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Local structure of p'-sialons: an EXAFS study 
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The local environments of aluminium and silicon in lY-sialons, Sio_zAIzN8_zOz, have been 
studied by extended X-ray absorption fine structure spectroscopy. The silicon and aluminium 
atoms are always in tetrahedral coordination and the refined average bond length between 
two atomic positions becomes a measure of the distribution of nitrogen and oxygen over the 
nearest neighbour positions to the absorbing atom. Two lY-sialons samples with different 
composition, z = 1 and z = 2.7, were used in the study with cz-Si3N4, SiO2 (cristobalite, albite 
and a xerogel), zeolite NaA, anorthite and AIN as reference substances. The calculated 
distances to the first coordination sphere for silicon were 0.1 69 nm for z =  1 and 0.1 68 nm for 
z = 2.7, compared to 0.1 71 nm for Si3N4 under the same conditions. In the aluminium 
environment, the calculated distances were 0.1 77 nm for z =  1 and 0.1 76 nm for z =  2.7. The 
results indicate that the lY-sialons are built up by aluminium- and silicon-containing tetrahedra 
with mixed oxygen and nitrogen environments, although there seems to be a stronger 
tendency for the formation of Si-N and AI-O bonds, compared to Si-O and AI-N bonds. The 
results are not precise enough to allow calculation of the contribution from different bond 
types to the observed average bond lengths; in particular this is due to the short ( < 200 eV) 
AIK edge available for structural studies of the lY-sialons. 

1. Introduct ion  
Many important properties of sialon materials, e.g. 
mechanical strength and chemical inertness, reflect the 
crystal structure of the phases involved [1, 2]. The 
phase relationships and crystal structures in the sys- 
tem Si3N4-A1N-AI203-SiO a are also of general 
chemical interest. The detailed structure of many of 
the phases, especially those with varying stoichio- 
metry, have remained unclear, despite several struc- 
tural studies [3]. Average structures have been 
obtained by X-ray diffraction [4-6], while ordering 
phenomena are reported from neutron diffraction 
work [7, 8]. The local environments around silicon, 
aluminium and nitrogen atoms have been studied by 
solid state magic angle spinning nuclear magnetic 
resonance (MAS NMR) [9-12]. From NMR it would 
also, ideally, be possible to calculate the fraction of 
silicon and aluminium atoms in different building 
units, such as SiN 4, and SiON3, in the various sialon 
samples. However, the data available from z9Si and 
l SN NMR studies are obscured by the isomorphous 
substitution observed for o'- and [Y-sialons, through- 
out each region of solid solubility [10-12], while the 
resolution of the 27A1 NMR spectra in most cases is 
poor, due to severe line broadening caused by second- 
order quadrupolar interactions [13]. 

An alternative method in the study of local environ- 
ments in solids is offered by the extended X-ray 
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absorption fine structure, referred to as EXAFS [14], 
which is the modulation in the X-ray absorption 
coefficient, starting somewhat past an absorption edge 
of the atom of interest. It depends on the interaction 
between out-going waves of the emitted photoelectron 
and the waves backscattered from the surrounding 
atoms. It can be expressed as [15] 

V NjF~(k) -2k2o}e 2R/X 
x(k) = ~ kR 2 e 

x sin [2kR; + 8j(k)] (1) 

The sum is taken over the coordination shells with 
radius Rj that contain N; atoms. The variance in Rj is 
given by crj,2 Fj is the backscattering amplitude and 6j- 
is the phase shift which depends on the potentials of 
the central atom and the backscattering atoms. The 
R7 2 dependence of the magnitude of the contribution 
from shell j to the EXAFS makes the technique sens- 
itive only to local atomic arrangements. The back- 
scattering amplitudes and the phase shifts can be 
determined either from model substances or by theor- 
etical calculations, and the EXAFS data can thus be 
used to determine coordination number, average rad- 

