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ABSTRACT

-eucryptite (LIAISIO 4) has drawn widespread commercial and academic interests due
to its exotic physical properties, mainly, negative thermal )pansion. The present study
employs a combination of density functional theory (DFT) catulations and atomistic sim-
ulations to identify the atomic-scale mechanisms underlyinthree intriguing phenomena in

- eucryptite: (a) negative bulk thermal expansion (NTE), (b) radiation tolerance, and (c)
structural transformations under moderate applied pressure.

Using DFT calculations, we resolved a long-standing discrepanay the literature con-
cerning the sign of linear compressibility of -eucryptite parallel to the c-axis, .. Our
DFT calculations that are in excellent accordance with recg ultrasonic experiments have
led to the conclusion that . has a positive value, as opposed to a negative value reported
by earlier direct measurements. Furthermore, this study suggesthat the NTE behavior
of -eucryptite occurs due to tetrahedral tilting and cation dsordering rather than elastic
e ects.

To describe the atomic interactions in our atomistic simulatios, we parameterized a
reactive force eld (ReaxFF) for Li- Al-Si-O system using DFT catulated structural prop-
erties of several bulk phases of silicates, aluminates, and oxgdand various representative
clusters. These parameters were found to have good transferdyilas they provide an ac-
curate description of (a) structural, thermodynamic and medhnical properties of numerous
condensed phases, (b) phase transformations, as well as (c) singlecgs systems (e.g., Li-,
Al- metals, Si) with applications to oxidation and reduction eactions.

Molecular dynamics simulations based on ReaxFF showed that up@xposure to neu-
tron radiation, -eucryptite largely retains its long-range order while exhiting tetrahedral
rotation, change in O-coordination around Al/Si atoms, and Lidisordering. Upon annealing
radiated -eucryptite, most of the under-coordinated Si-polyhedra faned during radiation
regained their tetrahedral coordination via a mechanism imlving tilting of Al- and Si-
centered polyhedra. Finally, our ReaxFF based metadynamicgmulations revealed that
pressure-induced amorphization (PIA) in -eucryptite is governed by atomic-scale processes
similar to those observed in response to temperature changes adliation exposure. The
results presented in this thesis show a general link between NTEdiation tolerance, and
PIA in exible framework structures.



TABLE OF CONTENTS

ABSTRACT . . . e e iii
LIST OF FIGURES . . . . . . e e e e e e e Vil
LIST OF TABLES . . . . . . e Xii
ACKNOWLEDGMENTS . . . . . . e e e Xiv
DEDICATION . . . . e e XVi
CHAPTER 1 INTRODUCTION . . . . . . . e e 1
1.1 Background and Motivation . . . . . . . .. ... . 2
1.1.1 Negative thermal expansion . . . . ... ... .. ... ... ...... 2
1.1.2 Reactive Force Field . . . ... ... ... ... .. .. ... .. ..., 3
1.1.3 Radiation Tolerance . . . . . . . . . . . . .. ... ... 5
1.1.4 Pressure-induced phase transformations . . . . . .. ... .. .. ... 6
1.2 Scopeofthethesis . . ... .. . . . . . . . .. 7
CHAPTER 2 ELASTIC CONSTANTS OF -EUCRYPTITE STUDIED BY
DENSITY FUNCTIONAL THEORY . . . . ... . ... ... ..... 10
2.1 Introduction . . . . . . . .. 10
2.2 Methodology . . . . . . . . 2
2.2.1 Calculation of elastic constants . . . . ... ... ... .. ...... 13
2.2.2 Details of the DFT calculations . . . . . ... ... ... ....... 15
2.3 Results . . . . . e 15
2.4 DISCUSSION . . . . . . o e e 20



2.5 Conclusion . . . . . .. s,

CHAPTER 3 A REACTIVE FORCE FIELD FOR LITHIUM ALUMINUM
SILICATES WITH APPLICATIONS TO EUCRYPTITE PHASES . . . 23

3.1 Introduction . . . . . . .. L 24
3.2 Methodology . . . . . . . . . 2
3.2.1 ReaxFF framework . . . . . ... . ... ... ... 26
3.2.2 ReaxFFdevelopment . . . . .. .. ... .. .. ... .. ... ..., @
3.2.3 Detalls of the DFT calculations . . . ... ... .. .......... 31
3.3 Results . . . . . e 32
3.3.1 Heats of formation . . . . ... ... ... .. 32
3.3.2 Structural parameters . . . . ... ... 34
3.3.3 Stability of eucryptite phases . . . . . .. ... o oL 34
3.3.4 Elastic properties of eucryptite phases . . . . . ... ... . ... .. 39
3.4 Summary and conclusion . . . . .. ... ... L 45
CHAPTER 4 RADIATION EFFECTS AND TOLERANCE MECHANISM IN
-EUCRYPTITE . . . . . . . 48
4.1 Introduction . . . . . . . . 48
4.2 Methodology . . . . . . . . e B
4.3 Results. . . . . . . . e 52
4.3.1 Defectanalysis . . .. .. . . . . .. 53
4.3.2 Structural characterization . . . . . . . ... ... L. 57
4.4 DISCUSSION . . . . . v it e 60
4.5 Conclusions . . . . ... <))



CHAPTER 5 ATOMIC-SCALE MECHANISM FOR PRESSURE-INDUCED

AMORPHIZATION OF -EUCRYPTITE . . . . . .. ... .. ...

5.1 Introduction . . . . . . . . . .
5.2 Methodology . .. ... .. . . .. ..
5.2.1 Solid state phase transition by metadynamics . . . . ... . ...
5.2.2 Computational details . . . .. ... ... .............

53 Results . . . . . .
53.1 Phasetransition. . . . . . . .. ... ..
5.3.2 Structural characterization of the new phase . . . . . . ... ...
5.4 DISCUSSION . . . . . .
55 Conclusions . . . . . ..
CHAPTER 6 CONCLUSIONS AND FUTUREWORK . . . . ... .. ... ...
6.1 Conclusions . . . . . . . . ..
6.2 Recommendations for future work . . . . . .. ... ... L.

REFERENCES CITED . . . . . . . . . e e

APPENDIX A - SUPPLEMENTARY INFORMATION FOR \A REACTIVE
FORCE FIELD FOR LITHIUM-ALUMINUM SILICATES WITH

APPLICATIONS TO EUCRYPTITE PHASES" . . . . ... ...
A.1 Details of the ReaxFF formalism . . . ... ... ... .. ... .....

A.2 Parameters for Li-Al-Si-O systems in LAMMPS compatible forma . . .

APPENDIX B - REACTIVE FORCE FIELD PARAMETERS FOR Li-Al-Si-O

SYSTEMS . . . . .

APPENDIX C - CALCULATION OF ELASTIC CONSTANTS . . ... ... ...

APPENDIX D - APPLICATION OF REACTIVE FORCE FIELD: CARBON
MONOXIDE-INDUCED REDUCTION AND HEALING OF

GRAPHENE OXIDE . . . . . . .. . ... .. . . ..

