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Abstract

R-o'-B'-Sialon (R = Sm, Gd, Dy, Y and Yb) com-
positions with a nominal 1:1 weight ratio of o and
B' have been prepared. Nearly fully dense o'
B'-sialon materials were obtained by pressureless
sintering at 1800°C. The phase distribution was de-
termined by both X-ray diffraction and image anal-
ysis of SEM micrographs. The atomic number of
rare earth elements has a significant effect on the
phase distribution. With increasing atomic number
the ratio o//(a'+ B') increases and the amount of
liguid phase decreases. The influences of rare earth
elements on the microstructure and wmechanical
properties were also studied.

Es wurden R-o'-f'-Sialon-Komposite (R = Sm,
Gd, Dy, Y und Yb) mit einem nominellen
Gewichtsverhdltnis von o and B von 1:1
hergestellt. Durch druckloses Sintern bei 1800°C
konnte nahezu die volle Dichte der o'-B'-Sialone
erreicht werden. Die Bestimmung der Phasen-
verteilung erfolgte mit Hilfe von Rontgenbeugung
und Bildanalyse der SEM-Aufnahmen. Die Atom-
zahl der seltenen Erdelemente hat einen bedeu-
tenden EinfluB auf die Phasenverteilung. Mit
zunehmender Atomzahl nimmt das Verhdltnis
o/(a'+B') zu und die Menge an fliissiger Phase ab.
Weiterhin wurde der EinfluB der seltenen Erdele-
mente auf das Geflige und die mechanischen Eigen-
schaften untersucht.

On a préparé des sialons R—a'-' (R = Sm, Gd,
Dy, Y et Yb), ou les phases o' et B' sont en rapport
massique de 1:1. On a obtenu des sialons o'—f'
presque totalement denses par frittage naturel a
1800°C. On a déterminé la distribution des phases
par diffraction X et analyse des micrographies
obtenues au MEB. Le rapport o'/a'+ ' croit avec le
numéro atomique, alors que la quantité de phase

liquide diminue. On a également étudié linfluence
des terres rares sur la microstructure et les pro-
priétés mécaniques.

1 Introduction

Si;N,-based ceramics are promising materials for
high temperature engineering applications.'
Oxide additives are usually used to promote
densification by forming a liquid phase with the
SiO, on the surface of Si;N, powder. The liquid
phase, however, remains as glassy phase at grain
boundaries after cooling and usually causes deteri-
oration of the high temperature properties of the
materials. In order to alleviate the problem, one
effective approach is to reduce the amount of in-
tergranular phase by forming a transient lhquid
phase. Sialon ceramics provide the possibility to
produce a transient liquid phase, especially o'-
sialon. This is because a-Si;N, structure contains
two large isolated interstices where some large
metal ions can be accommodated to form «'-
sialon. The general formula of «'-sialon is repre-
sented as M,Si)5,n4AlLy,OxNig.,, Where m(Si-N)
are substituted by m(Al-N), n(Si-N) by n(Al-O),
and the valency discrepancy introduced is com-
pensated by metal ion M. The elements M which
have been reported to form o'-sialon are Li, Ca,
Mg, Y and R (Nd, Sm, Gd, Dy, Er and Yb).**
The advantage of multiphase o'-3'-sialon over
single-phase sialon materials is that the mechanical
properties can be tailored, because they can
combine high fracture strength of B'-sialon with
good hardness of a o'-sialon. Multiphase ceramics
can also take an advantage from tailored micro-
structures, for example, equiaxed o'-sialon grains
can be mated with elongated f'-sialon grains
to form a toughened texture. On the other
hand, «'-B'-sialon compositions are easier to
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densify than o'-sialon compositions alone because
the former combinations have slightly lower
nitrogen contents. Therefore, more attention
has recently being focused on o'-B'-sialon
materials.’

The phase relationships in the Y-Si-Al-O-N
system have been reported.® On the Si;N,~ALO;:
AIN—YN : 3AIN plane there exists a o
two-phase region. The boundary of ao'-sialon
region facing B-sialon extends from m = 1.3,
n=0tom=1,n=1.7 and the B'-sialon region
compatible with «'-sialon is restricted from
By(Z = 0) to B,(Z = 0.8). The boundaries of
R-o/'—B'-sialon have not been determined. How-
ever, Huang et al.® reported that the solubilities of
the rare earth ions in «'-sialon with the composi-
tions along the line S;;N,~R,O;:9AIN increase,
while the ionic radius of rare earth ions gets
smaller, and for Yb ion the limit of solubility has
a value of x,,, = 1.0.

