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bstract

 model for intergranular glassy film (IGF) at grain boundaries in Si3N4 is proposed. The model agrees well with experimental information available.
lthough it has periodicity, atomistic simulations using the model enable to elucidate the rationale for the presence of the IGF. Amorphous models
btained by molecular dynamics based on the crystalline model enable atomistic simulations to address further issues related the IGF: it is found
hat the IGF plays an important role to relieve the strain due to misorientation of adjacent Si3N4 grains, that equilibrium IGF thickness is determined

y the balance between the strain relief and energy penalty of silicon oxynitride constituting the IGF, and that both O and N are needed in the IGF
o provide flexibility of networking structure of the IGF as well as to minimize chemical mismatch between adjacent Si3N4 grains and the IGF.
quilibrium IGF composition is successfully estimated for the first time.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Si3N4 based ceramic materials including their solid
olutions with Al2O3, SiAlONs, are prime candidates for
igh-temperature structural materials due to their excellent
echanical properties at elevated temperature. Si3N4 grains are

ighly anisotropic, elongated ones, originated from its hexag-
nal crystal structure with its c/a ratio far from the value for
CP, and elongated grains are textured so that they resist crack
ropagation1,2 or creep deformation.3,4 It has been known that
emarkable macroscopic properties including fracture toughness
nd creep resistance are often determined by characteristics of
rain boundaries in spite of its negligible volume fraction. Thus,
ttention must be paid to optimal value of strength for bonding
etween grains. For example, if the bonding between grains is
ery strong, it improves creep resistance while it deteriorates

racture toughness since transgranular fracture takes place with-
ut any improvement by texturing of grains. On the other hand,
ery weak bonding between grains results in miserable creep
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esistance and fracture toughness since cracks propagate along
rain boundaries without consuming much of the energy injected
rom external stress. Thus, the magnitude of bonding between
rains, or grain boundaries, needs to be optimal such that the
longated grains bridge across opening gaps upon crack propa-
ation, thereby resisting against further opening of the gap, for
xample. In this case friction between the elongated grains and
urrounding grains governs the bridging and, in turn, fracture
oughness, and the friction is determined by bonding between
rains at grain boundaries. Extensive experimental studies have
een conducted with success to some extent in order to improve
oding between grains.5–7 Yet further understanding of grain
oundaries in Si3N4 on the atomic level is essentially needed to
ptimize the bonding between grains.

Transmission electron microscopy (TEM) as well as scan-
ing TEM (STEM) has been proved to be one of powerful
eans to uncover grain boundaries in Si3N4. Extensive TEM

bservations8–16 have revealed that an intergranular glassy film
IGF) of about 10 Å in thickness is always present at a grain
oundary (two grain junctions) in sintered Si3N4, irrespec-
ive of misorientation of adjacent grains except for special

oundaries.8–11 One of the simplest explanations for its exis-
ence since early days is that the IGF is a residual matter from
iquid-phase sintering. Further investigation of the IGF with

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.027
mailto:yoshiya@ams.eng.osaka-u.ac.jp
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ids of analytical TEM demonstrated that thickness of the IGF
s determined by chemistry of the IGF, instead of amount of
lassy phases. High-purity Si3N4 samples, sintered by hot iso-
tatic pressing with glass encapsulation technique, is composed
f the IGFs only of 10 Å in thickness according to measurements
ith high statistical accuracy.9 Oxygen atoms contained in the

GF came from oxidized surface layer of starting powder in this
ase. Further intentional addition of SiO2 to high-purity Si3N4
oes not change the IGF thickness, only results in enlargement
f triple pocket (or triple grain junctions).10 On the other hand,
ddition of Ca to high-purity Si3N4, for example, changes IGF
hickness depending on local concentration of Ca in the IGF.12

ther impurity elements that modify local chemistry of the IGF
ring about the change in IGF thickness as well.13,14 When grain
oundaries are chemically modified, mechanical properties of a
intered body are greatly affected.12–16 Thus, IGF thickness in
ngström order, one of the measurable properties of IGF, can be

orrelated with macroscopic mechanical properties. Therefore
nformation on the atomic level about IGF is essentially needed
n order to understand the characteristics of IGF, thereby con-
rolling IGF characteristics and, in turn, macroscopic properties
f Si3N4 ceramics.

