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Microstructural development and crystallization behaviour of Yb,0O,-fluxed sintered silicon
nitride materials was investigated using CTEM and HREM. The materials contained 5 and

10 vol % Yb,0O, as sintering additives. After densification, both compaositions were
subsequently heat treated to crystallize the residual amorphous secondary phases present at
triple-grain regions. In the material doped with 5 vol% Yb,03, only an amorphous secondary
phase was observed after sintering, which was about 80 % crystalline (Yb,Si,0,) after the
post-sintering heat treatment. A metastable phase was formed in the material with 10 vol %
additives after sintering, with about 70 % crystallinity in the triple-point pockets. Upon post-
sintering heat treatment, the material could be completely crystallized. During heat treating, the
metastable phase combined with the remaining glass to form Yb,SiOg plus Yb,Si,0, and a
small amount of Si;N, which deposited epitaxially on pre-existing Si;N, grains in areas of
low-energy within the triple-point pockets. All materials contained thin amorphous films
separating the grains. The amorphous intergranular films along grain boundaries (homophase
boundaries) revealed excess ytterbium and oxygen. The thickness of the intergranular films
was about 1.0 and 2.5 nm for the grain boundaries and the phase boundaries, respectively,
independent of additive content and heat-treatment history.

1. Introduction

Silicon nitride materials have been intensively studied
over many years for their potential application as
high-temperature structural ceramics [1-5]. This is
due to the favourable combination of chemical and
thermo-mechanical properties, e.g. inherently high
strength, low coefficient of thermal expansion, and
good thermal shock and wear resistance. However,
Si;N, cannot be conventionally densified by classical
solid-state sintering techniques owing to its high cova-
lent bonding character and low self diffusivity [6, 7].
Therefore, it is commonly processed by liquid-phase
sintering using rare-earth or transition-element oxide
additives. During sintering, these oxides react with
SiO, (always present on the surface of the SizN,
grains) and SizN, to form a liquid that allows both
densification of the green body to near theoretical
density, and the a- to B-Siz N, transformation to occur
{8-107]. This process results in a microstructure con-
sisting of B-Si;N, grains and a small percentage of a
secondary phase, consisting usually of silicon, oxygen,
nitrogen and cations of the sintering additives. This
secondary phase, which is present in both three- and
four-grain junctions (pockets) and as a thin amorph-
ous film that forms between essentially all grains
(two-grain junctions), is thought to limit the high-
temperature properties of the materials [11-15].
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The secondary phase is usually amorphous after
sintering. Tsuge et al. [11] noted that a pre-sintering
heat treatment could promote crystallization of triple-
grain regions, resulting in an improved high-temper-
ature flexural strength. It should be mentioned that in
some cases the crystallization of the secondary phase
has been seen to be cither detrimental to the high-
temperature mechanical properties or not beneficial
(especially at room temperature) [16, 17]. This has
been attributed to a higher concentration of impurities
in the remaining amorphous intergranular phase (i.e.
no solid solution with the crystalline phase occurred)
and, moreover, to stresses induced in the material due
to volume changes upon phase transformation or to
thermal expansion mismatch between Si;N, and the
crystallized secondary phase. Many different additives
have been used to densify silicon nitride, with three
factors influencing the choice of the sintering aid: (i)
ease of sinterability, (ii) refractoriness of the secondary
phase, and (iii) ease of crystallization of the triple-
point pockets [18-22]. The most common additives
today are Y,0; plus AL, O; which satisfy the first
criterion, hut it is difficult to obtain complete crystal-
lization of the secondary phase pockets [23-27].
However, by carefully controlling the chemical bal-
ance of elements, several researchers have been able to
achieve “complete” [28, 29] or nearly complete [30]
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crystallization of these pockets. It is important to note
that the term “complete crystallization” is used here
with the understanding that the aforementioned thin
amorphous intergranular films still exist along phase
and grain boundaries.

