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The microstructural optimization ‘of high strength, high temperature SisN4
ceramics are discussed. It is demonstrated that microstructural development is
predominantly controlled by the properties of the SiasN4 starting powder and
the sintering temperature, whereas the sintering additive composition has only

a minor influence.

Optimum conditions for the growth of Si3N4 grains with a needle-like morpho-
logy is analysed in sintered specimens as well as in oxynitride glasses. The
growth kinetics during o/B transformation and Ostwald ripening have been
determined on isolated SiaN4 crystals embedded in supersaturated Y-Si-Al1-O-N
glasses. Finally a crystallization model is introduced to describe the growth
mechanisms in relation to the Si3Ns crystal structure. It is demonstrated that

a fine-grained Si3N4 has the highest potential for high strength properties.

Degradation of the SisNa properties at temperatures > 1200°C is mainly
influenced by the chemistry of the grain boundary phase. Therefore the impor-
tance of a more complete understanding of phase relationships in the
SisNsa-sintering additive ceramic systems is necessary. TEM observations reveal
an amorphous grain boundary film in two-grain Jjunctions even in "fully"
crystalline Si3Na ceramics. The equilibrium thickness of these amorphous
layers depends on the chemistry of the sintering additives and is expected to

control the high temperature properties.

INTRODUCTION

Silicon nitride-based ceramics exhibit excellent mechanical properties, good
oxidation resistance and thermal shock behaviour at room and high tempera-
tures. The high wear resistance and the mechanical properties of these cera-

mics are interesting for several applications.
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The properties of silicon nitride ceramics depend upon its bulk density. The
highly covalent bonding of Si N, results in a low self-diffusion coefficient

34
of the nitrogen atoms of 6.3-10°%° cn’/s at 1400°C [1], hence it follows that

a densification without any sintering additives is nearly impossible. In 1961,

Deeley, et al. [2] was the first to report that S'13N4 ceramics could be densi-

fied by hot-pressing with the addition of oxides as sintering additives.

Today, it is common practice to densify Si3N4 by pressureless sintering, gas

pressure sintering, hot-pressing or hot isostatic pressing. The sintering aids
are usually metal oxides such as MgO, A1203 and most of the rare earth oxides
[3-71.

The densification is described as a liquid phase sintering process. At higher

temperatures, SiOZ, which 1is always present at the surface of the Si3N4

particles [8], reacts with the oxide additives to form an oxide melt and, with

increasing temperature, an oxynitride melt by dissolving Si3N4. After the
oc—SiSN4 particles dissolve and supersaturate the liquid phase, B-Si3N4
reprecipated [9]. Depending upon the composition of the sintering aids, the

is

liquid phase can form an amorphous or a crystalline grain boundary phase
during cooling both of which degrade the mechanical properties of the Si3N4 at
temperatures > 1000°C, because of the drastic softening of the grain boundary

regions [10,11].

Oyama, et al. [12,13] and Jack, et al. [14] tried to overcome the problem of
high temperature strength degradation by investigating the solid solution
between Si3N4 and A1203. The idea was the preparation of a single phase so-
called "SiAlON" ceramic without an amorphous grain boundary. The crystal

structure of B-SiAIONs can be derived from the g-Si lattice by a

3N4
simultaneous replacement of Si4+ by Al3+ and N3- by 02-. Furthermore, Huseby,
et al. [15] reported the existence of an extended solid solution between Si3N4

and BeO. Other sintering additives such as Mg0 or Y 03 show no appreciable

2
solubility in the B‘Si3N4 lattice.

In comparsion to the B-SiAlONs, there is a remarkable solubility of rare earth
ions in a-SiA1ONs due to the different crystal lattice structure of oc--Si3N4
[16]. The «-SiAlONs offer the possibility of incorporating the sintering addi-
tives and impurities into the structure resulting in a sintered, single-phase

ceramic [17]. a-SiAlONs exhibit better thermal shock resistance [18] and
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higher hardness [19] in comparsion to B-813N4 based ceramics. These properties

offer a great potential for application as cutting tools.

The characteristic microstructure of Si3N4, containing elongated grains with
high aspect ratios, is responsible for the excellent mechanical properties,
especially at room temperature. The development of this type of microstructure

can be explained by the crystal structure of B-Si3N and its growth mecha-

4
nisms. It is possible to achieve an "in-situ whisker reinforcement"” by the
control of anisotropic grain growth, so that Si N, ceramics exhibit high

34
fracture toughness [20}. The alternative way to reinforce Si with SiC

3N4
whiskers is not a promising route because of the difficulties of obtaining a

homogeneous whisker dispersion and the problems of densification [21,22].