Extensive chemical analyses including measurement of elec-
ronic states of the IGF by analytical TEM have provided more
nformation on the IGF in Si3N4 than ever. Gu et al. performed
etailed measurement for the IGF17–20 by the electron energy-
oss spectroscopy (EELS) which is, in part, one of elemental
nalysis procedures with high spatial resolution and the elec-
ron energy-loss near edge structures (ELNESs) which is an
quivalent to X-ray absorption near edge structures (XANES or
EXAFS) for electron spectroscopy and can be obtained as fine

tructures appeared on the EELS spectrum with high energy res-
lution. They have revealed that the IGF is constituted by silicon
xynitride with N/(N + O) = 0.30 ±  0.12,18 instead of pure silica
s believed in earlier days, and density of silicon atoms is 69.2%
f that in Si3N4 grain interior.19 In addition, they have obtained
he ELNES spectrum only from the IGF which provides infor-
ation on its electronic states by the spatial difference method.20

hese studies provided crucial information to model the IGF on
he atomic level, which has been achieved in the first one of a
eries of our studies21–26 through interpretation of the ELNES
pectrum by theoretical calculations of ELNES spectrum.21 The
ontent of N exceeds the solubility limit of N in silica glass,27

nd thus rationale for the high nitrogen content had remained
nclear until our atomistic simulation elucidated the role of N
s well as O in the IGF.26

On the theoretical side, a pioneering work by Clarke on IGF
hickness is reported.28,29 That study tried to elucidate equilib-
ium thickness of the IGF in Si3N4 based on the force-balance
odel based on thermodynamics of diffuse interface originated

rom the Cahn–Hilliard theory.30 In spite of its plausibility, the
orce balance model lacks atomistic description of IGF that is
ust as thin as a several atomic layers as pointed out by himself

28
n the original paper. Due to its strong foothold, the thermo-
ynamic descriptions of the IGF based on the concept of diffuse
nterface have been flourished ever since,28,29,31–33 though they
ack atomistic description. Cannon and Esposito described IGF

u
a
c
e
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rom viewpoint of thermodynamic adsorption of impurities on
i3N4 grains or wetting of the grains by liquid on the surface
f Si3N4 grains,34,35 which succeeded in connecting this rather
pecial phenomenon in Si3N4 to general science and engineer-
ng of adsorption or wetting on ceramic grains surfaces based on
hermodynamics. Bishop and Carter simulated the IGF at Si3N4
rain boundaries by phase-field modeling.36

On the atomic level, Keblinski et al. opened up a new way for
tomic-level modeling of disordered grain boundary layers.37

lthough their work is confined to pure matters and thus their
pproach cannot be directly applied to the Si3N4 case where the
GF is constituted by silicon oxynitride, they demonstrated by
olecular dynamics simulation that high-energy twist bound-

ries can be stabilized by disordered layers at grain boundaries.
lonski and Garofalini and Litton and Garofalini demonstrated
olecular dynamics simulation on an IGF in Al2O3

38–41 which
s constituted by silicate glass stable in bulk phases. However,

odeling of the IGF in Si3N4 on the atomic level and atomistic
imulation using the model had not been carried out until our
revious studies.22–26

A difficulty for atomic level computations for the IGF in
i3N4 is originated from the fact that no rational model for

he IGF in Si3N4 is available since (1) the IGF is consti-
uted by silicon oxynitride that is unstable in bulk, (2) it
as no periodic structure and therefore it is unable to obtain
nformation on crystal structure from high-resolution electron
icroscopy (HREM) observation, and (3) the IGF is spatially

onfined to just about 10 Å in thickness. To overcome this
ifficulty, first and most importantly, the atomic-level model-
ng of the IGF is essentially required. Once the appropriate

odel is proposed, then the atomic level computation using
he model can be conducted to answer following open ques-
ions about the IGF in Si3N4: (1) Why is the IGF present at
rain boundaries in polycrystalline sintered Si3N4 and what
ole does the IGF play? (2) Why is thickness of the IGF
lways about 10 Å or what determines the IGF thickness?
3) Why is not the IGF pure silica or amorphous Si3N4
nstead of unstable silicon oxynitride, why oxygen and nitro-
en atoms coexist in the IGF, or what roles, if any, do
he oxygen and nitrogen in the IGF play? To address these
ssues, we have carried out atomistic simulations of the IGF
n Si3N4.

