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Thin, amorphous intergranular films (IGFs) ubiquitously exist at grain boundaries
of polycrystalline ceramics. They play an important role in determining the macroscopic
properties of high temperature structural ceramics. Silicon nitride ceramics (SizN4) are
high temperature structural ceramics due to their outstanding physical and mechanical
properties at elevated temperature. The formation of the anisotropic grains of silicon
nitride is very sensitive to the dopant cations used as sintering additives. HAADF-STEM
images have shown that rare earth (RE) ions take very ordered locations, dependant upon
the RE species, along the IGF/Prism interface in SizsNs ceramics. However, such
segregation does not explain the differences in morphology resulting from incorporation
of the different RE additives. Atomistic details not readily available in experiments need
to be collected.

Molecular dynamics computer simulations are used to evaluate the structure,
energy and fracture behavior of silicon oxynitride intergranular films (IGFs) containing

rare-earth ions (La or Lu) between silicon nitride crystals as a function of IGF thickness,



composition, and crystal orientations (prism, basal, and high index). La adsorption on the
prism surface is observed at locations consistent with HAADF-STEM results. La
segregation corresponding to N content is discussed. A variation in the local composition
would cause some IGFs to show segregation of all La to the interface, leaving little La
within the glassy IGF, while other IGFs may show more La remaining in the glassy IGF.
Such differences affect strength. Lu does not adsorb onto a fully nitride prism surface.
The presence of O at certain surface lattice sites plays a major role in the adsorption of
Lu ions onto those sites consistent with HAADF-STEM results but has little effect on La
siteing. .Energies of the La or Lu ions as a function of location are calculated to provide
an explanation for the segregation behavior as well as consideration of their role in the
glassy state of the IGF. Growth along the crystal surface is studied, providing an
atomistic mechanism for the experimentally observed anisotropic grain growth of silicon
nitride influenced by the different additives. Fracture strengths via stress-strain curves are

calculated.
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Chapter 1 Introduction

1.1 Intergranular Films

Intergranular glassy films (IGFs) are amorphous nanometer-scale thin films
(equilibrium thickness of about 1~4 nm) forming from impurities or sintering additives at
many grain boundaries in polycrystalline ceramics[1-5] such as SizsNg, SiC, Al,Os,
SrTiOz, ZnO, etc. The formation of the IGFs could be attributed to the synthetic routes of
the ceramics, for instance, liquid phase sintering[6], solid-state sub-eutectic sintering, and
crystallization of glass surrounding the ceramic crystal.

IGFs play a significant role in determining the properties of the bulk ceramic as a
whole[7,8]. Although IGFs occupy a small volume percent of the bulk ceramic, their
unique structure, composition and local chemistry[9-11] can largely influence the
macroscopic physical and mechanical properties of the bulk material[5,12-25]. The
composition, structure and behavior of the IGFs had been shown to influence
densification, phase transformations, anisotropic grain growth[15,26-30], and mechanical
properties (such as strength and fracture toughness[5,8,16,31-33]), creep resistance,
oxidation resistance and electrical behavior.

The first equilibrium IGF was found and characterized at grain boundaries in
polycrystalline SizN4. Due to the thin and amorphous nature of the IGFs, previously there
had been a hard time for experimentalists to obtain atomistic details of the IGFs by
experiments. The advances of electron microscopies change the situation[34-40]. Various
microscopy techniques have been applied to measure the thickness of IGFs[41],
determine the composition of IGF, and study the structure of IGFs and the glass-crystal

interface. High-resolution transmission electron microscopy (HRTEM) can not only be



applied to image the atomic structure of the grain boundaries by phase-reconstruction
methods at sub-angstrom resolution[42], but also be used to measure the thickness of the
IGFs at straight grain boundaries[41]. The breakthrough of high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) enables direct imaging of
the IGF/crystal interfaces at the atomic level, showing the ordering of rare-earth species
at the interface[35,36]. Electron energy loss spectroscopy (EELS) and energy-dispersive
X-ray spectroscopy (EDS) can provide details of chemical species (or elemental) profiles
across the IGF[36]. Other techniques include Fresnel contrast imaging, diffuse dark field
imaging, diffraction analysis, electron holography, etc.

However, detailed atomistic structure is not ready by experimental due to the
difficulty to fully characterize the IGF sample or any part of it. This makes it quite
necessary to include theoretical modes to understand the IGFs better. On one hand, the
force balance theory[43,44], diffuse interface model, segregation and wetting approach
have been proposed. On the other hand, phase-field model, classical density functional
theory, molecular dynamics simulation, monte carlo simulation and first-principle
calculations are also employed. These theories and computer simulations provide
atomistic details (such as the energetics and the amorphous structure) and mechanisms

still not readily available in experiment[43].

1.2 Silicon Nitride
Silicon and other nitrides largely exist in the rocks of the earth’s crust. Formed
from two of the most readily available elements in the earth’s crust, silicon and nitrogen,

silicon nitride is relatively inexpensive. Silicon nitride ceramics have been widely studied



for over 50 years. There exists two kinds of crystal structures, a-SizN4 (Space group P3;c)
and B-Si3N, (Space group P6s/m).

Silicon nitride ceramics (SisN;) are promising high temperature structural
ceramics due to their outstanding physical and mechanical properties at high temperature.
Silicon nitride ceramics not only has low density, friction, thermal expansion coefficient,
but also has high hardness, strength, stiffness. They maintain good resistance to oxidation,
corrosion, wear, thermal shock and refractoriness. Due to their high decomposition
temperature, silicon nitrides maintain very good high temperature stability. However,
their intrinsic brittleness is a bottle neck problem. Therefore, efforts are made to
introduce whisker-like microstructures to ensure high fracture resistance.

Silicon nitride ceramics have a wide range of applications[45,46]. They are good
high-temperature structural engine materials and can be used as turbines and engine parts
in the automobile and aerospace industry (e.g. silicon nitride turbocharger rotors). Other
than that, silicon nitride ceramics can also be used as high-temperature and unlubricated
roller and ball bearings or abrasive application in oil drilling, vacuum pumps, dental drills.
Additionally, silicon nitride based cutting tools are also widely used.

Many SizN, are fabricated through liquid phase sintering[47] or hot-pressing.
Sintering additives (MgO, Y03, rare-earth oxides, CaO, F, ClI [10]) can be added to
obtain a fully dense form. The major factor controlling strength can be attributed to the
intergranular glass formed from the densification additives. The anisotropic grain
morphology is sensitive to the sintering additives[48] (e.g. rare earth and Group Il
elements) during the liquid phase sintering process; however, its mechanism is still not

fully understood.



B-SisN4 can be regarded as a whisker-reinforced structural ceramic, due to its
rodlike grains acting as self-reinforcements to toughen the material[49]. These
reinforcing microstructures could promote toughness mechanisms[32,50-55], e.g. crack
bridging, pull out and crack deflection. However, efforts still need to be made to improve
its strength and toughness. Rare earth (RE) elements[56,57] including La, Sm, Gd, Er, Yb,
Lu, are found to be able to greatly influence SisNs o—f phase transformation. RE are
doped in silicon nitride ceramics to help improve their creep resistance[58,59],
toughness[32,55,60,61] and grains growth behavior[31,48,62]. Adding RE ions into the
IGF has been shown to be able to modify the mechanical properties and growth

morphology[22,24,59,63-69].

1.3 Rare Earth Sintering Additives

Lanthanide oxide sintering additives have shown a great influence on the grain
aspect ratio and grain-size distribution, suggesting an influence on the silicon nitride
interfacial energies. The formation of the anisotropic grains of silicon nitride is very
sensitive to the dopant cations used as sintering additives[22,48,70]. Dopant atoms can
control the anisotropic grain growth, thus forming the whisker-like grain morphology.
Therefore, it is important to understand the mechanism of the dopant effects[13,71,72], in
order to design high performance silicon nitride ceramics through microstructure
optimization[35,73].

It had been found that RE elements preferentially segregate to specific locations at
the B-SisN4 prism oriented surface, although different RE elements segregate into
different locations along this interface, leading to different interface morphology. Ab-

initio calculations provide additional information regarding the interface sites to which



the RE ion adsorbs. The combination of the microscopy data, the ab-initio
calculations[74], and the effect of RE additives on mechanical properties imply an
important role for the location of the RE ions on properties. This makes it very important
to understand both the RE adsorption on the Si3sN,4 prism interface and RE distribution
within the glassy portion of the IGFs.

There remain a lot of open questions regarding the topic of RE doped IGFs in -
SizNg4, both interesting and significant. Different fracture behavior of IGF, intergranular
fracture (La) vs transgranular fracture (Lu), becomes the most interesting research topic.
This leads to the study of interfacial ordering induced by B-SisN, grains. Although
ordering of dopants on the crystal surface has been observed by different groups, details
regarding how to quantify those sites filling or how the dopants are distributed within the
IGF are still lacking. Segregation behavior of La and Lu across the IGF dependent upon
composition becomes very important. The energetic and the mechanism of such
segregation are interesting. The question of how to describe the role of La and Lu in
strengthening or weakening the IGF is still unknown. The dependence of the oxidation
behavior and the orientation of silicon nitride ceramics, the IGF thickness could also be
relevant. The competition between RE and Si for migrating to the -SisN, surface and
their bonding characteristics, according to the model of differential binding energy, is
needed.

Three research groups from Oxford, Oak Ridge National Laboratory (ORNL) and
Lawrence Berkeley National Laboratory (LBNL) conducted high angle annular dark field
imaging on rare earth oxides densified silicon nitride ceramics from the same batch of

sample[75]. Interfacial ordering and element dependent sites have been observed on the



prism surface of B-SigN, crystals. The Oxford group observed La ordering as site 1, 2, 3,
and 4 on the prism surface; the ORNL group slightly different La sites at the interface;
while the LBNL group shows no La ordering on the surface (Figure 1.1). Similar
adsorption sites of Lu on the prism surface are observed among three research groups,
while with different site saturation (viewed from the image intensity) as shown in Figure
1.1. Semi-crystallization on the prism surface are found in RE doped silicon nitride[39].
The anisotropic grain growth is reported to be related to the strong preferential
segregation of RE species to the prismatic planes, retarding the grain growth effectively
on the prism planes. The role of La or Lu in changing the fracture behavior (intergranular
vs. transgranular) is found to be important.

The presence of oxygen are found to be important in controlling the RE
adsorption and site selection on the silicon nitride prism interface[36]. Oxygen-induced
change in grain-boundary chemistry and structural transformation has an influence on
fracture behavior (intergranular vs. transgranular) and crack propagation[76]. First
principle calculation has also been wused to study the reconstructions and
nonstoichiometry of oxygenated B-SizN,4 surfaces[77].

A model called differential binding energy (a first-principle model) has been
developed to show the competition between the rare earth ion and the silicon ion to
segregate to the prism surface[22]. This theory shows that La has more segregation
preference to the crystal surface than Lu. First-principle cluster and surface slab models
were used to calculate the energies of rare earth adsorption sites on the prism
surface[78,79]. Ching et al.[80] were able to conduct theoretical tensile experiments

using ab initio methods based on density functional theory (DFT) for the 907-atom



system containing a silicon-oxynitride IGF (about 1.7 nm thick) in two B-Si3N4 prism
planes. The stress-strain behavior of IGF between prismatic planes is found to be

different from that between basal planes.

Figure 1.1 High angle annular dark field images of La and Lu adsorption sites on
the silicon nitride prism surface conducted by three research groups[75]. An

undoped silicon nitride prism interface is also shown.



1.4 The purpose of the study

Previous molecular dynamics (MD) simulations in our group had predicted the
presence of density oscillations and ordering in the IGF at the IGF/crystal interface,
induced by the crystal structure, extending into the IGF nearly 1nm, with adsorption of
modifier cations in the silicate IGFs to specific surface sites. Network modifiers (Na or
Ca) had been predicted to preferentially segregate into ordering sites at the 1GF/crystal
interfaces in alumina and silicon nitride systems, implying similar segregation behavior
using RE ions due to their similar role as modifiers in the silicate glass[81].

STEM images[35,36], ab-initio calculations and MD simulations have shown that
rare earth ions take very ordered locations, dependant upon the RE species, along the
IGF/Prism interface in SizN4 ceramics. However, there still remain interesting questions
and unknowns with regard to this topic. The reason for the difference among the
experimental STEM images obtained by three research groups for La and Lu interfacial
adsorption is unknown and needs to be studied. The atomic columns obtained by
experiments are not quantified. The microstructure or the La and Lu distribution in the
interior IGF is unknown. The fact that controls the segregation behavior of La or Lu in
the IGF needs to be studied. The role of lighter atoms (e.g. N or O) needs to be explored.
The mechanism of rare earth dopants on the SisN, grain morphology is still not fully
understood. The mechanism of the effect of La or Lu on intergranular or transgranular
fracture is still not clear. Other important features affecting IGF properties are still
needed.

This research proposal is designed to study the system of La or Lu oxides doped

IGFs in B-Si3N4 by means of Molecular Dynamic computer simulations. This proposal



aims to obtain atomistic details not readily available in experiments (e.g. the energetics
and site filling properties of the RE ions), develop understanding of the microstructure-
property relationships, and gain further insights into the mechanisms controlling the RE
segregation behavior and fracture behavior of the IGFs. Handful experimental studies are
available for comparison. Important parameters as regard to the study of IGFs, such as
thickness, structure, temperature, pressure, chemistry, orientation of the bounding grains,
would also be included. All of the above could help to design the microstructure of -
SizN4 ceramics for the next generation.

In this work, we focus on the IGFs in silicon nitride sintered with La and Lu
additives in a system of the prism oriented SizN4 surface and a basal or high index SizN4

surface, separated by IGFs with different thickness and compositions.
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Chapter 2 Molecular Dynamics Computer Simulation
2.1 Molecular Dynamic Computer Simulation

2.1.1 The Method

Molecular dynamics (MD) is a computer simulation method that calculates the
time dependent physical movements of atoms according to Newton’s equations[82-87].
The atom mass is m. The atom position is r. The atom velocity is dr/dt. The acceleration

is

2
dt dt\dt/ dt

The interatomic potential energy is U. The force is —dU/dr. The Newton’s

equation of motion is

du dr?
F :_Wzm(Wj (22)

The total potential energy of the system is

E, = %Zuij (2.3)
The internal energy is
U =§NkT +>U; (2.4)
Pressure is
NKT 1
p:T+§<ZI‘iFi> (2.5)

Average temperature is
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3 mv?
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(2.6)
2
_(Zm)
3Nk
Constant volume heat capacity
u)—(U)’
SO e T (2.7)

2 KT?

2.1.2 Predictor-corrector Algorithm
Here, we use the fifth-order Nordsieck predictor-corrector algorithm. The

predictor part is calculated as follows.

r=r+v+a+r*+r*+rt
v=v+2a+3r*+4r®+5r° 2.8)
a=a+3r*+6r°+10r°

r*=r*+4r°+10r°

The corrector part is calculated as follows.

Aa=_a
m

r=r+cAa

V=V+cC,Aa

a =a+cSAa (2_9)
r*=r"+c,Aa

r°=r’+cAa

r°=r®+c,Aa

r°=r°+5r°

where ¢1=3/16, c2=251/360, c3=1. C4=11/18, c5=1/6, c6=1/60.
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2.2 Study IGF by Molecular Dynamic Simulation

2.2.1 Design the Simulation System

Molecular dynamics computational simulations are employed to study the
sandwich system, specifically, an amorphous intergranular film containing La,O3 or
Lu,O3 between two B-SisNy4 crystals of different orientations. The system size is usually
about 53A>63A in x and y dimension. Along the z axis, the system could be set as prism,
3A gap, random glassy atoms, 3A gap, basal or high index crystal, and a 10A vacuum on
the top. For the high index crystal, a glassy silicon nitride shell is added to the high index
oriented B-Si3N, crystal for simplicity to apply periodic boundary conditions in x and y.

Various IGF compositions (3%, 6%, 9% La or Lu, 0%, 15%, 30%, 50% N/(N+O))
are studied, to investigate the atomistic structure of lanthanide silicon oxynitride 1GFs
and the segregation behavior of the dopants as a function of composition. Thick (about
1.8 nm) and thin (about 0.6 nm) IGFs are also included to explore the effect of thickness
on fracture strength. Around 4800 and 1600 randomized atoms will be used to form the
thick (1.8 nm) and thin (0.6 nm) IGFs. Periodic boundary is applied in the x and y

direction. The time step is 1fs.

2.2.2 Melt Quench Process

The glassy IGF will be made using a melt-quench process to form the grain
boundary phase. Generally, IGF ions will be randomly distributed in between two silicon
nitride crystals. IGF ions will first be melted to high temperatures such as 10000K, and
then quenched down through several intermediate temperatures until room temperature

such as 9000K, 8000K, 7000K, 6000K, 5000K, 4000K, 3000K, 2000K, 1000K, 300K.
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Pressure in z direction will be added at high temperatures to help form a proper IGF
thickness. Pressure in x, y and z will be added at low temperatures to allow the IGF to

adjust according to the crystal relaxation.

2.2.3 Potential Type and Parameters

The interatomic pair potentials regarding La and Lu are established, specifically
for La-O, La-N, La-La, and Lu-O, Lu-N, Lu-Lu pairs. After initially setting up the La-O,
La-N and La-La pair potentials according to the bond length and bond energy from
literature (with theoretical and experimental values), these curvature of the pair potential
need to be tuned based on the La,O3 crystal (trigonal P-3m1) and LaN crystal (Fm-3m)
under constant pressure or constant volume at 300K. Just for the purpose of investigating
the competence of cations or anions, adjustments of the bond strength (weaker or stronger)
may need to be made later on when studying the segregation behavior of the dopants. The
Lu-O, Lu-N and Lu-Lu pair potentials will be set up and tuned in the same fashion based
on the Lu,O3 crystal and LuN crystal.

