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bstract

 flexible method is presented, which enables the fabrication of porous as well as dense Si3N4/nano-SiC components by using Si3N4 powder and a
receramic polymer (polycarbosilazane) as alternative ceramic forming binder. The SiCN polymer benefits consolidation as well as shaping of the
reen body and partially fills the interstices between the Si3N4 particles. Cross-linking of the precursor at 300 ◦C increases the mechanical stability
f the green bodies and facilitates near net shape machining. At first, pyrolysis leads to porous ceramic bodies. Finally, subsequent gas pressure

intering results in dense Si3N4/nano-SiC ceramics. Due to the high ceramic yield of the polycarbosilazane binder, the shrinkage during sintering
s significantly reduced from 20 to 15 lin.%. Investigations of the sintered ceramics reveal, that the microstructure of the Si3N4 ceramic contains
pprox. 6 vol.% nano-scaled SiC segregations, which are located both at the grain boundaries and as inclusions in the Si3N4 grains.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Silicon nitride ceramics exhibit high mechanical strength
nd excellent fracture toughness.1,2 A further improvement of
he mechanical properties at room as well as at high tem-
eratures is anticipated on Si3N4 materials with nano-scaled
iC segregations.3–6 These so-called nanocomposite materials,
hich Niihara et al. developed two decades ago,3 are fabricated
y hot pressing of amorphous SiCN powders. However, the pro-
uction of the amorphous SiCN powders by processes like the
yrolysis of preceramic polymers,7,8 CVD,3,9 SHS10 or plasma
ynthesis11 is difficult and complex.

The processing of Si3N4/SiC nanocomposites with beneficial

icrostructure and properties can be improved by seeding

f a conventional Si3N4 powder with a smaller amount of
morphous SiCN powders. During sintering of the Si3N4, the
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iCN separates into nanocrystalline Si3N4 and SiC. Typically,
he resulting composites consist of elongated, micro-scaled
i3N4 grains and up to 10 vol.% nano-scaled SiC segregations,
hich are located both within the Si3N4 host grains and in

he grain boundary glassy phase.4,5 These SiC segregations
an act as a reinforcing phase, which increases the bending
trength, the fracture toughness and the creep behaviour at high
emperatures.3,5,11,12

Another way of fabricating Si3N4/SiC nanocomposites is the
ixing of crystalline Si3N4 and SiC nanopowders. However, the

omogeneous dispersion of the submicron powders is difficult,
nd severe agglomeration problems are observed frequently.12,13

urthermore, due to the strong crystal growth during sinter-
ng, these nanocomposites show a coarser microstructure in
omparison to the Si3N4/SiC materials seeded with amorphous
iCN.12,13 These effects usually decrease the mechanical prop-
rties of the composites.12,13

The main intent of previous investigations on Si3N4/SiC com-
osites was to improve the room as well as high temperature

roperties of the Si3N4 ceramic. However, for both the con-
entional Si3N4 and the Si3N4/SiC nanocomposite materials,
he debinding effort and the high shrinkage during sintering are
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Table 1
Elemental composition of the pure polycarbosilazane ABSE and the resulting ceramic material after pyrolysis and gas pressure sintering.

Heat treatment Empirical formula Crystalline phases Free carbon content (mol%) Ceramic yield (wt.%) Density (g/cm3)

Polymer state SiNC2H6 – – – 1.1
1 ◦ 31
1 –
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000 C/0.1 MPa N2 SiN0.9C1.5O0.25H0.1 –
800 ◦C/1 MPa N2 SiN0.08C0.95O0.01 �-SiC 

ajor problems and make the fabrication extensive and difficult,
specially for large ceramic components.