In this paper, we attempt to provide the broader perspec-
ive on the IGF in Si3N4 than ever, based on combination
f computational techniques, especially the atomic-level pic-
ure of the IGF, rationale of its existence, and the atomic-level

echanism to accommodate Si3N4 grains with misorien-
ation, with unpublished results of our past studies based
n our challenges to reveal the nature of the IGF using
tomistic simulations.21–26 Overlapping with results in past
apers is minimized as long as this paper is self-contained.
mphases are put on the modeling of the IGF itself, on
nswering above-mentioned open questions by atomistic sim-

lations, and on future outlook of atomistic simulations to
ddress further issues related to the IGF in Si3N4. Techni-
al details of the computation in following sections are given
lsewhere.21–26
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Fig. 1. Experimental ELNES spectra20: (a) from a Si3N4 grain and (b) from IGF
obtained by the spatial difference method. Remarkable differences between two
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Fig. 2. Theoretical ELNES spectra obtained by ab initio DFT calculations21:
(a) for a Si3N4 grain and (b) for the IGF. The spectra are composed of Si-3s and
S
fi

b
W
t
k
c
t
S
u

b
i
t
t
g
t
s
a
i
l
d
s
T
w
i
h
D
t
s
f
r

pectra are the energy shift by 0.9 eV of the first peak and broadening of the first
eak in the IGF spectrum.

.  Modeling  IGF  structure

According to a chemical analysis by EELS, the IGF in poly-
rystalline Si3N4 is composed of Si, N and O, with a N/(N + O)
atio being about 0.3–0.4, much exceeding the solubility limit of

 in silica glass. Thus, it is not plausible to start modeling from
he structure of silica glass. Since the IGF appears to be amor-
hous judging from TEM micrographs, there are many degrees
f freedom in its atomic configuration with no clue about atomic
oordinates. In existing crystals, Si3N4, Si2N2O, and SiO2, N
nd O have three-fold and two-fold coordinations, respectively,
hile Si atoms have four-fold coordination. Assuming that coor-
ination environment of atoms in the IGF would not be different
ery much from those crystals, we fixed the coordination num-
ers of Si, O, and N in the IGF model at 4, 2, and 3, respectively,
nd started modeling based on the crystal structure of �-Si3N4.
ince a Si atom and a N atom are coordinated by four N atoms
nd three Si atoms in �-Si3N4, respectively, removing a Si from
he �-Si3N4 crystal structure results in the decrease in the coor-
ination number of the four neighboring N atoms from three
o two. Then, we can substitute four O atoms for the four N
toms without introducing a dangling-bond or a broken bond
ince the coordination number of O is two in crystalline SiO2.
s a result, after one step, four tetrahedra surrounding the Si
acancy change from SiN4 to SiN3O1 in �-Si3N4 structure. By
epeating this step, we can increase the O content to some extent
ithout introducing a dangling-bond until desired O content is

chieved.
Comparison between experimental Si-L2,3 edge ELNES

pectra, one from Si3N4 grain and the other from the IGF, exhib-
ted two-fold noticeable differences as shown in Fig. 1: (1) a

hift of the first peak position by 0.9 eV toward higher energy
ide, and (2) broadening of the first peak. Although other spec-
ral features also provide valuable information about chemical

1

y

i-3d partial density of states in the case of Si-L2,3 edge. The energy shift of the
rst peak by 1.0 eV and the peak broadening are reproduced well.

onding between atoms in the IGF, we focused on the first peak.
e started with theoretical calculations of ELNES spectra for

hree crystals of which structure and chemical composition are
nown, namely, �-Si3N4, Si2N2O which is the only Si-based
rystal where O and N coexist, and SiO2 (�-quartz). All of the
hree crystals consist of tetrahedral units of SiX4 (X = N, O),
iN4 units for �-Si3N4, SiN3O1 units for Si2N2O, and SiO4
nits for SiO2.

According to detailed analysis on the origin of the first peak
ased on ab initio density functional theory (DFT) calculations,
t is found that the first peak corresponds to two kinds of elec-
ronic excitation, Si-2p →  Si-3s and Si-2p →  Si-3d, and that
hose two transitions are superposed in energy in �-Si3N4 and are
radually separated as O content increases.21 The latter explains
he second noticeable difference between experimental ELNES
pectra: by slight separation of the two transitions, the first peak
ppears to be broadened. The energies of the two transition form-
ng one or two peaks depending on O content change almost
inearly with O content, and the 0.9 eV shift, the first noticeable
ifference between two experimental ELNES spectra, corre-
ponds to a tetrahedral unit of SiN2.1O1.9 or N/(N + O) = 0.43.
he latter agrees with the experimental chemical analysis fairly
ell.18 In order to confirm that the tetrahedral unit of SiN2.1O1.9

s necessary to reproduce the ELNES spectrum from the IGF, we
ave carried out theoretical calculation of ELNES by ab initio
FT calculation with a model cluster of the IGF with SiN2O2

etrahedral unit at its center. Fig. 2 compares theoretical ELNES
pectra for �-Si3N4 and for the IGF. The two major differences
ound between experimental ELNES spectra are satisfactorily
eproduced: the energy shift in theoretical ELNES spectra is

.0 eV and the first peak is broadened.

