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Abstvuct 

Model experiments were designed to study abnormal 
grain growth in S&N,-based ceramics. Experiments 
relating inhomogeneous crystalline secondary-phase 
distribution to exaggerated grain growth conclu- 
sively showed that abnormal grain growth is not 
governed by secondary-phase distribution, because 
a rapid homogenization of locally formed liquid 
occurs via capillary forces. Further investigations 
were focussed on intrinsic properties of the ol-Si,N,- 
starting powders. The influence of: (i) p-S&N,-grain 
morphology; (ii) P-S&N,-nuclei density, and (iii) 
P-Si,N,.grain-size distribution of the powder blends 
on microstructural development were analyzed. The 
results revealed that a large basal plane of p-S&N, 
seeds energetically and kinetically favours grain 
growth. However, this eflect is only partly responsi- 
ble for abnormal grain growth. The formation of 
elongated Si,N, grains, such as in in situ reinforced 
Si,N, materials, strongly depends on the amount 
and grain-size distribution of p-Si,N, nuclei present 
in the a-Si,l\r,-starting powder. 

1 Introduction 

Silicon nitride-based ceramics exhibit excellent 
mechanical and thermo-mechanical properties. 
However, potential engineering application is 
strongly limited owing to their given brittleness, 
i.e. their low fracture toughness.“2 A number of 
research activities focussed on the study of possible 
toughening mechanisms in ceramic materials.3-14 
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3 

Investigations on the reinforcement of monolithic 
ceramic matrices by incorporation of discontinu- 
ous secondary phases, such as metallic particles, 
SIC whiskers or platelets, have provided some 
basic understanding of the complex crack/micro- 
structure interaction. 15,16 The observed increase in 
fracture resistance was mainly attributed to crack 
deflection and crack bridging mechanisms.‘~2~‘7~18 In 
some cases crack branching was also observed.” 
However, reinforcing ceramic matrices with sec- 
ondary phases may also limit the applicability of 
such composites, in particular, because the 
achieved toughness improvement can be limited: 
(i) to relatively low service temperatures; (ii) by an 
anisotropic toughness within the composite or (iii) 
difficulties during densification. Therefore, one of 
the most promising toughening strategy is the 
reinforcement by elongated Si,N, grains, grown in 
situ in a fine-grained Si,N, matrix.2@22 This would 
result in a highly isotropic toughness up to high 
service temperatures and no restricted densifica- 
tion, provided that densification to closed porosity 
(about 94% theoretical density) can be completed 
before exaggerated in situ growth of P-S&N, 
grains takes place. A number of studies were 
reported on the observation of abnormal grain 
growth in Si,N, ceramics prepared with various 
metal-oxide additions and densified by different 
processing techniques. 23-25 In these investigations a 
correlation between resulting fracture toughness 
and the morphology of P-S&N, grains was found. 
In particular, a higher aspect ratio as well as a 
higher grain diameter yields an improved fracture 
resistance.26q27 It was recently reported that the 
same toughening effect applies for liquid-phase 
sintered Sic ceramics with in situ grown large 
cw-Sic particles embedded in a fine grained 
matrix.28s30 It should be noted that the strength 
of in situ toughened, completely densified S&N4 
ceramics can be limited by the occurence of large 
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P-S&N, grains, since they may act as crack initia- 2.1.1 Model experiment using an embedded, 
tion sites.25 pre-synthesized crystalline phase 

The observation of exaggerated grain growth 
and its relation to improved fracture resistance in 
S&N, ceramics is well established. However, only 
limited studies are reported on the effect of intrin- 
sic P&NJ-grain characteristics on microstructural 
variations upon densification.22-27 No model 
experiments, verifying possible parameters affect- 
ing exaggerated grain growth, have been reported 
to date. Therefore, this paper is based on model 
experiments designed to study abnormal grain 
growth in Si,N, ceramics. Apart from a model 
proposed for the inhomogeneous distribution of 
crystalline secondary phases enhancing grain 
growth, the intrinsic properties of the S&NJ-start- 
ing powders were investigated. In this context, the 
influence of the P-S&N,-grain morphology, the 
P-S&N,-nuclei density, and the P-S&N, grain-size 
distribution within the starting powder blends on 
exaggerated grain growth are discussed. 

Additive doped (24.1 wt% Yb203 + 0.5 wt% 
A1203) silicon nitride powder compacts (UBE-SN- 
ElO, further designated as ElO; p = 4.1%) with 
embedded crystalline Ca-stabilized Yb-apatite- 
(Yb,Ca(SiO,),ON) as well as Yb-silicate-phases 
(Yb,Si,O,) were produced by cold isostatic press- 
ing at 630 MPa. Yb-apatite- and Yb-silicate-pow- 
ders were received by precipitation of Yb(OH), 
onto Si02 (formation of Y&silicate) or Si02 and 
S&N, (formation of Yb-apatite) from an alkaline 
(pH = 11) 0.5 molar Yb(NO,), solution and sub- 
sequent calcination at 800°C according to Griib- 
ner.31 The crystallization of the cold isostatically 
pressed (55 MPa) powder compacts was per- 
formed at 16OO”C, 1 h at 0.1 MPa N2 (Yb-apatite) 
and 14OO”C, 14 h in air (Yb2Si207). The model 
specimens, consisting of a Si3N, powder compact 
which contained a crystalline secondary-phase 
core, were subjected to a heat treatment at 1700°C 
for a period of 1 h under 0.1 MPa N2. 