The intention of this work was to develop a processing
ethod, which not only allows the fabrication of Si3N4/SiC

ano-composites, but also offers the potential to improve the
anufacturing of ceramic components in an industrial scale.
he combination of a Si3N4 powder with a polycarbosilazane

nstead of an organic binder should be a suitable method to
ealize these aims. The Si3N4 powder particles can be coated
omogenously with the preceramic polymer by industrial appli-
able processes like fluidized bed granulation. In comparison
o the use of the amorphous SiCN powders prepared from
he precursor an extensive processing like separate pyrolysis,

illing, sieving, and mixing with the Si3N4 powder is not
ecessary. Additionally, the alternative ceramic forming binder
enefits both the consolidation and shaping, which is also an
dvantage over the conventional powder technologies for the
rocessing of Si3N4 ceramics. Subsequent pyrolysis of the
olycarbosilazane binder leads to an amorphous SiCN phase,
hich partially fills the interstices between the Si3N4 parti-

les and reduces the porosity in the resulting porous ceramic
odies.14,15 During sintering, the homogeneously distributed
iCN phase should lead to the formation of nano-scaled SiC
egregations within the Si3N4 ceramic. To identify and localize
hese nano-segregations and to characterize the microstructure
s well as the chemical composition of the sintered ceram-
cs comprehensive investigations are necessary. The formation
f the SiCN ceramic from the polycarbosilazane binder offers
lso the potential to reduce the sinter shrinkage of the Si3N4
eramic. Therefore, the influence of the SiCN binder on the
hrinkage and the porosity after pyrolysis and gas pressure
intering is studied. Investigations of the green bodies, machin-
bility tests and the manufacturing of prototypes should indicate,
hether the Si3N4 powder/SiCN precursor method is suit-

ble for the industrial fabrication of complex shaped Si3N4
omponents.

.  Experimental

The polycarbosilazane ABSE (ammonolysed
is(dichloromethylsilyl)ethane) is synthesized in toluene
s described elsewhere for silazanes.16,17 The synthesis yield
f the colourless, meltable and soluble precursor is approx.
5 wt.%. Table 1 shows that the ceramization of the pre-
ursor at 1000 ◦C (N2 atmosphere) results in an amorphous

iCN-ceramic (ceramic yield 72 wt.%). At temperatures above
400 ◦C, the SiCN at first crystallizes to the thermodynamically
table phases Si3N4, SiC and free carbon.18 At slightly higher
emperatures,19 the decomposition of the Si3N4 and the

s
t
a
d

72 2.4
56 3.2

imultaneous reaction with the free carbon phase according to
quation 1 occurs, leading to SiC. After sintering at 1800 ◦C,
ainly crystalline �-SiC has been formed with a ceramic yield

f 56 wt.%.

i3N4(s) +  3C(s) →  3SiC(s) +  2N2(g) (1)

As powder component, Si3N4 with a mean particles size (d50)
f 650 nm and a specific surface area of 7 m2/g was used, which
lready contains 10 wt.% of rare earth and transition metal oxide
dditives necessary for the liquid phase sintering.

The processing of the ceramic components started with the
abrication of the Si3N4 powder/polycarbosilazane precursor
ixture by a granulation process described elsewhere.20,21 The

recursor forms an homogeneous coating on the Si3N4 powder
s well as connects the powder particles with each other. The
esulting pourable and non-dusting granulate exhibit a mean
ranule particle size (d50) of approx. 70 �m and a composi-
ion of 80 wt.% Si3N4 powder with 20 wt.% polycarbosilazane
42.2 vol.%).

Subsequently, the Si3N4/polycarbosilazane granulates were
onsolidated by uniaxial pressing at 140 MPa to discoidal speci-
ens with 30 mm in diameter and a thickness from 12 to 14 mm.
he specimens were thermally crosslinked in a tube furnace at
00 ◦C (RO 10/100, Heraeus, Hanau, Germany) under contin-
ous nitrogen gas flow (200 cm3/min). After ceramization of
he precursor binder at 1000 ◦C (N2 atm.), subsequent liquid
hase sintering was accomplished in a gas pressure sinter fur-
ace (FPW 7038, FCT Systeme GmbH, Rauenstein, Germany).
o inhibit the thermal decomposition of silicon nitride and to
acilitate densification, between 1700 and 1800 ◦C the nitrogen
ressure is raised from 0.2 to 1 MPa.

