
Journal of’ the European Cerunk Society 17 (1997) 599-613 
0 1997 Elsevier Science Limited 

Printed in Great Britain. All rights reserved 
PII: SO955-2219(96)00112-4 0955-2219/97/$17.00 

Effect of Sta,rting Composition, Type of Rare Earth 
Sintering Additive and Amount of Liquid Phase 
on cy ti p Sialon Transformation 
Necip Camu~cu,’ Derek P. Thompson” & Hasan Mandalb 
“Materials Division, Department of Mechanical, Materials and Manufacturing Engineering, University of 
Newcastle upon Tyne, NE1 7RU, UK 
bDepartment of Ceramic Engineering, Anadolu University, Eskisehir, Turkey 

(Received 8 January 1996; revised version received 30 .May 1996; accepted 11 June 1996) 

Abstract 

Five dtxerent CX-p sialon and a-sialon compositions 
have been prepared using dtyerent rare earth oxide 
additives namely, neodymium, samarium, dyspro- 
sium and ytterbium. Post-sintering heat treatments 
have been carried out at 1450°C for up to 720 h 
(one month) to observe (Y + p sialon transforma- 
tion. A combination of X-ray and microstructural 
observations has shown that the high-temperature 
stability of the ol-sialon phase depends on the start- 
ing composition, the type of rare earth sintering 
additives, the amount and viscosity of the liquid 
phase, and the presence or absence of p-sialon 
grains in the initial sintered material. 0 1997 Else- 
vier Science Limited. All rights reserved. 

1 Introduction 

Sialon ceramics are one of the advanced structural 
ceramics at present being developed for high-tem- 
perature engineering applications. Because of their 
unique combination of properties they are ideal 
for the development of some areas of high tech- 
nology especially in the mechanical, chemical, 
metallurgical, automotive and defence industries. 

There are two different sialon phases, p with the 
formula Si,,Al,O,N,_, where z I 4-O and a with 
the formula M,Si,,,,+,,Al,,+,,O,N,.., where M is 
a metal ion typically Li, Mg, Ca, Y and Ln where 
Z- 2 58. The /3-sialon phase forms with more elon- 
gated grains and thereby increases the fracture 
toughness compared to the a-sialon phase which 
forms with relatively small, hard, equiaxed grains. 
Thus, the mechanical properties are very strongly 
dependent on the a: /3 sialon ratio and therefore 
optimized mechanical properties of sialon ceram- 
ics can be achieved very precisely in mixed LX-/~ 
sialon composites.‘*2 

Recently, it has been shown by Mandal and 
co-workers3-5 that the phase content of certain (~$3 
sialon compositions can be greatly affected by 
heat-treatment procedures when rare earth oxides 
are used as the sintering aid. It has been observed 
that the a-sialon phase is less stable at low temper- 
atures and decomposes into rare-earth-rich inter- 
granular phase(s) and /3-sialon with a remarkably 
elongated crystal morphology. The extent of the 
transformation is more pronounced with increased 
heat-treatment temperature. It was also pointed 
out by the same authors that the transformation is 
fully reversible.6 

This transformation provides an excellent mecha- 
nism for optimizing phase content and microstruc- 
ture without further additions of oxides and 
nitrides merely by heat-treatment at appropriately 
chosen temperatures. In this way predetermined 
values of hardness, strength and toughness can be 
achieved from a single starting composition. 

While materials prepared in this way can obvi- 
ously be used successfully below the transforma- 
tion temperature of the glass (= lOOO’C), many 
applications for a-p sialon ceramics are in the 
range lOOO-13OO”C, and it is clear from the above 
discussion that a + p sialon transformation will 
continue during use of the materials with conse- 
quent continuous change in properties7 A com- 
plete understanding of the mechanism of this 
interesting transformation is therefore essential to 
define more precisely safe operating conditions for 
sialon ceramics. 

Several mechanisms have been previously con- 
sidered by the same authors to explain the a 2 p 
sialon transformation observations described above. 
These are discussed below. 

1.1 Surface effects 
It is not uncommon in mixed CY-U-p sialon ceramics 
to find a different (Y: p sialon ratio in the centre of 
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the sample compared with the outside. However, 
earlier work3 has shown that there was no differ- 
ence between the inside and outside of the sample 
in LY + j3 sialon transformed material. 

1.2 Change of composition during sintering 
Also, it is not uncommon in mixed a-P sialon 
ceramics to find a different (Y: /3 sialon ratio in the 
final product compared with that expected from 
the starting composition. This arises from milling 
additions, effect of furnace atmosphere, weight 
loss, etc. However, the phenomenon described in 
this transformation changes with temperature and 
is also reversible.3q6 

1.3 Phase relationships 
An obvious alternative explanation for (Y 4 p 
sialon transformation is in terms of phase rela- 
tionships. The shape of the liquid phase region 
changes as a function of Ln content, Si : Al and 
0: N ratios and temperature. The increased N, 
Al, Ln content of liquid phase at high temperature 
would promote a decrease in (Y : p sialon ratio with 
increasing temperature. Moreover the effect would 
be expected to show a uniform change with tem- 
perature, whereas the present observations show an 
increase in p-sialon content up to = 1550°C and an 
increase in a-sialon above this temperature.3,8 From 
the above discussion, it is clear that even though 
phase relationships play some part in (Y + j3 
sialon transformation, they are not sufficient to 
account for the observed behaviour. 

