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ABSTRACT

o/B SiAION-SiC composites were produced by coating SiAION based spray dried granules with varying amounts of SiC
(0-10 vol % SiC) following gas pressure sintering technique. A two step sintering schedule between 1940-1990°C under
10 MPa Nz gas pressure was adopted in order to achieve high densification rate. All the composites and the reference
SiAION material were densified up to 99 %. a/pf SiAION - 10 vol. % SiC composite had the highest hardness value
(Hv10: 16.33 GPa) due to the formation of a-SiAION phases promoted with the increasing SiC content. No significant
changes in the fracture toughness values of composites were observed. 3D segregated network of SiC particles along
granules to establish electrical and thermal conductivity in the composites was successfully achieved with incorporation of
10 vol. % SiC. o/f SiAION - 10 vol. % SiC composite exhibited the semiconductor characteristic and high thermal
conductivity with the electrical resistivity of 10> Q.m and thermal diffusivity of ~11 mm?/'s measured at room temperature.
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1. INTRODUCTION

SiAIONs have attracted much attention so far as non-oxide engineering ceramics owing to their
outstanding combination of high mechanical and thermal properties which they possess both at room
and high temperature. These materials have been in use generally for structural engineering
applications including cutting tools, mechanical seals, bearings, heat exchangers and components for
heat engines [1]. In order to broaden the application areas, the incorporation of particulate second
phase into ceramic matrixes, the most common method, could be used by using composite approach.
As a reinforcement agent, nitrides (TiN) [2, 3], carbides (SiC) [4], carbonitrides (TiCN) [1, 5], borides
(TiB») [6], and silicides (MoSi») [7, 8], enhances the electrical conductivity which has allowed the use
of these materials as igniters, glow plugs and heaters [1].

Among these, SiC particles are most widely incorporated into the o/B-SiAION matrixes due to the
match of expansion coefficient and density between SisNs and SiC (o = 3.4 x 10°K! and
p ~ 3.3 g/lcm? for SisN4; o =4.3 x 10°K! and p ~ 3.2 g/cm’® for SiC). It is known that SiC is one of the
hardest known materials [9]. Furthermore, the incorporation of sub-micron SiC particles into
o/B-SiAION matrixes results in the production of composites with not only excellent hardness but also
improved bending strength [10, 11]. With this particular approach, high amounts (30—40 vol. %) of
such secondary phases must be employed to achieve desired conductivity value. However, such large
additions usually cause a non-uniform and agglomerated dispersion leads to the degradation of some
of the important properties of the matrix material. On the other hand, the densification of this type of
composites with conventional techniques has been found very difficult due to covalent nature of these
phases and undesirable reactions between constituents. Hot pressing (HP) and hot isostatic pressing
(HIP) are generally preferred for commercial products. However, costly and time consuming
secondary machining processes are required following the basic form of a workpiece is created. To
overcome above stated problems, the amount of secondary phase addition must be minimized.
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In the segregated network concept, it is possible to achieve high electrical conductivity with a very
low conductive phase content by creating a continuous network of conductive particles at the interface
between grains of the insulating matrix phase. Electrical conductivity of this type of composites
dramatically increases by several orders of magnitude after a critical value of filler concentration,
known as the percolation threshold. For the emphasized purpose for the perfect composite structure
involved spherical shaped particles, coating a spherical particle with a conductive phase could be an
innovative approach [12 -17].

It is known that gas pressure sintering (GPS) technique has advantageous effects such as prevention
of pore formation, promoted densification behavior and minimize the content of oxide additives due
to high-pressure nitrogen suppresses [18, 19]. The sintering of SiC reinforced o/B-SiAION composites
by GPS has been studied before [9, 20-22]. Though, to the best of our knowledge, no study based on
the investigation of influence of segregated network on both electrical and thermal conductivity in
a/B-SiAION/SiC composites has been conducted. Thefore, in this study, SiIAION based granules were
prepared by spray drying and coated with nano SiC particles in varying amounts (0-10 vol.%) using a
dry mixing process in an attempt to form of a segregated network. The densification behavior and
mechanical, electrical and thermal properties of the reinforced composites were compared with
monolithic SiAION matrix.