Dimensional changes and mass losses of the specimens were
easured after pyrolysis and gas pressure sintering. From this

ata, bulk density and shrinkage of the samples were calculated.
pecimens powdered with a vibration cup mill (pulverisette 9,
ritzsch GmbH, Idar-Oberstein, Germany) were used for the
etermination of the skeletal density by Helium pycnometry
Accu Pyc II 1340, Micromeritics Instrument Corp., Norcross,
A, USA). From the difference between the skeletal and the
ulk density data, the porosity of the specimens after pressing,
yrolysis and gas pressure sintering was calculated.

The elemental composition of the powdered samples was
nalyzed at the Pascher Microanalytical Laboratory (Rema-
en, Germany). The phase composition was investigated with

 Philips Xpert X-ray diffractometer (Co anode). Raman

pectroscopy measurements were performed with a BX 41 spec-
rometer (Olympus GmbH, Hamburg, Germany), operating with

 HeNe laser (wavelength 632.8 nm) and a beam of 150 �m in
iameter.
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Table 2
Properties of the Si3N4 powder/polycarbosilazane derived materials after pressing, pyrolysis and gas pressure sintering.

Thermal treatment Uniaxial pressed (RT) Pyrolyzed (1000 ◦C) Gas pressure sintered (1800 ◦C)

Mass loss (wt.%) – 5.6 9.1
Skeletal density (g/cm3) 2.33 2.88 3.23
Bulk density (g/cm3) 1.98 2.01 3.10
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orosity (%) 14.9 

inear shrinkage (lin.%) – 

The sintered Si3N4–polycarbosilazane based ceramic was
nvestigated with scanning electron microscopy (SEM, 1540EsB
ross Beam, Carl Zeiss Nano Technology Systems (NTS)
mbH, Oberkochen, Germany) and energy dispersive X-ray

nalysis (SEM-EDX, Thermo Noran System Six, Thermo
isher Scientific Inc., Waltham, MA, USA). A lamella of
0 �m ×  10 �m and a thickness of approx. 150 nm was pre-
ared within the scanning electron microscope using the focused
on beam (FIB) technique for microstructural characterization
n the transmission electron microscope (TEM). The distinction
etween Si3N4 and SiC was performed through a Scanning-
EM (STEM) and a high angle annular dark field (HAADF)
etector enabling Z-contrast sensitive imaging (TEM, Libra 200
E with corrected in-column omega-energy filter, Carl Zeiss
TS GmbH, Oberkochen, Germany), energy dispersive X-ray

nalysis (TEM-EDS), electron energy loss spectroscopy (TEM-
ELS) and energy filtered TEM (EFTEM).

. Results  and  discussion

.1.  Pyrolysis  and  sintering  properties

The properties of the Si3N4 powder/polycarbosilazane
erived specimens after pressing, pyrolysis and gas pressure sin-
ering are listed in Table 2. After pressing, the polycarbosilazane
olymer partially fills the pores between the Si3N4 powder par-
icles and results in a residual porosity of 14.9%.

The subsequent heat treatment (1000 ◦C, N2 atm.) converts
he polycarbosilazane binder into an amorphous SiCN ceramic,
hich remains in the material. Both the density increase and

he mass loss of the polycarbosilazane during ceramization
Table 1) cause the shrinkage of the polymer derived ceramic.
his behaviour leads also to an increase in porosity of the

i3N4/SiCN specimens, whereas the shrinkage of the compact
uring pyrolysis is only (2.5 lin.%) due to the dimensional stabil-
ty of the ceramic powder. However, the polymer derived SiCN
eramic is able to bond the Si3N4 particles with each other.

s
n
t

able 3
lemental composition of Si3N4 + 20 wt.% ABSE in the initial state and after gas pres
ompositions.

