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Abstract

A series of samples with yttrium a-SiAlON compositions and different amounts of additive has been fabricated from a-Si3N4,

AlN, Al2O3 and Y2O3 starting powders, using gas pressure sintering and three different sintering procedures. One series of samples
was heated up to 1825�C and then held for 3 h, another group of samples was held at a lower temperature (1500 or 1600�C) for 1 h
and then heated up to 1825�C and held for 3 h. The results of investigations using scanning electron microscopy showed the effect

of composition and sintering procedure on the morphology of a-SiAlON grains. It was found that the amount of elongated grains
increasedwith increasing amount of liquid phase. Themechanical tests showed that all of the samples exhibitedHV10 values in the range
of 1800–1976 kg/mm and KIC values in the range of 3.9–6.3 MPam1/2.# 2001 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Until recently, the development of single phase a-
SiAlON ceramics has received little attention. This has
primarily been due to the poor fracture toughness and
processing difficulties associated with the fabrication of
these materials. Conversely, b-SiAlON ceramics are
easier to densify than a-SiAlON by pressureless sinter-
ing and possess a good combination of properties,
among which is the relatively high toughness that arises
from the elongated morphology of b-SiAlON grains.1

It is well established that the presence of elongated
grains gives rise to mechanisms such as crack deflection,
crack bridging and grain pullout, which improve fracture
toughness and reliability.2 It is well known that a-SiAlON
with a composition of MxSi12-(m+n)Alm+nOnN16�n, where
x=m/v and M+v=Li, Mg, Ca, Y and some rare earth
elements is generally considered to occur in an equiaxed
grain morphology,3 and thus, its toughness is much
lower than that of b-SiAlON. On the other hand, a-

SiAlON has the advantage of a significantly higher
hardness than that of b-SiAlON.
There are very few reports on the formation of elon-

gated a-SiAlON grains, but recent studies of different
rare earth doped a-SiAlON compositions have revealed
that elongated a-SiAlON grains can be formed under
certain preparative condition.4�8 The first example was
given by Hwang et al., who observed anisotropic grain
growth of the a-SiAlON phase when different sintering
aids (CaO, SrO and Y2O3) were used simultaneously.4

Later Wang et al.,5 Nordberg et al.,6 and Mandal8

showed that CaO, rare earth and mix cation additions
also formed elongated a-SiAlON. Analysis of the com-
position of the a-SiAlON materials with elongated
grains, shows that they have relative large n and m
values9 (Fig. 1). Therefore, the formation of elongated
a-SiAlON grains was mostly connected with the exis-
tence of enough liquid phase during the sintering pro-
cess. An increase in the SiO2 or Al2O3 content in
comparison to that of the pure a-SiAlON composition
does not give very reliable results, due to the small
weight losses occurring during sintering, which changed
the densification behaviour. That is why in the present
work an additional amount of Y2O3 in comparison to
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the amount in the a-SiAlON composition was chosen to
obtain a stable liquid phase and to accelerate the for-
mation of elongated grains. The most attractive results
were reported by Chen and Rosenflanz in Nature in
1997.7 They used b-Si3N4 as a starting powder to syn-
thesise a-SiAlON and prove that also the Si3N4 type
effects grains form.
In the present work, the effect of the different proces-

sing conditions, amount of the additive (Y2O3) and com-
position on the morphology of the Y-a-SiAlON grains
was examined. The factors that affect the formation of
elongated-Y-a-SiAlON grains are discussed.