1.4 Effect of cation size 
Since the original work showed that transforma- 
tion was more apparent when high atomic number 
rare earth sintering additives (Yb203) were used, 
the transformation was originally believed to be 
due to the smaller rare earth cations being large 
enough to occupy the interstices in the a-sialon 
structure at high temperature but too small at 
lower temperatures so that the cw-sialon structure 
became unstable.3 However, later results showed 
that sialon compositions densified with large 
cation size sintering additives also showed similar 
transformation effects. 

In the present work, a-sialon and (.y-p sialon start- 
ing compositions have been densified by either 

hot-pressing or pressureless sintering using Ln,03 
additives where Ln is neodymium, samarium, dys- 
prosium and ytterbium. The resulting materials 
have been heat-treated at 1450°C for up to one 
month to observe the transformation. The pre- 
prepared glass powders were also added to certain 
compositions to see the effect of liquid phase. 

The effects of different cation size, a-sialon 
composition, the amount and viscosity of liquid 
phase and the presence of /3-sialon have been dis- 
cussed. 

2 Experimental 

Four rare earth elements, Nd, Sm, Dy and Yb 
were selected for the preparation of (Y and a+ 
sialon ceramics. The starting compositions in 
different systems are given in Table 1, and the rel- 
evant chemical formulation, and graphical repre- 
sentation of the starting compositions are shown 
in Fig. 1. The reasons for choosing these composi- 
tions are explained in Sections 3.1 and 3.2. 
Although the weight percentage of rare earth 
oxides increases a little as the atomic number of 
lanthanide elements increases, in mole ratio, the 
amount of Ln,O, in different samples is exactly 
the same. 

Sialon compositions were prepared using pow- 
der mixtures of Si,N, (HC Stark, Berlin, Grade 
LClO), AlN (HC Stark, Berlin, Grade A), A&O3 
(Alcoa, Grade Al6SG), Ln,O, (99.9%, Sigma 
Chemical Company Ltd). The rare earth oxides 
were calcined at 1000°C for 4 h before use, to 
remove any absorbed water. When calculating the 
compositions, 3.5% SiO, and 3.5% A&O3 (accord- 
ing to manufacturer’s specifications) on the sur- 
faces of Si3N4 and AlN respectively were taken 
into account. 

The starting materials were mixed in water-free 
isopropanol and milled in an agate mortar for 45 
min. This method was used to avoid segregation 
of rare earth oxides during drying. The size of 
batch used was 15 g. After drying and sieving, 
powders were compacted into pellets (about 3 g) 
by pressing uniaxially and then isostatically under 
200 MPa. Before firing, the specimens were 
embedded in micron-sized boron nitride powder 
in graphite crucibles and sintered in a carbon 

Table 1. Starting compositions of different Ln,03 densified cu-p and a-sialon ceramics 

Composition Formulation Si3N4 A'2o3 AIN h2°3 

Lnl 

Ln2 

Ln3 

Ln4 

Ln5 

Lno.o53Si~.77Alo-234Oo.333N2.43 83.38 5.14 5.47 8.94 (Nd,O,) or 9.27 (Sm203) or 990 (Dy203) or 10.46 (Yb203) 

Ln0.053Sil.7B2Ab 235°0.264N2.49 83.73 3.10 7.18 8.94 (Nd203) or 9.27 (Sm203) or 990 (Dy2O3) or 10.46 (Yb203) 

Lrb.o53Si,.741Al0.2,700.229N2.51 82.08 1.23 10.74 8.94 (Nd203) or 9.27 (Sm203) or 990 (Dyz03) or 1046 (YbzO3) 

Lno.333Si9.3Al2.7Ol.7Nl4.3 71.82 340 15.55 9.23 (Nd203) or 9.57 (Sm203) or IO.24 (Dyz03) or 10.83 (Ybz03) 

Lno.~Si~.oAl~ oO,.~N,~.~ 66.77 2.02 17.93 13.29 (NdzO,) or 13.78 (Sm203) or 14.75 (DyzO3) or 15.58 (Yb2O3) 
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Fig. 1. (a) Overall starting compositions represented as equiv- 
alents of oxygen and aluminium added to silicon nitride (b) 
the cr-sialon plane, showing the Ln4 and Ln5 compositions 

used in this study. 

resistance furnace at 1800°C for 2 h under a pro- 
tective nitrogen atmosphere and then the furnace 
was cooled at a rate of 50°C min’ from 1800 to 
1200°C. The green pellets were also hot pressed in 
BN-coated graphite dies at 1800°C for 1 h. 

Additions of 10 and 20 wt% of glass powders 
with an overall composition Ln : Si : Al = 1 : 1 : 1 
and 0 : N = 6 : I9 were made to certain sialon 
starting compositions and mixed powders were 
pressureless sintered at 1800°C. 

All sintered materials were placed in a carbon 
crucible and re-heated up to 1800°C in a smaller 
size pressureless sintering furnace for 20 min and 
quenched (400°C min’) to room temperature. 
Heat-treatment was carried out for all samples in 
an alumina tube furnace at 1450°C for up to 720 
h (one month) under a nitrogen gas atmosphere. 