Vi



D.1 Introduction . . . . . . . . . . e 125

D.2 Results and discussion . . . . . . . . . . .. ... 62

D.3 ConcClusion . . . . . . . . 13

D.4 Methods . . . . . . . . . e 131
APPENDIX E - SUPPLEMENTAL ELECTRONIC FILES . . . .. ... ... ... 133

Vil



2.1

2.2

2.3

3.1

3.2

3.3

3.4

4.1

4.2

LIST OF FIGURES

Crystal structure of ordered -eucryptite containing 12 formula units of
LIAISIO4 (84 atoms). . . . . . . . . . e 11

Determination of lattice constantsa and c from total energy GGA
calculations. . . . . . . .. 17

Total energy of ordered -eucryptite as a function of deformation
parameter for the ve dierent distortions. . . . ... ... .. ...... 19

Equations of state of various phases of (a, b) Li oxides, (c) di
aluminates, (e, f) Al silicates, and (g, h) Li silicates as calculad using
DFT [panels (a), (c), (e), (9)] and ReaxFF [panels (b), (d),{), (n)]. . .. 33

Equations of state of various phases of eucryptite calctgd using (a)

DFT and (b) ReaxFF. Both the techniques predict the same ordeof

stability of the three polymorphs with  being the most stable phase in

each case. . . . . . . . . . . 38

Pair distribution functions (ga s(r)) for (a) Si{O, (b) AO, (c) Li{O

and (d) Li{Li pairs in -eucryptite (black lines) and in the phase

obtained under a spherical indent (red lines) at an applied ceect

pressure 10 GPa. The broadening of the peaks corresponding to higher
order neighbors and lowering of the nearest-neighbor distaexin Li{O

and Li{Li pairs at high pressures indicates that the new phase fimed

under the indent is amorphous. . . . . . .. ... ... oL 40

Polar plots illustrating the directional dependence of dung's ModulusE
for -,and -eucryptite. . . . . . . ... 44

Unit cell of ordered -eucryptite containing 12 formula units of LIAISIO,

(84 atoms). It consists of parallel double helices of intercornted SiQ
tetrahedra (tan) and AlO, tetrahedra (gray), with Li atoms in the spaces
between them along thecaxis . . . . .. ... .. ... ... ........ 50

Number of point defects as function of time, for two di erat radiation

rates, namely, 0.2 PKA/ps (blue) and 1 PKA/ps (red): (a){(d)

vacancies, (e){(h) antisites and (i){(l) interstitials. The ti me domain over
which exposure to radiation is simulated is shown in gray in eagiot,

and is followed by annealing at 900K and ambient pressure. . . .... . . . 53

viii



4.3

4.4

4.5

4.6

4.7

4.8

4.9

Snapshots of vacancies, antisites, and interstitials of allcan species
except Li immediately after the radiation dose { = 50 ps) and towards
the end of the subsequent relaxationt (= 93 ps) for the rates of 0.2
PKA/ps (a,b) and 1PKA/ps (c,d). During relaxation, structural recovery
(healing) via defect annihilation can be observed at both theates. . . . . .

Radial distribution functions (ga g(r)) for (a) A{O and (b) SO in
pristine -eucryptite at 900 K (black) and in the phase obtained after
exposure and relaxation for two radiation rates, 0.2 PKA/ps (ble) and 1
PKA/ps (red). The radial distribution functions curves do not change
signi cantly upon exposure, indicating that the basic networkof
tetrahedra in -eucryptite is preserved to a large extent. . . . .. .. ..

(Color online) Radial distribution functions (@ g(r)) for (a) Li{O and

(b) Li{Li pairs in pristine -eucryptite at 900 K (black) and in the phase
obtained after radiation exposure and relaxation for two dierent rates,
0.2 PKA/ps (blue) and 1 PKA/ps (red). The rst peak of g i shifts
from 3.8 Ain -eucryptite to 2.9 A in the radiated structures, which
indicates Li{Li bonding. . . ... ... .. ... ...

Snapshots of structure of (a) pristine -eucryptite at 900 K and (b)

phase obtained under exposure at 1 PKA/ps and relaxation. Thishase
consists of polyhedra with di erent O coordinations around Sand Al
namely, SiQ(tan), AlO 4 (gray), AlOs (green), and SiQ (red). The Li
atoms are shown inpurple. . . . . . .. ... ... oL

Comparison of the number of (a) AlIO and (b) SiO polyhedra ofigrent
O-coordination in -eucryptite at 900 K with those in the radiated
structures at the end of the radiation doset(= 50 ps) and towards the
end of the subsequent annealing €93 ps). . . ... .. ... .. .....

Angular distribution functions ( ( )) for angles the de ned in panels (a).
Shown here are () functions for (b) O{SKO, (c) O{AKO, (d) A{O{Si,

(e) O{Si{Al and (f) O{AK{Si angles in  -eucryptite (black) and in the
phase obtained under radiation exposure at two dierent rates. . . . . . .

Mechanism for recovery of SiQfrom SiO; in the radiated structure (a)
during annealing at 900 K and 1 atmvia intermediate steps (b){(e)
leading to the restoration of tetrahedral arrangement of sdon (f) . . . . .



5.1

5.2

5.3

5.4

5.5

5.6

5.7

(Color online) Crystal structure of hexagonal ordered-eucryptite
projected (a) along thec axis, and (b) along thea; axis. The structure is
composed of a framework of corner-sharing AlQdgray) and SiOy
(orange) tetrahedra, with Li atoms (purple) existing in chamels parallel
to the c axis. The black lines outline the unit cell containing 12 formla

units of LIAISIO4 (84 atoms). . . . . . . . . . ...

(Color online) Evolution of (a) relative orientation offorcesF; and Fy,
and (b) structure factor during the metadynamics simulation 6
-eucryptite under hydrostatic pressure of 3 GPa at 300 K. A spikenithe

relative orientation of F; and F 4 indicates structural transition at step 58.

(Color online) Evolution of structural parameters of thecomputational
supercell (a) edge lengths namelg, b, ¢, and (b) angles namely , , and
during metadynamics. The portion of the run in which the gaussies
are turned on (.e., up to step 58) is shown as the shaded region, while

the gaussians are switched o i(e., W = 0) in the unshaded region. . . .

(Color online) Simulated XRD spectra for -eucryptite (black) and the
new phase (red) obtained aP = 3 GPa and T = 300 K. The loss of
well-de ned peaks in the XRD spectrum of the new phase indicatebat

itisamorphous. . . . . . . .. L

(Color online) Radial distribution functions of (a) AKO, (b) Si{O, (c)
Li{O and (d) Li{Li pairs in  -eucryptite (black) and in the new phase
(red) obtained under a hydrostatic pressure of 3 GPa at 300 K. Irhe
new phase, the long range ordering is absent indicating amoipation.

(Color online) Angle distribution functions ( for angles de ned in panel
(@). The functions for (b) O{SKO, (c) O{AKO, (d) A{O{Si, (e)
O{Si{Al, and (f) O{AKSi angles in  -eucryptite (black) and new phase

obtained atP =3 GPaand T = 300 K are shown here. . . . . .. .. ..

(Color online) Comparison of the number of AlQ and SiQ, polyhedra of
di erent O-coordination (i.e., di erent values of x) in -eucryptite under

ambient conditions and the new phase obtained at 3 GPa and 300 K . .

