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Abstract

A new type of Sr-containing sialon polytypoid phase
with the structural formula SrSijg.Aljs+ N3O«
(x~1) has been found in the Sr—Si—Al-O—N system.
The phase was characterised by X-ray powder dif-
fraction (XRPD), and its structure was investigated
by electron diffraction (ED) and high resolution
electron microscopy (HREM). It is considerably
disordered, but the average structure has a rhombo-
hedral unit cell with a=5-335(5)~\/3-ayn and
c= 79-1(1)14’%30-0/1,]\,. The Sr atoms are located in
layers M—Sr—M, M= (Si/Al), at the origin of the
unit cell with 12 X=(O,N) atoms around it, at dis-
tances of ~3 A, forming a cubo-octahedron. The X
atoms that form a hexagon around the Sr atom in the
ab plane are corner shared by M = (Si/Al) tetrahedra
with opposite polarity in adjacent layers in which 2/3
of the tetrahedra are occupied. The M—Sr—M layers
alternate with normally eight-layer-thick AIN type
blocks, although the thickness of these blocks fre-
quently varies. The structural model obtained from
the HREM images includes a polarity reversal of the
tetrahedra in the AIN blocks, similar to that proposed
to occur in Si—AI-O—N polytypoid phases. The model
with one Sr layer and 10 M = (Si,Al) layers per 1/3
of the repeat unit agrees with the composition of the
phase and experimental HREM images. © 1999
Elsevier Science Ltd. All rights reserved

Keywords: strontium, sialon, polytypoid, electron
microscopy.

1 Introduction

The Si—Al-O-N (sialon) polytypoid phases occur

near the AIN-rich corner of the Si3N4-SiO,—
Al,O3-AIN system diagram.'? They have similar
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layer structures that vary systematically with their
composition, and which have therefore been
assigned the name polytypoids in order to distin-
guish them from polytype phases which preserve a
constant, or nearly constant, chemical composi-
tion. The structural characterisation of the phases
has been reviewed by Thompson et al.>* They are
rhombohedral or hexagonal with a axes in the
range 2-99-3-08 A and are designated by Ramsdell
symbols, e.g. 8H or 27R. The rhombohedral nR
Si—Al-O-N polytypoids consist of three structu-
rally related blocks of n/3 layers and the hexagonal
nH polytypoids of two n/2 blocks. The funda-
mental block in each member of the series, and
thus that of the phase, has the composition
Mme+1> or MX(n1+l)/n1a with M:(SI,AI) and
X=(O,N), and observed values for m include
4,5,6,7,9 and 11- The Si/Al ratio in the phases is
variable due to the substitution mechanism
Si**T +N3-— AP +0%, e.g. for the 27R phase
theoretically from a pure Al composition, AINO o,
to SizAleoNig9 (67% Al). According to the cur-
rently accepted model, the structures contain close
packed hexagonal AIN or wurtzite type MX layers
that are modified by two additional features, as
shown in Fig. 1: (i) in each block of the structure
there is one MX layer with Al atoms at octahedral
sites; (ii) in between the octahedral layers there are
layers in which the M atoms statistically occupy
50% of sites shared by two adjacent face-sharing
tetrahedra. The second feature effects a polarity
reversal of the AIN layers so that those connected
to the octahedral MX layers on both sides of it
point in opposite directions. Structural studies of
these phases have mainly been carried out using
HREM,> !0 and proposed structural models have
been confirmed by XRPD in a few cases.*® The
models differ in details of the arrangement in the
AIN type layers, which have so far not been estab-
lished with certainty, however. The regions or
blocks in polytypoid structures that contain the
close packed hexagonal MX layers will hereafter be
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designated as AIN type, although these regions
may be modified by additional features. Bando et
al.® have shown by using convergent beam electron
diffraction that the space groups for the 12H and
15R polytypoids are both non-centrosymmetric,
P6smc and R3m, respectively, contrary to earlier
belief.

Other cations with smaller ionic radii, like Li*,
Be’", Mg?", and Sc**, can be incorporated into
tetrahedral or octahedral sites in the structures of
the sialon polytypoid phases,> possibly causing
additional structural modifications. It has been
commonly believed that larger cations that do not
fit into, e.g. the octahedral sites, cannot be incorpo-
rated, but experimental evidence has nevertheless
indicated the formation of a hexagonal polytype-
resembling faulted phase in the Sr-doped sialon
system,!! with an Sr content of 2 at% and a ~25 A
spacing along 000/, but its structure was not clar-
ified in the study.

