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Abstract
Based on a previously constructed intergranular glassy film (IGF) model for bulk

silicon nitride, a large periodic model of 3864 atoms containing 2 grains of differ-

ent orientations from the main bulk b-Si3N4 and 2 IGFs was fully relaxed using

the ab initio density-functional theory package VASP. The relaxed structure was

then used to calculate the electronic structure, density of states, interatomic bond-

ing, partial charge distribution, and electron localization using the OLCAO

method. Analysis of the data focuses on the interfacial regions between bulk b-

Si3N4 and the Si-O-N glass layer with different orientations. The total bond order

density (TBOD) is evaluated in different interfacial and bulk regions. We show

minor differences in the internal cohesion between crystalline grains of different

facets. However, the overall charges in the bulk crystal grains and in the glassy

regions are electropositive which are balanced by the negatively charged interfa-

cial region between the two. The presence of a less rigid glassy layer is the rea-

son for structural flexibility in ceramics without a huge penalty in the steric

energy. The optimization of the interfacial structure and bonding via the creation

of defective sites is the atomic origin for the existence of the IGF in silicon

nitride. The insights obtained from this detailed quantum mechanical analysis of a

realistic IGF model are discussed including implications on the strength, fracture

toughness, and processing methods. We also discuss the potential applications of

our method to other complex materials systems.
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1 | INTRODUCTION

Silicon nitride (Si3N4), together with SiC and Al2O3 (and
by extension to SiAlON), are generally considered to be
the most important structural ceramics and have been at the
core of ceramic research for over a century.1-3 In recent
years, there has been a concerted effort in the ceramic com-
munity to further extend and improve their processing,
properties, and functionality so as to apply the ceramic

materials at elevated temperatures or under harsh environ-
ment and at a reduced cost.1-3 For effective industrial appli-
cations aiming at energy efficiency in many applications
such as gas turbines, the brittleness and high-temperature
degradation of the structural ceramics is an critical issue
which can be overcome by effective control of microstruc-
tures and chemistry.4-6 However, crystalline imperfections
such as dislocations, grain boundaries (GBs), intergranular
films (IGFs), and porosity cover an enormously vast and
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complicated subject area that has been the center of
research by both experimentalists and computational theo-
rists.1,4,6,7

One of the defective structures that is ubiquitous in
Si3N4 is a thin layer of glassy matter, approximately 1-
3 nm thick, that is situated between different crystalline
grains in the sintered samples.7-10 These so-called inter-
granular glassy films (IGFs) are the key factor in control-
ling the mechanical properties of Si3N4. The glassy film
contains a varying mixture of Si, O, and N with an almost
constant thickness and the films intersect at triple junctions
of the grains. A variety of experimental techniques have
been used to investigate the structures of IGFs in Si3N4

including but not limited to HREM,11 STEM12 and
ELNES.13 These experimental efforts, in conjunction with
computer simulations on IGF models to be described
below, constituted the bulk of our current understanding of
IGFs in Si3N4 but detailed information at the atomic scale
is still very limited.

One of the most comprehensive modeling efforts using
classical molecular dynamic (MD) simulations was accom-
plished by Yoshiya and coworkers beginning more than
15 years ago.14-16 The effort resulted in a large periodic
supercell IGF model that contains 2 bulk Si3N4 crystals
that are rotated 90° with respect to each other. An IGF is
inserted between each pair of facets of the crystalline
grains. This model is a realistic representation of an IGF
and it is consistent with experimental observations. A more
detailed description of this model (hereafter referred to as
the Yoshiya model) will be discussed in the next section.
Some recent MD studies on IGFs in silicon nitrides with
interests on fracture and impurity effects17,18 should also
be noted.

Computational modeling using classical MD has been
very popular ever since its inception in the 1950s.19-21 It
had tremendous success in all areas of material research
and it makes up a significant portion of all modeling
efforts. MD can explore very large systems up to several
million atoms and beyond.22,23 It is also capable of explor-
ing temperature dependencies and dynamic processes with
long simulation sequences. A common feature in all MD
simulation is the use of a classical, empirical potential
function ranging from a simple Lennard-Jones type pair
potential to a sophisticated, multiatom potential with
numerous parameters that must be carefully calibrated.
Thus, the efficiency and accuracy of MD simulations are to
a large extent, dependent on the quality of the potential
functions that are adopted. Significant effort must often be
devoted to the development of potential functions relevant
to the system under study. However, in recent times, it has
become increasingly clear that development of such param-
eter-based potentials is either extremely difficult or effec-
tively impossible for multicomponent systems or materials

with highly complex structures. To this end, many groups
have started to explore the use of ab initio methods usually
based on the density functional theory (DFT) and in partic-
ular ab initio molecular dynamics (AIMD),24 which can
circumvent the difficulties faced by classical MD. The
price to pay is that the system under study is usually lim-
ited to a few hundred atoms and with a severely limited
time range because the computational cost is often 2-3
orders of magnitude greater than classical MD. However,
the situation is partially ameliorated with the rapid advance
of high performance computing (HPC) technology and the
development of more efficient computational methods.

