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Abstract

The compositional range of O'-sialons, Si,_ Al
N, O, .. has been investigated for different pre-
parative conditions. Samples made by pressureless
sintering with and without additions of yitria,
covering « compositional range corresponding to
004 <x <060 in the O-sialon formula were
compared. The compositions were analyvsed by
monitoring the change in unit cell dimensions along
the compositional range, by calculating interatomic
bond distances and site occupancies in the O'-sialon
using Rietveld refinements and by EDX analysis. The
possible inclusion of vitrium atoms in the Q'-sialon
structure was investigated by EDX analvsis and X-ray
diffraction and the preferred growth directions of the
crystals were determined. A maximum of = 10% of
the silicon atoms were found to be replaced by
aluminium in the vitrium-free samples and > 20% in
samples  prepared with additions of vttria as a
sintering aid. The amount of yvtrrium in O'-sialon
crvstals was found to be very low, <I-5wit%.

Der Zusammensetzungsbereich von O'-Sialon-Kera-
miken, Si, (AI.N,_.O,, .. wurde fiir verschiedene
Herstellungsbedingungen untersucht. Es wurden
Proben miteinander verglichen, die mittels drucklosen
Sinterns, mir und ohne Zugabe von Yttriumoxid,
hergestellt wurden, wobei ein Zusammensetzungs-
bereich entsprechend der O'-Sialon-Formel von
0-04 < x <060 betrachtet wurde. Die Zusammense!-
sungen wurden bestimmt, indem die Anderung der

Abmessungen der Einheitszelle entlang des Zusam-
mensetzungshereiches verfolgt wurde. Dies geschah
mittels Berechnung der interatomaren Bindungs-
abstinde und der Gitterplatzbelegung in O'-Sialon,
wobei  Rietveld-Verfeinerung und EDX-Analvsen
herangezogen wurden. Der maogliche Einbau von
Yitrium-Atomen in der O'-Sialon-Struk tur wurde mit
Hilfe von EDX-Analysen und Réntgenbeugung unter-
sucht. Des weiteren wurden die bevorzugten Wach-
stumsrichtungen der Kristalle hestimmt. In Yitrium-

freien Proben werden Silizium-Atome bis —u hoch-

stens 10% durch Aluminium substituiert. Bei der
Zugabe von Ytrriumoxid als Sinterhilfe konnen mehr
als 20% ersetztwerden. Der Gehalt an Yttrium in den
O'-Sialon-Kristallen ist sehr gering ( < 15 Gew.% ).

Un domaine de composition d'O’-sialons, Si,_ Al
Ny Oy, ¢té étudié pour différentes conditions
de  préparation. Des  échantillons  frittés sous
pression normale avec et sans addition d’yitrine
dans un domaine de composition correspondant a
0-04 < x < 0-60 duns la formule des O'-sialons ont été
comparés. Les compositions ont 6té analvsées en
controlant le changement de dimension des para-
metres du réseau, en calculant les distances interat-
omiques de liaison et 'occupation des sites dans I'O'-
stalon par raffinage Rietveld et par EDX. La possible
intrusion d'atomes d’yttrium dans la structure O'-
stalon a été étudiée par EDX et diffraction de ravon X,
et les directions préférentielles de croissance des
cristaux ont été déterminées. Un maximum d'environ
10% d'atomes de silicium remplacés par de
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Ualuminium a été trouvé dans les échantillons ne
contenant pas d'yttrium et plus de 20% dans les
échantillons contenant de I'yttrium comme agent de
frittage. La quantité d’yttrium trouvé dans les cristaux
d'O'-sialon est trés faible ( < 1'5wt% ).

1 Introduction

In the phase system Si;N,-SiO,-Al,O;-AIN
several regions of solid solubility have been es-
tablished, e.g. the ff'-sialon, the O’-sialon and the
sialon polytypoids.! The existence of phases with
varying stoichiometry is important in the design of
phase compositions in many sialon materials. While
the phase region for the fi'-sialons, Sig _ . Al.Ng _,O_,
with 0 <z <42, has been systematically studied with
respect to temperature and pressure,?”® the situ-
ation for the O'-sialons, Si, - AlLN, _ O, is less
clear. The data now available from different
investigations show a considerable scatter*” ~ 15 and
it is likely that differences in preparation conditions
are responsible for the large variations observed.