The purpose of the present paper is to discuss the relationship of two impor-
tant factors, microstructure development and phase relationships, in Si3N4—

based ceramics and their influence on the mechanical prdperties.

MICROSTRUCTURAL DEVELOPMENT

The influence of the microstructure of B-Si on the mechanical properties

N
has been well-known since the 1970’s and resJigi show that a needle-like grain
morphology is desirable [23]. Faber and Evans [24,25] calculated the influence
of the aspect ratio on the fracture toughness. This theory could be applied in
principle to the microstructure of Si3N4. If the fracture mode is inter-
granular, a deflection of the direction of the propagating crack increases the
fracture surface energy. Therefore, the fracture toughness increases with an

increasing aspect ratio of the Si3N4 grains.

Influence of the «/B ratio in the initial powder

Detailed studies on grain growth phenomena have been performed only in the
last 5 years. F.F. Lange [23] investigated hot-pressed S'13N4 with S wt.% Mg0
and found that the aspect ratio of the grains and, therefore, the fracture

toughness was determined by «/B ratioc in the starting Si N4 powder. The

3
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wce of the o/B ratio is also detectable in the microstructure of
‘eless sintered samples. The SEM micrograph in Fig.l reveals a needle-
.crostructure on the left-hand side and a fine-grained microstructure on

tht-~hand side.

1: SEM~micrograph of pressureless sintered Si3Na with a starting
powder of 95% o~ / 5% fS-phase (a) and 100% B-phase (b). ' :

seneous nucleation of B-crystals during densification does not play a
cant role. This can been seen if we calculate the number of B-nuclei

”(DF) in the starting powder by the simple relationship [26]

’ 3 B,' ’pS :
DF = - - 3 . (1)
2w (r)%p 100

ler the aS3umptioﬁ that the B-particles have thé same mean,particles
1 the starting powder as the a-particles. B denotes in equ. (1) the
content 'in the initial powder, p the theoretical density of the

S

'«d specimen, and Poy the density of Si3N4. (rN) is mean particle size of
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the Si3N4 powder. Table 1 shows a comparison of the. calculated B-nuclel de

sity (N) for different commercial‘SiSN4 powders in comparison to the measur

particle density after sintering.

; Nucleation Particle
5131\14 powder : : ‘
Density ~ Density
UBE E10 | 550 | 490
UBE ESP <165 197
Starck LC 12-S 3.8 | 2.8l

Table 1: pB-nuclel density and B-particle density for
different commercial 513N4 powders [26]

Table 1 shoWs: a relative good agreement between the calculated B%nucl
density and the measured B-particle density. Differences cauld¥be explained
the solution of smaller grains- during Ostw&ld«Ripening in the last,Stégéf

sintering.

The assumption that only B-crystals grow was checked by experimental studi
of pressureless sintered samples with fine- grained starting powder (me

grain size 0.5 um), which was doped with 5 vol.% of a—Si3N with a meanégra

size of 1 um. Specimens with 10 wt.% sintering additive;‘(YzOg/Ale3} we
densified at 1700°C and 1800°C. The SEM analysis showed that the coar
a~particles dissolve only in the later stage of 3Sintering due to the
stability in comparison to smaller a-particles. There were no coarse particls
detectable which could act as a heterogenous nuclei for a needle-like growils
B-grain. Figure 2 shows an SEM micrograph of the speoimen. The ea-particl
show particle disintegration and coexist in the near fully-densified a
partially transformed microstructure, with the typical elongated R-graii
which were formed by dissolutionkof the smaller wo-particles and reprécip

tation at preexisting B-crystal planes.
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Figure 2: Plasma-etched SisN4 specimen with coarse unreacted %~particles
(marked by arrows) after 1h isothermal sintering at 1800 C.

Growth Mechanisms

Krédmer, et al. [27] made an detailed analysis of the grain growth mechanisms

related to the anisotropy of the BfSiSN crystal “structure. Describing the

growth mechanisms during sintering on thjzbasis of the crystallisation model
'of Kossel and Stranski [28],' a remarkabie discontinuous gfain; growth of
B—Si3N4 was found as well as different growth fateS'of the basal plane (per-
pendicular to the c-axis of;B~Si3N4) and the prism”plane {parallel to the
c-axis), which causes the typical elongated grains at. temperatures higher than
1800°C. Krimer’s observations in plasmaﬂetohed’samples,can be Summarized as

follows
i) A higher growth rate of the basal,piane in cdmparsion to the prism plane in
the area of a liquid phase.

ii) The grain growth of the basal plane stops when it hits a prism plane (Fig.