73

. 74

.77

80



5.8

D.1

D.2

D.3

(Color online) Atomic scale mechanism of amorphization ¢#)

-eucryptite under a hydrostatic pressure of 3 GPa at 300 K. The
amorphization proceeds via relative tilting of SiQ (orange) and AlO,
(gray) [panel (b)] that eventually leads to change in O cootidation
around Al resulting in AlO3 (pink) and AlO 5 polyhedra [panel (c {h).
Signi cant disordering of Li (purple) is observed resulting inthe
formation of Li{O (blue) bonds. For the sake of clarity, compuational
supercell (outlined by black lines) is replicated along the tiee supercell
VECIOIS. . . . . . e e e e e e 81

Common oxygen-containing groups present on grapheneasi . . . . . . 127

Mechanism for reduction of GO by carbon monoxide studied dyiID
simulations .. . . . . . . .. 128

Energy change as a function of reaction coordinateduring DFT

relaxations started fromd = 1:4A, the spacing between C of the
incoming CO and the oxygen atom on the graphene sheet. . . . .. . .130

Xi



2.1

2.2

2.3

2.4

3.1

3.2

3.3

3.4

3.5

3.6

LIST OF TABLES

The distortion matrices and elastic constants for a hexagahlattice. . . . . 14

Calculated lattice parameters, equilibrium volumeé/,, bulk modulus B,
and its pressure derivative B°= (@B=@)PR_,) of -eucryptite. The
experimental values are also provided wherever available.. .. . . . . ... 16

Comparison of the calculated sti ness constantS;; of -eucryptite with

the experimental data from Ref. 45 extrapolated to 0 K using
thermoelastic constantsT; = dlogC; =dT. The uncertainty in any of the
experimental values (Exp) is smallerthan 25GPa. . . .. ... ... .. 18

Comparison of calculated values of linear compressibilibf ordered
-eucryptite , and . with experimentaldata. . ... ... .. ... ... 20

Heats of formation at equilibrium ( H;) of selected phases calculated
using DFT and ReaxFF at 0 K. For comparison, experimental valugeat
298 K are also provided wherever available. . . . . . ... .. ... .... 34

Comparison of calculated lattice parameters of selectetigses using
ReaxFF with those available in literature determined from DH
calculations and from experiments . . . . . . .. ... ... ... 35

Fractional coordinates of atoms in a unit cell of -eucryptite calculated
using ReaxFF at 0 K. The experimental values from Ref. 144 at 8K
are provided for comparison. . . . . . . ... (€3]

Fractional coordinates of atoms in a unit cell of -eucryptite calculated
using ReaxFF at 0 K. The experimental values from Ref. 14 at 298 are
provided for comparison. . . . . . . ... 37

Predicted sti ness constantsC;; (in GPa) of -eucryptite using ReaxFF
Comparison of the calculated sti ness constantS; (in GPa) of
-eucryptite at 0 K with the experimental data from Ref. 45

extrapolated to 0 K using the thermoelastic constantd; = dlogC; =dT.
The uncertainty in any of the experimental values (Exp) is smiger than

Xii



3.7

3.8

Al

B.1

B.2

B.3

B.4

B.5

B.6

B.7

B.8

Cl

C.2

E.l

Anisotropic factor ratios for and eucryptite (LIAISIO 4) evaluated

using single crystal elastic constantsQ; ) predicted by ReaxFF in the

present study. For -eucryptite, these ratios are also calculated using;
known by DFT and experiments for comparison. . . . . . ... ... ... 42

Average values of bulk moduliB, in GPa) and shear moduli G, in
GPa) using the Voigt, Ruess, and Hill's approximations for

polycrystalline eucryptite phases . . . . . . . ... .. ... ... ... .. 45
Shorthand notation of ReaxFF parameters . . . . ... ... ... ... 108
General Parameters . . . . . . . . . 18

Atom parameters. All the parameters exceppy, (kcal/mol) are unitless . 119

Covalent radii [ry, ry, ry in Al and Coulomb interaction parameters [
eVv), €eV)and (A)]. . . . . .. e 119

Van der Waals interaction parameters. . . ... .. ... ... .. ... 119

Bond parameters. The bond dissociation energi€s,, D, and D, are in
kcal/mol while pper, ppee @and py areunitless . . . . . . .. .. ... 120

Bond order parameters. . . . . . . ... 20

O -diagonal bond parameters D; (kcal/mol),  (unitless)] and bond
radii [Ryaw, g, fg, @andry (A). . . . . o o oo oo 121

Valence angle parameters . . . . . . . .. ... ... ..o 121

The strains used to calculate the ve independent elastic nstants of
hexagonal -eucryptite . . . . . . . . .. .. .. ... .. 123

The strains used to calculate the seven independent elastmnstants of
rhombohedral -eucryptite. . . . . ... ... oL 123

Description of supplementary electronic les . . . ... ... ... ... 134

Xiii



ACKNOWLEDGMENTS

First and foremost, | would like to express my sincerest gratitudéo my thesis advisor
Prof. Cristian Ciobanu who has provided me invaluable suppornd guidance throughout
this thesis work. Without his whole-hearted assistance, patiee, and constant motivation,
this research work could not have been completed. He has alwdyeen easy to approach {
an advice from him has always been just a phone call away. | haalvays admired his ability
to suggest simple approaches to tackle a complex problem. | cabthank him enough for
not only helping me through tough times in research but also shapmy future career as a
scientist.

| would like to profusely thank my co-advisor Prof. Ivar Reimais for placing immense
faith in my abilities, and providing constant support with his knowledge and patience. |
deeply admire his love and passion for teaching, academic leeship, integrity, fairness,
easy-to-approach demeanor, and strategic planning in tadk§j a research problem. He has
been a great source of inspiration and an excellent mentor forenthroughout my graduate
years. | will always remain grateful for all the insightful disassions with him without which
this thesis could not have assumed its present form and his advioe future career prospects.

Along the years spent in Graduate School, | was fortunate to wkrwith many other
scientists, faculty members, and fellow students, both from Minesd from other universities.
| would like to give them my warmest thanks for the works we puldhed together and for a
wonderful and stimulating experience: Edwin R. Fuller, Jr.Adri C.T. van Duin, Branden
B. Kappes, Yufeng Zhao, Hanchen Huang, George H. Gilmer, Jim J. d®reo, Stephen L.
Weeks, Bhavin N. Jariwala, Bart Macco, Jan-Willem Weber, Sortkumar Rathi, Richard
van de Sanden, Peter Sutter, and Sumit Agarwal.

| also greatly appreciate the time and commitment of my thesisotnmittee: Prof. Brian
Gorman, Prof. David Olson, Prof. Je rey King, and Prof. Marcdo Simoes.

| would like to acknowledge the nancial support provided by he U.S. Department of
Energy, O ce of Basic Sciences through research grant #DE-FGBD-07ER46397. | would
also like to thank the Golden Energy Computing Organization taColorado School of Mines
for providing supercomputing resources.

| would like to thank all the past and present fellow group memhbs { Tim, Josh, Marc,
Amy, Aaron, Subramanian, Daniel, Will, Abbas and Branden { for bstering a scienti cally
stimulating yet friendly environment. They kept me sane durig the tough times. Special
thanks to Dr. Branden Kappes for insightful discussions on matels science, computational

Xiv



techniques, and several algorithms and coding languages. | @balso like to thank Subra for
many valuable discussions on ceramics and for helping me withusing when | rst arrived
in Golden. My sincere appreciation also goes out to Alice Jensesr taking care of all my
contracts, and troublesome travel reimbursements during gradte school.

| would like to thank all my friends { Anusree, Aditya, Vivek, Rohan and others { for
all the fun we had and for encouraging me during hard times. | aralso thankful to all
my badminton club members, and cricket team CCB for all the geg matches and fun time
together; all this provided a valuable distraction that refeshed my mind for my research.