Multi-body interactions are chosen to describe interactions between ions, similar
to previous studies in our group. The interatomic potentials used in this research contain a

2-body and a 3-body part.

V = VijZ—body + zvjﬁ:body (2 10)

iz i) 2k

For the 2-body part, the modified Born-Mayer-Huggins (BMH) pair potential will
be employed for most ion-ion interactions. The Lennard-Jones (LJ) pair potential might
also be added to the 2-body part of RE-O or RE-N interaction for the purpose of flexible

comfortable potential curvatures at a certain bond length and strength.
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SVEMH sy
V2—b0dy — )iz ! ij
ij -Z.VijBMH (2.11)
1# )

The modified Born-Mayer-Huggins (BMH) pair potential is given by

—r.) zz.e? r
VA = A exp| —L |+ ——erfc| 2 (2.12)
: : Pij i ﬂij

ij

where most parameters are readily in previously published papers.

The Lennard-Jones (LJ) pair potential is given by

VO —ag | 2| | 2] | or v 2] |2 (2.13)
J T T b4 g g

and is added to the BMH form for the ease of tuning the parameters for certain
interactions.

The 3-body potential[88] is given by

Vs exp[r i _+ Vi ]jSk (2.14)

0
ij rij ik — T

if 7, <V; and r, <ry; V™ =0 otherwise. The angular term between ions j, i, and K is
given as
0 2
Q, =(cosdy, —cosdy, ) (2.15)
r,; is the separation distance between atoms i and j, e the elementary charge, z and z, are
the full ionic charges, and erfc is the complementary error function. The values of the
parameters A;, f; and p; for each pair type have been previously presented[89]. The

ionic charges for silicon, oxygen, lanthanum, and nitrogen ions are +4, -2, +3, and -3,

respectively.
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The error function is defined as
erf (x) = -2 [Tetat (2.16)
\/; 0

The complementary error function is defined as

2 [ ¢
erfc(x) =1—erf(x)=—=| e"dt 2.17
(x) (0= [ (2.17)
where
X
t=— 2.18
20 (2.18)
The numerical approximation of the complementary error function is given as
erfo(x) = (at +at’ +at’ +at’ +at’)e™ (2.19)
where
t= ! (2.20)
1+ px

and p=0.3275911, al=0.254829592, a2=-0.284496736, a3=1.421413741, a4=-

1.453152027, a5=1.061405429.

2.2.4 Output Data

The location of RE ions cross the IGF could be reviewed using VMD. Visual
Molecular Dynamics (VMD) is an open source molecular visualization software program,
which could display, animate and analyze three dimensional computational systems into
graphics and movies. Images of the final configuration of the computational system will
be produced with atoms and bonds marked by different colors.

Pair distribution function (PDF) and radial distribution function (RDF) of the

cation-anion interactions could be calculated to obtain bonding characteristics at different
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portion of the IGF. The first and the second peaks of the cation-anion bond can tell the
atomistic structure in comparison with experimental data. Features such as short-range
ordering or long-range ordering could also be obtained from PDF or RDF. Besides that,
the coordination number of the anion around the cation is also needed for details
regarding the number of neighbors around a central atom, indicating an influence of the
energetic.

The simulation system will be pulled apart in z to conduct a fracture test. Stress-
strain curve will be plotted. Fracture strength can be found from the stress-strain curve.
The location where fracture occurs could be obtained. Details about fracture mechanism
will be discussed based on composition and thickness.

The compositional effect of RE segregation in the IGF, and its consequential
influence on the strength and fracture behavior are important and need to be discussed.
Different thickness of the IGF could also result in different fracture strength. The effect
of the opposing crystal orientation might also have an effect. To investigate the effect of
the above controlling factors, the location and energies of RE ions in the IGF between the
B-Si3sN, crystals will be determined and analyzed based on various compositions and
thickness.

The location of RE ions on the prism surface could be compared to the
experimental HAADF-STEM images directly. The number of RE adsorbed at a particular
site and the number of sites available on the surface can be quantified. RE segregation to
the various surface adsorption sites available (as site saturation rate) could be calculated
as a normalized RE saturation percentage at each site. Histograms of RE segregation

behavior across the IGF will be plotted. Preferential segregation to different crystal
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surface needs to be compared and discussed. Energies of RE ions across the IGF could be
calculated for the driving force for RE segregation. Energetic could also indicate the
location where fracture would occur. Besides that, due to the importance of the
compositional effect, density profiles of different species across the IGF could be
calculated, providing very useful structural information of the composition effect.

It is important to study the growth behavior of B-Si3Ny4 crystals along the prism,
basal or high index surface. The role of La or Lu, prohibiting or helping the crystal
growth, will be discussed. The mechanism of the anisotropic grain growth behavior will

be explored.
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Chapter 3 The Locations of La lons in Lanthanum Silicon Oxy-Nitride

Intergranular Films in Silicon Nitride

3.1 Introduction

Intergranular films (IGFs) are glassy amorphous nanoscale thin films forming
from impurities or sintering additives in polycrystalline ceramics. It has been found that
the IGF, with its structure and concentration often dramatically different from those in
bulk[12-14], occupy only a small volume percentage of the bulk, but can greatly
influence the macroscopic mechanical, thermal, chemical, optical and electrical
properties of the bulk ceramics[5,14-16,19-25,48].

Silicon nitride ceramics (SisN4) have a wide range of applications as structural
and electronic ceramics because of their outstanding mechanical properties at high
temperature. However, efforts still need to be made to improve its strength and toughness.
Rare earth (RE) elements including La, Sm, Gd, Er, Yb, Lu, are found to be able to
greatly influence SisN4 a—f phase transformation[65,66]. RE are doped in silicon nitride
ceramics to help improve their creep resistance, toughness and grains growth
behavior[24,59,63]. Adding RE ions into the IGF has been shown to be able to modify
the mechanical properties and growth morphology[22,24]. Recent high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) has provided
atomistic detail of the interface between the IGF and the crystal. Results show that RE
elements preferentially segregate to specific locations at the SizN,4 prism oriented surface,
although different RE elements segregate into different locations along this interface,
leading to different interface morphology[35-37,75]. Ab-initio calculations provide

additional information regarding the interface sites to which the RE ion adsorbs [78,90].



19

The combination of the microscopy data, the ab-initio calculations, and the effect of RE
additives on mechanical properties imply an important role for the location of the RE ions
on properties. This makes it very important to understand both the RE adsorption on the
SizNy4 prism interface and RE distribution within the glassy portion of the IGFs. Previous
molecular dynamics (MD) simulations showed preferential segregation of network
modifying species (alkali and alkaline earths) in silicate IGFs to the interface of specific
crystallographic orientations of alumina and silicon nitride systems[81,91,92], implying
segregation behavior that would be consistent with the studies using RE ions. However,
RE ions had not been studied in these MD simulations and is the thrust of work presented

here that could be directly compared to the HAADF-STEM results.
3.2 Computational Procedures

3.2.1 Interatomic Potentials
Molecular dynamics simulations are employed. We use interatomic potentials
with multi-body interactions to describe interactions between ions. This contains a 2-

body and a 3-body part.

V — ZvijZ—body+ sz?k—bOdy (3.1)

iz i ]2k

For La-N interaction, we use a combination of modified Born-Mayer-Huggins
(BMH) pair potential and Lennard-Jones (LJ) pair potential for the 2-body part. While for
all the other ion-ion interactions, we only employ the modified Born-Mayer-Huggins

(BMH) pair potential as the 2-body part.

Vi 4y forLa-Nbond
V 2—-body __ Ej ! EJ- !
J ] v fornonLa-Nbond (3.2)

i#]



The modified Born-Mayer-Huggins (BMH) pair potential is given by

2
Vf M 4; eXp{—y J + Lerfé{iJ (3.3)
P , y

hij ij

where the parameters are given in Table 3.1 and have been previously discussed.

The Lennard-Jones (LJ) pair potential is given by

VijL.] _48[(%J _[rZJ } (3.4)

and is added to the BMH form for the La-N interactions.

Table 3.1 Modified BMH Pair Potential Parameters

20

Atom pair Ajj (1) Bij (pm) pij (pm)
0-0 0.0725 234 29
N-N 0.07241 220 29
Si-Si 0.1877 230 29
La-La 0.3975 230 45.1
N-O 0.1350 221 29
Si-La 0.3000 230 32
Si-O 0.2962 234 29
Si-N 0.7500 220 26.1
La-O 0.7377 270 31.75

La-N 3.9700 200 33.2
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Table 3.2 Lennard-Jones Pair Potential Parameters

Atom pair e (1) o (pm)

La-N 0.00395 195.6

The 3-body potential is given by

_ yi' 7i
Vj?kbOdy = Aji eXp[ : ot . o ]jSk (3.5)
G =06 NN
if 7 <r'andr, <r; V""" =0 otherwise. The angular term between ions j, i, and k is
given as
jSk = {COS ejlk — COS ej)lk)z (36)

r; is the separation distance between atoms i and j, e the elementary charge, z and z; are

the full ionic charges, and erfc is the complementary error function. The values of the

parameters 4, B, and p, for each pair type have been previously presented[89]. The

ionic charges for silicon, oxygen, lanthanum, and nitrogen ions are +4, -2, +3, and -3,
respectively.

The La-O, La-N, La-La potentials are developed according to a
54.57A>69.07A>55.22A La,03 crystal (trigonal P-3m1). The xI, yl, zl value change

about 2%, 2%, and 6% for the constant pressure tests.
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Table 3.3 Three-Body Potential Parameters

Atom triplet Aij (9) vij (pm) 5 (pm) 6%jik (deg)
Si-O-Si 0.001 200 260 109.5
Si-N-Si 0.035 260 280 120

O/N-Si-O/N 0.024 280 300 109.5

3.2.2 Simulation System

Our simulated system is composed of two perfect 3-Si3N4 crystals and an IGF in
between. Along the z axis, our computational system is set as prism (7056 atoms,
53.25A>62.40A>26.35A), 3A gap, random glass atoms(30A thickness), 3A gap, and
basal (7056 atoms, 53.25A>62.70A>26.20A), as shown in Figure 3.1. We adjust the
crystal sizes in x and y slightly so that they would be periodic and have the system of

53.25A>52.70A>88.55A size.
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Frozen X

Figure 3.1 Schematic drawing of the system. Periodic boundaries are in X, y, and z,
although the use of frozen atoms in the upper and lower z directions preclude

interactions between atoms in z.

The glassy IGF is made using a melt-quench process in a manner similar to our
previous work [89], although the time at temperature is longer here and is given in Table
3.4. Periodic boundary is applied in the x and y direction. In the z direction, reflecting
boundary is applied on the third Si layer of the IGF/Prism interface and on the IGF/Basal
interface from the beginning to 4000K of the melt-quench. We also design a small
velocity modification here in order to prevent excessively hot atoms created in the
initialization of the random glassy atoms from dominating the velocity rescaling during

cooling. The time step we use is 10™s.



Table 3.4 Melt-Quench Process
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Melt/Quench
Conditions Duration

Temperature

300K NVE, crystal frozen 10 ps
10,000K NVE, crystal frozen 20 ps
9000K X,y constant, P, = 3 GPa, crystal frozen 100 ps
8000K As above 100 ps
7000K As above 100 ps
6000K As above 100 ps
5000K As above 100 ps
4000K As above 100 ps
3000K X,y constant, P, = 3 GPa, crystal de-frozen 100 ps
2000K NpT, p=0.1 MPa 20 ps
1000K As above 20 ps
300K As above 40 ps
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3.3 Results and Discussion

Figure 3.2 Side-view snapshots of final configuration after the melt-quench process
for four compositions: (a) ON3La, (b) ON6La, (c) 30N3La, and (d) 30N6La in a
system containing a 1.8~2 nm lanthanum silicon oxy-nitride IGF between a basal -
Si3N4 crystal on the top and a prism B-Si3N4 crystal at the bottom. All bonds are
drawn within a 2.0A cut-off distance. The large white spheres represent La ions.

The smaller grey spheres represent Si ions that are in the prism oriented B-Si3N4
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crystal. The smallest grey spheres represent N ions that are in the prism oriented f-

Si3N4 crystal.

3.3.1 La Adsorption Sites and La Segregation

Figure 3.2 shows a side view of the final configurations for several different
compositions in systems containing a lanthanum silicon oxynitride IGF between a (0001)
basal-oriented silicon nitride crystal and a (10-10) prism-oriented silicon nitride crystal.
Note that these snapshots in Figure 3.2 actually show the whole system thickness in the y
direction (into the plane of the image). Atoms sizes here are just for easier viewing, in
which the La are the large bright spots and Si and N in the prism-oriented crystal are the
smaller gray spots. Bonds for Si-N and Si-O are included.

From Figure 3.2, it is clear that the La ions preferentially segregate to the crystal
surfaces. This is consistent with earlier simulations of network modifying ions such as
alkali and alkaline earth ions in silica IGFs that segregated to the surfaces in oxide and
nitride crystals [81,92-94]. This segregation behavior is caused by the combined role of
the additive in the silicate glass, which disrupts the Si-O network structure, and the
availability of the interface to act as a sink for such modifying ions. Because of its large
size, La ions similarly act as network modifiers and preferentially segregate out of the
silica IGF.

Figure 3.2 (a) shows that the La ions on the prism surface sit at two very specific
locations. This coverage changes with compositional changes, as will be discussed in
more detail below. The important feature relevant to these adsorption sites is that they are
present in all four images (but most clearly seen in the compositions with no N in the IGF

(Figure 3.2 (a) and (b)) and are consistent with results obtained by Winkelman et al. from



27

their HAADF-STEM studies [37]. Figure 3.3 (b) shows an image from Winkelman et al.,
showing the location of the La ions at sites 1 and 2 (which are drawn by arrows in figure
3.3 (a)), also taken from Winkelman et al. Figure 3.3 (c) is a snapshot of one of our
simulation results, showing that the La ions sit at two very similar positions as seen
experimentally. Using the label in Figure 3.3 (a), Winkelman et al. indicated that the site
1is 5.0 #0.2A in y and site 2 is 6.140.2A. Our results put our sites 1 and 2 at 4.340.1A
and 5.740.2A respectively. While there is a slight difference, Dwyer et al showed that
the HAADF-STEM images obtained from different groups for this same interface are
slightly different, as discussed below with reference to Figure 3.6. Also note that the O-
terminated Si3N4 open rings are observed on the prism surface in Figure 3.3 (c),
indicating a strong tendency for O ions to replace N ions, which is consistent with DFT
calculation from Walkosz et al.[77]. Nonetheless, it is clear that our relatively simple

interatomic potentials reproduce the experimentally observed results very well.

Figure 3.3 (a) Drawing of sites from Winkelman et al.,, (b) HAADF-STEM

micrograph from Winkleman et al.[37], (c) Our MD simulation results of La

locations at IGF/Prism interface where the Prism interface. Arrows show locations



28

of La ions at site 1 and 2 from both experiment and our MD simulations. The small

white spheres represent O ions from the IGF

Besides showing locations of La ions on the IGF/crystal interfaces, Figure 3.2
also shows changes in La segregation with composition. ON3La has an extremely clean
La segregation picture as is shown in Figure 3.2 (a) with almost all La ions segregating
into the interfaces. For Figure 3.2 (b) ON6La, most La ions still segregate into the
IGF/crystal interfaces, while some La ions are left in the glassy portion of the IGF. With
N added to the IGF in Figures 3.2 (¢) (30N3La) and Figure 3.2 (d) (30N6La), a
significantly greater number of La ions remain in the interior IGF. The effect of adding N
into the IGF is that there is a reduction of La ions segregating to the interface. This is
seen in Figure 3.4, which shows the effective concentration of the La ions at each
interface as a function of composition. The data in Figure 3.4 are normalized to the

maximum number of sites available at each interface.
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Figure 3.4 The saturation percentages of ordered La ions on the IGF/Basal and
IGF/Prism interface for various compositions. B/Bmax means the actual La density
divide by the La saturated density on the IGF/Basal interface. P/Pmax represents
means the actual La density divide by the La saturated density including position 1

and 2 on the IGF/Prism interface.

As shown in Figure 3.4, increasing the La concentration in both the 0% nitrogen
and 30% nitrogen cases causes an increase in the adsorption of La to each interface, with,
in most cases, greater segregation to the prism surfaces than the basal. There is a
significant decrease in segregation with increasing N content in the IGF and, importantly,

much greater loss at the basal surface than the prism surface. These results are consistent
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with our earlier studies of the effect of Al additions in calcium alumino-silicate IGFs on
segregation of the additives to the interface, in which the Al ions need the charge
compensation provided by the Ca ions to foster continued network glass formation[92,95].
Excess of either additive disrupted the silicate glass structure and imposed a driving force
for segregation to the interfaces.

In the current case, the presence of N in the IGF offers sites for La that are
possibly equivalent to the sites at the crystal surface. Since the experimental observations
of La segregation are specific to the prism surface, we will concentrate on that interface.
Figure 3.2 (a) and (c) show the loss of La ions from site 2 on the prism surface implying a
difference in the binding energies of the La ions at these different sites. Conversely,
figure 3.2 (a) and (b) show that increasing the concentration of La in the IGF causes an

increased filling of site 2.