Having confirmed that values obtained from theoretical anal-
ses reproduce experimental results, we have substituted more O
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and Si–N bonds have some distribution in the IGF with their
ig. 3. The hexagonal unit cell of a model structure for the IGF which is con-
tructed from �-Si3N4 crystal structure.21 It is noted that no dangling-bond is
ontained in the model.

toms for N atoms in the IGF model in the way mentioned above
p to N/(N + O) = 0.43. These analyses through interpretation of
LNES did not have enough accuracy to determine whether
/(N + O) is close to 0.43 or 0.32. The final IGF model with
/(N + O) = 0.43 is shown in Fig. 3. Although it is hexagonal

ell since the unit cell of �-Si3N4 is hexagonal, it can be easily
ransformed into an orthogonal cell. Length of the c-axis of the
GF model is four times as that in �-Si3N4 and distance between
nionic layers where O and N mixture takes place is 9 Å, in
ood agreement with the IGF thickness measured by TEM,8–10

lthough no atomic relaxation has been taken into account in
his model. In addition, (1 0 1̄ 0) prismatic plane which is typi-
ally found as edges of Si3N4 grains in TEM observation can be
hosen as interfaces with Si3N4 grains by putting �-Si3N4 unit
ells above and below the model. Although it is not amorphous
ut crystal, this model structure of the IGF enables to conduct
urther atomistic simulations to address issues of the IGF.

. Atomistic  simulations  with  crystalline  IGF  model

The first issue that has occupied minds of researchers and
ngineers is the question why the IGF is ubiquitous at grain
oundaries of sintered high-purity Si3N4. It may be reasonable
o assume it is more energetically favorable if grain boundaries
re wetted with silica glass which is stable in bulk phases since
ts resource is abundant in sintered Si3N4: oxygen is available
n surface of starting powder. One might speculate it is ener-
etically even more favorable if grain boundaries are dry, i.e.,
ithout the IGF. These issues can be quantitatively assessed by

tomistic simulations that evaluate energy of polycrystals with or
ithout the IGF, which can be readily conducted using the model

tructure of the IGF proposed in the previous section. Although
he IGF model structure has periodicity, not amorphous in con-

rast to reality, the IGF model enables to easily evaluate the
tomic configuration in the IGF when it is sandwiched by two
djacent Si3N4 grains since it is based on �-Si3N4 crystal struc-

r
w
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ure and thus, Si–N bonds would be similar to those in �-Si3N4
ith slight modification by the presence of O, and Si–O bond

ength can be easily adjusted by changing Si–O–Si bond angle
ithout introducing much strain to the crystal lattice.
To conduct atomistic simulations for the IGF, interatomic

orce field is needed. In this part of the study,22 we have
mployed the high-accuracy potential sets for SiO2 and Si3N4
eported by van Beest et al.42 and Ching et al.43, respectively.
oth of the potential sets are obtained by ab initio calculations.
ombination of these sets provides interatomic potential in the
uckingham form for Si–O, O–O, Si–N, and N–N pairs. One
issing bond pair of which interatomic potential is needed for

he atomistic simulation for the IGF is that between O–N, which
s obtained from an extra set of ab initio DFT calculations for
i2N2O, the only one known crystal having O and N together in

ts structure. With fitting target of lattice constants and atomic
oordinates as well as elastic constants which are obtained by
iving uniaxial strain to the crystal, the interatomic potential
or O–N bond is obtained in consistent with the sets for other
onds. This entire set of interatomic potentials enables to sat-
sfactorily reproduce properties of �-Si3N4, Si2N2O, and SiO2
�-quartz), ready for the calculation of the IGF in polycrystalline
i3N4. Hereafter all the atomistic simulations in this section
ere carried out using GULP code.44

Two kinds of grain boundaries of Si3N4 were examined: one
s a 0◦-twist grain boundary, i.e., without misorientation between
eighboring grains, and the other is a 180◦-twist grain boundary.
ue to high anisotropy in the crystal structure of �-Si3N4, more
eneral misorientation could not be examined due to geometrical
onstraint of the model structure of the IGF. To reveal role of the
GF, two settings of the IGF for each misorientation were used:
ne is without the IGF or dry grain boundaries, and the other is
ith the IGF at the grain boundaries. Then, after sandwiching the

GF with two Si3N4 grains, structural optimizations were carried
ut to obtain optimized atomic coordinates and energies. One of
ptimized structures for the 180◦-twist grain boundary with the
GF is shown in Fig. 4. Results of the excess energies calculated
rom energies of unstrained IGF model (only for IGF model
ithout neighboring Si3N4 grains under three dimensional peri-
dic boundary conditions) and Si3N4 are summarized in Fig. 5,
ogether with schematic illustrations. Needless to say, excess
nergy for the dry 0◦-twist grain boundary without the IGF is
ero since there is actually no grain boundary. It increases to
.40 J/m2 when the IGF is inserted to the grain boundaries, and
hus the IGF is energetically unfavorable when misorientation of
eighboring grains is absent. In contrast, excess energy for the
80◦-twist grain boundary with the IGF decreases to 0.91 J/m2

rom that for the dry 180◦-twist grain boundary, 1.08 J/m2. Thus,
t is concluded that the IGF plays an important role to reduce
xcess energy at grain boundaries when misorientation of adja-
ent Si3N4 grain is present.

