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Abstract

The SiC and SiyN , materials studied were densified to
near theoretical density via liquid-phase sintering. All
materials have been investigated by means of trans-
mission electron microscopy (TEM ). The observed
characteristic microstructural features were corre-
lated to fracture resistance. Toughness measurements
were performed using the chevron notch configuration.
Both SiC and SiyN, materials showed an improved
fracture resistance compared with commercially
available grades. The toughness values obtained from
load/displacement records were 6—-7 M Pa\/ m for SiC
and 9-11 MPa\/m for the SizN, grades. Additional
high-resolution and analytical electron microscopy
studies ( HREM and AEM ) were performed to relate
characteristic interfacial features to the resulting
mechanical properties. TEM observations revealed
marked differences between the two non-oxide
ceramic materials analyzed. The major difference
regarding the overall microstructures of SiC and
SiyNy is twofold: (i) SiC shows matrix grains with a
more globular morphology, while in Si;N, large

elongated grains are present with a grain diameter of

up to 3 um and a length of = 30 um; (ii ) no amorphous
intergranular films were observed in the SiC material
with improved toughness, while in SiyN, materials
thin amorphous grain- and phase-boundary films were
ahvays present. From HREM observations it can be
concluded that the presence or absence of amorphous
intergranular films governs the resulting fracture
resistance and the overall toughening mechanism.

Fliissigphasensinterung der untersuchten SiC and
SisN, Materialien fithrte zu nahezu vollstindiger
Verdichtung. Transmissionselektronenmikroskopie
(TEM ) diente der Materialcharakterisierung. Die
charakteristischen Gefiigemerkmale wurden mit den
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ermittelten Bruchzdhigkeitsdaten (Chevron-Notch
Konfiguration ) korreliert. Die SiC und SiyN, Mate-
rialien zeigten eine deutliche Bruchzdhigkeitssteige-
rung verglichen mit kommerziellen Materialien. Last/
Dehnungskurven lieferten  Zihigkeitswerte von
6-7 MPa/m fiir SiC und 9-11 MPa/m fiir Si3N,.
Hochauflosende und analytische Elektronenmikro-
skopie (HREM und AEM ) wurden zusdtzlich ein-
gesetzt, um spezifische Grenzflichenstrukturen den
resultierenden mechanischen FEigenschaften zuzu-
ordnen. Die TEM Beobachtungen zeigten wesentliche
Unterschiede in der generellen Gefligeausbildung der
beiden nicht-oxidischen Materialien: (i) die SiC
Matrixkorner sind im Vergleich zu den grofen,
langgestreckten SiyN, Partikeln, die einen Durch-
messer von 3um und eine Ldnge von =30 um
aufweisen, eher globular ausgebildet; (ii) im SiC
Material mit erhohter Bruchzdihigkeit wurden keine
amorphen Korngrenzfilme beobachtet, wohingegen
die SiyN, Materialien stets amorphe Korngrenzfilme
entlang von Korn- und Phasengrenzen aufweisen. Die
HREM Untersuchungen lassen den eindeutigen
Schluf zu, daf$ das Auftreten bzw. die Abwesenheit
amorpher Korngrenzfilme die resultierende Bruch-
zdhigkeit sowie den zihigkeitssteigernden Mechanis-
mus bestimmen.

Des matériaux en SiC et en SizN, ont é1é frittés en
présence dune phase liquide jusqu'a une densité
proche de la densité théorique. lls ont été étudiés par
microscopie électronique a transmission (MET ). Les
caractéristiques microstructurales observées ont été
corrélées a la résistance a la rupture. Les ténacités ont
été mesurées par entaille chevron. Les 2 matériaux
(SiC et Si;N, ) présentent une meilleure résistance a
la rupture que leurs équivalents commerciaux.

Les valeurs de la ténacité déduites des enregistre-
ments du diagramme charge/déplacement étaient de 6
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a 7MPa\/mpour le SiCetde9all MPa\/mpour
le Si3N,.