2. Experimental

Different a-SiAlON compositions were prepared using
the following starting powders a-Si3N4 (UBE-10, con-
taining 1.6% oxygen), AlN (Tokuyama, containing 1%
oxygen), Al2O3 (99.99%, AKP50) and Y2O3 (99.99% HC
Starck). The oxygen contents of the nitride powders were
taken into account in calculating the compositions
(Table 1). To obtain different compositions in the a-SiA-
lON/b-SiAlON plane, additional amounts of Y2O3 were
added. This additional Y2O3, which can not be incor-
porated into the a-SiAlON, will form the stable liquid.
The ratio (K) of the amount of Y2O3 to the amount of
Y2O3 incorporated into the a-SiAlON was calculated to
be 1.2, 1.43, 1.61, 1.69, 1.94 and 2.36 (Table 1). This
ratio was used as a parameter for the amount of addi-
tional liquid phase because this ratio is 1 for the com-
position in the a-/b-SiAlON plane. Of course the Y2O3

will not form the liquid phase on its own during sinter-
ing, SiO2, Al2O3, Si3N4 and AlN will also be dissolved.
The starting powders were weighed and milled in

water-free isopropanol for 6 h in an agate jar using agate
milling media. The mixed powders were dried and iso-
statically pressed into bars with dimensions 60�20�20
mm under a pressure of 200 MPa. In Fig. 1 the compo-
sitions are shown with respect to the homogeneity range
of the a-SiAlONs, determined by Herrmann et al.10 that
the solubility area of the Y-a-SiAlON was extended to
lower x values than those suggested in the literature.
Sintering was carried out in a gas pressure sintering

furnace (in DS1/150/2000, KCE) in a nitrogen atmo-
sphere (50 bar). Three different sintering procedures were
used. One series of samples was heated directly to 1825�C
and then held for 3 h. The temperature was raised at 20�C/
min to 1100�C and 10�C/min thereafter. The second and
third group of samples were held at 1500 or 1600�C for
1 h before the final sintering step at 1825�C for 3 h. The
heating rate used in this sintering cycle was the same as

Fig. 1. Composition of samples with respect to the a-SiAlON homogeneity range.10

Table 1

Starting composition and corresponding n, m and K values

Composition (wt.%)

Samples m

value

n

value

Ka Si3N4 AlN Al2O3 Y2O3

ZY 1 0.44 0.76 1 88.66 8.63 0.008 2.89

ZY 1b 1.43 87.57 8.52 0.008 4.08

ZY 1f 2.36 85.10 8.31 – 6.58

ZY 2 0.59 0.98 1 84.79 10.44 0.93 3.84

ZY 2b 1.43 83.43 10.27 0.93 5.38

ZY 2c 1.61 82.84 10.21 0.93 6.03

ZY 2e 1.94 81.83 10.08 0.93 7.16

ZY 3 0.91 0.98 1 80.90 13.25 0.0043 5.84

ZY 3b 1.43 78.92 12.96 – 8.12

ZY 3d 1.69 77.73 12.77 – 9.5

ZY 4 1.12 1.17 1 76.88 15.44 0.55 7.12

ZY 4a 1.2 75.73 15.21 0.54 8.51

ZY 4b 1.43 74.65 14.99 0.54 9.81

ZY 5 0.86 1.26 1 79.23 13.42 1.84 5.51

ZY 6 1 1.26 1 77.59 14.6 1.43 6.34

ZY 7 1.16 1.26 1 75.72 15.98 0.97 7.33

ZY 8 1.0 1.5 1 75.62 15.12 2.87 6.39

ZY 9 1.4 1.5 1 71.07 18.47 1.71 8.75

ZY 10 1.8 1.5 1 66.67 21.68 0.60 11.05

a K: ratio of amount of Y2O3 to amount of Y2O3 incorporated into

a-SiAlON.
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in the sintering cycle without an intermediate holding
step. The cooling rate of the furnace was estimated to be
about 20�C/min.
The density of the samples was measured by the Archi-

medes method. The results obtained after sintering are
given in Table 2. The surface of the sintered samples was
removed (at least 4 mm) and then the phase composition
was analysed by the X-ray diffraction technique (XRD 7
Seifert, FPM; CuKa). Quantitative XRD analysis and the
determination of the occupation factors were made with
the programme REFINE++(Seifert FPM).11 The
results are given in the Table 2. Microstructural char-
acterisation was performed with a scanning electron