The origin of the reduced excess energy is evident in bond
ength distribution at grain boundaries: the bond lengths of Si–O
espective average and their standard deviation being unchanged
hether misorientation of neighboring grains is present or not,

ndicating that the bonds in the IGF are strained to some extent
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Fig. 4. One of optimized supercells projected from two directions for 180◦-
twist grain boundary with the crystalline IGF.22 Five-membered ring instead of
six-membered ring is formed at the center of the grain boundary in the case of
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Fig. 5. Schematic drawings of dry grain boundaries and grain boundaries with
the IGFs, with and without misorientation of adjacent Si3N4 grains. Although the
presence of the IGF is energetically unfavorable when misorientation is absent, it
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80◦-twist grain boundary. It is noted that no dangling-bond is generated in the
upercell upon structural optimization.

ue to mixture of O and N irrespective of the misorientation.
owever, Si–N bond length distributions in the neighboring
i3N4 grains are significantly different from unstrained Si3N4.
hen the misorientation is present and the IGF is absent, Si–N

onds in the vicinity of the Si3N4/IGF interface appear to be
ighly strained. On the contrary, those strains of the Si–N
onds in the vicinity of the Si3N4/IGF interface are significantly
elieved when the IGF is present at the grain boundary. The relief
f the strain in Si3N4 grains in the vicinity of the grain boundary
ue to misorientation reduces excess energy at the grain bound-
ry. In other words, the IGF plays an important role to relieve
trains in neighboring Si3N4 grains imposed by misorientation
f the Si3N4 grains. This justifies the presence of the IGF at
rain boundaries in polycrystalline Si3N4. In spite of the sim-
licity of the IGF model used in this analysis, rationale for the
resence of the IGF at grain boundaries in polycrystalline Si3N4
s successfully given.

.  Thickness  of  IGF  determined  by  amorphous  IGF
odel

In other materials, impurities are segregated not only on
 grain boundary plane but also in the vicinity of a grain
oundary,45,46 although crystal lattice of matrix phases is barely
hanged due to segregation and thus lattice continuity breaks
ust on a grain boundary plane. In contrast, in the case of Si3N4,
attices of neighboring grains are separated by about 10 Å and
here lies the IGF between them. Although, Clarke tried to eluci-
ate the thickness of the IGF in the force balance model that the

hickness of the IGF is determined by the balance between van
er Waals attractive force between grains and steric force origi-
ating from distortion of the SiO4 tetrahedra, the model did not

s
i
I

s favorable when misorientation is present since the IGF relieves strain imposed
n the bonding by the misorientation.

uantitatively predict the equilibrium thickness of the IGF. This
ssue needs to be addressed by atomistic simulations. However,
he IGF model proposed in Section 2 has periodicity in its crystal
tructure and upper and lower ends in the model are occupied
y SiN4 tetrahedra instead of SiNxO4−x tetrahedra, and thus it
s unable to assess the IGF of which thickness is different from
hat determined in the model.

To overcome these difficulties, we have obtained amorphous
GF model by melting the crystalline IGF model with an aid
f molecular dynamics simulations using MOLDY code.47 This
llows varying IGF thickness in the following atomistic simu-
ations. In these simulations, more robust potential parameter
et48 is used to enable melting the silicon oxynitride at elevated
emperature. The obtained structures were unchanged by further

tructural optimization by static energy minimization method,
ndicating that the obtained structures are energetically stable.
t is noted that N/(N + O) ratio is fixed at 0.32 in this case. The
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ig. 6. (a) Ball-and-stick drawing for one of six IGF-containing 90◦-twist grain
ased on the calculated structure.24 Due to three dimensional periodic boundary

umber of atoms contained in the supercell ranges from 4032
o 6216 depending on IGF thickness. To ensure statistical accu-
acy, three sets of the IGF amorphous models that differ in time
ength of thermalization after thermal equilibrium is achieved
re used and obtained results are averaged. One of the obtained
tructures (the IGF thickness is 14.4 Å) is compared with sim-
lated HREM image in Fig. 6. Although it completely looks
morphous both in the images in the figure, the detailed analysis
f atomic distribution in the IGF reveals that atomic configura-
ion is one-dimensionally ordered perpendicularly to the grain
oundary.24 It should be noted that the first layer where O and

 coexists is actually ordered due to the potential field from
djacent Si3N4 grain, and thus the IGF is thicker from chemical
oints of view than from structural points of view, resulting in a
iscrepancy between HREM thickness and chemical thickness
n accordance with that between experiments.9,18