3.3.2 The Energy of La lons

Figure 3.5 shows the energy of La ions at sites 1 and 2 on the prism surface and
La remaining within the interior of the IGF. As inferred from the Figure 3.2, the binding
energy for La at site 1 is stronger than for La at site 2 in the two cases with 0% N/(N+O)
in the IGF, and the La ions in the interior of the ON6La IGF are the most weakly bound
(since no La resides in the interior of the IGF for the ON3La system, no data exists for
that region). This means that with no N, there is a strong energy driving force for La ions
to move from the interior IGF to the IGF/crystal interface, sitting at site 1 on the
IGF/Prism interface first, then site 2. With longer runs, it would be anticipated that the La
ions remaining in the IGF in the ON6La system would eventually migrate to the interface.

Another important trend seen in Figure 3.5 is that no matter where La ions are located,
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the binding energy of La ions becomes stronger when adding N. Most importantly, with
N in IGF, there is a much smaller driving force for La ions to segregate into the interface.
This supports Figure 3.2 and 3.4 from an energy perspective that La ions in the interior
IGF do not have a strong driving force to migrate to the interfaces in the system
containing N, thus resulting in fewer La at the interfaces (Figure 3.4) and increased La

present in the glassy portion of the IGF (Figure 3.2 (c) and (d)).

On3la On6la 30n3la 30n6la

—

0 1

100 W Site 1
T ™ Site 2
(o]
E -200 1 Interior IGF
S -300 -
x
> L -
3 -400
e
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©
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Figure 3.5 The energy of La ions at sites 1 and 2 for the prism and in the interior of

the IGF for different compositions.

This effect of local composition in the IGF might offer a possible reason for the
difference in the HAADF-STEM images of La locations from several very high-quality
groups[75], two of which are shown in gray scale in Figure 3.6. The bright spots are

indicative of the Si in the hexagonal rings in the nitride crystal, while the bright areas in
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the IGF are indicative of La. Even though the experimental data come from similar
samples, each local IGF may have a slightly different composition. Data from the Oxford
group show La at sites 1 and 2, while the ORNL image shows slightly less ordered filling
of sites 1 and 2, but with a significant La concentration with the IGF. These HAADF-
STEM results would fit variations in our compositions with a lower N concentration in

the Oxford IGF but a higher N concentration in the ORNL IGF.

Figure 3.6 HAADF-STEM images for La ions at the nitride prism interface with the
IGF showing slight differences in La locations both at the interface and within the

IGF (at arrows) (modified from Dwyer et al.[75]).
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3.3.3 Pair Distribution Functions for La-N

Figure 3.7 compares La-N pair distribution functions (PDFs) of La ions from site
1 to that of La ions from site 2 on the IGF/Prism interface for the four compositions.
Several features are seen in the PDFs. The first peak for La(site 2)-N is shorter than that
of La(site 1)-N for the two systems without N in the IGF (Figure 3.7 (a) and (b)), whereas
the peaks are at similar locations for the systems containing N (Figure 3.7 (c) and (d)).
(The first peak in Figure 3.7 (c) is split and shows a significant shoulder at the longer

distance side of the first peak, indicating a lengthening not seen in the systems without N

in the IGF.)
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Figure 3.7 Pair distribution functions of La versus N for La ions at site 1 in
comparison with La ions at site 2 on the IGF/Prism interface for (a) ON3La, (b)

ON6La, (c) 30N3La, and (d) 30N6La.
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There is also a change in the ‘medium range’ order with composition. La (Site 1)-
N clearly shows peaks at ~3.8A and 4.8A, with the 3.8A peak decaying from Figure 3.7
(@) to (d). Without N in the IGF, these N in these La-N pairs in Figure 3.7 (a) and (b)
come from the crystal and would be expected to be ordered. The addition of N into the
IGF would provide additional N that are not as ordered, modifying this ‘medium-range’
order in Figure 3.7 (c) and (d). Similarly, La(site2)-N shows these longer peaks, but at
slightly longer distances than in the site 1 case. This is due to the La at site 2 being farther
away from the crystal, lengthening these medium range peaks from 3.8A to 4.0A and
4.8A to 5.0A. Again, with the presence of N in the IGF, this order decays in Figure 3.7 (c)

and (d).
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Figure 3.8 La-N PDFs of different compositions from various La locations (a) La at

position 1, (b) La at position 2, (c) La in the interior IGF.

Figure 3.8 shows the La-N first peak in the PDF for La at site 1 (Figure 3.8 (a)),
site 2 (Figure 3.8 (b)) and the interior of the IGF (Figure 3.8 (c)) as a function of the four
compositions. For La at site 1, the La-N bond becomes longer with increasing N, while it
becomes shorter with increasing La. However, for La ions from site 2 (Figure 3.8 (b)),
the La-N bond again becomes longer with increasing N, but there is little change of the
bond length when increasing La. Since there are not enough La ions in the interior IGF
for 0% N/(N+0), Fig 3.8 (c) only shows that La-N bond length from the interior IGF for
30% N/(N+QO) case. In the IGF interior, the La-N bond lengths are about the same for

both 3%La and 6%La. More interestingly, we find that the La-N bond length at site 2 is
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quite similar to that in the interior IGF for the 30% N/(N+QO) cases by comparing Figure
3.8 (b) and (c), though the La-N bond length at site 1 is shorter than the interior IGF with
no N. Nonetheless, these bond lengths, which vary from ~2.6A to ~2.7A, fit within the
values observed by Chevire et al. for La-N bond lengths, in which they report values
averaging ~2.7A for their ternary lanthanum nitride to 2.63A to 2.73A for other ternary

nitrides and ~2.65A for the binary LaN[96].

3.4 Conclusions

The results of the molecular dynamics computer simulations of La ions in silicate
intergranular films (IGFs) between basal and prism oriented silicon nitride crystals as a
function of composition show adsorption of La ions to two sites on the prism surface
consistent with HAADF-STEM results. Without nitrogen in the IGF, La segregation to
each interface is similar. However, with nitrogen present in the silicate IGF (which is the
more realistic experimental condition), increased La concentration causes a significant
increase in the preferential adsorption at the prism surface than the basal surface. This
would be consistent with the observed growth anisotropy for silicon nitride, in which
adsorbed La acts to inhibit further growth along the prism surface normal. The variation
in the binding energy of the La ions at the different surface sites and the interior of the
IGF are consistent with the segregation behavior and the changes that occur with
composition. There is also an implication of this result on the effect of La additions on
strength. Changes in the local atomic structure at different locations observed in the pair
distribution functions of the La-N pairs indicate shifts in bond length with composition

and location.
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Chapter 4 La,Os-doped Silicate Intergranular Films in SizNg4

4.1 Introduction

Intergranular films (IGFs) are amorphous nanometer-scale thin films that are
observed at many grain boundaries in polycrystalline ceramics. IGFs make up only a
small volume percent of the bulk ceramic, but their unique local chemistry can strongly
influence the macroscopic properties of the material There have been a large number of
studies to determine the structure and behavior of these IGFs[8,13,16-18,32,34-
37,42,49,50,75,76,97-105] and the composition of the IGF has been shown to influence
mechanical properties such as fracture toughness and interfacial debonding
[8,16,31,32,49], surface and interface structure[100,106], high temperature
properties[107,108], and abnormal or anisotropic grain growth [15,28,29,109].

It had previously been difficult to obtain atomistic details of the IGF by
experiment because of their thin and amorphous nature, providing a complementary role
for computational techniques[71,81,93,103,110,111]. Previous simulations of amorphous
IGFs in oxide and nitride crystalline systems predicted the presence of density
oscillations and ordering in the IGF at the IGF/crystal interface, induced by the crystal
structure, extending into the IGF nearly 1nm, with adsorption of modifier cations in the
silicate IGFs to specific surface sites[81,89,91-93,112-115]. Recent advances of electron
microscopies (e.g. aberration-corrected high-resolution transmission electron microscopy
(Cs-HRTEM), high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), high-resolution transmission electron microscopy(HRTEM)) enable
direct imaging of the IGF/crystal interfaces at the atomic level, showing the ordering at

the interface predicted by the simulations[50] and segregation of specific species on the
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interfaces[34-38,50,75]. Nevertheless, computer simulations provide details still not
readily available in experiment, such as the energetics of specific sites at the interface or
within the IGF, and the atomistic structure in the glassy portion of the IGFs.

Silicon nitride (Si3N4) ceramics are outstanding structural materials for high
temperature applications whose microstructural and mechanical properties are sensitive
to rare earth doping[22,24,59,63-66]. STEM images[35-37,75], ab-initio
calculations[78,90] and MD simulations [116] have shown that rare earth ions take very
ordered locations, dependant upon the RE species, along the IGF/Prism interface in SizN4
ceramics.

Previous MD simulations showed preferential segregation of network modifiers
(such as Na or Ca) in silicate IGFs to the interfaces in alumina and silicon nitride
systems[81,91-93,113,114,117 ]. These simulations indicated the important roles of the
modifier ion in the silicate glass as well as at the adsorption sites on the crystal surface
that, in combination, drive such ions to a specific interface. Because of their potential
role as modifiers in the silicate glass, RE ions show similar segregation behavior. Rather
than inferring behavior of a RE ion based on other modifier species (such as Na or Ca),
the current work is designed to simulate La for direct comparison to HAADF-STEM

results, allowing for evaluation of the energetics and site filling properties.

4.2 Computational Procedures

4.2.1 lon-ion Interactions
Similar to previous calculations[89,93,116], a multi-body interatomic potential, is

employed in the molecular dynamics simulations. The two-body part consists of modified
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Born-Mayer-Huggins (BMH) pair potential for all ion-ion interactions and an extra
Lennard-Jones (LJ) pair potential for La-N interaction.
The modified BMH potential is given as

2
_’/'. . Z ,Z .e ;/"
VM = 4 exp {—”J Tt erfc{i] (4.1)

Pij hij

;)
where r; is the separation distance between ion i and ion j, z; and z; are full ionic

charges of ion i and ion j, and in this case +3, +4, -2, -3 for La, Si, O, N, e is the

elementary charge, and erfc is the complementary error function. Parameter 4, p, and

B; for specific pair type are listed in Table 4.1.

Table 4.1 Parameters for modified BMH and LJ pair potentials

Atom pair A (1) pij (pm) Bij (pm) e (1)) o (pm)
0-0 0.0725 29 234 - -
N-N 0.07241 29 220 - -
Si-Si 0.1877 29 230 - -
La-La 0.3975 45.1 230 - -
N-O 0.1350 29 221 - -
Si-La 0.3000 32 230 - -
Si-O 0.2962 29 234 - -
Si-N 0.7500 26.1 220 - -
La-O 0.7377 31.75 270 - -

La-N 3.9700 33.2 200 0.00395 195.6
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The LJ potential has the form

i T

where r; is the separation distance between ion i and ion j, and parameter € and c are

given in Table 4.1.

The three-body part is given by

_ Yij 7
VI = 2 expl ——+ L 0 4.3
jik jik rij _ ri;) rik _ ri(k) jik ( )

for the case of 7, < rijo and r, <r,. Otherwise, V].fk‘b"dy = 0. Its angular term is given in the

following equation.

Q= (cos@y, —cosby,)? (4.4)
where ;i is the angle formed by ion j, ion i at its vertex, and ion k. The three-body
potential is centered only on Si, O, and N ions. Parameters for the three-body potential

are listed in Table 4.2.

Table 4.2 Parameters for three-body potential

Atom triplet ij () vij (pm) I’Oij (pm) eojik (deg)
Si-O-Si 0.001 200 260 109.5
Si-N-Si 0.035 260 280 120

O/N-Si-O/N 0.024 280 300 109.5
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4.2.2 Computational System

The three-dimensional simulation system containing the IGF between basal and
prism oriented B-SizNg4 crystals is designed as shown in Figure 4.1. While a high index
crystal orientation is usually observed bounding the IGF opposite a prism oriented crystal,
the basal surface is chosen here for simplicity to apply periodic boundary conditions in X
and y. A reflecting boundary is applied within each crystal in z to prevent atoms
migrating into the crystals.

There are 7056 atoms in basal crystal and 7056 atoms in prism crystal, each with
dimensions ~53A>63A>26A. About 4800 atoms are first randomly distributed to form
the glassy IGF, and are then melted and quenched by a process given in Table 4.3 to ~18
A thick, similar to previous work[89], but with quench time orders of magnitude longer.
The time step is 1fs.

Various IGF compositions (3%, 6%, 9% La and 0%, 15%, 30%, 50% N) are
studied, as shown in Table 4.4, to investigate the atomistic structure of lanthanum silicon

oxynitride IGFs as a function of composition.
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Figure 4.1 Drawing of the simulation system with IGF between basal and prism f3-
SisN, crystals. Here, a 3A gap is left between the IGF and each crystal as a very

initial starting configuration before the melt quench process.

Table 4.3 Melt-quench process

Melt/Quench

Conditions Duration
Temperature
300K NVE, crystal frozen 10 ps
10,000K NVE, crystal frozen 20 ps
9000K X,y constant, P, = 3 GPa, crystal frozen 1000 ps

8000K As above 1000 ps
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7000K As above 1000 ps
6000K As above 1000 ps
5000K As above 1000 ps
4000K As above 1000 ps
3000K X,y constant, P, = 3 GPa, crystal de-frozen 1000 ps
2000K NpT, p = 0.1 MPa 200 ps
1000K As above 20 ps
300K As above 40 ps
Table 4.4 Compositions of IGFs
Sample La Si @) N Total La/Total  N/(N+O)
ON3La 144 1481 3178 0 4803 3% 0%
15N3La 144 1558 2636 464 4802 3% 15%
30N3La 144 1632 2118 908 4802 3% 30%
50N3La 144 1726 1466 1468 4804 3% 50%
ON6La 288 1361 3154 0 4803 6% 0%
15N6La 288 1437 2616 460 4801 6% 15%
30N6La 288 1510 2102 900 4800 6% 30%
50N6La 288 1603 1454 1456 4801 6% 50%
ON9La 432 1240 3128 0 4800 9% 0%
15N9La 432 1320 2598 460 4810 9% 15%
30N9La 432 1391 2086 896 4805 9% 30%
50N9La 432 1481 1444 1444 4801 9% 50%
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4.3 Results and Discussion

4.3.1 La Ordering and Adsorption Sites

Figure 4.2 clearly shows layers of La ordering on the prism interface after going
through a melt state to the low temperature configuration. As is observed in our previous
MD simulations[116], La adsorption at sites 1 and 2 on the IGF/Prism interface(bottom
arrows) is again observed for almost all the compositions in our current MD simulations
with a longer quench time. One important feature, as shown in Figure 4.2, is that La ions
sitting at sites 3 and site 4 (upper arrows) are clearly observed on the IGF/Prism interface
in samples 15N6La, 15N9La, 30N6La, and 30N9La, which is in excellent agreement with
experimental results[37]. Because the separation distance perpendicular to the surface
between sites 1 and 2 is small, these are considered in the discussion below as the ‘first’

ordered layer; similarly, sites 3 and 4 will be considered as the ‘second’ ordered layer.

Figure 4.2 Four specific locations of La ions on the IGF/Prism interface viewed
along the [001] direction. (a) Drawing of La sites from Winkelman et al.[37]; (b)
HAADF-STEM image from Winkelman et al.[37]; (c) our MD simulation results.
Arrows are used to point out La sites 1, 2, 3, and 4 from experiments and

simulations. In (c), big white spheres represent La ions; small white spheres
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represent O ions; the smallest grey spheres represent N ions; bigger grey spheres

represent Si ions.

4.3.2 Compositional Effect

Figure 4.3 (a) shows that La ions fill sites 1 and 2 as a first ordered layer on the
prism interface, while (b), with the absolute number of La ions doubled, clearly shows La
ions fill two ordering layers as sites 1, 2, 3 and 4. A general trend here is that with
increasing La content from 3%La to 6%La, more sites (La sites 1, 2, 3, 4 in Figure 4.2)
on the prism interface get filled for the case of 30%N/(N+0O), which has the experimental
N concentration[17]. The same trend is also observed for the 15%N/(N+Q) case. Figure
4.3 also shows a strong preferential segregation of La ions to both the prism and basal
interfaces, similar to previous work[116]. Additionally, it should be noticed that on the
prism interface, the bonds drawn near this interface at the higher La concentration in 4.3

(b) become more ordered as compared to the bonds in 4.3 (a) due to the formation of the

second layer of La at sites 3 and 4.

Figure 4.3 Snapshots of final configurations of our MD simulations taken from the y
direction for the entire thick system (not a slice of the system), which contains a ~1.8

nm thick IGF in contact with a basal oriented silicon nitride crystal on the top and a
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prism oriented silicon nitride crystal at the bottom for samples (a) 30N3La, (b)
30N6La. Here, atom types same as listed in Figure 4.2. Bonds between ions are

drawn for the entire system with a cutoff distance of 2 A.

