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Dislocations studies in B-silicon nitride
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Some preliminary results of dislocation analysis and associated glide systems in as-grown
as well as in superplastically deformed f silicon nitride are presented. Transmission electron
microscopy observations using the weak-beam technique, are reported. [0001] {1010} and
1/3¢1210) {1011} glide systems have been characterized. In the basal plane,

a superposition of two hexagonal networks built with screw dipoles has been observed.
Both a sequence extended node—constricted node and partial dislocations have been
identified in these networks which clearly evinces dislocation dissociation in B-silicon nitride

following the reaction 1/3¢2110> — 1/3¢1010) + 1/3¢1100>.

1. Introduction

Silicon nitride, Si3Ny, is a covalently bonded thermo-
mechanical ceramic. The high-temperature mechan-
ical properties of this compound are of great interest
for industrial applications. However, its brittleness, as
well as the lack of cheap and reliable shaping tech-
niques, still prevent use of this material on a large
scale. This has motivated research for new processing
and shaping routes and recently, a superplastic Siz N,
was successfully synthesized [1-4]. Such deformation
behaviour results mainly from grain-boundary sliding;
however, it seems important, for a complete under-
standing of silicon nitride deformation mechanisms, to
perform detailed analysis of dislocation configurations
as well as slip systems characterization. This paper
presents some preliminary results obtained by trans-
mission electron microscopy (TEM) of dislocation
configurations and slip systems in B silicon nitride.

2. Structure of silicon nitride

Silicon nitride exists with two different crystallo-
graphic modifications: the o phase, the metastable
one, crystallizes above 1300 °C, and the B phase, the
stable one, above 1700°C. The reaction o — 3 has
been found to occur, but not the reverse one [5].

o- and B-SizN, have a hexagonal structure with,
respectively, P3;. and Pg3,, symmetry group [5-7].
The structure of the a-phase can be described by the
piling up of four planes A, B, C, D, spaced out by ¢,/4,
each of them containing a planar arrangement of three
silicon and four nitrogen atoms (Fig. 1). The lattice
parameters are a, = 0.7753 nm, ¢, = 0.5618 nm. The
structure of the B-phase is a piling up of two planes A,
B, spaced out by cp/2, with an atomic arrangement
similar to the a-phase (Fig. 2). The lattice parameters
are ag = 0.7606 nm, c; = 0.2909 nm. Owing to the
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similarity between the two structures, ¢, could be
expected to be twice as large as c¢;. However, the
volume of the interstitial sites is smaller in the o struc-
ture; this results from atomic rearrangements and ex-
plains the variance of ratio ¢g/c, from 1/2 [6].

3. Previous dislocation observations

Some papers have been already published on disloca-
tion observations in o- and B-Si;N,. Most of the studies
have been performed on non-deformed silicon nitride.

3.1. Dislocations in a-SizN4

In the o structure, ¢c[0001] is the most probable
Burgers vector: dislocations with such a Burgers vec-
tor have been observed by several authors [8,9].
Moreover, evidence of dislocation dissociation follow-
ing the reaction [0001] — 1/2[0001] + 1/2[0001]
has been provided [9]. In addition, dislocations with
a/3<{1120> Burgers vector have been observed sev-
eral times by TEM in as-sintered materials [§-10] and
also after deformation [11]. Associated with this Bur-
gers vector, {110 1} was found to be the primary glide
plane [11]. 1/3¢1123) has also been reported as
a possible Burgers vector [8,9,12], with the {1121}
habit plane [12]. Recently, Zhou and Mitchell [9]
have characterized {1010} planes to be the glide
planes of these three types of dislocations in chemical
vapour deposited (CVD) material. Dislocations with
1/9¢1123) Burgers vector have been also observed
by Suematsu et al. [13].

3.2. Dislocations in B-SisN,4
A theoretical analysis on Burgers vectors and different
glide planes in B-silicon nitide has been performed by
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Figure 1 Basal projection of the a-silicon nitride unit cell.
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Figure 2 Basal projection of the B-silicon nitride unit cell.