Des études supplémentaires en microscopie électro-
nique a haute résolution (MEHR ) et en microanalyse
électronique ( MAE) ont permis d'établir la relation
entre les particularités de leurs caractéristiques
interfaciales et leurs propriétés mécaniques. Les
observations au MET ont montré des différences
importantes entre les 2 céramiques non-oxyde
étudiées. Les différences essentielles des micro-
structures du SiC et du Si;N, considérées dans leur
ensemble sont doubles.

1. SiC présente une structure constituée de grains
de morphologie plus globulaire, au contraire de Si; N,
ou des grains allongés de grandes dimensions sont
observés (diamétres jusqu'a 3Ium et longueur
>30um).

2. On n'observe pas de film amorphe intergranu-
laire dans le SiC a ténacité améliorée, tandis que, dans
les matériaux en SiyN,, les joints de grains amorphes
sont toujours détectés. Les observations au MEHR
nous permettent de conclure que la présence ou
l'absence de films intergranulaires amorphes gouver-
nent la résistance a la rupture et les mécanismes de
renforcement en général.

1 Introduction

Monolithic ceramics have been investigated inten-
sively due to their promising potential as high-
temperature structural materials.! > The increasing
importance of these materials, especially the pro-
nounced interest in non-oxide ceramics, is closely
related to their favorable combination of mechan-
ical, chemical and thermomechanical properties,
hence favoring this material group over inter-
metallics or superalloys under extreme conditions.
Especially their high fracture strengths, low thermal
expansion coefficient, good oxidation behavior,
thermal shock and wear resistance in combina-
tion with a low density make them particularly
interesting for applications under severe service
conditions.® 12

In contrast to the aforementioned advantageous
and promising material properties the general
brittleness of monolithic ceramics, i.e. low fracture
toughness values, is a major concern for a variety of
potential applications; a problem arising for all
structural ceramic materials.!*~ 15 The require-
ments regarding wide application of structural
ceramics are manifold: preparation as complex-
shaped components, withstanding temperatures up
to 1400°C, good oxidation and chemical resistance,

high fracture strength and high fracture resistance,
so that strength becomes less sensitive to the flaw size
in the material, resulting in improved reliability.
Therefore, many attempts have been made to
improve the fracture toughness of ceramic materials.
One of the most effective concepts for improving
fracture resistance is the addition of a second
reinforcing phase. The incorporation of a second
phase into the monolithic ceramic matrix leads to
the initiation of different fracture mechanisms
during crack propagation, which may result in both
increased fracture strength and improved fracture
toughness of the composite. The interaction of
different fracture mechanisms in particle-, plate-
let-, whisker- or fiber-reinforced composites was
shown to result in a pseudo-plastic shape of the
stress—strain curve, although crack propagation on
the submicron scale is still considered to be
brittle.'®~ 22 Silicon carbide has been widely used as
a reinforcing phase due to its favorable combin-
ations of properties, including high strength, high
elastic moduli and good thermal stability. Further-
more, its compatibility with most oxide and non-
oxide ceramic materials led to the formation of a
large variety of new ceramic composite materials
with improved mechanical properties such as nano-
composites with their excellent high-tempera-
ture properties.?®> However, the reported data, e.g.
for Si3N,/SiC whisker-reinforced ceramics, are not
as promising as expected and even detrimental in
some cases, due to difficulties in processing, thermal
stability of the reinforcement, or interface struc-
ture.24~27