microscope (Cambridge Instruments Stereo Scan 260).
The samples for SEM examination were prepared by
two methods. For samples with low a density, the frac-
ture surfaces were investigated. Dense samples were
polished and etched in molten NaOH for 15–100 s. All
samples were coated with gold prior to SEM observa-
tion. For mechanical test analyses, hardness and frac-
ture toughness were measured using a Vickers diamond
indenter on the polished surface with a 10 kg load. KIC

values were calculated using the following formula:12,13

KIC MPam½ �
1=2

¼ k E=Hð Þ
1=2 	F	c�3=2 	0:0316

Table 2

Density and phase assemblage of samples fired at different temperatures for 3 ha

Sample m n K Sintering

conditions

x

(from m)

Density

(g/cm3)

m Phase

composition

x-

Measured

z-Value

b-SiAlON

ZY 1 0.44 0.76 1 1825�C/3h 0.147 1.766 0.41 58.7a0-41.3b0 0.24 0.35

1500�C/1+1825�C/3h 0.147 1.761 0.30 61.2a0-38.77b0 0.30 0.35

1600�C/1+1825�C/3h 0.147 1.701 3.84 59.2a0-40.8b0 0.23 0.35

ZY 1b 0.44 0.76 1.43 1825�C/3h 0.147 2.204 0.63 70.7a0-29.3b0 0.25 0.37

1500�C/1+1825�C/3h 0.147 2.224 0.45 72.8a0-27.2b0- Y2SiO5(vw) 0.26 0.37

1600�C/1+1825�C/3h 0.147 2.050 0.72 72.6a0-27.4b0- Y2SiO5(w) 0.27 0.39

ZY 1f 0.44 0.76 2.36 1825�C/3h 0.147 3.274 0.47 81.4a0-17.2b0- 1.4 Y-N-Apatite 0.26 0.26

1500�C/1+1825�C/3h 0.147 3.272 0.40 81.9a0-16.6b0- 1.5Y-N-Apatit 0.24 0.31

ZY 2 0.59 0.98 1 1825�C/3h 0.197 1.980 0.79 69.9a0-30.06b0 0.45 0.46

1500�C/1+1825�C/3h 0.197 1.976 0.63 72.6a0-27.4b0 0.32 0.43

1600�C/1+1825�C/3h 0.197 1.980 0.73 62.4a0-37.6b0 0.5 0.43

ZY 2b 0.59 0.59 1.43 1825�C/3h 0.197 3.090 0.56 92.1a0-7.9b0- Y2SiO5(w) 0.27 0.47