Evans and Sharp [14]. They found that ¢[000 1], the
shortest vector of the Bravais lattice, is the most prob-
able Burgers vector for dislocations. This has been
confirmed by several observations [14-17]. {1010},
{1120}, {1230} have been proposed to be the three
major glide planes [14]. The Burgers vector
a/3[1120], larger than the ¢[0001] one, has also
been observed in a B-SizN, by Hwang and Chen
[16] and Lee and Hilmas [17]; however, this vec-
tor, predicted as a possible Burgers vector [14],
has not often been observed. Evans and Sharp
[14] also expected a possible dislocation reaction
c[0001] +a/3[1120] — 1/3[1123]. Even though
this latest vector has been already observed [17-19],
there is no evidence of the existence of partials which
could have stabilized dislocations with such a large
Burgers vector.

4. Experimental procedure
Structural defects in two different types of silicon
nitride were analysed in this study. Material A is
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a pressureless sintered silicon nitride (SSN) with
3wt% Al,O; and 8 wt% Y,O; as additives. The
microstructure of this material is built mainly of
B-Si;N, grains, with a small amount of secondary
intergranular glassy phase. Material B is obtained by
hot pressing of Si;N, powder (UBE-SNE10) contain-
ing 3 wt% Al,O3 and 6 wt% Y,O5 in a graphite die
under a nitrogen flow. This results in a fine-grained
material with a composition (determined by X-ray
analysis) close to 70% o-phase and 30% p-phase.
A tensile test performed on a sample of material B at
1595°C using a strain rate of 2.5x1073s ! led to
85% deformation, demonstrating the suitability of
this material to plastic forming techniques [4]. This
high-temperature tensile test led to a final o/f ratio
close to 23/77 [4].

For TEM studies, slices of about 200 um were cut
from these samples with a wire saw. After mechanical
grinding and dimpling, the final thinning was achieved
by argon ion milling at 5 kV in a Gatan duo mill. To
prevent charging in the microscope, specimens were
coated with an amorphous carbon layer. TEM obser-
vations were performed with a Jeol 200 CX micro-
scope, operating at an accelerating voltage of 200 kV,
with a double tilt specimen holder.

5. Results and discussion

Defects were observed mainly in B-SizN,, which ap-
peared to be the plastic phase as compared to the
dislocation density found inside the grains. Because
the investigated materials were processed at high tem-
perature, the habit planes of dislocations were, when
possible, determined by tilting the specimens in order
to check whether the observed configurations result
from glide or climb movements. This allowed unam-
biguous conclusions to be drawn about the disloca-
tion glide planes.

5.1. Material A
TEM reveals elongated B-grains, as characterized by
diffraction pattern analysis, containing complex dislo-
cation arrangements. Fig. 3a and b show a typical
dislocation microstructure which is built of several
dislocation families which are referenced E, F, G and
H. E dislocations are the main dislocation family of
this microstructure. They appear as long straight seg-
ments which bow out of this orientation on the left
part of the figure and can interact in some places with
H dislocations. E dislocations are out of contrast for
the hkiO reflections so that their Burgers vector is
c¢[0001]. The orientation of their long straight seg-
ment is along ¢[0001] so that they have a screw
orientation on most of their length. When these dislo-
cations bow out of this screw orientation, their line
orientation, determined by tilting experiments, be-
longs to {1010}. This determination is consistent
with a glide system [0001] {1010} and a strong
Peierls potential along the screw direction.

The Burgers vector of H dislocations interacting
with E dislocations has been determined to be
1/3[1210]. A trace analysis of the short H dislocation



Figure 3 Pressureless sintered silicon nitride (material A). Burgers
vectors of the dislocations characterized in the grain: E,
b=[0001]; F, b=1/3[1213]; G, b=1/3[211x]; H,
b=1/3[1210]. (a) Weak-beam  dark-field, g=7[0002],
sg =7.1x10"2nm™". (b) Bright-field, g = [1010].

segments which have not interacted with E disloca-
tions, leads to an average direction at 60° from
[1210] and an habit plane {101 1}. This type of glide
system 1/3[1210] {1011} has also been previously
observed by Suematsu et al. [11] in a-SizN,. Fig. 4

Figure 4 Enlargement of the left side of the grain studied in material
A: reaction between E and H dislocations, following the reaction
[0001] + 1/3¢1210) - 1/3¢{1213). Dislocations and Burgers
vectors involved in the reaction: H1, H2, b = a/3(1210); El1, E2,
E3,b =c[0001]; al, B1, B2, b = 1/3¢1213); a2, b = 1/3<1213).
Weak-beam dark-field, g = [0002], s, = 7.1 x 10”2 nm ™%,
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Figure 5 Proposed mechanism for the creation of the arrangement
shown in Fig. 4: dislocations with ¢[000 1] Burgers vector, E1, E2
and E3, glide under the action of local stress (a), leading to reaction
with dislocations with a/3<1210) Burgers vector H1 and H2 at
points al, a2, B1, B2 (b).