Thin amorphous films are observed between all but
low-angle boundaries or special grain boundaries in
sintered silicon nitride (SSN) [31] and can range in
width from 0.5-5 nm. They are generally assumed to
consist mainly of SiO, from the surface of the Si;N,
grains, though a quantitative chemical analysis of the
film has not yet been accomplished due to both inter-
ference with adjacent grains and beam broadening
during chemical analysis in the electron microscope.
The idea that the formation of an amorphous grain-
boundary film in some ceramics is an equilibrium
phenomenon has been explored by Clarke [32]. He
considered attractive and repulsive forces acting on
the adjacent grains across the intergranular film and
was able to derive a formula which allows, in theory,
the calculation of the grain-boundary film thickness.
However, some of the parameters involved in the
derived equation are still unknown (e.g. the dielectric
and elastic constants of the intergranular film and/or
the crystalline secondary phase). Hence, a calculation
of the equilibrium grain-boundary film thickness in
Yb,O;-fluxed silicon nitride is not yet possible. There-
fore, high-resolution electron microscopy (HREM)
has been used to image grain-boundary films in Si;N,
materials and to determine the corresponding film
width [33, 34].

The present work investigated the microstructural
evolution of sintered and annealed silicon nitride
fluxed with 5 and 10 vol % Yb,0,. The aim of the
study was to characterize typical microstructural fea-
tures of Yb,0O;-fluxed SSN and compare these with
SSN fluxed with other rare-earth oxide additives. This
includes the characterization of the crystalline second-
ary phase and its crystallization behaviour as well as
the structure and chemistry of the relatively thin
amorphous intergranular films. As the two main creep
mechanisms in SizN,-based materials are grain-
boundary sliding [35] and solution-precipitation
[36], the thickness and viscosity of the amorphous
intergranular films are believed to play an important
role in the high-temperature mechanical properties of
these materials. In Part 1T [37], the promising mech-
anical properties of the materials investigated will be
presented and correlated with the observed micro-
structural features.

2. Experimental procedure

The materials investigated were fabricated using 5 and
10 vol % Yb,0O; with the addition of 0.5 vol % Al,O4
for improved sinterability. The starting powders of
Si;N, (E10, UBE Industries, Japan), Yb,O; (Ventron,
Germany) and Al,O; (AKP, Sumitomo, Japan) were
attrition milled for 4h in isopropanol and sub-
sequently dried in a rotation evaporator and sieved.
The homogeneous powder mixtures were consolida-
ted by cold isostatic pressing at 630 MPa. Sintering
was performed in a BN crucible heated by a graphite
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heating element (Astro Industries, Santa Barbara,
USA) with a constant heating rate of 20 K min~?
under 1atm N, pressure. The isothermal sintering
time at 1800 °C was 120 min which allowed a com-
plete a-B Siz;N, transformation, and the attainment of
> 99 % theoretical density. The cooling rate in the
first stage was about 100 K min 1.

After sintering, each of the materials was heat
treated to crystallize the amorphous secondary phase.
The optimum temperature for devitrification was de-
termined by DTA investigations with a heating rate of
5Kmin~!. The crystallization heat treatment was
12h at 1250°C in 1 atm N,. The sintered and an-
nealed materials were subsequently characterized by
transmission electron microscopy (TEM), and X-ray
diffraction (XRD) of bulk specimens.

TEM foils were prepared by standard techniques
involving cutting slices from the bulk and boring
3mm discs which were subsequently ground to
100 um thickness. They were then dimpled to 20 um
and ion milled to perforation. All samples were coated
lightly with amorphous carbon to prevent charging in
the microscope.

The TEM examinations were performed in either a
Jeol 2000 FX (200 kV) with a Tracor EDS system
(germanium detector, ultra-thin window), or a Jeol
4000 EX dedicated high-resolution electron micro-
scope (HREM) operating at 400 kV {point resolution
of 1.7 nm). High-spatial resolution chemical analysis
was carried out ina VG HB 501 STEM using a 0.8 nm
probe size.