2 Experimental Procedures 

2.1 Inhomogeneous distribution of crystalline 
secondary phases 
Post-sintered reaction bonded S&N, material 
(SRBSN), containing approximately 20-25 ~01% 
of elongated P-S&N4 particles in the microstruc- 
ture, was processed. The Si-powder blend, con- 
taining 5 wt% Y203 + 1 wt% Al,O,(Y/Al) as 
sintering aids, was dry milled in a planetary mill. 
The Si-powder compacts were prepared by uniax- 
ial die-pressing and subsequent cold isostatic 
pressing at 630 MPa. All powder compacts were 
nitrided subject to a heating-rate of @C/h, a maxi- 
mum temperature of 142O”C, a nitridation atmo- 
sphere of 90 ~01% N, and 10 ~01% HZ, a gas 
pressure of 950 mbars and a nitriding time of 120 
h. Post-densification involved a two-step gas-pres- 
sure sintering cycle: 1875”C, 90 min at 0.5 MPa 
N, and 192O”C, 60 min at 10 MPa N2, The 
microstructure evolution and, in particular, the 
formation of crystalline secondary phases were 
studied by X-ray diffraction at early stages of 
nitridation. In addition, nitrided samples as well 
as materials processed by deliberately interrupting 
the sintering cycle at intermediate temperatures of 
1550, 1650, 1750, and 1850°C were studied by 
SEM and TEM. Secondary phase identification 
was performed by both X-ray diffraction and 
electron diffraction (during TEM observations). 
Microstructure characterization of the materials 
prepared by model experiments, described below, 
was performed using optical microscopy. 

2.1.2 Model experiment preparing a sandwich 
specimen 
A sintered (178O”C, 50 min, 0.1 MPa N2 + 10 min, 
1.6 MPa N2) additive containing (10.7 wt% Y203 + 
3.6 wt% A&O,) Si3N4 specimen was cut into three 
plates (SNl, SN2, SN3). Y,Si,O,-powder was pro- 
duced by ultrasonic mixing of Y2O3 and Si02 in 
n-hexan for 5 min. After cold isostatic pressing 
(630 MPa) the powder compacts were crystallized 
in air using a heating time of 14 h and a maximum 
temperature of 1400°C. The crystalline Y2Si20,- 
silicate (YS) was arranged between two dense S&N, 
slabs (SNl, SN2) of the pre-sintered material. This 
sandwich specimen and, as a reference, the third 
S&N,-plate (SN3) were heat treated for 1 h at 
1800°C under a nitrogen pressure of 0.1 MPa. 

2.2 Influence of P-S&N, particle morphology 
An a-rich S&N, powder (UBE-SN-ESP, further 
designated as ESP; (Y > 97%), attrition milled with 
11.5 wt% Y203 + 2.9 wt% A1203 used as sintering 
aids, was subsequently doped with 5 ~01% @Si3N4 
whiskers (UBE-SN-WB) and mixed in a roller mill, in 
order to avoid extensive whisker damage during pro- 
cessing. Powder compacts were prepared via cold- 
isostatic pressing at 630 MPa. After densification 
of these powder blends via gas-pressure sintering 
(193O”C, 1 h at 10 MPa N2) polished and plasma- 
etched specimen surfaces were investigated by SEM. 

2.3 Effect of initial /3-S&N, nuclei density and 
grain-size distribution 
Two a-rich S&N, powders (El0 and ESP) doped 
with various amounts of equiaxed P-S&N, nuclei 
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Table 1. Powder characteristics of the S&N,-starting powders and powder blends. The j3-Si,N, content and P-crystallite radius of 
the powder mixtures are calculated using the rule of mixture 

Powder p-content 

(vol “4 

f3-crystallite- Denka powder 
radius content 
(v) (vol ‘%) 

Nuclei density 

(NW3~ 

UBE-SN-ESP (ESP) 3 0.10 0 6.5 
UBE-SN-El0 (ElO) 4.1 0.06 0 40.8 
Denka 91.5 0.14 0 76.3 
Denka/ESP 4196 6.8 0.10 4 9.3 
Denka/ESP 8192 10.6 0.10 8 12.1 
Denka/E 10 4/96 7.8 0.06 4 42.2 
DenkaIE 10 20/80 22.8 0.08 20 48 