1500�C/1+1825�C/3h 0.197 2.933 0.53 91.7a0-8.3b0- Y2SiO5(w) 0.27 0.47

1600�C/1+1825�C/3h 0.197 2.849 0.04 91.2a0-8.8b0- Y2SiO5(vw) 0.34 0.45

ZY 2c 0.59 0.98 1.61 1825�C/3h 0.197 3.263 0.66 93.7a0-6.4b0 0.26 0.39

1500�C/1+1825�C/3h 0.197 3.245 0.61 93.2a0-6.8b0 0.26 0.42

ZY 2e 0.59 0.98 1.94 1825�C/3h 0.197 3.276 0.67 96.3a0-3.7b0 0.26 0.37

1500�C/1+1825�C/3h 0.197 3.278 0.48 95.7a0-4.3b0 0.26 0.37

ZY 3 0.91 0.98 1 1825�C/3h 0.303 1.936 0.91 98.7a0-1.3b0 0.31 0.23

1500�C/1+1825�C/3h 0.303 1.872 0.80 98.7a0-1.3b0 0.30 0.36

1600�C/1+1825�C/3h 0.303 1.932 0.77 97.8a0-2.2b0 0.43 0.32

ZY 3b 0.91 0.98 1.43 1825�C/3h 0.303 3.287 0.55 100a0-Y2SiO5(w) 0.35

1500�C/1+1825�C/3h 0.303 3.307 0.45 97.5a0-2.2YAM-0.29Y-N-Apatit 0.36

1600�C/1+1825�C/3h 0.303 3.083 0.48 98.6a0-1.4 Y-N-Apatite 0.35

ZY 3d 0.91 0.98 1.69 1825�C/3h 0.303 3.314 0.62 97.7a0-2.3 Y-N-Apatite 0.37

1500�C/1+1825�C/3h 0.303 3.313 0.63 98.8a0-1.2Y-N-Apatit 0.37

ZY 4 1.12 1.17 1 1825�C/3h 0.373 2.240 0.65 100a0 0.36

1500�C/1+1825�C/3h 0.373 2.246 0.46 100a0 0.36

1600�C/1+1825�C/3h 0.373 2.251 0.50 100a0 0.37

ZY 4a 1.12 1.17 1.2 1825�C/3h 0.373 3.271 0.46 100a0 0.42

1500�C/1+1825�C/3h 0.373 2.916 0.70 100a0-Y2SiO5(vw) 0.44

1600�C/1+1825�C/3h 0.373 2.908 0.65 100a0- Y2SiO5(vw) 0.42

ZY 4b 1.12 1.17 1.43 1825�C/3h 0.373 3.314 0.46 100a0 0.43

1500�C/1+1825�C/3h 0.373 3.305 0.65 98.1a0-1.9 Y-N-Apatite 0.43

1600�C/1+1825�C/3h 0.373 3.298 0.56 98.3a0-1.7 Y-N-Apatite 0.43

ZY 5 0.86 1.26 1 1825�C/3h 0.286 2.141 0.86 98.8a0-1.2b0 0.30 0.59

ZY 6 1 1.26 1 1825�C/3h 0.333 2.281 0.61 100a0 0.36

ZY 7 1.16 1.26 1 1825�C/3h 0.386 2.379 0.71 100a0 0.40

ZY 8 1.0 1.5 1 1825�C/3h 0.333 2.376 0.72 100a0 0.36

ZY 9 1.4 1.5 1 1825�C/3h 0.467 3.223 0.57 100a0 0.48

ZY 10 1.8 1.5 1 1825�C/3h 0.6 3.284 0.39 100a0 0.57

a a0: Yþv
x Si12�(m+n)Alm+nOnN16�n; b0: Si6�zAlzOzN8�z; YAM: A2Y4O9; YAG: A5Y3O12; M: Y2Si3N4O3; NYAM: Y10A2Si3O18N4; w: weak; vw:

very weak; m: weight loss.
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E=Young’s modulus (320 GPa), H=hardness (GPa),
F=load (N), c=crack length (mm), k=dimensionless
constant 0.016�0.004.

HV GPað Þ ¼
0:47	P

a2

P=applied force(10 kg), a=half of the length of the
diagonal indentation.

3. Results and discussion

3.1. Densification behaviour

The dilatometric study was performed using samples
ZY 3, 3b and 3d with a linear heating rate of 10�C/min
under nitrogen gas at an ambient pressure (Fig. 2a). The
derived shrinkage rate (Fig. 2b) was explained by taking
the phase composition into account. In samples ZY 3b
and 3d, shrinkage starts at 1200�C. As the temperature
was increased, the sintering rate curve showed three
maxima. The first at 1250�C corresponds to rearrange-

ment of the particles. The second one occurs at around
1550�C. At this temperature, the highest shrinkage rate
was observed. At 1400–1500�C, Y2O3 and Al2O3 were
dissolved in the liquid phase, although they could not be
detected by XRD. Very little AlN was dissolved at this
temperature (Table 3). Apatite was observed as a crystal-
line phase, which was properly formed during cooling.
The consequence of this finding is that a high amount of
low-viscosity liquid was formed at 1500–1550�C, allowing
fast densification to occur. With a further increase in
temperature, enhanced a-SiAlON formation was
observed (see 1600�C, Table 3). This process is connected
with a reduction in the amount of liquid phase. At higher
temperatures, the viscosity of the remaining liquid was
reduced and the amounts of a-Si3N4 and a-SiAlON,
which were dissolved in the liquid, were increased. This
led to additional shrinkage in samples ZY 3b and ZY 3d
with a higher amount of liquid phase at 1700–1800�C.
In sample ZY 3, which had no additional liquid, the
densification rate at >1650�C was very low because no
more liquid existed after complete a-SiAlON formation
occurred. This is also an explanation for the low density
of the samples with additional liquid that were sintered
at 1825�C (Table 2).
The densification behaviour in the temperature range

