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Structure of special grain boundaries in

SiAION ceramics
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The microstructure of hot-pressed samples of the 15 R polytype phase in the Si—Al—
O—N system was studied by means of TEM. Emphasis was put on studies of high angle
grain boundaries. In this material high angle boundaries of arbitrary orientation usually
possess a vitreous grain boundary phase. However, special grain boundaries were found,
which were free of any vitreous grain boundary phase. From the orientation relation
of the adjacent grains £ = 1 (coherent reflection twin boundary), Z =7 and Z =13
boundaries were found. For their explanation a coincidence site lattice (CSL) model
was developed for {0001) twist boundaries. By assuming an exponential form for the
potential of atomic interaction, the calculation of minimum grain boundary energies
for special twist angles was in accordance with the experimental observations.

1. Introduction

During the past decade silicon nitride and related
compositions in the Si—Al-O—N system {1, 2]
have been established as materials with many
potential high temperature engineering appli-
cations. However, to achieve strong silicon nitride
ceramics, sintering aids like Al,03;, MgO or Y,0;
are necessary for fabrication by hot pressing.
Unfortunately, these additives tend to form a
glassy phase at grain boundaries which assists the
densification process [3] but is also assumed to
cause poor high temperature creep properties
[4, 5]. The presence, chemical composition and
distribution of glassy phase has been a main
concern in various investigations due to its impor-
tance in the understanding of high temperature
behaviour of the material.

Internal friction measurements [6] and Auger
spectroscopy experiments [7] suggested the
presence of an amorphous phase in hot pressed
silicon nitride. Transmission electron microscopy
(TEM) studjes also indicated the presence of
an amorphous phase, located at triple grain junc-
tions [8, 9]. Whether the adhesive forces of such
a phase are sufficient to wet the whole grains to
form a continuous grain boundary film or enable
penetration only along particular grain boundaries
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has been the subject of numerous investigations
[10-16]. Different TEM imaging techniques were
developed to detect thin intergranular films [10—
12, 15]. The estimated thicknesses for wetting
films vary between several nanometres [6] and less
than 1 nm as determined by direct lattice fringe
imaging techniques [10, 14, 15]. The dis-
advantage of the latter technique is its poor
statistical representation of the overall mor-
phology of the sample. Despite the proven
presence of such thin intergranular films in a few
boundaries, it is possible that complete grain
boundary wetting does not exist or may occur
only at higher temperatures [10].

In recent TEM studies in MgO fluxed 8 silicon
nitride [16], intergranular films of thicknesses
around 1 nm were observed. It was found that the
film thickness is not strongly influenced by the
quantity of sintering additives used for hot press-
ing. This indicates an accumulation of surplus
of the glassy phase in pockets at triple grain
junctions.

The main purpose of the present work is to
determine the microstructural distribution of the
vitreous phase in the 15 R matrix (X2 phase {1]).
The crystal structure of the 15 R phase, which is
an isostructural polytypoid of AIN, was determined
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by X-ray diffraction. Thompson [17] proposed
a rhombohedral unit cell (space group R3m
[18]) with parameters ¢ =1.40450m and =
12.3°. Recently, Thompson et al. [19] reported
structure refinements of different SiAlION poly-
typoids. Regarding the sites of metal atoms the
15 R structure is described as stacking tetrahedra
in the wurtzite sequence broken up by layers
of octahedra inserted every fifth layer. The struc-
ture could be also satisfactorily described in terms
of non-metal atom layers with occasional metal
atoms omitted (Fig. 7a).

Emphasis was put on identification and charac-
terization of typical grain boundaries and other
interfaces observed in this phase. The existence
of glass free special grain boundaries is significant
for the understanding of the binding mechanisms
in the polycrystalline material. An attempt was
made to develop a concept, based on a simple CSL
model, to interpret the TEM observations on high
angle twist boundaries.

