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Abstract—High-fracture-strength and high-toughngsSi;N, ceramics can be obtained by tailoring the size

and number of the elongated bridging grains. However, these bridging mechanisms rely on debonding of the
reinforcing grains from the matrix to increase toughness. Interfacial debonding is shown to be influenced by
sintering aids incorporated in the amorphous intergranular films. In one case, the interface strength between
the intergranular glass and the reinforcing grains increases with the aluminum and oxygen content of an
interfacial epitaxial3-SIAION layer. In another, the incorporation of fluorine in the intergranular film allows

the crack to circumvent the grains. Atomic cluster calculations reveal that these two debonding processes
are related to (1) strong Si-O and Al-O bonding across the glass/crystalline interface with an epitaxial
SIAION layer and (2) a weakening of the amorphous network of the intergranular film when difluorine
substitutes for bridging oxygeril 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All
rights reserved.
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1. BACKGROUND bridging reinforcements should enhance the toughen-

There have been a number of observations (I)r%g effects [8-11].

. . . . In the self-reinforced silicon nitride ceramics, this
increases in the mechanical performance of silicon

nitride ceramics associated with the formation oWVOIVeS the controlled incorporation of large (

elongated grains; for example, the early studies By um) diameter elongated grains [13, 14]. For

Himsolt et al. [1] and Lange [2]. Kawashima and co-! st.ance, a bimodah0.5 and~2lum) qlameter distri-
workers [3] and Mitomo [4] provided evidence tobut|on of the elongated grains yielded st_rengths
show that the fracture toughness increased with tﬁel.fGPa i\gd5toughne§s vzlues.>10. M%‘m\lltm; a
diameter of these elongated grains. More recent stud™ ormh 'f Hm eqll\J/:'gxe grgun siz€ reshu ed in ?
ies by Hirao and co-workers [5, 6] and Emoto angtrength o ~600 a and a toughness o

Mitomo [7] have shown that beta seeds can be useg-> MPa n¥’# [14]. Recent work has shown that a

to control the size and volume fraction of eIongateg'St'nCt b|.modal diameter d'St,”bUt'on of.the ellor.1-
grains in these so-called self-reinforced ceramics. T/ted grains may not be required to achieve similar
toughening effect arises from deflection of the crackoughening effects [15]. In this work, a silicon nitride
tip by these elongated grains and by subsequent g&ith @ monomodal diameter distribution (average
eration of bridging grains in the wake of the crack L kM) and one with a bimodal diameter distribution
tip, similar to what occurs in both whisker-reinforced(~0-6 and~2 um) - exhibited toughness values of
[8-11] and fiber-reinforced [12] ceramics. The crack=10 MPa nt”, each with similar area fraction of rein-
bridging reinforcements dissipate considerable strafArcing grains. The high toughness achieved with the
energy through friction generated by their motiorsmaller ¢1 umj reinforcing grains can probably be
against the matrix during elastic stretching along thattributed to a greater degree of crystallographic tex-
debonded interface and pull-out. Thus, increases tHre of the reinforcing grains, since when the textures
the number, diameter and debonded length of suét the two microstructures are similar, the toughness
is lower in the material with the smaller diameter
reinforcing grains. This points out that orienting the

Towh m " hould be add 4 reinforcing grains so they actively participate in the

* To whom al corresponaence shou € aadressed. _hridai :

E-mail addressBecherpf@ornl.gov (P.F. Bechen) crack-bridging process can contribute to t_he level of
1 Now with United Technologies Research Center, Eapughness obtained. The effects of the diameter and

Hartford, CT, USA. texture of the reinforcing grains on the toughness are
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12 FerrrrrrrTTITTTTITTTTLTTY optimize the debonding process and, hence, the frac-
£ B / ) 7 ture toughness of these ceramics.
7(“ B Elongated T