up to 1600�C was very similar to that observed by Greil
et al.,14 who found garnet as an intermediate phase. The
lower sintering rate at higher temperature was corre-
lated with the formation of the melilite type phase. This
was not the case in our investigations. The differences
are associated with the lower n and m values in our
compositions.
Fig. 3 shows the relationship between density and

amount of additional Y2O3 for samples which were sin-
tered at 1825�C/3 h. It can be seen from the figure that
the density increases with an increasing amount of
liquid phase (i.e. increasing K). ZY 4 possessed the
highest and ZY 1 possessed the lowest densities. The
difference in densities can be explained by the starting
composition. If the composition is close to the Si3N4

Fig. 2. (a) Change in the density of the investigated compositions as a

function of temperature. (b). Derived sintering rate of the investigated

compositions as a function of temperature.

Table 3

Phase analysis results of ZY 3, 3b and 3d at a low sintering tempera-

tures

Sample Sintering

condition

Phase composition

ZY 3 1400�C/5 min 83.32a-10.96AlN-5.72 Y10A2Si3O18N4

1500�C/5 min 84.61a-10.99AlN-4.40Y10A2Si3O18N4

1600�C/5 min 46.89a0-48.67a-4.45AlN

ZY 3b 1400�C/5 min 81.08a-11AlN-7.93 Y10A2Si3O18N4

1500�C/5 min 83.62a-9.25AlN-7.12 Y10A2Si3O18N4

1600�C/5 min 28.81a0-59.64a-7.14AlN

ZY 3d 1400�C/5 min 79.84a-10.04AlN-10.12 Y10A2Si3O18N4

1500�C/5 min 81.98a-9.5AlN-8.52 Y10A2Si3O18N4

1600�C/5 min 35.53a0-53.69a-5.79AlN-4.99 Y10A2Si3O18N4
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corner (low m and n values), the amount of transient
liquid during densification is low and a higher amount
of additional liquid phase is necessary to reach the same
density. Even when the same amount of additional

Y2O3 is added to different samples the density is lower
for the samples with a lower amount of transient liquid
(Fig. 3b). Fig. 4 illustrates the effect of an additional
holding time at 1600�C for 1 h. In this case, the final den-
sity is lower than those of samples sintered at 1825�C.
During the holding stage at 1600�C, a-SiAlON was
formed and the amount of liquid phase was significantly
reduced (Table 4). According to Table 2, an a-SiAlON
richer in Y was formed at 1600�C than at higher tem-
peratures (except ZY 1). This effect is so pronounced that
the higher x values were also observed in the sintered a-
SiAlONs with a holding step at 1600�C (ZY 2, 2b and ZY
3). In these cases, the amount of liquid phase is too low
for complete recrystallization at high temperatures to
occur and the composition of the a-SiAlON is not at
equilibrium. A dependence of the x values on the sin-
tering conditions is found for all samples without an
additional liquid phase and with a low amount of tran-
sient liquid. In these cases, the different x values were
probably caused by kinetics. This behaviour also makes
the determination of the phase relationships difficult in
this part of the system. With increasing the amount of
the stable liquid phase the variation in the x values for
the different sintering conditions is significantly reduced,
because enough liquid exists for the recrystallization of
the material.
The behaviour was similar for the samples with an

additional isothermal heating step at 1500�C. But at this
temperature, a-SiAlON formation was not as pro-
nounced (only one-third of the a-Si3N4 was converted).
This is why the influence on the final densities was much
lower for these samples than for samples with a higher
holding temperature (Fig. 5).
Two different groups of samples were prepared to

show the effect of liquid phase on densification when
K=1 (ratio of Y2O3 to amount of Y2O3 incorporated
into a-SiAlON) (Fig. 8). One group was selected from the
a-b-SiAlON and a-SiAlON solid solubility area (ZY 5,
ZY 6 and ZY 7). Another group was at the oxygen-rich
boundary of the solid solubility area of the a-SiAlON.
The results show that the density increases up to theore-
tical values with increasing m values for the materials
with high n values, i.e. a high amount of transient