focuses on the E, H interactions and Fig. 5a and
b address the dislocation reactions. Several E disloca-
tions, E1, E2 and E3, interact with two H dislocations,
H1 and H2, following the reactions

El + Hl »al (1)
—El + H2 5> 22 )
E2 + H1 - Bl 3)
E3 + H1 - B2 )

The dislocation junctions al, B1, B2 have the same
Burgers vector 1/3[1213]. Indeed, these dislocations
are out of contrast with 1070 and in contrast with
0002, while o2 has a 1/3[1213] Burgers vector.

3735



These reactions can be written for al, f1, f2
c[0001] + a/3[1210] — 1/3[1213] %)
and for a2
c[0001] — a/3[1210] — 1/3[1213] (6)

These reactions involve no gain in elastic energy as far
as isotropic elasticity is concerned, and can be fa-
voured by local stress effects or elastic anisotropy. The
occurrence of the two different reactions is in agree-
ment with local stress effects which probably result
from the process (Fig. 5a). Other E dislocations cross-
ing the resultant dislocations junctions 1, 2 do not
interact with those dislocations, because they are
probably far enough from the plane of the arrange-
ment. However, some of them pile up along B2 build-
ing multipoles (see arrows in Fig. 4). Besides these
main features of the dislocation arrangements, several
other dislocations are evinced (see Fig. 3).

In the network, N, the density of dislocations is too
important for an unambiguous characterization of the
Burgers vector and the direction of each type of dislo-
cations lines. Many of the dislocations in this network
are out of contrast when using the 1010 type reflec-
tions. This is consistent with a basal plane component
for their Burgers vector.

G dislocations located near network N are out of
contrast for the reflection 0110 but in contrast for all
the other h ki0 reflections (Fig. 3). Their Burgers vec-
tor could be of the type 1/3[211x]. Because of the
large density of dislocations with ¢[000 1] Burgers
vector imaged with the 0002 reflection, visibility or
extinction of G dislocations is difficult to check: an
unambiguous determination of the x component has
not been achieved.

F dislocations are in contrast with the two 1101
and 0002 reflections and are out of contrast with
1010. Their probable Burgers vector is 1/3[1213]
which has been previously observed [17-19], al-
though the associated strain energy is expected to be
very large. They probably appear as dislocation junc-
tions. A trace analysis of the dislocation line shows that
the average direction is near [1101], but the habit
plane of these dislocations has not been determined.

Characteristics of all the dislocations found in Fig. 3
are summarized in Table L.

5.2. Material B
This material has a smaller grain size than material A;
the B structure of the few larger grains has been

TABLE I Characteristics of dislocations of Figs 3 and 4

unambiguously determined by diffraction patterns.
Many dislocations are evinced in those grains; the
smaller the grains, the lower is the dislocation density.
Among the dislocation configurations, the configura-
tion shown in Fig. 6 was characterized. This config-
uration is built with several dislocation families ar-
ranged mainly as an hexagonal network. This network
has been found to lie in the basal plane {0001}
(Fig. 6).

Dislocations are in contrast for only two of the
three 1010 reflections. Their Burgers vector is then
b =1/3{112x)>. Most of the dislocations are located
at 60° from each other. The plane of the network and
the line direction of the dislocations, parallel to the
three {12 10) directions, are consistent with disloca-
tions with a/3<1210) Burgers vector lying along the
screw direction. The network results from dislocation
reactions of the type

a/3[1120] +a/3[2110] — a/3[1270] (7)

Reflections g =2020 1210, and 1230, evince
a dissociation of dislocations through the observation
of a sequence of extended and constricted nodes (Figs
7 and 8). This observation is consistent with the dis-
sociation  reaction 1/3¢2110> —1/3<1010) +
1/3¢{1100)> and the existence of two stacking fault
energies with very different values (in analogy with
fcc and hcp metals). These partial dislocations at
the extended nodes can be clearly identified using

Figure 6 Screw dislocation network viewed with 202 1 reflection in
material B. Most of the dislocations have a Burgers vector
a/3<{1210) and react leading to a sequence of constricted and
extended nodes. A reaction between a dislocation, with a Burgers
vector 1/3{1210), with V dislocation, with ¢[000 1] Burgers vec-
tor, gives the dislocation D with a Burgers vector 1/3{1213).
Weak-beam dark-field, g =[2021], s, = 7.9x 107> nm™".

