and (b) doped (1 wt % B, C) ultrafine SiC powders HIPed at the
given temperatures for 10 min (1800 and 1900°C) and 20 min
(1700 °C) at 350 MPa. (x) SiC-3C, (O) 2H, (@) 6H, (O) 4H, (©) 8i0,,.

As a result of this evaluation, it i1s clear that the
highest densities achieved by HIPing (Fig. 6) are
closed to the theoretical density ( > 99% theoretical).
Also the reduction of density in the samples with
higher amounts of sintering additives can be explained
by the higher amount of excess carbon.

3.3.2.2. Phase analysis. In Fig. 9 the results of XRD
measurements of doped and undoped samples HIPed
at 1700, 1800, and 1900 °C for dwell times between 10
and 20 min are given. It is clearly visible that the
undoped samples show much broader peaks, indicat-
ing smaller grain sizes (see also 1700°C run in
Table VI).

The amount of B-SiC, the low-temperature cubic
(zinc blende) modification, is larger in the undoped
material. The high-temperature o-SiC is only present
as the hexagonal 2H modification (wurzite). In the
doped material, the 4H and 6H and, above 1800 °C,
small amounts of the thomboedric 15R modifications
(not visible in Fig. 9), are also present, while the 2H
peaks are missing. XRD measurements on doped
specimens HIPed at lower temperatures for longer
dwell times (3-4 h) gave results which were similar to
the results of the doped specimens given here. A de-
tailed discussion can be found elsewhere [15].

Doped and undoped samples with comparable
grain size (e.g. 250 nm for an undoped sample HIPed
at 1900 °C and a doped sample HIPed at 1500 °C, see
below) show the same difference. Consequently, the
additives seems to promote the formation of 4H and
6H modifications. A possible explanation might be
that the boron atoms lead to the easy introduction of

stacking faults into the SiC. This results in the forma-
tion of the mentioned polytypes [28].

3.3.2.3. Grain size. Grain size is one characteristic
feature of nanocrystalline materials. Therefore, a com-
parison of different methods of grain-size analysis has
been performed by investigating one sample using
TEM, SEM, and XRD. One sample was prepared
from ultrafine SiC with 1 wt % B and C addition and
HIPed at 1680°C with a pressure of 100 MPa. The
final density was 3.03 gcm ™3 and the oxygen content
was 6.3 wt %. This high oxygen content was due to the
fact that the sample was produced before all the pro-
cessing steps were performed under argon. As seen
above, the oxygen contents of samples handled under
inert gas are significantly lower. A transmission elec-
tron micrograph of the sample is given in Fig. 10a. It
reveals a broad grain-size distribution from
200-1000nm with a mean value of about
490 + 60 nm. This value corresponds reasonably well
with SEM results from an investigation of a fracture
surface (360 + 70 nm). XRD analysis (mean value of
the Scherrer formula applied to the (111),(200),(220),
and (311) peaks) gave grain sizes of 48 + 8 nm. This
value is considerably lower than the grain sizes found
by SEM and TEM. In Fig. 10a and b, many stacking
faults or twinning boundaries are visible. As a result,
the size of the area of coherent scattering is reduced to
50200 nm (Fig. 10b), which corresponds fairly well
with the XRD results. It is interesting to mention that
the ratio of TEM and SEM to XRD grain size is about
4 in the powder, while it varies from a factor of 4 to 10
in the densified material (Table VI).

The high number of twinning boundaries and stack-
ing faults, which was already mentioned in the dis-
cussion of the XRD results, is also reported in the
literature for sintered fine-grained Si and SiC materi-
als [10, 11, 297 and has been found especially during
the B—o transformation in conventional SiC ceramics
[30]. These two-dimensional defects have a lower in-
terfacial energy compared to high-angle grain bound-
aries, and also the mobility in these interfaces is lower.
Therefore, the size of coherent scattering regions, as
determined by XRD, is not necessarily equal to the
grain size of nanophase materials in the sense of
Gleiter [31].