Product phases were characterized by X-ray 
diffraction (XRD) using a Hagg-Guinier camera 
and CL&~, radiation. The computer-linked line 
scanner (SCANPI LS-20) system, developed by 
Werner (Arrhenius Laboratory, University of 
Stockholm, Sweden) was used for direct measure- 
ments of X-ray films and refinement of lattice 
parameters. The amounts of (Y- and /3-sialon 
phases were found by quantitative estimation 
from the XRD pattern using the integrated inten- 
sities of the (102) and (2 10) reflections of a-sialon 
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and the (101) and (210) reflections of P-sialon in 
the following equation: 

‘p= 
1 

ICI + Ip 1 + K[(lIB$) - l] 
(1) 

where 1, and Ip are observed intensities of (Y- and 
p- sialon lines respectively, W, is the relative 
weight fraction of /3-sialon and K is the combined 
proportionality constant resulting from the con- 
stants in the two equations, namely: 

Ip = Kp* W, (2) 

Z, = K,* W, (3) 

which is 0.5 18 for p( 101) - (Y( 102) reflections and 
0.544 for p(210) - a(210) reflections.” 

After application of a gold coating, polished 
surfaces of as-sintered and heat-treated samples 
were examined using a Camscan S4-80 DV scan- 
ning electron microscope (SEM) equipped with 
EDX facilities and a windowless detector suitable 
for light-element analysis 

3 Results 

3.1 Lnl, Ln2 and Ln3 starting compositions 
As can be seen from Fig. 1, these compositions 
were designed to produce mixed a-P sialon phases 
after sintering. The reasons for choosing these 
compositions were as follows: 

(4 

(b) 

Cc) 

Lnl is the original starting composition used 
in previous work which has been shown to 
readily undergo (Y z /? sialon transformation,3 
Ln2 is in the two-phase region (= 30% 
a-sialon and 700/o /3-sialon), 
Ln3 is also in the two-phase region but is 
more a-sialon rich (= 500/o c-u-sialon and 
50% p-sialon). This composition was useful 
to compare with both Lnl and Ln2 compo- 
sitions to understand the effect of liquid 
phase, since the amount of liquid is less and 
the viscosity is higher than in the other two 
compositions. 

Examination of polished cross-sections of the 
sintered samples by SEM showed only very few 
micro-pores to be present, indicating that the sam- 
ples had reached virtually theoretical density by 
pressureless sintering. In all sintered and subse- 
quently quenched samples, there were no crys- 
talline phase(s) at grain boundaries. The relative 
amounts of (Y- and /3-sialon phases after quench- 
ing were established by XRD and the results are 
presented in Fig. 2. 

Although different starting compositions were 
used with the intention of producing different 
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Fig. 2. a:(a+p) Sialon ratio of Lnl, Ln2 and Ln3 composi- 
tions after fast cooling, expressed in terms of size of rare earth 

cation. 

amounts of (Y- and &sialons, only Nd203- and 
SmzOJ-densified samples gave results close to the 
predetermined (Y : p sialon ratio while YbzO,- and 
Dy,O,-densified samples gave very nearly the same 
amount of a-sialon after sintering (e.g. 73%, 82% 
and 95% a-sialon for Lnl, Ln2 and Ln3 composi- 
tions respectively in Yb,O, samples). 

Post-sintering heat-treatment experiments were 
carried out at 1450°C for up to 168 h (one week) 
in order to study the effects of prolonged heat 
treatments on (Y + p sialon transformation. XRD 
results are given in Fig. 3 as a comparison 
between Lnl and Ln2 compositions after 24 h heat- 
treatment at 1450°C; and in Fig. 4 as a compari- 
son between Lnl, Ln2 and Ln3 compositions after 
168 h of heat treatment at the same temperature. 

As can be clearly seen from both figures, 
although the amounts of o- and p-sialon phases 
were very nearly the same after sintering when 
Ybz03 and Dy,O, were used as the sintering addi- 
tives, the amounts were significantly different after 
heat-treatment. Sample Ybl showed nearly full 
transformation while Yb2 showed only 10% trans- 
formation at the end of 24 h heat treatment. How- 
ever, the amount of a-sialon in sample Yb2 was 
significantly reduced to 40% when the heat-treat- 
ment time increased from 24 h to 168 h. Under 
the same conditions the amount of a-sialon in 
sample Yb3 was only reduced from 95% to 80%. 

% o(-sialon 
100 I 

80 

+ Lnl I_-_-- + Ln2 

0.085 0.09 0.095 
I 

( 

Ionic size (nm) _I 
Sm Nd 

Fig. 3. cr:(a+p) Sialon ratio of Lnl and Ln2 compositions 
after 24 h heat-treatment at 145OT. 
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Fig. 4. ~(a+@ Sialon ratio of Lnl, Ln2 and Ln3 composi- 
tions after 168 h heat-treatment at 1450°C. 