3. Results

3.1. General microstructure

The general microstructure of all Yb,O;-containing
materials investigated consisted of elongated $-Si;N,
grains, and triple-point pockets filled with remains of
the liquid formed during sintering either in amorph-
ous or crystalline form. The triple-grain regions were
homogeneously distributed throughout the samples.
All SizN, grains and SizN,/second-phase boundaries
were separated by a thin amorphous intergranular
film with the only exception of low-energy boundaries
or boundaries with special orientation. Table I reveals
the crystalline secondary phases that were found in
triple-point pockets of each material by both XRD
and electron di®~~+ion.

3.1.1. SSN with 5vol % Yb,0, addition
Virtually all of the triple-point pockets were amorph-
ous in the as-sintered material with 5 vol % Yb,O,

TABLE I Crystalline secondary phases determined in Yb,0;-
doped SSN by XRD and electron diffraction with the second-phase
content (estimated by TEM)

Material Sintered Heat treated
5vol % Yb,0, Amorphous Yb,Si,0,
100% 80%
10 vol % Yb,0, Yb,,ALSI;0, N,  Yb,Si,0,
+ Yb,SiO5
70% 80%




additives. The amorphous triple-grain regions were
interconnected by thin amorphous grain-boundary
films covering the Si;N, particles. Fig. 1 shows a
bright- and diffuse dark-field micrograph of a second-
phase pocket that demonstrate its glass structure.
Chemical analysis by EDS showed that the glass
contained approximately equal amounts of both ytter-
bium and silicon, a high level of oxygen, but no
nitrogen could be detected on the basis of a detection
limit of approximately 10 at %, due to the overlap
with carbon (carbon coating) and the high amount of
oxygen (in the secondary grain-boundary phase).

3.1.2. Heat-treated SSN with 5vol %
Yb, O, addition

After the heat treatment, approximately 80% of the
triple-grain pockets were crystalline, either partially or
completely. An example of a completely crystallized
secondary-phase pocket can be seen in Fig. 2. Both
XRD and selected-area diffraction (SAD) indicated
that the secondary crystalline phase was Yb,Si,0,.
Quantitative EDS analysis confirmed a Yb:Si ratio of
1:1. The SiyN,-rich corner of the Si;N,~Yb,0;-Si0,
phase diagram, indicating both starting compositions
investigated, is shown in Fig. 3 [38]. The composition
of the materials with 5vol% Yb,0; lies in the
Si3N,—Si,N,0-Yb,Si,0, compatibility triangle, but
no Si,N,O could be detected by XRD or electron
microscopy. Huang et al. [39] reported the thermal
decomposition of Si,N,O at elevated sintering tem-
peratures of 1830 °C into Si;N, and SiO,. Moreover,
nucleation difficulties may influence the absence of
Si,N,O in this material. It was reported by Braue [40]
and Kleebe er al. [41] that Si,N,O particles typically
reveal spherical inclusions which were identified as o-
SiyN, acting as a nucleation site during the formation
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of Si,N,O. The incomplete crystallization of the
Yb,Si,O, secondary phase after the post-sintering
heat treatment is not yet well understood but it should
be noted that recent calculations have shown that
internal stresses in SizN,-materials, due to large vol-
ume changes upon crystallization, may limit complete
crystallization of the triple-grain pockets [42, 43].

3.1.3. SSN with 10 vol % Yb,0; addition
The microstructure of the material with 10 vol %
Yb,0, additives was substantially different compared
to the material with 5 vol % Yb,0O; addition. After
sintering, already a large amount of the secondary
phase had crystallized in the triple points. This phase,
tentatively identified as Yb,,Al,Si;0,3N, by both
XRD and EDS, existed as large grains extending up to
several micrometres in size, similar to those seen in
other SSN materials [44]. An example of one such
crystal of the interconnected secondary phase network
is shown in the transmission electron micrographs of
Fig. 4. The exact identification of this phase was ham-
pered by the lack of data in the appropriate Yb,0;-
based phase diagrams, but the lattice spacings as
measured by X-ray diffraction were close to the
yttrium equivalent of this phase Y,,Al,Si;0,5N,
[45], and the measured Yb:Si ratio of 10:3 matched
well. Owing to the large amount of ytterbium in this
phase, the aluminium content could not be measured
quantitatively by EDS as the AIK, peak and the
YbM, overlap (1.487 and 1.521 keV, respectively).
However, using a peak subtraction routine with a
Yb,Si,0, standard yielded a small aluminium peak
for the secondary phase.