Finally, 1 will forever remain indebted to my parents, brothe and late grandmother for
their constant moral support and wishes. There are many others wtave kept me going in
myriad ways; to all of them | am grateful.

XV



To my parents, brother, and late grandmother



CHAPTER 1
INTRODUCTION

The advent of glass ceramics (GCs) has revolutionized matdeatechnology over the
past several decades owing to their ease of fabrication and exi@nal thermo-mechanical,
electrical, magnetic, optical, and opto-electronic propges [1{8]. These materials are partic-
ularly interesting because their physical properties can be med by controlling the extent of
crystallization and chemical composition. Since the mid 1950when the rst synthetic GC
was serendipitously fabricated by S. D. Stookey [1], GCs witravious chemical compositions
(e.g, silicates [6{8], borates [9], phosphates [10] etc.) have besuccessfully synthesized
with widespread applications in domestic cookware, hermetgealing, optics, ferroelectrics,
high-temperature superconductors, and bio-materials [3{&,0{13].

Commercially, the most established GCs belong to the family oithium aluminum sil-
icates (LAS) with chemical composition of Li yAl; xSh+xO4 (O X 1) [6{8]. The
widespread interest in LAS based GCs has been spurred in part by thexotic thermal
behavior; they exhibit low (near-zero) thermal expansion &r wide temperature ranges and,
in turn, possess excellent thermal shock resistance [6{8, 14{1Gh addition to their fas-
cinating thermal properties, GCs in the LAS system show exceptiahchemical durability
and transparency. This makes them suitable for speci ¢ applit@ns like heat exchangers,
high precision optical devices, thermal barrier coatings, tescope mirrors, and ring laser
gyroscopes [6, 7, 14].

The most important crystalline phase in the LAS system is the hexagal - eucryptite
with a chemical composition of LIAISIQ. It has a highly anisotropic coe cient of thermal
expansion (CTE) (i.e., . = 7.26 10 °® perpendicular to thec axis, .= 1635 10°
parallel to the c axis [14]) which leads to a slightly negative crystallograpbiaverage CTE.
Apart from this anomalous thermal behavior, -eucryptite is also well known for its one-
dimensional superionic conductivity of LI ions along the crystallographicc-direction [17{
21], structural transitions under moderate applied pressure22{30], and radiation tolerance
[31, 32]. This makes -eucryptite a good candidate for applications in lithium i@ batteries,
transformation- toughened ceramics, and fuel coatings in niear breeder reactors. A brief
overview of this material has been provided in Sec. 1.1

From a fundamental point of view, the study of a material with seh unusual proper-
ties o ers to provide new insights into structure-property réationships and promise for the
design of novel composites with tailored properties. In this #sis, we focus on unravelling



the atomic-scale mechanisms in-eucryptite that underpin unusual phenomena like neg-
ative CTE, radiation tolerance, and phase transition under mderate pressures through a
combination of density functional theory (DFT) and atomistic calculations. Our ndings
contribute to the development of novel materials and compdss with desired mechanical
and structural properties.

1.1 Background and Motivation

The fascinating properties of -eucryptite mentioned above are related to its hexagonal
crystal structure (space group:P 6422 [33]). Its structure is largely open and is composed of
a network of corner-linked SiQ and AlO, tetrahedra in which all the O atoms are bonded
to either Al or Si; the paired helical chains of SiQ) and AlO, tetrahedra spiral along the
screw axis (@) parallel to the c-direction [14, 22, 34{37]. The Li atoms reside in the inter-
tetrahedral spaces as channels parallel to theaxis, in turn, conferring on -eucryptite
superionic conduction of Li atoms along that axis. [17{21, 3738]. This structure can be
best understood as a Li-stu ed derivative of -quartz [38]. The presence of alternating
layers containing Al and Si-atoms in -eucryptite, however, doubles the unit cell along the
c-direction of -quartz. At ambient temperatures, the Li atoms occupy the plaes containing
the Al and Si atoms in a xed ratio of 3:1 [15, 16]. Beyond 755 K, the Li atoms disorder
spatially while the alternation of Al- and Si- containing plares is still maintained [37].

1.1.1 Negative thermal expansion

As mentioned earlier, -eucryptite exhibits a slightly negative average CTEj.e., it un-
dergoes volumetric contraction upon heating [14]. This is manifestation of anisotropic
linear expansion in -eucryptite { an increase in temperature causes contractioniang the
c-axis that overcompensates the expansion in the basal plane (mal to the c-axis). Numer-
ous theories have been proposed to explain this anomalousrthal behavior using a host
of empirical and theoretical techniques [14{16, 39{41]. @G&ry and co-workers [39] theorized
that the negative CTE of -eucryptite is caused by an elastic e ect associated with the
interconnected helices of SiQand AlO, tetrahedra. In contrast, several other authors claim
that the negative thermal expansion in -eucryptite is a manifestion of a negative Gnaneisen
function parallel to the c axis arising from the interconnected phenomena of tetrahealr
tilting and cation disordering [14{16, 39, 40].

The hypothesis of Gilleryet al. was supported by direct measurement of linear com-
pressibility of -eucryptite alonga and c directions ( , =(22:4 6:0) 10 * GPa ! and

¢=( 113 1.0) 10 3 GPa ?!) that yielded negative value for . [42]. It is important to
note that these values of constitute the only direct measurements reported to date. Apar



from providing a plausible explanation for negative CTE, a rgative compressibility along
one of the principal crystallographic directions would make -eucryptite a suitable candi-
date for speci c applications like high quality strain ampli ers and piezoelectrically driven
optical lenses [43]. However, the sign of the directly measured remains in doubt due to
experimental uncertainty and thus warrants further investjation.

The values of along any crystallographic direction can also be evaluatedadirectly,
from the elements of the sti ness matrix using standard elasticjt relationships [44]. We
employed these relations and calculated, and . for -eucryptite using the elastic constants
known from ultrasonic experiments [45]. From these calculains, we found the values , =
(2257 0:.02) 103*GPa 'and .=(4:60 0:.05) 10 2 GPa . It should be noted that .
calculated using the experimentally knowrC;; is positive, in contrast to the negative value
of ( 1:13 1:0) 10 2 GPa determined by direct measurements [42]. While the sign die
direct measurement of . remains in doubt due to experimental uncertainty, the nearero
value is also very di erent from that obtained in calculatiors. Since the sign of . is linked
with the explanation of negative CTE of -eucryptite, it is necessary to address and possibly
resolve the contradiction surrounding the sign of ..