2. Experimental details
Gauckler et al. [1] prepared the specimen by hot
pressing of mixtures of SizgNg, AIN and Al,O;
powders at 1760° C and 30 MNm™2, Up to 15 wt%
MgO was added to the powders as a sintering aid
in order to get a large grained material with
predominantly planar grain boundaries. The
reacted specimens were composed mainly of
(i) a crystalline .region possessing the 15 R poly-
typoid and (i) a vitreous phase located pre-
dominantly at triple grain junctions. The material
also contained some crystalline agglomerates of
unidentified impurities. Due to the presence
of MgO flux in the material, the original chemical
composition of the material may be slightly
changed by incorporating some magnesium into
the matrix. Little is known about the range of
solubility of Mg?* within the 15 R SiAION poly-
typoid. If it is assumed that 5wt% Mg is solved
within the matrix, then the approximate chemical
composition of the crystalline material is
Mg, SizAl;501, N3, whereby the metal: non metal
atom ratio M: X of 5:6 is retained. With increasing
MgO concentration another stable 15 R phase
(y-phase) exists in the Mg—SiAION system which
is also an isostructural polytypoid of AIN [2, 20].
Standard methods were used for preparation
of thin foils suitable in the TEM experiments,
which were performed at an AEI-EM7 high voltage
electron microscope operated at 1000kV. The
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instrument was equipped with a + 50° double tilt-
stage, operated at room temperature.

No charging effects were observed (without any
coating of the specimen) when the specimen was
irradiated with 1MeV electrons. Interaction
between electron beam and target is reduced due
to a decrease in scattering cross-section with
increasing electron energy. Carbon coating, as is
usually necessary for microscopy at 100kV, gives
rise to misleading diffraction effects with respect
to the identification of an amorphous grain
boundary phase.

The crystal structure of the 15 R polytypoid
phase was determined by X-ray diffraction and
was confirmed by selected area electron diffraction
(SAD). For convenience, in this paper a hexagonal
description of the rhombohedral 15 R structure,
based on an equivalent unit cell with parameters
a=0.301nm and ¢ = 4.181 nm, will be used. In
TEM, phase identification on the basis of a single
electron diffraction pattern is inadequate in the
case of complex structures. The technique used
to determine the structure and mutual orientation
relation of single grains involved large angle tilting
of individual grains. Characteristic (0001)
reflections of the 15 R structure were used as an
internal standard to calibrate the diffraction para-
meters in the TEM. The d spacings and angles
between lattice planes derived from SAD patterns
were compared with calculated values. In this way
an unambiguous indexing of all diffraction
patterns could be achieved.

The boundary faces examined in the TEM were
oriented parallel to the electron beam (edge-on
orientation) for the determination of orientation
relations. In the case of a pure tilt boundary the
tilt angle can be determined directly from a
single diffraction pattern, when the tilt axis is
aligned parallel to the common zone axis of both
adjoining grains. For a pure twist or mixed type
boundary the twist angles were determined by
recording the angles at the goniometer stage
during consecutive series of diffraction patterns
taken from both adjacent grains, which were
then compared to each other. With this method
the misorientation angles could be determined
within an accuracy of + 0.5°.

3. Results

3.1. TEM observations on grain boundaries
The microstructure of the hot pressed samples
containing the 15 R phase is composed of large
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Figure 1 Grain morphology and high angle grain boundaries (a) BF micrograph showing characteristic prismatic grains
of the 15 R phase. (b) BF micrograph of a grain boundary area; pure twist boundary formed by grains I, II, mixed
boundary formed by grains II, HI. In triple grain junctions (A) a vitreous phase is present. (c) Direct (00:3) lattice
fringe imaging of the encircled (00+1) twist boundary area. The SAD pattern I, II indicate a twist angle 6 ~ 28° (ZA

[10-0] G); ZA [21+0] GiD)).

prismatic of plate-like grains, about I um wide
and up to 10 um long (Fig. 1a). All types of grain
boundaries may occur since the grains are
mutually oriented in a random fashion. The amor-
phous phase (labelled A in Fig. 1b) is present in
pockets at triple grain junctions as expected for
MgO-fluxed material. This could be revealed
clearly by selected area electron diffraction (SAD)
in the HVEM.