The preparation of sialon materials generally
requires the presence of a transient liquid, from
which the sialon grains precipitate.'? It is common
to add sintering aids, e.g. Y,0; or MgO, to the
powder mixture used, in order to reduce the melting
temperature and to lower the viscosity of the melt.
The use of a lower temperature also reduces the risk
of thermal decomposition of the phases which are
formed.'? Although large cations from the sintering
additives are not usually found in the structure of the
sialon system present in the Si;N,-SiO,-Al,05—
AIN system, the various conditions of preparation
may influence the achievable compositional ranges.
This would probably be more important in the case of
O'-sialons than for f'-sialons, where the sintering
aids are likely to promote the formation of «’-sialon,
thereby leaving the ff'-sialon region and moving out
of the sialon-phase region.!® ~2° The «’-sialon, which
is isostructural with a-Si;N,, accommodates for its
stabilisation additional cations, such as yttrium and
calcium, in the large interstitial sites present in the
structure. In the structures of f’-sialon and O'-
sialon, there are also sites which are large enough to
accomodate large cations, but these sites seem to be
less favourable than those in «'-sialon. Therefore,
also for the formation of O’-sialon, the use of
sintering aids in the preparation is mainly reflected
in the formation of secondary phases,!3-14-21

This work is concerned with the influence of Y, 05
on the possible compositional variations of O'-
sialons. For a comprehensive assessment, a combin-

ation of experimental techniques was used: lattice
parameters were determined from X-ray diffraction
data; crystallographic information was derived from
X-ray, neutron and electron diffraction data; and
compositional analysis was carried out by EDX
analysis in TEM/STEM.

2 Experimental

2.1 The samples

Two main sets of samples were used in this study,
one—set A—with compositions in the phase plane
Si;N,—Si0,-Al,0;-AlIN, and another—set B—also
containing yttrium. The samples were prepared by
mixing «-Si;N,, SiO, xerogel, Al,0O; and, in the case
of set B, Y,O;. Five samples, 1, 2, 3, 4 and 5, were
prepared for set A with different proportions of the
starting powders in order to achieve compositions
corresponding to x =004, 0-10, 0-16, 0-24 and 0-40,
respectively, in the above general formula of O'-
sialons. For set B, seven samples, 6, 7, 8,9, 10, 11 and
12, with compositions corresponding to x = 0-06,
0-12,0-16,0-20, 0-30, 0-40 and 0-60, respectively, were
prepared. The Y,0; added accounted for 5wt%
of the sample and the proportion of SiO, in
the powder mixture was increased for the com-
positions of these samples to become equivalent
to Si, (AILN,_.O,,,.+Y,Si,0,. The powders of
both sets were mixed/milled in an agate ball mill with
ethanol and pressing agents. The dried powder
mixtures were then formed, cold isostatically pressed
at 275 MPa and the remaining ethanol and pressing
agents were driven off at 573 K prior to sintering.
The silica introduced by milling (typically 2-:5% of
the total powder weight) was included in the
compositional balance of the samples. The samples
of set A were sintered at 2093 K for 30 minutes in
a nitrogen atmosphere under a protective powder of
preoxidised Si;N, in a graphite resistance furnace.
For set B, two different sintering conditions were
used to explore the effect of temperature. Samples 6,
8, 11 and 12 were sintered at 1928 K for 2h while
sintering at 1973 K for 30 min followed by a dwell at
1923 K for 2 h was applied to samples 7,9, 10 and 11.
The sinterings of samples of set B were carried out in
a platinum-wound alumina tube furnace. The
samples of set B are henceforth denoted 6L, 8L, 11L,
12L, 7H, 9H, 10H and 11H to indicate whether a
high or low sintering temperature was used.

In addition to these samples, a sample 13 was
prepared from an amorphous powder with a
composition equivalent to that of Si,N,O with
additions of Al,O; and Y,O; (6 and 10wt%,
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respectively). The preparation of the amorphous
powder is described elsewhere.?* No further increase
of the amount of silica was made, except for the
amount of silica eroded during milling from the
agate ball mill. This sample was sintered at 1928 K
for 1 h in a graphite resistance furnace. The most
important data on the preparation of the powder
samples are summarised in Table 1.