As most non-oxide ceramics cannot be conven-
tionally densified via classical solid-state sintering
techniques, liquid-phase sintering is commonly
applied to fully densify the materials. The require-
ment of a liquid phase during pressureless or gas-
pressure sintering is due to the high covalent
bonding character and the low self diffusivity of the
non-oxide materials.?® ~*°® Moreover, the densifica-
tion process of composite materials with a high
amount of reinforcing phase is a very complex and
critical parameter. In general, an even higher
amount of secondary liquid phase in conjunction
with sophisticated processing techniques are re-
quired to completely densify these materials,
because the addition of platelets or whiskers hinders
densification. The relatively low density and high
secondary-phase content are responsible for the
detrimental effects on mechanical properties at
elevated temperatures, which applies to most
composite materials. Therefore, to avoid the prob-
lems associated with composite materials, while
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taking advantage of their improved fracture re-
sistance, new concepts have been developed to
reinforce monolithic ceramics in situ, e.g. in-situ
reinforced Si;N, materials.>! ~3*

This paper investigates the microstructural evo-
lution of liquid-phase sintered SiC and Siz;N,
materials by means of transmission electron micro-
scopy (TEM). The aim of the study is to correlate
observed microstructural features of these mono-
lithic, non-oxide ceramics to improved fracture
toughness. This includes the characterization of
crystalline secondary phases formed upon densifica-
tion as well as the structure and chemistry of
homophase and heterophase boundaries. Tough-
ness of ceramic materials as well as of composites is
mainly governed by the mechanical behavior of the
interface between adjacent particles. For example, in
the bridging-zone model debonding of the reinforc-
ing grains along the interface plays an essential
role.33 3% Thus, as the two major toughening
mechanisms for structural ceramics are the bridging-
zone and process-zone mechanisms, the character-
istics of the grain- and phase-boundary structure are
believed to play an important role in the perfor-
mance of these ceramic materials and their resulting
fracture toughness. A correlation between the
measured fracture resistance and the observed
interface structure will be presented.

2 Experimental Procedure

The SiC materials investigated were processed via
liquid-phase sintering of «-SiC starting powders
utilizing Y,05 plus Al,O5 or AIN as sintering aids.
All samples were pressureless sintered in a graphite
resistance furnace under N, atmosphere. Post-
HIPing in argon assured nearly complete densifica-
tion of the specimens. The Si;N, materials were
processed via the RBSN route. Si powder fluxed with
different rare-earth and transition-element oxides
such as Y,0j;, Sc,0;, and Nd,0; were nitrided and
subsequently densified utilizing a two-step gas-
pressure sintering cycle with increased N, pressure.

The evaluation of the fracture toughness of the
SiC and Si; N, materials has been conducted using a
flexural method based on a precracked chevron
notch. The chevron notch configuration includes a
small surface segment retained at the apex of the
chevron. A Knoop indentation, using a Knoop
indentor and a 100N load, is placed at the apex to
introduce a sharp precrack. The specimens were
tested in three-point flexure with load/displacement
(P/d) records monitored on the specimens during

Table 1. Fracture toughness results (MPa\/ m)

Material Chevron notch
Commercial SiC 25405
Toughened SiC 6:5+05
Commercial Si;N, 45405
Toughened SizN,* 10+ 10

2 This Si; N, has about 20% by volume of large elongated grains.

each test. Validity of the test is assessed from the non-
linearity of the P/d curve preceding the peak load,
requiring that stable crack extensions precede
rupture and hence that the displacements are non-
linear. Using the technique mentioned, fracture
toughness data for several SiC and Si;N, materials
are summarized in Table 1. It is important to note
that the toughened SiC material showed about twice
the toughness of commercial SiC grades and that it is
also tougher than a commercial Si;N,. Moreover,
the Si;N, materials displayed a two- to threefold
increase in fracture toughness compared to commer-
cially available Si;N, grades.