In Fig. 5 the porosity distributions of specimens
HIPed at 1150 °C are compared to those in sintered
and green bodies. It is found that the mean pore
diameter as well as the pore volume is reduced by
HIPing (see Table III) while the total pore area is only
slightly reduced. Consequently, HIP densification at
these low temperatures takes place without significant
coarsening. To achieve similar densities by sintering,
considerably higher temperatures have to be used.
Densification is then followed by an enhanced coarse-
ning of the microstructure. SEM investigations on the
samples HIPed at 1150°C also reveal a fine-grained
microstructure (Fig. 11). Owing to the low density of
the samples and the resulting open structure it seems
to be reasonable to leave the factor 1.2 (see Section 2)
when determining the grain size from scanning
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Figure 10 Transmission electron micrographs of a SiC sample pre-
pared by HIPing ultrafine SiC powder with 1wt % boron and
carbon addition at 1680 °C. (a) An overview of the sample, (b) the
high amount of stacking faults and twinning boundaries revealed
within an individual grain.

electron micrographs. The grain sizes of the samples
with and without sintering additives are then approxi-
mately 42 and 39 nm, respectively. Owing to the lim-
ited resolution of the SEM it is possible that actual
grain size is even smaller.

3.3.3. Grain growth and densification
results

In Fig. 12, results of grain sizes of several HIPed

samples determined by SEM are plotted against the
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Figure 11 Scanning electron micrographs of SiC samples (a) with
and (b) without 1 wt % B, C HIPed at 1150°C and 300 MPa for 3 h.
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Figure 12 Present results on HIP densification of (@, B) doped and
(¥, A) undoped ultrafine SiC powders. Short cycles (@, A) have
been performed with dwell times between 10 and 30 min, while in
the other experiments dwell times between 3 and 5h were used.
Literature results on the pressure-assisted densification of, in one
case, 8i;N,, and of SiC powders are also given: (x) Si;N,, 1900°C,
HIP 198 MPa, 1 h [12], (+ ) SiC + 1.4% Al, 1800°C, HP 50 MPa,
1-3.5h [29]; (#) SiC + B, 1900°C, HP, 1 h [42]; (X) SiC, 2200°C,
HP 40MPa, 0.5h [43]; (©) SiC+ B, C, 1500-1600°C, HIP
195 MPa, 1 h [27]; (*) SiC in Si,N,, 1800°C, 350 MPa 3 h [44].
(---) The lowest achieved grain size for a given density.

achieved densities. Different ways to increase the den-
sity and to reduce grain size have been investigated.
HIPing without sintering additives leads to reduced
grain growth but also to reduced densities at the same
HIP temperature. Similar densities are achieved at



about 200 °C higher temperatures (see Fig. 6). Samples
with carbon but no boron additives show a behaviour
similar to the samples without additives (results not
given here). In SiC samples without sintering agents
which, at temperatures above 1650 °C, reach densities
of 90% theoretical, considerable grain growth is also
observed.

A comparison of the results of long-term HIPing of
ultrafine SiC samples with and without sintering
agents reveals only slight differences between both
kinds of samples. At low densities, grain growth seems
to be reduced in the case of undoped powders. This
would be more obvious if the data point at 2.2 gcm >
(69% TD, 200 MPa HIP pressure) is moved to higher
densities to compare it with the results after HIPing at
350 MPa.

Reducing the dwell time and increasing the temper-
ature for samples with sintering additives led to lower
densities as compared to samples with comparable
grain sizes HIPed at longer times. Samples without
sintering agents show a very fine grain size at densities
of about 90% theoretical. Higher densities also led to
intense grain growth but grain sizes are still finer than
in samples with sintering additives and comparable
densities.