2.2 Determination of phase compositions and lattice
parameters

The positions of the diffraction peaks were deter-
mined by the Higg—Guinier film technique, using a
114mm diameter Huber focusing camera with
CukK,, radiation from a sealed X-ray tube which was
monochromatised in a bent quartz crystal. A small
amount of Pb(NO;), was added as an internal
standard. The films were scanned by an optical line
scanner using the evaluation programs Scan3 and
Scanpi7.?* The phase compositions were determined
by comparing the data obtained with data from the
JCPDS database. Distinction between x- and f-
Si;N,. on the one hand, and «- and f'-sialons, on the
other, was made from careful determinations of
lattice parameters which were compared to the unit
cell dimensions determined for a commercial «-
Si;N, powder and f-Si;N, prepared by nitridation
of Siin N,. Data from a 20 diffractometer were used
as a complement to the film data to detect minor
amounts of secondary phases. Here, nickel-filtered
CuK, radiation was used. Lattice parameters were
refined with the least squares program Pirum.?* For
consistency in the calculations of the unit cell

Sample Intended

Table 1. Preparative conditions

dimensions of O'-sialon, the same reflections were
used for all samples.

2.3 Microstructure and composition

The microstructures of samples 1L and 13 were
examined in a Jeol 2000FX TEM/STEM instrument
equipped with a Link Systems AN 10000 EDX
spectrometer. Thin foils of the samples were
prepared from 3-mm cylinders cut from the sintered
bodies using a Gatan ultrasonic disc cutter. The
cylinders were then sliced into 1-mm thick discs and
ground to approximately 150 um in a Minimet
precision grinder. The discs were dimple ground on
one side to an approximate thickness of 20 ym and
ion-beam milled to perforation from both sides at an
angle of 15-. The samples were then coated with a
thin film of carbon. Selected area electron diffraction
(SAED) was used for the identification of crystalline
phases. The results of SAED were coupled to both
elemental analysis as determined by EDX and the
results of X-ray diffractometry. For sample 11L
EDX analysis was carried out on 10 O’-sialon crystals
carefully selected in order to minimise the possibility
of additional cation contribution to the analysis
from the glassy phase in the microstructure. The
compositional analysis of the O’-sialon crystals in
sample 13 is described in an earlier work.?3

2.4 Neutron and X-ray diffraction data for Rietveld
analysis

Samples 2, 3, 4, 10H and 11H were crushed to
powder and leached in hot sodium hydroxide (1 m)
and hot aqua regia to remove any remaining glassy

Starting Sintering Sintering
x-value powders temperature (K) time (M
! 0-04
2 0-10
3 016
4 0-24
5 0-40 SN. SO, AIO 2093 0-5
6L 0-06
8L 016
1L 040
121 0-60 1928 2
TH 012
9H 0-20
10H 0-30
11H 0-40 SN, SO, AIOQ, YO 1973/1923 052
13 012 a-SiINO, AlO, YO 1928 1

SN =2-8i3N, (SN-E-10, UBE, Japan); SO =spray-dried silica sol (Bindsil 15-500, EKA Nobel AB, Sweden);
AlO = Al,0; (APK, Sumitomo, Japan); YO =Y,0; (H.C. Starck, FRG); ¢-SiNO = amorphous silicon

oxynitride.2?
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phase and metal impurities and finally washed in hot
deionised water. Neutron diffraction data for these
five samples were collected at the pulsed neutron
source ISIS, Rutherford—Appleton Laboratory
(RAL), UK, using the Polaris medium resolution
diffractometer,?® further details of which are given
in a separate work.?” For comparison, neutron
diffraction data for sample 10H were also collected
at the reactor source R2 at Studsvik, Sweden. Here, a
20 powder diffractometer equipped with ten de-
tectors separated by 1-36° was used. Data in the
range 14:6° to 125-0° in 20 in steps of 0-08°, with 180's
dwell ateach step, were acquired using neutrons with
a wavelength of 1-484 A. X-ray data for Rietveld
analysis were collected on a STOE powder diffracto-
meter which receives CuK,, radiation from a
rotating anode source. The sample was glued onto a
polymeric film and vertically mounted on the
diffractometer and exposed to the beam in a
transmission mode. Data were collected in the range
10° to 120-62° in 26 in steps of 0-02°.