Ab initio studies of IGF models in Si3N4 have been per-
formed by one of us (WYC) and his collaborators over the
last 10 years.25-29 The prior work focused on the inter-
atomic bonding, mechanical properties evaluation, and frac-
ture processes of the IGF under tensile strain. The model
used in these earlier studies consisted of 907 atoms and the
interfaces between the IGF and Si3N4 was restricted to the
prismatic [0001] or basal plane of the hexagonal crystal of
b-Si3N4, which is not fully realistic compared with the
experimental reality. Nevertheless, those first-time ab initio
IGF studies paved the way for understanding of the
atomic-scale interactions based on quantum mechanical cal-
culations and went beyond classical simulations where all
the interpretations were based on geometric parameters.10

In this work, we used the Yoshiya model as the starting
point and fully relaxed it using VASP (Vienna Ab initio
Simulation Package).30,31 We then used the orthogonalized
linear combination of atomic orbital (OLCAO) method32,33

to calculate the electronic structure and bonding. The
results presented here include an analysis of the relaxed
structure, the geometry at the interface, the interatomic
bonding, the electronic structure, the localization of the
state wave functions at the band edges, the partial charge
distribution, and specific bonding features at the interface.
These results enable us to reach some new conclusions and
contribute to the development of a road map for connecting
MD simulations with first principles calculations to bridge
the length scale from the atomic or molecular scale to a lar-
ger meso-scale in materials simulations.

2 | EXTENSION OF THE YOSHIYA
MODEL

The Yoshiya model34 was originally generated by the sim-
ulated annealing method for MD simulation using the
MOLDY code with the pair potential reported by Unuma35

and with special precaution taken to maintain the integrity
of the IGF model designed for the insertion of a Si-O-N
glassy film between the 2 crystalline grains with a 90°
twist. The resulting supercell model has 3864 atoms (1152
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Si, 1536 N in the crystalline part and 432 Si, 240 N, and
504 O in the glassy region) with N/(N+O) ratio of 0.3214,36

of which only a small fraction (<5%-10% of the glassy and
interface regions) has dangling bonds at the interface.34

There are 2 IGFs in the model oriented in the opposite
direction in order to maintain the periodic boundary condi-
tion due to the twist of the crystalline grain. The size of
the original model is 23.022�A 9 23.028�A 9 82.359 �A
with the widths of the IGFs being about 13�A each.

The original Yoshiya model was then fully relaxed with
high accuracy using VASP with no constraints to the vol-
ume or shape of the supercell using a large core configura-
tion on NERSC supercomputer. We used the projector
augmented wave (PAW) method and the PBE generalized
gradient approximation (GGA) potential for exchange-cor-
relation evaluation.37,38 The electronic convergence limit
was set at 10�5 eV and a high-energy cut-off of 500 eV
was applied. A single k-point at Γ (0, 0, 0) was used for
Brillion zone integration because the model is quite large.

The VASP relaxation of the IGF model used a total of
96 hours with 82 nodes on the Cori machine at the
National Energy Research Scientific Center (NERSC) at
the Lawrence Berkeley Laboratory administered by the US
Department of Energy.

The final supercell parameters of the relaxed Yoshiya
model are a = 23.1412 �A, b = 23.1485 �A, c = 82.6135 �A,
a = 90.008°, b = 89.805°, c = 90.099°, which is close to
the original Yoshiya model parallelepiped in shape with
lattice constant expansion of <0.5% from the unrelaxed
one. The ball and stick picture of the relaxed model is
shown in Figure 1. Table 1 compares the cell parameters
and the total energy of the unrelaxed Yoshiya model and
the final, fully relaxed model. It is obvious that the relaxed
model has slightly expanded supercell parameters compared
with the unrelaxed model, despite that atoms are rearranged
upon ab initio structure optimization. Those atoms form
covalent and ionic bonds even between anions unlike in
the classical MD case where the use of formal charge