Small angle grain boundaries are present in a
few of the large grains. Rows of parallel disloca-
tion lines as well as more complicated dislocation
networks were observed (Fig. 2). A dislocation
analysis was carried out for screw type dislocations
in hexagonal networks. Burgers vectors of the type
b=4/3{11-0) were determined for these grain
boundary dislocations.

In many high angle grain boundaries with large
tilt components (tilt angle 8 2 5°), as for example
the boundary separating grains II and III in Fig.
1b, a glassy grain boundary phase with film thick-
ness of up to 2nm was detected in this material.
Most of the analysed boundaries were found to be
of mixed type with tilt and twist components.
However, pure tilt boundaries were also observed,
as for example.the boundary separating grains I

and II shown in Fig. 3. In this BF micrograph the
boundary face is seen edge-on. Grain I and grain If
were oriented with the common zone axis [21+0]
parallel to the electron beam. The tilt angle 6 =
64° (£0.5) was determined from the SAD pattern
(B) taken from the indicated area across the
boundary.

From the crystallographic point of view the
(00-1) planes in the 15 R structure are prominent
faces. The prismatic grains exhibit large surface
areas parallel to these (00+1) crystal planes. This is
seen as an indication for a relatively low (00-1)
surface energy. Pure twist boundaries are expected
to be formed in this material by joining grains
along their (00-1) faces.

About 15 different grain boundaries were
studied in detail in the search for pure (00+1) high
angle twist boundaries. For this purpose, sample
areas were chosen for grain boundary analysis
where two or more adjacent grains were observed
in strongly diffracting imaging conditions. This
condition is given for example for the grains I, II
(shown in Fig. 1) and grains [, II and Il (shown in
Fig. 3). The specimen was then tilted in the micro-
scope so that the (00-1) crystal faces are viewed
edge-on. Series of diffraction patterns were taken
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Figure 2 Low angle grain boundaries. Weak beam DF images showing dislocation structures in a tilt boundary (2) and in
a twist boundary (b).

Figure 3 Grain boundaries in the 15 R phase. (a and b) BF micrographs showing (i) pure tilt boundary (B) formed by
the grains I, 11 (i) pure twist boundary (T = 13) (grains II, III) (iii) low angle tilt boundary (grains I, IV), (iv) twin
boundary (T). The SAD patterns of particular grains and of the boundary area (B) are shown.
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Figure 4 Large angle twist boundaries in the 15 R phase. BF micrograph showing pure (00-1) twist boundaries viewed
edge-on (a). A £ = 7 boundary is formed by grains I, Il and £ = 13 boundary is formed by grains II and III. The
mutual orientation relation is represented schematically in a Kikuchi diagram (d). Under inclined boundary orientation
a dislocation structure is visible in the & = 7 boundary under BF (b) and weak beam DF (c) conditions.

from the low-index zones along the (00°3)
Kikuchi band by rotating the grains about the
[00-1] axes in both adjacent grains. In six cases
the analysis proved to deal with pure twist boun-
daries, whereas in the other cases the boundaries
were of mixed type.

Two types of pure twist boundaries were
observed: (i) In two cases the determined twist
angles were 8 = 21.5° (£0.5) or (60° —8) = 38.5°
(+£0.5), respectively (Fig. 4). (ii) In four cases twist
angles 0 =28.5° (£0.5) or (60°—6)=315
{(£0.5), respectively, were determined (Figs. 1, 3
and 4). Twist angles 6 ~ 28.5° were also deter-
mined for the twist components of four of the
analysed grain boundaries of mixed type.

Direct lattice fringe imaging of grain boundary
areas revealed both the (00-1) orientation of the
boundary face and its pure twist nature. By imag-
ing the (00-3) type lattice fringes, which are
running exactly parallel to each other in both adja-
cent grains, the boundary is viewed edge-on (Fig.
Ic). No anomalous fringe spacing or the presence
of a second grain boundary phase could be detec-
ted in this type of grain boundary. The uneven
contrast behaviour in some boundary areas
(marked by arrows in Fig, 1c) is attributed to the
stress fields of grain boundary dislocations. Grain

boundary dislocations could be imaged in some of
the (00-1) twist boundareis (Fig. 4) if the plane of
the boundaries is inclined with respect to the
incoming electron beam.