Although the individual triple-point pockets, as
seen in the TEM, showed various degrees of crystallin-
ity after sintering, the overall amount of crystalline

Figure ] Transmission electron micrographs of a second-phase pocket in the 5 vol % Yb,O;-fluxed sintered sample using (a) bright-field and
(b) diffuse dark-field imaging, indicating that the secondary phase is completely amorphous.
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Figure 2 Micrographs of a second-phase pocket in the 5 vol % Yb,0O;-fluxed heat-treated sample showing complete crystallinity in (a) bright-
field and (b) dark-field. Diffraction spot used for imaging of the secondary phase is indicated.
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Figure 3 Si;N,~Yb,0,-Si0, phase diagram indicating the posi-
tions of the two starting compositions investigated.

secondary phase was approximately 70%. In triple-
grain pockets that were partially crystalline the
growth front often appeared planar, as can be seen
from the micrographs in Fig. 5, indicating that the
crystallization was probably stopped by the rapid
cooling of the sample. The remaining glass contained
about equal atomic amounts of ytterbium and silicon.
Another possible explanation for the observed planar
growth fronts is related to the chemical composition
of the residual glass. Upon crystallization of the
secondary phase, a SiO,-enriched glass is formed
(ytterbium depletion; Yb:Si ratio of the crystalline
phase = 10:3 and of the amorphous material = 1:1)
which may inhibit further crystallization as the chem-
ical composition changed.
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3.1.4. Heat-treated SSN with 10 vol %
Yb,O; addition

TEM examination of the 10 vol % Yb,O, containing
material after a post-sintering heat treatment showed
that the secondary phase material in the triple points
was completely crystallized. More specifically the
pockets were, almost without exception, crystallized
all the way into the “corners” formed by the Si;N,
grains. This is contrary to the calculations of Raj and
Lange [43], who reported on the impossibility to
completely crystallize a second-phase pocket due to
the increase of hydrostatic stresses during crystalliza-
tion. However, they assumed that the material could
support a hydrostatic stress which might not be valid
for the applied heat-treatment temperature of 1250 °C
which is above the T, of 1120°C for pure silica glass.
Moreover, internal stresses can be relaxed via viscous
flow of the amorphous phase and/or by solu-
tion—reprecipitation processes along the grain bound-
aries [42].

The previously large secondary-phase particles ex-
tending over several triple pockets observed in the as-
sintered microstructure were broken up into smaller
grains; often more than one grain forming per pocket.
Not surprisingly, given the non-steady-state condi-
tions of crystallization in the as-sintered samples,
there was also a phase change upon heat treatment.
The new secondary phase formed after heat-treating
was Yb,SiO; with an additional small amount of
about 20% of the Yb,Si,0, second phase. The forma-
tion of these two phases is in accordance with the
starting compositions in the Si;N,-Yb,0,;-Si0,
phase diagram as shown in Fig. 3. It should be pointed
out that this is markedly different from the Y,0;-
based phase diagram. In the ytterbium-containing
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Figure 4 (a) Dark-field, and (b) bright-field micrograph showing large second-phase crystals of the same orientation in the as-sintered material

with 10 vol % additives.

Figure 5 (a) Bright-field, (b) dark-field and (c) diffuse dark-field images of a second-phase pocket in the 10 vol % Yb,O; as-sintered specimen
illustrating a partially crystalline. pocket with planar growth fronts (arrowed).

system the ytterbium apatite phase Yb,o(SiO,)sN, is
missing, resulting in a compatibility triangle with
Si;N, and the two ytterbium silicates Yb,SiO5 and
Yb,Si,0, as described above (Fig. 6). When more
than one second-phase grain was present in a pocket,
they were separated by a thin amorphous intergranu-
lar film. This is apparent in the transmission electron
micrographs of Fig. 7 where the bright- and diffuse
dark-field images show the grain boundaries in the
triple-point pocket and the amorphous film between
the two secondary-phase grains, respectively. Chem-
ical analysis by EDS indicated that neighbouring

second-phase grains were often the same phase, but
not necessarily. In addition, electron diffraction stud-
ies showed no crystallographic orientation relation-
ship between the different secondary-phase grains
filling one pocket.