FIGURE 1 Ball and stick sketch of the relaxed Yoshiya model with the division into different regions and their width in �A. A, Centered
at bulk crystal region IB and B, centered at bulk crystal region IA with a shift of 0.5 fractional coordinates from (A). Si: blue, N: gray and
O: red
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without charge transfer leads to a significant energy pen-
alty.32 It should be pointed out the total energy of the unre-
laxed and relaxed models differ by 68.35 eV (or
0.0177 eV per atom) whereas the volume of the cell is
increased by 591.86 (�A),3 mostly from the movements of
the atoms in the interfacial region.

In order to make a deeper analysis of the geometry and
electronic structure of this relaxed IGF model is divided
the model into 8 regions along the c-axis perpendicular to
the IGF layer. They are labeled as bulk silicon nitride (SN)
with 2 crystalline grains IA and IB, 2 IGF regions IIIA and
IIIB, and 4 transition layers (TL) IIa, IIb, IIc, and IId corre-
sponding the 4 transition layers between 2 bulk crystal and
2 IGF blocks. They are clearly illustrated in Figure 1A,B.
In Table 2, we list the details of each region including the
volume of the region, the number of each type of atoms
and the ratio of N(N+O). The volume for each region is
important in the later discussion of the internal cohesion of
the grains using the total bond order density (TBOD) quan-
tum mechanical metric. As will be clear in the next section,
our careful division of the regions for the IGF model across
the c-axis is highly conducive to the discussion of the fun-
damental interactions at the IGF interfaces, which has not
been an easy task to discern.

The main effect of the accurate relaxation of the Yoshiya
model was to define more precisely the different regions that
were described above. Moreover, accurate identification of
the over- and under-coordinated atoms in the IGF region
and at the interfacial regions facilitate the understanding of
the complex structure of IGFs in b-Si3N4. We should
emphasize that the presence of these perceived defective
sites are natural and they exist in real samples.10,11 Precise

identification and quantification of their locations are impor-
tant for discussion of the roles that they may play in the
electronic structure and bonding of the model, and their pos-
sible effect on the properties of IGFs as defective structures
within the polycrystalline Si3N4 samples. Careful analysis of
the relaxed structure shows that there are a considerable
number of over- and undercoordinated Si and N ions, but
only 2 undercoordinated O ions. This is shown in Figure 2
where we used the symbol “+” and “�” to denote that an
atom is over- or undercoordinated. As can be seen, the
defective atoms are located mostly in region IIa and IIIA
and IIIA and IIb on the either side of the bulk IGF region
(IIIA). Surprisingly, there is only one over-coordinated Si+
atom at the interface region IVa and all the N atoms are
over-coordinated in both the interfaces and the interior of
the glass region. Only 2 undercoordinated O atoms are iden-
tified in the bulk glassy region. So, almost all the defective
sites possess dangling bonds, consistent with the description
in Ref. (34) The same scenario occurs at the other interface/
glassy region labeled as IIc-IIIB-IId on the other IGF IIIB in
Figure 1.

3 | ELECTRONIC STRUCTURE AND
INTERATOMIC BONDING

3.1 | OLCAO method, largest ab initio
calculations

The electronic structure and interatomic bonding in the IGF
model were calculated using the orthogonalized linear com-
bination of atomic orbitals (OLCAO) method33 using the
atomic structure from VASP relaxation described above.

TABLE 1 Comparison of cell parameters and total energy of the unrelaxed and relaxed Yoshiya model

Supercell a, b, c (�A) a, b, c V (�A3) E(eV)

Unrelaxed 23.022, 23.028, 82.359 90.00°, 90.00°, 90.00° 43662.7 �31053.2

Relaxed 23.141, 23.149, 82.614 90.01°, 89.80°, 90.10° 44254.5 �31121.5

TABLE 2 Data for 8 regions. No of atoms (#atoms) for (Si, N, O), N/(N+O) ratio, Si/N ratio, Volume, No. of under and over coordinated
atoms (#Un and #Ov)

Region Width (�A) #Total atoms # N atoms # O atoms N/(N+O) # Si atoms V (�A3) #Un&Ov