The present work reports the densification
behaviour, phase distribution, microstructural
features and some mechanical properties of the
R-a'-B'-sialon (R = Sm, Gd, Dy, Y and Yb).

2 Experimental

The starting powders used were Si;N, (laboratory
made, 1.5 wt % O), AIN (laboratory made, 1.5wt
%0), ALO; (99.95%) and rare earth oxides
(Sm,0,;, Gd,0,;, Dy,0; Y,O; and Yb,0; all
99.9%). The R-a'-B-sialon compositions con-
taining 50 wt% B'—sialon (Sis,Aly3OysN;,) and
50 wt % a'-sialon (R 13519 3Al,,0, /N 43, R = Sm,
Gd, Dy, Y and Yb), as listed in Table 1, were pre-
pared. The oxygen contents of the silicon nitride
and the aluminium nitride powders were taken
into account in computing the composition. The
mixtures of powders were milled in absolute alco-
hol for 24h in an alumina jar using silicon nitride
media. After drying, the powder mixtures were
die-pressed into test bars under 20MPa, and then
cold isostatically pressed under a pressure of
200MPa. The pressed compacts were embedded in
a protective powder bed (Si;N, + AIN + BN) in a
graphite crucible, and sintered at 1800°C for 2.5 h
under flowing nitrogen.

Table 1. Weight percentages of starting materials

Rare Si3N4 AIN A1203 Sm203 Gd203 Dy203 Y203 Yb203
earth

Sm  79.100 10.505 5.099 4.750

Gd 78.967 10.477 5.091 4.920

Dy 78.866 10.456 5.086 5.047

Y 80.332 10.762 5.168 3.183

Yb 78.666 10.414 5.074 5.303

Bulk density of the specimens was determined
using the Archimedes principle. The Vickers hard-
ness (Hy10) and indentation fracture toughness
Kic were measured by using a Vickers diamond
indenter under 10 kg’ Phase distributions were
determined by both X-ray diffraction technique
(for crystalline phases) and image analysis of SEM
micrographs (back-scattering mode). A Kontron
IBAS KAT386 image processing system on-line
with the Cambridge 360 was used for image ana-
lysis. For each sample five photographs (X3000)
were selected to be treated. Microstructure was
also observed by scanning microscopy.

3 Results and Discussion

3.1 Densification behaviour

All the o'-B'-sialon compositions studied have a
weight loss less than 2 wt % after sintering at
1800°C and the bulk density can exceed 98% of
the theoretical value (Fig. 1). The Sm-a'-8'-sialon
composition has the highest relative density (99%)
and the Gd- and Dy-sialon compositions have
slightly lower values. The dependence of atomic
number (Z value) of rare earth elements on the
densification behaviour is not very obvious. The
amount of liquid phase and its viscosity are the
main elements to effect the densification process.
However, knowledge of the liquid-phase forma-
tion in the R-Si-Al-O-N system is too scarce to
be used to understand its effect on the densifica-
tion behaviour. Recent work on the phase rela-
tionships in the Sm-Si-Al-O-N system indicates
there exists a rather big liquid-phase region with a
nitrogen content up to 40 equivalent %. The
phase distribution determined in the present work
also indicates that the Sm-sialon composition
contains the highest content of liquid phase, as
described later. Therefore, the relatively larger
amount of liquid phase in the Sm-sialon composi-
tion could be the main reason for attaining a
higher density.
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Fig. 1. Effects of different rare earth elements on the density
of R—a'-fB'-sialons.
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Fig. 2. SEM photograph (back-scattering mode) of Y-a'-
B'-sialon.

3.2 Phase distribution

XRD analysis shows that the only crystalline
phases in the samples are o'-sialon and f'-sialon,
and the intergranular phase exists in the glassy
state. As is known, all rare earth ions smaller than
Nd** can enter the o'-sialon structure, whereas
the B'-sialon does not incorporate any such large
cations. Based on the detectable contrast shown
by different phases—a', B and liquid phase—
under back-scattering mode, their volume frac-
tions can be determined. In the present case, the
scattering intensities are directly relevant to the
concentration of the rare earth ions in each phase.
Under the experimental conditions used, the con-
centration of the rare ions in the glassy phase is
higher than that in the «'-sialon phase. Figure 2 is
a typical micrograph of the R—a'-#'-sialons under
back-scattering mode.