For boundaries with twist angle § ~ 28.5° the
misorientation of the adjacent grains can be
roughly estimated from the two single SAD pat-
terns, as shown for example in Fig. 1 for grains I
and II. Grain II is oriented with the [21-0] zone
axis exactly parallel to the electron beam. In the
same unchanged sample orientation, the [10-0]
zone axis of grain I slightly deviates from the beam
direction. The exact twist angles were determined
from the relative shift of the Kikuchi pattern, as
schematicaily outlined for the boundaries shown
in Fig. 4.

3.2. Formation of twins in the 16 R
Polytypoid Structure

Micrographs of many prismatic grains of the 15R
phase show contrasts of interfaces. With the elec-
tron beam parallel to the (00-1) crystal planes,
these boundaries are viewed edge-on (Fig. 5a). The
planar (00-1) nature of this interface type is also
revealed by imaging the (00+3) type lattice fringes
of crystal parts where such interfaces are running
through (Fig. 5b). Under conditions where the
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boundary face is inclined with respect to the inci-
dent electron beam, the faults give rise to o-type
fringe contrast [21] (Fig. 5¢). The contrast behav-
iour suggests a twin nature for these faults by
analogy with the well known contrast behaviour of
twins in other materials [22]. The twinning gives
rise to a splitting of electron diffraction spots in
SAD patterns if the grains are oriented with a
{11-0) type zone axis parallel to the incident elec-
tron beam (Fig. 5d). With a (10-0) type zone axis
parallel to the electron beam, no splitting of
diffraction spots is visible. These observations are
explicable from the symmetry properties of the
proposed space group R3m of this phase [17]. The
only plane of symmetry in this system is normal to
the {11-0) secondary axis and is parallel to the
[00-1] twin axis. For an incident electron beam
running parallel to both the (00-1) twin plane as
well as to the {11-0} plane of symmetry, matrix
(M) and twin structure (T) are in identical diffrac-
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Figure 5 Twin boundaries in the
15R phase. BF micrographs
showing a twinned grain which
gives rise to an areal contrast by
viewing the boundaries edge-on
(a) or an a type contrast under
inclined orientation (¢). By
direct lattice fringe imaging an
anomalous fringe spacing is
observed (b). The twinning gives
Tise to a splitting of electron
diffraction spots (d).

W

tion conditions. In this case the diffraction spots
of (M) and (T) are in coincidence which is in agree-
ment with the experimental observations. The
amount of splitting is 1/3 Dgo.3, where Dgg.3 is
the distance between diffraction spots in the SAD
pattern corresponding to the (00+3) lattice planes,
in direction normal to the twin plane (Fig. 6). This
suggests that these interfaces in the 15 R phase are
(00-1) coherent reflection type twin boundaries.
Due to the three fold rotation axis of symmetry
(parallel to the [00+1] twin axis), any rotation
about this axis'by an angle § = (2n + 1)60° (n =
0, 1, 2 . . .) transforms the matrix into the twin
orientation, whereas any rotation by an angle
8 =2n60° leads to identity. Thus, a twist
boundary with twist angle 0 =60° is identical
with the observed twin boundaries. This can be
verified by SAD experiments (Fig. 7).