3a and 3b marked with arrows).

1ii) The prism planes are dominant and they grow by dissolution of the basal
plane.
iv) If the basal plane of a large crystal surrounds the prism planes of a

smaller one, the small grain will dissolve.
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Figure 3a: Schematics of different oberservations.

Figure 3b: Presureless sintered and plasma-etched SisNa sample.

Figure 3a and b: Graih growth mechanisms in Si3N4 ceramics.

The growth phenomena were explained by consideration of the p-crystal
structure. Characteristic is the high covalent bonding of(?OZ, a co/a.-ratio of
the lattice constants < 1 and the different stacking of the nitrogen atoms in

the a- and c-direction (a: ABCABC... and c: ABAB...). The packing density
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thin the layers perpendicular to the c-directien and the distance of the
sers is relatively low [29]. The opposite is valid for the layers perpendi-
lar to the a-axis. The different distances of the layers and their packing
ity indicates an anisotropy of the boundary energy and different stabi-
ties of the prism and basal plane. Under Kridmer's consideration of the
ssel & Stranski model, the crystal grows by attachment of discreet growth
its thch have the tendency to minimize their energy. The anisotropy in
mdary energy estimated from the number of bonds per unit area parallel and
"pendicular to the c-axis is'represented in Fig. 4 by small rectangles. For

:h crystal planes, the rate-determining step is the surface nucleation.

demonstrated in Fig. 4, the energetically more favourable surface
sleation. on the basal plane results in higher growth rates there in compa-
son to the prism plane. A growth of the layer within the prism plane is very

st if nucleation occurs.

DISSOLVING
ot~ GRAIN

.,.ﬁllll

\\\SURFACE

NUCLE!

'BASAL PLANE

PRISM.
PLANE

jure 4: - SChematic of the kinetic growth model ‘for elongated B-SisNa
grains. The small rectangles represented the anisotropy of energy
between the layers parallel and perpendicular to the c¢-axis:
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The model predicts that the prism plane is more stable than the basal plane.
This explains why the prism plane is dominant and stops the discontinuous
grain growth of basal planes. Furthermore, it is possible to assume that the
aspect ratio of the B-grains increases when the graing grow (in,thermodynamiq
nonequilibrium). For longer isothermal sintering times the microstructures
reach thermodynamic equilibrium and the aspect ratio decreases.,Thigieffect

was experimentally found by Wotting et al. [30].

Grain Growth Studies in Oxynitride Glasses‘

A disadvantange of the grain growth‘inVestigationé in sintered microstructures
is the steric hindrange of the growth of B¥need1es’by the surroﬁnding_gnains.
Krédmer, et al. studied therefore the grain growth behaviour in a veryfdiluté
system, such as SiBN4»supersaturated oxynitride glasses [31]. These glasses
were prepared by a heat trealment of homogenous mixtures;of YZOQ, Alzog’ 8102
and Si N, at 1650°C for 0.5 h. After cooling to room temperature Y-Si-Al-O-N-
glasses were subsequently heat treated at 1550, 1600 and 1640°C for 1 to 18

hrs to investigate grain growth. Figure 5 shows an elongated SigN grain in an

oxynitride glags after a heat treatment of 2 h at:1600°c,

Figure 5: Plasma-etched SisNa-crystal in a Y-Si~Al-O-N-glass
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The grain shows an internal structure with a core in the middle visible after
plasma-etching. For the development of the grain structure, three different
stages must be considered. The core represents the pB-nucleus of the inner
crystal growing during the first heat treatment at 1650°C. This crystal has an
aspect ratio of about 9. During cooling to room temperature, the bright rim
formed equally on the basal plane and the prism plane. A second heat treatment
at 1600°C caused a further increase in agpect ratio with a ratio of the growth

rate for basal plane to the prism plane of at least 1 to 15.

The quantitative microstructural analysis of the B-SiaN grains embedded in

the Y-Si-Al-0O-N glasses revealed that the mean diameggr remains constant
during isothermal heat treatment. The development of the mean grain length
exhibits a strong increase during the a/B-transformation and remains constant
or was reduced during the subsequent Ostwald-Ripening depending on the actual

temperature [31]. Figure 6 shows the mean aspect ratio of B-Si grains as a

3
function of time for a isothermal heat treatment at 1550°C, 1600°C and 1640°C.
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Figure 6: Mean aspect ratio as a function of time for Si3N4 grains dispersed

in oxynitride glasses.