(see Table l), using a Denka starting powder with 
a P-S&N, content of approximately 97%, were 
applied to study the influence of initial P-S&N, 
content on the final microstructure by comparing 
the microstructural development of the doped and 
undoped powders. The P-S&N, content, as well as 
the crystallite size of the starting powders and 
mixtures, were determined by means of X-ray 
analysis applying a Seyffert powder diffractometer 
and the Scherrer equation, which correlates the 
peak broadening (p) with the crystallite radius (r). 
The instrumental peak broadening (I = 0.1429”) 
was determined by measuring the peak width of 
the 11 l-peak of a stress free silicon single crystal. 
This results in the following equation: 

1 0.89 . A yz--’ (1) 
2 (p - I) - cos 8 

where A is the wave length of the X-ray radiation 
(A = 154.056 pm) and 8 is the peak position. The 
evaluation was performed by using the (210) a-S&N, 
reflection. Detailed sedimentation experiments of 
the used starting powders and X-ray analysis 
of the generated grain-size fractions, which were 
discussed in detail elsewhere:5 revealed that the 
grain-size distributions of the Q- and P-particles 
are similar. This enables the determination of the 
P-Si,N,-crystallite size by measuring the average 
size of the a-crystals. Then the nuclei density, N, 
of the starting powders and mixtures can be calcu- 
lated from:25 

(2) 

In this equation pi is the volume fraction of 
P-S&N,, Ai the S&N,-content (~01%) and rpi the 
P-crystallite size of the participating starting pow- 
ders. The powder characteristics are summarized 
in Table 1. Densification was achieved by adding 
10 ~01% sintering aids (Y,O, + A&O,) either by 
gas pressure sintering (195O”C, 1 h at 10 MPa NJ 
or by pressureless sintering (1780°C 20 min at 0.1 
MPa NJ in a graphite resistance furnace. 

2.4 Microstructural characterization 
The overall microstructure of the materials was 
investigated by optical microscopy, scanning elec- 
tron microscopy (SEM), and transmission electron 
microscopy (TEM). SEM investigations were per- 
formed using polished and subsequently plasma- 
etched surfaces of the consolidated materials. 
TEM foils were prepared following standard tech- 
niques, which involve grinding, dimpling, and ion 
thinning to electron transparency. The TEM foils 
were finally coated with a light carbon film to 
reduce charging under the electron beam. 

Quantitative microstructural evaluation was 
performed using a semi-automatic image analyser 
of Imtronic (Computer-Vertriebs-Union, Berlin). 
This PC operated apparatus enables not only the 
automatic and interactive reconstruction of the 
grain boundary network but also the measurement 
of the minimum and maximum Ferret-diameter of 
each reconstructed grain. This analysis provides 
the 2-dimensional length/aspect-ratio distribution 
of the observed microstructure. In order to get 
sufficient statistical reliability at least 2000 grains 
of the quantitative analysed microstructures were 
measured. Owing to the fact that the known 
toughening models are based on the real 3-dimen- 
sional particle parameters, the 3-dimensional 
length/aspect-ratio distribution was calculated by 
means of a novel computer program (for further 
details see Refs 25 and 32). 

3 Results 

3.1 Inhomogenous distribution of crystalline 
secondary phases 
Low magnification SEM and TEM studies of the 
Y/Al-doped material after nitridation, but before 
final densification, revealed crystalline secondary 
phases in the RBSN. Additional X-ray diffraction 
analysis parallel to electron diffraction studies on 
these phases indicated the formation of H-phase, 
Y5(Si04)3N, at an early stage of nitridation (see 
Fig. 1). After consolidation, the material exhibited 



W. Dressier et al. 

J 
029+ 35 30 25 20 

Fig. 1. X-ray diffraction pattern of the Y/Al-doped RBSN 
material revealing the H-phase formation at an early stage of 
nitridation (nitriding temperature = 1280°C). The inset shows 
a TEM bright-field image of the H-phase in the nitrided sample 

(RBSN). 

an overall microstructure consisting of about 
20-25% by volume of large elongated P-Si,N, 
grains embedded in a fine-grained matrix, as 
depicted in Fig. 2. Crystalline secondary phases 
were present at triple-grain junctions. During 
SEM observations of Y/Al-fluxed materials, 
obtained by interrupting the gas-pressure sintering 
cycle at temperatures of 1550, 1650, and 175O”C, 
only homogeneous, fine-grained silicon nitride 
particles were evident. However, the onset of the 
formation of elongated silicon nitride grains was 
observed at higher sintering temperatures 11850°C. 
This result is consistent with findings from Mitomo 
et al.,27 who reported the onset of abnormal grain 
growth at about 1850°C. The experimental results 
regarding the microstructural development, based 
on SEM and TEM observations, suggest a growth 
mechanism schematically depicted in Fig. 3. 

Fig. 2. Low magnification TEM bright-field image of YIAl- 
containing SRBSN showing elongated p-S&N, grains (SN,,) 
in a fine-grained P-S&N4 matrix (SN,). The darker regions in 
the image correspond to the crystalline secondary phase 

located at multi-grain junctions. 