5 ) PP
% 10 |- / B-Seeds Equiaxed =
- B B-Seeds 2. INTERFACIAL DEBONDING PROCESSES

m =3 -
e 8 i 7 Based on recent observations there appear to be at
% i i least two interfacial debonding processes in silicon
D L 4 nitride ceramics. In one, the introduction of appropri-
g - - ate anions generates crack-like defects within the
® 6 i/ o - amorphous intergranular film (IGF) (i.e., weakening
5 [V 5wt % Y,0, +2wt. % ALO, ] the intergranular film by “crack formation in the
° |/ J IGF”) [16]. In the other process, the strength of the
E g Wl b b ol interface between the amorphous film and the elon-

0 2 4 6 8 10 12 gated grains is found to depend on the growth of an
epitaxial SIAION layer at the interface—"interfacial

Elongated Grain Diameter, ym strengthening” [17, 18]. The intent here is to focus

discussion on the experimental and theoretical aspects

Fig. 1. The toughness of silicon nitride can be scaled with the

diameter of the elongated reinforcing grains. The toughenin%f these two chemical/structural effects.

effect in ceramics with randomly oriented reinforcements It iS recognized that either of these debonding pro-
(equiaxed seeds, [3, 4]) can be increased by enhancing tbesses may be affected by the generation of thermal

alignment of these grains (elongated seeds, [6, 14]). expansion mismatch stresses between the intergranu-

lar phase(s) and the silicon nitride. These stresses

] o _arise because the coefficients of thermal expansion of
illustrated in Fig. 1. In summary, both tougheningne amorphous IGF films are at least two times greater
models and experiments reveal that tailoring thgan those of the anisotropic beta grains. As a result,
microstructure is a versatile method for developing,g interface along prismatic grain surfaces will be
substantially enhanced fracture properties, but only gubjected to radial compression and the film will be
attention is paid to the microstructural parametergpjected to tension. These radial compressive
affecting the bridging contributions. . stresses could inhibit interfacial debonding along

Against this background, we must emphasize thafese critical interfaces. Earlier investigations showed
for these toughening mechanisms to be operative,t{at the radial compressive stresses are, at best, a sec-
is imperative that the interface between the matri¥ndary factor in the presence of SIAION epitaxial lay-
and the reinforcing grains debond (or separate), Figrs [17]. When SIiAION is not present at the interface,
2. This debonding process must occur so that thge extent of debonding at the.Si/glass interface is
Cfa(?k tip is deflected along the grairj face,.rather Fhadﬂminished by increases in the radial compressive
cutting through the elongated grain, while leavingtress [18]. In addition, the local tensile stresses,
intact elongated grains to bridge the crack in its Wak%cluding those due to thermal expansion mismatch,
In the case of silicon nitride ceramics the microstrucyre seen to promote the growth of crack-like defects
ture consists of an amorphous silicate-based int&froduced in the amorphous films containing fluorine
granular film (IGF) approximately 1 to 1.5 nm thick|16]. The local residual stresses would then be a key
that surrounds all SN, grains, including the elon- component in the generation and growth of cracks
gated grains. The question then is how to tailor thgithin the intergranular film and debonding at the
structure or chemistry of the interfacial region tQnterface with the reinforcing phase.

Clearly, work to understand the effects of additives
on crack formation in the IGF and interfacial
strengthening (as well as on the high-temperature
properties of the ceramic system, such as viscosity)
has entered the regime of nanoscale chemistry, focus-
ing predominantly on atomic-level phenomena that
manifest themselves at the macroscopic scale in often
dramatic ways. This evolution to the nanoscale in
efforts to better understand IGF behavior is evidenced
in the number of detailed characterization studies,
such as those involving high-resolution transmission
Fig. 2. The toughening effect observed in silicon nitride cerelectron microscopy and electron energy-loss spec-
amics is associated with elongated grains that bridge the craﬁl@scopy (e.g., [19]). Atomistic theoretical studies

in the tip wake. Bridging by the grain occurs when the interface .., . s .
between it and the matrix separates or debonds (arrows). Eal 'l]th first-principles [20, 21] and molecular dynamics