hermal treatment Data source Elemental compositio

Si N

nitial state (green body) Calculated 51.1 31.5 

Measured 51.1 30.2 

800 ◦C/1 MPa N2 Calculated 56.2 30.2 

Measured 54.2 34.3 
34.0 4.0
2.5 16

n contrast to Si3N4 components fabricated with conventional
crylic resin binder, the pyrolyzed Si3N4/SiCN ceramic offers

 remarkable bending strength of approx. 80 MPa after thermal
reatment at 1000 ◦C.20

Gas pressure sintering of the porous components leads to
early dense Si3N4 ceramic bodies. The skeletal density of
he ceramic specimens increases to 3.2 g/cm3, which is in
ccordance with the theoretical density for �-Si3N4 and SiC,
espectively. During sintering, the shrinkage of the Si3N4 pow-
er/polycarbosilazane derived ceramic rises to 16 lin.% with a
esidual closed porosity of 4%. The reduced shrinkage indicates,
hat the precursor derived ceramic was partially incorporated in
he sintered Si3N4 ceramic. However, a mass loss of 3.5 wt.%
uring sintering denotes further decomposition. To explain
he reactions during sintering and to discuss the decomposi-
ion behaviour investigations of the chemical composition are
equired.

.2. Chemical  composition

The measured and the calculated results of the chemical com-
osition of the samples after pressing as well as sintering are
ummarized in Table 3. The calculations are based on the pre-
ursor data (see Table 1) and the fact, that during sintering of
he Si3N4, usually a mass loss of 2 wt.% due to the evaporation
f gaseous SiO occurs.

The measured and the calculated data are in a good agree-
ent for the green bodies. Only the oxygen content is slightly

igher than calculated (+1.1 wt.%), whereas the nitrogen con-
entration in the specimen is lower (−1.3 wt.%). This result can
e attributed to the handling and processing of the moisture
ensitive polycarbosilazane precursor in air.22,23
For the sintered ceramic, the comparison between the mea-
urement and the calculated data shows higher contents of
itrogen and sinter additives than expected, but lower concentra-
ions of the elements Si, O and C than calculated (see Table 3).

sure sintering. Comparison between the calculated and the measured elemental

n (wt.%)

C O H Sinter additives

6.7 1.0 1.7 8.0
6.9 2.1 1.6 8.1
4.1 1.2 – 8.5
1.8 0.1 – 9.6
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Fig. 1. SEM micrograph of gas pressure sintered Si3N4 + 20 wt.% ABSE.
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In contrast to the X-ray analysis, Raman spectroscopy mea-
surements indicate the formation of crystalline SiC (Fig. 3). In
896 U. Degenhardt et al. / Journal of the Eur

This behaviour can be explained by decomposition reactions,
hich take place at temperatures above 1400 ◦C. In contrast to
i3N4 ceramics which are fabricated with conventional binders,

he polycarbosilazane binder based material contains a high con-
ent of fine distributed free carbon even after pyrolysis. This
arbon can react not only with the Si3N4 (Eq. (1)), but also with
he SiO2, present as an impurity in the polymer derived ceramic
s well as in the silicon nitride powder (Eqs. (2) and (3)). As a
esult the SiO2 content in the glassy phase during liquid phase
intering is reduced due to the evaporation of gaseous SiO,4–8

nd the carbon content decreases because of the formation of
aseous CO.24 These gases leave the material or lead to the
ormation of pores during sintering.

iO2(s,  l) +  C(s) →  SiO(g) +  2CO(g) (2)

iO(g) +  2C(s) →  SiC(s) +  CO(g) (3)

Beyond the described reactions it has to be considered, that
uring gas pressure sintering, a nitrogen pressure up to 1 MPa
s applied to the ceramic to inhibit the thermal decomposition
f silicon nitride and to facilitate the densification. Lenčéš24

nd Kroke et al.25 described further reactions between the free
arbon content, gaseous products like SiO and CO and the nitro-
en atmosphere in the furnace. According to the thermodynamic
alculations by Kroke et al.25 the following reactions should be
onsidered under the specific sinter conditions:

SiO(g) +  C(s) +  N2(g) →  Si2N2O(s) +  CO(g) (4)