A similar effect has also been seen in Dy,O,-densi- 
fied samples. The Nd- and Sm-systems showed a 
greater tendency for (Y + p sialon transformation 
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since the ionic radii of these cations are larger 
than those of Dy- and Yb-. Therefore the forma- 
tion of a-sialon became more difficult during sin- 
tering and the excess rare earth cations went into 
the liquid phase, increasing the amount of liquid 
and reducing its viscosity. As a result, (Y + J? 
sialon transformation became significantly faster 
and no cY-sialon remained even in Ln3 samples 
after 168 h heat-treatment. 

Figures 5 and 6 show typical back-scattered 
SEM images of Yb,O:,-densified samples after 
sintering and after different heat-treatment experi- 
ments respectively. Since the contrast on back- 
scattered electron micrographs depends mainly on 
the mean atomic number, micrographs very 
clearly distinguish between the various phases; the 
P-sialon and 21R grains (which contain no rare 
earth element) are black and more needlelike, 
whereas the cu-sialon grains (which contain a small 
amount of rare earth element) are grey and more 
equiaxed, whilst Ln-rich crystalline or glassy 
phases appear fine-grained and white, because of 
the high Ln content. 

Although the X-ray results showed very similar 
amounts of (Y- and /3-sialon phases in the Yb,O, 

p sialon transformation 603 

samples, SEM micrographs clearly indicate the 
difference between the three compositions in terms 
of grain-boundary phases (white areas) which’ are 
present in nearly twice the amount in Lnl as com- 
pared to Ln2. 

Systematic differences were observed by SEM on 
moving to lower Z rare earth additives, namely, 
that the a-sialon content decreases, and the amount 
of intergranular phases increases. The explanation 
for the decrease in cr-sialon content correlates with 
the relative sizes of the rare earth metal dopants 
of the sintering additives, so that ytterbium and 
dysprosium form more cu-sialon whereas neo- 
dymium and samarium form less a-sialon. Clearly, 
the explanation for the increase in the amount of 
intergranular phase for low atomic number rare 
earth additives is related to the low a-sialon con- 
tent, since a-sialons incorporate some of the 
densification additives(s) into the crystal structure, 
as a result of which the quantity of residual glass 
in the grain boundaries decreases with increasing 
a-sialon content. Therefore the amount of residual 
glass in samples densified with Dy,O, and Yb203 
additives is considerably less than in Sm,O,- and 
especially NdzOs-densified compositions. 

(4 (4 

Fig. 5. Back-scattered SEM micrographs of the Yb,03-densified samples after fast cooling: (a) Lnl, (b) Ln2 and (c) Ln3. 
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(4 lb) 

Fig. 6. Back-scattered SEM micrographs of the Yb20,-densifi 
and for 168 h: 

These results clearly show that more oxygen- 
rich a-sialons, such as the one present in the Lnl 
composition, transform to p-sialon more readily 
than nitrogen-rich a-siaIons, typified by the one 
present in the Ln3 composition. 

Further experiments have been carried out 
by adding 10% and 20% of glass powders of over- 
all composition Ln:Si:Al = 1:l:l and 0:N = 
6: 1 (Ln,Si,Al,O,,N, - U-phase) to the Yb3 sam- 
ple (which originally showed very little transfor- 
mation). The XRD and SEM results of as-sintered 
and heat-treated samples are given in Figs 7 and 
8 respectively. The rate of transformation became 
very significant for samples with additional 
amounts of glass powder and therefore all the 
a-sialon in Samples Yb3GlO and Yb3G20 trans- 
formed into p-sialon at the end of 168 h. These 
results for added liquid phase clearly show that 
a most important factor influencing the transfor- 
mation is the amount and viscosity of liquid 
present during heat-treatment and therefore the 
overall equation representing (Y + p sialon in 

(4 

Aes after heat-treatment at 1450°C for 24 h: (a) Lnl, (b) Ln2 
! and (d) Ln3. 

Lnl, Ln2 and Ln3 type of starting compositions 
is as follows regardless of the type of sintering 
additive: 

a-sialon + p-sialon + (21R) + liquid + P-sialon 
+ (21R) + grain-boundary phase(s) (4) 

% a -sialon 
100, / 

01 

0 24 48 72 96 

Time (h) 

- Yb3 - YbSGlO - Yb3G20 

Fig. 7. a-Sialon content for Yb3 sample with 10% and 20% of 
glassy phase varying heat-treatment time at 145OT. 
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(4 04 

(d) 

Fig. 8. Back-scattered SEM micrographs of fast-cooled samples: (a) Yb3, (b) 90% Yb3 + 10% glass, (c) 80% Yb3 + 20% glass and 
after heat-treatment at 1450°C for 168 h (d) Yb3 (e) 90% Yb3 + 10% glass, (0 80% Yb3 + 20% glass. 