T< 1730°C T > 1730°C 

phase 
fine arained 
mat& 

capillary 
flow 

abnormal grain 
growth 

Fig. 3. Schematic illustration of the proposed mechanism of the 
elongated-grain formation for an inhomogeneous distribution 

of crystalline secondary phases. 

In the proposed model it is assumed that 
metastable crystalline secondary phases, revealing 
a high thermal stability field,33,34 are already 
formed at an early stage of densification. The 
assumption is supported by the X-ray diffraction 
findings at temperatures as low as 1280°C (see also 
Fig. 1). During subsequent sintering, these phases 
remain stable up to their melting point, while the 
eutectic liquid has already formed at a lower 
temperature and facilitates initial densification. 
The eutectic temperature in the SiO,-S&N,-Y203 
ternary system lies at 1550°C (filled triangle in the 
phase diagram shown in Fig. 4).35,36 The eutectic 
temperature, however, is lower owing to the 
Al,O,-content of the Si-starting powder blend. 
With increasing temperature, dissolution/reprecipi- 
tation occurs simultaneously with the oll@Si,N,- 
phase transformation, which is complete at about 
1650°C for these materials. At 1630°C (cross- 
section of the phase diagram in Fig. 4), the sec- 
ondary H-phase is still crystalline. Even at 1730°C 
(dashed line in the diagram), this phase still lies 

SiO2 

Si3N4(SN) Y2 Si303N4 (N-M) Y20 3 

Fig. 4. Phase diagram for the Y,O,-Si N,-Si02 system 
indicating the H-phase. 35.33 
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outside the liquid phase field. It is thought that 
the crystalline secondary phase only melts at 
higher sintering temperatures, forming excess 
liquid. This excess liquid is inhomogeneously dis- 
tributed over the entire sample, owing to the inho- 
mogeneous distribution of crystalline secondary 
phase at lower sintering temperatures, which is 
thought to initiate both increased densification 
and the onset of abnormal grain growth. A strong 
increase in densification rate at temperatures of 
about 1800°C was experimentally confirmed by 
dilatometer measurements during sintering. More- 
over, the formation of large, elongated @Si,N, 
grains, randomly oriented in the sintered body, 
was also reported. 36 It is thought that some of the 
excess liquid will progress through the RBSN pore 
channels by capillary forces and simultaneously 
permit densification, but it is presumed in this 
model that excess liquid remains at the site con- 
taining the original metastable Y-Si-oxinitride 
phase. This liquid would act as a flux for the rapid 
growth of highly-elongated P-Si,N, grains by a 
dissolution-reprecipitation process. 

The proposed model is based on two require- 
ments. Firstly, upon liquid formation the wetting 
liquid should not be drawn completely out of the 
central reservoir into the surrounding porous 
RBSN matrix. This situation could arise if the 
volume of liquid exceeds the porosity in the 
RBSN and also, if densification occurs simultane- 
ously with capillary extrusion. Secondly, exagger- 
ated P-Si,N, grain growth and elongation is 
required to occur at the liquid reservoir, whereas 
normal coarsening should prevail in the surround- 
ing matrix. To prove these requirements addi- 
tional model experiments were designed. 

3. I, I Model experiment using an embedded 

pre-synthesized crystalline phase 

In order to verify the model described above a 
large piece of pre-synthesized crystalline secondary 
phase (5 mm in diameter) was embedded in a 
Si,N,-powder compact and subsequently consoli- 
dated, as schematically depicted in Fig. 5. It was 

crystalline 
secondary 
phase 

Yb&a(SiO&ON 

UBE-SN-El0 
powder 

Fig. 5. Schematic illustrating the cold-isostatic pressing arrange- 
ment of silicon nitride green bodies with an embedded crystalline 

secondary phase. 

expected that in the region around the embedded 
crystalline secondary phase, or at the secondary 
phase/matrix interface, a high amount of excess 
liquid was formed during sintering, which would 
strongly enhance abnormal grain growth. How- 
ever, optical and scanning electron microscopy on 
cross-sections of the samples revealed an unex- 
pected result, as shown in Fig. 6. In the case of 
the Yb-silicate (Yb,Si,O,) containing material, a 
large pore, containing a small pocket of residue 
secondary phase, had formed at the site of the for- 
merly embedded pre-synthesized crystalline sec- 
ondary phase (Fig. 6 (a)). This seemingly suggests 
that the excess liquid was nearly completely drawn 
from the central reservoir into the bulk material 
upon sintering. A closer inspection of the bound- 
ary between the residue secondary phase and the 
Si,N,-bulk (compare Fig. 6 (b)) gave no evidence 
for enhanced exaggerated grain growth in this 
region. The apatite (Yb,Ca(SiO,),ON) containing 
material revealed a similar behaviour. The sec- 
ondary phase was completely drawn into the bulk 
and no abnormal grain growth was observed. 
Hence, it is concluded that, in the present model 