The overall microstructure of the monolithic
ceramic materials has been characterized by conven-
tional transmission electron microscopy (CTEM).
Qualitative phase analysis from bulk materials was
determined by standard X-ray diffraction (XRD)
techniques. Investigation of the characteristic micro-
structural and interfacial features was performed by
high-resolution electron microscopy (HREM) utiliz-
ing a Joel 4000 EX operating at 400kV. Analytical
electron microscopy involved small probe micro-
analysis (EDS, ELS) and convergent beam electron
diffraction (CBED). Transparent TEM foils of the
different materials were prepared by standard
ceramographic techniques involving grinding, dim-
pling, ion-beam thinning to perforation and light
carbon coating to reduce electrostatic charging in
the microscope.

3 Results and Discussion

3.1 Characterization of the SiC materials

The monolithic SiC ceramic with increased fracture
resistance typically showed a homogeneous grain
size of about 1-2 um in diameter. The SiC particles
revealed a more globular morphology compared to
the Si;N, materials, described later. The SiC grains
often consisted of multiple polytypes. Both XRD
and electron diffraction identified the SiC grains as
an intergrowth of the 6H and 4H SiC polytypes with
6H being the predominant phase. A common
occurrence is the bisection of single SiC grains by an
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secondary phase

! nmii

Fig. 1. Triple-grain region of the SiC material with improved
fracture toughness. The secondary phase pocket is completely
crystalline with no residual amorphous material left at the tip of
the grain junctions (compare to Fig. 6). Note the sharp
triangular shape of the secondary-phase pocket (poor wetting).

interface between 4H and 6H polytypes, as evident
from electron diffraction patterns. Many of the
matrix grains revealed a high dislocation density
which can be related to the post-hipping procedure
during processing. Apart from SiC particles, crys-
talline secondary phases are present at triple-point
junctions. AEM in combination with CBED, EDS
and ELS studies identified the secondary phase as
YAG in most cases (Y—Al garnet, Y;Al;0,,) with a
volume fraction of approximately f=0-10-0-15
(estimated by TEM). It is important to note that the
triple-grain regions were completely crystalline with
no residual amorphous material left at the tip of
these three-grain junctions (Fig. 1). Such residual
glass pockets are a common feature for all Si;N,
materials (compare to Fig. 6). The complete crys-
tallinity in conjunction with the sharp triangular
shape of the secondary-phase pockets suggests poor
wetting behavior of the secondary phase during
liquid-phase sintering.

Additional HREM studies were performed to
characterize the phase-boundary structure. No
residual amorphous secondary phase was present at
the secondary phase/SiC heterophase boundaries.
The absence of a thin amorphous intergranular film
along the phase boundaries, commonly observed in
liquid-phase sintered ceramics, is vividly demon-
strated by the observation of periodic contrast
changes along the interface (Fig. 2). These contrast
variations are believed to be due to the occurrence of
misfit dislocations along the boundary due to the
high thermal expansion mismatch of SiC and
secondary phase. The strain fringes occur only in
association with the second phase; they have yet to
be quantified, as they have an important implication
on fracture toughness and on the toughening
mechanism. Furthermore, no residual amorphous

¢ secondary phase

Fig. 2. Heterophase boundary in SiC (improved toughness)

revealing periodic contrast changes along the interface, which

are thought to be due to misfit dislocations at the boundary

(thermal expansion mismatch between SiC and YAG, see EDS

inset). No amorphous intergranular film is present at the
heterophase boundary.

phases could be detected at the SiC/SiC interfaces.
The SiC grain boundaries were more difficult to
examine due to the globular morphology of the
particles. However, those techniques that usually
allow amorphous phases to be unequivocally
identified gave no evidence of such amorphous
intergranular films along the boundaries. The
applied techniques included high-resolution lattice
imaging, diffuse dark-field imaging, and the Fresnel
fringe technique.3® ~4!