In order to evaluate equilibrium thickness by atomistic simu-
ations, it is necessary to consider what the IGF is in equilibrium

ith. In other words, it is necessary to determine reservoirs of

 and N that constitute the IGF. Since the IGF is adhered to
i3N4 grains, it is no wonder that N in the IGF is in equilibrium

e
l
s

daries of which thickness is 14.4 Å and (b) one of six simulated HREM images
itions, six grain boundaries are yielded by three calculations.

ith N in Si3N4 grains. Regarding O in the IGF, one plausi-
le candidate is SiO2 at triple pockets which terminate the IGF
n both sides along a grain boundary. Taking Si3N4 and SiO2
s reservoirs, or standard states, of N and O, respectively, we
ave evaluated grain boundary energy, γ , for various thicknesses
f the IGFs. The thickness of the IGF assessed ranges from 0
dry grain boundary) to about 40 Å, four times as experimental
REM thickness for high-purity Si3N4.
Fig. 7 shows the grain boundary energy, γ , as a function of

GF thickness, h, which is calculated by h  = (c  − 2l)/2 where c
s the length of a supercell containing two grain boundaries per-
endicular to the grain boundary and l is the length of unstrained
-Si3N4 slabs. Shown together in the figure by a dotted line and

 broken line are components of formation energy and of strain
nergy, respectively. The component of formation energy, σf, is
alculated as the formation energy per unit area of unstrained sil-
con oxynitride with the same composition as in the IGF based
n standard states, Si3N4 and SiO2. The component of strain

nergy, σs, is simply calculated by σs = γ  −  σf, and is equiva-
ent to the excess energy discussed in Section 3. By definition,
um of these components is equal to grain boundary energy, γ .
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Fig. 7. Interface energy of IGF at equilibrium composition, N/(N + O) = 0.32,
relative to that of dry 90◦-twist grain boundary as a function of IGF thickness.26
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s, are also shown. Broken arrow indicates equilibrium IGF thickness estimated
n this study.

s is expected, σf proportionally increases with IGF thickness,
ndicating that silicon oxynitride at this composition is unsta-
le compared with macroscopic mixture of bulk Si3N4 and bulk
iO2 and its energy penalty per unit area increases as its thick-
ess, or volume, increases. This is the negative aspect of having
nstable silicon oxynitride at grain boundaries. Its counterpart,
s, at first decreases with the increase in thickness due to relief
f strain imposed by misorientation of adjacent Si3N4 grains,
n accordance with the atomistic simulations using crystalline
GF model in Section 3. Then, it remains constant, or slightly
ncreases, with further increase in thickness. This indicates that,
lthough thin IGF is needed to relieve the strain, too thick IGF
s not needed to relieve the strain. Rather thick IGF is energet-
cally disadvantageous. Consequently, grain boundary energy,
, which is given by sum of σf and σs exhibits minimum at ca.
.7 Å in this case. This corresponds to the equilibrium thickness
f the IGF and, agreement with experiments in the equilibrium
hickness is satisfactory despite the fact that no experimental
nowledge is used in the atomistic simulation except for empir-
cal interatomic bonding for bulk crystals. Furthermore, these
tomistic simulations provide physical insight as to what deter-
ines IGF thickness: it is determined by balance between relief

f the strain due to misorientation of adjacent Si3N4 grains
nd energy penalty of silicon oxynitride glass. Thus, it is rea-
onable to expect the change in equilibrium thickness when
isorientation, and in turn, the strain due to misorientation, is

hanged whether it is detectable in experiment or not. In fact, it
s reported that equilibrium thickness at hexagonal-BN/3C-SiC
xhibits remarkable dependence on grain orientation.49

.  Chemical  composition  of  IGF

The anionic ratio in the IGF, N/(N + O), has been fixed at 0.32
n the previous atomistic simulations by which equilibrium IGF

hickness is determined. The last remaining open question is the
eason why both O and N are needed in the IGF in spite of the
nstability of silicon oxynitride or why the IGF has this anionic

t
g
s

b) O in the IGF as a function of IGF thickness together with components of
ormation energy of silicon oxynitride, σf, and of residual strain, σs.26

atio. To answer this question, further atomistic simulations with
he IGFs of different N/(N + O) ratios, namely, 0 and 0.5, in
ddition to 0.32, have been carried out.