For comparison, data from pressure-assisted sinter-
ing of SiC and Si;N, presented by other authors are
also given in Fig. 12. To our knowledge, at present it is
not possible to produce dense monoclinic SiC cera-
mics with grain sizes lower than the enveloping curve
given in Fig. 12. On the other hand, if SiC is embedded
in a different matrix (e.g. SizN, (*)) finer grain sizes
can be easily obtained owing to an effective separation
of the SiC grains.

A similar mechanism operates during the HIPing of
ultrafine SiC powders annealed in nitrogen. Owing to
the formation of a Si3N, layer on the powder surface,
these powders show, compared to non-treated pow-
ders, significantly reduced grain growth rates [32].

3.3.4. Modelling
In the following section an attempt is made to develop
a densification model which is able to explain our
experimental results.

3.3.4.1. Grain growth. Owing to the significant grain
growth which takes place during densification, it is
necessary to introduce this coarsening process into the
densification model. Therefore, an analytical descrip-
tion of the grain growth has to be found. The compari-
son of the results with models given in the literature
might also lead to identification of the grain growth
process. Knowledge of the relevant coarsening pro-
cesses can be an important help to minimize grain
growth by an adequate choice of the densification
parameters. Often grain growth can be described by
the following equation [33]

d"—dh = Ct )

in which d (d,) is the (initial) grain size, and ¢ the time,
n is a constant depending on the mechanism and
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Figure 13 (d” — d3)kT/t plotted over the inverse temperature.
(—) square fits (see text and Table VII). SiC + B, C (A)n = 2,(V)
n=48SIC(Dn=2,)n=4.(+)SIC+AI(N), n=2[29];(x)
SiC + Al (N), n = 4 [297; (O) Si,N,, n =2 [12]; (®) Si,N,, n = 4
[12]; (M) SiC, n = 2 [43]; (E) SiC,n = 4 [43]; (A) SiC + B, C,n =2
[27]; (V) SiC+ B, C, n =4 [27].

usually between 2 and 4. The constant C is propor-
tional to the diffusion coefficient of the operative
mechanism divided by kT, ie. C has the form
C = Coexp( — U/kT)/kT, U being the activation en-
ergy of the operating mechanism. There are insuffi-
cient isothermal data points to determine the constant
n separately, Therefore In(d" — dg)k T/t was calculated
for all specimens with densities above 90% theoretical
(do = 15 nm) and a least square fit of the inverse tem-
perature dependence was made. The results are shown
in Table VII. For n =2 and 4 the results are also
plotted in Fig. 13.

The results in Table VII show an increasing correla-
tion coefficient with increasing n. A coefficient of n = 4
would indicate grain growth controlled by pore move-
ment via surface diffusion [26, 33]. In this case, the
factor Cy has the form

d \* 4
CO =0a <—'> ’nggsto (3)
dpore

with d/d,.. being the grain to pore diameter ratio
(assumed to be constant), Dy, the prefactor of the
surface diffusion coefficient, y,, the grain-boundary
energy, €2 is the atomic volume, and o a constant of the
order of 1. For this mechanism, the activation energies
of doped (6.8 + 0.7¢V) and undoped (7.7 + 1.2 V)
samples are similar within the experimental error.
These values are between the measured values of the
activation energy of a grain boundary (3.1-6.2 eV, *C

‘in SiC [34]) and volume diffusion (7.2-9.5 eV for 3°Si

[35,36] and 7.4-8.7 ¢V for *C [37,38] in SiC). The
same is true for the absolute values of the diffusion
coeflicients if a value of 10 is assumed for d/d,,,,.. For
surface diffusion, a lower activation energy and a high-
er absolute value are expected but, on the other hand,
no data on surface diffusion on.SiC have been found
to verify this statement. If grain growth is controlled
by pore movement via surface diffusion, the difference
between doped and undoped samples, i.e. grain size is
significantly smaller in the case of undoped samples,
must also be explained. In terms of the proposed
grain-growth kinetics (Equation 2) this indicates that
the factor C, (Equation 3) is lower in the case of
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TABLE VII Results of least square fits of the inverse temperature (1000/T (K)) dependence of In{d" — d§)kT/t