The neutron diffraction data from the pulsed
source were analysed with the programs TF12LS
and TF15LS,?® which were developed at ISIS to
include expressions for the peak shape intrinsic to
the source. The details of these refinements are
presented elsewhere;?” it should be noted, however,
that the absence of a multiphase version of the
programs prompted the use of an interactive
procedure, where the contributions of the secondary
phases present in the samples were carefully
subtracted from the corrected raw data.

The neutron diffraction data from the R2 reactor
and the X-ray data were analysed with the program
LHPM 1.2°-3° For the neutron diffraction data from
R2, a Gaussian peak shape was assumed, while for
the X-ray data a pseudo-Voigt peak shape was used.
In addition to the O’-sialon, «-Siy;N, and f'-sialon
were included in the refinements which, in the final
cycles for the X-ray data, covered the following
parameters; three intensity-scale factors, six back-
ground parameters, zero point, four peak-shape
parameters, seven lattice parameters (three for the
O'- and two each for the - and f’-phases), seven
atomic coordinates and three isotropic temperature
factors. For the neutron diffraction data the same
parameters were refined except for the zero point
and the ff'-phase lattice parameters. There were only
three peak-shape parameters in this case and, in
addition, one occupancy factor was included. No
preferred orientation or asymmetry parameters
were used. Despite the etching procedure described,
there was a marked contribution from an amorph-
ous component in the X-ray data set, which might

originate from the sample and/or from the film onto
which the sample was mounted. This prevented
refinement of parameters to the whole data set with
analytical expression for the background, and thus,
the low angle data were excluded from the fitting
procedure. Residual electron densities left from the
Rietveld refinements on X-ray data were calculated
by Fourier difference analysis, using the program
Fordup.?!

Results

The phase compositions of all samples are sum-
marised in Table 2. The secondary phases are listed
for each sample in decreasing order of abundance.

They are present in low amounts (<5%) in all

Table 2. Phases other than Q’-sialon found after sintering

Sample Secondary phases
1 %G
2 B, o
3 B, a
4 f,
5 X, (%)
6L xG f
8L o
1L £, X (2)
121 B, X
TH fla
9H f.a
10H fy o (X)
11H £ X, (%)

a=%-Si;N,: f'=f'-sialon (Si,_.AILN,_.0.); X=sialon X-
phase (approx. Si;A,,0,,N,).

Table 3. Lattice parameters determined by Higg-Guinier film

technique
Sumiple a (A) b (A) ¢ (/af) Volume
(4%

Si,N,0%2 8-8850(6)  5-4967(5) 4-8548(3) 237-10(3)
1 8-8807(13) 5-5973(10) 4-8550(6) 237-00(6)
2 8-8934(6)  54984(8) 4-8579(4) 237-56(4)
3 8-8997(9)  54988(7) 4-8588(4)  237-60(4)
4 890527y  54982(6) 4-8582(3) 237-86(4)
5 89112(16) 5-4976(6) 4-8596(4) 237-93(5)
6L 8-8694(12) 54975(10) 4-8542(8) 236-69(6)
8L 8-8919(6)  5-4980(5) 4-8547(3) 237-33(3)
1L 8-9083(18) 55007(11) 4-8566(8) 237-98(8)
12L 89191(16) 54964(12) 4-8583(9) 238-17(10)
7H 8-9013(7)  5-4958(5) 4-8573(3) 237-62(4)
9H 8-8990(5)  5-4980(3) 4-8560(3)  237-59(2)
10H 89137(8)  54965(4) 4-8565(2) 238-01(3)
11H 8:9254(5)  5-4974(3) 4-8593(3) 238-45(2)
13 8-885(1) 5-493(1) 4-852(1) 236-80(6)
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Table 4. Results from Rietveld refinements