130

The dotted lines represent the stage during o/B transformation. After 18 hrs
heat treatment at 1550°C, the a/B transformation is still incomplete so that
the aspect ratio can increase further. At 1600°C, a strong increase in the
aspect ratio is detectable in the late stage of «/B8 transformation (up to 6
hrs). During the subsequent heat treatment period where Ostwald-Ripening
occurs the mean aspect ratio remains nearly constant. The specimens heat
treated at 1640°C reveal a decrease in aspect ratio for longer heat treatment
times due to the dissolution of grains with small diameters and high aspect

ratios.

The quantitative analysis of Kriamer, et al. [31] shows that the highest aspect
ratios of B-grains dispersed in Y-Si-Al-0O-N- glasses could be achieved at the
end of the o/f transformation. These experimental results demonstrate clearly

that a polycrystalline Si -based ceramic should be densified at temperatures

N
34
as low as possible. Similar to the results in dilute systems it is expected
that the grains exhibit the maximum aspect ratio also at the end of the

o/B-transformation.

DEVITRIFICATION OF THE AMORPHOUS GRAIN BOUNDARY PHASE

The development of a specific microstructure with a well-defined crystalline
grain boundary phase is not possible without the knowledge of the phase
relationships of the different phases present after sintering. Unfortunately
most of the Si3N4—based ceramics are dquaternery or quinary sytems due to the
necessity of oxide additions as sintering additives. If the valencies of the
elements are considered to be fixed and the concentrations are expressed in
equivalent percents instead of atomic percents the system can be reduced to a
quasiquaternary one which can be represented as a regular prism (Jinecke
prism) with the compounds Si3N4, SiOZ, AlIN, A1203, MeN and Me203 (Me = metal)
as end members at the six corners [32]. All the interesting phase
relationships important for the development of Si3N4—based ceramics can be
represented in this prism. The interesting isothermal sections are at

sintering temperatures between 1700°C and 1950°C and the temperature range

from 1150°C to 1350°C for the heat treatments to devitrify the amorphous grain

boundary region.
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Phase Relationships in Y-Si-~Al-O-N Based Ceramics

The reason for the extensive investigations in the system Y-Si-Al1-O-N is that
yttrium oxide has emerged as one of the best sintering additives for densifi-

cation of Si3N4. A further improvement can be achieved by addition of A1203 to

form B~sialons and highly refractive crystalline grain boundary phases such as

YAG [11]. A good summary of previous work in the yttria sialon system has been

given by Jack (33] and Thompson [34].

513N4—based ceramics with A1203 additives exhibit excellent high temperature

properties if the alumina forms a solid solution with the Si3N4 (sialon) or is

incorporated into a crystalline grain boundary phase. Residual A1203 in an

amorphous grain boundary lowers its viscosity and is responsible for the typi-

cal decreage in bending strength of Si in the temperature range between

N
34
1000°C and 1200°C as well as the high creep rates. The best high temperature

Sl3N4 with Y203 and A1203 as sintering additives contain a high ratio of Y203

to A1203 to crystallize the grain boundary phases represented on the oxygen-

rich side of the phase diagram Si, N,-Si0.-YN-Y O3 [35] (Fig. 7).

34 2 2
3 (Si%) Y2§207 Y25505 2 Y04
N\
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20 —
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SiaNy, 2 @ &0 @ 4(YN)
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Figure 7: Phase relationships in the Si3N4~-SiO2-YN-Y203 system at 1550°C
after Gaukler et al. [35].
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All phases are highly refractory but the compounds within the
Si3N4-YZSiZO7-Y203 phase area exhibit relatively large weight gains in air at
1000°C. The catastrophic oxidation behaviour can be explained by a large
volume change in these grain boundary phases. The N-melilite (Si3N4~Y203)
exhibits the highest volume change AV of 33 % [36], calculated according to