Specimens n Co U Correlation coefficient
(m"Jts) V)
SiC+B,C 2 6.52x 10727 3.86 +0.61 0.816
SiC+B,C 3 1.82x1072° 5.33 +£0.59 0.902
SiC+B,C 4 5.26 x 10732 6.80 4+ 0.65 0.923
SiC+ B, C 5 1.52x 10734 8.28 +0.79 0.924
SiC+B,C 6 441x 10737 9.75 + 097 0.918
SiC 2 5.61x1072¢ 447+1.27 0.712
SiC 3 1.15x 10728 6.08 +1.20 0.837
SicC 4 267x1073! 773 £1.21 0.891
SiC 5 6.32x 10734 9.37 +1.29 0.913
SiC 6 1.51x1073¢ 11.01 +1.44 0.921

undoped samples, ie. the pore diameter is larger
and/or the grain-boundary energy smaller. On the
contrary, as mentioned above, the grain-boundary
energy should be smaller for the doped samples, and
the porosity measurement given in Fig, 5 also reveals
the opposite tendency for the pore diameter.

A possible explanation might be the fact that den-
sification and grain growth are both present during
HIPing. However, the deduced law for pore-control-
led grain growth assumes no change in the porosity
level. Especially in the case of the undoped samples,
this may affect the grain growth results because these
samples have, on average, a lower density than the
doped samples.

If pore movement via volume diffusion is assumed,
the exponent n =3 is expected [33]. The major
change in the factor C, is the change of the exponents
4 to 3. The resultant activation energies (Table VII,
n = 3) are far below the values given above and the
absolute values are larger than expected. Also the
correlation coefficient drops considerably (Table VII).
We therefore assume that n = 4 is a more reasonable
description of the grain-growth process and the
growth law is integrated into the densification model
described below.

3.3.4.2. HIP densification. The description of the HIP
densification is mainly based on formulas given else-
where [39]. Matter is assumed to be transported by
diffusion. Then, in the initial stage ( < 90% TD), the
following densification rate is found

dp . 96 p2 Sng + 8DV01

. VAL 4
it pedel) KT AP @

where g(r) is a geometrical term which ranges from
0.76 at the green density (0.64 assumed for random
dense packing) to 2.12 at 90% TD, p, is the (green)
density, 6 the grain-boundary width, Dy, and D, the
grain-boundary and volume-diffusion coefficient, Z is
the number of particle contacts (values between 7 and
10), and p* is the effective pressure

s o= oy (L 2
p = Ys <8 X> (Sa)
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Figure 14 Results of the HIP modelling described in the text. The
parameters used are given in Table VIII. Other parameters used are
as in the key. (@) 6.23eV; (+) 6.23eV, p HIP =0 MPa; (x)
6.23 eV, d = 200 nm; (M) 7 eV; (A) 8 eV; (A) 8 eV, p HIP = 0 MPa;
(®)8eV,tHIP =1h;(—)8eV,d = 200 nm; (¢) 8 eV, d = 500 nm,
(%) 9eV.

and

x2

= — 5b
T d—x (5b)
with x being the neck diameter.
For the final-stage sintering ( > 90% TD) the fol-
lowing equation was used

dp  162p 3Dy, + rDv(,lQ<p +2_yrgk> ©)

dt — &Pf(p) kT

where f (p) is a geometrical term which increases slow-
ly with density from 0.6 at 90% TD to 4 at 99.9% TD.

As mentioned above, the grain size was calculated
using the parameters for SiC with sintering addi-
tives in Table VII for n =4. A similar procedure
for copper powders and a parabolic growth law is
described elsewhere [40].