3.2 Ln4 and Ln5 starting compositions 
Graphical representation of these starting compo- 
sitions, which were designed to produce 100% 
cY-sialon after sintering, is given in Fig. l(b). The 
reasons for selecting these specific compositions 
were as follows: 

(b) 
(a) Ln4, an a+sialon composition with m = 1 

and n = 1.7, is located at the oxygen-rich 

corner of the a-sialon phase region and is 
designed to determine whether all different 
cation size rare earth oxide sintering addi- 
tives give pure cu-sialon, since the borders of 
the a-sialon phase region have only been 
established precisely in the yttrium system.” 
Ln5, an cY-sialon composition with m = 1.5 

and II = l-5, is inside the cY-sialon phase 
region and is almost the maximum nitrogen 
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Table 2. Densities of Ln4 and Ln5 composition sintered at 
1800°C by hot-pressing 

Composition Densities (g/cm-‘) 

MO3 Smz03 DY#', Tb,03 

Ln4 3.354 3.367 3.378 3.398 
Ln5 3445 3.466 3,503 3.543 

content a-sialon composition which can be 
prepared without LnN, (which is expensive 
and cannot. be handled easily because of 
hydrolysis). 

Hot pressing techniques have been used for sin- 
tering these compositions since it is very difficult 
to obtain full densification of pure a-sialon com- 
positions by pressureless sintering. A comparison 
of the effectiveness of rare-earth sintering addi- 
tives on the densification of a-sialon ceramics has 
been recently reported elsewhere.‘* 

The measured density of the hot-pressed sam- 
ples showed a linear increase with increasing rare 
earth content as expected; the results are given in 
Table 2. 

3.2.1 Ln4 compositions 
The relative amounts of w and /3-sialon phases 
after sintering and heat-treatment were established 
by XRD and the results are presented in Table 3 
and Fig. 9. In all sintered samples, a-sialon is the 
predominant phase and no other crystalline 
phase(s) appeared in the grain boundaries. Although 
all starting compositions aimed to produce 100% 
cy-sialon, only Dy,O, and Yb203 additions gave 
results close to the designed composition, while 

% o(- sialon 
100 

60 

0 

0 166 336 

Time (h) 

504 672 

+ Nd4 - Sm4 * uy4 - Yb4 

Fig. 9. cu-Sialon content of Ln4 composition, expressed in 
terms of heat-treatment time. 

Nd,O, and Sm203 additions gave only ~50% and 
= 75%, cy-sialon respectively. Since weight losses 
during hot pressing were negligible and the surface 
oxides on the S&N4 and AlN were taken into 
account during preparation, the chemical instabil- 
ity of Nd- and Sm- a-sialon must be explained in 
terms of ionic size and therefore further work is 
needed to establish the extent of the a-sialon- 
forming regions in these systems. 

X-ray results of heat-treated samples showed 
that a-sialon, P-sialon and 21R are the predom- 
inant phases. In addition, Ml-phase in the 
neodymium and samarium systems; and garnet+J 
phases in the dysprosium and ytterbium systems 
were observed with an increasing amount of 
(Y + p sialon transformation occurring along the 
lines of eqn (4). 

It is very clear from the results that neodym- 
ium and samarium cY-sialons readily undergo this 

Table 3. X-ray results of sintered and heat-treated Ln4 samples 

Sample HT time (h) cd (X) p’ (N) Other 

Sm4 Sint s(70) 
24 m(45) 
168 0 
720 0 

Dy4 Sint 
24 
168 
720 

vs(95) 
vs(95) 
s(86) 
~(18) 

vs(91) 
s(86) 
~(78) 
vw( 10) 

Nd4 Sint m(W 
24 mw( 15) 
168 0 
720 0 

YB4 Sint 
24 
168 
120 

m(W 
~(85) 
vs( 100) 
vs( 100) 

mw( 30) 
m(55) 
vs( 100) 
vs( 100) 

vw(5) 
vw(5) 
w(14) 
~(82) 

vw(9) 
w(14) 
mw(22) 
s(90) 

2lR(w) 
21R(w), M’(w) 
2lR(mw), M’(mw) 
2lR(mw), M’(m) 

2lR(w) 
2lR(w), M’(w) 
2lR(mw), M’(mw) 
2lR(mw), M’(m) 

2lR(w) 
2lR(w), G(vw), J(vw) 
2 1 RW, G(w), J(W) 
21 R(w), G(mw), J(mw) 

2lR(w) 
2 1 R(w), G(vw), J(vw) 
21R(w), G(w), J(w) 
2lR(w), G(mw), J(mw) 

Note: for X-ray peak intensities, s = strong, m = medium, w = weak, v = very; numbers in parentheses are relative percentages of 
LY- and p-sialon phases. a’ and /r = (Y and psialons; 21R = sialon polytypoid; M’ = N-melilite solid solutions (Ln2Si,__~l,03+,N,,~); 
G = LqAl,O,*; J = Ln&O,Nz. 
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Table 4. X-ray results of sintered and heat-treated Ln.5 samples 

Sumplu HT time (h) a’( I%,) P’(N) Other 

Nd5 Sint vs(97) vvw( 3) 2lR(w) 
24 ~(81) w(19) 2lR(w), M’(w) 
168 vw(8) ~~(92) 2 1 R(mw), M’(m) 
720 0 vs (100) 21 R(mw), M’(ms) 

Sm5 Sint vs( 100) 0 2lR(w) 
24 vs( 100) 0 2 1 R(w), M’(vvw) 
168 m(55) m(45) 2lR(mw), M’(w) 
720 0 vs( 100) 2 1 R(mw), M’(mw) 