2. MATERIALS AND METHODS
2.1. Preparation of SiC Coated SiAION Composites

Spray dried SiAION granules were supplied by MDA Advanced Ceramics Ltd. (Eskisehir/Turkey).
The composition was designed to provide 25% a-SiAION / 75% [ -SiAION in the final product. In
order to prepare o—f3 SiAION composition (designated as SN), 89.4 wt% SizNs (SN-E10, Ube
Industries Ltd., Japan), 5.4 wt% AIN (HC Starck GmbH, Germany), 2.5 wt% Al,O3; (Sumitomo,
Japan), 4.73 wt% Y»0; (Shin Etsu Chemical Co., Ltd., Japan), 0.4 wt% Sm,O; (Sigma—Aldrich,
Germany) and 0.12 wt% CaCOs (Riedel-de Haén, Germany) were used as starting powders. The
powders were mixed through attrition milling with de-ionized water as liquid media and SizN4
grinding balls for 2 h in a polyamide container. The slurry was then dried in a spray drier (Nubilosa,
Germany) to obtain spherical granules of around 100 um in diameter, under suitable conditions.
Monolithic SiC powder (99.9% purity, H. C. Starck, Germany) with the particle size of 75 nm and
spesific surface area of 23-26 m?/g was used as coating material. For the coating process, appropriate
amounts of SIAION granules and SiC powder (0, 2.5, 5, 7.5 and 10 vol.%) were weighted and dry
mixed by using a classical ball mill device with a rotational speed of 30 rpm for 24 h in a plastic
container under RT conditions.

2.2. Shaping and Gas Pressure Sintering (GPS)

Sintering of the pellets was carried out in a BN crucible using a GPS furnace (FCT Systeme GmbH,
Germany), capable of operating at temperatures of up to 2000°C in N, and Ar atmosphere of up to
10 MPa. A two-stage sintering schedule was employed. The first stage of sintering was accomplised
at 1940°C for 60 min under a N, gas pressure of 0.2-0.5 MPa. In the second stage, both the peak
temperature and gas pressure were raised to 1990°C and 10 MPa, respectively, for the same soaking
time. The heating and cooling rates were kept at 10°C/min.

2.3. Characterisation

Following the removal of h-BN reacted surface, relative densities of the samples were measured in
distilled water by the Archimedes method. Phase identification was performed on ground powder
samples using XRD (Rigaku Rint 2200-Japan) with Ni-filtered Cu Ka radiation. Intensities of the
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(1 02)and (2 1 0) peaks of the 0—SiAION phase and the (1 0 1) and (2 1 0) peaks of the B-SiAION
phase were used for quantitative estimation of the a:p phase ratio [23]. Both granule surfaces before
and after coating and polished surfaces of the sintered samples were examined under SEM
(FESEM, Supra 50 VP, Zeiss-Germany). Vickers hardness (Hvio) from the polished surfaces of the
sintered samples was measured by using an indenter (Emco-Test, M1C, Germany) with a load of 10
kg. The fracture toughness (Kic) of the samples was evaluated from the radial cracks formed during
the indentation test. The Kic values are calculated according to the Anstis formula [24]. Electrical
resistivity measurements were carried out by using two probe method at room temperature on the disc
shape samples. Au electrodes were deposited on the both sides of the samples. The volume resistivity
of the composites was measured by using a Keithley 6517A Electrometer/High resistance meter.
Thermal diffusivity measurements were performed by using a Netzsch LFA-457 Laser-Flash system
in the temperature range of 20-600°C under N, gas atmosphere. Au electrodes were deposited and
then carbon were sprayed on the both sides of samples.

3. RESULTS AND DISCUSSION

Properties of the investigated composites are given in Table 1. The relative density values of
SN — 0 vol % SiC, SN — 2.5 vol % SiC and SN — 5 vol % SiC composites were found equal to 99.9%.
With the increment of SiC content, the relative density value of SN — 7.5 vol % SiC composite
decreased to 99.4% and this value was further decreased down to 98.8% for SN — 10 vol % SiC
composite. No closed porosity was observed during microstructural investigations. However, priory
of sintering process, the aggregates in large sizes were detected with the increment of SiC content
during the powder mixture process. The porosity formation of the investigated composites
incorporated with 10 vol % SiC was demonstrated in Figure 1. It could be seen that the porosities
were particularly located in the regions of aggregates. These formations decrease the densities of
composites.