Fig. 8 shows grain boundary energies for N/(N + O) = 0
nd 0.5 together with the two components, σf and σs. When
/(N + O) = 0.5, i.e., when more N is contained in the IGF,

nergy penalty of silicon oxynitride is higher, resulting in more
teeper gradient of the slope of σf than for equilibrium IGF
omposition, N/(N + O) = 0.32. Strain is somewhat relieved as
hickness increases up to 0.8 Å, resulting in minimum of γ  at
.8 Å. However, the strain relief is less in magnitude than that in
he equilibrium IGF composition when σs values at respective
quilibrium thicknesses are compared. As a result, γ  is larger
or N/(N + O) = 0.5 than for the equilibrium IGF composition
t respective equilibrium thicknesses. This suggest that O is
eeded to relieve the strain due to misorientation of adjacent
i3N4 grains and the presence of O probably enables more flex-

ble networking of Si–O–Si bonds since O has only two-fold
oordination than Si–N–Si where N has three-fold coordination.
n the other hand, when N/(N + O) = 0, i.e., pure silica glass, σf

emains at zero since it is the standard state by definition and
ctually it is stable. Strain is relieved as IGF thickness increases
p to about 0.5 Å as indicated by σs in Fig. 8(b). The magnitude
f the strain relief is greater than that in equilibrium IGF com-
osition indicated by σs in Fig. 7, which is not surprising since
ore O atoms are contained in the IGF when N/(N + O) = 0, pro-

iding more flexibility in the networking structure. The minimal
alue of �  for N/(N + O) = 0 is smaller than that of equilibrium
GF composition, N/(N + O) = 0.32. This does not explain why
he IGF contains some amount of N.

To understand the details on the atomic coordination in

he IGF and at the Si3N4/IGF interface, distribution of dan-
ling bonds across the grain boundary was analyzed. Fig. 9
hows schematic illustrations of the dangling-bond distribution
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cal composition, suggesting that equilibrium IGF composition is
the one where N/(N + O) = 0.32. This does not change the ratio-
nale for the existence of O and N in the IGF: O is necessary in
ig. 9. Schematic drawings showing dangling-bond distribution across grain 

ote that remarkable amount of dangling bonds are found at Si3N4/IGF interf
angling-bond is almost uniformly distributed in the IGF but segregation of dan

or N/(N + O) = 0 and 0.32. When N/(N + O) is 0.32, dangling
ond is to some extent uniformly distributed in the IGF, in
greement with preceding studies for bulk matters both by
omputation50 and experiments,51,52 though close examination
eveals that more dangling bonds are present at Si3N4/IGF inter-
aces, which predicted the crack propagation along Si3N4/IGF
nterface instead in the middle of the IGF.53 On the other hand,
hen N/(N + O) is 0, much more number of dangling bonds are
resent at two Si3N4/IGF interfaces at both sides of the IGF
hile there is almost no dangling bond at inside of the IGF.
his indicates that the presence of N in the IGF greatly reduces

he dangling bond at Si3N4/IGF interface. This is probably orig-
nated from the fact that the number density of interatomic bonds
n Si3N4 is much greater than in SiO2. Thus, N is necessary
o reduce chemical mismatch between Si3N4 and the IGF. To
educe the local energy penalty at Si3N4/IGF interface, N would
o into the IGF and O would go into Si3N4 grains, resulting in
he increase in IGF thickness and N/(N + O) ratio of the IGF.

The failure of predicting equilibrium IGF composition based
n γ  values in spite of the local dangling-bond analysis that
uggest mixing of O and N in the IGF can be attributed in part
o the fact that respective equilibrium IGF thicknesses are dif-
erent and thus the numbers of atoms in respective IGFs are
ifferent. Another possibility is that energy penalty of silicon
xynitride might be overestimated and/or entropy term contri-
ution is neglected in this study: the interatomic potential set
sed in these atomistic simulation is not designed for silicon
xynitride glass with high N/(N + O) ratio and the equilibrium
GF thickness evaluated in the previous section is smaller than
xperimental value. If the energy penalty of silicon oxynitride
s halved, for example, the equilibrium IGF thickness would
e estimated at 10 Å, in perfect agreement with experiment.

n that case, γ  for N/(N + O) = 0 becomes greater than that
or N/(N + O) = 0.32, equilibrium IGF composition. However,
e cannot neglect the fact that equilibrium IGF thickness is

F
N
w

aries for silica IGF (left) and the IGF with equilibrium composition (right).
hen N/(N + O) = 0, drastically increasing local energy at the interfaces, while
-bonds at Si3N4/IGF is decreased when N/(N + O) = 0.32.

ependent on the IGF composition and thus the numbers of
toms representing the excess energy at grain boundaries are
ifferent.