Dislocations b 1 b Al Habit plane®
E [0001] [0001;[1211] {1010} {1010

F 1/3[1213] [1101] {0171} ?

G 1/3[211x] ? ? ?

H 1/3[1210] ? ? {1011}

al, B1,p2 1/3[1213] 2 ? {1011

o2 1/3[1213] ? ? {1011}

*Habit plane determined by tilting experiments.
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Figure 7 Evidence of two superposed networks in material B.
Weak-beam dark-field, g = [2020], s, = 54 x 10> nm ™~ .

Figure 8 Arrangement of the two superimposed networks X1 and
X2 built with screw dislocations. Dissociation at nodes yields to the
superposition of extended and constricted nodes (see Fig. 9).
by =a/3[1210]; b, = a/3[2110]; b3 = a/3[1120].

reflections 1010 and 1210. However, for some dif-
fracting conditions, the same node sometimes appears
extended and sometimes constricted. Indeed, imaging
with 2020 and 3030 diffracting vectors, which have
lower extinction distances than 1010, shows that this
network is built with two parallel networks of screw
dislocations (Figs 7 and 8). + g imaging conditions
provide the evidence that screw dislocation dipoles are
involved in the network formations. Such a superposi-
tion of hexagonal dislocation networks has already
been observed in zinc single crystals by G’Sell and
Champier [20] and Tyapunina et al. [21]. Because the
two superposed hexagonal networks have dislocations
with opposite Burgers vectors, the superposition of an
extended node of a network over a constricted node in
the other network can be explained. Indeed, an ex-
tended node occurs for a specific composition rule, i.e.
AB + BC — AC = 0 of the three perfect dislocations
(see, for example, Amelincks [22]), that is at o and o
(Fig. 9), whereas the neighbouring node has a different
composition rule AC — BC — AB = 0 consistent with
a constricted node (B and B’ in Fig. 9). These two
composition rules are exchanged when the Burgers

AB BC BA CB
', constricted

CA

o, extended
AC

B, constricted o', extended

BC AB CB BA

(a) (b)

Figure 9 Extended—constricted node formation rule: at o,
AB +BC —AC=0; at §, AC—BC — AB =0. (a) Dislocation
network X1, (b) dislocation network X2.

vectors of the interacting dislocations are opposite, so
that the extended node occurs at the place of a con-
stricted one in the two different networks.

Another dislocation, V, which appears in weak con-
trast on Fig. 6 has been clearly identified with several
different diffracting conditions and is characterized by
a c[0001] as a Burgers vector. Dislocation V inter-
acts with dislocations of the hexagonal network X1
(cf Fig. 8) and leads to a dislocation junction with
1/3[1213] Burgers vector following the reaction

c[0001] + a/3[1210] > 1/3[1213] (8

The junction dislocation, included in the previous
hexagonal network, does not have a screw character.
This reaction seems to have occurred after the net-
work formation.

The formation of such an hexagonal network built
with dislocation dipoles is under investigation. It can
result from plasticity events occurring during super-
plastic deformation or from small misorientation be-
tween B subgrains or a B—f’ interface, as previously
observed by Hwang and Chen [16].

6. Conclusion

TEM studies were performed on deformed and non-
deformed silicon nitride. Most of the dislocations are
located in B grains, most of them having a Burgers
vector b =¢[0001] and a glide plane {1010}. An-
other type of dislocation with b = a/3(1210) has
been found to lie in the {101 1} slip planes and stabil-
ized as a network in basal planes. Dislocations with
Burgers vector 1/3{1213) were also shown to result
from a reaction between dislocations with ¢[000 1]
and a/3¢{1210)» Burgers vector. A superposition of
two hexagonal networks in the basal plane composed
by screw dipoles is observed. In this configuration,
dislocation dissociation into partials through a se-
quence of constricted—extended nodes was evinced.
This provides the first evidence for a dislocation dis-
sociation of the type: 1/3¢<2110> - 1/3<1010) +
1/3¢{1100) in B-Si;N,. The mechanism for the dipole
network formation is under investigation.
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