IA 16.579 816 432 0 1.000 384 8881.1 0

IB 16.521 814 432 0 1.000 382 8850.2 0

IIa 4.881 265 166 3 0.982 96 2614.6 6

IIb 4.900 264 165 3 0.982 96 2624.9 3

IIc 4.987 265 166 1 0.994 98 2671.4 2

IId 4.997 267 168 3 0.982 96 2676.5 1

IIIA 14.700 587 125 246 0.337 216 7874.7 23

IIIB 15.048 586 122 248 0.328 216 8061.1 23

Total 82.614 3864 1776 504 1584 44254.5 58
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The OLCAO method uses atomic orbitals for the basis
function expansion and is particularly effective for the elec-
tronic structure of large complex systems. The combination
of VASP for structural optimization and OLCAO for prop-
erties evaluation has been successfully demonstrate in
many crystalline39-43 and noncrystalline materials,44-48 and
also in complex biomolecular systems.49-53 In the present
calculation, the basis consists of 1s, 2s, 2p, 3p, and 3d
orbitals for Si and 1s, 2s, 2p orbitals for N and O. The
dimension of the secular equation for this 3864 atom IGF
model after orthogonalization against the core orbitals is
21316 9 21316. All of the energy eigenvalues and eigen-
vectors are available for detailed electronic structure and
bonding analysis. For the OLCAO calculation and analysis
of the results, we used a single core with large memory on
the Lewis cluster at the University of Missouri for various
parts of the calculation and analysis which took <10 calen-
dar days to complete.

Central to the analysis of the electronic structure is the
calculation of the effective charge Q�

a and the bond order
qab between all pairs of atoms (a, b) within the model.
They are calculated based on the Mulliken scheme54,55

using a minimal basis according to the following two for-
mulas.

Q�
a ¼

X
i

X
m;occ

X
j;b

C�m
ia Cm

jb Sia;jb (1)

qab ¼
X
m:occ

X
i;j;

C�m
ia Cm

jbSia;jb (2)

Here, Sia, jb are the overlap integrals and the C’s are
coefficients of the system eigenvectors. All quantities are
real numbers because the diagonalization of the secular
equation was carried out only at the k = (0,0,0) point.

The TBOD is an important quantum mechanical metric
to assess the internal cohesion and strength of a material. It
is obtained by summing up all bond order pairs in the
model and then normalized by the volume of the model. In
the present study, the key issue is to obtain the TBOD for
each region defined in Figure 1 since both the BO values
and the volumes are exactly defined in those regions. This
is the most innovative way to analyze the effect of the IGF
and its interaction with the crystalline grain. This will be
discussed in more detail in section 3.5.

3.2 | Density of states and partial density of
states

The calculated total density of states (TDOS) for the
relaxed Yoshiya model is shown in Figure 3. The calcu-
lated band gap for the model is 1.6 eV, much less than the
band gap of 4.96 eV for b-Si3N4

56 and 5.20 eV for amor-
phous SiO2 using the same method.44 The general features
of the TDOS are unremarkable. The valence band (VB)
consists of a lower portion and an upper portion separated

FIGURE 2 Enlarged figure for regions
IIa, IIIA, IIb of Figure 1 showing the
location of the over- and under coordinated
atoms Si+, Si-, N+, N- and O+, O-
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by a gap of about 1.6 eV, similar to those in b- Si3N4 and
a-SiO2. In the present case of the IGF model, the TDOS
consists of a mixture of contributions from bulk Si3N4 por-
tion, the inter-granular glassy region, and the interfacial
layers between the two. To look into more details at the

difference in the DOS from different regions, we display
the partial DOS (PDOS) for each region of IA, IB, II, and
III in Figure 4A,B with different energy ranges. Region IA
and IB are the 2 bulk regions with different orientations at
the interface. Region III (IIIA + IIIB) are the interior of the
glassy region; and region II (IIa + IIb + IIc + IId) represent
the transition layers between glass and the bulk crystal with
different facet. It is quite striking to see that there are virtu-
ally no differences in the PDOS from the 4 regions. The
only clear difference is in the lower part of the VB where
regions II and III differ from regions IA and IB. This dif-
ference originates from the presence of O atoms in the for-
mer because O-2s levels are lower than N-2s levels. There
is virtually no difference in the conduction band (CB)
region both in the shape and peak structures. This is proba-
bly because all states in the CB are delocalized and are not
sensitive to any structural differences in the different
regions of the IGF model. (See next section).