SiO(g) +  2CO(g) +  N2(g) →  Si2N2O(s) +  2CO2(g) (5)

SiO(g) +  3C(s) +  2N2(g) →  Si3N4(s) +  3CO(g) (6)

In summary, during gas pressure sintering, two types of reac-
ions lead to the consumption of the free carbon content. First,
he reactions (Eqs. (2)–(6)) cause formation of volatile CO. This
tatement is in accordance with the significant loss of carbon,
xygen and silicon (SiO formation, Eq. (2), see also Table 3).
econd, due to the reaction of Si3N4 (Eq. (1)) and volatile SiO
Eq. (3)) with free carbon, the formation of crystalline SiC
s obvious. This result is also reported by van Dijen et al.26

he authors describe, that during sintering of carbon containing
i3N4, the carbon forms crystalline SiC or leaves the material
s volatile CO.

For that reason it is of great interest, to bond the carbon
s refractory silicon carbide and to distribute the formed SiC
articles homogeneously within the sintered Si3N4 ceramic.

.3. Crystalline  phases  and  microstructure

The sintered Si3N4/polycarbosilazane based ceramic exhibits
 microstructure of elongated Si3N4 grains (length up to 8 �m)
mbedded in grain boundary glassy phase, which is typical for
i3N4 ceramics (Fig. 1). Additionally, submicron grains with
exagonal or globular shape are located between the large crys-

als. However, due to the similar elemental contrast of Si3N4 and
iC and the limited resolution of the SEM-EDX system (1 �m

n diameter), a distinction between submicron Si3N4 and SiC
rystals by SEM analysis is not possible.

F
c
a

Fig. 2. X-ray analysis of gas pressure sintered Si3N4 + 20 wt.% ABSE.

Therefore, the phase composition of the sintered ceramic was
nvestigated with X-ray and Raman spectroscopy. The X-ray
pectrum in Fig. 2 shows only signals for crystalline �-Si3N4,
ut no reflexes for the formation of crystalline SiC were detected.
ig. 3. Raman spectrum of gas pressure sintered Si3N4 + 20 wt.% ABSE in
omparison to spectra of Si3N4 fabricated with conventional acrylic resin binder
nd polycarbosilane SMP-10 derived SiC (1800 ◦C, vacuum).
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Fig. 4. STEM micrograph of gas pressure sintered Si3N4 + 20 wt.% ABSE
(Si3N4 grains: dark grey, SiC-inclusions: green coloured, grain boundary/glassy
phase: white). (For interpretation of the references to colour in this figure legend,
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rder to identify Si3N4, SiC and carbon phases, two reference
aterials were used. The first reference is a gas pressure sintered
i3N4 ceramic fabricated by using a conventional acrylic resin
inder. Polymer derived SiC ceramic, synthesized by pyrolysis
nd crystallization (1800 ◦C, vacuum) of the polycarbosilane
MP-10 (Starfire Corp., Malta, NY, USA) acts as the second
eference.

The spectrum of the Si3N4/polycarbosilazane based ceramic
hows signals at Raman shifts of 450, 612, 729, 864, 927, 937
nd 1045 cm−1, which can be related to crystalline �-Si3N4,27

nd two signals for the hexagonal 3C-SiC phase at 798 and
02 cm−1. However, the signal at 966 cm−1, which is also typi-
al for crystalline SiC,28 could not be detected. This result is in
ccordance with the results of Zemanova et al.8 They also report
bout the missing Raman signal for a sintered SiCN ceramic fab-
icated from the polysilazane Ceraset (Kion Corp.). In contrast
o the SMP-10 derived SiC reference, no signal for free carbon
as observed for the sintered precursor/powder based ceramic.
Due to the controversial results of the X-ray and the Raman

pectroscopy analysis a detailed TEM investigation should pro-
ide for information about the nature of the formed SiC species.
ig. 4 shows submicron crystals within the microstructure of the
i N /polycarbosilazane based ceramic, which were identified
3 4
s SiC (marked with green colour) by TEM-EDX investiga-
ions. These crystals are located both as segregations embedded
n the glassy phase (Inter-SiC) and as randomly distributed

n
e
i
(

ig. 5. TEM-EELS-EDX analysis of sintered Si3N4 + 20 wt.% ABSE: bright (a) and d
Intra-SiC) and the corresponding EELS carbon mapping (c) and EELS point measur
he reader is referred to the web version of this article.)