silicon nitride grain is surrounded by an amorphous intergrand22, _23] mOde!ing are, ther?: natural Comp|ement5 in
lar film (white). the interpretation of experiments at this scale, and
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much is being learned about atomic-level behavianade up of two oxygen-bridged Sj@etrahedra with
both at the interface and within the IGFs. results for the difluorine-doped cluster.
21 Crack formation in the IGE Electronic structure and .total energy galculations
were carried out self-consistently, allowing charge
The process of IGF crack formation involves thedensity rearrangements, for the IGF reference,SiO
formationof weak bonds within the amorphous intercluster made up of two Si(tetrahedra corner-linked
granular film for example by the addition of an anionthrough a bridging oxygen. Atoms were allowed to
such as fluorine, as discussed by Pezaitil [16]. relax according to the calculated energy and force
When the local density of these weakened bonds figld, evaluated for each atom in the cluster. The fully
sufficiently high, a crack-like feature forms, whichrelaxed fluorine-free cluster displays bond lengths in
grows in the presence of either an applied stress,gaod (within 2%) agreement with experiment [28],
residual thermal expansion mismatch stress, or a cojostifying its use as a reference for determining dop-
bination of these stresses. According to the descripnt effects in the atomic cluster model. The total bind-
tion of Pezzottiet al [16], insertion of fluorine in ing energy for this GBi—O-SiQ fragment (42.317
the amorphous phase results in a pair of fluorine ioreV) reflects its high stability. Calculations of the
(difluorine), required to maintain the local charge balenergy of removal of the bridging oxygen atom show
ance, substituting in the position formerly taken byhat its binding is strong~6.40 eV) compared with
the oxygen linking the SiQtetrahedra in the inter- the average binding energy of 6.05 eV per oxygen
granular film (see Fig. 3). The fluorine pair is conatom in the SiQ fragment. Similarly, for asingle
sidered to move the tetrahedra apart due to the Coiluorine atom occupying the bridge site, the binding
lomb repulsion between the two Fons, thus dilating energy of fluorine is found to bel.40 eV less than
the film, consistent with high-resolution electrornthat of oxygen. This tells us that the attack of silicon
microscopy (HREM) observations [19]. As a resulby fluorine alone in the glass would not disrupt the
of fluorine doping, oxygen-bridge linkages betweesiO, network.
tetrahedra are lost with each being replaced by aResults for the cluster in which two fluorine ions
defect (i.e., missing bond) whose number densitgre centered about the origin previously occupied by
increases with fluorine content. the bridging oxygen atom show the greatest stability
For the present study, the following first-principleswith a binding energy of 47.432 eV. However, each
atomic cluster calculations were made to provide aof the very strong Si—F bonds is localized between
atomic-level description of the effects of substitutiorfluorine and its nearest neighbor silicon, such that the
of difluorine for oxygen, from which two important two O;SiF tetrahedra are only weakly interacting.
features emerge: (1) strong Si—F bond formation (ddost of the binding energy originates within each
expected on the basis of valency considerations) a@iSiF unit. Most significant with regard to the IGF
(2) very weak interaction between the tetrahedrfracture behavior, these units become essentially non-
joined by the F—F pair. Here, the partial-wave selfinteracting: only a very small force<{0.85 eV/nm) is
consistent-field method [25] was used to solve theeeded to separate these two tetrahedra beyond the
local density equations [26] precisely within anlocal binding energy minimum 0f0.04 eV at an F—
atomic cluster chosen to capture the essentials of tRedistance 0f~0.230 nm, Fig. 4. In contrast, the
problem of interest: here, the energetics and structural

effects of replacing a bridging oxygen atom linking Bl s o o o e
two SiO, units by a pair of fluorine atoms. The chemi- [ 1
cal reaction steps involved in the interaction of CF® ~442 |~ -
with the oxygen site in amorphous SiOwith = 444 [ ]
removal of the bridging oxygen atom and replaceg “F ]
ment with two fluorine atoms, is the subject of € .aa6 b E
another study [27]. Here we compare the energy ar T F 1
M . ” X o)) L
structure for a “lattice fragment” of the SiQglass £ .48 [
£ :
B- Si3Ng m -45 |
I —Re—la;ad-Si;J_:ijsj;F—lnterface ITT Y FUUTE DUUIN DU DU P PO
Nsi isv > A -01 0 01 02 03 04 05
Nsi Nsi
SiO2-x Nx Glass Crack-Like F-F Bond Length Change, nm