Table 1. Properties of the investigated composites

Composition Bulk Relative o/p phase Hvio (GPa) Kic
Density  density ratio (MPa.m'?)
(g/em’) (%)

SN 3.25 99.9 17:83 14.85+£0.14 5.86=0.11

SN —2.5 vol % SiC 3.25 99.9 23:77 14.83 £0.12 5.84£0.04

SN — 5 vol % SiC 3.25 99.9 25:75 15.33+0.20 5.90 £0.08

SN — 7.5 vol % SiC 3.23 99.4 31:68 15.78 £0.16 5.93 £0.05

SN — 10 vol % SiC 3.21 98.8 40:59 16.33 +£0.23 5.98 £0.08

Figure 1. SEM image (SE mode) of the porosity formation in the investigated composites including
10 vol % SiC.
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3.1. Phase and Microstructural Development

Representative X-ray diffraction patterns of the sintered samples coated with 0-10 vol % SiC are
shown in Figure 2. a-SiAION, B-SiAION and SiC (6H) were detected as the major crystalline phases.
The determined o-SiAION and B-SiAION phase ratios though XRD patterns were given in Table 1.
Although the composition was designed to provide 25% a-SiAION and 75% p-SiAION, the
a-SiAION ratio of designed SN composition was determined 17 %. The a-SiAION ratio of sintered
SN — 10 vol % SiC at 1890°C-1940°C was determined 21 %. The reason of the decrease in a-SiAION
ratio on the monolitic SN ceramic attributed the promoting of a—f SiAION transformation depends
on the high sintering temperature. The amount of a-SiAION phases for SN — 7.5 vol % SiC and
SN — 10 vol % SiC composites was evaluated higher than the SN ceramic. On the other hand, as seen
in the SEM image of SN — 10 vol % SiC (Figure 3), high amount of B-SiAlON grains exist
particularly along the granule boundaries and B-SiAION and a-SiAION grains were located in granule
cores. In the images the black colored elongated grains represent the f-SiAION phase. The a—f
SiAION phase transformation was thought to have occurred more rapidly in these regions. Since no
data is available for the oxygen content of the SiC powder, it was believed that the incorporation of
surface oxygen originated from the SiO, phase had decreased the liquid phase formation temperature
and affected the viscosity of the liquid phase which consequently accelerated the a—f SiAION phase
transformation. This additional SiO; increases the diffusion paths between reactive Si** and Al**
species during sintering that restricts the formation of desired amount of B-SiAION phase [26].

However Liu et al. [27] reported that the addition of SiC prevents a— SiAION transformation.
Above-referred approach has supported by microstructiral investigations.

SN —10 vol % SiC

SN - 7.5 vol % SiC

w_ ys
W_ i

SN -0 vol % SiC

Relative X-Ray Intensity

20 (degree)

Figure 2. Representative X-ray diffraction patterns of the sintered samples coated with 0—10 vol %
SiC. (m: 0-SiAION, e: 3 -SiAION, A: SiC (Moissanite 6H)).
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Figure 3. Representative SEM image of the B-SiAION grains formed along the granule boundaries

Representative back scattered images of the investigated composites incorporated with 0-10 vol %
SiC are given in Figure 4. SiC could not be distinguished at low magnifications due to the size of
particles and also the close atomic number of SiC and formed SiAION grains. With increasing amount
of SiC, granule boundaries were more distiguishable in SEM images because of the existance of
elongated B-SiAlON grains. It was more obvious for the SN — 7.5 vol % SiC and SN — 10 vol % SiC
composites and it could be stated that SiC particles forms a 3D network. -SiAION grains along the
granule boundaries appear darker than grains contained in the granule cores. It may be due to the
thickness difference takes place during polishing. Furthermore, the formation of B-SiAION grains in
high amounts around the SiC particles was revealed with the high magnification images and
agglomerated SiC particles during mixing were given in Figure 5. The aggregated SiC particles which
have a size more than 100 um were homogeneously sintered independently from the SIAION matrix.

Figure 4. Representative back scattered images of the investigated composites incorporated with
(a) 2.5 vol % SiC, (b) 5 vol % SiC, (¢) 7.5 vol % SiC and (d) 10 vol % SiC.
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agglomerated |
SiC particles

SiC particles [

Figure 5. Representative SEM SEM image of the B-SiAION grains formed around the SiC particles.
3.2. Mechanical Properties

Vickers hardness and the indentation fracture toughness of the composites are presented in Table 1.
The hardness values of the composites increased with the enhancement of SiC content. As stated
before that the formation of a-SiAION phases was promoted with the increasing SiC content. Hence,
the hardness of the composite SN — 10 vol % SiC which possessed the highest amount of a-SiAION
phase was found the highest value.

The fracture toughness values of composites were not strongly affected by SiC reinforcement. SEM
images depicting the crack paths originated during Vickers indentation are given in Figure 6. The
obtained B-SiAION grains with high length/width ratio at high sintering temperatures have strong
effect on the fracture toughness.
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Figure 6. SEM images depicting the crack paths originated during Vickers indentation
(a) SN - 2.5 vol % SiC, (b) SN - 5 vol % SiC, (c¢) SN - 7.5 vol % SiC and (d) SN - 10 vol
% SiC.