In a systematic work related to the preparation
and study of the stability of a series of a-sialons,
MexSilz,(m+n)Al(ern)Oané_n with Me=Ca, Sr, Y,
and rare-earth elements, we confirmed the formation
of an Sr-containing polytypoid phase in the Sr-
doped sialon system!? and found evidence for the
existence of similar phases with other large cations,
e.g. Eu'® and La (unpublished). It seems clear that
these cations are too large to be accommodated
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Fig. 1. Polyhedral illustrations of 12H and 15R Si-AI-O-N

polytypoid phases viewed along [110]. The packing sequence

of the metal atoms and the composition of each metal layer
per unit cell are indicated. Adapted from Ref. 8.

into tetrahedral or octahedral sites and that they
have a different atomic surrounding than those
found for cations in the polytypoid phases struc-
turally characterised so far. The present study
comprises an HREM investigation of one such Sr-
containing phase and a derivation of a structural
model for it that agrees with its composition and
experimental HREM images.

2 Experimental

The cation ratio in the Sr-containing polytypoid
phase was initially determined by energy dispersive
spectrometer (EDS) analysis in a scanning electron
microscope (SEM), for crystals in a sample with
the nominal composition STQ.6A12.5Si9.601.2N14.8,
prepared by hot-pressing at 1800°C for 2 h. Besides
the polytypoid phase it contained «- and S-sialon
and the S-phase SrpAl,Sijy  Njg Oniy (x = 2).12
A series of specimens mimicking the EDS-deter-
mined composition were subsequently prepared in
order to obtain this new phase as pure as possible.
The sample used for structural characterisation
had a nominal composition of SrSisAl;;O,N;; and
contained more than 95 vol% of the desired phase.
It was prepared from an appropriate mixture of
powders of SizN4 (UBE, SN-E10), AIN (H.C.
Starck-Berlin, grade A), and SrCOj3 (99-0%, Allied
Chemical, NY). Corrections were made for the
oxygen present in the Si;Ny and AIN raw materi-
als, corresponding to 2-7 and 1-9 wt% SiO, and
Al,O3, respectively. The precursor powders were
ball-mixed in propanol for 24 h. The dried powder
mixture was then hot-pressed in nitrogen atmo-
sphere at 1800°C and 35 MPa for 2 h in a graphite
resistance furnace. The prepared sample was char-
acterised by its XRPD pattern, obtained with a
Guinier-Hédgg camera, using Cuk,, radiation and
Si as internal standard. Its microstructure was
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Fig. 2. SEM back-scatter electron image of an Sr sialon sample
with nominal composition SrSisAl;;O,N;.
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examined in a JEOL JSM 880 SEM, equipped with
an EDS microanalysis system LINK AN10000.
The quantitative EDS analyses were made using
the ZAF-4 software and measured metal standard
spectra. Additional EDS analyses were performed
in a transmission electron microscope (TEM)
JEOL 2000FX with an EDS system LINK
QX200 and the detector situated at a high-angle
position.

HREM images were recorded with a TEM JEOL
3010, operated at 300 kV and with an optimal
resolution of 1-7 A. Theoretical images for different
crystallite thickness and defocus values were calcu-
lated with the program MacTempas.'*

3 Results

Figure 2 shows an SEM back-scatter electron
image from a polished and carbon-coated surface
of the sample with nominal composition SrSisA-
1,10,N;7. The crystallites of the polytypoid phase
are needle shaped, with lengths and diameters of ca
10-50 and 1-5 wum, respectively, and are sur-
rounded by a more Sr-rich amorphous phase. An
average of 20 EDS point analyses yielded a metal
composition of 3-4(3)% Sr, 31(1)% Si and 66(2)%
Al. The composition was later confirmed by EDS
analysis of individual grains in the TEM. The Si/Al
content is thus found to be similar to that of, e.g.
an Si-rich 27R polytypoid phase.