DYE Sint vs( 100) 0 2lR(vw) 
24 vs( 100) 0 2lR(w), M’ (vvw) 
168 vs( 100) 0 2lR(w), M’ (VW) 
720 vs( 100) 0 2lR(w). M’ (w) 

Yb5 Sint vs( 100) 0 - 
24 vs( 100) 0 G(vvw), J(vw) 
168 vs( 100) 0 G(vw), J(W) 
720 vs( 100) 0 G(mw), J(mw) 

Note: for X-ray peak intensities, s = strong, m = medium, w=weak, v = very; numbers in parentheses are relative percentages of 
(Y- and psialon phases. cr’ and p’ = a and psialons; 2lR=sialon polytypoid; M’=N-melilite solid solutions (Ln,Si,,Al,~O,+,~N,,); 
G=Yb,AI,O,,; J=Yb,Si,O,N,. 

reaction. Although these additives produce M’- 
phase, which is an excellent grain-boundary phase 
for (Y- and a-j3 sialon ceramics at very high tem- 
peratures (1 600°C),‘3 M’ formation is unfortunately 
accompanied by further cy + p sialon transfor- 
mation which increases the amount of liquid 
phase present in the final ceramic. Therefore, in 
the neodymium and samarium compositions the 
cw-sialon content gradually decreased as the heat 
treatment time increased and a-sialon had com- 
pletely disappeared in both systems after 168 h 
(one week) at 1450°C. At the same time, the 
amount of Ml-phase also increased even after the 
complete disappearance of a-sialon. 

It is also clear from these results that the 
cu-sialon phases in all these systems are unstable 
relative to p-sialon at 1450°C but the rate of 
transformation varies markedly in the different 
systems. Thus, in the case of Dy- and Yb-systems, 
cr-sialon was more stable than in the Nd- and Sm- 
systems, and after heat treatment for 168 h very 
little transformation is observed. However, the rate 
of transformation is nevertheless still on-going, 
and only = 10 and ~20% cY-sialon remains in 
Yb- and Dy-samples respectively after 720 h (one 
month) of heat-treatment. In contrast, in the Nd- 
and Sm-systems, all the cx-sialon phase had disap- 
peared after one week (168 h) heat-treatment. The 
rate of transformation increases with the size of 
rare earth additive, and to some extent this is due 
to the fact that more 1iqui.d phase remains in these 
samples after cooling from the original sintering 
temperature. As already noted from the microstruc- 
tures of these samples, the shape of residual glassy 
pockets in the high Z-samples is much more 

nearly spherical than in the low Z-samples, indi- 
cating improved wettability in the latter systems,14 
which is certainly another parameter promoting 
more rapid transformation. In the case of Dy- and 
Yb-systems, an additional factor is the very small 
number of p-sialon grains remaining after sinter- 
ing, which then act as nucleation sites for the 
transformation. This point is discussed further in 
the next section. 

3.2.2 LnS compositions 
The results of sintered and heat-treated samples 
are given in Table 4 and Fig. 10. As seen from the 
table, 100% a-sialon, as designed, can be obtained 
for the sintering additives Sm,O,, Dy,O, and 
Yb,O,. Although a-sialon was still the predomi- 
nant phase when Nd,O, was used as the sintering 
additive, some 3% P-sialon phase was also 
observed. The results also show that after prolonged 

% w -sialon 

looI 
80 

60 

:j \) 
0 168 336 504 672 

Time (h) 

- Nd5 - Sm5 - Dy5 * Yb5 

Fig. 10. cY-Sialon content of Ln5 composition, expressed in 
terms of heat-treatment time. 
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Fig. 11. Changes in unit cell dimensions of cu-sialon phases with heat-treatment time for the samples of (a) Yb5, (b) Dy5, (c) Sm5 
and (d) Nd5. 

heat-treatment at 1450°C there is a clear difference 
between the two groups (high and low atomic 
number) of rare earth sintering additives. 

cY-Sialon is the only matrix phase observed 
when Dy,O, and Yb,03 are used as additives; M’ 
and J + garnet form respectively as the crystalline 
phases in these systems after heat treatment. Even 
after 720 h of heat-treatment at 1450°C no (Y + /3 
sialon transformation was observed. The only 
change was a small increase in the amount of crys- 
talline phases as a result of a decrease in the 
cY-sialon unit cell dimensions during the first seven 
days of heat treatment; this latter trend stopped 
(see Fig. 11). The equation for this reaction is as 
follows: 

a,-sialon + 21 R + liquid + a,-sialon + 21 R 
+ crystalline phase(s) (M’ or J+G) (5) 

where (Y~ is more dysprosium- or ytterbium-rich 
than (Ye. 