Fig. 3. (a) Relationship between density and K ratio. (b) Relationship

between density and additional amount of Y2O3.

Fig. 4. Dependency of density on the amount of additional liquid

phase (changed heating cycle-additional holding time at 1600�C/1 h).

Table 4

Results of the phase analysis in the system after heating at 1600�C for 1 h

Sample m n K x (from m) x-Measured Phase composition

ZY 1 0.44 0.76 1 0.147 0.235 59.2a0-40.8b0

ZY 1b 0.44 0.76 1.43 0.147 0.323 72.6a0-27.4b0- Y2SiO5 (w)

ZY 2 0.59 0.98 1 0.197 0.5 62.4a0-37.6b0

ZY 2b 0.59 0.59 1.43 0.197 0.336 91.2a0-8.8b0- Y2SiO5 (vw)

ZY 3 0.91 0.98 1 0.303 0.435 97.8a0-2.2b0

ZY 3b 0.91 0.98 1.43 0.303 0.348 98.6a0-1.4 Y-N-apatite

ZY 4 1.12 1.17 1 0.373 0.366 100a0

ZY 4a 1.12 1.17 1.2 0.373 0.416 100a0- Y2SiO5 (vw)

ZY 4b 1.12 1.17 1.43 0.373 0.429 98.3a0-1.7 Y-N-apatite
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liquid, whereas the samples with low n and m values can
not be densified without an additional amount of the
liquid phase (Fig. 6).
By increasing the amount of additional Y2O3 in the

series of samples ZY 1-1f and ZY 2-e, the a-SiAlON/(a-
SiAlON+b-SiAlON) ratio could also be increased

(Table 2, Fig. 7). The observed x values did not change
significantly with increasing amount of additional Y2O3.
An exception was made by sample ZY 2, which was not
at in equilibrium. This behaviour can be explained using
the phase diagram. In Fig. 8, it is shown schematically
how the composition changes with Y2O3 additions.
Assuming that the composition of the liquid phase shifts
only slightly when additional amounts of Y2O3 are used
and the composition of the liquid phase is rich in Al2O3

and SiO2, it is obvious, that the a-SiAlON content in
the samples in the a/b-SiAlON region has to increase
with an increasing amount of Y2O3. The same shift in
the a-SiAlON composition must occur in the samples
which contain a-SiAlON and a glassy phase (ZY 4-4b).
The data show that in this case, the x values are not
constant, but shift from 0.36 for K=1 to 0.43 for
K=1.43. The same behaviour is exhibited by samples
ZY 3, 3b and 3d. XRD analysis (Table 2, samples ZY 1,
1b, 1f, ZY 2e) shows that the samples in the three phase
region of a-SiAlON/b-SiAlON-liquid have an x value,

Fig. 6. Relationship between m value and density for a constant

additives ratio (K=1) (heating at 10 K/min).

Fig. 5. The effect of the sintering condition and additive ratio on the

density. (The heating stage was varied: — continuous heating at 10 K/

min; — additional holding period at 1600�C/1 h or 1500�C/1 h).