Figure 4.4 shows two important features associated with increasing N from (a) to
(d) at constant La content in these IGF compositions: (1) there are more La ions
remaining in the interior of the IGF after saturation of sites on the prism surface and (2)
there is a significant depletion of La ions from the basal surface. In particular, at low N
content in Figure 4.4 (a) and (b), almost all the La ions segregate to the prism and basal
interfaces, showing clear segregation; at higher N content, Figure 4.4 (c) shows a few La
ions randomly in the glassy portion of the IGF, and (d) shows more La ions staying in the
interior IGF. Importantly, Figure 4.4 (c) and (d) show the significant depletion of La ions
from the basal surface with increased N concentration. This indicates that the presence of
N in the IGF has a significant impact on the adsorption of La ions at the basal interface,
but no such negative effect on the prism interface. In fact, as shown below, N in the IGF
enhances ordering of La on sites 3 and 4 on the prism side. La at site 2 is missing in
Figure 4.4 (a), which could result from not enough La ion adsorption on the prism
interface and a lower energy level of site 1 compared to site 2 (the binding energies of La
at the different locations will be shown below). These results suggest that there is a
preferential segregation of La ions on the prism surface versus the basal interface with
increasing N. This has important implications on the growth behavior of the nitride
crystal along the surface normal of these different surfaces, affecting anisotropic grain

growth in a manner consistent with experimental observations, as will be discussed below.
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Figure 4.4 Snapshots of the final configurations of our MD simulations for samples
with same La content, different N content: (a) ON3La, (b) 15N3La, (¢) 30N3La, (d)

50N3La, similar to Figure 4.3.
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Figure 4.5 Normalized La saturation percentages of sites 1, 2, 3, 4 and basal for (a) 3%
La, (b) 6% La, and (c) 9% La, data derived by using the average La density of two
systems with different starting configurations divided by the maximum La density
of that specific site. Error bars are drawn. Data of sites 3 and 4 for the 50%N/(N+O)

cases are marked gradient gray because of the vague La ordering at sites 3 and 4.

Figure 4.5 gives numerical details about La segregation. A clear trend in (a)-(c) is
that adsorption at all sites, either on prism or basal, increases with increasing La content.
This also supports Figure 4.3, showing the filling of sites 3 and 4 on the prism interface
with increasing La content. Another very important trend is that site filling on the
interface decreases for the same La content with increasing N content, indicating a
decrease in the driving force for segregation to the interface and an increasing La

distribution in the interior IGF. Supportive of Figure 4.4, the decrease in adsorption at the
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basal interface is much more significantly reduced with increasing N content than that on

the prism interface.

4.3.3 Energy of La lons

Figure 4.6 shows the average energy of La at specific sites on the prism surface,
in the interior of the IGF, and on the basal surface. The figure shows that at the same La
content the La energy becomes lower, or more negative, with increasing N content, which
indicates that N ions can strongly affect the binding energy of the La ions at the different
locations. One important aspect is the role of the N in the IGF on the energy of La at
sites on the prism surface. While the N has a small effect on lowering the energy at the
basal surface, there is a greater binding to sites at the prism surface, especially those
‘outer’ sites 2, 3, and 4. At those sites, the La interaction with the crystal N in the prism
surface decreases with distance from the surface. The addition of N in the IGF allows
these N to associate with the La at sites 2-4, lowering their energy and stabilizing them.
This is clearly seen in the difference in energy of La at site 1 in comparison to La at site 2
with no N at all La contents, where site 1 is lower than site 2. Sites 1 and 2 become
energetically similar as N is added. In ab-initio calculations of La at these different sites
on the prism surface, Painter et al obtained binding energies for the La interacting with
only 3 anion (N) near neighbors on the prism surface at a short distance caused by the
directional nature of the bonding towards the crystal because of the lack of presence of
the rest of the IGF[78]. As they report, the calculated perpendicular distance of the La
from the surface was in the 1.6-1.8A range, whereas HAADF-STEM put the distance at

2.4A. If the rest of the IGF were included in such a calculation, an additional set of La-



o1

S50N3La

30N3La

Olnterior

B Site 1
A Site 2
OBasal

UARAAREREERARERRRREERRRERRRRRERRRRRRRRRNY

R Y

S50N6La

30N6La

@A Site 2

BSite 3

SSite 4

Olnterior
OBasal

anion bonds would occur and, as our simulations show, the distance from the surface

© ©
o = 2
o 5 5
m - -
=
<3}
o
x
(D)
=
= © ©
W | |
) ©
(5] = =
= = =)
=
L} L] n L]
o o o o =) o (= =) o o o o o =) (= (=
=S = =] o =] =] o =] S = =] o =] =] o
AN N ? ¥ x'd g N @ ~— AN N ? ¥ x'd g N
—

(sjowyjeay) Abiauz e (sjowyjeay) Abiauz e

would be more
(a) |

-800 -



52

(C-) ON9La 15N9La 30N9La 50N9La
D o L L S— § §
Z=N\ N i
g§§ : mSite 1
+100 1 N N | | 2site2
= N\ \ .
2 00 N N BSite 3
) %§§ § .
£ §§§ N | | SSite4
® -300 é%% Olnterior
= -400 %§§ OBasal
=) — EN
] A\
£ -500 N
L N
Z=N
: . A
— 600 - N
700 -
-800 -

Figure 4.6 Energy of La ions at different locations, averaged by two systems with

different starting configurations. Error bars are used.

The change in segregation behavior shown in Figure 4.4 is supported by data in
Figure 4.6. At low N content (e.g. 0% N/(N+O) and 15% N/(N+Q)), there is a significant
difference in the energy of the La in the interior of the IGF in comparison to La at the
crystal surfaces, providing a strong driving force for segregation to the interfaces for the
interior La ions, which explains Figure 4.4 from an energy perspective. As N content
increases, there is a lowering in the energy of the La in the interior of the IGF, becoming
closer to the binding energy of the La at the prism interface so that at high N content (e.g.
30% N/(N+O) and 50% N/(N+0)), the energetic driving force for segregation decreases,
therefore leaving La ions in the interior IGF, which is also consistent with Figure 4.4. At
50%N in the IGF, the energy of La in the IGF interior is lower than that of La at the basal

surface, causing the depletion of La from the basal surface seen in Figure 4.4 (d).
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4.3.4 Pair Distribution Functions and Coordination Number

Pair distribution functions (PDFs) of the cation-anion interactions provide
additional information regarding structure of La ions at the different locations. The first
peak of the La-O PDFs ranges from 2.4A to 2.66A in our simulation, which is within the
range of 2.41A to 2.75A in the Na,O-La,03-B,03 system[118]. This is also in good
agreement with data in the lanthanum aluminate glass, in which the La-O bond length is
reported to be 2.521A from the neutron and X-ray data[119].

The first peak of the La-N PDFs ranges from 2.56A to 2.73A. This is within the
range of 2.45A to 3.22A reported by Chevire et al., in which the average La-N bond
length of ~2.65A in binary and ~2.7A in ternary lanthanum nitride are reported[96].

Figure 4.7 shows the first peak for La-N pairs in sites 1 and 2 on the prism surface
with increasing N content for the 3%La cases (a and ¢) and 6%La cases (b and d). At 3%
La (Figure 4.7a), there is little change in the peak location with increasing N content in
the IGF at sites 1 or 2 (Figure 4.7a and c), although, as shown in Figure 4.5 (), there are
few La at site 2 at ON3%La. However, at 6% La both sites 1 and 2 are occupied (Figure
4.5 (b)) and Figure 4.7 (b) and d show the La-N peak maximum is at a shorter distance
with no N in the IGF as compared to the cases with N added. The only N available to the
La at site 2 at 0%N are those on the prism surface, causing the slight decrease in La-N
bond length so as to increase bond strength. This strong La-N directional bonding
towards the N on the surface with ON is offset by the addition of N in the IGF, causing
the slight increase in bond length.

The coordination number (CN) of O plus N ions around the La remains about 7-8

at different locations of the IGF for all compositions, with an increase in one anion being
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offset by a decrease in the other anion. The CN of N around the La is less arbitrary than
that for the O because of the broad nature of the La-O peak, making the CN less accurate.
In the literature, La coordination to O is reported to be 7.01 from diffraction data[119]
and 7.35 in Du et al’s simulation[120] in lanthanum aluminate glass, and 8 or 9 in Na,O-
La,03-B,03 system[118] and LagOMQ[SiO4]e[SiO3(OH)] system[121]. La coordination
to N is reported to be 7 in the ternary nitride La,GaN3[96]. In the simulations, the CN is
derived by using the cutoff distance of 3.3A for La-N and 3.2A for La-O, which is the
first minimum after the first peak for each. The CN of either O or N ions around La ions
does not vary at different locations at the same N content but different La content (as an
indicative of stable IGF). When increasing N at constant La content, the CN of O ions
around La decreases, while the CN of N ions around La increases. This change in
coordination allows for stabilizing the La ions at the outer surface adsorption sites 2, 3,
and 4, as well as within the interior of the IGF, depending upon N content.

With increasing La content at constant N content, the simulations show an
increase in N in the IGF bonded to 2 Si at the expense of N bonded to 3 Si. This is
consistent with the differential binding energy scheme proposed by Painter et al using ab-
initio calculations [90], although here we recognize its importance not only to the

interfacial segregation, but also to La within the IGF.
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Figure 4.7 Average La-N PDFs of systems from two different starting configurations
for various N contents at (a) 3%La and (b) 6%La, where the central La ions are

from site 1; (c) 3%La and (d) 6%La, where the central La ions are from site 2.

4.3.5 Basal Growth and Partial Basal Growth

While the prism surface is readily ‘poisoned’ by the La additive, which is
consistent with experiment, the basal orientation offers more complex behavior.
Experimentally, growth of the basal surface outward is often compositionally
compromised so that sometimes it occurs and other times pyramidal planes grow
(forming a rounded cap) [24]. Complex behavior at the basal surface as a function of
composition in the IGF is shown in Figure 4.8. Figure 4.8 (a) shows that the basal

oriented silicon nitride crystal continues to grow one more full layer at high N, low La
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content. However, it should be noted that the new grown basal layer shown in Figure 4.8
(@) is not fully silicon nitride but is rather a silicon oxy-nitride. Figure 4.8 (b) shows
partial basal growth behavior at high N and high La content, where the basal surface
continues to grow neatly in some region, but in some other region, as pointed out by the
white ellipse, the basal growth is stopped by the amorphous IGF. Continuation of this
would potentially allow for a rounded surface or growth of ‘pyramidal’ planes rather than
growth of the flat basal planes, similar to experiment [24]. Because of the constant
segregation of La to the prism surface at all compositions containing La ions, the prism
surface is preferentially ‘poisoned’ by the additive ions, inhibiting growth along the
surface normal of this orientation. Because La adsorption on the basal surface is
compositionally dependent and preferentially does not occur at higher N content,
anisotropic grain growth would occur, forming whiskers, as observed experimentally.
This preferential segregation of network modifier ions from the IGF that inhibit growth
of specific orientations in the nitride is similar to behavior observed for other network
modifier ions in silicate IGFs in oxides [92,112] (although preferential segregation is to a
different surface in the oxide studied) as well as to experimental results [24]. These
results imply that different IGF compositions locally bounding the basal surface would
create different growth patterns as a function of composition during the dynamically
kinetic process of liquid phase sintering, but as long as La is available, outward growth of

the prism plane is inhibited, allowing for anisotropic growth.
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Basal
Growth

Basal

Partial
Growth

Figure 4.8 Snapshots of (a) basal growth (50N3La), and (b) partial basal growth
(50N6La). Dashed lines are drawn to distinguish the original basal crystal and the
new basal portion. Only bonds are drawn for better view. Bond features are similar
to Figure 4.2, Figure 4.3 and Figure 4.4. A bright circle is drawn in (b) to point out

the region where basal growth is disrupted.

4.4 Conclusions

The MD simulations of La silicon oxy-nitride IGFs between basal and prism
oriented silicon nitride crystals show results of La adsorption consistent with HAADF-
STEM results, and also show the effect of composition on this behavior that is not readily

available experimentally. La adsorption at sites 1, 2, 3, 4 on the prism oriented silicon
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nitride surface are observed for specific compositions in our simulations, at locations
precisely consistent with HAADF-STEM results. With increasing La content, La site-
filling increases on both prism (especially sites 3 and 4) and basal interfaces. Because of
La’s role as a network modifier in pure silica glass, IGFs with no N and low La content
show complete segregation of the La to the crystal surfaces. Increasing N content in the
IGF reduces this La segregation to the interfaces, allowing for more La in the interior IGF.
This is consistent with the change in binding energy of the La ions in the IGF interior in
comparison to that at the interfaces, reducing the driving force for segregation. Increasing
N content in the IGF causes preferential La depletion from the basal surface, with no such
depletion of La on the prism surface, offering a mechanism for the anisotropic grain

growth observed in this system.
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Chapter 5 Effect of Thickness and Composition on the Structure and Ordering

in La-doped Intergranular Films between SizN,4 Crystals

5.1 Introduction

Many studies have been devoted to silicon nitride ceramics (SizsN,) because of
their outstanding structural and mechanical properties for high temperature applications.
The mechanical properties of silicon nitride ceramics are strongly influenced by the
microstructure and the chemical compositions of the grain-boundary phase, making the
study of intergranular films (IGFs) of great importantce.

Intergranular films are amorphous thin films (about 1~4nm thick) forming from
impurities or sintering additives at grain boundaries in polycrystalline ceramics. IGFs
occupy a small volume percentage of the bulk ceramic, have their structure and
composition largely different from bulk[12-14], and play an important role in tailoring
the macroscopic properties of the bulk ceramics[5,14-16,18-25,48], such as fracture
toughness[8,16,31,32,49] and high temperature properties[107,108]. For instance,
abnormal grain growth behavior is significantly affected by the composition and structure
of the IGF[15,28,29,122]. Prior to a number of recent advances in electron
microscopy[34-39], it had been difficult for experimentalists to obtain the atomistic
details of the structure, composition and distribution of species in the IGF because of
their thin and glassy nature, the most important contributions were made by
computational simulations[71,81,93,103,110,114,123,124]. The recent advances in
microscopy include aberration corrected HRTEM and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), which can capture images

at the atomic level and provide some atomistic details of the IGF/crystal interfaces[34-39].
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Validation of the simulations with available experiments is warranted for further
application to other materials involving IGFs.

It has been found that rare earth (RE) ions can strongly improve the mechanical
properties and grain growth behavior of SisN, ceramics[22,24,59,63-66]. Recent
observations show RE ions preferentially take specific ordered locations, dependent upon
the RE species, at the SisN4 prism oriented surface, suggesting that RE location has a
significant effect on properties[34-39,50,75,78,90,116]. However, the exact locations of
the La ions on the prism surface differ slightly among the groups that have presented
experimental data[75,78].

Our previous molecular dynamics (MD) simulations predicted network modifiers
(Na or Ca) preferentially segregate into ordering sites at the IGF/crystal interfaces in
alumina and silicon nitride systems[81,89,92-94,112-115,117]. These results implied
similar segregation behavior in the case of RE ions due to their similar role as network
modifiers in the silicate glass. This was subsequently observed in the HAADF-STEM
studies[35-37,50] and recently verified in simulations of La in the IGF between the basal
and prism oriented Si3N, crystals [116,125].

In this work, we focus on the IGFs in silicon nitride sintered with La additives in
a system more consistent with those observed experimentally: the prism oriented Si3Ny4
surface and an arbitrary high index SisN4 surface, separated by IGFs with thickness
different from those that had been previously simulated, enabling a more accurate
comparison with the experimental data. Additional aims of this study are to provide

atomistic details not readily available in experiments (e.g. the energetics and site filling



61

properties of the La ions), evaluate fracture, and gain further insights into the

mechanisms controlling the La segregation behavior of the IGFs.
5.2 Computational Procedures

5.2.1 Two-body and Three-body Potentials

Amorphous intergranular films (~0.6 nm and ~1.8 nm thick) are simulated in
lanthanum-silicate doped SisN4 ceramics by using molecular dynamics simulations. The
0.6 nm IGF is consistent with the thickness observed in HAADF-STEM studies. A multi-
body interatomic potential, consisting two-body and three-body terms, is employed
similar to our previous calculations[89,93,116]. A modified Born-Mayer-Huggins (BMH)
pair potential is used as the two body part for all ion-ion interactions and is given in the
following equation.

2
i =ty | ]
Pij ’ij i

where r; is the separation distance between ion i and ion j, z; and z; are full ionic

charges of ion i and ion j, and in this case +3, +4, -2, -3 for La, Si, O, N, e is the

elementary charge, and erfc is the complementary error function. Parameters 4, p, and

B; for specific pair type are listed in Table 5.1.



62

Table 5.1 Modified BMH and LJ pair potentials parameters

i-j pair A (1) pij (Pm) Bij (pm) e (1) G (pm)
0-0 0.0725 29 234 - -
N-N 0.07241 29 220 - -
Si-Si 0.1877 29 230 - -
La-La 0.3975 45.1 230 - -
N-O 0.1350 29 221 - -
Si-La 0.3000 32 230 - -
Si-0 0.2962 29 234 - -
Si-N 0.7500 26.1 220 - -
La-O 0.7377 31.75 270 - -
La-N 3.9700 332 200 0.00395 195.6

Lennard-Jones (LJ) pair potential is added to this BMH potential in the two body

part for La-N interaction and is given as

VijL.] _48[[%J _(rZJ } (5.2)

where r; is the separation distance between ion i and ion j. Parameters € and o are listed

in Table 5.1.

The three-body part is given in the following equation.

_ Yij 7
VY = 2 expl —2—+ L 0 5.3
jik jik rij . ri;) rik . ri(k) jik ( )

when 7, <7’ and r, <r,. Otherwise, V>, "** = 0. Its angular term is given by
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Q= (cos@y, —cosby,)? (5.4)
where Gjik is the angle formed by ion j, ion i at its vertex, and ion k. The three-body

potential is centered only on Si, O, and N ions. Parameters for the three-body potential

are given in Table 5.2.