45

Coordinates Temperature factor Occupancy
(4% in x
X A ot
ITF B
Polaris data
Sample 2
Si/Al 0-1769(2) 0-1504(3) 0-2810(5) 0-29(2) 0-17(6)
N/O1 0-2182(1) 0-1244(2) 0-6268(4) 0-37(1)
02 0-0000 0-2133(3) 0-2300 0-51(4)
R,=450 R,=384
Sample 3
Si/Al 0-1771(2) 0-1506(4) 0-2808(6) 0-33(3) 0-20(6)
N/O1 0-2182(1) 0-1246(2) 0-6270(5) 0-40(1)
02 0-0000 0-2136(4) 0-2300 0-60(4)
R, =473 R =389
Sample 4
Si/Al 0-1775(2) 0-1496(4) 0-2809(7) 0-31(3) 0-36(6)
N/O1 0-2181(1) 0-1246(2) 0-6270(5) 0-31(2)
02 0-0000 0-2133(4) 0-2300 0-66(5)
R =548 Ry=417
Sample 10H
Si/Al 0-1781(3) 0-1495(5) 0-2803(9) 0-21(4) 0-40(8)
N/O1 0-2183(1) 0-1243(2) 0:6276(7) 0-26(2)
02 0-0000 0:2134(5) 0-2300 0-66(7)
R, =863 Ri=611
Sample 11H
Si/Al 0-1783(3) 0-1497(6) 0-2803(9) 0-22(4) 0-56(8)
N/O1 0-2182(2) 0-1240(3) 0-6270(7) 0-32(3)
02 0-0000 0-2131(6) 0-2300 0-65(8)
R, =570 R,=697
R2 data
Sample 10H
Si/Al 0-1775(6) 0-1495(13) 0-2828(16) —0:05(14) 0-30(8)
N/O1 0-2181(2) 0-1245(6) 0-6292(13) 0-05(7)
02 0-0000 0-2131(10) 0-2300 0-33(18)
R,=661 Ry =276
XRD data
Sample 10H
Si/Al 0-1755(2) 0-1545(4) 0-2790(21) 0-22(7)
N/O1 0-2149(7) 0-1175(15) 0-6275(26) 0-58(19)
02 0-0000 0-2114(13) 0-2300 1-58(25)
R,=452 Ry=185

R, =Z(Y — yeole)/m yebs,
Rl — Z([fhs . IfaIC)Z/Z[l‘:bs.
Ry = Z|Ie> — [eate| /5 obs,

samples except samples 1, 6L and 12L, which are at
either ends of the compositional span in this
investigation. In addition, in all yttrium-containing
samples, considerable amounts of glassy phase were
found. The lattice parameters for the O’-sialon
component of all samples are given in Table 3. The
lattice parameters determined from the material
used in the single-crystal structure refinement is also
included.*? The only major variations between the
samples are observed for the unit cell edge a, which is

plotted as a function of the intended composition for
each sample in Fig. 1.

The crystal data extracted by Rietveld refinements
based on the neutron and X-ray diffraction data are
givenin Table 4. As reported earlier,?” only the bond
length (Si, Al}-O2 is significantly affected by the
change in composition, while all bonds in the planes
perpendicular to the ag-direction of the unit cell
remain unchanged within the statistical error. The
bond lengths are given in Fig. 2 as a function of the



46 J. Sjoberg, C. O’ Meara, R. Pompe

8.930 7
[ J
8.920 3 ]
¢ +
= 8.910 3 0o
oet! +
~ 3 ®
s 3.900 + o
@ +
T 889 ©
= + + Samples -5
¢ 8.880 7% o Samples 6L, 8L, 11L & 12L
= ® Samples 7H, 9H, 10H & 11H
= 88707 o
st
8.860 MM AR LA T T i

000 0.10 020 030 040 0.50 0.60

x in  Si(2-x)Al(x)N(2-x)0(1+x)

Fig. 1. Lattice parameter « versus composition (in v) as
calculated from the powder mixtures.
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Fig. 2. Bond lengths (Si,Al-O2 versus composition (in x) as
calculated from the powder mixtures.

composition expected from the powders used for
syntheses. The theoretical bond length calculated
from the expression (1 —x/2)1-62A + (x/2)1-77 A,
which is derived from data on related layered
silicates®? is indicated as a dotted line. In Table 5,
occupancies estimated from the compositions of the
starting powder mixtures are compared to those
calculated in the Rietveld refinements (Table 4) and
TEM/EDX microprobe analysis data for samples
11L and 13.