In Fig. 14 the results of the HIP modelling for
standard parameters given in the literature (see
Table VIIT) are shown. Densification should start at
about 1000 °C, which is about 500 °C lower than ob-
served in our experimental results (Fig. 6). Even with-
out applying a HIP pressure, the sintering behaviour
remains nearly unchanged. This can be explained by



TABLE VIII Parameters used in the HIP modelling

Ugp Devo Usal Dyoto tup Purp 8 ¥s Q d
&v) (m?s™ 1) (eV) (m?s™1) (103s) (MPa)  (nm) (Nm~1) (m?) (nm)
6.23 1.38 x 10* 945 8360 10.8 350 107° 1.85 10720 1.6x1078

the fact that according to our model, grain growth
does not occur at 1000 °C. So the sintering pressure,
2vy/r, remains extremely large during the whole sinter-
ing. This observation might lead to the assumption
that the beginning of the grain-growth process might
not be adequately described by the t'/* law given in
Equation 2. There might be a very fast grain growth
even at low temperatures, e.g. due to dislocation
movement [41]. The increased grain sizes found after
HIPing at 1100°C (Table V1) might indicate such
a behaviour. Therefore, the densification of SiC with
starting grain sizes of 200 nm has also been calculated.
But even a grain size of 200 nm results in high densit-
ies at 1100 °C (Fig. 14), which were not found in our
experiments.

Consistent results can be obtained if the grain-
boundary diffusion coefficient is decreased, which was
done by increasing the activation energy and leaving
the prefactor constant. Decreasing the volume diffu-
sion coefficient has no effect because densification via
volume diffusion is, according to our model, negligible
below 2000 °C.

Fig. 14 shows that an activation energy for grain-
boundary diffusion of 8 eV leads to full density after
HIPing for 3 h with 350 MPa, at about 1430 °C which
is in reasonable accordance with our experimental
results.

A similar activation energy was also found by
Suzuki and Hase for conventional SiC powders
(8.7 + 1.3 eV [25]). Reducing the HIP time to 1h
results in a density of 95% theoretical at 1430 °C. This
reduction of density of about 1.7% TD/h is close to
the reduction found in Fig. 7b. Also the pressure de-
pendence, which is roughly calculated from the results
at 0 and 350 MPa HIP pressure (0.043% TD/MPa), is
close to our experimental results (Fig. 7a). On the
other hand, the results of the model at 1500 °C without
HIP pressure (about 95% TD) are significantly higher
than our results for pressureless sintering (see Fig. 3).
The reason is the modified pore-size distribution
which is established during HIPing in an early stage.
As discussed above, HIPing even at 1100°C leads to
an improved pore-size distribution (i.e. reduced mean
pore diameter and pore volume) (see Fig. 5) and densi-
ties above 50% TD (see Table III). Therefore, we as-
sume that also during the initial stage of HIPing at
higher temperatures an improved pore size distribu-
tion is formed which can be described by the geometri-
cal assumptions made in the model of Arzt et al. [39]
(e.g. green densities of 64% theoretical or number of
contacts more than 7). This is not true for the pres-
sureless sintering, therefore the densities are signifi-
cantly lower than predicted in the model.

With the modified activation energy, the model is
also able to predict the densification of conventional

SiC powder with a particle size of about 500 nm.
Similar densities are found at temperatures which are
about 250 °C higher than the temperatures needed to
densify ultrafine SiC powders (see Fig. 14). This coz-
responds with our experimental results (Fig. 6). The
model is, in principle, able to predict optimized HIP-
ing conditions for ultrafine SiC powders. With the
given parameters (Ug, = 8 €V) it gives equal densities
(95% TD) for 20 min at 1542°C and 3 h at 1400°C. In
the first case, the final grain size would be 30 nm, while
for the long term HIPing a grain size of 37 nm results.
This would suggest that short-term HIPing is a good
method to conserve a fine grain structure. It also
indicates the reason for the large grain sizes in our
short-term HIP runs: the used temperatures were too
high (Fig. 12); lower temperatures will be used in fu-
ture experiments.