Various experimental procedures have been
implemented to study the relevant toughening
mechanism. Firstly, TEM studies have been conduc-
ted on thin foils that include cracks produced using a
special processing technique described elsewhere in
detail.*? An array of hardness indentation is used to
introduce cracks and a thin foil is prepared at the
convergence of these cracks. Secondly, profilometer
traces have been made across cracks in polished
surfaces of bulk material to ascertain the non-linear
material behavior. The TEM studies indicate
profuse microcracking in a zone around the primary
crack and in the wake of the crack, suggestive of a
microcrack toughening mechanism (see Fig. 3).
Furthermore, the microcracks seemingly nucleate at
the interface between the crystalline secondary YAG
phase and the SiC matrix grains, and also extend
across the neighboring SiC/SiC grain boundary. The
profilometer measurements revealed a roughness
induced by polishing of about 5 nm remote from the
crack. However, traces across the crack revealed
excess surface displacements over a total width of
40-50 yum with a maximum uplift of about 20nm. A
non-linear process zone having a width of 20-25 um
is thus implied.

The preceding results suggest that microcracking
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-
microcrack

Fig. 3. Bright-field image of a thin foil including precracks
produced by Vickers indentation. A microcrack running along
the heterophase and homophase boundary is indicated by
arrows. The microcracks seemingly nucleate at interfaces
between secondary phase and SiC matrix grains.

is the predominant toughening mechanism. The
microcracks are seemingly induced by the residual
strain associated with the secondary YAG phase
and also cause dilatation within a process zone
width of 20-25 um. Microcrack toughening models,
including the influence of the lower modulus of the
microcrack process zone, and secondly the dilat-
ation caused by relief of the local residual tension at
the microcrack site, appropriate to these observa-
tions are elaborated elsewhere *?

Apart from theoretical considerations an experi-
mental approach was considered to prove the
importance of clean interfaces on improved fracture
resistance in the SiC material already described. A
S1C material was processed under identical process-
ing conditions with the only difference being
sintering-aid composition. In this case Al,O; was
used instead of AIN. For densification of Si;N,
materials the addition of Y,O5 + Al,0j; is common-
ly used, leading to completely densified grades;
however, amorphous secondary phases are generally
present at triple-grain junctions as well as along
grain and phase boundaries. TEM and HREM
investigations of the equivalent SiC material re-
vealed residual amorphous phases present at both
triple junctions and grain boundaries as well (Fig. 4).
The occurrence of amorphous intergranular films in
this material seemingly indicates that the secondary-
phase composition completely wets the grain
boundaries. The implication on fracture toughness
is twofold: firstly, the crack path is purely inter-
granular and, secondly, no microcracks could be
observed in this material. Moreover, the measured
fracture resistance of this material is in the range
of commercially available grades with 30+
05 MPa\/m. The results demonstrate that a clean

Amorphous Grain
Boundary Film

amorphous intergranular film with a thickness of 15A is

indicated. The occurrence of amorphous grain-boundary films

in this material (low fracture toughness)is related to the additive
composition used.

interface structure, and the absence of amorphous
grain- and phase-boundary films, has a marked
influence on the resulting fracture toughness and the
governing toughening mechanism. It can be con-
cluded that the formation of an amorphous grain-
boundary film supports the release of residual strain
at the interface which can arise along heterophase
boundaries due to high thermal expansion mis-
match. Therefore, the observation of microcracks in
the crack tip region of the toughened SiC is closely
related to the interface structure (clean phase
boundaries) and hence the predominant toughen-
ing mechanism in this material is microcrack
toughening.

3.2 Characterization of the Si,N, materials
The Si;N, materials investigated in this study
contained different additive compositions. Unex-
pectedly, the general microstructures of all materials
as well as the resulting fracture toughness were
nearly identical. Compared to the SiC materials
described in the previous section, the Si;N, grades
are characterized by large, elongated -Si;N, grains
embedded in a fine-grained Si;N, matrix (Fig. 5).
The diameter of these large grains was up to 3 um
and the particle length >30um. The volume
fraction of the elongated Si;N, grains was estimated
by SEM (polished and plasma-etched surfaces) and
TEM to be approximately f=0-20-0-25. Regarding
the growth mechanism of these large particles it is
thought that 8-Si;N, nuclei, formed at an early stage
of densification, continuously grow during liquid-
phase sintering, resulting in the observed exaggerated
grain growth.*?