2 by refining these parameters in a ius for a shell and cyj 
curve-fitting procedure. The refinement can be made 
on the EXAFS or on its Fourier transform, the pseudo 
radial distribution function [16]. 
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The study of variations in bond distances in crystal- 
line phases with known structure but unknown dis- 
tribution of atoms over possible sites reduces the 
problem as the coordination number can be fixed 
[17]. The phases studied must show a considerable 
range of composition and bond lengths as the pre- 
cision in the analysis of the EXAFS is measured in 
thousandths of nanometres [183. For the sialon sys- 
tem, the requirements are met by the ~'-sialons, 
Si6_zAlzN s =O=, which cover a large compositional 
range (0 < z < 4) [53, and has known crystal structure 
with only one kind of local environment for each 
atom. EXAFS can be performed on the aluminium 
and silicon K edges; the former is likely to give poor 
precision due to the interference of the silicon edge 
only some 200 eV past the aluminium edge. In order 
to avoid reduction of intensity of the X-radiation 
through absorption in the guide tubes, EXAFS meas- 
urements for the low-energy X-radiation (soft X-rays) 
required in the study of light atoms (e.g. aluminium 
and silicon) are carried out under vacuum. Electron- 
yield detectors are, under these conditions, usually 
more efficient than photon detectors [19], but elec- 
tron-yield detection is more surface sensitive. Care 
must thus be taken to eliminate or estimate the pos- 
sible influence on the EXAFS from the surface layer, 
which may differ from the bulk. 

In this work the average bond lengths from alumi- 
nium and silicon to atoms in the nearest coordination 
sphere in ~'-sialons are measured and compared to 
reference substances, in particular to c~-Si3N4, which 
has a local structure around silicon very similar to 
that of the lY-sialons. The question addressed is 
whether silicon in sialons is exclusively surrounded by 
nitrogen as suggested by NMR work [9], or if there is 
a substantial number of Si-O bonds. Conclusions 
drawn from the studies on the [Y-sialons are con- 
sidered to be partly transferable to other phases in the 
system. 

2. E x p e r i m e n t a l  procedure 
2.1. Materials 
Two [Y-sialons, z = 1.0 and z = 2.7, referred to as B1 
and B2, respectively, were used in this study. They 
were fabricated by AB Sandvik Hard Materials by hot 
isostatic pressing at 2023 K under a nitrogen pressure 
of 10 MPa for 2 h, using the glass encapsulation tech- 
nique. The products were essentially single-phase ma- 
terials with very little glassy phase [-20], although 
sample B2 contained minute amounts of the sialon 
polytypoid 15R (SiA14N4Oz). Several reference sam- 
ples were used to compare the EXAFS results with 
diffraction data. The reference for Si-N bonds was 
~-SisN 4 (SN-E-10), for Si-O bonds it was cristobalite, 
zeolite NaA and an amorphous silica xerogel. The 
requirements for the aluminium reference samples 
were (a) tetrahedral coordination of atoms in the first 
coordination shell, and (b) ordered structures with 
respect to Si/A1 distribution. Thus, the reference 
chosen for A1-N bonds was A1N and for A1-O bonds, 

zeolite NaA and anorthite. As a test sample for mixed 
composition in the first coordination sphere, Si2N20 
was used. Samples B1 and B2, as well as the mineral 
reference materials and the SizN20 were received in 
pieces and crushed to powder in a cast iron vibra- 
tional crush. The S i z N z O  sample was etched in 
2M NaOH solution and aqua regia to remove the 
glassy phase and metal impurities present. 

2.2. Characterization of the samples 
Because the Auger detection technique is surface 
sensitive (penetration depth for aluminium is about 
13 nm [21], and expected to be somewhat deeper for 
silicon [,19]), the contributions from the non-repres- 
entative oxide scale of the nitrogen-containing sam- 
ples had to be evaluated. The surface layer of sample 
B1 and the =-SisN 4 reference were studied by trans- 
mission electron microscopy in a Jeol 2000FX instru- 
ment. Powder grains of the samples were deposited on 
a holey carbon film where individual grains could be 
observed. In addition to this investigation, product 
information of the commercial powders were used to 
estimate the oxide scale thickness. In addition, the 
specific surface area of A1N was measured by the BET 
method with nitrogen as adsorbate. 

2.3. The EXAFS experiments  and analysis 
The EXAFS data were acquired on the SOXAFS (soft 
EXAFS ) station at the Synchrotron Radiation Source 
at the Daresbury Laboratory, UK (station 3.4). The 
samples were mixed with graphite* and acetone to a 
slurry which was applied to flat surface holders of 
stainless steel. The holders were mounted with the flat 
surface perpendicular to the incoming beam. Radi- 
ation monochromatized by quartz crystals was used 
for the experiments on the aluminium K edge, while 
an InSb monochromator was used for the silicon K 
edge. To allow the low-energy radiation required for 
the aluminium absorption edge to be reflected in the 
glancing incidence mirror, the geometry of the experi- 
mental apparatus had to be changed, so the focal 
point of the beam was moved some 4 m from the 
sample chamber with loss of intensity as a conse- 
quence. The intensity was monitored before, Io, and 
after, Ij,, the monochromator and the absorption was 
measured by total Auger yield, /sig" The EXAFS is 
then given by Iin/Islg [22]. The whole experimental 
environment (glancing incidence mirror, beam guide, 
monochromator and sample chamber) was kept under 
vacuum ( < 10 -4 Pa) during acquisition. 