Table 5.2 Three-body potential parameters

jicktriplet ) yem)  vaem)  %em)  Ci(pm)  6%(deg)

Si/La-O-Si/La 0.001 200 200 260 260 109.5
Si-N-Si 0.035 260 260 280 280 120
O/N-Si-O/N 0.024 280 280 300 300 109.5

5.2.2 System Design and IGF Compositions

A schematic of three-dimensional system containing an IGF between a prism-
oriented B-SizNy4 crystal and an opposing B-SisN4 crystal as shown in Figure 5.1 (a). The
opposing crystals include a basal-oriented crystal as well as two arbitrary differently

misaligned crystals, the latter exposing two arbitrary high-index B-SisN, crystal
orientations, one near (614201) and another near (71033) . However, since the
simulation results of the systems with each of these misaligned crystals are similar, we

only present the results from using the near (614X)i), which we will label as “high

index” in the rest of this paper. The use of the basal-oriented crystal is included as the

opposing crystal in order to compare the current results with the 0.6 nm IGF used here
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with earlier work using thicker IGFs. Periodic boundary conditions are applied in all
dimensions. A 0.6 nm glassy silicon nitride shell is added to the opposing B-SizN, crystal
for simplicity in order to apply periodic boundary conditions in x and y (Figure 5.1 (a)),
specifically for the high-index crystals where periodicity of the prism-oriented and
misaligned crystal is difficult. The shell was also used for the basal crystal. This glassy
nitride shell is made via a melt/quench process using only the bottom portion of Figure
5.1 (a), in which only the ions in the shell are mobile. This system was then added to the

prism-oriented crystal, followed by inclusion of the IGF atoms.
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(a) (b)
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— gap
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Gilassy Shell

0 & ©® &

Figure 5.1 (a) Drawing of the simulation system with IGF between prism oriented
and high index oriented B-SisN4 crystals. Before the melt quench, a 3A gap is left
between the IGF and each crystal as a starting configuration. (b) Drawing of the
high index oriented B-SisN, crystal surrounded by glassy nitride. (¢) Diagram for
site nomenclature of site 1, 2, 3, 4 after Winkelman et al.[37] and sites 5, 6 in this
paper.

There are 4410 atoms in the prism crystal and about 4069 atoms in the opposing

crystal and its shell, each with dimensions of about 53A>62Ax16A. Around 4800 and
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1600 atoms are randomly distributed to form the ~1.8 nm and ~0.6 nm thick IGFs. A

melt-and-quench process is then used to create the glassy IGF, as shown in Table 5.3.

Two reflecting boundaries are applied accordingly in z at the crystal interfaces at high

temperature and 2 A away from the crystal interface into the crystals at low temperatures

in order to prevent atoms from the IGF migrating into the crystals.

Table 5.3 Melt-quench process

Temperature  Conditions Duration
300K NVE, crystal frozen, reflecting boundary at crystal surface 10 ps
10,000K NVE, crystal frozen, reflecting boundary at crystal surface 20 ps
9000K X,y constant, P, = 4 GPa, crystal frozen, 1000 ps
reflecting boundary at crystal surface
8000K As above 1000 ps
7000K As above 1000 ps
6000K As above 1000 ps
5000K As above 1000 ps
4000K As above 1000 ps
3000K X,y constant, P, = 4 GPa, crystal de-frozen, 1000 ps
reflecting boundary at 2 A below each crystal surface
2000K NpT, p = 0.1 MPa, 200 ps
reflecting boundary at 2 A below each crystal surface
1000K As above 20 ps
300K As above 40 ps
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The IGF compositions (3%, 6%, 9% La and 15%, 30% N/(N+QO)) are given in
Tables 5.4 and 5.5. While N contents in the 30% range within the IGF have been
discussed in literature, no value for the La concentration in the IGF has been given.
Although Winkelman et al. give the overall bulk compositions, there are known to be
different from the values within the IGFs. The range of composition allows for the
compositional variations that must locally occur due to the kinetics that occur during
processing at various two-grain junctions.

The energy of the La ions as a function of z-location in the system is calculated

from the total potential energy of the La ions averaged over the final 40 ps at 300K.

Table 5.4 Compositions of ~1.8 nm thick IGFs

Sample La Si @) N Total La/Total N/(N+O)
15N3La 144 1558 2636 464 4802 3% 15%
30N3La 144 1632 2118 908 4802 3% 30%
15N6La 288 1437 2616 460 4801 6% 15%
30N6La 288 1510 2102 900 4800 6% 30%
15N9La 432 1320 2598 460 4810 9% 15%

30N9La 432 1391 2086 896 4805 9% 30%
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Table 5.5 Compositions of ~0.6 nm thick IGFs

Sample La Si @) N Total La/Total N/(N+O)
15N3La 48 522 882 156 1608 3% 15%
30N3La 48 546 708 304 1606 3% 30%
15N6La 96 482 874 156 1608 6% 15%
30N6La 96 503 700 300 1599 6% 30%
15N9La 144 437 862 152 1595 9% 15%
30N9La 144 460 692 296 1592 9% 30%

5.2.3 Fracture the System
Fracture behavior at 300K is evaluated by straining the system in the z dimension
(perpendicular to the IGF-crystal interfaces) at a strain rate of 1x10 ps™, in which the

system is uniformly strained, then allowed to relax for 100 timesteps during which the

stress tensor normal to the interfaces, o, , is calculated using

0, = l(imivizvizj + ii FijZ ®Z; (5.5)
V= i=2 -1

where V is the system volume, N is the number of mobile atoms, mi is the mass of atom I,
v is the z-component of the velocity of atom I, F is the z-component of the force on atom
I, and z is the separation distance of the z coordinates of atoms | and j(zj-zi). Reiteration

of the strain and relaxation occurred until beyond fracture. The time step is 1fs.
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5.2.4 La Adsorption Sites

The locations of the La ions at various adsorption sites on the prism-oriented
surface will be described by the site nomenclature presented by Winkelman et al. for sites
1-4, redrawn in Figure 5.1 (c), with added sites 5 and 6 inferred from HAADF-STEM
images of La ions at triple points from the same Ref. Site 5 and 6 are unlabeled by
Winkelman et al., but are slightly visible in their images of the pockets, although without
chemical verification. (Note, our z direction is equivalent to their y direction.) Sites 1 and
2 are separated by ~0.04 nm in z and appear as a broad peak in a density profile. Site 1
and 2 would be considered as the first and second ordered layers, while site 3 and 4 are
combined as the third ordered layer and sites 5 and 6 as a possible fourth ordered layer.

Sites 1 and 2 are observed in the work by Shibata et al. (but labeled B and A,
respectively, in their work) at slightly different locations than in the Winkelman et al.’s
work, with somewhat different densities in comparison to the Winkelman data. As
previously discussed with regard to La adsorption, differences among the different groups
may be due to different instrumentation since the samples were from the same material.
The work presented here will be compared to the Oxford data (Winkelman et al.) because
of additional experiments there that gave the same results as shown by Winkelman et al.,
as discussed by Dwyer et al.

The coverage or saturation of the adsorption sites by La is determined as the

number of La in a particular site divided by the number of available such sites.
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5.3 Results and Discussion

5.3.1 Thickness Effect

Figure 5.2 shows that, similar to previous work[116,125], La ions preferentially
segregate to the crystal surfaces in the 1.8 nm IGF between prism and basal silicon nitride
crystals and that adsorption at sites 1 and 2 on the prism surface occurs for both the 1.8
and 0.6 nm IGFs, although with more site-filling in the thicker film than the thinner one
due to the higher total number of La ions in a thicker film than a thinner one. La ions at
sites 1, 2, 3 and 4 are observed in 15N6La, 15N9La, 30N6La (as shown in Figure 2 (a)),
and 30N9La. These sites are consistent with HAADF-STEM results[37]. An interesting
feature seen in Figure 5.2 is the loss of the glassy silicon nitride shell that was originally
put around the opposing (basal) crystal. During the melt/quench of these shell atoms to
make the glassy nitride shell, the ions attached to the opposing crystal in the x and y
directions, causing growth of the basal crystal out to the periodic boundaries. (As will be
seen later in Figure 5.3, which depicts the misaligned crystal, this crystal growth does not

occur and the glassy nitride shell remains.)

Figure 5.2 Snapshots of the final configuration of our MD simulations, which

contains a 30N6La IGF (about 5.2 nm thick in y) in contact with a prism oriented
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silicon nitride crystal on the top and a basal oriented silicon nitride crystal at the
bottom with different thickness (a) ~1.8 nm thick, (b) ~0.6 nm thick. For clean view,
only Si (big grey spheres) and N ions (small grey spheres) from the prism and La
ions (big white spheres) are shown in spheres here. Bonds are drawn with cutoff

distance of 2 A.

The 1.8 nm IGF between prism and high index silicon nitride crystals in the
current work (Figure 5.3) shows the same La locations on the prism surface and similar
preferential segregation behavior in Figure 5.3 (a) and (c) as seen in our previous work of
the 1.8 nm IGF between prism and basal crystals[116,125], indicating that the nature of
the opposing crystal orientation does not affect segregation to the prism surface. La ions
at site 1 and 2 are still observed for almost all the compositions in Table 5.4. La
segregation at site 1, 2, 3 and 4 are again observed for the 6% La and 9% La at both 15%
and 30% N/(N+Q). Therefore, the presence of a highly different opposing interface does

not change the site adsorption of La ions onto the prism surface in the 1.8 nm thick IGF.
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Figure 5.3 Snapshots of the final configuration of our MD simulations, containing
an IGF (about 5.2 nm thick in y) between a prism and a high index [31-41] oriented
silicon nitride crystal for various thicknesses and compositions (a) ~1.8 nm 30N3La,
(b) ~0.6 nm 30N3La, (c) ~1.8 nm 30N6La, (d) ~0.6 nm 30N6La. Here, the drawings

of the atoms and bonds are same as listed in Figure 2.

The 0.6 nm IGF inherits and loses features from the 1.8 nm IGF, as seen in Figure
5.3 (b) and (d). In the 0.6 nm IGF, La ions again prefer to segregate to both crystal
surfaces, and sit at sites 1 and 2 on the prism surface for almost all the compositions in
Table 5.5, as shown in Figure 5.2 (b) and Figure 5.3 (b) and (d). However, La at sites 3
and 4 are rarely seen in the 0.6 nm IGF. This could be attributed to the fact that there is

the same number of La adsorption sites on the prism surface for both 1.8 nm and 0.6 nm
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IGF, (same surface area in each) but far fewer La ions available in the 0.6 nm IGF versus
the 1.8 nm IGF, as shown in Table 5.5 versus Table 5.4. In our previous work[116,125],
the difference between 3%La (site 1, 2), 6%La (site 1, 2, 3, 4) and 9%La (site 1, 2, 3, 4, 5,
6) in the 1.8 nm IGF was obvious just by looking at the images. This simple visualization
would have important implications in HAADF-STEM where the observation of different
site order implies a concentration of La in the IGF. La adsorption onto sites 1, 2, 3, and 4
are clearly seen in the HAADF-STEM work by Winkelman et al (their figure 2a), but
because of the thickness of their IGF sites 5 and 6 are not seen [37]. Due to the lack of La
adsorption onto sites 3 and 4 in the 0.6 nm IGF, it becomes hard to distinguish the 3% La
system from that of 6% La or 9% La by just looking at the images. Therefore, the
separation distance between the crystal surfaces would affect this ordering and
visualization.

The distances in z between site 1 and site 3 or 4 in our simulations is 0.37 +0.03
nm, which is similar to Winkelman et al.’s[37] HAADF-STEM result 0.32 +0.08 nm,
and the distance between site 1 and site 5 or 6 is 0.58 £0.02 nm, making the latter sites
impinge on the opposing crystal in the 0.6 nm IGF. The distance between the opposing
high index crystal and its adsorption sites is 0.14 #+0.02 nm in z. It is worthwhile
mentioning that the sites 1, 2, 3 and 4 on the prism surface potentially exist in the 0.6 nm
IGF, and it is the presence of the opposing crystal surface (with some sort of adsorption
on its surface) that disrupts such a continuous ordering from the prism surface at ~0.6 nm
IGF thickness. Due to the proximity of the opposing high index crystal, whether a basal
crystal or a high-index crystal, it is impossible to see sites 5 and 6 in the 0.6 nm IGF. The

locations of sites 3 and 4 overlap with the adsorption sites on the high index crystal
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surface, making their presence in this thin IGF indeterminable. The overlap of ordered
layers on both crystal surfaces is very important, and will be discussed in the upcoming

paragraphs.

5.3.2 La Saturation Percentage

For both 1.8 nm and 0.6 nm IGFs, at constant N content, La adsorption onto
surface adsorption sites increases as La content increases. Although the segregation
behavior of 1.8 nm and 0.6 nm IGFs shows similarities, the segregation results have to be
different because of the different number of ions available within the different thickness
IGFs. Except for some sites in the 15N3La and 30N3La ~1.8 nm IGF, IGFs have most of
their La adsorption sites filled more than 50% (high site saturation or coverage) as shown
in Figure 5.4 (a). Figure 5.4 (b) shows that, apart from site 1, the 0.6 nm IGF has almost
all its sites filled less than 50% (low site saturation). As is mentioned above, the low site
saturation in the 0.6 nm IGFs can be attributed to the same number of sites available in
both 1.8 nm and 0.6 nm IGFs, but different number of La ions available within the IGF.
Because of the low La saturation of the interface sites, columns of sites 3 and 4 are not
found in the 0.6 nm IGFs. Only a few La ions are found sitting around sites 3 or 4. More
interestingly, the number of N ions in the ~1.8 nm IGF is three times more than that in
the 0.6 nm IGF. Because of the differential binding energy (DBE) of La to N vs O in
comparison to Si binding to those anions[90], La will segregate to the region of higher N
density, such as the crystal surfaces. However, an increased number of N in the IGF
allows for more La ions to remain in the interior of the IGF. Alternatively, the La ions
drawn to the interface because of the high N concentration on the crystal surfaces can

attract N from the IGF towards the interface to provide more La-N binding (vs. La-0O),
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enabling a synergistic effect that allows for more ordered layers of the La sites away from
the interface. The relatively small number of N ions in the 0.6 nm IGF allow for La
filling at site 1, but much lower La site filling at sites farther into the IGF, as shown in

Figure 5.4 (b).

(a) ~1.8 nm IGF
1

08

0.6

04

La Saturation

15N3La 15N6La 15N9La 30N3La 30N6La 30N9La
(b) ~0.6 nm IGF

M [31-41] surface
08 —1—| B Site 2
0O Site 1

La Saturation

15N3La 15N6La 15N9La 30N3La 30N6La 30N9La

Figure 5.4 Comparison of La saturation percentage at various locations (La at site 1,

2, 3, 4 on the prism interface or on the [31-41] high index surface) for (a) ~1.8 nm



76

IGF and (b) ~0.6 nm IGF of various compositions. These charts are derived by using
the La density at a specific site or surface for a specific composition to divide the

maximum La density at that location among all the compositions.

5.3.3 Energy of La lons According To Z

Figure 5.5 shows the potential energy of La ions according to their location in z and
the corresponding La number density (the latter multiplied by 10 to fit on the same
graph). The energy of La ions according to z is calculated from all interactions out to the
cut-off distance. A large energy difference between La ions in the IGF interior and
interfacial La ions is observed in 1.8 nm 15N6La IGF (Figure 5.5 (a)). This difference
provides a driving force for La segregation to the interface (confirmed from the La
density (black peaks)). There is little difference between the energy of the interior portion
and that of the interfacial portion for 30% N/(N+O) in the thicker IGF (Figure 5.5 (¢)),
causing partial La presence in the interior IGF. The 0.6 nm IGF do not have such a big
energy driving force (Figure 5.5 (b), (d)). More importantly, there is clearly weaker
bonding of La ions in the 0.6 nm IGF than that of the 1.8 nm IGF, indicating less strong
bonding for La at all sites in the 0.6nm IGF in comparison to the 1.8 nm IGF. (A similar
weakening of the La bonding in the 0.6 nm IGF between a basal-oriented and prism-
oriented system was also observed, but will not be discussed here: such an interface
combination is not seen in experimental images but nonetheless shows the general effect
of thickness on La bond interactions.) The implication is that the close proximity of the
opposing crystal surfaces affects the number of N and La ions in the IGF which affects
the energetics of the La ions in the IGF and at the surface sites. This bond-weakening

implies a lower driving force for La to enter (or remain) in the very thin IGFs. An
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important implication is that after La ions segregate to the crystal surface, depleting the
IGF, additional La ions from the triple point would be less likely to migrate to the IGF
because of the weaker cohesive energy of the La in a thin (0.6 nm) IGF vs. thicker
pocket. However, competing with this is the fact that a lower N concentration in a thicker
IGF shows low La binding energy (even lower than that in a thin IGF). The implication is
that if a triple point has low N concentration, La ions in the triple point would readily

migrate into the IGF that has more N present, regardless of the IGF thickness.
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Figure 5.5 Chart of averaged number of La ions according to La locations in z
(areas in black) and energy of La ions according to z (areas in grey) for (a) ~1.8 nm

15N6La, (b) ~0.6 nm 15N6La, (c) ~1.8 nm 30N6La, (d) ~0.6 nm 30N6La IGF.
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5.3.4 Fracture Strength and Stress-Strain Curve

As La content is increased from 3%, to 6%, to 9%, increasing strength (highest
peak on the stress-stress curve) is observed in Figure 5.6 (b, ¢, d). This shows that adding
La dopants on improving the strength of silicon nitride ceramics. Similar to previous
works[114], the strength of the material is increased greatly from about 15 GPa to about
25 GPa as N increases from 15% (about 460 N ions) to 30% (about 900 N ions) in the 1.8
nm IGF. However, in the 0.6 nm IGF, the effect of improved strength is no longer
obvious due to the limited number of N ions (about 150 for 15% N/(N+QO) and about 300

for 30% N/(N+Q)) in the IGF.