Defect
elee Fig. 4. The binding energy curve for th&,q symmetry SiQ—

Fig. 3. Inserting a pair of fluorine ions in the position formerlyF—F—SiQ cluster as a function of separation of the tetrahedral

taken by the oxygen linking the SjQetrahedra in the inter- units along the F—F axis. (The symmetry constraint raises the

granular film results in the loss of the very strong oxygen linlenergy by~2.3 eV relative to symmetry-relaxed values given

between tetrahedra. The very weak bond between the two fl-text). The zero of energy is for free atom constituents, and

orines is comparable to introducing a defect in the glass nehe separation is relative to equilibrium (F-F boad
work. 0.1193 nm).
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tetrahedra of the oxygen-bridged reference cluster aae epitaxialp - Sis_,Al ,O,Ng_, layer between th-
bound so strongly to the joining oxygen atom thaSi;N, grain and the amorphous IGF, Table 1.
very large restoring forces-41 eV/nm) act to return ~ Comparison of the critical debond angle with
any displaced unit to equilibrium. In this analysisanalysis of the radial compressive stresses imposed
IGF crack formation is a result of the fluorine pairon the prismatic interfaces indicates that the radial
substitution creating an extremely weak F—F bond argiress is not a major factor when an epitaxial SIAION
not a missing or dangling bond (plus a chargéyer is present, as mentioned earlier. This is clearly
imbalance) that enhances crack growth in the amorpshown for the 55Si10AI35Y20N800 glass system by
ous phase. This enhanced crack formation and growtbmparing the critical debond with and without an
due to the fluorine reaction with the network is similaepitaxial SIAION layer present, Table 1. In addition,
to that occurring when a water molecule interacteeductions in the nitrogen content of the glasses,
with the SiQ bonds at a crack tip in glasses [24]. while having only a minor effect on the radial stress
In the difluorine structure, there is a strong repullevels, exclude the formation of an epitaxial layer and
sion when the F—F separation decreases below 0.1i@%erfacial debonding occurs quite readily then.
nm and the fluorine densities overlap significantly The observations summarized in Table 1 reveal
(penetration beyond30% of the nominal ion radius). that the introduction of aluminum and oxygen into
This repulsive force resists compression of the F—his epitaxial layer increases the strength of the inter-
bonds between the tetrahedra due to the van dice [17, 18]. At the same time, the fracture toughness
Waals dispersion forces attempting to pull adjacemf self-reinforced SN, ceramics with identical
grains together [29]. The fact that the IGF is amorphmicrostructures is found to decrease with increases in
ous poses some problem for directly applying the cakluminum and oxygen level in the epitaxial SIAION
culated change in structure of the linked tetrahedra tayers [30]. As a result, the potential for differences
the experimentally reported dilation of the IGF of 0.1in the types of bond that formed across the interface,
nm (e.g., see [19]). The increase in dimension iseen schematically in Fig. 5, was examined as a
almost entirely in the F—F spacing, which becomesource of the interface strength. In the presence of an
0.243 nm. At first sight this seems too large, but iBIAION layer, both Si—O and Al-O bonds, as well as
one incorporates the interactive forces between adja8i—N bonds, could form, and thus silicon, aluminum,
ent grains that define the IGF, film thicknesses amxygen and nitrogen atoms would participate in the
accurately given to within experimental precisiorbonding from both sides of the interface with the Si—
(0.1 nm) for both the Si©glass and the fluorine- AI-RE-O-N amorphous intergranular films. This
doped film (e.g., [19]). Taken together, the studies ofiould increase the density of bonding sites along the
anion dopant effects in IGFs show that weakening afterface and suggests a mechanism for the rise in
the amorphous network by anion additions resultstrength of the interface. While Al-N bonds are
from interactions at the atomic level in the strictesinvolved in the SIAION crystal structure, there is little
sense: the interaction range involved in the replacevidence for them in the oxynitride glasses [31, 32],
ment of oxygen by difluorine is distinctly localizedand thus they were not included in the interface bond-
to the region of the former oxygen-bridge bond. Thigng considerations. On the other hand, the formation
suggests the possibility of debonding control with selef Si—O, Al-O and Si—N bonds is well documented
ectivity at the atomic level, since the effect of dopant® the oxynitride glasses.
is specific to a particular type of site in the IGF and Earlier electronic structure calculations showed
the results of the doping are known. that the substitution of aluminum and oxygen into the
lattice of 3-Si;N, reduces the total overlap population
2.2. Interfacial strengthening due to epitaxial SiA{a measure of electron bond density) to which the
ION substituted atoms contribute, in keeping with a
reduction of the mechanical propertiess86i;N, ver-
The second process that controls debonding &is B - Sis_,AlLONg , [33, 34]. However, more
associated with the strength of bonding across threcent studies that include charge redistribution indi-
glass/crystalline interface. In the experimentatate that while the substitution of aluminum for a sili-
approach used here, an increase in the interfacen in an SiN, unit results in a weaker AI-N bond,
strength is reflected by a decrease in the critical angllee strengths of other aluminum- and silicon-contain-
between the plane of the propagating crack and tleg bonds in the structure actually increase [35]. In
prism plane at which the crack starts to deflect up theddition, crystal-orbital-based calculations have
interface [17, 18]. High-resolution, high-magnifi-assessed the bonding of aluminum and oxygen to the
cation scanning electron microscopy images of thg-Si;N, surfaces and suggested stronger bonding of
whiskers embedded in the various glasses indicatieese elements to the prism faces, but only as com-
that the debond crack does run along theared with the basal surface [36].
crystalline/glass interface. Studies of bofhRSizN, The observed influence of the SIAION composition
whiskers embedded in oxynitride glasses and selbn the interface strength motivated the current studies
reinforced silicon nitride ceramics reveal that theising first-principles atomic cluster calculations to
critical debond angle is modified by the formation ofaddress the following. (1) Why is the oxynitride
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Table 1. Summary of the critical interfacial debond angles forf#&i;N,/oxynitride glass