In Chapter 2, we address this discrepancy in the literature byornputing the elastic con-
stants of - eucryptite in the framework of DFT; these constants were subsegntly used to
evaluate , and .. Since DFT o ers an independent technique to determine comessibility,
this study e ectively resolved the long-standing controversy ertaining to the sign of ..

1.1.2 Reactive Force Field

An in-depth understanding of atomistic mechanisms underlyinge intriguing properties
of -eucryptite (e.g, radiation tolerance, pressure induced phase transformatioe$c.) and
other LAS based phases is expected to aid in better design of maas/composites and
their processing techniques to optimize or achieve desired pesties. The limited nature of
the available experimental data and the di culty involved in accessing these fundamental
guestions through existing experimental techniques entaihe use of rst-principles molecular
dynamics and Monte Carlo simulations. Numerous density functnal studies have been con-
ducted to address the negative CTE of -eucryptite [15, 16, 46]; study mechanical properties
of Al-silicates [47]; investigate electronic, structural and echanical properties of Li-silicates
[48], , oxides of lithium [49{53], aluminum [54{58] and silicn [56, 58{62]. However, the
length scales involved in these studies are too small to assist in iroping properties.

To carry out atomistic simulations at large length scalesy{ 1®° atoms), calculations based
on conventional empirical force elds (EFFs) are preferreduk to the mathematical simplicity
of the functional forms used to describe the bonded and non-haed interactions [63, 64]. For



the case of silicates, core-shell models have been employed twoant for both covalent and

ionic character of the chemical bonds [65{68]. These EFFs, a&ib successful in describing
physical interactions in condensed phases, inherently su er fro (a) poor transferability

and (b) inadequate description of the phases away from equilibm bond distances. These
problems often make them unsuitable to predict new structureand study the e ect of

di erent chemical/physical environments on known condenseghases [64].

Reactive force eld (ReaxFF) is a recently developed forceeld by Van Duin et al. [69]
based on a bond-order formalism in line with works of Terso [70&nd Benner (REBO-
potential, Ref. 71) in conjunction with a charge equilibriion scheme [72]. Unlike the em-
pirical force elds (EFF) which are based on xed connectiviy for chemical bonds, ReaxFF
is based on bond orders, calculated as a function of interatoerdistances which are updated
at every simulation step. This allows the formation and breakig of bonds during the course
of a simulation. All the bonded interactions are computed as aifiction of the instantaneous
bond orders, thereby, allowing for their gradual disappearae in the event of breaking of a
bond. Furthermore, non-bonded interactions like Van der Wals and Coulomb interactions
are described independent of connectivity, allowing for shiéng of these terms at shorter
distances. In order to ensure transferability, three criteriar@ adopted (a) energy and forces
are continuous, (b) every element has only one atom type whitbe di erent hybridization
types are decided by instantaneous bond-order, and (c) reaa sites are not pre-de ned.

The details of the various energy contributions and the coesponding mathematical
expressions can be found in AppendixA and Refs. 69, 73 and 74. Itshaeen applied
successfully to predict the dynamics and reactive processes irdhgcarbons,[69] hydrides of
aluminum [75], lithium [76], magnesium [77] and sodium [78]rack propagation in silicon
crystals [79], interfacial reactions in Si/Si-oxide [73] ahAl/Al-oxide [80], surface reactions
in ZnO [81], phase transitions in ferroelectric BaTi@ [82], and oxygen-ion transport in Y-
stabilized ZrO, [83]. For a given system, ReaxFF can be parametrized by tting gainst
QC/QM data calculated for representative condensed phases actlisters in a training set
leading to as high as 69 independent parameters.

In Chapter 3, we parameterize the ReaxFF for Li-Al-Si-O systemsing DFT calculated
structural properties of numerous condensed phases in the Li-8I-O system (.e. alumi-
nates, silicates, and oxides), and several representative clusterThese parameters were
tested rigorously and were found to accurately (a) predict thenodynamic, structural, and
mechanical properties of various bulk phases, and (b) describguctural transitions under
pressure.



1.1.3 Radiation Tolerance

Numerous studies on Li-silicates have shown that these materiaésist radiation damage
even in extreme chemical and physical conditions [84{86]. €hke silicates are known to
possess network structures similar to -eucryptite, e.g, Li-metasilicate (Li,SiOs) contains
chains of SiQ tetrahedra with the Li atoms populating the inter-tetrahedral spaces [87].
Neutron radiation experiments using the high ux reactor at Péen demonstrated that Li-
silicates can tolerate doses up to #0{ 10%® n/cm? [2 { 80 displacements-per-atom (dpa)
Refs. 88{91]. Since radiation tolerance is related to structe [92, 93] and chemistry [94],
this indicates a possibility that -eucryptite could resist damage upon exposure to neutron
radiation. Abdel-Fattah et al. explored this potential using electron microscopy studies;
their ndings revealed that solid solutions based on -eucryptite exhibit low sensitivity to
neutron radiation making them suitable for applications in nclear reactor blankets [31, 32].
Furthermore, they found that high lithia content in the LAS solid solutions improves their
radiation tolerance [32]. In addition, - eucryptite is known to show exceptional thermal
shock resistance [14] and therefore can be used in fuel coatingsvoid their failure during
thermal cycles. However, the atomic scale mechanisms responsibtahe radiation tolerance
are still unclear. Such a study would provide the necessary funadeantal knowledge to design
radiation tolerant LAS composites. Similar to the link betweerNTE and PIA [95, 96], the
radiation tolerance could possibly be related to the exible ature of the fully-polymerized
network of AlO, and SiQ, tetrahedra in  -eucryptite. This further motivates atomic-scale
investigation of the structural damage in -eucryptite during exposure to neutron radiation
and recovery thereof upon subsequent annealing.

The work presented in this thesis was motivated by the necessitp tgain fundamental
understanding the atomic scale motion that occurs in -eucryptite in response to changes
in physical conditions, like temperature and pressure, and expare to radiation. Such a
knowledge holds the key to the structure-property relationgn LAS materials and has broad
implications in designing LAS composites with tunable mechaeal, structural, thermal, and
radiation properties. Molecular dynamics simulation based oempirical force- elds is an ef-
fective tool to accomplish this goal. This technique is knowto capture atomic con gurations
of the intermediate phases during a structural phase transitionNoteworthy contribution of
MD simulations on silicates have been the discovery that they spond to pressure by the
motion of certain tetrahedral units [97]. Classical MD simuldabns have been successfully
used to predict new high pressure phases and study the atomic mowits and the possible
pathways leading to pressure induced phase transitions in a widariety of systems including
semiconductors [98, 99] and ceramics [100{105]. In terms afidying response to radiation,
MD simulations have been employed successfully to characteriagliation-induced structural



damage in metals, semiconductors, as well as ceramics [92, @8{122]. Furthermore, it has
been used extensively to explore the physical origin of radiati tolerance [92, 93], character-
ize radiation induced defects in ionic oxides [115{117] andentify atomic-scale mechanisms
that govern the radiation response of SiC [118, 119] and ZrSi(®2].