The microstructures of samples 11L and 13 are

& ,

Fig. 3. TEM bright field images showing the general micro-
structure of (a) sample 11L where a large grain size distribution
(0-1-5 um) and small glass volume (G) are observed and (b)
sample 13 where submicron size crystals are seen to be
surrounded by a significant volume of glassy phase. The glass is
phase separated into Y-rich (Y) and Si-rich (S) region.

shown in Fig. 3(a) and (b), respectively. A general
feature of the two samples is the glassy phase
present, but there is considerably more glass present
in sample 13, where a pronounced separation of the
amorphous material into two glassy phases i1s
observed (Fig. 3(b)). EDX analysis showed that
although both regions contained Y, Si and Al, the
glass with the dark contrast in Fig. 4 was richerin Y

Table 5. Expected compositions, calculated from powder mixtures, compared to Rietveld
refinements and EDX analysis (calculated as x)

Sample Starting composition Rietveld refinements EDX
2 0-10 0-17(6)

3 016 0-20(6)

4 0-24 0-36(6)

10H 0-30 0-40(8) (Polaris)

0-30(8) (R2)

11H 040 0-56(8)

1L 0-40 0-19(6)
13 012 0-04(2)
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Fig. 4. A pocket of glass in sample 13 showing a typical

metastable separation morphology. Spheroids of a light

contrast glass (S) are contained in a continuous dark contrast
glass (Y): TEM bright field.

Table 6. EDX analysis of O'-sialon crystals of samples 1 1 L and
13 (wt% cxcluding N and O)

Samiple Si Al Y
1L 89(4) 9(3) (1)
13 O'Sialon crystals 98(1) 2D

Y-Rich glass 48(1) 14(1) 38(1)
15(3)

Si-Rich glass 80(3)

Fig. 5. Lattice fringe image and corresponding electron

diffraction pattern of an O’-sialon crystal in sample 13 showing

the preferred growth direction (b—¢ plane) of crystals grown

from a liquid. The lattice fringes correspond to the (200) planes
in the crystal (spacing 4-4 A).

than the lighter contrast glass. The O'-sialon crystals
were observed to grow from the more silicon-rich
phase, forming plate-like crystals with a thickness of
about 40 nm. The compositions of these crystals and
of the two glasses, as well as those of sample 11L are
given in Table 6. Electron diffraction pattern
analysis and lattice fringe imaging showed that the
preferred growth directions of the flat O’-sialon
crystals are in the h—¢ plane of the unit cell (Fig. 5), in
contrast to the single crystals prepared by gas-phase
reaction, which grew along the a-axis.??

4 Discussion

4.1 Phase compositions

During sintering of the samples prepared from
crystalline powders (samples 1-12L) f'-sialon is
formed along with the major O'-sialon phase. It
might be suggested that the presence of f’-sialon in
all samples except 13 is due to oxygen deficiency
which may have resulted from evaporation during
sintering.!®* However, the high amount of oxides in
all samples makes it more plausible that the
formation of f’-sialon is due to kinetic effects, which
would not be as strong in sample 13 where nitrogen
and oxygen are more evenly distributed. The a-
Si;N, component observed in samples 1-12L is
believed to be unreacted starting Si;N,. In sample
13, no crystalline secondary phases are observed. On
post-sintering heat treatment of this sample,
Y,Si,0, and SiO, were found,”® although no
additions of silica were made to this sample. The
amorphous silicon oxynitride made from ammonia
and silica, from which this sample was prepared, has
been shown to be easily oxidised***® and, despite
the precautions taken, some nitrogen seems to have
been lost. The composition of the remaining glass in
sample 13 showed phase separation into two
interwoven glasses, the compositions of which reflect
the complicated equilibria at sintering and annealing
temperatures in the system. Also in sample 1 1L glass
separation had occurred, but there is more crystalline
material in this case.