Sample Critical debond Cqmpressive stress ) prg;jiségt?'f\:om
angle () on interface (MP&) Sis_,Al,LONg_, phase equilibria
B-SisN, whiskers in oxynitride glass matrix
Composition (eq%)
55Si25A120Y10N900 ~70 ~350 0 No
55Si25A120Y20N800 ~55 ~320 1.0 Yes
55Si10AI35Y10N900 ~70 ~515 0 No
55Si10AI35Y20N800
without SIAION layer ~72 ~530 0 Yes
with SiAION layeP ~50 ~530 0.15
57Si43La20N800 ~68 ~590 0 No
46Si27A127La27N730 ~50 ~555 1.6-2.0 Yes
41Si30AI29Yb23N770 ~55 ~455 1.6-2.0 Yes
Self-reinforced B-Si;N, with amorphous intergranular film
Additives (wt%) yttria/alumina
6.25/1.0 ~75 0.01 Yes
5.0/2.0 ~70 0.03 Yes
4.0/2.8 ~60 0.06 Yes

a Calculated stress based on measured values of thermal expansion coefficients, softening temperatures and Young’'s modulus of the glasses and
silicon nitride (e.g., [18]).
b Sample after additional nitrogen (5 MPa) anneal at 268fdr 30 min to develop epitaxial layer.