In Figure 5, we separately display the PDOS of the
glassy region III with decomposition into atomic compo-
nents of Si, N, and O. There is virtually no difference for
PDOS from regions IIIA and IIIB, or due to the difference
in the orientations with the crystalline facets. Simply said,FIGURE 3 TDOS of the relaxed Yoshiya model

FIGURE 4 Calculated PDOS of the relaxed Yoshiya model for the 4 regions IA, IB, II, and III. A, From �25 to 20 eV; B, from �5 eV to
5 eV
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the DOS or PDOS is a more averaged electronic property
not sufficiently sensitive to the small variations in the
structure of a complex material such as IGF in structural
ceramics. In other words, even when structure is defective,
atoms are rearranged to form similar valence band to those
in nondefective structure.

3.3 | Localization index

In a noncrystalline disordered system described by a large
structure model of N atoms, it is quite common to calculate
the localization index (LI)m for each state m of the model
according to:

LIm ¼
X
i;a

X
j;b

C�m
i;aC

m
j;bSia;jb

" #2

(3)

(LI)m designates the degree of localization for the wave
functions of the states shown in the DOS and can be quite
useful in the discussion on the electron transport properties.
LI ranges from 1 to 1/N for a completely localized state on
1 orbital of 1 atom to a completely delocalized stated
spread evenly on all N orbitals of all atoms. Obviously the
larger the model the more realistic the calculated LI.

Figure 6 shows the calculated localization index for the
relaxed Yoshiya model. As expected the states at the band
edges, both the upper and lower VB are highly localized
whereas the states in the CB or in the middle of the upper
VB are completely delocalized which resulted in the no
difference in CB DOS discussed above. There are a few
states at the bottom of the CB that are highly localized;
some of them originate from the “defective” atoms with
dangling bonds. It is also noted that the states in the lower
VB are all significantly localized especially at the lower
parts of the VB. These states originate from the O atoms in
the IGF region (see Figure 5).

3.4 | Effective charge distributions

The effective charges Q�
a on every atom a in the IGF

model are calculated according to Equation (1) and dis-
played against the position on the c-axis in Figure 7. What
is plotted in Figure 7 is actually the partial charge DQ*, or
the deviation of the effective charge Q* from the neutral
atom with charge Q0.

Thus, DQ* = Q0�Q*. DQ* is positive in Si which
means it loses charge. DQ*are negative for O and N which
gain electrons from Si. It can be seen that there are large
deviations in DQ* in the IGF and in transition layers but it
remains more or less constant in the bulk crystalline region
as expected. However, on a closer inspection, the variations
in the bulk region are somewhat graded over several layers
of crystal planes away from the interface boundaries.
Purely classical simulations cannot reveal such details. The
average DQ* values for Si, N, and O are 1.28, �0.93, and
�0.76 electrons respectively. N atoms are more electro-
negative than O when it comes to gaining electrons from
Si. It can also be seen that the fluctuations in DQ*are lar-
ger for the N atoms in the glassy and interface regions. Of

FIGURE 5 PDOS of the IGF part (region III, IIIA and IIIB) of
the relaxed Yoshiya model. The atom-resolved PDOS is shown in
color: Si: Blue, N: green, O: red

FIGURE 6 Localization index (LI) of the relaxed Yoshiya model
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course, these N atoms are the undercoordinated atoms at
the interface of the transition layers or in the glassy regions
as shown in Figure 2. It is also clear that the average DQ*
for Si is much larger in the interface and glass region than
in the bulk crystalline grains.

The total partial charge DQ* for each region in the IGF
model is listed in Table 3. It is apparent that the partial BO
for Si-O bonds are much smaller in the transition layers
(IIa, IIb, IIc, and IId) than in the interior of the IGF region
(IIIA and IIIB), since the later contains most of the Si-O
bonds in the entire IGF model.

Table 3 also shows that the bulk crystal grain with pris-
matic facets (region IA) has total partial charge of 75.35
electrons, larger than the other twisted grain (region IB
72.81 electrons) by 2.54 electrons, and that the 2 glassy

regions with opposite orientations (region IIIA and IIIB)
also have positive partial charges of 0.099 and 1.326 elec-
trons respectively. The balance of the partial charge comes
from the interfacial regions (IIa + IIb) and (IIc + IId) which
have negative partial charges of �75.62 and �73.96 elec-
trons respectively. Combining these data together, we
obtain some very important insights. In polycrystalline
ceramics, both the bulk grains and the IGF are positively
charged but their interfaces tend to be negatively charged
due to charge transfer. This results in an electrostatic attrac-
tion between the glass region and the bulk crystalline grain,
which tends to facilitate the formation of the IGF. As crys-
talline grains covered by glassy oxides gradually come
close to each other during sintering, the glass-crystal inter-
faces will increasingly repel each other electrostatically.