4.2 The composition of the O'-sialon crystals

Due to incomplete transformation to O'-sialon and
losses by decomposition during sintering (typically
less than 5wt%) it is not expected that the
compositions of the sintering materials can be
derived directly from the starting composition. The
increase in aluminium content is known to be
reflected in an increased unit cell volume,” and this is
also shown in Fig. 1 for the samples in this
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investigation. For yttrium-free samples saturation is
reached at x =~ 02, in agreement with earlier work.”
However, a continued growth of the unit cell volume
with an increasing amount of aluminium in the
starting mixtures at least up to x = 0-4 is observed for
the samples sintered with additions of yttria. The
samples of set B sintered at 1928 K indicate a lower
saturation limit than those exposed to the higher
temperature, 1973 K, and have smaller unit cells for
a given starting Al/Si ratio than both the samples of
set A, which were sintered at 2093 K, and the
samples of set B exposed to the higher temperature.
There thus seems to be a temperature effect which is
suggested, by the lattice parameters of samples 11L
and 11H, and EDX analysis of sample 11L, to be an
equilibrium effect (solubility of Al and O directly
proportional to the temperature for the yttrium-
containing samples). However, it is also possible that
this is due to incomplete solution of aluminium and
oxygen in the O’-sialons at the lower temperature.

Because of the presence of yttrium in the samples
and the glassy phase remaining after sintering it is
difficult to assign only on the basis of starting
composition the observed differences in unit cell
dimensions for the yttrium-containing samples to an
increase in aluminium content of the O’-sialon
crystals. The observed change in bond length
(Si/Al)-O2 of samples 2, 3, 4, 10H and 11H (Fig. 2)
is consistent with an increased aluminium content in
the structure and provides an additional probe for the
obtained composition. The agreement with the
theoretical expression derived from cumulative data
on layered silicates®? is indeed good, and reflects the
replacement of silicon by aluminium in the O'-
sialon. Thus, x-values as high as 0-4 are supported.

The refinements of occupancy factors by the
Rietveld technique on the data from SIS also show
that the amount of aluminium continues to increase
throughout the set of five samples for which data
were collected in the sequence predicted by the
compositions of the starting powder mixtures.
Although the relative correlation of the data is good,
the absolute values of the derived occupancies are in
poor agreement both with the calculated bond
lengths and the starting compositions. This is a
consequence of the fact that occupancy factors as
well as the temperature factors from Rietveld
refinements are known to be connected with un-
certainties larger than the statistical error,*>®37 due
to the models used, but also due to severe couplings
between parameters. Bond lengths, calculated from
refined atomic coordinates (which are not so
strongly coupled to other parameters in Rietveld
refinements and are therefore usually considered to

be accurate within the calculated precision) from the
R2 data are close to those derived from the ISIS data
in this case. This shows that the refinements have
been successful within the limits of the experiments
and the refined models.

Investigation of elemental composition was
carried out by EDX analysis of single grains of
samples 11L and 13. For sample 11L the amount of
aluminium found is lower than expected from the
composition of the starting powder mixture, but the
unit cell edge a determined for this sample is
correspondingly shorter. As discussed, the smaller
values of a for the yttrium-containing samples
fired at the lower temperature cannot be compared
to those of the samples fired at higher temperatures,
because the equilibrium composition is not the same
or has not been reached. If the refined lattice
parameters of set A are taken as a ‘standard’, the
agreement with the composition observed by EDX
for sample 11L is good. The composition and
lattice parameters of sample 13 are also compatible
with this interpretation.

EDX analysis of sample 11L shows a small
amount of yttrium to be present in the structure. The
risk of picking up additional yttrium signal from the
remaining glass surrounding the O’-sialon crystals is
believed to be small, due to the care taken to select
and analyse crystals lying at the edge of the specimen
that were effectively free from glassy phase. The
amount is not large enough to be responsible for the
observed changes in lattice parameters or occupancy
factors of the Si/Al site as determined by the
Rietveld refinements based on neutron diffraction
data. The refinements on the X-ray data on sample
10H failed to indicate any residual electron densities
in addition to those found in the single-crystal
refinement of Si,N,Q0,3? which would be an indic-
ation of yttrium in the structure. The difficulties
caused by the considerable contribution to the
background from the amorphous material, forced
exclusion of the low angle data from the refinement.
However, the bond lengths calculated from the
refined atomic coordinates are reasonable, and the
low Bragg R-values derived in the calculations can
therefore be considered meaningful.>® The failure
to observe electron densities in a Fourier difference
plot of these refinements then shows that any
presence of yttrium in the structure may be at the
level determined by EDX, which is approximately
one yttrium atom in every fifth unit cell, distributed
over at least four possible sites in each cell.