30 30 b
25 (a) ~1.8nm 15N3La - ( ) ~0.6nm 15N3La
— ~1.8nm 15N6La — ~0.6nm 15N6La

;&‘20 | — ~1.8nm 15N9La Em | — ~0.6nm 15N9La
<) o
L] 15 "] 15
L] o
e e
& 10 n 10

(o]
T
(L]
T

000 002 0.04 006 008 010 0.12 0.14 0.16 0.18 0.00 0.02 0.04 0.06 008 010 0.12 014 016 0.18
Strain Strain

(c)

30
25 |

— ~1.8nm 30N6La
— ~1.8nm 30N9La

— ~0.6nm 30N6La
— ~0.6nm 30N9La

30
l ~1.8nm 30N3La 2 | (d) l ~0.6nm 30N3La

Stress (GPa)
o
Stress (GPa)
o

-
=]
=
=]

000 002 004 006 008 010 012 0.14 016 0.18 000 002 004 006 008 010 012 014 016 0.18
Strain Strain

Figure 5.6 Stress-strain curves for 3% La, 6% La and 9% La in (a) ~1.8 nm IGFs at
15% N/(N+0O), (b) ~0.6 nm IGFs at 15% N/(N+O), (c) ~1.8 nm IGFs at 30%
N/(N+0O), (d) ~0.6 nm IGFs at 30% N/(N+O) between prism and [31-41] high index

silicon nitride crystals.



79

By comparing the strength of the 1.8 nm and 0.6 nm IGFs for the same
composition, the thinner IGF is no longer stronger than the thicker IGF, but varies
depending upon the concentration of N in the IGF. This is contrary to the strength
enhancement in thinner (1nm) IGFs made of pure SiO, in comparison to 2 nm SiO,
IGFs[126], which was attributed to the role of the six-membered rings in silica and the
similar orientation of the two basal-oriented nitride crystals which imposed ordering
across the interface. The latter also strongly influenced the results of the calcium silicate
IGFs[95]. The data currently presented is more realistic because of the dissimilar
orientations of the opposing crystal surfaces. In addition, the additive ions (N and La) and
DBE of La play an important role in modifying fracture.

Figure 5.6 (a) shows higher strength of sample 15N3La compared to samples
15N6La and 15N9La, which is different from the general trend of increasing La, resulting
in increased strength. Firstly, due to the stronger DBE mentioned above, as La ions
segregate to the crystal surfaces, N ions in the IGF would follow these La ions to the
interfaces (on the glassy IGF side of the adsorbed La ions). At constant N content (15%
N/(N+0)), sample 15N6La and 15N9La contain a sufficient number of La ions to fill the
multiple ordered layers on the crystal surface, which would cause most of the N ions in
the IGF to segregate to the interface. However, 15N3La does not contain enough La ions
to fill the first two adsorption sites. Therefore, fewer N ions segregate to the interfaces in
the 15N3La, leaving more N ions in the interior of the IGF. With more N remaining in
the IGF, the strength is increased. Therefore, the larger number of N ions left in sample
15N3a than in sample 15N6La and 15N9La would cause higher-strength IGFs. This is a

very important point in that it indicates that RE segregation to the interface affects the
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distribution of N in the IGF, which also has an effect on strength. Secondly, both the 1.8
nm and 0.6 nm IGF break at the glassy portion of the IGF as shown in Figure 5.7, not at
ordered layers of sites 1, 2, 3 and 4 on the prism surface or along the high index crystal
interface. This is consistent with the experimental data for intergranular fracture observed

by Satet et al. of La-doped silicon nitride.

Figure 5.7 Snapshots after fracture of (a) ~1.8 nm, (b) ~0.6 nm 30N6La IGF between

prism and [31-41] high index silicon nitride crystals.

The stress maxima in Figure 5.6 (a) are found to be far lower than those shown in
Figure 5.6 (b, c, d). A similar trend is also observed in the systems that contained the
other high-index surface (not shown here), so the behavior shown in Figure 5.6 (a) is not
an anomaly. N follows La to the interface, as discussed above, thus removing N from the
interior IGF. Without a sufficiently large number of N ions added to the interior IGF, too
many N ions follow the La to the interface, leaving a weakened IGF where ruptures occur.

Apparently, it seems that more N would stay in the 1.8 nm IGF than the 0.6 nm IGF,
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because the number of N ions available in the 1.8 nm IGF is three times that in the 0.6
nm IGF at the same composition.

However, the density profiles in Figure 8 show more N in the interior of the 0.6
nm IGF (Figure 5.8 (b) and (d)) than that in interior of the 1.8 nm IGF with 15% N (a).
Since the 0.6 nm IGF is so thin, the overlap of the ordering at the crystal interfaces leaves
a lot of the interfacial N actually located in the interior IGF. Therefore, there is no

effective depletion of N in the IGF interior.
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Figure 5.8 Density profiles of all species as a function of z, perpendicular to the IGF-
crystal interfaces for (a) ~1.8 nm 15N6La, (b) ~0.6 nm 15N6La, (c) ~1.8 nm 30N6La,
and (d) ~0.6 nm 30N6La. Only the regions near the IGF are shown. Si and N ions
from the crystal are labeled Si-c and N-c, respectively; Si and N ions from the IGF

are labeled Si-g and N-g, respectively.
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Because La ions preferentially bind to N, they move to the N-rich prism crystal
surface, filling sites in concert with the number of La available from the IGF, depleting
the IGF interior of La. In addition, if there are sufficient N present in the IGF, these
similarly follow the La to the interface to increase La-N coordination, which
subsequently allows more La to move to these N in the interface region to create
additional ordered sites moving outward from the interface. This behavior is highly

dependent on the actually number of La and N in the IGF.

5.4 Conclusions

MD simulation results of La-Si-O-N intergranular films (IGFs) show La
adsorption on the prism-oriented surface, precisely consistent with HAADF-STEM data
by Winkelman et al. for 0.6 nm and thicker IGFs in silicon nitride. The simulations show
that the type of opposing crystal, whether basal oriented of misaligned high-index
oriented, does not alter the adsorption on the first two sites on the prism oriented surface,
indicating the potentially ubiquitous nature of this ordering in this system. The amount of
site-filling in sites 1 and 2 on the prism surface is affected by the number of La in the IGF,
which is governed not only by composition, but also by IGF thickness. The extent of La
ordering away from the interface is affected both by IGF thickness and by IGF
composition.

The binding energies for La ions at different locations in the IGF vary as a
function of composition and IGF thickness. Two effects, potentially competing, result
from the evaluation of La binding energies: one is that after La segregation to the
interface, additional La ions from the pocket would be less likely to migrate to a thin (0.6

nm) IGF because of the lower cohesive energy of the La there; the second is that a low N
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concentration in a thick IGF results in a low La binding energy, implying that if a triple
point (making it synonymous with a very thick film) has a low N concentration, La ions
from the pocket are more weakly bonded and would readily migrate into the IGF that has
more N present regardless of IGF thickness.

Adding La improves the strength of silicon nitride ceramics except in thicker
IGFs with low N concentration (e.g. the 1.8 nm IGFs at 15% N/(N+QO)). All of the 1.8
and 0.6 nm IGFs fractures in the glassy portion of the IGF, not inside the interfacially
ordered crystal-like La-N/O layers. Such results imply intergranular fracture that is

consistent with experimentally observed fracture.
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Chapter 6 Role of oxygen on the adsorption sites of Lu and La in B-SizN,4

6.1 Introduction

Molecular dynamics (MD) simulations of oxides and nitrides predicted the
segregation of network modifiers (alkali and alkaline earth additives) in the siliceous
intergranular films (IGFs) to specific surfaces, affecting growth behavior consistent with
the anisotropy seen experimentally[81,92,94,114]. In B-SisN4, the modifier ions
segregated to the prism surface, inhibiting growth[114] and causing anisotropic grain
growth that significantly affects the mechanical properties[5,20,66,127]. Because of their
larger size, rare earth (RE) ions act as network modifier ions in silicates, similar to
smaller, but lower valence alkali and alkaline earth ions. At the extreme ends of RE
cation sizes, La and Lu have significantly different effects on grain morphology and
mechanical properties in B-SisN4[20,127]. With added La, grains are highly anisotropic,
enhancing fracture toughness, whereas with added Lu, grains are more uniform, although
in both systems some grains showing the opposite growth behavior is observed. However,
the mechanisms governing the different growth behaviors and resultant mechanical
properties have eluded description from either experimental or ab-initio computational
results other than the generic and unsatisfactory idea that it is due to a ‘weakened
interface’[75].

Using HAADF-STEM, several groups observed the segregation of rare-earth ions
to the prism-oriented B-SisN,4 surface of samples from the same source [35,36,128]. The
adsorption sites for Lu differ from the locations for La [75]. A schematic drawing of the
pristine B-SisN,4 prism surface is shown in figure 1. One set of data that most definitively

shows the locations for RE adsorption on this surface is illustrated in Figure 1 (b) and (c)
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for both Lu and La, respectively[128]. The cause for the different sites between La and
Lu could not be fully explained. Ab-initio calculations reproduced the La adsorption at
sites Lal and La2 as seen experimentally, but could not obtain Lu at site Lul, only
observing Lu close to site Lul’[78].

Our MD simulations similarly reproduced the HAADF-STEM data for La at sites
Lal and La2 (as well as the experimentally observed La3 and La4) [116,125]; however,
initial attempts at reproducing the Lu sites Lul and Lu2 on a fully nitride (N in all anion
surface sites) prism surface were unsuccessful until we studied the effect of oxygen on
the location of Lu on the prism surface. The presence of O on N lattice sites near the
surface was shown in EELS studies of an SiO, IGF on the prism B-Si3N,4 surface[129]
and should be expected in RE-doped IGFs[10,17]. As the simulations will show, the
inclusion of O on certain lattice sites plays a significantly important role in Lu adsorption.

Figure 6.1 (a) provides the nomenclature for the different surface N sites that are replaced

by O on the (10i0) surface in the current work.

Here we report molecular dynamics simulations of the important effect of the
location of oxygen ions on specific anion surface sites on the prism surface of 3-SizN4 on
the adsorption sites of Lu and La ions that match HAADF-STEM results. These results
can be used to explain the difference in adsorption sites between La and Lu observed in
the experiments as well as provide the mechanism by which growth behavior differs as a

result of these different additives.
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S3 S4 S5 S1 S2 S3

Figure 6.1 (a) Top view and (b, c) side view of the SisN4 prism surface (N in blue
spheres, Si in larger yellow spheres). Nitrogen sites are respectively labeled as S3, S4,
S5, S1, S2, S3 along the x axis. The red dots in (a) indicate possible Lul and Lu2
sites. In (b) are shown Lu adsorption sites Lul, Lu2, Lul’ and Lu2’ (¢) La

adsorption sites Lal, La2, La3 and La4 on the SizN, prism surface.
6.2 Computational Procedure

6.2.1 System Design with O termination

Similar to our previous approach[116,125,130], molecular dynamics computer
simulations of RE-Si-O-N IGF’s between a prism and an opposing high index crystal
were performed. Unlike our previous research, different O replacements for N in the

prism surface are made in this study for two IGF thicknesses (6A and 18A) and one



87

composition (6%RE, 30%N/N+0). In particular, this means the prism surface is designed
with O at specific N lattice sites. For example, an S1 terminated surface refers to a silicon
nitride prismatic surface with all the N ions at site S1 (shown in Figure 1a) replaced by O.
The S1 terminated surface is also called prismatic surface with single replacement in this
paper due to the fact that only one type of N surface site is replaced by O. Likewise, a
surface with S1S2 termination refers to a prism surface with all the N ions at both site S1
and site S2 replaced by O. This S1S2 terminated surface is therefore called a prismatic
surface with double replacement. In like manner, a prismatic surface with triple
replacement would refer to a prism surface terminated by e. g. S1S2S3.

In this paper, the location of Lu and La is carefully investigated on the prism
surface with different types of surface terminations. Manifestation of these surface site
occupancies are given in density profiles of the rare earths as a function of distance
perpendicular to the interface. Specific evaluation of the RE ions at these sites was made
graphically in order to correctly label the density profiles with the occupancy of the
specific sites. The energetics of adsorption sites for Lu ions were calculated for 2
conditions: one, with a fully nitride prism surface and two, for a prism surface with O
replacing N at S1 sites and at a series of double replacement sites. This analysis was done
with one Lu adsorbed at an Lu2 site while a second Lu ion was moved over the surface in
0.1A increments in x and y to find the minimum energy at each location.

The final simulation box size in X, y, z is approximately 53.3 A x52.6 A x38 A
respectively, for the 6 A IGF and 53.3 A x52.6 A %48 A for the 18 A IGF, with slight
volume variations per sample due to the constant pressure nature of the runs. Around

1600 or 4800 atoms for the IGF are randomly distributed in the region between the prism
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crystal (~4200 atoms) and high index crystal (4069 atoms). Periodic boundary conditions

are applied in x and y. Two reflecting boundaries are applied accordingly in z at the

crystal interface at high temperature and 2 A away into the crystal interface at low

temperatures in order to prevent atoms from the IGF migrating into the crystals.

A fast melt quench process is conducted with temperature profiles shown in Table

6.1. A lower mass of 40 amu is used for both Lu and La in the melt quench process in

order to accelerate diffusion for Lu and La to enable faster sampling of appropriate sites.

The z-location of the last Si layer in the SisN4 prism surface is located at 21.2A in all

cases. The time step is 10™ s.

Table 6.1 Melt-quench process

Temperature  Conditions Duration
300K NVE, crystal frozen 10 ps
10,000K NVE, crystal frozen 20 ps
9000K X,y constant, P, = 4 GPa, crystal frozen 100 ps
8000K As above 100 ps
7000K As above 100 ps
6000K As above 100 ps
5000K As above 100 ps
4000K As above 100 ps
3000K As above 100 ps
2000K NpT, p = 0.1 MPa, crystal de-frozen 20 ps
1000K As above 20 ps
300K As above 40 ps
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6.2.2 Potential Development

The multi-body interatomic potential is employed, which is composed of a two-
body and a three-body part. The two-body part is composed of Born-Mayer-Huggins
(BMH) pair potential and either one of the two Lennard-Jones (LJ) pair potentials (12-6

or 9-6), as shown in the following equations.
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where r; is the separation distance between ion i and ion j, Z; and z; are full ionic
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charges of ion i and ion j, and in this case +3, +4, -2, -3 for La, Si, O, N, e is the

elementary charge, and erfc is the complementary error function. Parameters 4, p,, 5;,

g, and o for each pair type are listed in Table 6.2. The 9-6 Lennard-Jones pair potential
(eq. 3) is selected for La potential set A and B and Lu potential set A, B, C, while the 12-
6 Lennard-Jones pair potential (eq 2) is used for La potential set C.

In this work, three sets of two-body pair potentials (marked as RE potential set A,
B, C in Table 2) were parameterized with different potential well depths (labeled bond
strength in Table 2 and given in units of eV) for RE-O and RE-N based on the formation
energy[131]. From the La potential set A, to B, to C, the La-O bond is stronger than,

close to, and weaker than the La-N bond, respectively. For the Lu potential set A and B,



90

the Lu-O bond is stronger than the Lu-N bond. For the Lu potential set C, the Lu-O bond
is weaker than the Lu-N bond. In all six cases, the crystalline forms of RE,O3 and REN
were stable in constant pressure simulations. These variations on bond strengths were
used to determine the implications of different values on the resultant Lu siteing on the
crystal surfaces.

In this work, the La potential set C and the Lu potential set A represent the
respective RE-O and RE-N bonds the best. The variations of the RE-O and RE-N bonds
are provided in Table 6.2 for the following reasons. (i) A type of lanthanum-like cation
with RE-O bond stronger than (or equal to) the RE-N bond could have been studied.
Similarly, a lutetium-like cation with RE-O bond weaker than the RE-N bond could have
been investigated. (ii) The variation on the reliability of the results could be evaluated by
both weakening the Lu-O and Lu-N bonds from Lu potential set A to Lu potential set B.
In other words, the question of whether the same adsorption sites will be obtained by
changing the potential parameters slightly would have been addressed. It would be
interesting to explore whether there exit La-related crystal structures such as LaSiO[132]
or LaSiN[133] or LaSiON[134] or La4Si207N2[135] or Lu-related crystal structures

such as Lu2SiO5 (LSO)[136-138] or Lu2Si207 (LPS)[139-142] or LuSiON[143].