FIGURE 7 Partial Charge (ΔQ*) distribution for all the atoms in the relaxed Yoshiya model across the z-axis in different regions according
to Figure 1(A)

TABLE 3 Summary of bonding and partial charge distribution in the IGF model

Region IA IB IIa IIb IIc IId IIIA IIIB Entire-IGF

Vol (�A3) 8881.1 8850.2 2614.6 2624.9 2671.4 2676.5 7874.7 8061.1 44254.5

ΔQ* 75.350 72.808 �38.578 �37.043 �33.978 �39.984 0.099 1.326 0.001

PBO

Si-O - - 4.0496 3.38845 4.08855 3.4543 152.9138 153.2031 0.0073

Si-N 525.7126 524.2523 157.9385 158.5688 158.9886 160.152 129.8809 128.6283 0.0439

O-O - - - - - - 0.004 - 0.0000

N-O - - - - - - 0.0034 - 0.0000

TBO 525.7126 524.2523 161.9881 161.9572 163.0771 163.6063 282.8020 281.8314 2265.2254

TBOD 0.0592 0.0592 0.0620 0.0617 0.0610 0.0611 0.0359 0.0350 0.0512
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Eventually, equilibrium is reached whereby the interfacial
repulsion is balanced by the interface-glass and interface-
bulk attractions. Moreover, this is the first solid evidence
that the orientation of crystalline faces do make some dif-
ference. One of the 2 twisted crystal grains has less charge
transfer than the other one.

3.5 | Interatomic bonding quantified by bond
order

The bond order (BO) values between every pairs of atoms
in the IGF model are calculated according to Equation (2)
using the OLCAO method. They are displayed in the form
of a scatter-plot of BO vs bond length (BL) up to 2.0 �A
in Figure 8. Because highly covalent Si-N bonds are
stronger than the Si-O bonds, which have a large ionic
component, the BO values for Si-N bond are larger than
the Si-O bond. These BO values generally scale with BL
but more so in Si-N bonds than in Si-O bonds. Figure 8A
shows a large concentration of the Si-N BO values clus-
tered around 1.74 �A to 1.76 �A. These are from bond pairs
in the crystalline region. Similarly, there is a relative large
cluster of Si-O bonds around 1.62 �A to 1.64 �A. They
come from the Si-O bonds in the interior part of the glass
region where the distortion in Si-O bond lengths are less
than for O atoms close to the interface region. To unmask
the BO distribution for bond pairs in the interfacial region,
we subtracted the BO data in the regions I, which corre-
spond to the BO values from the bulk crystalline region.
The results are shown in Figure 8B. Data for Si-O and Si-
N pairs in region II (transition layer) and region III (IGF)
are distinguished by different color and symbols. Several
marked observations are clear. (i) They are widely scat-
tered. (ii) They consist of data points of high and low BO
values, or equivalently, they contain most of the strongly
bonded and weakly bonded pairs in the IGF model caused
by geometric distortions for atoms at the interface. (iii)
The variations in the BO vs BL are more pronounced in
Si-N bonds (squares) than in Si-O bonds (circles). We can
roughly divide them in 2 types, high BO and weaker BO
for both Si-N, and Si-O bonds as, light-blue for Si-N
bonds and pink for Si-O bonds. For Si-N bonds, the
strong bonds scale with their BL but this is not so with
the weaker bonds. For the Si-O bonds, they scale with BL
very slowly and with less data for BL greater than 1.8 �A.
All these plots show that ab initio calculations can reveal
intimate details of interatomic bonding in the IGF model
in Si3N4.

3.6 | TBOD and PBOD

The plots of BO vs BL in the IGF model reveal the distri-
bution of the scattered data in the model. However, what is

less clear is what they can reveal about the bond strength
or cohesion in different regions of the IGF along the c-axis.
To investigate this important question, we make use of the
concept of the TBOD alluded to earlier in section 3.1.
First, we plot the same data in Figure 8A along the c-axis
as shown in Figure 9A.