the oxidation reaction

813N4-Y203 + 02 — Y281207 + SlO2 + 2N2. (2}

For the other nitrogen-containing phases (wollastonite (YSiOzN), J-phase
(Y4SiZO7N2) and apatite (YlO(SiO4)6N2)), volume changes of 8 %, 10 % and 11 %
were determined, respectively. Furthermore, it is assumed that the process
which takes place within the oxynitride phase is volume oxidation in contrast
to the Si3N4 matrix which exhibits surface oxidation. However, the oxidation
resistance can be drastically reduced at temperatures > 1300°C and Si3N4 cera-
mics containing oxynitrides as grain boundaries reveal a greater oxidation
resistance at 1000°C after a heat treatment at 1350°C [37]. The phenomenon can
, layer at 1350°C from the

oxidation of the Si3N4 matrix. At 1000°C, Si3N4 has a low oxidation rate, thus

be explained by the formation of a protective SiO

the SiO2 layer would be 1insufficient to cover the oxynitride phase.
Quackenbush and Smith [38] showed that the catastrophic oxidation can be
avoided by adding a small amount of AlZO3 (< 1 wt%). Patel, et al. [36]
explained this effect by the low volume change due to the Al-containing

oxidation products.

The lowest weight 'gain was measured on samples with compositions in the
triangle Y28i207—Si2N20—Si3N4. These materials have a grain boundary phase
which can not be oxidized. The increase in oxygen content, however, results in
poorer high-temperature properties. A compromise is certainly the crystalli-
sation of oxynitride grain boundary phases with a high O/N ratio and a low
volume change during oxidation. This can be achieved be adding a small amount
of alumina or by changing the sintering additive. For example, the yttrium
N-apatite oxidizes with a volume changes of 11.4 % whereas the neodymium N-

apatite exhibits a volume change of only 3.3 % [36].
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Phase Relationships in Yb-Si-Al-0O-N Based Ceramics

Generally, other rare earth oxide-sialon systems have similar phase diagrams
to the Y-Si-Al-O-N system. But in some cases there are differences due to the
stability of the quasiquaternary phases. Figure 8 shows an isothermal section

. ° ]
203—5102—513N4 YbN at 1500 C [39]. There is

only one quasiquaternary compound (Yb4SiZO7N2) in comparsion to the 4 phases

of the yttrium-related diagram (Fig. 7). The Yb-system has become quite

of the quasiquaternary system Yb

interesting ‘due to the high oxidation resistance of the ytterbia-fluxed

materials. Furthermore, the densification of ytterbia-doped Si3N4 is easier in
comparsion to SiaN4 ceramics based on yttria as a sintering additive.
3(Si0,) YboSia07  Yb,SiOg 2(Yby04)

o
¥
&
i | 1 1 1
SigN, 2 & 60 8 4(YON)
Eq.-%Yb

Figure 8: Phase relationships in the Si3N4-SiO2-YbN-Yb203 system at 1500°C
after Hampp et al. [39]..

The reason for the instability of the apatite- (YlO(SiO4)6N2), wollastonite-

(YSiOZN), and melillite (YZSi3O3N4) phases is the smaller cation radius of the

vb®* ion (85.8 pm) in comparsion to v (89.3 pm) [40). A detailed analysis of
the different crystal structures of the four quasiquaterny phases in the Y-
related system showed that the wdhlerite phase (Yb,Si O_N,) is the only

4772772
structure which can tolerate a wide variation of the radii of interstitial
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cations. The mellilite structure is based on SiO,-tetrahedron layers connected

4
by cations (e.g. v>*) and the wollastonite structure consists of 8104-chains
also connected by cations such as Y3+. In the case of very small cations, the

resulting narrow distance between the SiO,-layers and -chains, respectively,

4

causes a repulsive force between the SiO4—tetrahedron and both structures

became unstable.

Similar considerations are possible for the apatite phase, which would be the
most interesting one in these system due to the relative good oxidation
resistance (low nitrogen content) and the possibility of incorporation of
cation impurities from the starting powders. Ito [41] reported a lower
boundary of 89 pm for the interstitial cation radius in hydroxyapatites. These
results fit quite well with the oberservations of Hampp, et al. [39] that the
N-apatite is stable in the Y-system (Y3+= 89.3 pm}, but not in the Yb-system
(Yb>* = 85.8 pm).

MECHANICAL PROPERTIES

Silicon nitride-based ceramics have a bending strength at room temperature
between 600 and 1000 MPa and a fracture toughness of 5-10 MPavm. Most Si3N4
compositions exhibit a strong decrease in bending strength in the temperature
range of 1000°C to 1200°C, as indicated for material A in Fig. 9. At this
point, many research activitives are focussed on the development of high-
strength 513N4 ceramics which reveal only a small degradation up to 1500°C
such as material B in Fig. 9. The following chapter is an attempt to show the
influence of different parameters on the mechanical properties of Si N -based

34
materials.