Table 6.2 Two-body pair potential parameter sets

i-j pair  Aj(f))  pi(A)  Bi(A) =) o(A) LJform Strength (eV)

0-0 0.0725 0.29 2.34

N-N 0.07241 0.29 2.20

Si-Si - 0.1877 0.29 2.30
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N-O 0.1350 0.29 221

Si-O  0.2962 0.29 2.34

Si-N 0.7500 0.261 2.2

La-Si  0.3000 0.32 2.3

La-La 0.3975 0.57 2.3 La potential set A
La-O 0.8000 0.34 2.5 0.0017 183 9-6 -10.74

La-N  3.3000 0.323 21 0.0024 199 9-6 -8.68

La-Si 03000 032 23

La-La 0.3975 0.57 2.3 La potential set B
La-O 0.8000 0.34 2.5 0.0017 183 9-6 -10.74

La-N  3.5000 0.3276 2.0 0.0035 195 9-6 -10.87

La-Si 03000 032 23

La-La 0.3975 0451 23 La potential set C
La-O 0.7377 03175 2.7 -5.31

La-N 39700 0.332 20 0.00395 1956 12-6 -8.19

Lu-Si  0.269  0.4795 2.3

Lu-Lu 0.3975 0455 23 Lu potential set A
Lu-O 1.57 0.293 2.33 0.002295 1.542 9-6 -10.11

Lu-N  1.95 0.2476 1.17 0.001685 1.82 9-6 -8.78

Lu-Si 0.3 0.32 2.3

Lu-Lu 0.3975 0.29 2.3 Lu potential set B
Lu-O 6.0 0.2358 2.2  0.00236 1.419 9-6 -8.98

Lu-N 6.0 0.2369 2.2  0.000301 1.419 9-6 -6.53
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Lu-Si  0.269 0.4795 2.3

Lu-Lu 0.69 0455 2.3 Lu potential set C
Lu-O  0.67 0.2526 1.419 0.001345 1.791 9-6 -8.88
Lu-N 15525 0.33 2.0 0.00292 178 9-6 -11.06

The three-body part is given in the following equation.

Vj?k—body:ijik exp Yij —+ Yik _ jSk (6.4)
(il (U Pl P

when 7; <rl.j0 and 7, <r, . Otherwise, kafb”dyz 0. Its angular term is given as
Q,, =(cosf;, —cosbj,)? (6.5)
where ;i is the angle formed by ion j, ion i at its vertex, and ion k. The three-body

potential is centered only on Si, O, and N ions with parameters given in Table 6.3.

Table 6.3 Three-body potential parameters

j-i-k triplet i) | i (B) | vie®) | %A | B | cos8jic

Si-O-Si/ La-O-La/ Lu-O-Lu | 0.001 2.0 2.0 2.6 2.6 -0.3333

O-Si-O / N-Si-N 0.024 2.8 2.8 3.0 3.0 | -0.3333

Si-N-Si 0.035 2.6 2.6 2.8 2.8 -0.5

La-N-La/ Lu-N-Lu 0.001 2.0 2.0 2.6 2.6 -0.5
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6.2.3 The Purpose of Simulation

In this paper, the La or Lu adsorption sites are investigated on various prismatic
oxidized surfaces. In total, 312 samples are studied via molecular dynamics computer
simulations with 26 prismatic surface terminations (including single, double and triple O
replacements of N), 6 rare earth potential sets (i.e. La potential set A, B, C and Lu
potential set A, B, C), and 2 film thicknesses (6 A and 18 A). The system was kept charge
neutral by removing atoms from the bottom prism crystal plane that was far from the IGF

and the reacting surfaces.

6.3 Results and Discussions

6.3.1 Density Profiles of Lu for Single Replacement

Results for the Lu adsorption site locations on the prism surface in the 18 A IGFs
are given in the RE-density profiles in Figure 6.2 for single replacement. Using Lu
potential set A or B (Lu-O stronger than Lu-N), Figure 6.2 (a) and (b), respectively, show
that Lul and Lu2 sites are not occupied with a pure nitride surface (labeled N in Figure
6.2), but are occupied when replacing N sites at S1 with O. Other single site replacements
(S2-S5) show no site filling. Using Lu potential set C (Lu-O weaker than Lu-N), Figure
6.2 (c) shows that while both Lul and Lu?2 sites are filled, there are too many Lu at site

Lul’ or Lu2’ compared to the intensities inferred from the HAADF-STEM results.
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Figure 6.2 Density Profiles of Lu from a 18 A IGF along the z axis on various
prismatic surfaces with one site terminated by O, simulated by (a) Lu potential set A;
(b) Lu potential set B; (c) Lu potential set C. S1 means all the S1 sites on the
prismatic surface are terminated by O. N means all sites are terminated by N. Here,
the empty triangle represents Lul site; dark triangle represents Lu2 site; gray
diamond represents Lul’ site; gray triangle represents Lu2’ site. Last Si layer in

prism surface is at 20.6A.

6.3.2 Density Profiles of Lu for Double Replacement

However, results are mixed with double site replacements. In Figure 6.3 (a) and
(b), all double O replacement sites containing the S1 show that Lu sits almost exclusively
at the correct sites Lul and Lu2 for both potential sets A and B. All other combinations of
double replacement sites fail to show Lu at Lul and Lu2. Potential set C again shows
excessive adsorption at most double O replacement sites, occupying both acceptable sites

as well as sites not seen in the HAADF-STEM work. As will be discussed below,
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replacing three N sites simultaneously leads to only the S1-related combinations giving

correct Lul and Lu2 sites for potential sets A and B, and no acceptable sites for potential

set C.
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Figure 6.3 Density Profiles of Lu from a 18 A IGF along the z axis on various

prismatic surfaces with two sites terminated by O, simulated by (a) Lu potential set

A; (b) Lu potential set B; (c) Lu potential set C. Markers same as in figure 2.

6.3.3 Energy Map and Adsorption Energies of Lu ion

A justification for the different adsorption behavior can be determined using data

for site energetics. The red dots in Figure 6.1 (a) indicate possible adsorption sites Lul

and Lu2 from the top view. However, previous HAADF-STEM data [37] showed that

sites Lul and Lu2 are staggered in that they do not have the same y location. The
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implication is that if one site is filled, the adjacent site with the same y dimension cannot
be filled. This is observed in the simulations, but since the density profile in z does not
delineate this difference, a plot of the interaction energy of Lu over the surface in the

presence of a pre-adsorbed Lu was calculated.
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Figure 6.4 Energy map for Lu on the (a) pure N prism surface and (b) O at the S1
sites. Grey hemisphere at (5.5, 3) is one Lu at site Lu2 that is kept frozen, while a
second Lu samples the rest of the adjacent surface sites. Site Lul is at (3.5, 0) and a
second Lu2 site at (5.5, -3). Color bar gives Lu energy in eV. See text for further

details.

The energy distribution for Lu adsorption onto the N-terminated prism surface
versus the S1 O-terminated is shown in Figure 6.4. (Additional results for double
replacement surfaces gave results similar to the S1 figure shown here.) The surface atoms
and one Lu at the Lu2 site given in grey in the figure are kept frozen while a second Lu

samples the surface.
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As shown in Figure 6.4, the second Lu samples a repulsive region surrounding the
pre-adsorbed Lu at the Lu2 site (all energies greater than zero were set to zero so that the
color bar could be more clear). This repulsive region prevents the second Lu from
adsorbing at the Lul site at the same y dimension as the occupied Lu?2 site (see red dots
in Figure 6.1 (a)).

The next possible Lu adsorption site would be displaced in y to the second row of
red dots in figure 1a. Figure 6.4 (a) shows a well only near (3.5, 0), which is a Lul site,
indicating both the staggered nature of the siteing and also the lack of another Lu2 site
along the same y location (X, 0). The next site would be near (5.5, -3), which is the next
available Lu2 site. This lower y-location adsorption site is broader in x because it
encompasses both Lu2 and Lul, but our data shows Lu2 is a deeper well than Lul,
although the color scheme does not show this difference sufficiently well.

However, the adsorption energies at these different sites are given in Table 4. A
Lu sampling this ~(x, -3) location would naturally fall into the Lu2 site rather than the
Lul site because our simulations show that there is essentially no barrier between the
sites. These results also show that the adsorption energies at sites on the N-terminated
prism surface are clearly weaker than on the O-terminated surface for the S1 and S1-

related double replacement sites.



Table 6.4 Adsorption energies of Lu ion at Lul and Lu2 sites on differently
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terminated prism surfaces. (Site locations are approximate, but coincide with Figure

6.4.)

Site Location Lul ~(3.5, 0) Lu2 ~(5.5, -3)
Surface Energy (eV) Energy (eV)
Pure N -6.5763 -8.3644

S1 -7.2506 -9.0565
S1S2 -6.9504 -9.1226
S1S3 -6.9236 -9.3944
S154 -6.9481 -9.0297
S1S5 -7.0798 -9.0673

Therefore, the data show that the adsorption sites are staggered, consistent with

HAADF-STEM [37]. A Lu at Lu2 prevents another Lu at the Lul site along the same y

dimension. However, since these data come from single Lu ions sampling the prism

surfaces in vacuum, the specific energies are not exactly the same as sampling a surface

in the presence of the IGF. However, the data do show the staggered nature of the

adsorption sites as well as a difference between the nitride surface and an oxidized one.

6.3.4 Density Profiles of Luin 6 A IGF

Considering such results and the data in Figures 6.2 and 6.3, it is clear that the

presence of O in single replacement sites other than S1 is not sufficient for the correct Lu

adsorption and O in S1 allows for an improvement in adsorption. With multiple surface N

site replacements in conjunction with S1 (i.e. double and triple replacement), Lu siteing
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in Lul and Lu2 increases. The implication is that the experimental HAADF-STEM
results can be reproduced when O replaces N at specific surface sites (S1-related),
especially with multiple replacements. Most importantly, the presence of O at various
anion sites significantly affects the peak intensities of Lu adsorption on the prism surface.

In the thinner 6 A IGFs, very similar adsorption sites for Lu are observed for the
26 kinds of various surface terminations. Stronger Lu segregation peaks on the prismatic
surface was observed in the density profiles, indicating more Lu ions adsorbing on the
prism surface in the 6 A IGF as compared to the 18 A IGF. Figure 6.5 shows the density
profiles of the Lu segregation and its adsorption sites on the various prismatic surfaces
with single replacement in 6 A IGF. Although the 6 A IGF and the 18 A IGF both have
the same IGF composition (6% Lu, 30% N/(N+QO)), it is worthwhile to mention that the 6
A IGFs only contain 96 Lu ions (i.e. the absolute number of 96 Lu ions in about 1600
ions of the IGF), less than the 288 Lu ions in the 18 A IGF. Given this fact and the
constant surface area for the prism surface used in both IGF thicknesses, the stronger Lu
peaks on the prismatic surface in the 6 A IGFs actually indicate that a higher ratio of the
total number of Lu ions segregate to the prism surface. The weak Lu peaks in the 18 A
IGFs suggest a stronger preference for the Lu ions to stay in the glassy portion of the IGF
(i.e. interior IGF), not the crystal surface. Based on that, the strong Lu peaks in the 6 A
IGFs should be attributed to the proximity of the two opposing matrix, which may cause
two factors affecting Lu: one, the thin IGF largely reduces the glassy region of the IGF.
As a result, the Lu ions barely find enough glassy regions in the interior of the IGF, but
have to be packed to the crystal surface; and two, the Lu prefers to form crystalline

clusters and the thin IGF inhibits such crystal formation.
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Figure 6.5 Density Profiles of Lu from a 6A IGF along the z axis on various
prismatic surfaces with one site terminated by O, simulated by (a) Lu potential set A;

(b) Lu potential set B; (c) Lu potential set C.

6.3.5 Density Profiles of La

Our previous simulations of La adsorption on fully nitride prism surfaces matched
the HAADF-STEM results[116,125,130]. However, given the observed importance of O
in surface lattice sites in the Lu case and the likely presence of such replacement O in
surfaces exposed to IGFs containing other rare-earths, would similar O replacements on
the nitride surface of the La-doped IGFs affect the location of La adsorption?

To test this concern, the La interfacial segregation behavior was investigated in
the same manner on the same 26 kinds of prismatic surface terminations for three
different La potential sets. The density profiles on the pure N surface and from additional
simulations of La adsorption with O replacements at the various surface sites are given in

Figure 6.6. Results show that La ions sit at the appropriate sites Lal and La2 (empty and
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dark triangles, respectively), for most conditions for potential sets A and B, but clearly

show the least affected and most consistent results with potential set C.
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Figure 6.6 Density Profiles of La from an 18A IGF along the z axis on various
prismatic surfaces with one site terminated by O, simulated by (a) La potential set A;
(b) La potential set B; (c) La potential set C. Open triangles are site Lal, dark

triangles are site La2.

In the Lu case, the oxidized prismatic surface is playing an important role in
facilitating the correct Lu adsorption sites Lul and Lu2. In the La case, the oxygen
terminated prismatic surface in general does not greatly affect the locations of the two La
adsorption sites Lal and La2 on different kinds of prismatic surfaces. For potential set C,
the height of the Lal site is elevated on the S4 terminated prismatic surface, suggesting
the effect of oxygen on slight movement of the location of the La adsorption sites.
Besides that, single O replacement has little effect on La adsorption sites. Viewing the

difference in the peak intensities in Figure 6.6 (c), we can conclude that the oxygen on
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the S1 or the S3 prismatic surface could decrease the La2 peak intensity and the oxygen
on the S4 or the S5 prismatic surface could decrease the Lal peak intensity. Although
Figure 6.1 shows that the Lal site is surrounded by the S3, S4, S5 and S1 sites, it is the
lower (in z direction) S4 and S5 sites that affect the Lal occupancy on the prismatic
surface. The La2 site is surrounded by the S1, S2 and S3 sites; however, it is the higher
S1 and S3 sites that affect the La2 occupancy.

The above ideas can also be used to explain the density profiles in Figure 6.7 for
La adsorption sites on the double replacement prismatic surfaces. A slight shifting of the
Lal site is observed on the S4-related terminated prismatic surfaces for the double
replacement. There is a decrease of the Lal peak intensities in the S4-related and S5-
related prismatic surfaces, while there is a reduction of the La2 peak intensity on the S1-
related and S3-related prismatic surfaces. However, the effect of O at different surface

sites does not have a significant effect on La adsorption, especially for potential set C.
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Figure 6.7 Density Profiles of La from an 18A IGF along the z axis on various
prismatic surfaces with two sites terminated by O, simulated by (a) La potential set

A; (b) La potential set B; (c) La potential set C.

6.3.6 Density Profiles of Triple Replacement

Replacing three N sites has a greater effect on Lu adsorption in comparison to La
adsorption, as shown in Figure 6.8 for the two best potential sets (Lu potential set A and
La potential set C). Previous work showed the importance of the composition of the IGF
on La adsorption onto the fully nitrided prism surface[116,130]. The current work shows

that adsorption can also be affected by the type of anions on the prism surface.
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Figure 6.8 Density Profiles of RE ions from an 18A IGF on various triple

replacement surfaces for (a) Lu potential set A, (b) La potential set C.

Knowing the consequences that the oxidation at certain SX site or SX-related site
brings about could, conversely, help interpret the experimental La intensity or help
explain the experimental differences.

In comparison to the Lu data, the La adsorption sites are relatively unaffected by
the presence of O in surface sites, whereas Lu adsorption sites are much less tolerant to
the vagaries of anion replacement. In addition, the La peak intensities at sites Lal and
La2 are higher than the intensities at the correct sites for Lu, indicating a greater
propensity for adsorption in the La case than the Lu case.

A major implication that results from the data presented here is that the adsorption

of Lu ions is significantly affected by the presence of O on anion sites on the prism
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surface, whereas La ions are considerably less affected. These results provide an
atomistic justification for the different morphologies resulting from the experimental data
that shows predominantly uniform grain growth in the Lu-doped IGFs systems versus the
highly anisotropic grain growth for the La-doped IGFs systems[21,24,127]. The presence
of oxygen in the IGF allows for O adsorption in the crystal anion surface sites and O is
observed at various sites on the prism [B-SisN4 surface[129]. However, while O on
specific sites on the prism surface would allow Lu adsorption, inhibiting growth and
allowing for some anisotropy, the simulations show that this requires a very specific set
of circumstances, so its affect is limited and more grains would grow uniformly rather
than anisotropically. However, our results would also explain the presence of some
anisotropic grains in the Lu-doped IGF systems, where sufficiently large amount of the
appropriate O replacement for N occurs, allowing for stronger Lu adsorption and
subsequent Lu poisoning of the prism surface.

In addition, the concentration of Lu on the surface sites is significantly less than
La, indicating the reduced presence of Lu on the prism surface, allowing for less
poisoning and more uniform grain growth. The current work of replacing all specific N
sites (all S1 or all S1S3, etc.) with O is a limiting case. Since not all sites over the whole
surface might be exchanged, the beneficial effect of O on certain sites for Lu adsorption
would be lessened, reducing Lu-poisoning of the surface. This scenario would allow for
growth outward of the prism plane from the nitride region (with no Lu poisoning) and
lateral growth of the step towards any portions of the surface that had been poisoned by
Lu. An interesting question concerns whether the growing prism plane will stop at the Lu

sites, or expel the Lu and continue growth. La does not show this significant dependence
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on O content in the prism surface and therefore more regularly shows anisotropic grain

growth as the adsorbed La ions poison the prism surface.