nclusions in the elongated Si3N4 grains (Intra-SiC). An exami-
ation of several TEM images revealed, that the Inter-SiC grains
xhibit a median diameter of 50–700 nm, whereas the Intra-SiC

nclusions in the Si3N4 crystals are much smaller in diameter
20–200 nm).

ark field TEM micrograph (b) of a Si3N4 host crystal with nano-SiC inclusions
ement spectra (d).
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Fig. 6. Cold isostatically pressed, Si3N4 + 20 wt.% ABSE derived component
after crosslinking, green machining (turning, drilling of holes), ceramization and
subsequent gas pressure sintering (1800 ◦C, 1 MPa N2 atm).

Table 4
Influence of the binder system on the properties of gas pressure sintered
Si3N4(/SiC) (compaction: CIP, 140 MPa, gas pressure sintered at 1800 ◦C,
1 MPa N2 atm).

Binder system Acrylic resin Polycarbosilazane

Original binder content (wt.%) 5 20
Total mass loss (wt.%) 7.0 8.8
Skeletal density (g/cm3) 3.23 3.23
Bulk density (g/cm3) 3.20 3.21
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Si3N4/SiC nanocomposites with very similar microstruc-
ures were also reported by Šajgalík et al.4,5 and Lenčéš.24

hey used a mixture of conventional Si3N4 powder with
0–20 wt.% prepyrolyzed SiCN, which was hot pressed or gas
ressure sintered. In good accordance with our results, they
btained Intra-SiC segregations of 10–250 nm embedded in the
longated Si3N4 grains and 50–600 nm Inter-SiC crystals in the
lassy phase.

The bright and the dark field TEM images in Fig. 5a and b
llow for a detailed study of the Intra-SiC inclusions in the Si3N4
rains. The corresponding elemental mapping (Fig. 5c) using
FTEM of the C-K edge reveals, that the inclusions (1) contain

 higher carbon concentration than the surrounding Si3N4 host
rain (2). This result is in accordance with the electron energy
oss spectra (Fig. 5d) acquired on the particle (1) from Fig. 5a,
learly showing the appearance of the C-K absorption edge with
dge onset at an energy loss at 285 eV. In contrast, for the Si3N4
ost grain, the C-K absorption edge is of considerably lower
ontrast which is attributed to the thin carbon sputter layer on
op of the lamella and the thin carbon film of the TEM-grid.

The TEM investigations clearly indicate that the residual car-
on content in the Si3N4 ceramic is bonded as crystalline SiC.
he reason for the controversial results of the XRD measure-
ent (Fig. 2) is probably the low volume content and the small

ize of the SiC crystals.
Based on the measured carbon concentration in the sintered

pecimen (1.8 wt.%, Table 3), the content of crystalline SiC in
he Si3N4 ceramic can be calculated to 6.0% SiC (both wt.% or
ol.%). Compared to the theoretical amount of 13.7% SiC, which
as calculated from the theoretical carbon content (4.1 wt.%,
able 3), the loss of carbon during sintering is approx. 65 wt.%.
his carbon loss is in accordance with investigations of Riedel
t al.6 They reported, that polycarbosilazane based, sintered
iCN contains only 10% of crystalline SiC instead of the calcu-

ated 22%. Similar results were published by Šajgalík et al.4,5

fter gas pressure sintering of 80 wt.% Si3N4 with 20 wt.%
repyrolyzed SiCN powder, only 5.5% crystalline SiC segre-
ations were detected.