0,5 mm 

(4 

Fig. 6. Secondary phase containing specimen (compare Fig. 
5) after heat treatment (17OO”C, 1 h, 0.1 MPa NJ. (a) Optical 
micrograph showing the residue secondary phase pocket 
(white), the S&N, bulk materiai (gray), the formed hole 
(black), and a thin film of embedding material (dark gray). 
(b) SEM micrograph of the boundary between the secondary 
phase and the bulk material showing no abnormal grain growth. 
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experiments, high capillary forces were responsible 
for an homogeneous distribution of the excess 
liquid phase throughout the samples, which resulted 
in microstructures indistinguishable from materials 
sintered without the incorporation of crystalline 
phases. The main difference between the inhomo- 
geneities (excess liquid) formed during post-sinter- 
ing of reaction-bonded S&N, (see section 3.1) and 
the liquid generated in the present model speci- 
mens is that at the beginning of the sintering 
process the deliberately created inhomogeneities 
are surrounded by a highly porous S&N,-powder 
compact. Therefore, a second model experiment was 
designed to minimize the porosity effect. 

3.1.2 Model experiment preparing a sandwich 
specimen 
In order to suppress the influence of high capillary 
forces, a sandwich specimen was prepared using a 
dense S&N, slab with the pre-synthesized crys- 
talline secondary phase and another dense S&N, 
slab on top, as schematically shown in Fig. 7. This 
sandwich and the reference (SN3) were heated 
above the melting temperature of the crystalline 
secondary phase and a cross section of the joined 
sample was prepared. This configuration should 
greatly reduce the effect of capillary forces, as 
dense S&N, slabs were utilized. After the experi- 
ment, the contact area between the two slabs (SNl 
and SN2) of the sandwich specimen was covered 
with a secondary phase film. Hence, it was 
thought that enhanced abnormal grain growth 
would occur at the interface between the two slabs 
and the interlayer. SEM microscopy studies of the 
cross sections, however, revealed that the micro- 
structural development of the model specimen and 
the reference are identical (compare Fig. 8 (a and 
b)). No pronounced exaggerated grain growth was 
observed. 

Diffusion processes along the interface led to a 
uniform distribution of the secondary phase between 
the two S&NJ-slaps at the applied sintering tem- 
peratures, where all secondary phase present in 
the system is thought to be liquid. The reported 
results clearly exclude the initially proposed effect 
of inhomogeneously distributed crystalline sec- 
ondary phases on abnormal grain growth in S&N4 

dense S&N4 

Fig. 7. Schematic showing the sandwich specimen before 
sintering. 

(4 

Ib) 

Fig. 8. Microstructures of (a) the sandwich specimen (directly 
at the edge where the material was in contact with the sec- 
ondary phase) and (b) reference specimen after a heat treat- 
ment at 1800°C for a period of 1 h under 0.1 MPa N2. The 
SEM micrographs show no significant difference in grain-size 
distribution. This suggests that an inhomogeneous distributed 

liquid phase does not cause abnormal grain growth. 

materials. Accordingly, the development of excep- 
tionally large grains has to be due to intrinsic 
powder properties such as the cr/@Si,N,-content 
and grain-size distribution as well as the p-nuclei 
morphology, which is discussed in the following 
sections. 

3.2 Influence of P-S&N, particle morphology 
The influence of the intrinsic morphology of 
/3&N, particles present in the starting powder on 
the microstructural development of gas-pressure 
sintered materials was studied. An a-rich S&N4 
powder was therefore doped with 5 ~01% P-S&N, 
whiskers. After densification of the powder blend, 
the microstructure of the consolidated material 
was investigated by optical microscopy and SEM 
on polished and plasma-etched specimen surfaces. 
Plasma etching is a very sensitive technique 
regarding small chemical changes in the material. 
The etching rate strongly depends on the Al-con- 
tent of the S&N, grains; a higher Al-concentration 
in the solid solution results in a lower plasma- 
etching rate. 
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(4 

(b) 

Fig. 9. Influence of powder morphology on microstructural 
develop,ment. Microstructures of (a) /I-&N, whisker doped 
and (b) undoped UBE-SN-ESP materials after gas pressure 

sintering (193O”C, 60 min, 10 MPa NJ. 

Figure 9 shows the microstructures of the 
@S&N, whisker doped (a) and the undoped (b) 
ceramics. The /3-S&N, whisker containing material 
possesses a significantly greater number of large 
elongated grains, which have a deeper etched core 
surrounded by a rim structure. Analytical TEM- 
measurements reveal that the core is Al free while 
the rim structure contains, apart from Si and N, 
additional Al and 0 (Fig. 10 (a and b)). These find- 
ings and the fact that the observed cores are elon- 
gated and aligned parallel to the length direction 
of the abnormally grown crystals (Fig. 11) suggest 
that the Al-containing outer region of the large 
elongated P-Si,N, grains grew epitaxially on the 
starting Al-free P-S&N, whiskers. Owing to the 
kinetic growth advantage of the basal plane com- 
pared to the prism planes in S&N, crystals,37.38 the 
whiskers revealed a higher growth rate in length 
direction rather than in width upon sintering. The 
aspect ratio of the epitaxially grown region 
(excluding the core) of the large P-crystal shown 
in Fig. 11 (a) amounts to about 23. In contrast to 
this, the aspect ratio of the initial P-S&N4 nuclei 
runs to about 4.5. In comparison to the more 
globular, equiaxed P-S&N4 grains present in the 