Table 5

Hardness, toughness and strength of the materials

Sample K �/(�+�) (%) Sintering condition HV10 KIC
b

(MPam1/2)

Strength

(MPa)

ZY 1f 2.36 81 1825�C/3h 1878�26 4.4 –

– 1500�C/1h!1825�C/3h 1824�34 4.2 638�15

ZY 2c 1.61 93.7 1825�C/3h 1976�38 5.3 –

– 1500�C/1h!1825�C/3h 1880�23 5.6 599�75

ZY 2e 1.94 96.3 1825�C/3h 1923�50 5.4 –

– 1500�C/1h!1825�C/3h 1962�37 5.0 676�35

ZY 3b 1.43 100 1825�C/3h 1808�33 5.4 –

– 1500�C/1h!1825�C/3h 1856�50 4.4 532�50

ZY 3d 1.69 100 1825�C/3h 1869�26 3.9 –

– 1500�C/1h!1825�C/3h 1864�30 3.5 491�70

ZY 4a 1.2 100 1825�C/3h 1823�34 6.0 –

ZY 4b 1.43 100 1825�C/3h 1871�25 4.3 –

– 1600�C/1h!1825�C/3h 1865�28 4.8 –

– 1500�C/1h!1825�C/3h 1817�38 3.9 –

Comparisona 0 1480�40 5.2 920�40

a b-Si3N4 material with 6 wt.% Y2O3/4 wt.% Al2O3.
b Standard deviation of the values 0.1 MPam1/2.

Fig. 7. Change in the amount of a-SiAlON as a function the amount

of additives (heating: 10 K/min up to 1825�C; holding time: 3 h).
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which is much lower than the lowest value reported in
the literature. The x value does not depend on the
amount of additional liquid (K value). This data can
only be explained assuming that the homogeneity range
of the a-SiAlONs toward Si3N4 is at higher tempera-
tures and lower n values than were found in literature.

4. Morphology of the �-SiAlON ceramics

The a-SiAlON formation process can be divided into
two steps, nucleation and growth. When a-Si3N4 is used
as the starting powder, formation of a-SiAlON nuclei

most likely occurs by epitaxial growth of the a-SiAlON
on the a-Si3N4. The growth of the a-SiAlON grains
mostly depend on the amount and composition of the
liquid phase during sintering.
Figs. 9 and 10 show the influence of the amount of

additional liquid on the grain size and grain shape. The
microstructures of samples ZY 1 and ZY 3 are similar to
those of samples ZY 4 and ZY 2. Without additional
liquid phase, the materials are porous and have equiaxed
grains (see Figs. 9a and 10). With increasing amount of
additional Y2O3, anisotropic grain growth takes place,
the grains become elongated and full density were
achieved (Fig. 9b and c).

Fig. 8. (a) Jänecke prism of oxynitride system of silicon, aluminum and R (where R is a rare-earth cation). (b) shematic illustration of the change in

the phase composition as a result of the addition of Y2O3 to the sample [1 Composition without additional liquid, a-SiAlON content is a1/(a1+b1);
2 composition with additional Y2O3, the corresponding ratio of a-SiAlON is a2/(a2+b2)].
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The investigated compositions have relative low n and
m values. That is why the amount of the transient liquid
is insufficient for anisotropic grain growth and densifi-
cation to occur. The additional holding period at 1500
or 1600�C before the sintering temperature is reached
does not change this behaviour significantly. By
increasing the amount of the liquid phase, the length,
the thickness and the amount of elongated grains
increase. With an increasing amount of the liquid phase

(samples ZY 2-2e with K=1.94) the grain size increases.
Besides the amount of liquid phase, the sintering condi-
tions also affect the formation of elongated a-SiAlON
grains. Large elongated grains were observed for the
samples which contained an additional liquid phase and
which did not undergo a holding period at low tempera-
tures (Figs. 11a and b and 12a). In the samples which were

Fig. 9. Secondary electron micrograph of the polished surface from

ZY 2 sintered at 1825�C/3 h, (a) K=1, (b) K=1.61, (c) K=1.94.
Fig. 10. Secondary electron micrograph of the fracture surface from