The software operating the spectrometer also in- 
cluded routines for data reduction. The maximum of 
the derivative of the absorption curve was taken as the 
position of the edge. The pre-edge background was 
defined by a linear function while a single third-order 
polynomial was fit to the post-edge background in a 
graphics interactive mode. The resulting background 
subtracted EXAFS was Fourier transformed, filtered 
and back transformed. The refinements were carried 

* For SiK edge samples: Goodfellow < 0.5 mm, 99.999%; For AIK edge samples: BDH Chemicals Ltd. Synthetic graphite. 
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out in k-space with k 3 weights applied with the pro- 
gram EXCURV90 which uses a spherical wave al- 
gorithm [23]. It uses phase shifts and backscattering 
amplitudes calculated by the program M U F P O T  
[24] with "Z + 1 1 s core hole" approximation for the 
central atom with data on atomic potentials extracted 
from the Daresbury data base [25]. The statistical 
validity of the calculated shells was assessed by pub- 
lished means [26]. Background subtraction, Fourier 
transform and Fourier filtering were carried out in a 
uniform manner for all samples. The refinements in- 
cluded absorption edge position, Eo, radii of the 
coordination spheres, R j, and corresponding vari- 

2 Two spheres were used in refinements ances, ~ j .  
where overlap in the Fourier transform of the EXAFS 
prevented them to be effectively separated in the 
filtering step; in other cases, only the first shell was 
used. Coordination numbers of aluminium and silicon 
were fixed to 4. 

3. R e s u l t s  and d i s c u s s i o n  
The measured specific surface area for the A1N refer- 
ence was 1.1 m 2 g - t ,  while the value reported for the 
~-Si3N 4- powder is 10 m 2 g-  1 [27]. For  A1N with 
approximately 2.5 w t %  oxygen, the oxide surface 
layer can be estimated to tenths of nanometres, which 
might severely affect the EXAFS measurements. For 
Si3N 4 powders, on the other hand, the high surface 

area and a reported oxygen content of 2 wt % [27] 
indicates an oxide scale of about 2 nm. In the electron 
micrographs of the ~z-Si3N4 powder the oxide scale is 
indeed seen to be approximately 2 nm, Fig. la. The 
oxide in the JY-sialon samples is found in the thin 
intergranular phase which for sample B1 is about 
2 nm, Fig. lb. It is thus concluded that the influence of 
the surface oxide scale on the EXAFS is limited and 
similar in the reference cz-Si3N4 and the 13'-sialons, 
while EXAFS measurements on the A1N reference 
samples using Auger detection may be influenced by 
the thick surface oxide. 

The fit of the calculated EXAFS and its Fourier 
transform to the experimental data are shown in Fig. 2 
for sample B2 and in Fig. 3 for the ~-Si3N 4 reference. 
The results from the EXAFS measurements are sum- 
marized in Table I, which also includes literature 
values for the reference samples of bond lengths deter- 
mined from diffraction studies. The statistical errors 
for the bond lengths in the first coordination sphere 
were invariably well below 0.001 nm for the SiK edge 
and ~ 0.002 nm for the A1K edge. The bond lengths 
determined from EXAFS analysis for the reference 
samples are in good agreement with diffraction data, 
except for A1N. This deviation may have several 
causes: the oxide scale is thick enough to considerably 
influence the EXAFS of A1N; the potentials used for 
aluminium and nitrogen in the calculations might not 
be entirely satisfactory for this specific atomic config- 
uration [26]; the precision in bond length determina- 
tion from EXAFS on the A1K edge is poor  due to the 
limited edge available. In addition, the bond lengths 

Figure 1 TEM bright-field images showing thin amorphous films 
( ~ 2 nm) on the surfaces of powder particles. (a) Lattice fringe 
image of an Si3N 4 powder particle where an amorphous film 
(arrowed) can be seen surrounding the particle; (b)a triple grain 
junction in ground B1 material showing the thin amorphous film 
(arrowed) to be continuous between the grains. 
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Figure 2 (a) Contribution to SiK edge k3z(k) from the first and 
second scales in sample B2, and (b) its radial distribution function; 
( ) experimental and ( - - - )  theoretical. 
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Figure 3 (a) Contribution to SiK edge kay(k) from the first and 
second scales in ct-SiaN4, and (b)its radial distribution function; 
( ) experimental and ( - - - )  theoretical. 

determined by EXAFS have been considered to be- 
come generally somewhat too short [34]. 