Electron diffraction patterns of the Sr polytypoid
phase are shown in Fig. 3. They correspond to a
rhombohedral unit cell with a ~ 534 ~ V3 aaN
and ¢~ 794. The a axis is thus found to be
ca. /3 times that of the Si—~AI-O-N polytypoid
phases. The streaking seen along ¢* in the <100 >
and <110 > patterns implies structural disorder.
The disorder breaks the symmetry and gives rise to
the weak reflections in the <001 > pattern that are
forbidden for a rhombohedral lattice.

HREM images of the Sr-phase taken along
<100> and <110 > are shown in Fig. 4. There
are two distinct features in the well-ordered frag-
ment viewed along <100>: regions containing
eight dark layers and darker regions with a thick-
ness of approximately three of the former layers. A
closer inspection of the latter shows them to consist
of three rows of dark spots. The image contrast in
the eight-layer regions is similar to that observed in
experimental or calculated HREM images of Si—
Al-O-N polytypoid phases. The distance between
the layers, ~2-6 A, is furthermore in agreement
with that observed for the latter phases. These
regions, or blocks, can therefore be concluded to
consist essentially of close-packed AIN (wurtzite)
type layers. The projected periodicity of the

(a)

{b)
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Fig. 3. ED patterns of the Sr polytypoid phase along (a)
<001>, (b) <110 >and (c) <100>. They correspond to an
average rhombohedral unit cell with a=5.3 and ¢=79 A. The
streaking along ¢* implies disorder in that direction. The weak
reflections in (a) are forbidden for a rhombohedral lattice and
are caused by the disorder along c¢* that breaks the symmetry.
The reflection condition h—hl:/=3n is clearly seen in the
< 100> pattern in (a), and the reflection condition 00/: /= 3n in
the ED patterns in (b) and (c).

M= (Si,Al) or X=(O,N) sites perpendicular to the
c-axis is accordingly ~1-5 A, i.e. below the resolu-
tion of the microscope, and that in the darker
three-layer band is a-cos(30°) =~ 4-6 A.
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(a)

()
Fig. 4. HREM images of the Sr polytypoid phase along (a)

<100> and (b) <110 > with calculated images inserted. The
triangular markings in (b) are explained in the text.

The HREM image in Fig. 4(b), taken along
<110 > shows regions with a nearly square net of
dots at intervals of ~2-4 A along the ¢ axis and 2.7
A perpendicular to it, similar to that observed for
the Si—Al-O-N polytypoids described above.
These regions are separated by two alternating
darker bands, marked by open and filled triangles
in the figure. Those marked with open triangles
exhibit a contrast similar to that observed for the
double MX; s layers in the Si—-Al-O-N poly-
typoids> !0 (see Fig. 1). These bands together with
the adjacent layers on both sides of them are thus
concluded to be of AIN type. Associated with the
layers marked with filled triangles, a tilt in the
contrast can be seen. This indicates that the hex-
agonal close packing in the AIN type part, corre-
sponding to straight rows of dark dots, is in this
part replaced with a cubic close packing of metal
or anion layers. These cubic close packed layers
most likely correspond to the darker three-layer-
broad band in the images along <100>, and it is
reasonable to assume that the Sr atoms are located

here. This inference is further supported by the
somewhat darker contrast observed for them.