I- 

Core 1 

,Si 

IL N 

Energy 

(4 

__Si 

Energy 

(b) 

Fig. 10. EDX-analysis (TEM) of an elongated large P-Si,N,- 
crystal in the P-Si,N, whisker doped material consisting of (a) 
an Al-free core and (b) an Al-containing rim structure (see 

also Fig. 1 I(b)). 

64 

(4 

Fig. 11. (a) SEM-micrograph of a large P&N,-grain possessing 
a deeper etched core (Al-free) having an aspect ratio of 4.5 and 
a rim structure with an aspect ratio of 23. (b) TEM-micrograph 

of a P-Si,N,-crystal with an elongated core-structure. 

starting powder, the added whiskers showed, 
right from the beginning of sintering, a relatively 
high growth rate of the basal planes and, hence, 
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exhibited very large grains (> 50 pm) with high 
aspect ratios (up to 15). It is important to note 
that the initially elongated shape of the whiskers 
remains during the d+transformation and the 
following grain coarsening. The results seemingly 
suggest that it is possible to directly influence the 
resulting microstructure via the morphology of 
the pre-existing P-S&N, nuclei, as the morphology 
of whisker-like particles is preserved during con- 
solidation. 

3.3 Effect of initial P-S&N4 nuclei density and 
P_Si,N, grain-size distribution 
Two a-rich Si,N, powders (El0 and ESP), doped 
with various amounts of equiaxed P-Si,N4 nuclei, 
using a Denka starting powder with a P-S&N, 
content of approximately 97%, were utilized to 
study the influence of initial P-S&N, content on 
the final microstructure. 

In the case of a-rich ESP powders the P-S&N, 
doping results in a grain refinement, because the 
number of grains per unit area raises from 0.56 
N/pm2 for the undoped specimen to 0.72 N/pm2 
and 0.86 N/pm2 by increasing the amount of 
p-nuclei from 6.5 N/pm’ (undoped) to 9.3 N/pm’ 
and 12.1 N/pm3 in the starting powder, as can be 
seen from Table 1 and Fig. 12. It is important to 
note that the average crystallite size of the a-(ESP: 
r = 0.10 pm) and the added P-powder (Denka: 
Y = 0.14 pm) are in the same order of magnitude. 
This result is consistent with investigations reported 
by Iskoe et al., 39 who assumed that the dissolution 
of P-S&N4 during densification is negligible. 

In contrast to the results of the ESP material 
(grain refinement), SEM analysis of polished and 
plasma-etched surfaces of the ElO-specimens show 
a coarsening of the general microstructure with 
increasing P-Si,N,-nuclei density, as can be seen 
from Fig. 13. Here, the added P-Si,N,-nuclei 
(Denka) are about two times larger in size com- 
pared to the P-particles in the a-rich starting pow- 
der (ElO: r = 0.06 pm). As a consequence, the 
particle density decreases dramatically from 
30.5 to 3.5 N/pm3 by increasing the p-nuclei den- 
sity from 40.8 to 76.3 N/pm3. The size-shape 
histograms (weighted by volume) derived from 
quantitative microstructural analysis of Denkal 
El O-specimens reveal a decrease of the volume 
fraction of grains having a length smaller than 
0.5 pm from 11.5 ~01% (ElO) to 0.5 ~01% (Denka) 
with increasing P-Si,N,-content (see Fig. 14). 
Simultaneously, the mean grain length and grain 
diameter increases from 0.36 to 0.80 pm and from 
0,12 to 0.45 pm, respectively. Additionally, low 
P-doping leads to an enhanced grain growth in the 
length direction, but to a decrease in aspect ratio 

(4 

ON 

Denka/ESP 8192: 0.86 N/p@ 

(c) 

Fig. 12. Microstructure of gas pressure sintered (195O”C, 1 h, 
10 MPa NJ (a) undoped ESP; (b) Denka/ESP-mixture 4196, 
and (c) Denka/ESP-mixture 8192. The number of grains per unit 
area rises from (a) 0.56 N/pm* and (b) 0.72 N/pm* to (c) 0.86 
N/pm* by increasing the amount of p-nuclei from (a) 6.5 N/pm3 
and (b) 9.3 N/pm3 to (c) 12.1 N/pm’ in the starting powder. 