3.3. Electrical Properties

The electrical resistivity values of the composites are plotted as a function of the SiC content in
Figure 7. The electrical resistivity values of monolithic SN material and SN composites incorporated
up to 7.5 vol. % SiC content are ~ 5x10® - 10'2 Q.m, which is in the range expected from an insulator.
The resistivity values of the SN composites decreased with the increasing of SiC amount. The
resistivity value was further decreased down to ~ 10> Q.m with 10 vol. % SiC confirming the
semiconductor characteristic. It is reported that monolithic SiC has semiconductor characteristic with
the electrical resistivity range of 103-107'2 Q.m [28].

The granule surfaces could not be well coated and no segregated network was observed with below
10 vol. % SiC due to formed SiC aggregates during mixing. According to the achieved results, a
segregated network of SiC particles along granules was formed successfully for
a—pB SiAION - 10 vol. % SiC, as reported segregated network concepts of a—f SiAION-TiN and
o—p SiAION-TiCN composites [2, 25]. As mentioned in the microstructural development, the
formation of B-SiAION grains with high length/width ratio around SiC particles could be accepted as
a reason to break SiC segregated network dependently the growth direction of grains.
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Figure 7. Change in the electrical resistivity of SN based composites with SiC content
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3.4. Thermal Diffusivity

The thermal diffusivity values of investigated composites at room temperature are represented in
Figure 8. The thermal diffusivity values were significantly increased with SiC content. The diffusivity
value of the SN — 10 vol % SiC was found the highest value (~11 mm?/s) regardless from
temperature.

The reasons of increase in diffusivity values are twofold. With the increasing amount of SiC, particle-
particle distance shortens and a 3D network of SiC grains in the composite microstructure developed.
The shortening of the distance between the SiC grains promotes a tunneling effect for the conduction
of phonons. Thus the thermal conductivity of SiC is higher than SiAION phases. Secondly, elongated
B-SiAION grains that have better thermal conductivity than a-SiAlON grains on granule boundaries
were formed in high quantity with the increase in SiC contentand assumed to be promote increase in
the total thermal diffusivity of composites.

Thermal Diffusivity (mm?/s)

T ' T ‘ T
5.0 7.5 10.0
SiC content (vol. %)

0.0

I~
in

Figure 8. Change in the thermal diffusivity of SN based composites with SiC content at room
temperature

In crystalline materials, thermal conductivity is provided by the phonon movement. The phonon
movement is limited by the phonon mean free path in the structure [29]. With the increasing amount
of SiC, SiC particles get closer and contact to each other. It is known that the termal conductivity of
B-Si3N4 grains is higher in Si3N4 based ceramics [30]. Therefore, B-SiAION grains formed in granule
boundaries tought to be contributed on the increase in the thermal diffusivity.

The thermal diffusivity of investigated composites measured in the temperature range of 20-600°C are
given in Figure 9.
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Figure 9. Change in the thermal diffusivity of SN based composites with SiC content at room
temperature

4. CONCLUSION

Electrically and thermally conductive o/f SiAION-SiC composites were produced by means of a
segregated network concept. With the dry mixing process, spray dried SiAION based granules
(<100_m) were coated with varying amounts of (up to 10 vol.%) nano SiC (75 nm) particles. All the
composites and the reference SiAION material were fully densified with gas pressure sintering at
1990°C under a N, gas pressure of 10 MPa. Microstructure and phase evolution and mechanical,
electrical and thermal properties of the composites were studied and compared with the reference
SiAION material. The suppression of a—f SiAION transformation by SiC was supported with
microstructiral investigations. o/ff SiAION - 10 vol. % SiC composite had the highest hardness value
(Hvio: 16.33 GPa) due to the formation of a-SiAION phases promoted with the increasing SiC
content. No significant changes in the fracture toughness values of composites were observed.
3D segregated network of SiC particles along granules to establish electrical and thermal conductivity
in the composites was successfully achieved with incorporation of 10 vol. % SiC o/f SiAION - 10
vol. % SiC composite exhibited the semiconductor characteristic and high thermal conductivity with
the electrical resistivity of 10° Q.m and thermal diffusivity of ~11 mm?/s measured at room
temperature. The electrical resistivity values of the composites decreased with the increasing of SiC
content. Thermal diffusivity values decreased with the increment of temperatures due to phonon-
phonon scattering. No remarkable difference in thermal diffusivity values of SiC reinforced
composites was noticed.
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