Two most striking microstructural features in the
heat-treated material with 10 vol % Yb,O; addition
were (i) the rounding of the triple-point corners, as
seen in Fig. 8, and (ii) the “bumps” on the Si; N, grains
at second-phase grain-boundary intercepts shown in
Fig. 7. EDS analysis revealed the material forming
these features to be silicon nitride deposited on the
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Figure 7 (a) Bright-field and (b) diffuse dark-field micrographs demonstrating the multigrain second-phase pockets present in the material
with 10 vol % additives, after a post-sintering heat treatment. The “bumps” on the SizN, grains at the second-phase grain boundary are
arrowed in (a), and the thin amorphous layer between the Si; N, and secondary phase grains, and between the two secondary phase grains can

be seen in (b).

matrix grains. HREM indicated that the depositions
were epitaxial with the “parent” Si;N, grains. As these
features were not observed in the as-sintered micro-
structure, and the chemistry of the newly formed
crystalline secondary phases indicates that silicon and
nitrogen must be rejected from the triple-point
pockets during annealing, it is postulated that these
features are formed by Si;N, deposited epitaxially
during the heat-treatment process [46].
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3.2. Grain-Boundary films

All of the materials examined contained thin amorph-
ous intergranular films that surrounded virtually all
grains. The non-crystallinity of these films has been
confirmed using different techniques, e.g. HREM,
diffuse dark-field imaging, and the appearance of
Fresnel fringes in over- and under-focused conditions
[47-49]. The width of such films was seen to vary
according to the two grains that it separated; being the
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Figure 8 Rounded corners of a second-phase pocket, typical in the
material with 10 vol % additives after a post-sintering heat treat-
ment, due to the epitaxial deposition of Si;N,.

thinnest when the two grains were the same material
(“homophase” boundary, Fig. 9a) and the widest in
the case of dissimilar grains (“heterophase” boundary,
Fig. 9b). However, for a given boundary type, the
width of the film was seen to be constant with values of
about 1.0+ 0.1 and 2.5 + 0.2 nm for the homogen-
eous and heterogeneous boundaries, respectively. It
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should be noted that the film thickness in the homo-
phase boundary was the.same for all materials invest-
igated, regardless of the amount of additives or the
heat-treatment history. Most importantly, the meas-
ured film width is relatively thin compared to Siz;N,
fluxed with other rare-earth oxides [507]. The assump-
tion that these boundary widths are of equilibrium
thickness is supported by two observations: (i} the
thickness of a homophase boundary film is constant,
even when the two Si;N, grains are interpenetrating,
and (ii) the thickness of the heterophase boundary film
is also constant in the region around the newly depos-
ited Si;N, (Fig. 8). If these films were not of an
equilibrium thickness, the width would be expected to
vary in the observed situations of high stress (inter-
penetrating grains) or strong chemical activity (epi-
taxial deposition).

The chemistry of an intergranular film along the
homophase boundary was investigated by EDS in a
dedicated STEM utilizing a 0.8 nm probe size. The
film was found to contain both excess ytterbium and
oxygen. The presence of ytterbium was most striking
between the silicon nitride grains as the heavy element
absorbs more electrons, causing the film to stand out
as a dark line in the TEM. This is shown in the bright-
field micrograph of Fig. 10 of a grain-boundary film
between two Si;N, grains, indicated by the dark line
extending from a triple-point pocket in the upper
right. The accompanying EDS spectra illustrate the
presence of ytterbium and oxygen at the grain bound-
ary compared to a measured point 8.0 nm into one
Si;N, grain. The silicon or nitrogen content in the
homophase boundary film could not be evaluated
quantitatively due to interference from the surround-
ing Si;N, grains. The chemical composition of the
heterophase boundary films could not be measured
due to the interference with the Si;N, grains and the
ytterbium-containing crystalline secondary phases.
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Figure 9 HREM micrographs demonstrating the amorphous layer (a) between two Si;N, grains and (b) between a Si;N, and a secondary
phase grain. Note that the “heterophase boundary” (shown in b) is substantially wider (1.0 and 2.5 nm, respectively).
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Figure 10 Transmission electron micrograph showing the dark line
between Si;N, grains, indicating the presence of ytterbium in the
thin amorphous film, and EDS spectra from the grain boundary and
8.0 nm into the Si;N; grain, confirming it. Also note the presence of
oxygen in the film. The carbon signal is due to the carbon coating
on the sample.