Although there was a clear sign of improvement 
in the thermal stability of neodymium and samar- 
ium a-sialons as compared with the results for 
a-sialon compositions with m = 1 and n = 1.7 (Ln4 
composition), the amount of a-sialon gradually 

decreased as the heat-treatment time increased 
and there was no cY-sialon observed at the end of 
720 h at 1450°C in both systems with an increas- 
ing amount of M’-phase as (Y + p sialon transfor- 
mation proceeded. In all systems, the composition 
of a-sialon also shifted towards lower rare earth 
contents but in Nd- and Sm-systems, the final 
cu-sialon product transformed to p-sialon. The 
transformation reactions for these types of compo- 
sition for large ionic size rare earth oxides are: 

a,-sialon + L, + 21R 
+ a2-sialon + /?-sialon + M’ + 21R + L, (6) 

followed by: 

a,-sialon + p-sialon + M’ + 21R + L, 
+ p-sialon + M’ + 21 R + (L3) (7) 

The microstructures of as-sintered and heat- 
treated Nd5 and Dy5 samples are shown in Fig. 
12; the contrast between the p-sialon matrix for 
neodymium and the almost pure cw-sialon matrix 
for dysprosium is clearly apparent after 168 h heat 
treatment at 1450°C although their sintered SEM 
micrographs are very similar. Another effect 
which comes out clearly from the micrographs is 
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that the small residual glassy pockets in the dys- 
prosium sample take on a distinctly spherical 
shape and are all of very similar size; moreover, 
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they are obviously not located at the grain bound- 
aries between a-sialon grains. Clearly the residual 
liquid phase in this sample is not wetting the 

0-4 

NdSG20 

YbSGlO 

NdSGlO Sint ms(77) mw(23) 21R(w), M’(w) 
24 m(53) m(47) 21R(w), M’(mw), A(mw) 
168 0 vs( 100) ZlR(mw), M’(m), A(m) 
720 0 vs( 100) ZlR(mw), M’ (ms), A(m) 

Sint ms(65) mw(35) 2lR(w), M(mw) 
24 m(48) m(52) 21R(w), M’(m), A(mw) 
168 

: 
vs( 100) 2lR(mw), M’(ms), A(m) 

720 vs( 100) 21R(mw), M’(vs), A(ms) 

Sint vs(100) 0 2 1 RW9, J(w) 
24 vs( 100) 0 ZlR(vw), G(mw), J(mw) 
168 vs( 100) 0 2lR(w), G(m), J(m) 
720 vs( 100) 0 21R(mw), G(m), J&N 

YbSG20 Sint vs(100) 0 ZlR(vw), J(mw) 
24 vs(lOQ 0 2 1 R(W, G(m), JO@ 
168 vs( 100) 0 21R(w), G(m), J(ms) 
720 vs( 100) 0 21R(mw), G(m), J(s) 

Note: for X-ray peak intensities, s=strong, m=medium, w=weak, v=very; numbers in parentheses are relative percentages of (Y- 
and p-sialon phases. a’ and @ = a and /3+ialons 21R=sialon polytypoid; M’=N-melilite solid solutions (Nd,Si,.,Al,O,+,N..,); 
G=Yb,Al,O,,; J=Yb,Si,0,N7, A=NdAIO,. 

Fig. 12. Back-scattered SEM micrographs of as-sintered samples of (a) Nd5, (b) Dy5 and after heat-treatment at 1450°C for 168 h 
(c) Nd5, (d) Dy5. 

Table 5. X-ray results for sintered and heat-treated Nd5 and Yb5 samples with 10% and 20% of extra glassy phase 

Sample HT time 
(h) 

cl’(%) P’(X) Other 
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grains, and as a result, the boundaries between boundaries between p-sialon grains. The more 
adjacent cY-sialon grains are almost invisible, wetting nature of the liquid phase in low atomic 
giving the matrix a very uniform appearance. In number rare earth sialon samples may be an addi- 
contrast, the neodymium sample, even though tional factor influencing the greater extent of (Y -+ p 
there is much more second phase (because of (Y + /3 sialon transformation in this sample. 
sialon transformation), the shape is more angu- In Section 3.1, the effect of the amount and vis- 
lar, and the location of glassy pockets follows cosity of the liquid phase in promoting (Y + p 

% 0! -sialon 
sialon transformation has been clearly shown by 
adding extra glass powder to the starting composi- 
tion. To further observe this effect, 10% and 20% 
of glass powders with an overall composition 
Ln:Si:Al = 1: 1: 1 and 0:N = 6: 1 were also 
added to the Nd5 and Yb5 starting compositions. 
X-ray results of the final products after sintering 

20 - and heat-treatment are given in Table 5 and Fig. 
13. The amount of a-sialon reduced to 77% with 

0 24 46 72 96 120 144 166 loo/o of glass powder addition and 65% with 20% 
Time (h) of glass powder addition to the original Nd5 com- 

I I 

- Nd5 * NdBGlO - Nd5G20 
I 

position, which gave 97% a-sialon under similar 

* Yb5 * YbSGlO - Yb5G20 
conditions (see Table 4), with significant amount 
of M’-phase also observed after sintering. The rate 

Fig. 13. cu-Sialon content for Nd5 and Yb5 samples with 10% of transformation and also the amount of M’- 
and 20% of glassy phase varying heat-treatment time at 1450°C. phase produced increased during heat-treatment 

(a) (W 

(c) (d) 

Fig. 14. Back-scattered SEM micrographs of fast-cooled samples (a) 90% Nd5 + 10% glass, (b) 80% Nd5 + 20% glass, (c) 90% 
Yb5 + 10% glass, (d) 80% Yb5 + 20% glass and samples after heat-treatment at 1450°C for 168 h (e) 90% Nd5 + 10% glass, 