A partial structural model for the Sr-containing
polytypoid phase can be derived from considera-
tions of its composition and site preferences for the
metal atoms, in particular Sr. The Sr content of ca
3-4%, as obtained from EDS analysis, indicates
that each three-layer-thick band contains only one
Sr atom per unit cell. It must thus be located at the
special position (0,0,0) and partly define the peri-
odicity in the ab plane. The oxygen arrangement
around the Sr atoms is furthermore expected to
have Sr—X distances of ca. 3 A and to fit well with
adjacent AIN type layers. Since the ionic radius of
Sr?* is similar to that of O?>~/N3~, the perhaps
most obvious possibility to consider is that of SrX,
layers with each Sr atom surrounded by a hexagon
of X atoms, as is found in many structures,
including those derivable from the cubic perovskite
type. If that is the case, and if the anions in this
layer are in addition shared between two tetra-
hedrally coordinated M atoms, i.e. if they are not
apical, then the tetrahedra of the latter must point
in opposite directions along the ¢ axis. A model for
the three-layer band accordingly consists of
M, X5.5-SrX-M>X, 5 layers, as shown in Fig. 5. The
triangles of X atoms that constitute the bases of the
tetrahedra in the two layers can be identically
oriented or rotated 60° relative to each other
around the ¢ axis. The latter arrangement is here
considered more likely, since the coordination
polyhedron for the Sr atom then is a cubo-octahe-
dron, a common configuration of oxygen atoms
around Sr, with 12 X atoms at approximately
equal distances of ca 3 A. Since the polarities of the
tetrahedral layers on both sides of the SrX layer
are opposite, a polarity reversal of tetrahedra must
take place in the regions containing the eight AIN
type layers. The experimental images taken along
< 100> give relatively little information about the
details in these parts of the structure, while those
taken along <110 > are more informative. As
mentioned above, the rows of dots parallel with ¢*
appear to be straight in the image along the latter
direction, which suggests a hexagonal packing
sequence B-A—B-A for the metals. The shift at the
layers marked with filled triangles indicates fur-
thermore a cubic close packing of anions around
the Sr atoms, in agreement with the structural
model. The polarity reversal of tetrahedra that
must take place in the AIN type block can be
accomplished by the presence of two adjacent
metal layers with composition M3Xy.5, of the type
found to occur, e.g. in the 15R sialon polytypoid
phase.>® The dark layers marked with open trian-
gles would consequently correspond to the position
of these layers. The metal atoms in them accord-
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ingly occupy randomly 50% of the sites in tetra-
hedra that share faces, in such a way that in no
pair of two face-sharing tetrahedra both contain a
metal atom. For visualisation, the layers may also
be seen as metals fully occupying sites coordinated
by trigonal bipyramids of X atoms, although the
equatorial M-X distances then become unrealisti-
cally short. An insertion of two M3X45 layers in
the eight-layer regions can occur in different posi-
tions, giving different numbers on both sides of
adjacent MX layers. The dark layers marked with
open triangles in the HREM images indicate how-
ever that the two M3Xy.5 layers are symmetrically
placed in the middle of the eight-layer region.
Using the three unit layer types; M»>X, s—SrX—
M,X5 5, M3X3 (MX) and M3X4.5, a model struc-
ture can be built as shown in Fig. 6. The corre-
sponding packing sequence for the metals is C-
C(Sr)-C-A-B-A-B-A-B-A-B-C-C(Sr)-C, and the
average height for a tetrahedral layer is 79-1/30=
2.64 A. The symmetry for the idealised model is
R3, a = 5.335(5), and atomic coordinates for it are
given in Table 1. The unit cell parameters were
obtained from Guinier—-Héagg film data (see below).

To verify the structural model a series of HREM
images along <100> and <110 > were calcu-
lated, using the atomic coordinates in Table 1. The
following instrument parameters where used; 300
kV, objective aperture=0-5 A1 convergence
angle = 0-550°, mechanical vibration=0-3, C, =

C)

Fig. 5. (a) An illustration of the structural model for the three-

layer (SirX5.5-SrX-Si, X5 5) region containing Sr. The Sr atom

positions are shown by filled circles. (b) An illustration of the
cubo-octahedra of anions around the Sr atoms.

0-7 and Gaussian spread of focus=50 A. The
best correspondence between observed and calcu-
lated images was found close to the Scherzer focus

—350 A for all calculated thicknesses. Calculated
images for a thickness of 20 A is shown in inserts in
Fig. 4. The agreement is satisfactory, considering
that only an idealised model is used, in particular
with respect to the 3-layer band containing Sr.

A composition for the proposed structural model
can be calculated as follows: in one third of the
unit cell there are two layers of tetrahedrally coor-
dinated metal atoms surrounding the Sr atoms,
with a total content of MyXs, six wurtzite type
layers with summed composition MgX;3 and two
layers with partial metal occupancies of tetrahedral
sites and a summed content M¢Xo, yielding the
structural formula STM28X32 or Sr0,036MX1,145. If
all X atoms are assumed to be nitrogen, the com-
position SrSijpAl;g§N3, is obtained, by charge bal-
ancing, with a metal content of 3-4% Sr, 34-5% Si
and 62-1% Al. Considering formal valencies it is
furthermore tempting to assume only Al in the
AIN-type layers and only Si in the other two types
of layers. The quantitative EDS analysis yielded a
metal content of 3-4(3)% Sr, 31(1)% Si and
66(2)% Al, which corresponds to the formula
SI']AO(I)Si8A9(3)A119A1(6)N30A901A1 (Wlth the N and O
content derived by charge balancing), i.e. one with
a slightly lower Si/Al ratio. It is likely that the Si/
Al ratio can vary as in other polytypoid phases,