4. Discussion ,

The use of Yb,O; as a sintering agent for Si;N,
components appears to have strong potential for high-
temperature applications, judging by the micro-
structural features observed in TEM. The two most
important characteristics of the ytterbium-fluxed SSN
materials studied are (i) the ease of crystallization of
the secondary phase, as seen by the large degree of
devitrification in the 10vol% Yb,0,; containing
sample even before heat treatment, and (i) the pre-
sence of ytterbium in the thin amorphous grain- and
phase-boundary films.

The complete crystallization of secondary phases in
SSN has been a goal since the findings of Tsuge et al.
[11], and it is therefore significant that the secondary
phases formed in the Y,0,-fluxed materials crystal-
lize so easily and completely. SSN materials fluxed
with other rare-earth oxide additives (c.g. Yb,0O,
+ Al,O5) have proved more difficult to crystallize
completely [8-15]. However, in the material doped
with 5vol % Yb,0,, a post-sintering heat treatment
did not achieve complete crystallization, but even
some small pockets, which usually remain amorphous
in other systems, were completely crystalline. It is not
yet well understood why the crystallization behaviour
of Yb,0;-containing materials differs from other sys-
tems, but two possible explanations can be proposed.
First, it is possible that the ytterbia silicates have some
solid solution with the impurity atoms (i.c. calcium
and iron) that are usually present and are often as-
sumed to be heavily concentrated in the remaining
amorphous material, preventing complete crystalliza-
tion. Second, it is also possible that the amorphous
material in the Yb,O5-fluxed material undergoes only
a small volume change on crystallization, thereby
reducing the internal stresses that can accumulate and
may hinder further devitrification. The properties of
the crystalline phases in this system are currently
under investigation to try to answer some of these
questions. Moreover, the close chemical composition
of the amorphous phase and the crystalline ytterbium
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silicate formed regarding the Yb:Si ratio may also
support a more complete degree of devitrification.

The relative ease of crystallization throughout the
10 vol % Yb,O;-fluxed material over the 5 vol % con-
taining samples is probably due to the large inter-
connection of triple-point pockets in the material with
the higher additive content. In the material with
Svol % Yb,0; the pockets are more isolated from
each other (except for the thin films at two-grain
junctions), or it can be thought of as having a smaller
average channel size between three-grain junctions
compared to the 10 vol % sample. If this channel size
is smaller than is required to move a crystallization
front through, each triple-point pocket must have its
own crystallization nucleus. The large grain size of the
metastable secondary phase present in the as-sintered
sample with 10 vol % Yb,O; indicates that nucleation
events are rare in this condition. Therefore, very little
crystallization would be expected if the pockets are
isolated. The larger channels in the 10 vol % Yb,O5-
fluxed material also ease the transport of cations or
anions ahead of the crystallization front, which is
required if the crystalline phase is not the same com-
position as the original glass. During the post-
sintering heat treatment the nucleation probability is
high, as indicated by the crystallization of many triple-
point pockets in the 5vol % sample, and the small
grain size of the secondary phases in the pockets of the
10 vol % sample.