of the coarser grains (Denka/ElO 4/96), owing to 
the initially large grain width of the added P-parti- 
cles (Denka). Further addition of p-nuclei (Denkal 
El0 20/80) results in a reduction of the maximum 
grain length and aspect ratio. Utilizing pure P-S&N4 
(Denka) powder as starting material produces a 
homogeneous equiaxed microstructure possessing 
a low mean aspect ratio of 1.8 in comparison to 
specimens sintered from a-rich-powder (ElO) which 
exhibited a mean aspect ratio of 2.7. 
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4 Discussion 

4.1 Secondary phase inhomogeneities 
The experimental results clearly showed that the 
formation of crystalline secondary phases at an 
early stage of sintering does not govern abnormal 
grain growth. It is concluded that high capillary 
forces draw the excess liquid into the bulk of the 
material, resulting in a higher densification rate 
and, as a consequence, in a uniform microstruc- 
ture. No enhanced exaggerated grain growth was 
observed in either of the model experiments per- 
formed. Most importantly, the specimen contain- 
ing a residue pocket of secondary phase after 
sintering (see Fig. 6) reveals no abnormal grain 
growth into the remaining glass pocket. The 
obtained microstructures after densification, 
utilizing pre-synthesized crystalline phases, were 
indistinguisable from the microstructures observed 
after sintering of common starting powder com- 
pacts. 

4.2 Intrinsic powder properties 
Since the generated secondary phase inhomo- 
geneities do not cause the often observed abnor- 
mal grain growth, the intrinsic powder properties 
must be responsible for the exaggerated growth of 
individual crystals. The P-S&N, doping of a-rich 
powders on the one hand results in grain refine- 
ment if the dopant (Denka) possesses a compara- 
ble crystallite size to the a-rich matrix powder 
(ESP) and if the nuclei density is low (see Table 1 
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and Fig. 12). On the other hand, provided that the 
added p-nuclei (Denka) are larger than the P-par- 
ticles in the a-rich powder (ElO) and that the 
nuclei density is high, grain coarsening is observed 
(see Table 1 and Figs 13, 14) since the P&N,/ 
P-Si,N, particle interaction is enhanced. 

The results presented clearly revealed that, if the 
/3-Si,N, nuclei density reaches a certain value, 
depending on the grain-size distribution of the 
starting powder, a dissolution of the smaller ,&Si,N, 
particles is observed followed by a coarsening of 
the microstructure. These results can be explained 
using the model schematically shown in Fig. 15. 
In this diagram C’E and Ct represent the equilib- 
rium concentrations of CY- and P-particles in a 
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Fig. 13. Influence of p-nuclei density in the starting powder 
on particle density of sintered S&N,-ceramics. Within the 
dotted area the particle density is higher than the nuclei den- 
sity. Since the investigated specimens are located outside the 
dotted area it is suggested that no nucleation takes place 

during sintering. 
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Fig. 14. Quantitative microstructural analysis of DenkaiElO-composites with various ratios of mixture. (a) O/100, (b) 4196, (c) 20/80, 
and (d) 100/O. 
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Crystallite radius 
2 

Fig. 15. Dependency of equilibrium concentrations of (Y- and 
@Si,N, modification on crystallite radius. If the Si3N4-concen- 
tration in the liquid decreases from C, to C, the critical radii 

of dissolution increase from Rj to Ri and from Rb to R:. 

solvent. According to Wagner4’ these concentra- 
tions depend on the radius of the crystal (R), the 
surface energy a, the temperature T as well as the 
constants Co and K, as summarized in the follow- 
ing equation: 

Co = Co * exp J? * 5 
! i R T 

This relation has been derived by assuming a 
spherical shape of the examined particles. A devia- 
tion of the spherical morphology results in a diff- 
erent constant K, as calculated by Dressler.25 Since 
the transformation enthalpy of the reaction 
a-S&N4 4 P-S&N, is negative, the equilibrium 
concentration of the a-phase, C& must be higher 
in comparison to Ct, as depicted in Fig. 15. C, 
and C, are arbitrary S&N,-concentrations in the 
liquid phase directly at the particle surface during 
the solution reprecipitation process, which causes 
the alp- transformation as well as the grain coars- 
ening. In the Ostwald Ripening model of Wagner4’ 
these concentrations depend on the particle dimen- 
sion and the mean concentration of the solute, 
because the crystals in this model are isolated 
from each other and thus the concentration gradi- 
ents do not overlap. In contrast to that, the solid 
phase fraction in our experiments is so high that 
the Si3N4 concentrations at the particle surfaces 
are controlled by the surrounding crystals and 
their size distribution. At a given S&N,-concentra- 
tion in the liquid (C, or C,) the radii R$2 and Rd,2 
are critical grain sizes, which means that all parti- 
cles being smaller dissolve whereas larger crystals 
grow. 