During sintering the rare-earth or transition-
element oxide additives used as sintering aids will
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500 nm

SRBSN
5wt% Y20; %, 4

Fig. 5. Bright-field image of the Si;N, material fluxed with

5wt% Y,0;. Large, elongated $-Si3N, grains (SN,,) with a

diameter of up to 3 um and a length of > 30 um are embedded in
a fine-grained SiyN, matrix (SN,,).

react with SiO,, which is always present on the
Si;N, particle surfaces, and form a liquid that allows
densification of the green body to near theoretical
density.**~*® This densification process resulted in
the observed microstructure consisting of large f-
Si;N, grains (up to a few um in diameter) embedded
in a fine-grained matrix and a small percentage of
secondary phases. The secondary phases are gener-
ally present in both three- and four-grain junctions
of the matrix grains and along the interface of two
matrix grains or at heterophase boundaries. It is well
established that the presence of such secondary
phases limits the high-temperature properties of
non-oxide ceramic materials.*” ~3° This is closely
related to the properties of the secondary phases
such as thermal stability and oxidation resistance.
After densification the secondary phases are usually
amorphous. However, a post-sintering heat treat-
ment or a controlled sintering cycle can promote
crystallization of these phases. Many att._npts have
been made to crystallize the secondary phases and
thereby reduce the amount of amorphous phase
present in the ceramics, in order to improve high-
temperature mechanical properties. In some cases
the crystallization of the secondary phase showed
slight improvements to the high-temperature prop-
erties, but in most cases it was not found to be
beneficial, especially for fracture strength data
measured at room temperature.’!:32 This has been
attributed to a higher concentration of impurities in
the remaining amorphous intergranular phase.
Moreover, internal stresses induced in the ceramic
material due to volume changes upon phase
transformation or to thermal expansion mismatch
between matrix material and crystallized secondary
phase can induce a degradation of the mechanical
properties.

Many different additives have been used to
densify silicon nitride, with mainly three factors
influencing the selection of the sintering aid: (i)
sinterability; (ii) refractoriness of the secondary
phases; and (iii) crystallization of the triple-point
pockets.’>3 735 The most common additives used for
liquid-phase sintering of SizN, are Y,0; + Al,O,
which satisfy the first requirement, but it is difficult
to obtain complete crystallization of the secondary-
phase pockets.3®~3® It should be pointed out that
the term ‘complete crystallization’ is used here with
the understanding that the aforementioned triple-
grain pockets are crystallized into the tip of the
corners with no residual glass left (see also Figs 1 and
6). In Si3;N, ceramics it is possible to crystallize the
triple-point regions but all the attempts to devitrify
the amorphous material along homo- and hetero-
phase boundaries have failed. Thin amorphous
intergranular films are observed between all but low-
angle or special grain boundaries.’® They are
generally assumed to consist of cations of the
sintering aids and SiO, from the particle surfaces of
the matrix grains, although a quantitative chemical
analysis of these films has not yet been accom-
plished, due to both interference with adjacent
grains and beam broadening, especially in amorph-
ous materials, during chemical analysis in the
electron microscope. Recent results have shown the
presence of excess oxygen and rare-earth cations in
the grain-boundary films.%° %2 The idea that the
formation of an amorphous intergranular film in
ceramics is an equilibrium phenomenon was first
explored by Clarke.®® 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

Fig. 6. HREM image of a triple-grain junction in the Si;N,

material. Note the rounded tip of the crystalline secondary

phase and the residual amorphous material left at the corner of

the pocket (arrow). The amorphous intergranular films covering
the secondary phase are also indicated.
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Fig. 7. HREM image of an amorphous intergranular film along

the Si;N,/Si,N, grain boundary. The upper grain is oriented

along the [0001] direction (see inset of corresponding electron

diffraction pattern). The grain-boundary film width of 104 is
indicated.