In Chapter 4, we have performed atomic-scale characterizati of the structural damage
that occurs in - eucrypite upon exposure to radiation by using ReaxFF-based mecular
dynamics simulations. We found that below a certain dosagereucryptite retains its long-
range order while exhibiting short range damage including )atilting of AIO 4 and SiO,
tetrahedra, (b) change in local coordination around Al and Siand (c) Li positional dis-
ordering. Furthermore, we identi ed that upon annealing the damaged structure, most of
the deformed Si-centered polyhedra regain their tetrahealr O-coordination via a mechanism
mediated by the deformed AIQ polyhedra.

1.1.4 Pressure-induced phase transformations

Under applied pressure, in general, crystals undergo structurnsitions via a coopera-
tive motion of atoms or groups of atoms either through lattie distortion or through a shu e
mechanism depending on composition, structure, thermodynaeasi, and kinetic conditions.

-eucryptite, as aforementioned has a structure made up of aamework of AlQ, and SiO,
with vast open spaces between them. This open structure makessucryptite amenable to
collapse at moderate applied pressures resulting in a number dfgse transitions [22{29].

Recently, using high pressurén-situ X-ray di raction experiments, Zhang et al. discov-
ered that at ambient temperature, -eucryptite transforms reversibly to a new polymorph
with orthorhombic symmetry under applied pressure 0.83 GPa [25, 26]; the existence of
this polymorph has also been suggested earlier [28]. The ocemte of this reversible phase
transition under an indenter was con rmed by Jochumet al. by employing in-situ Raman
spectroscopy [27]. From their experiments, Zhareg al. concluded that the reverse transition
(! )is associated with a volume expansion 7.7%. This increase in volume along with
the occurrence of reversible §  transition at moderate pressure <1 GPa) is believed to
have a potential application in synthesizing transformation dughened composites based on

-eucryptite, such as, yttria-stabilized zirconia{ -eucryptite composites [123]. In addition
to this technological signi cance, the J transition provides a plausible explanation for a
very interesting phenomenon observed by Reimanis and co-wer& [124]: particles of sizes
ranging from sub-micrometer to tens of micrometer ejected spt@aneously upon indenting
composites of -eucryptite and lithium aluminate (LiAl sOg). This unique phenomenon can
also be alternatively attributed to the energetic release ofesidual stresses arising due to
the large CTE anisotropy in -eucryptite. Furthermore, at higher temperatures 873 K



and applied pressurec 1GPa -eucryptite transforms irreversibly to the most stable (albeit
kinetically hindered at room temperature) eucryptite polynorph  [26].

Similar to other exible framework structures that display negative thermal expansion,
at ambient temperature -eucryptite begins to amorphize under moderate pressures ihet
range 3{5 GPa [26, 29]; the amorphization proceeds to comim at 17 GPa. The recent
literature on negative CTE materials indicates that the twophenomena { negative ther-
mal expansion (NTE) and pressure induced amorphization (PIA) { hee a common origin
in the inherent exibility of the framework structure [26, 95, 96, 125{128]. Owing to the
technological signi cance of -eucryptite, it provides an ideal prototype to extend the ce
rent understanding of the structural connection between NTE ah PIA. Using in-situ X-ray
di raction experiments, Zhang et al. reported that PIA in -eucryptite occurs via recon-
structive transformation with signi cant changes in atomic cardination [26]. Furthermore,
they suggested that PIA in -eucryptite could be assisted by (a) mechanical instability, ah
(b) kinetic hindrance owing to low atomic mobility at 300 K [&]. Interestingly, these ex-
periments showed that in the presence of crystalline domainsvén in trace amounts) at
high pressure, the amorphous phase reverts back to crystallineupon unloading. Zhang
et al. hypothesize this partial structural memory to be caused by di eence in rigidity of
AlO,4 and SiQ, tetrahedra. They claim that the weaker AIQ, tetrahedra deform consid-
erably under pressure leading to changes in O-coordinationoand Al while the stronger
SiO, tetrahedra remain largely intact. Upon unloading, crystalhity is restored by using
the unperturbed SiQ, tetrahedra as a template [26]. However, detailed atomic-seastruc-
tural characterization was beyond the scope of thein-situ X-ray experiments; thus, the
atomic-scale mechanisms governing PIA and atomic structure die amorphous phase are
still elusive.

In Chapter 5, we identify the atomic scale mechanisms govermgjnthe PIA in  -eucryptite
and characterize the structure of the amorphous phase using R&& based metadynamics
simulations. These simulations indicate that PIA in -eucryptite occurs via (a) progressive
tilting of Al/Si tetrahedra eventually changing the O-coordnation around several Al atoms
while keeping the tetrahedral coordination around Si atomistact, and (b) spatial disordering
of Li.

1.2 Scope of the thesis
The objectives of this thesis are to:

1. Resolve the controversy in the literature surrounding the sigof linear compressibility
along the crystallographicc-direction in -eucryptite. This has implications not only



in exploring potential of -eucryptite for specic applications, such as piezoelectric
actuators, but is also linked to the explanation of NTE in -eucryptite.

2. Develop a reactive force eld that describes interactionbetween Li, Al, Si and O
atoms to (a) accurately predict thermodynamic, structural ad mechanical properties
of single-species, oxides, aluminates and silicates, and (b) désemwell the energetics,
kinetics, and the atomic-scale processes associated with struetutransition in the
LAS system.

3. Identify the atomic-scale mechanisms that govern the respsm of -eucryptite to
changes in physical conditions, like temperature, pressure,dexposure to radiation.

We accomplished these goals using a combination of density fuiocial theory calculations
and atomistic simulations. Our ndings are organized in this tlesis as follows:

Chapter 2 presents the work titled \Elastic constants of -eucryptite studied by den-
sity functional theory" that is published in Physical Review B [Narayanaret al., Phys-
ical Review B 81, 104106 (2010)]. Here, we determined the ve independent si&
constants of -eucryptite using density functional total energy calculatbns. These
calculated elastic constants were then used to evaluate thedar compressibility of -
eucryptite along the crystallographica- and c- axes. Since these computations provide
an independent technique to determine values of, it can resolve the discrepancy in
the literature pertaining to the sign of .. After ascertaining the sign of ., we discuss
its implications in explaining the NTE behavior of -eucryptite; we demonstrate that
the negative CTE alongc-axis in -eucryptite occurs due to tetrahedral tilting and
cation disordering rather than elastic e ects.

Chapter 3 describes the parametrization of ReaxFF for Li-Al-Si-O systemsing den-
sity functional calculations of structural properties of a nmber of silicates, oxides and
aluminates along with several representative clusters. This wotitled \ A reactive force
eld for lithium aluminum silicates with applications to elcryptite phase$ was pub-
lished in Modelling and Simulation in Materials Science and rigjineering [Narayanan
et al., Modelling and Simulation in Materials Science and Engineeg 20, 015002
(2012)]. The mathematical formulation have been detailechiAppendix A  while the
obtained parameters have been presented fppendix B . These parameters were
found to accurately predict the structural, thermodynamic,and elastic properties of
several LAS condensed phases [the technique used to compute elaginstants is de-
tailed in Appendix C ]; furthermore, these parameters were found to describe well



pressure-induced transitions in -eucryptite. Appendix D  provides further support
to the applicability of ReaxFF to study dynamics and reactiviy; here we identi ed the
atomic-scale mechanisms underlying reduction of grapheneids with carbon monox-
ide. This work titled \ Carbon Monoxide-induced Reduction and Healing of Graphene
Oxide" was published in Journal of Vacuum Society and Technology ANgrayanan et
al. Journal of Vacuum Science and Technology A1, 040601 (2013)].