With the twin boundary in edge-on orientation,
direct lattice fringe imaging of twinned regions
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Figure 6 Formation of twins in the 15 R phase. Schematical representation of a simplified stacking sequence of metal
atoms in c-direction. The transition of the sequence in the matrix (M) to the sequence in the twin structure (T) is
adapted by an intrinsic stacking sequence fault (8SF). The diffraction pattern of a twinned region is identical with the

superposition of two regular patterns with different (11+0) type zone axes.

shows a wider spacing d =~ 1.67 nm at the locations
of twin boundaries (T), compared to the regular
spacing d = 1.393 nm for the (00-3) type fringes
of the 15R structure (Fig. 5b). This is explicable
from the atomic structure of twin formation. The
described twinning in the 15 R structure is accom-
panied by a stacking sequence fault (SSF) in
regard to the stacking sequence of the metal atoms
(Si, Al) in c-direction. The transition from the
stacking sequence of the matrix (M) to the
sequence of the twin structure (T) is adapted by
one additional A (or B or C) layer into a regular
five-layered structural unit block (intrinsic SSF).
The atomic positions and layer sequences for

unit block in twinned structures with a d-spacing
in the c-direction of d = 1.67 nm is predicted.

4. Interpretation of large angle grain
boundaries

The observation of large angle grain boundaries
with special twist angles in SiAION ceramics is an
indication of a strong correlation between grain
boundary geometry and crystal structure. For
grain boundaries in metals and oxides such a corre-
lation is well known. The coincidence site lattice
(CSL) theory [23] has been developed and is now
well established as a useful geometrical grain boun-
dary model owing to its ability to predict favour-

(M) ...CB-CACAC|ABABA-BCBCB:CACAC|ABABA‘BC....
and
(T) ...CB:CACAC|ACACAC-BCBCB-ABABA|CACAC-BC. ..
transition
-—M™  (DO—

are indicated schematically in Fig. 6 Based on this
model the existence of an anomalous six layered

able grain boundary configurations. As yet the
CSL model has been successfully applied to
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Figure 7 Schematical representation of the atomic positions in the five layered structural unit block (1/3 of unit cell) of
the idealized 15 R structure (a). Each unit block is composed of five metal layers M and six non-metal layers X, retain-
ing a metal to non-metal atom ratio of 5:6. The atomic positions are projected on the (1140) plane (after Thompson ef
al. [19]). From SAD patterns (b) the identity of (00-:1) twin boundary and 60° (00-1) twist boundary (£ = 1) is
deduced (0, = 82.89°; 6, = 86.45°; 0, = 83.84°; 6, = 90°). The (00-3) reflections correspond to the height of the five

layered unit blocks.

explain the geometries and periodicities of tilt and
twist boundaries in cubic systems, mainly in
metals [24], and lately also in a more general way
for metal and nonmetal systems [25—-29]. Warring-
ton [30] made an attempt to deal with grain
boundary structures in hexagonal metal systems,
but little is reported as yet regarding the complex
matter of grain boundaries in noncubic ceramic
systems. In analogy to grain boundaries in metals
and oxides, it is assumed that the grain boundary
energy E(0) shows relative minima (cusps in the
boundary energy against misorientation plot) for
special high coincidence configurations. The
following simplifying assumptions were made for a
CSL model in the more complex structure of
SiAlION ceramics:

(i) Only the positions of metal atoms (silicon,
aluminium) are considered.

(ii) In the perfect crystal the potential for
atomic interaction is assumed to be of an exponen-
tial form.

(iii) The form of the atomic potential is
assumed to be unaltered by the mutual misorienta-
tion of crystal parts.
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(iv) No relaxation effects are taken into
account.

(v) Only nearest neighbour interaction is esti-
mated in energy calculation. The last two simplifi-
cations imply that the atomic positions in the
neighbouring layers above and below the boundary
are assumed to be not influenced by the mis-
orientation of one crystal part. The model can be
reduced to a simple two dimensional problem
where the atomic positions of only one transition
layer in the grain boundary must be considered. In
the model a grain boundary is formed by joining
two rigid crystals 1 and II along the boundary
which is parallel to the (00-1) crystallographic
planes for both crystals. Crystal II then is rotated
about the common c-axis by a twist angle 0 in res-
pect to crystal I which is thought to be fixed to
the coordinate system (Fig. 8a).