The reason for the crystallization of a metastable
phase in the material with 10 vol % Yb,Oj5 is not
known, but in both the 5 and 10 vol % heat-treated
samples the phases present are in line with the equilib-
rium phase diagram. One possible explanation is that
the metastable phase is easier to nucleate, or is only
stable at the high sintering temperature where it form-
ed, but at the heat-treatment temperature (1250°C)
the ytterbium silicates nucleate and grow in accord-
ance with the phase diagram. The absence of Si,N,O
in the Yb,O5-doped materials is not surprising, as it
generally requires o-Si3 N, to nucleate [40, 41]. More-
over, it is believed that a slightly higher additive
concentration would result in 100% crystallization of
Yb,Si,0-.

It should also be noted that the secondary phases
formed after heat treatment are, for both additive
compositions, oxides, which are expected to fare well
in an oxidizing environment. The oxidation of second-
ary oxynitride phases has been seen to have deleter-
ious effects on the mechanical properties due to the
large volume change when these phases convert to
oxides [ 51, 527. Therefore, in this material no cracking
due to a secondary-phase change during service at
high temperature in an oxygen-containing environ-
ment should occur. However, in the material with
10vol % Yb,0, addition after heat treatment the
following reaction can occur

Yb,SiO5 + SiO, — Yb,Si,0, (1)

resulting in a volume change which can cause the
formation of internal stresses [12].

The presence of ytterbium in the amorphous inter-
granular films is interesting and probably beneficial



for the retention of the mechanical properties at high
service temperatures. Ytterbium was also found in the
grain-boundary films of a commercially available
ytterbia-fluxed silicon nitride material, which exhib-
ited very good high-temperature flexural strength and
good creep resistance [53]. As the viscosity of pure
amorphous Yb,0O; is not known, and because of
interference from the Si;N, grains on either side of the
film, the silica content and exact chemistry of such
films could not be determined. It is suspected that
cations of additives are also present in the thin
amorphous films in other silicon nitride materials but
they are generally difficult to detect because the film is
so narrow. However, it was reported recently that
cerium could be detected qualitatively in the inter-
granular films of a ceria-fluxed SSN material [54].

One of the most interesting aspects in this system is
the epitaxial deposition of Siz;N, on pre-existing
grains. The evolution of this microstructural feature
has already been outlined in detail elsewhere [43], but
the general process is the deposition, during the post-
sintering heat treatment, of excess silicon and nitrogen
from both the glass and the pre-existing crystalline
secondary phase due to a change in second-phase
composition. This is the first direct evidence for the
occurrence of the epitaxial deposition process. The
reason that it is more apparent in this system is
probably due to the presence of the (non-equilibrium)
crystalline phase before the heat treatment. This pre-
vents the silicon and nitrogen from depositing evenly
over existing Si;N, grains because of the necessity of
maintaining the equilibrium thickness of the amorph-
ous film between the Si;N, and the second-phase
grains. They must then deposit on areas of lower
energy, e.g. the triple-point “corners” where crystal-
lization was not complete, or near the newly formed
grain boundaries in the secondary phase.

5. Conclusion

A systematic study of the microstructural develop-
ment in combination with the crystallization behavi-
our in Yb,O;-fluxed sintered silicon nitride is
reported. The material with 5 vol % additive contain-
ed only an amorphous secondary phase after sintering.
The second-phase material was about 80% crystailine
in the form of Yb,Si,0, after a post-sintering heat
treatment. Utilizing 10 vol % additives, a metastable
phase was formed after sintering, with about 70%
crystallinity in the triple-point pockets. The second-
phase pockets were interconnected forming a
three-dimensional network. After post-sintering heat
treatment, this metastable phase combined with the
residual glass to form Yb,SiO5 plus Yb,Si,0, and a
small amount of Si;N, which deposited epitaxially on
pre-existing Si;N, grains. The triple-point pockets
were completely crystallized in the 10% heat-treated
material, with the exception of a thin amorphous layer
between the grains. The amorphous intergranular
films present in all materials investigated contained
excess ytterbium and oxygen. The thickness of these
films was about 1.0 nm, independent of additive con-
tent and heat treatment, for the grain boundaries

(Siz3N,/Si;N,) and about 2.5 nm for the phase bound-
aries (Si;N,/secondary phase).
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