Chapter 4 presents a characterization of the structural damage that oacs in -
eucryptite upon exposure to neutron radiation using ReaxFF tsed molecular dynam-
ics simulations. We found that at radiation doses below 0.21 dpa-eucryptite retains
its long-range crystalline order while exhibiting (a) Li disodering, (b) change in O-
coordination around Al- and Si- atoms, and (c) rotation of AlQ and SiQ, tetrahedra.
Upon annealing, the SiQ polyhedra were found to heal the most via a mechanism
involving tilting of AlO 5 polyhedra formed during exposure leading to restoration of
tetrahedral arrangement of O around Si. At high doses, a considble increase in the
Al-Si antisites renders this recovery mechanism ine cient andeads to amorphization.
This work titled \ Radiation e ects and tolerance mechanism in -eucryptite" was pub-
lished in Journal of Applied Physics [Narayanamt al., Journal of Applied Physics113,
033504 (2013)].

Chapter 5 identi es the atomic-scale mechanisms responsible for PIA in-eucryptite
close to the empirically observed transition pressure @ GPa) using ReaxFF based
metadynamics simulations. The mechanism was found to consist @) {ilting of AlO 4
and SiQy, tetrahedra, (b) deformation of AlO, tetrahedra causing signi cant changes
in O-coordination around Al while the SiQ, units remain intact, and (c) disordering
of Li atoms. Furthermore, we show that the inherent exible natire of the network of
AlO4 and SiQy, tetrahedra is the common origin for NTE, radiation tolerancePIA at
moderate pressures. This indicates a possible trend in NTE frameskanaterials to
have a link between these seemingly disparate phenomena. Thigrkvtitled \ Atomic
scale mechanism for pressure-induced amorphization ofeucryptite” is accepted for
publication in Journal of Applied Physics [Narayanaret al. Journal of Applied Physics,
Accepted for publication (2013)].

Chapter 6 summarizes the work presented in this thesis, highlights the nraconclu-
sions and provides directions for future work.



CHAPTER 2
ELASTIC CONSTANTS OF -EUCRYPTITE STUDIED BY DENSITY
FUNCTIONAL THEORY

A paper published inPhysical Review B

Badri Narayanan? Ivar E. Reimanis? Edwin R. Fuller, Jr.,® and Cristian V. Ciobanu

The ve independent elastic constants of hexagonal-eucryptite have been determined
using density functional theory (DFT) total energy calculatons. The calculated values agree
well, to within 15%, with the experimental data. Using the calalated elastic constants,
the linear compressibility of -eucryptite parallel to the c-axis, ., and perpendicular to
it, 4, have been evaluated. These values are in close agreement tosth obtained from
experimentally known elastic constants, but are in contradi@bn to those obtained through
direct measurements based on a three-terminal technique. Tlealculated compressibility
parallel to the c-axis was found to have a positive value rather than a negativene as
obtained from the three-terminal technique. We demonstratéhat . must be positive and
discuss the implications of a positive . in the context of explaining the negative bulk thermal
expansion of -eucryptite.

2.1 Introduction

Glass ceramics in LIO-Al,03-SiO, (LAS) systems have attracted a lot of attention over
the last several decades due to their low or even negative coéat of thermal expansion
(CTE), as well as due to their chemical and thermal stability ¢, 7, 14]. This class of materials
has been extensively commercialized owing to their exotic ydical properties which makes
them suitable for industrial applications (e.g., heat exchagers) which require dimensional
stability and thermal shock resistance [15, 16]. They are also usedsery speci ¢ applications
like telescope mirror blanks, high precision optical devicesa ring laser gyroscope [7, 14].
The hexagonal -eucryptite is a prominent member of this class of materialst has a highly
anisotropic CTE [14] (i.e., . = 7.26 10 °K ! perpendicular to thec axis, . = -16.35

IReprint of Physical Review B 81, 104106 (2010) with permission from American Physical Society [Plese
refer Appendix E]
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USA

3Ceramics Division, National Institute of Standards and Technology, Gaithersurg, Maryland 20899,
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10



10 °K 1! parallel to the c axis) which leads to a slightly negative crystallographic avage
CTE. -eucryptite undergoes a reversible order-disorder structdréransition at 755 K
[37]. It exhibits one dimensional superionic conductivity oEi* ions along thec-axis which
makes it a suitable electrolyte in Li based batteries [18]. Mosgif these unusual properties
of -eucryptite are, in part, related to its crystal structure.

Figure 2.1, rendered using the VESTA software [129], illustrasea unit cell of -eucryptite
below the order-disorder transition containing 84 atoms witli2 unit formulae of LIAISIO,.
A single crystal of ordered -eucryptite, as shown by Figure 2.1 has a primitive hexagonal
structure belonging to theP 6422 space group [33]. This structure is a derivative of the-
quartz con guration, with half the Si** ions replaced by A}* while the charge imbalance is
compensated by the channels of Liions parallel to thec-axis [38]. Several researchers [14, 22,

Figure 2.1: Crystal structure of ordered -eucryptite containing 12 formula units of LIAISIO,
(84 atoms).

34{37] have demonstrated through structural re nements thathe structure is composed of
interconnected helices of Sig3 and AlO,* tetrahedra with alternation of layers containing
Si and Al atoms respectively, leading to a doubling of the-axis of -quartz.

As mentioned, the slightly negative crystallographic averag€TE of -eucryptite is due
to the anisotropy of the linear expansion where a temperaturagrease involves a contraction
along the c-axis which overcompensates the concomitant expansion in tp&ane perpendic-
ular to the c-axis. Several theories have been proposed to explain this soal thermal
behavior [14, 39{41]. Hortalet al. [42], employed a three-terminal technique [130] to mea-
sure the linear compressibility of -eucryptite along the a and ¢ axes, and the reported
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values of ,=(22:4 6:0) 103GPa 'and .=( 113 1.0) 10 3GPa !. These values
of , which constitute the only direct measurements of linear compressibility of-eucryptite
reported to date, supported the explanation given by Gillernand Bush [39] that the negative
bulk thermal expansion is an elastic e ect associated with the iarconnected helices of Si
and Al tetrahedra.

It is well known that linear compressibility along any directon in a crystal can be calcu-
lated from the elements of the sti ness matrixC;; [44]. Linear compressibilities can also be
calculated from experimentally determined [45] sti ness catants; we carried out this cal-
culation and the corresponding error analysis, and have fountat , =(2:57 0:02) 10 3
GPa 'and . =(4:60 0:05) 10 3 GPa ! at atemperature of 293 K. It should be noted
that . calculated using the experimentally knowrC; is positive, in contrast to the nega-
tive value of ( 1:13 1:.0) 10 * GPa determined by direct measurements [42]. While the
sign of the direct measurement of . remains in doubt due to experimental uncertainty, the
near-zero value is also very di erent from that obtained in caulations. Since the sign of

¢ Is linked with the explanation of negative CTE of -eucryptite, it is necessary to address
and possibly resolve the contradiction surrounding the sign of.