To quantitatively compare excess energies at grain boundaries
s a function of the IGF composition, atomic excess energy, ε,
s calculated as

 = γA

N

here A  is area of grain boundary plane and N  is the number of
toms in the IGF. The atomic excess energy is plotted as a func-
ion of anionic ratio of the IGF in Fig. 10. The atomic excess
nergy roughly corresponds to chemical potential of atoms in
he IGF and it is minimal when the IGF is at equilibrium chemi-
ig. 10. Atomic excess energy as a function of anionic ratio of the IGF,
/(N + O). The arrow indicates equilibrium IGF thickness in perfect agreement
ith experiment.18
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he IGF to provide more flexibility in its network structure and
 is necessary in the IGF to minimize the chemical mismatch
ith Si3N4 grains, and that the equilibrium IGF composition is
etermined by the balance between these roles of O and N.

It is still an open question as to which of γ or ε  determines
he equilibrium IGF composition. It is related to the question as
o how locally energy and state of a matter can be determined.
o authors’ best knowledge, non-equilibrium thermodynamics

hat assumes local equilibrium does not state about the actual
ize of the local region and thus do not answer this question. If
he local region is composed only of an atom and atom moves
o neighboring region or from/to reservoir based on the local
nergy as in grand canonical ensemble simulations, which it
eems likely to the authors, the equilibrium IGF composition is
etermined of ε  instead of γ . Consequently, the IGF having N
ore than solubility limit is more energetically favorable than

he IGF composed of pure silica.

. Summary  and  outlook

Modeling of the IGF on the atomic level was demonstrated
nd atomistic simulations using the crystalline and amorphous
GF models were carried out. It is found that the IGFs are needed
t grain boundaries to relieve the strain imposed by misorienta-
ion of adjacent Si3N4 grains, that the equilibrium thickness of
he IGF is determined by the balance between the strain relief
nd energy penalty of silicon oxynitride, that O is necessary in
he IGF to provide more flexibility in its networking structure
nd in turn more ability to relieve the strain and N is necessary
n the IGF to minimize chemical mismatch with neighboring
i3N4 grains.

The next issue that should be addressed is the influence of
mpurity element in the IGF on bonding of Si3N4 grains via
GF and atomic arrangement in the IGF and at IGF/Si3N4 inter-
ace. Recent progress in spatial resolution of TEM or STEM
nables to analyze the IGF in atomic resolution and to detect
mpurity elements at Si3N4/IGF interface.54–58 However, from
ractical points of view, it requires the impurities to be ordered
o be detected by Z-contrast imaging and difference in atomic
umber needs to be large. Even now, it is still challenging to
nalyze impurities that are distributed in the silicon oxynitride
GF, which modifies the networking structure, thereby changing
he properties of the IGF. Therefore, there is still plenty rooms
or atomistic simulation, whether classical or quantum, to play
oles to unveil the nature of the IGF.

Following our studies, atomistic simulations for impurity-
ontaining IGF in Si3N4

59–61 as well as grand canonical Monte
arlo simulations62 using empirical interatomic potential sets
ave been demonstrated. Besides, ab initio calculations have
een demonstrated to examine very local atomic configuration
s well as chemical bonding between atoms modified by the
mpurities.63–67 Both categories of computations succeeded to
ome extent, well enough to extend our knowledge on the IGF.

owever, for more quantitative understanding of the IGF modi-
ed by impurities, we must keep in mind that chemical bonding
etween atoms would be modified by impurities and thus empir-
cal interatomic potential parameter sets might be unable to
eramic Society 32 (2012) 1301–1311 1309

redict unknown states of the IGF with impurities, requiring
ore chemically flexible potential sets, and that attention mush

e paid to geometrical constraints by neighboring Si3N4 grains
pon predicting realistic states of the IGF with impurities by ab
nitio calculation, requiring far larger supercell containing much

ore number of atoms than those used today. Although these
equirements are hard to be satisfied today, further development
f computational resources would enable them in a straightfor-
ard manner. Finally, it is not sufficient to reveal the states of the

GF with impurities but it is essentially needed to reveal under-
ying physics that determine the states of the IGF with impurities
s attempted in this series of our studies. When the underlying
hysics is clarified and a clue to control it is obtained, it enables
ot only to optimize boding between grains thereby tailoring
his series of materials through improving creep resistance and
racture toughness, but also to improve other properties such as
ptical properties, thermal properties, and so on.
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