the equilibrium grain-boundary film thickness.
However, some of the parameters involved in the
derived equation are still unknown and difficult to
obtain, e.g. the dielectric and elastic constants of the
secondary phase. Therefore, HREM was used to
image grain-boundary films in Si;N, materials and
to determine the corresponding film width.60 ~62.64
Generally, all Si;N, materials investigated showed a
thin amorphous grain-boundary film covering the
particles, independent of additive composition (see
Fig. 7). The film was present at Si;N,/Si;N, grain
boundaries as well as at secondary phase/Si;N,
phase boundaries. It is important to note that
heterophase boundaries always reveal a larger width
of the amorphous interlayer compared to homophase
boundaries, which is consistent with the theory on
equilibrium film thickness. Moreover, the greater
thickness of heterophase-boundary films favors
relaxation of residual strain which mainly occurs along
secondary phase/matrix interfaces (thermal expansion
mismatch).

The substantially higher toughness of these
materials has been attributed to both the order of
magnitude larger reinforcement size of the in-situ
grown large f-Si;N, grains compared with SiC
whisker-reinforced materials and to the occurrence
of amorphous intergranular films which enable
debonding. This scaling of toughness with reinforce-
ment size is consistent with the toughening governed
by the debonding and sliding of reinforcements with
high aspect ratio.®>~®7 A necessary prerequisite for
the bridging-zone mechanism is a relatively weak
interface structure to support debonding. It is
assumed that debonding occurs along the thin
amorphous grain-boundary layer between the
elongated grains and the matrix (Fig. 8). Therefore,

100 nm

Fig. 8. Bright-ficld image depicting a crack running along the

interface of an elongated Si; N, grain (SN,,) and the fine-grained

Si3;N, matrix (SN,). It is assumed that debonding occurs along
the thin amorphous grain-boundary layer (sce also Fig. 7).

the occurrence of amorphous intergranular films
along grain and phase boundaries supports debond-
ing along the interface and hence governs the
toughening mechanism of crack bridging for in-situ
reinforced Si;N, components revealing exaggerated
grain growth.

4 Summary

The results show that in SiC materials a clean
interface, in particular the absence of amorphous
grain- and phase-boundary films, has a marked
influence on the resulting fracture resistance and the
governing toughening mechanism. Moreover, it
can be concluded that the formation of amorphous
grain-boundary films is ruled by the additive
composition. The occurrence of intergranular films
supports the release of residual stresses at the
interface, which can arise along heterophase bound-
aries due to high thermal expansion mismatch. The
fact that heterophase boundaries show a larger film
width favors stress relaxation. Therefore, the
observation of microcracks in the crack tip region is
closely related to the interface structure, to clean
phase boundaries. Hence, the predominant toughen-
ing mechanism in the SiC material with improved
fracture resistance is microcrack toughening.

All Si;N, materials investigated revealed, inde-
pendent from additive composition, a nearly iden-
tical overall microstructure: (i) large, elongated
Si;N, grains embedded in a fine-grained matrix;
and (i1) occurrence of amorphous homophase- and
heterophase-boundary films. The presence of amor-
phous intergranular films covering all interfaces
supports debonding along the interface and hence
governs the toughening mechanism of crack bridg-
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ing for in-situ reinforced Si;N, components with
exaggerated grain growth.

The study of two monolithic non-oxide ceramics
gave clear evidence that the formation of amorphous
intergranular films is closely related to the chemical
composition of secondary phases formed during
sintering. Moreover, the presence (or absence) of
amorphous grain-boundary films affects the mech-
anical properties of the interfaces and hence governs
the resulting roughening mechanism. Therefore, a
careful control of the overall chemistry in conjunc-
tion with detailed analytical electron microscopy
studies is an ongoing effort.
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