It reaffirms the observation made in the previous sec-
tion that the stronger and weaker bonds all occur at the
interfacial region and in the glassy region. The bond
strengths are uniform within the bulk crystalline region.
Next, we divide the cell into slices along the c-axis that
are 2.5 �A thick. Because we have the precise volume
and the BOs within each region, we can calculate the
TBOD within each slice. The results for the TBO, aver-
age BO, standard deviation of the BO and PBOD within
each slice are shown in the 4 horizontal panels below
the BO distribution. Figure 9B shows the same plot as
in Figure 9A except they are positioned with different
centers (IIIA and IIIB) at the middle of the plot along
the c-axis. The last row in Figure 9 are similar to that
of Figure 1 for easy comparison. It clearly shows that
the bulk region has the highest average TBOD, which is
expected because they are populated with perfect, strong

FIGURE 8 A, BO vs BL distributions for all atomic pairs in the
relaxed Yoshiya model. B, The same plot as in (a) except those bond
pairs from the bulk region are removed showing on those in the IGF
(region III) an in the transition layer (region II)
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Si-N bonds. What is surprising is that the TBOD at the
interface region is comparable to that in the glassy
region. This new finding gives the necessary insights
about the relative strength of the interior of the glass

region vs the interface regions that adjoin the crystalline
facets of different orientation. Furthermore, this provides
hints about the fundamental reason for the formation of
IGFs as will be discussed in the next section.

FIGURE 9 Left column: A, Bond order distribution across different regions of the IGF model, B, total bond order (TBO), C, average
bond order (Avg(BO)), D, standard deviation (SD) of bond order, E, partial bond order density (PBOD), and F, ball and stick figure, along
z-axis. Right column: Same as left column with a shift of 0.5 fractional coordinate such that the 2 differently oriented region are on the
opposite side
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4 | DISCUSSION

The results described above for a very large ab initio DFT
calculation on a realistic IGF model imply first that such
calculations are clearly now possible and that they will
hopefully become more common in the future. The results
of ab initio calculations on systems that accurately model
realistic defective structures obtained from traditional MD
simulations of up to several thousand atoms may provide a
crucial link between atomic/molecular scale calculations to
meso-scale calculations. Such a link will be important in
the development of predictive multiscale modeling which
can account the longer range structures than purely based
on ab initio simulations. Over the last 2 decades, various
techniques and schemes have been developed and imple-
mented but few have really succeeded in the way they
intended. These include the divide and conquer tech-
nique,57 or an approach of focusing in a small fragment of
a large model for ab initio treatment that is key to the solu-
tion and find ingenious ways to make smooth connections
at their boundaries etc. The ability to do ab initio calcula-
tions for the entire large model can certainly mitigate many
of the drawbacks that arise from the associated approxima-
tions introduced in those schemes.

In the present application to the Yoshia IGF model, sev-
eral interesting and previously unknown facts have been
revealed. Firstly, we explored the effect of different facet
orientations of the crystalline grain within a single model,
prismatic vs 90° twist on the electronic structure of the
IGF. They show some subtle differences especially in the
partial charge results. These minor differences indicate that
the structural modification of facet orientation can be
accommodated by an adjustment of the interfacial structure
by accurate relaxation using ab initio methods, a feat that
cannot be accomplished by classical MD because the
potential functions used in classical MD are fixed and can-
not reflect the minor electronic structure differences. Sec-
ond, the exact role played by the presence of defective
atoms with imperfect local bonding in the IGF was
revealed in quantitative detail in the form of partial charge
and bond order calculations. To what extent these nonideal
bonding patterns affect the strength of the IGF in structural
ceramics has been the source of much debate.

Most importantly, this work demonstrated the effective
use of the new concept of TBOD in assessing the strength
and weakness of the structure of different components of
the structure. By dividing the IGF model in into different
segments, bulk, glassy, transition layer and interface, we
obtain the reliable quantities on TBOD. This is because
both the TBO and the volume for each segment are exactly
defined without any ambiguity. This is very different from
traditional descriptions of interfacial effect in term of only
geometric parameters such as bond lengths or bond angles

of the atoms involved. It should also be pointed out that
even in many ab initio simulations, the structural stability
is usually assessed by comparing the total energies or for-
mation energy. Obviously, it is not possible to apply such
scheme to different regions of the IGF model nor is it com-
putationally feasible for a large model such as the one used
here. Another important advantage of using the TBOD con-
cept is that it can be applied to different IGF or grain-
boundary (GB) models with different structures and com-
positions. This is because the concept of TBOD does not
specifically depend on the details of the materials under
study, as long as the interatomic BO values are calculated
using the same basis set within a single method.