6.4 Conclusions

The role of oxygen in the anion sites in B-SisN4 prism surface on Lu and La
adsorption from the intergranular film is investigated via molecular dynamics computer
simulation. Three sets of parameters in the two-body portion of the multi-body potential
are developed for Lu and La, among which the Lu potential set A and the La potential set
C appears to the best. With the pure nitrogen terminated prism surface, no Lu adsorption
onto the surface is observed. Without the poisoning of the surface afforded by the rare
earth segregating from the IGF, uniform grain growth can occur. However, with O
replacing N at specific combinations of anion surface lattice sites, the simulations match
the experimental coordinates of the adsorbed Lu ions at the Lul and Lu2 sites observed
in HAADF-STEM. The implication is that the HAADF-STEM results involved oxygen at
surface anion sites, which is also consistent with EELS studies. Given the important role
of O in the prism surface on Lu adsorption, analysis of the role of O on La adsorption
showed that the location of La ions on the prismatic surface does not vary greatly for
different kinds of O surface terminations in comparison to the full nitride surface;
however, surface oxidation does has an effect on reducing the La surface occupancy.
Therefore, oxidation plays a more significant role in the adsorption behavior of Lu than it
does for La. In addition, while the energetics of Lu adsorption onto the differently
terminated prism surfaces shows differences, the presence of the IGF plays a significant
role in the actual adsorption behavior, as seen in the density profiles obtained in the

presence of the IGFs.
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The results finally provide a justification for the experimentally observed
difference in grain growth behavior in the Lu-doped IGFs versus the La-doped IGFs.
Here, we show that with a fully nitride surface, Lu does not adsorb onto the prism surface
whereas La does. As such, La readily poisons the prism surface, inhibiting uniform grain
growth, allowing for the anisotropic growth seen experimentally and in our previous
simulations. In the Lu case, without adsorption, uniform growth is possible. However,
HAADF-STEM shows Lu at surface sites on the prism surface and EELS shows the
presence of O in surface anion sites. The simulations show that the presence of O at
certain surface lattice sites plays a major role in the adsorption of Lu ions onto those sites,
enabling poisoning and possible anisotropic grain growth. However, because of the very
specific nature of the conditions for adsorption (oxygen locations) the simulations show
that such poisoning is very limited (the density of Lu sites on the surface is far less than
that for La). In contrast, for La, the presence of O at the prism surface sites has little
effect on La adsorption, thus enabling more consistent poisoning of the prism surface,
inhibiting outward growth of these planes, allowing for the more anisotropic grain growth

seen experimentally.
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Chapter 7 Different dopant effects of Lu and La in p-Si3N4

7.1 Introduction

Silicon nitride ceramics (Si3N4) are promising high temperature structural
ceramics used as engine and turbines parts due to their outstanding mechanical properties
at elevated temperatures[45,59,144]. B-SisN4 ceramics can be regarded as whisker-
reinforced structural ceramics as their rod-like grains can act as self-reinforcements to
toughen the material. However, efforts still need to be made to ensure the high fracture
resistance by tailoring the mechanical properties through microstructure optimization[50].

Many Si3N4 are fabricated through liquid phase sintering. Sintering additives
such as rare earths and Group Il elements can be added to obtain a fully dense form.
Intergranular glassy films (IGFs) are formed at the grain boundaries from the
densification additives. Lanthanide oxide sintering additives have shown a great
influence on the grain aspect ratio and grain size distribution[24]. The dopant atoms can
largely control the anisotropic grain growth, thus forming the whisker-like grain
morphology[21,22,66]. The anisotropic grain morphology is found to be quite sensitive to
the dopant elements[145]; however, the mechanisms are still not fully understood.
Therefore, it is important to understand the dopant effects in order to design the high
performance ceramics of the next generation at the atomistic level[48,65].

The silicon nitride basal growth along the c-axis is controlled by diffusion and is
relatively fast. The prism growth alone the a-axis is controlled by dopant species and is
relatively slow. The different speed of grain growth on the basal and prism surface could
therefore result in the anisotropic grains or high aspect ratio grains. Many studies have

focused on such dopant effect on interfacial reaction rate limited growth
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behavior[127,146-150].  Previous molecular dynamics simulations in  our
group[116,125,130] had predicted different adsorption sites of La and Lu on the prism
surface, which is consistent with the scanning transmission electron microscopy images
from three research groups[35-38,75]. However, the mechanism of the different role of
La and Lu on the silicon nitride grain morphology is still not fully understood. In this
paper, we aim to obtain the atomistic details not readily available by experiments, collect
dynamic data with corresponding to time, and gain further insights into the mechanisms

controlling the RE segregation behavior and grain growth behavior.

7.2 Computational Procedures

7.2.1 Simulation System

The computational system is composed of a prism oriented crystal, a high index
oriented crystal, and a grain boundary phase in between. The system dimension is about
98.98 A in length in the x dimension, 52.42 A in width in the y dimension, and initially
around 77 A in thickness in the z dimension. There are 13104 atoms in the prism crystal
and 7734 atoms in the high index crystal. Around 21273 atoms are first randomly
inserted to the grain boundary region. After the system was treated by a melted and
quenched process as shown in Table 7.1, a grain boundary phase is obtained. In this paper,
two kinds of quenched processes are applied: one quenched until 6000K (Duration 6), the
other quenched until 7000K (Duration 7). Here, we focus on the last quenched
temperature of the melt-quenched process, namely, the 10 ns duration at 6000K or 7000K.

Various glass compositions (0.2%, 0.5%, 1% Lu or La, 70%, 90% N) are studied to
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investigate atomistic moving of the Lu or La ions and the silicon nitride crystal growth

behavior as a function of composition.

Table 7.1 Melt-quench process

Temperature  Conditions Duration 6 Duration 7
300K NVE, crystal frozen 10 ps 10 ps
10,000K NVE, crystal frozen 20 ps 20 ps
9000K X,y constant, P, = 4 GPa, crystal frozen 100 ps 100 ps
8000K As above 100 ps 100 ps
7000K As above 1000 ps 10 ns
6000K As above 10 ns
Table 7.2 Two-body pair potential parameter sets
ijpair A®)  piA) BiA) ef) o) Strength (V)
O-0O 0.0725 029 234
N-N 0.07241 0.29 220
Si-Si 0.1877 029 230
N-O 01350 0.29 221
Si-O 02962 029 234
Si-N  0.7500 0.261 2.2
La-Si  0.3000 0.32 2.3
La-La 0.3975 0.57 2.3 La potential set A
La-O 0.8000 0.34 2.5 0.0017 1.83 -10.74
La-N 33000 0.323 21 0.0024  1.99 -8.68
Lu-Si  0.269 0.4795 2.3
Lu-Lu 03975 0455 23 Lu potential set A
Lu-O 1.57 0.293 2.33 0.002295 1.542 -10.11
Lu-N 195 0.2476 1.17 0.001685 1.82 -8.78
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7.2.2 Interatomic Potential

Multi-body interatomic potential is employed as a two-body and a three-body part.
The two-body part is composed of Born-Mayer-Huggins (BMH) pair potential and the 9-
6 Lennard-Jones (LJ) pair potentials, as shown in the following equations.

-, | zz,€ r
VY = A exp {—”J +——erfc [i] +V,~ (7.1)

ij IFij ij

VijLJ 69 %8[[;:} —(gJ ] (7.2)

where r; is the separation distance between ion i and ion j, Z; and z; are full ionic

charges of ion i and ion j, and in this case +3, +4, -2, -3 for Lu or La, Si, O, N, e is the
elementary charge, and erfc is the complementary error function. Parameters 4, p;, f3;,

g, and o for each pair type are listed in Table 7.2.

The three-body part is given in the following equation.

rij - rij

VAL, exp( Vi mp— g OJQW (7.3)

when 7; <1;j0 and r, <r,. Otherwise, ka_b(’d = 0. Its angular term is given as
Q, =(cos@;, —cosby,)? (7.4)
where ;i is the angle formed by ion j, ion i at its vertex, and ion k. The three-body
potential is centered only on Si, O, and N ions with parameters given in Table 7.3.
In this paper, similar RE-O and RE-N values are used for Lu and La in Table 7.2.

Both have RE-O stronger than RE-N. This will potentially cause La ions with bigger ion

size to have more and stronger bonding with the neighboring atoms at long distance than
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Lu. This potentially suggests the pinning effect of La on the prism surface. The weaker
bonding of Lu with its neighboring atoms will cause weak interfacial bonding of Lu ions
with prism surface. Therefore, the size difference of Lu and La could be the potential
reason for their different dopant effects.

Table 7.3 Three-body potential parameters

j-i-k trip let M) A A %A PwB) cos®jic
Si-0-Si/LaO-La/Lu-O-Lu 000l 20 20 26 26 -0.3333
0-Si-O / N-Si-N 0024 28 28 30 30 -0.3333
Si-N-Si 0035 26 26 28 28 0.5
La-N-La / Lu-N-Lu 0001 20 20 26 26 0.5

7.3 Results and Discussion

7.3.1 Role of Lu and La on grain growth

In this paper, we show observations of the different roles of Lu and La on the
grain growth and morphology. The diametrical growth on the prism surface is found to be
limited and controlled by the dopant type. Figure 7.1 shows that silicon nitride prism
surface clearly grows two full layers outward in the Lu203-doped system. Some Lu
clusters are formed, but this does not inhibit crystal growth. Figure 7.1 (b) shows that
some Lu ions, which are originally on the prism surface, are moved away during the
grain growth. While in Figure 7.2, in the La203-doped system, only several parts of the
silicon nitride prism grow a half-layer. The La-doped prism grain grows much less than
the Lu-doped prism grain. Although the very bottom La ions move up a layer from (a) to
(b), there still exists a strong coverage of La ions on the prism surface. The La ions do not

cluster, but the thick coverage can act as pinning points on the prism surface. This largely
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suppresses the diametrical growth on prism surface during the 10 ns duration. It is very
hard to move La ions away from the prism surface, because they can stay stably at the
adsorption sites on the prism surface. The silicon nitride crystal will need to go across the

pinning points in order to continue to grow.

Figure 7.1 Growth behavior on the silicon nitride prism surface for Lu,O3-doped
glassy phase with 90% N/(N+O) and 1% Lu at 7000K for a duration of 10 nm (a)
start, (b) end.

A temperature effect on the silicon nitride prism growth is observed. It is found
that prism grain grow at 7000K for 90%N/(N+O) but does not grow at 6000K. Prism
grain does not grow at 7000K for 70%N/(N+O), but do grow at 6000K. It seems that a

proper temperature is needed for grain growth according to the nitrogen concentration.
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This is confirmed for both the 70%N/(N+O) and 90%N/(N+O) samples with 0.2% Lu,
0.5% Lu and 1% Lu content. Considering the above two conditions, it is quite possible
that, for a general system, grain growth could first occur at 7000K for IGFs with
90%N/(N+0O). When the concentration of the rest glassy portion is then reduced to
70%N/(N+0O), grain growth will stop at 7000K, but continue at a lower temperature of

6000K.

Figure 7.2 Snapshot of the growth behavior on the silicon nitride prism surface for
glassy phase doped by La,O3 with 90% N/(N+O) and 1% La at 7000K for a
duration of 10 nm (a) start, (b) end.

7.3.2 Lu being moved away from prism surface
In Figure 7.3, density profiles show clear orderings of certain species as Si, N, and

O between two dashed lines and also near the region on the right. The grain growth
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behavior of silicon nitride prism crystal is shown by the increment of ordering layers of
Si, N, and O species in the density profiles. Different from the dopant effect of La ions,
Lu ions do not serve as pinning points, but could be easily moved away from prism
surface as the silicon nitride crystal grows. This is shown in Figure 7.3 as Lu ions being
kicked out from the prism surface between the dashed lines from the density profiles. In
other words, the Lu peaks between the dashed lines in Figure 7.3 (a) are kicked out from
the prism surface in Figure 7.3 (b). There is no strong coverage of Lu on the prism
surface, but only some Lu clusters. And these Lu clusters do not stuck on the prism
surface, but could be easily moved away. This indicates the essential different roles
between Lu and La dopants. Lu203 additions could potentially promote surface growth

as they do not pin the grain growth, while La203 additions strongly hinder the grain

growth.
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Figure 7.3 Density profiles of species of Si, N, O, and Lu as a function of z location
and time f(z,t) for sample of 90% N/(N+O) and 0.2% Lu at 7000K during a 10 ns
duration period at (a) start, (b) end. Two dashed lines are marked at same locations
for (a) and (b) near 30Ain z.
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7.3.3 Energy Evolvement of Lu ions

There is a strong tendency that Lu ions would form clusters. System with high Lu
concentration could potentially form larger Lu clusters as long as sufficient diffusion time
is allowed. This could be correlated to the “Lu rich region” observed experimentally[151].
Figure 7.4 shows the evolving energies and locations of Lu ions with corresponding to
time for the sample of 90% N/(N+O) and 0.2% Lu. Specifically, Lu ions exist as isolated
atoms in the system as shown in Figure 7.4 (a). As can be seen, the isolated Lu ions have
relatively high energies as shown by red dots. The isolated Lu ions could form small
clusters as shown in Figure 7.4 (b). The small clusters have lower energies as orange and
green dots. These small clusters can merge and form bigger clusters with lower energies
as more blue dots are observed in Figure 7.4 (c) and (d). The energies of the small
clusters are greatly reduced as they become relatively bigger clusters. It is worthwhile to
mention that the cluster form phenomenon cannot be reversible. In other words, this
means that it is very hard to separate a big cluster into several small ones because this

process is energetically unfavorable.
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Figure 7.4 The evolution of Lu ions for 90% N/(N+O) and 0.2% Lu sample at (a)
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Energies and locations of Lu ions for sample of 70% N/(N+O) and 0.2% Lu are

shown in Figure 7.5. The more oxygen, the smaller the clusters would be. This fit the idea

that small clusters are seen at the interface of the 6A films with HAADF-STEM. The thin

films potentially have more oxygen than a large film, because the nitrogen ions attach to

the grown silicon nitride prism crystal, leaving more oxygen ions in the remaining and

thin film.
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In summary, the different sizes of Lu and La are most likely the reason that

affects the different diametric growth behavior of silicon nitride. Lu ions tend to cluster;

therefore, the Lu coverage on the prism surface is not strong. The La coverage is thick on

the prism surface. The strong bonding of La ions with their neighboring atoms suggests

the pinning effect on the prism surface. The weak bonding of Lu ions with less and

weaker neighboring atoms indicates an easier moving of Lu ions on the prism surface.
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Chapter 8 Summary

Molecular dynamics computer simulations are used to investigate the locations
and energies of La or Lu ions in silicate intergranular films (IGFs) between prism and
basal or high index oriented silicon nitride crystals. The atomistic structure of La or Lu
doped silicon oxynitride intergranular films are investigated as a function of composition
and IGF thickness. Results of the simulations show La adsorption at the four sites on the
prism oriented nitride surface that are the same as those observed with HAADF-STEM.

La ions preferentially segregate to the interfaces with no nitrogen in the IGF, but
stay both on the interface and in the interior IGF with nitrogen present in the IGF. With
no nitrogen in the IGF, the binding energies of La at these two sites differ. With nitrogen,
the binding energies are less different between the two surface sites and the interior of the
IGF, indicating a decreased driving force for segregation. Given the variation in the
experimental HAADF-STEM results, the simulations indicate that a variation in the local
composition would cause some IGFs to show segregation of all La to the interface,
leaving little La within the glassy IGF, while other IGFs may show more La remaining in
the glassy IGF.

In addition, the simulations also show the effect of composition on this behavior,
in which La segregation to at least the two closest surface sites on the prism surface is
observed at all compositions, whereas La segregation to the basal interface is
significantly affected by composition. With increasing La content, La site-filling
increases on both prism and basal interfaces. Because of La’s role as a network modifier
in pure silica glass, IGFs with no N and low La content show complete segregation of the

La to the crystal surfaces. Increasing N content in the IGF reduces this La segregation to
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the interfaces, allowing for more La in the interior IGF. This is consistent with the change
in binding energy of the La ions in the IGF interior in comparison to that at the interfaces,
reducing the driving force for segregation. Because the additive rare earth ‘poisons’ the
surface to which it adsorbs from further growth, the change in segregation is important in
the development of microstructure in the ceramic. Importantly, increasing N content in
the IGF causes preferential La depletion from the basal surface, with no such significant
depletion of La on the prism surface, providing a mechanism for the anisotropic grain
growth observed in this system.

Our results showed ordered La adsorption onto the prism-terminated surface is
not affected by the orientation of the opposing crystal, although the extent of the ordering
away from the interface is affected by IGF thickness. La adsorption at ordered sites 1 and
2 on the prism surface occurred for almost all of the compositions in both ~1.8 nm and
~0.6 nm thick IGFs and at sites farther from the prism interface in the thicker IGF,
similar to adsorption in triple points. Saturation of available sites is affected by the
thickness of the IGF, which governs the number of La ions (and N ions) in the IGF, with
lower site filling in the thinner IGF. There are clear energy differences for La in the
interior of the IGF vs. the interface based on composition and IGF thickness, with the
thicker IGF showing greater variation in driving forces for segregation or La
incorporation into the IGF. Fracture is affected by both composition and thickness and
occurs in the glassy IGF and not in the ordered interfacial regions, consistent with
experimentally observed intergranular fracture for La-doped silicon nitride. Segregation
of La to the interface affects N distribution within the interior of the IGF, which affects

strength.
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We study the important role of oxygen replacing nitrogen at surface sites in the
prismatic surface of B-SisN4 on the adsorption of rare earth ions from the intergranular
film. Our simulations successfully obtain the correct Lu sites Lul and Lu2 on the
prismatic surface with O replacement at specific combinations of N surface sites. Results
match the experimental HAADF-STEM data. Unlike the Lu results, surface oxidation
does not have a large effect on La adsorption sites on the prismatic surface, but does have
an influence on the La surface occupancy. The simulation results provide the mechanisms
for both the experimental variances observed for the adsorption sites of these two rare-
earth additives in the intergranular films and, more importantly, explain the different
grain growth behavior seen experimentally.

The different roles of Lu and La on the growth behavior of silicon nitride prism
crystal are investigated. Strong La coverage on the prism surface is observed, indicating
La ions served as pinning point and suppress the prism growth. Lu clusters being kicked
out from the prism surface is observed, showing that Lu ions can move easily moved
away from prism surface. A proper temperature range is suggested as grain grows at a

certain N content.
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