(f) 80% Nd5 + 20% glass, (g) 90% Yb5 + 10% glass, (h) 80% Yb5 + 20% glass. 
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similar to previous observations for the Yb3 sam- 
ple containing excess glass. However, additions of 
the same glass powder to the Yb5 sample did not 
show the same effect and even after 720 h (one 
month) of heat treatment, there was no sign of 
any transformation. The only difference in the 
Yb5 sample with extra glass additions was that 
the amount of crystalline phases (garnet and 
J-phase) increased with increasing heat-treatment 
time. In addition, in all samples containing excess 
glass, unit cell dimensions of a-sialon slightly 
decreased during the first seven days of heat-treat- 
ment. Further details are given elsewhere.15 

Back-scattered SEM images in Fig. 14 also clearly 
showed that there was no effect on the amount 
and viscosity of the liquid phase in the ytterbium 
sample. This important difference can be explained 
in terms of the absence of /3-sialon grains after 
sintering. Even a very small number of p-sialon 
grains (for example only 5% in the Yb4 sample), 
act as nucleation sites for a, 2 p sialon transfor- 
mation. 

To understand whether p-sialon grains play a 
key role in promoting the transformation, 10% 
/3-sialon with a z value of 0.8 (Si5.2A10.800.8N7.2) 
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was added to the Ybl sample and material 
prepared in exactly the same way as described in 
Section 2. The X-ray results showed that 90% cy- 
and 10% /3-sialons were obtained after sintering as 
intended. The z value of j3-sialon was also found 
as ~0.8. Subsequent heat-treatment steps were car- 
ried out at 1450°C for 72 h and 168 h to observe 
(Y + p sialon transformation. After the heat-treat- 
ment cycles, 25% and 52% /3-sialon were observed 
respectively. The back-scattered SEM images of 
sintered and heat-treated samples (see Fig. 15) 
confirmed that the presence of p-sialon grains is 
very important and these grains might possibly act 
as a nucleation site for the (Y + p sialon transfor- 
mation. The amount and viscosity of liquid then 
become important factors and the overall reaction 
is very similar to eqn (4). 

However, this explanation is only true for small 
ionic size sintering additives (Dy,O, and Yb,O,) 
and in the case of large ionic size sintering addi- 
tives (Nd,03 and Sm,03), transformation can pro- 
ceed without any P-sialon nucleation sites but is 
kinetically more favourable if they are present. 
More details of this work are given in a separate 
publication.‘6 

(e) 

Fig. 14. Cont. 

0) 
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From these observations, it is clear that because 
of (Y + /3 sialon transformation care must be exer- 
cised in the use of composite a-P sialon materials 
at elevated temperatures, although those materials 
show an excellent combination of mechanical 
properties between room temperature and = 1000°C. 

4 Conclusions 

A combination of extensive X-ray and microstruc- 
tural observations on sintered and heat-treated 
rare-earth-densified mixed a-P sialon and cu-sialon 
ceramic composites has shown that: 

(4 (W 

Fig. 15. Back-scattered SEM micrographs of Yb5 sample with 10% psialon addition (a) as-sintered, (b) 72 h heat-treated and 
(c) 168 h heat-treated at 1450°C. 

Table 6. Mechanisms influencing LY 2 /3 sialon transformation 

Sample 0 : N ratio 
(%) 

Sintering 
additive 

(Y + p Sialon 
transformation 

Ln 
cation 

size 

Driving force 

Amount and 
viscosity of 

liquid 
phase 

p-sialon 
nucleation 

sites 

Lnl 13.7 

Ln2 10.6 

Ln3 9.12 

Ln4 11.88 

Ln5 10.34 

Nd203 or Sm,O, 
Dy,Os or Yb,O, 

Nd203 or SmzO, 
Dy,O, or Ybz03 

Nd203 or Sm,O, 
DyzO, or Yb,O, 

Nd203 or SmzO, 
Dy,03 or Yb?O, 

Nd203 or Sm,O, 
Dy,O, or Yb*O, 

J 
J 

J 
J 

:: 

J 
No 

JJJ 
No 

JJJ 
No 

JJ/ 
No 

JJJ 
No 

JJJ 
No 

JJ 
JJJ 

JJ 
JJJ 

JJ 
JJJ 

JJ 
JJ 

JJ 
No 
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(l)The cy-sialon composition in mixed (Y-P sialon 
materials is always located at the edge of the 
cy-sialon phase region and is less stable with 
respect to (Y + p sialon transformation than in 
single phase a-sialon materials prepared with 
compositions within the a-sialon phase region. 

(2) In a-p-sialon starting compositions the ease 
with which the transformation proceeds depends 
mainly on the amount and viscosity of liquid 
phase present during heat-treatment. 

(3) In a-sialon starting compositions prepared 
within or at the edge of the a-sialon phase 
region, the ease with which transformation 
proceeds depends ma:inly on the cation size of 
the sintering additive, the presence of p-sialon 
grains and also the .amount and viscosity of 
liquid phase present during heat treatment. 

3. 

4. 

5. 

6. 

7. 

The overall results can be summarized as shown 
in Table 6, where increasing numbers of ticks indi- 
cates the more dominant mechanism influencing 
(Y 2 p sialon transformation. 

8. 

9. 
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