C(2/3)M E‘s?’
c§1/33 225 0 :%

l ZIN
M3Xsy ‘NMNNN‘

A
B MgXs ’VAV‘X.V
A M3X4_
B M3)(4.5
NN A M N QU
B MgX, ’v‘
VA AVAY el o AN ON N
) Moes %gi%g .

A MgXg

Fig. 6. Polyhedral illustration of the derived Sr-sialon poly-

typoid structure viewed along [210] and [010], with corre-

sponding atomic coordinates given in Table 1. The Sr atoms

are shown by filled circles. The packing sequence of the metal

atoms and the composition of each metal layer per unit cell are
indicated.
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however, due to the substitution Si*t +N3~«
AIP* + 0%, implying the more general structural
formula SrSijg.Alig+N3».,O,. The composition
derived from the EDS analysis, Srj.q)Sis.o3)
Al 9.16)N30.901.1, thus agrees within error with a
Composition SrSi8.9A11941N30_901.1 (X: 11) that
conforms with the structural model. The observed
variation of the number of layers in the regions not
containing Sr, see below, may also produce a
somewhat different composition than that of the
average structure.

The streaking along ¢* in the ED patterns indi-
cates a high degree of disorder in the crystallites.
Just a glance at the structural model suffices to
make one expect variations in the width of the AIN
type blocks, which also was the observed case for
most crystallites (see Fig. 7). In this HREM image
the number of metal layers in the AIN type block
varies between 6 and 11. When the number is even

Table 1. Atomic coordinates for the idealised structure model
for the Sr polytypoid phase (M =(Si,Al), X=(O,N), space

group R3, a = 5.335(5)A and ¢ = 79.1(1)A)

Atom X y z s.0.f
Sr 0 0 0 1-0
Ml 2/3 1/3 0-02300 1.0
M2 2/3 1/3 —0-02300 1-0
M3 1/3 0 0-05303 1.0
M4 1/3 1/3 0-08333 1-0
M35 1/3 0 0-11364 1-0
M6 1/3 1/3 0-14519 05
M7 1/3 1/3 0-15731 0-5
X1 0 1/3 0-03030 1-0
X2 1/3 1/3 0-06060 1.0
X3 0 1/3 0-09090 1-0
X4 1/3 1/3 0-12120 1.0
X5 0 1/3 0-15150 1-0
X6 0 0 0-33333 1.0

there is a relative shift of two neighbouring Sr-
containing layers by 1/3 of the periodicity perpen-
dicular to the ¢ axis, in agreement with the rhom-
bohedral model shown in Fig. 6. When the number
is odd no such shift is observed, as marked in the
image. A corresponding seven-layer model struc-
ture, built from the structural units described
above and with symmetry P6scm, is shown in Fig.
8(a). However, for one of the AIN type blocks with
seven metal layers, marked in the image, two Sr
layers are nevertheless shifted relative to each
other. A corresponding model structure with the Sr
layers shifted by 1/3 along <1 2 0> is shown in
Fig. 8(b). In this case the anions around the Sr
atoms are hexagonally instead of cubically close
packed. A different kind of observed defect is
shown in Fig. 9, where the Sr layer is interrupted
and shifted along the ¢ axis, resulting in a change
of the width of the AIN type blocks between the
Sr-layers.