In the (00-1) planes of the 15R structure the
sites of metal atoms are in a hexagonal arrange-
ment with mesh width o= 0.301 nm. A coinci-
dence unit cell can be constructed for special twist
angles
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m—nsina
where n and m are the coordinates in the a,, a,
plane of the three-axis hexagonal system. The par-
ameters n and m are integers for atomic sites.
Compared to the equivalent expression for cubic
systems [25] an angle « = 30° must be incorpora-
ted in Equation 1 due to the nonorthogonality of
the system as defined in Fig. 8b. The reciprocal
number of the fraction of atoms in coincidence
(Z) is related to the coordinates of the CSL sites
by the equation

T = (n+mcosy)?+ (msiny)? )]

where y = 120° is the angle between the hexagonal
axes a; and a,. This relationship is analogous to the
expression given for X values in cubic systems
[25]. In a graphical representation (Z values versus
misorientation angle 8) all values X > 1 are located
on an asymmetrical curve as indicated in Fig. 8c,
whereas the values ¥ = 1 are singular points. The
calculated values for X and 8 are listed in Table L.
In order to calculate grain boundary energies in
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TABLE I Calculated values
coincidence configurations

of misorientation for

z 6 (%) m n
1 60 1 1
7 38.213 3 1

13 27.796 4 1

19 46.826 5 2

31 17.896 6 1

37 50.569 7 3

43 15.178 7 1

61 52.659 9 4

73 11.635 9 1

the outlined model, the coordinates of the atomic
sites in crystal Il have to be determined as func-
tion of the misorientation angle §. For this pur-
pose it is convenient to use an orthohexagonal sys-
tem. In this system a space vector r’ in the un-
rotated crystal is assumed to be fixed with the
coordinate system and is of the form

' = Sta, (3)
where
1 cosy O
Sk =10 siny O 4)
0 0 1

defines the transformation matrix applied to the

Figure 8 CSL grain boundary model. A twist boundary is
formed by joining two rigid crystals I and II along their
(00-1) faces. Crystal I is then rotated about the common
[00-1] axis in respect to crystal I (a). The CSL is con-
structed from a geometrical model (b). The values of the
noncontinuous function Z(8) are shown in a graphical
representation (c).
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vector dy, in the three-axis hexagonal system (with
v as the angle between the hexagonal axes ¢, and
@3). In the rotated crystal a space vector v is of
the form

v = Tjsta, %)
where
cos@ —sing8 O
T} = |sinf cos@ O (6)
0 0 1

defines the transformation matrix of a rotation
about the c-axis with 8 as the misorientation angle
with respect to crystal 1.

The distance of the jth atom to the ith atomic
site is given by the amount of the difference vector

V-r'=t! = (G -DSiE, ()

(I = identity matrix). Equation 7 describes the
distance between the points defined by the same
lattice vector &, before and after rotation. How-
ever, the deviation from an original atomic site is
considered only in the interval 0<|[r¥|<r,,
where ro=a =0.301 nm is the equilibrium dist-
ance between metal atoms in the (00-1) plane. In
order to find the smallest difference vector t¥ for
large misorientation angles, it is necessary to com-
pare the atomic positions after rotation to all
original atomic sites. For this purpose the lattice
vectors @ are discriminated by additional indices
m and p for the fixed or rotated states, respec-
tively. Equation 7 then becomes

8

Equation 8 is explained in detail in the Appendix
I. For the energy calculation an atomic potential
was selected to be of the form

i gicks k=
o= T}lSl ok Si Amk

E ~exp(—x)
with
x = V1 le7 —rol

The course of this potential E(r) possesses a
relatively steep gradient in the close surroundings
of the equilibrium distance between atomic sites,
ie. for [r’| =0 or [r¥| = ro, respectively. In Fig. 9
the E against [r¥] curve is plotted for arbitrary
units.

The potential energy for a single atom is given
by the equation

E¥@0) = Eo/2[1+Aexp(—x)]  (9)
where Ej is the energy in the equilibrium state at
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Figure 9 Potential of atomic interaction. An atomic
potential of the form F ~ exp(—x) is assumed for the
interaction forces of metal atoms; E, is the potential in
the equilibrium state.