B- SigNg such tetrahedral cluster models. This allows one to
- SigNg Interface — — — — — = determine the energy and force field changes that
o B-Sie-zA1z0zN8-z  yould occur by a variety of atomic substitutions to
N Si Si N Si O Si O Al gain a first approximation of the influence of compo-
+ # ._‘_ interface _1_] _%_*_*_J - sition on the interface cohesion. To achieve an
) 4 4 atomic-level understanding of compositional effects,
Si N O Si NSiOAl O the electronic structures, total energies and atomic
Si-Al-RE-N-O Glass force fields were calculated to high accuracy using
RE =Y, Lu, Yb, Gd, La, etc. only the atomic numbers and parameters describing

Fig. 5. As shown schematically here, only Si-N bonds ar(t-zhe local exchange correlation approximation (plus

established in both directions across the interface in the cagéadient corrections) as inputs. _ _
of the SiN,/glass interface. When an epitaxial SIAION layer Then the source was sought for the increase in

forms, Si-O and Al-O bonds, as well as Si-N bonds, form iinterface strength with the formation of an epitaxial
both directions across the glass/crystalline interface. Sis_,ALONg_, layer at the interface and the rapid
rise in strength over a compositional range o
glassB-SisN, interface weak compared with theO to~0.2 (i.e., increasing substitution of aluminum
B - Sis_,Al,O,Ng_,j/glass interface? (2) What is thefor silicon and oxygen for nitrogen). The influence of
strengthening mechanism wheny SAIL,O,Ng_, forms ~ aluminum and oxygen can be addressed by determin-
at the interface? (3) What is the influence of compdng how the binding energy of the basic body-cent-
sition on the interfacial strength in terms of atomicered silicon (and aluminum) tetrahedra are affected
level interactions? by variations in the nitrogen-to-oxygen ratio. As seen
The model structure used for this study was th# Fig. 7, the trend is for the binding energy to
basic tetrahedron, which is a common structural unificrease with substitution of oxygen for nitrogen in
of both the crystalline phases (i.e3-Si;N, and both the silicon- and aluminum-based tetrahedra. At
B - Sis_,AlLO,Ng_,) and the oxynitride glasses. Thethe same N/O ratio, the silicon-based tetrahedra do
interfacial debonding of most interest here involvegxhibit higher binding energies than the aluminum-
that parallel to the prism planes of the elongated reifpased tetrahedra. However, the AN and AIQ,
forcing grains. A slice normal to these planes, showigtrahedra exhibit greater binding energies than do the
schematically in Fig. 6, reveals that the atoms in th8iN, and SiON tetrahedra. In fact, the binding
grain and the glass involved in bonding across thenergy of the AIQ unit closely rivals that of the SiD
prism interfaces can also, indeed, be defined in tetranit. On the other hand, the AINind SiN, tetrahedra
hedral units. Thus, one can use the simple tetrahedeske the most weakly bound units.
unit building blocks to begin to describe the interfa- The above trends of increasing binding energies
cial bonding and the effects of composition by alterwithin both silicon- and aluminum-based tetrahedra
ing the atomic species within the body-centered siliwith increasing substitution of oxygen for nitrogen
con- and aluminum-based tetrahedral clusters. are confirmed by additional calculations based on two
The partial-wave self-consistent cluster methodnd three corner-connected tetrahedra with oxygen
[25] was used to solve local density equations fosubstituted for nitrogen and aluminum for silicon.
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Fig. 6. The atomic structure involved in bonding across the prism planes is shown in the cross-section parallel

to the basal plane of §\, that cuts across the §8I,/SIAION and SiAION/glass interfaces. Basic to all three

components are the simple silicon-based and aluminum-based body-centered tetrahedral unit cells, which are
used in the atomic cluster calculations to describe bonding at the interface.