Guinier-Hégg XRPD patterns of different pre-
parations of the Sr polytypoid phase contained
strong reflections that could be indexed with an
AIN type hexagonal unit cell, with = 3-081(2) and
¢=5242(8) A, and in addition a number of reflec-
tions with relative intensities below 20%, most of
them with intensities about 2-6%. The number of
additional reflections varied for different prepara-
tions between ca 25 and 70, and so did also many
of their positions and intensities. Most of the
reflections at lower 260 values could be accounted
for by a rhombohedral unit cell corresponding to
the structure model derived from HREM images
with 5-335(5) and 79-1(1) A, and some additional
ones by a primitive hexagonal unit cell with the
same dimensions. The agreement between inten-
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Fig. 7. HREM image along <100> of a disordered crystallite of the Sr sialon polytypoid phase. The widths of the AIN type

regions are designated and the shift of the Sr containing layers emphasised by lines. Parts with an even number of metal layers

comply for the most part with rhombohedral symmetry and a shift of subsequent Sr layers. This is normally not observed for an
odd number of metal layers between the Sr layers. An exception from this is marked with an E.
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(a)

Ll
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Fig. 8. (a) Structural model of an Sr polytypoid phase with
seven metal layers in the AIN type block and symmetry P6;cm,

illustrated along <100> and <110 >. (b) A corresponding
model with one Sr layer shifted by 1/3<120>.

Fig. 9. An HREM image of the Sr polytypoid phase along
<100 >, showing a defect consisting of a break and shift of an
Sr-containing layer.

sities in the observed XRPD patterns and a calcu-
lated pattern for the structural model was found to
be poor, however, in particular at lower 26 values
where the calculated pattern contained reflections
with appreciable intensities which were all absent,
or of much lower intensities, in the observed pat-
terns. In some of the patterns the first observed
reflection is found at a d value of 2-69 A, and all
reflections of the 00/ type and most of the 10/ type
are thus absent or too weak to be observed. The
extensive faulting observed in the HREM images is
however expected to alter the reflection intensities
considerably from that of an ordered phase, and
the observed patterns are difficult to interpret
without actually computing the effect of the
faults.'> An example of a similar effect of faulting
on reflection intensities is illustrated by the dis-
ordered 2H? sialon polytypoid phase.? It has the
composition M;X,, and in the structure there are

layers with composition MX, incorporated ran-
domly at an average separation of 11 layers of tet-
rahedra. As a consequence of the disorder,
however, the XRPD pattern contains only AIN-
type reflections.

4 Concluding Remarks

The compound Sr;.0Sig.9Allg.1N3g.00;.; reported
here is the first structurally characterised Sr-con-
taining sialon polytypoid phase. The HREM study
shows that Sr can enter this type of structure by
forming layers containing SrX;, cubo-octahedra
and MX, tetrahedra. A structural model has been
derived that contains these layers alternating with
AIN type blocks into which M3X4.5 layers are
incorporated. The average width of the AIN type
blocks corresponds to eight metal layers, although
variations of this number were frequently observed
in the HREM images. It is possible that similar
ordered phases may exist with different composi-
tions and numbers of metal layers in the AIN type
blocks. Such phases would be members of an
homologous series (SrM4Xs)-(MgXo)-(M3X3),.-2,
with n being the number of layers between the
SrM4Xs regions; and the present compound is
described by n=38.

To obtain more detailed knowledge of the struc-
ture, diffraction studies of well-ordered, single-
phase samples are needed. Whether it is possible to
synthesise such with n=8 and/or for other values
for n remains to be established. Related phases
seem to exist for other cations with sizes similar to
that of Sr?*, and investigations of these have been
initiated.

The structure of the Sr polytypoid phase is inti-
mately connected with the wurtzite structure of
AIN and the need for a 180° shift of the tetrahedra
to fit the apex-linked tetrahedra in the layers con-
taining Sr. For the present compound it is probable
that this is accomplished by insertion of a double
MgXo layer in which base-sharing tetrahedra are
50% occupied by M atoms. Other possibilities of
achieving the 180° shift are possible, however. The
M atoms may for instance be centered in a trian-
gular base of anions and thus have a trigonal
bipyramidal coordination. The HREM simulations
show that this is not the case for the Sr polytypoid
phase, but the arrangement is found in structures
of compounds of the type (InFeO3)(Zn0),,.'%!7 In
these a polarity reversal of MO, tetrahedra takes
place in ZnO (wurtzite) type blocks that are sepa-
rated by layers containing In atoms. The reversal in
orientation takes place via a gradual shift of the M
atoms in the MOy, tetrahedra, and layers with MOs
trigonal prisms are found halfway between InO s
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polytypoid structures in the AlLO;—AIN system. Mater.
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