This model predicts the dissolution of small 
&crystals if they are located within the diffusion 
gradient of a larger P-particle. For example: a 
small P-particle having a crystallite radius between 
R,j and Ri dissolute if the S&N,-concentration in 
the liquid phase directly at its surface is reduced 
from c, to c2 due to the growth of an adjacent 
larger P-crystal. This condition is satisfied in the 

case of the Denka/ElO-specimens (see Figs 13 and 
14). By adding the coarse p-rich Denka powder to 
the fine grained El0 the small p-nuclei of the ElO- 
powder start to dissolve in an early stage of 
culP-transformation owing to the increase of the 
critical radius of dissolution (Rp). In the case of 
the Denka/ESP-materials, the @-Si,N,-nuclei density 
is lower and the added P-particles are of the same 
sizes. Thus, the probability that two P-crystals 
influence each other is lower and, due to the 
smaller size difference, the Denka P-grains cannot 
dissolve the ESP @iuclei. Consequently, the par- 
ticle density after sintering increases by raising the 
amount of P-particles in the starting powder, as 
depicted in Fig. 12, which leads to a grain refine- 
ment. 

The increase in maximum particle length 
observed at low P-doping of ElO-powder (see Fig. 
14) as well as the globularization and the simulta- 
neous decrease of the maximum grain length by 
further raising the P-S&N,-fraction can also be 
explained by this model. At low concentrations of 
coarse P-S&N,-particles (Denka/ElO 4/96, see Table 
1) these grains grow by dissolution of the sur- 
rounding LY- and P-Si,N,-crystals. If the amount 
of large P-grains is further increased (Denka/ElO 
20/80, see Table 1) growth in the length direction 
of the coarse particles is reduced due to steric hind- 
rance. The effect of steric hindrance was shown by 
growth experiments performed by Kramer and 
Hoffmann.41,42 Moreover, large particles consume 
more material during grain growth in comparison 
to smaller crystals, which also causes a reduction 
in aspect ratio. 

In Fig. 16 the abnormal grain growth of the 
whisker doped material (see also Fig. 11) is shown 
schematically. The exceptionally high growth rate 
in the c-direction is due to the large basal plane of 
the P-S&N,-whiskers. This large basal plane corre- 
sponds to a very low equilibrium concentration of 

Fig. 16. Model of abnormal grain growth in S&N,-ceramics. 
The larger particles reduce the Si,N,-concentration in front 
of their basal plane and thus dissolute smaller particles in 
growth direction. This enables abnormal grain growth of 
crystals possessing a large basal plane in comparison to the 

surrounding particles. 
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S&N, in the surrounding liquid phase (see Fig. 
15). Therefore, close to the abnormal growing 
particles the critical radius of dissolution is 
extraordinarily high. This enables the very fast 
dissolution of adjacent smaller particles and the 
observed exceptionally high aspect ratio (23) of 
the rim structure grown during sintering. 

The investigations unequivocally reveal that a 
broad P-Si,N,-grain-size distribution in the start- 
ing powder causes exaggerated grain growth due 
to solution of (Y- as well as small P-S&N,-particles 
and reprecipitation onto larger /3-S&N,-grains. 
Moreover, the morphology of the initially existing 
&crystals also influences the resulting microstruc- 
ture of the sintered ceramic. In addition, the effect 
of abnormal grain growth is enhanced by high 
sintering temperatures and long sintering times, as 
shown in earlier investigations.25 

5 Summary 

Inhomogeneous distribution of crystalline sec- 
ondary phases, formed at an early stage of consol- 
idation, can lead to a local enrichment of the 
liquid phase during sintering at elevated tempera- 
tures. However, based on model experiments it 
can be concluded that crystalline secondary phases 
do not govern exaggerated grain growth, since a 
rapid’ homogenization of locally formed liquid 
occurs via capillary forces. A large basal plane of 
growing P-particles surrounded by smaller /3-crys- 
tals or dissolving cr-Si3N, grains enhances grain 
growth due to kinetic and energetic reasons. 
Model experiments clearly showed that the forma- 
tion of such elongated particles, grown in situ 

in the Si,N, matrices, strongly depends on the 
amount, grain-size distribution, and morphology 
of P-Si,N, nuclei in the starting powder. 

6 Conclusions 

Earlier studies confirm that an appreciable tough- 
ening effect can be monitored in Si,N,-based 
ceramics owing to the in situ development of elon- 
gated P-Si,N, grains. However, in order to reach 
high fracture toughness accompanied by high 
strength, the abnormal grain growth has to be 
controlled. By using a-Si,N,-starting powders 
having a broad intrinsic P-Si,N, grain-size distri- 
bution unfavourably large particles may grow, 
which can act as crack initiation sites. In order 
to optimize mechanical properties, Si,N,-powders 
should possess a narrow P-Si,N,-grain-size distri- 
bution and have faceted, elongated P-S&N,- 
crystals. Ceramics prepared from such starting 

powders should exhibit microstructures containing 
a large amount of elongated S&N,-grains without 
exaggerated grain growth development, and there- 
fore combine both high strength and high fracture 
toughness. 

The results presented show that tailoring of the 
final S&N, microstructures becomes possible by con- 
trolling the P-Si,N,-nuclei in the starting powder. 
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