The difference in Si-N bond lengths observed for 
~z-SiaN4 and sample B2 is 0.003 nm, compared to the 
expected difference of 0.004 nm for totally random 
distribution of nitrogen and oxygen with respect to 
aluminium and silicon in sample B2. In the calcu- 
lations of mean distances for the first and second 
coordination spheres of silicon, comparison is made 
between samples (B1, B2 and ~-Si3N4) which are 
structurally very similar, and errors other than the 
statistical ones should be of similar magnitude, espe- 
cially because surface effects have been concluded to 
be small. In the model used for refinements on the 
silicon data for samples B1, B2 and ~-Si3N4, the first 
shell contains only nitrogen and the second only 
silicon. In lY-sialons, oxygen and aluminium may have 

replaced nitrogen and silicon, but using these elements 
to calculate potentials would only further shorten the 
calculated mean bond lengths of the first coordination 
sphere of silicon by less than 0.001 nm, thus slightly 
increasing the difference to that of 0~-Si3N 4. The pro- 
cedure used is preferred, because it enables reliable 
comparison to be made between samples. In a similar 
way, the refinement in the aluminium K edge case 
oxygen atoms were used for the first coordination 
sphere and silicon in the second coordination sphere 
in the refined model to make it similar to the A104 
reference materials used. The differences observed for 
the A1-O distances are compatible with those deter- 
mined for the silicon atoms but, as discussed above, 
the precision in the calculation is poor for the alumi- 
nium K edge, Fig. 4. 

The observed shortening of the bond lengths 
around silicon in the lY-sialons as compared to Si3N 4 
makes a proposed 13'-sialon structure unlikely where 
silicon is only found in SiN 4 units. Rather, the results 
support the view that tetrahedral environments 
around silicon atoms include both oxygen and ni- 
trogen in lY-sialons, possibly with a preference for 
aluminium to coordinate oxygen and silicon to co- 
ordinate nitrogen. The situation is likely to be similar 
in related phases, notably in o'-sialon. 

A method proposed [35] for calculation of shell 
radii for two spheres separated only by short distances 
was tried for this system in the refinement of the local 
structure around the silicon atom in SiEN20. The 
results from this refinement, in which two shells at 
almost the same distance were used, are not unreason- 
able, but the refinement became fragile and very sens- 
itive to starting conditions. 

4. C o n c l u s i o n  
The EXAFS data and analysis provide support for a 
structural model for the lY-sialons in which silicon 
occurs in different environments with respect to ni- 
trogen and oxygen, possibly with a preference for 
Si N bonds. The situation is believed to be similar for 
o'-sialons. The observed differences in bond lengths 
are small but the strictly uniform treatment of all data 
sets has made it possible to compare the results for 
lY-sialons and Si3N 4 and extract useful structural 
information. 

TABLE I Bond distances in the first coordination sphere 

Sample Si-O/N AI-O/N 
(nm) (nm) 

Diffraction data (nm) Reference 

Si-O/N A1-O/N 

B1 0.169 0.177 
B2 0.168 0.176 

=-Si3N 4 0.171 
Crist obalite 0.161 
Xerogel 0.161 
NaA 0.161 0.174 
A1N 0.183 
Anorthite 0.175 
SizN20 0.161/0.170 

0.174 [28] 
0.160 [29] 

0.162 

0.161/0.172 

0.172 [30] 
0.190 1-31] 
0.174 [32] 

[33] 
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Figure 4 (a) Contribution to AIK edge k~z(k) from the lirst and 
second scales in anorthite ( ) experimental, ( ) theoret- 
ical, and (b) its radial distribution function, ( ..... ) experimental 
and ( - - - )  theoretical, including (-+-~ ~ ) the theoretical sine trans- 
form. 
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