ZY 4, (a) with heating rate 10 K, sintered 1825�C/3 h; (b) with addi-

tional holding period at 1500�C/1 h; (c) with additional holding period

at 1600�C/1 h.
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held 1 h at 1600�C, the amount of large grains was
reduced (Fig. 12b and c). This is because most of the a-
SiAlON is formed at the lower temperature (see Table 4),
where grain growth is not as pronounced and is more
homogeneous. During the subsequent sintering steps, a
lower amount of transient liquid for the growth of a-SiA-
lON exists. These qualitative findings have to be proven
by quantitative measurements. All of the results show
that the liquid phase is a very important factor for the
formation of the microstructure. In samples with no
additional liquid, grain growth can occur only when a
transient liquid is present. The amount of transient
liquid is higher when higher n and m values are used.
For these compositions, elongated grain growth occurs
without the need for a higher amount of liquid phase.
The amount of transient liquid at high temperatures
depends on the reaction path at lower sintering tem-
peratures, besides on the composition. Elongated grain
growth can be enhanced if the formation of a-SiAlON
at low temperatures is reduced, e.g. by using a fast
heating rate or by reducing the amount of growing
grains by using ß powders or mixed cations.

5. Mechanical properties �-SiAlON

All samples with a high amount of a-SiAlON have the
typical high hardness values that all a-SiAlONs have.
Mechanical properties of studied samples are given in
Table 5. In samples ZY 2-2e the hardness decreases with
increasing amounts of a-SiAlON and additional additive.
In the series ZY 3 and ZY 4, the hardness increases with
increasing amount of additives (constant amount of a-
SiAlON). The KIC values are generally lower for samples
with a high amount of stable liquid (high K) than for
samples with a lower amount (except for ZY 2 series,
which have a low amount of transient liquid). Comparing
a-SiAlON materials with a standard b-Si3N4 material
(6% Y2O3/4% Al2O3), it is obvious, that samples with an
optimal composition show the same results as the b mate-
rials. The influence of the composition on the fracture
toughness is not well understood and needs to be investi-
gated further. The strengths of the a-SiAlONmaterials are
lower than those of the b-Si3N4 materials. Strength-
determining defects are pores, which can be connected
with a locally reduced amount of liquid phase.

Fig. 11. Secondary electron micrograph of the fracture surface from ZY 4 sintered at 1825�C/3 h; (a) K=1.2, (b) K=1.43, (c) with additional

holding period at 1500�C/1 h, K=1.43, (d) with additional holding period at 1600�C/1 h, K=1.43.
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6. Conclusions

. The densification behaviour and the micro-
structure of yttrium a-SiAlON ceramics with dif-
ferent amount of additional stable liquid were
investigated. The amounts of stable liquid were

controlled by the Y2O3 added to the SiAlON
composition.

. A strong correlation was found between the amount
of additional liquid, the densification behaviour and
the microstructural formation. Samples with low n
and m values can only be densified to full density
when an additional amount of the stable liquid
phase exists.

. The presence of an additional amount of liquid
phase causes elongated grain growth of the a-SiA-
lON materials with low n and m values (m< 1; n<
1) at a sintering temperature of 1825�C.

. Yttrium a-SiAlON ceramics were fabricated by
GPS with or without an additional holding step at
1500 or 1600�C during heating to the sintering
temperature of 1825�C. When an additional hold-
ing step during heating was used, the final density
was lower than that of samples with continuous
heating. The reason for this behaviour is that dur-
ing the holding time at low temperatures, forma-
tion of a-SiAlON starts. The formed a-SiAlON
reduces the amount of liquid phase available for
densification at high temperatures. The effect of
the sintering procedure on the densification beha-
viour decreases with increasing amount of addi-
tional stable liquid phase.

. The intermediate holding step during heating leads
to a more uniform microstructure. The amount of
large elongated grains is reduced.

. The materials exhibited high hardness values of
greater than 1800 (HV10), which are typical for
a-SiAlON.

. The dense samples with elongated grains exhibited
a high fracture toughness which is comparable
with the toughness of the ß-Si3N4 materials.

. The strength of the materials is somewhat lower
for the a-SiAlON materials than for the ß-Si3N4

materials. This is connected with a higher defect
size resulting from inhomogeneous a-SiAlON
formation.
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