The bending strength and the fracture toughness at moderate temperatures is

mainly influenced by the morphology of the Si3N4 grains and the flaw size. The

typical fracture mode for Si3N4 ceramics is intergranular. The high fracture
toughness values are due to deflection of the crack front by the elongated

grains. High aspect ratio S'13N4 needles embedded in a fine-grained matrix with

equiaxed grains are therefore desirable. Figure 10 shows plasma-etched micro-

structures of 513N4 ceramics with different average grain sizes and different

aspect ratios of the elongated grains. The fine-grained material exhibits a
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mean,bending strength of more than 1000 MPa, whereas the sample with larger
average grain size shows a strength of only 730 MPé. The composition of the
sintering additives plays no significant role in the mechanical properties at
low temperatures.
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Figure 9: ‘Schematic of typical bending strength vs temperature curves for
SiaNg ceramics. '

In contrast to the room temperature properties, the bending strength at tempe
ratures > 1000°C is mainly influenced by the chemistry of the grain boundary:
The crystallisation of the amorphous grain boundary phase offers one
ppssibilty forkimproving’these properties. Howevef,‘the deyitrified material
often exhibits only é slightuimpravement in the high temperature;propertiés
and a simultaneous deérease at room temperature. Thé effect can be expléined
by a volume misfit between the amorphous and the crystalline secondary phése
or by a misfit in thermomechanical properties of the grain boundary phase and
matrix. For example, a misfit in the thermal expansion coefficient causes
stresses within the material and, in extreme cases, pre-damaging. The improve~
ment in the high temperature properties by devitrification of the. amorphous

grain boundary also depends on the crystal structure of the secondary phase. A
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crystal structure with large interstitiai sites is desirable, so that impuri-

ties in the starting powders can be accommodated into the crystal lattice.

Flgure 10: Typical microstructure of a SisNa ceramic with a bending strength
of 1000 MPa {(A) and 750 MPa (B)

In contrast, if the 1mpur1tles remain ln the regldual amcrphaus phase, the
softenlng point of the glass w111 be reduced and. the h1gh temperature
properties may decrease in comparlson to the mater1a1 without a dev1tr1f1ed

gecondary phase.

As indicated in Fig. 11, a complete crystallisation of the grain bcundaries is
not possible. The high resolution TEM mlcrogr&ph shows an amnrphcus layer of
about 15 A in the contact area between two Si N4 gralns w1th dlfferent

3
orientations [42].

The chemical composition of these grain boundary films may have a strong
influence on high temperature pfoperties;'such as‘bending strength and creep
resistance. The equilibrium thickness ofktheﬁfilm varies with the Chemistry
and depends therefore on the;impdrities'aﬁd the sintering additives. The grain
boundary film should be as thin as possible and the properties~of the material

could be improved by an amorphous grain boundary material with high viscosity.
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ere are also indications in recent work by Clarke [43}; who studied the
‘ain boundary films at high temperatures, that the equilibrium grain boundary

\ickness changes above > 1000°C.

.gure 11: High resolution TEM micrograph indicating the amorphous grain
boundary film [42]. '

JMMARY

e microstructural development of 813N4~based ceramics have been studied.
:periments revealed that the aspect ratio of the Si N, grains is controlled

7. the «/B ratio in the SiSN starting powder. Sintering studies on oc—Si3N4

4
wwder, doped with 5 vol.% coarse wa-grains show that the homogeneous and

:terogeneous nucleation on a~grains plays no important,role,

e ,anisotropic, grain grqwth' behaviaur was explained by a brystalliéation
del on the basis of Kossel and Stransky. The different boundary energies of
ie prism- and basal plane could be derived from the 6*313N4 crystal

.ructure.
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The mechanical propertles of Si at room temperature are controlled by the

microstructure, whereas at'tempiritures > 1000°C the chemistry of the grain
bdundary dominates. It was demonstrated that the knowledge of the phase
relationships Dbetween sintering additives ‘and 51 N is necessary for

ccntrollablekcrystallisatidn. The high teﬁperature propert;es after devitrifi-
cation depend strongly on the thermophysical properties'of thé cr?staliine:
sécond phase. High volume  misgfits and éatasircphic oxidation behaviour can
result in a decrease iIn the properties. TEM bbservatioﬁs reveal that there is

no possibility for complete grain boundary crystallisation.
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