From crystallographic considerations, inclusion
of yttrium in the O’-sialon structure seems possible,
e.g. approximately in the position (0, 0-71, 0-23),
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where distances between yttrium and four oxygen
atoms would be 2:43-2:75 A. However, the low level
of yttrium present is a strong indication that the
inclusion of yttrium is not very favourable, although
it might be essential to stabilise the aluminium-rich
O’-s1alons.

4.3 The importance of the composition of the melt
The increased solubility of aluminium in O’-sialon
cannot, therefore, be explained solely by the
presence of yttrium in the structure. The chemical
nature of the liquid from which the O’-sialon is
formed also may have an influence on the compo-
sitional range. However, comparison with other
investigations where O'-sialons were prepared under
conditions similar to those of this study does not
give more relevant details. The work by Lewis
¢t al.'? showed negligible aluminium content for
samples sintered at 1925 K with 6% Al,05 and 10%
Y,0,. in good agreement with the results for
sample 13 which was sintered under similar con-
ditions. Samples with compositions balanced to
give Y,Si,0; as the secondary phase fired at 1975 K
in a study by Trigg & Jack'® showed a range of
solubility ending at v=0-15. For yttrium-free
samples synthesised by the reaction of Si,N,O and
Al,O; powders at 1825K the maximum replace-
ment is of about 15 mol%, i.e. v=03."*

It seems that the choice of starting mixtures to
achieve a desired composition of the O'-phase is a
delicate one. The scatter in the results obtained by
different research groups may well be due to a variety
of factors. such as incomplete mixing, impurities in
starting powders and different heating schemes. The
composition of the liquid will probably affect the
equilibrium under which the O’-sialons are formed
and retain aluminium outside the O’-sialons, or force
it into solid solution, so that the total energy of the
system is minimised. This can be expressed in terms
of changes in the chemical potentials of the
constituents of the liquid from which the O’-sialon
formed, which may be sensitive to the presence of,
for example, yttrium.

[t 1s also necessary to consider the difficulties in
reaching equilibrium for the different conditions
used. This is seen from the differences observed for
samples of identical compositions treated under
slightly different time—temperature schemes (set B).
It is indeed expected that equilibrium is more easily
reached if the mobility of the components in the
system 1s high. Mobility is favoured by high
temperatures, but also the use of yttria as sintering
aid is expected to lower the viscosity and favour
saturation of O’-sialon with respect to aluminium.

This is a possible explanation for the higher
maximum aluminium contents found for samples
of set B exposed to 1973 K than those for samples of
set A.

4.4 The crystal morphology and growth

The role of reconstructive formation of O'-sialons
and Si,N,O appears to manifest itself by the
differences in preferred growth directions as ob-
served for crystals formed from a liquid containing
SiN, units and for those formed from a gas-phase
containing SiO(g), respectively. In addition, stack-
ing faults observed for O’-sialons precipitated
from a melt are parallel to the h—¢ plane, while faults
in the crystals formed from gas-phase reactions were
along the a-axis. The observations for the sintered
samples agree with those found by Lewis ef al.,!?
who suggest the low solid-liquid surface energy of
the (100) planes is responsible for these effects. The
differences between crystals formed from a liquid
and those prepared from gas-phase reactions also
provide a reasonable explanation for the unex-
pectedly high value for unit ceil edge « for the pure
Si,N,0 sample included in Table 3.

S Conclusions

(1) The observed compositional range for the -
sialons seems to depend considerably on the
conditions under which they are prepared,
e.z. the additives used and the temperature
and the character of the sintering liquid.

(2) For the O'-sialons prepared by pressureless
sintering at 2093 K, with Al,O; only, the
maximum aluminium content observed cor-
responds to v = 0-2 in the general formula.

(3) For the O’-sialons prepared by pressureless
sintering at 1973 K with additions of Al,O,
and 5wt% Y ,0;, the maximum x-value was
>0-4.

(4) Some yttrium may enter the O’-sialon
structure.

(5) The kinetics and the chemical potentials of
the species in the liquid from which O’-sialon
crystals precipitate are believed to be import-
ant factors affecting the solubility range.
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