Related to BO and TBOD, the calculation of the total
partial charge or DQ* in different parts of the Yoshiya
model provided the first insight of the origin of the forma-
tion of the IGF in polycrystalline ceramics based purely on
the atomistic quantum calculations which is difficult to
obtain by classical methods. The total partial charges for
different parts of the IGF model enable us to gain insights
based on the electrostatic attraction or repulsion between
different structural components in such structures based on
first principles calculations.

The results provided above have implication on fracture
of the sample due to interfacial bonding or debonding and
the overall mechanical properties of structural ceramics.
Based on the quantitative evaluations of the TBOD in the
model, it is easy to conclude that the fracture of the struc-
tural ceramics is rooted in the presence of the glass film
itself because the bulk glass region has the lowest TBOD.
The interfacial regions with the bulk crystal play a relatively
minor role. This is because Si-O bonds in the glass region
are weaker than Si-N bonds in the bulk grains. They are not
much affected by the defective structures, which are always
present in both the glassy structure and at the interfacial
region. This is consistent with one of our earlier studies on
the smaller prismatic model of IGF where a tensile simula-
tion experiment clearly shows the breaking is at the interior
of the glassy region, not initiated at the interface.28

Of course this is valid only for an idealized case in
which the sample is composed only of Si, N, and O in
which the solubility of Si3N4 in the glassy layer is deter-
mined by thermal equilibrium at the sintering temperature58

as in the case of samples sintered without additives.59

Absence of any shear component of stress and residual
stress are also an overly simplified assumption to discuss
the fracture of polycrystalline materials. There have been
many experimental endeavors9-13 devoted to understand the
effects of dopants on the fracture strength of IGF, since
some dopants are segregated within the IGF or the IGF-
crystal interface. They typically reduce the interfacial frac-
ture strength and thereby increasing the fracture toughness
by grain-bridging mechanism.
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S. Ii et al60,61 has studied the crack propagation at the
interface of Si3N4 grain and IGF using high-resolution
TEM and observed that the crack path was atomically flat
at the boundary. This appears to be not in line with the BO
analysis in the present work. There could be many possible
reasons. BO measures static strength of bonds. Response of
BO to the external complex stress should be taken into
account in order to discuss the crack propagation path.
Macroscopic residual stress that could occur near the IGF
when the samples are sintered at high temperatures and
cooled down to room temperature may strongly affect the
crack path. The 90° twisted prismatic IGF model is just
one example of possible IGFs. Statistical analyses for many
different boundaries should be taken into account. Further-
more, in real ceramic material, presence of unknown impu-
rities and/or atomic defects may be localized in IGF or TL,
which may also affect the crack propagation path.

5 | CONCLUSION

In summary, we have presented detailed results of elec-
tronic structure and interatomic bonding in a large and real-
istic model of an intergranular glassy film in Si3N4. Our
results reveal many new insights about the IGF structure
and its properties. The most important one is the quantita-
tive evaluations of the strength and cohesion of different
regions of the IGF via the accurate calculation of the
TBOD for each region. We have also shown from the par-
tial charge calculation that the crystalline facet orientation
does make some difference on the local charged grains.
The fact that both the crystalline grain and bulk glass
region have positive charges balanced by large negative
charges at their boundary that affect the long-range electro-
static interaction in the sintering process. The insight
obtained on the interatomic bonding and partial charge dis-
tribution in IGF offers plausible explanation on the atomis-
tic origin of their properties and suggest possible means of
enhancement such as specific addition of other elements at
the interface for the structural ceramics.

Based on the opportunities presented by the present
work, further research on complex ceramic materials and
their composites can be contemplated using large scale
ab initio calculation as a tool that is capable of approaching
the mesoscale limit in multiscale modeling. Examples of
such endeavors include the doping of different rare earth
elements in IGFs and their segregation behavior to the
interface similar to those of grain boundaries in alu-
mina.62,63 Further simulations on such large models based
on compression and tensile extension can provide new
information about the fracture mechanics and useful param-
eters for continuum level modeling. The method and
approach we suggested and successfully implemented can

be applied to systems that are not restricted to traditional
structural ceramics. For example, it can be used to explore
the role of alkali doing or mixed doping in silicate
glasses,48 strengthening of Ni-based super alloys,
Inconel740 and Haynes282 by strategic inclusion of precip-
itate phases, or even organic or biological elements such as
peptides in conjunction with crystalline calcium carbonate
crystals as part of nature inspired materials,64 insertion of
crystallites of metallic alloys in bulk metallic glasses65 etc.
The opportunities are unlimited.
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