.4.  Fabrication  of  prototypes

To investigate the producibility of ceramic components
ith industrial equipment, thermocouple sheath tube prototypes
ith 30 mm in diameter and a length of 180 mm were fab-

icated by cold isostatic pressing (CIP) at 140 MPa by using
he polycarbosilazane coated Si3N4 powder. After crosslinking
t 300 ◦C, machining tests of green bodies (turning, drilling
f holes, cutting in segments) were performed to investigate,
hether complex designed components can be realized with the
i3N4/polycarbosilazane method. The machined tube segments
ere pyrolyzed at 1000 ◦C and subsequent gas pressure sintered

t 1800 ◦C in 1 MPa nitrogen atmosphere.
The sintered thermocouple sheath tube segment in Fig. 6
emonstrates the manufacturing of complex shaped compo-
ents by the described processing method. In comparison to the
tandard liquid phase sintered Si3N4, for which a conventional
crylic resin binder was used (shrinkage 20 lin.%), the linear

a
fl

orosity (%) 0.9 0.5
inear shrinkage (lin.%) 20 15

inter shrinkage can be reduced to 15 lin.% and the residual
orosity to 0.5% (Table 4). The reduced sinter shrinkage can
e explained by the high ceramic yield (56 wt.% after sintering,
able 1) of the polycarbosilazane binder, which partially fills
p the interstices between the powder particles and reduces
he porosity in the preforms (also reported by Schwartz,

cGinn et al.14,15). During sintering, the precursor derived
eramic is incorporated in the Si3N4 and reduces the volume
hrinkage of the components. In contrast to the uniaxial pressed
reen bodies (Section 3.1) with a high residual porosity after
ressing (14.9%), the cold isostatic pressing (CIP) improves the
ompaction of the powder/polycarbosilazane based granulate
ignificantly (porosity after pressing only 10.5%).

The reduced sinter shrinkage offers significant advantages for
he fabrication of ceramic components. For example, it allows a
educing of the oversize of the green parts, which is necessary
o compensate the volume shrinkage during sintering. Conse-
uently, approx. 20% more components can be placed in the
urnace during a sintering cycle. Furthermore, due to smaller tol-
rances of the sintered components, a reduced hard machining
ffort can be achieved.

.  Conclusion
Si3N4 powder particles were coated homogeneously with
 polycarbosilazane by industrial applicable processes like
uidized bed granulation. The resulting granulate was used
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or the manufacturing of complex shaped components with
ndustrial equipment. The preceramic polymer acts as an alter-
ative ceramic forming binder, which benefits consolidation
nd shaping of the ceramic powder. In a first step pyrolysis at
000 ◦C leads to porous Si3N4/SiCN ceramics. Due to the high
eramic yield, the polymer derived ceramic partially fills the
nterstices between the Si3N4 particles and reduces the porosity
n the components. Subsequent gas pressure sintering yielded
ense Si3N4 ceramics with a nano-scaled SiC content of approx.

 vol.% derived from the polycarbosilazane. Investigations
n the microstructure reveal, that the SiC is located both as
egregations in the grain boundaries (Inter-SiC) and as nano-
nclusions in the Si3N4 grains (Intra-SiC). However, further
nvestigations are necessary to study the influence of the SiC
egregations on the mechanical strength, the fracture toughness
nd the creep behaviour of the silicon nitride ceramic.

The producibility of components was investigated by fab-
icating thermocouple sheath tube prototypes with industrial
quipment. Tooling tests demonstrated the near-net-shape man-
facturing of complex shaped components. The ceramic nature
f the polycarbosilazane binder after pyrolysis led also to a
educed shrinkage of the components during gas pressure sin-
ering from 20 to 15 lin.%. Therefore, a reduced hard machining
ffort and saved space in the sinter furnaces can be achieved.
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4. Šajgalík P, Hnatko M, Lofaj F, Hvizdos P, Dusza J, Warbichler P, et al.
SiC/Si3N4 nano/micro-composite – processing RT and HT mechanical
properties. J Eur Ceram Soc 2000;20:453–62.
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