25 e 3. SUMMARY
C Al
20 - B3 Si) o Interfacial debonding, which is a key step in crack-

bridging mechanisms, appears to involve at least two
processes. When fluorine is incorporated into the
amorphous intergranular film, the glass network is
weakened, which allows a propagating crack to
bypass the reinforcing grains without cutting through
them. In the presence of SiYAI oxynitride intergranu-
lar glass films, reductions in the Al/Y ratio decrease
the aluminum and oxygen content of the epitaxial
- Sis_AlLONg_, layer on the SN, grains and debond-
MN4 MN3O0 MN,O, MNO3 MO4 ing is enhanced.
Increasing O/N Ratio Atomic cluster calculations show that the substi-
) ) o ) o tution of two fluorine atoms in the place of the oxy-
Fig. 7. First-principles calculations of the binding energy reve en linking two SiQ tetrahedra results in (1) fluorines

a continuous increase with substitution of oxygen for nitroge o
in both the silicon- and aluminum-based tetrahedra. While tH&'at are strongly bonded within each tetrahedra and

silicon-based tetrahedra exhibit greater binding energies théd) weak bonding between the two fluorine atoms,
do their aluminum-based counterparts, the oxygen-rich;NIO which are energetically favored to rest on the axis

and AlQ, tetrahedra Qx_hibit greater k_)inding energies than dpetween the silicon atoms. As such, the calculated
the oxygen-deficient SiNand SION tetrahedra. structure for the oxygen-linked and the fluorine-pair-
linked tetrahedra yields intergranular film thicknesses
These, then, further support the strengthening of the agreement with observations. The (at best) weak
interface bonding by the addition of Si-O and Al-Cbond between the fluorine pair then acts like a defect
bonding across the interface as first suggested in Fig. the glass network. The calculations show that the
5. At the3-Si;NJ/glass interfaces, silicon on the;Ri,  restoring force resisting the separation of the fluorine
surface can bond to oxygen in the glass, while Si—gair is extremely low. As a result, increases in the
bonds can form in both directions across the interfackacal density of such defects with fluorine additions
With an epitaxial §j ,AI,ONg , layer at the inter- will substantially weaken the intergranular glass net-
face, Si-O bonds, the strongest bonds, can formork and, thus, allow cracks within the IGF to propa-
across the interface in both directions. In additiorgate around, rather than through, the reinforcing
these are supplemented by Al-O bonds, the secogdhins.
strongest bonds in the series, which can be formed inIn the case of SiYAI oxynitride glass intergranular
either direction across the interface. Both the greatéiims, an increase in resistance to interfacial debond-
strengths of these oxide bonds and the fact that th@yg occurs with the formation of the layer at the inter-
can involve silicon and aluminum atoms present oface. Atomic cluster studies reveal that the binding
both sides of the interface contribute to the increasnergies of the SiNtetrahedra increase as oxygen
in interfacial strength and resistance to debondingeplaces the nitrogen, with Sj@xhibiting very high
observed with the increasing substitution of alumibinding energies. The formation of SjAILONg_,
num and oxygen in the interfacial SLAILONg , requires the incorporation of alumninum in place of
layer. silicon, and the binding energies of the aluminum-

15
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based tetrahedra show the same increase with oxygen Instability Dynamics, Scaling and Ductile/Brittle Behavior

substitution for nitrogen. In fact, the AlQetrahedron
has only slightly lower binding energy than does the

SiO, tetrahedron. This increase in binding energies.

with oxygen substitution has an important impact on
the interface strength.

When the glass is in contact with the;Sj grain,
Si-N bonds can form in both directions across the
interface; however, Si-O bonds will only occur
between the silicon on the grain surface and oxygen
in the glass. Thus opportunity to form the stronge
bond (i.e., Si—O) is fairly limited. On the other hand,
the growth of an SiAl,ONg , layer on the SN,

grains allows Si-O, as well as Si-N, bonds to formé.

in both directions across the interface. The strong Si—

O bonding will also be supplemented by the additiod”

of nearly as strong Al-O bonding in both directions

across the interface. Thus, the atomic cluster studies.

have established a relationship between composition
and bond strength as a function of O/N ratio that pro-

debonding processes in the toughened silicon nitride
ceramics.

22.
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