For high temperatures, the model predicts densities
of 100% theoretical, which are not observed in our
short-term experiments. This discrepancy can be ex-
plained by structural changes in the specimens (in-
creasing amount of o phase with increasing temper-
ature, see Fig. 9), which are not incorporated into the
model. These changes can affect the densification by
a change in the diffusion coefficients or by a change
of the particle morphology leading to acicular
grains; an extreme example of this process is shown in
Fig. 4b.

3.4. Mechanical properties

A short summary of some thermomechanical proper-
ties will be given. In Fig. 15 the results of hardness
measurements for different SiC samples are shown.
A significant increase of hardness with decreasing
grain size was found. This indicates a potential of
nanophase SiC for tribological application. Investiga-
tions in this field are under progress. We did not find
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Figure 15 Effect of grain size of different SiC samples on hardness.
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TABLE IX Thermomechanical properties of fine-grained SiC
samples

Property QGrain size  Value
{nm)
Three-point-bending strength 300 580 MPa
Thermal conductivity 180 41.5Wm K™t
Deformation rate at 130 < 1075571
1400°C and > 250 MPa
Hardness 200 2580
300 2450
390 2170
Fracture toughness 200 3.4 MPa m'/?
300 2.9 MPa m'/2
390 4.2 MPa m*/?

a significant increase of fracture toughness with de-
creasing grain size. On the contrary, the values in
Table IX suggest the opposite tendency. It must be
borne in mind that conventional values of fracture
toughness of SiC are about 4 MPa m'/2. A similar
decrease was found by Kodama and Miyoshi [29].

Hardness measurements at elevated temperatures
were performed on a specimen with a grain size of
approximately 370 nm. Hardness was reduced to
80.5%, 67.5% and 59.5% of the room-temperature
values at 800, 1000, and 1100 °C, respectively. Frac-
ture toughness values estimated from crack lengths
indicated no increase at these temperatures. This cor-
responds to the low deformation rates in compression
tests given in Table IX. No significant plastic deforma-
tion occurs below 1400 °C within the time scale used
in indentation experiments (1 ms).

A low thermal conductivity value has been meas-
ured in the fine-grained SiC which is about half the
value of conventional SiC (90 Wm™ 'K ™! for com-
mercially HIPed SiC). This is probably due to an
increased phonon scattering at the grain boundaries.

The bending strength of 580 MPa is relatively high.
This value is increased compared to conventional
four-point bending test results by the relatively rather
small tested volume. Nevertheless, it indicates a poten-
tial of this ceramic material.

4. Conclusion

Laser-synthesized powders with particle sizes below
20 nm have been densified by pressureless sintering
and by hot isostatic pressing. Pressureless sintering
was always accompanied by significant coarsening.

HIPing led to samples with full density at about
1500 °C. This is 200 °C below the temperature needed
to densify conventional powders. Porosity measure-
ments indicate that HIPing is able to improve the
relatively open pore structure found after cold isos-
tatic pressing during an early stage. HIPing of samples
without boron and carbon as sintering additives led to
low grain sizes and lower densities. On the other hand,
the ratio of density to grain size was only slightly
improved for samples without additives.

Modelling of the HIP process was performed by
including grain-growth kinetics. Experimental results
on grain growth could be best explained by using
a t'* law with an activation energy of 6.8 eV.
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Consistent results on density could be achieved by
increasing the activation energy for grain-boundary
diffusion from 6.2 eV to 8 eV. With this parameter, the
model was able to give hints for an optimized HIP
schedule and gave also consistent results for the den-
sification of conventional powders.

Nevertheless, the manufacture of fine-grained SiC
ceramics remains difficult, owing to the unfavourable
ratio of grain growth and densification in this mate-
rial. On the other hand, interesting thermo-mechan-
ical properties reveal the potential of this type of
ceramic. This should provide stimulus for further ac-
tivities in this field.
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