The largest amount of dark grey grains are the
B'-sialon phase, the bright areas are the glassy
phase and a'-sialon grains are those with the light
grey shade. The phase distributions in as-sintered
specimens obtained by both X-ray diffraction and
image analysis of SEM micrographs are listed in
Table 2 and are also represented in Fig. 3 and 4.
As expected, there is no big difference between
these two approaches. As shown in Table 2, the
phase ratio a/(a'+f') in the as-sintered specimens
is lower than the expected value of 0.5 and, with
increasing Z value of the rare earth elements, the
a'/(a'+f) ratio increases. This phenomenon is
similar to previous work'® and that observed by
Ekstrém et al.'' Obviously, smaller rare earth
cations are more easily accommodated in the o'-

Table 2. Phase contents (vol.%) of different sialons obtained
from XRD analysis and image analysis

Samples Sm—-  Gd- Dy- Y- Yb-
Sialon Sialon Sialon Sialon Sialon

XRD analysis

alla + B) 006 0.11 0.16 0.19 0.21
Image analysis
alla + B) 0.10 0.3 019 022 0.24

Glassy phase (vol.%) 1290 10.70 10.00 8.3 7.1
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Fig. 3. Volume percentage of o'-, B'-phase and the a'/(a'+f3")
ratio in R—a'-f'-sialons.

sialon structure, leaving less in the liquid phase at
the grain boundaries. The Sm-sialon composition
has the lowest content, 7%.

3.3 Microstructure

The typical microstructure of the R-o'-f'-sialon
compositions (R = Sm, Gd, Dy, Y and Yb) are
shown in Fig. 5. the influence of rare earth ele-
ments on their microstructure is detectable. The
microstructures of Sm- and Gd-sialons are
composed of finer grains with relatively large
amount of intergranular glassy phase. With an
increasing atomic number of the rare earth
elements, the crystallites grow into larger grains
for reasons not yet very clear. Dy- and Y-sialons
seem to have rather perfect microstructures which
are composed of elongated grains and equiaxed
grains with smaller amounts of glassy phase. A
certain amount of liquid phase is a necessary envi-
ronment for crystallites to grow into anisotropic
and faceted morphology. The thicker B' grains
with lower aspect ratio in the Yb-sialon composi-
tions may be attributed to the characteristics and
the amount of the liquid phase. Further study on
the kinetics of B'-phase growth is needed.

3.4 Mechanical properties
The hardness and fracture toughness of the
R-a'-B'-sialon compositions are represented in
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Fig. 4. Effects of different rare earth elements on the glassy
phase volume in R-a'-f'-sialons.
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Fig. 5. Scanning electron micrographs of R-a’-B-sialon materials. The rare earth elements used are: (a) Sm, (b) Gd,
(c) Dy, (d) Y, (e) YD.
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Fig. 6. Vickers hardness (Hyl0) and identation fracture
toughness (K;c) of o’—fB'-sialon as a function of the ionic
radius of rare earth elements.

Fig. 6. Apparently, the dependence of the mech-
anical properties on Z value of rare earth elements
is closely related to the phase compositions, be-
cause «'-sialon possesses a significantly higher
hardness and B'-sialon has a reasonably higher
fracture toughness. In the Sm-sialon composition,
the lower ratio of o/(a'+B') results in a higher
fracture toughness and a lower hardness. The
Yb-sialon composition, with the highest ratio of
a/(a'+B') in the series, has the highest hardness
and the lowest fracture toughness. Beside the
phase compositions, the relative density and the
microstructure must have some influence on the
properties. However, in the present case, the main
factor to influence the hardness and fracture
toughness seems to be the a'/(a'+p') phase ratio in
the compositions.
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4 Conclusions

(1) o/~B'-Sialon compositions using rare earth
oxides Sm,0;, Gb,0;, Dy,0;, Y,0; and
Yb,0; as ‘modifying cation’ resources can
be sintered above 98% theoretical density
by pressureless sintering.

(2) The ionic size of rare earth elements has a
significant effect on the phase compositions.
With an increasing atomic number of the
rare earth elements, the phase ratio
o'/(a'+ ') increases from 0.1 to 0.24 and the
fraction of liquid phase formed under the
present sintering conditions decreases from
13% to 7%.

(3) The mechanical properties of R-a'-f'-sialon
ceramics are relevant to the phase composi-
tions. The Sm-sialon compositions, with
a lower ratio of o'(a'+B'), has a higher
fracture toughness, while the Yb-sialon
composition, with a higher value of o/(a’'+8)
ratio, gives a higher hardness.
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