/] =0 or t¥| = r,, respectively, and A4 is a con-
stant. The total boundary energy is then calcula-
ted as the sum over the energies of all displaced
atoms

E@©) = ¥ EY0). (10)
if

The results calculated for a model with Nyge; =
39atoms, which includes just the first zones of
CSL positions for £7 and Z13 configurations, are
plotted in Fig. 10a. For the special twist angles
0,=21.787° (38.213°) and 0,3=27.795°
(32.205°), corresponding to =7 and 13 CSL con-
figurations, the curve E(6) shows clear cusps. This
behaviour is similar to energy curves calculated for
tilt and twist boundaries in cubic metal systems
[24, 27, 31]. In an extended model with Nygy =
217 atoms, the course of the E(8) curve shows
additional cusps for all misorientation angles 6;
corresponding to the CSL configurations with
Z; <73, which are estimated in this model as
shown in Fig. 10b. In general, it was found that
the calculated minimum energies are lower for low
Z boundaries than those of the high Z boundaries.
However, for minimum energies as function of Z,
similar to other reports [27], no monotonic behav-
iour could be found.

5. Discussion

The observation of (00-1) twist boundaries in the
vicinities of the exact ¥ =1, 7 and 13 misorienta-
tions indicate the existence of low energy cusps in
a boundary energy versus misorientation plot. The
present model, developed for a hexagonal struc-
ture, had led to E(8) curves for (00-1) twist
boundaries which exhibit a large cusp at small
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Figure 10 Calculated grain
boundary energy curves £(8) for
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7 J ted. (b) E(@) curve calculated

with 217 atoms taken into
account. Both curves show low
energy cusps corresponding to
low I configurations.
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(b)

angles and a series of smaller cusps corresponding
to relatively low 2 misorientations. The main
obstacle in ‘modelling grain boundaries in strongly
covalent bonded ceramics is the lack of quantita-
tive information about the interatomic potentials.
Covalent solids like silicon nitride are built up of
SiN, tetrahedra joined in a three-dimensional net-
work by sharing corners [2]. The sialons are built
up in a similar way, however, the binding relations

are even more complicated due to a partial replace-
ment of silicon and nitrogen by aluminium and
oxygen, respectively. In the present state of the
art, we do not see a possibility to deal with this
problem in an atomistic way as it is applied
partially successfully in some respect in simple
cubic metal and metal oxide systems [32]. In the
present model a collective potential was intro-
duced which does not count for differences in
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atomic potentials of different metal atoms. The
shape of the potential surface in the (00-1)
crystallographic plane is assumed to be governed
strictly by the positions of the metal atoms. For
simplification all species of metal atoms are
treated in the same way; no distinction was made
for atomic interacting forces of silicon, aluminium
or eventually magnesium atoms. Though there is
little known about specific occupancy of metal
atomic sites by Mg®" in the 15 R structure, it does
not matter in the outlined model as long as the
structural parameters and symmetry properties are
unaltered by the presence of magnesium in the
SiAION matrix.

The non-metal atoms (nitrogen, oxygen) are
also stacked in regular layers (Fig. 7a), however,
no attention was given to the exact positions of
those atoms, they are treated similar to the model
of a free electron gas in metal bonding.

The chosen shape of the potential face for
atomic interaction pays much attention to the
coincidence configurations due to its steep
gradient in the close surrounding of the regular
atomic sites. Such a course for the potential may
be realistic in so far as only the amount of atomic
distances are considered. In covalently bonded
crystals, however, the binding forces act along
defined directions with fixed angles of atomic
bonds. This bonding system is disturbed inevitably
along the boundary plane by any misorientation.
For higher  orientations the energy gain due to
coincidences thus may be overcompensated by the
effect of misaligning bonding angles. In reality, the
potential surface is thought to be modulated in
such a way that the fixed bonding angles are esti-
mated. This could be modelled only by incorporat-
ing all the positions and binding forces of metal as
well as non-metal atoms into the calculations
which seems not to be possible at the present state
of knowledge.

Relaxation effects play an important role in
grain boundary models and grain boundary energy
calculations in metal-bonded systems as well as in
ionic crystals. The neglect of relaxation effects in
the present model may be justified by the rigid
covalent interatomic forces in these ceramics. Due
to this binding characteristic only small relaxation
movements are expected. This would imply some
effect only in the close surrounding of the ideal
atomic positions of the perfect crystal owing to
the characteristics of the potential surface. For dis-
placed atoms anywhere in an intermediate position
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between equilibrium states where the potential
surface forms a relatively flat plateau, the poten-
tial energy would not be diminished dramatically
by relaxations. This implies that relaxations may
actually contribute to minimize the boundary
energy in exact or close coincidence configurations
whereas for the general trend of the boundary
energy no significant change is expected.

The fact that special grain boundaries are
observed is thought to be an indication for a
strong correlation between grain boundary geo-
metry and crystal structure. This suggests a glass-
free pure crystalline nature for these grain
boundaries. The observation of periodic dislocation
structures similar to observations at low-angle
grain boundaries, is seen as a further indication for
the crystalline grain boundary nature.

6. Summary and concluding remarks

In MgO-fluxed SiAlON ceramics twin boundaries,
low and high angle grain boundaries were studied
by TEM. The twin structure was identified as co-
herent (00-1) reflection-type twinning. By selec-
ted area electron diffraction experiments it could
be shown that the twin boundaries are identical
with 60° (00-1) twist boundaries (£ =1 bound-
ary). In twinned regions the observed disorder in
the (00-+3) type lattice fringe spacing was attribu-
ted to intrinsic stacking sequence faults. Low angle
tilt and twist boundaries with periodic dislocation
structures were observed. Burgers vectors of the
type b=a/3 (110) were determined for the
analysed dislocations. At triple grain junctions as
well as along many boundaries with high angle tilt
components an amorphous phase was detected.
Pure high angle (00-1) twist boundaries with
special twist angles 6,7 38.5° and 0,3~27.5°
were observed. In a CSL model, these special twist
angles corresponded to Z =7 or £ =13 coinci-
dence configurations, respectively. Based on a
simple model, where an exponential form for a
collective atomic potential was assumed, grain
boundary energies as function of misorientation
were calculated. In the boundary energy versus
misorientation plot the results showed low energy
cusps.

The experimental resuits show that beside low-
angle and twin boundaries, special (00-1) twist
boundaries are stable without an amorphous grain
boundary phase. It appears that the boundaries
with low X misorientation possess relatively low
energies and are formed favourably during the



sintering process. However, in boundaries with
high T misorientations the energy gain due to co-
incidences may be overcompensated by misalign-
ing binding angles and distances which play an
important role in covalently bonded ceramics.
To take this into account would imply an exten-
sion of our basic model where the potentials of all
atom species in the material have to be estimated.

Appendix: Calculation of the difference
vector r'/
The vectors

and

define points in the unrotated and the rotated
crystal, respectively, where

and

cfa

are lattice vectors in the three-axis hexagonal sys-
tem. For lattice sites of metal atoms (silicon,
aluminium) the parameters m, n, p, g are integers
and c¢ is the coordinate in c¢-direction (hexagonal
lattice parameter @ = 0.301 nm).

Applying the transformation matrices Sk and

T} as defined in Section 4, the space vectors
become
n+mcosy
ri=a msiny
cla

and
cosf(q +pcosy)—psinysind

r = al sind (g + pcosy) + psiny cosd

cla

and finally the difference vector becomes

for the case where r and r’ define sites in the same
(00-1) atomic layer. Due to limited computer
capacity and calculation time, the total number of
atoms taken into account must be limited. The
parameters m, n, p, q are considered in the interval

—N<(m,n,p,q)<+N

with the condition N2 |m —n!| (N integer), so
that the total number of atoms considered in the
model] is

Nigtn = 1 + 3NV + 1).

In this limited model all CSL configurations with
2 < 1/3 Ny are estimated.
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