In this paper, we compute the elastic sti ness constants of orded -eucryptite containing
84 atoms per unit cell in the framework of density functionallteory (DFT). We then use the
elastic constants to evaluate the linear compressibilities, and . to clarify the sign of linear
compressibility parallel to thec-axis. Since the density functional theory (DFT) calculatiors
o er an independent method of determining the linear compussibility, the present study can
resolve the discrepancy discussed above. After ascertaining thens@f ., we discuss its
implications on the explanation of negative crystallograplk average CTE of -eucryptite.
We demonstrate that the negative CTE of -eucryptite must arise from a combination of
several interconnected phenomena as suggested byefwal. [14] and is related to a negative
Gmaneisen function along thec-axis, rather than to the elastic e ect proposed by Gillery and
Bush [39].

The paper is organized as follows: Sec. 2.2 describes the mdtiiogy we adopted to
calculate the elastic sti ness constants and the details of the X calculations; Sec. 2.3
describes the results obtained in the present study which are dissed in Sec. 2.4 in the
context of resolving the discrepancy and explaining the nege¢ CTE of -eucryptite; Sec. 2.5
summarizes the results and describes our main conclusions.

2.2 Methodology

In general, a crystal deforms in a homogeneous linear elastiammer when subjected to
su ciently small strains j (i;j = 1;2;3). The componentsCj of the adiabatic sti ness
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matrix are the derivatives of elastic energy density with respe to the strain components

[131]:

Ciw = —@(E:V)
@; @

where E is the elastic energy stored in a domain of volum¥ of the crystal subjected to

homogeneous deformations.

(2.1)

2.2.1 Calculation of elastic constants

In this section, we briey describe the technique [132] we empled to calculate the
elastic constants of -eucryptite. The lattice of hexagonal -eucryptite is spanned by three
primitive Bravais lattice vectors which can be written in a matrix form as:
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where each column shows the components of a lattice vector,daa, ¢ are the two lattice
parameters that characterize the hexagonal structure. Theeetors of the deformed lattice
(R9Y can be obtained via a distortion matrixD,

R°= DR; (2.3)
whereD is de ned in terms of the components of strain tensor as:
1
1+ 1 12 13
D=Q@ , 1+ s A (2.4)
31 22 1+ g3

The elastic energyE of a crystal subjected to a general elastic strain;() can be expressed
by means of a Taylor expansion in the distortion parameters tncated at the second order
of strain [131].

X X 1
E(V;)=Eo+ Vo i i T écijkl i K (2.5)
5] ikl
where E, is the energy of a crystal volumey, at equilibrium, j are the elements of the

stress tensor, and j; is the Kronecker symbol. Since the distortion matrix is symmeic, it
is convenient to express Eq. (2.5) using the Voigt notation (1% 1, 22 = 2, 33 = 3, 23 = 4,
31 =5, and 12 = 6):
X X 1
E(V;)=Eo+ VW it =Ciiijj (2.6)
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where ;=1ifi=1;2or3and ;=2if i =4:5;0r6.

Due to the speci c symmetry of the hexagonal lattice, there arenly ve independent
elastic constants [44], which in Voigt notation areC;;, C;, Ci3, Czz and Cy4. These con-
stants can be determined from speci c distortion matrices fortte hexagonal structures [132].
Table 2.1 lists the distortion matrices used in the present studyror these matrices, Eq. (2.6)

Table 2.1. The distortion matrices and elastic constants for adxagonal lattice.

Distortion matrix Second-order coe cient
. , A, in Eq. (2.7)
To1+ 0 0
@ o0 1+ O0A Cy+ Copo
0 0 1
1
1+ 0O O
0 1 0A Ci Cp
0 0 1
0
1+ 0 0 Cii+ Ciz
@ o 1+ 0o A
0 0 1+ +2Cy3+ &8
0 1
10 O
@01 0 A Cas=2
0 0 1+
0 1
10
@0 1 0A 2Cu4
01
takes the simple form
E(V; )= Eo+ V(A1 + A, ?); (2.7)

where A; is related to stress components;;, and A; is a linear combination of the elastic
constantsC; . The relationships between the second-order coe cier, and the independent
elastic constants for di erent strains are also given in Table 2.

For each of the ve types of deformation listed in Table 2.1, th total energy of the crystal
was calculated for di erent values of . We have found that the elastic linear regime of the
deformations applied to the supercell (Figure 2.1) extends up to 5% in either direction,
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and have thus used the range 0:05 < 0:05 when tting the data with Eq. (2.7); we
have also tested that selecting smaller ranges foryielded similar results for the elastic
constants. The zeroth, rst, and second order coe cients in Eq. 2.7) were extracted by
means of polynomial ts of the total energy versus data. Using the relationships in the
left column of Table 2.1, the elastic constants were extracteflom the coe cients A, of
the distortions considered. For all the cases, we found that thewtribution of order 3 and
higher terms to the energy in Eq. (2.5) was negligible, whicbon rms that the strains used
are within the linear elastic limit.

2.2.2 Details of the DFT calculations

The computational cell consisted of one primitive cell of hex@nal -eucryptite having
84 atoms, i.e. 12 formula units (f.u.) of LiAISIQ. The total energy DFT calculations
for ordered -eucryptite supercells were performed within the framewor&f the generalized
gradient approximation (GGA), using the projector-augmentd wave (PAW) potentials [133]
as implemented in the ab-initio simulation package VASP [134,35]. The atomic coordinates
were relaxed using a conjugate gradient algorithm until theofce components on any atom
were smaller than 0.01 eVA. We used the Perdew-Wang exchange-correlation function (PW
91) [136], which is a typical choice for ceramics oxide systeifesg., Ref. 48, 137). We have
also tested the Perdew-Burke-Ernzerho exchange-correlatn function [138] for a subset of
elastic constants, and the results were within less than 1% of thogbktained using the PW-91
functional. The plane wave energy cuto was set to 500 eV, whigherforms satisfactorily for
similar ceramic systems [48]. The Brillouin zone (BZ) was samplevitha 3 3 3 -centered
Monkhorst-Pack grid. This particular grid was selected basednaests done for di erent BZ
samplings using from 8 to 63 irreducibl&-points; the 4 4 4and5 5 5Kk-point grids
yielded total supercell energies that were within 2 meV fromhbse corresponding to the
3 3 3grid (14 irreduciblek-points).

2.3 Results

To determine the equilibrium lattice parametersa andcof -eucryptite, the ab-initio total
energy calculations were performed for di erent values ohe supercell volumev and the
c=aratio. The volume of the supercell was varied from 15% to +15% of the experimental
value[14, 22] by changing the parametea while keeping the ratioc=a xed. The procedure
for nding the lattice constants a and c can be followed on the schematics in Figure 2.2(a).
At any given volume V [which is a constant-volume plane in Figure 2.2(a)], the supesl|
was relaxed and the total energfe was computed for di erentc=avalues ranging from 100
to 1:12; the E vs. c=adata was then tted with a fourth-order polynomial to determine the

15



minimum energy for the given volumeV. These minimum energy values found for di erent
volumesV are plotted in Figure 2.2(b) and show an excellent t to the Munaghan equation

of state[139]
|

BV (Vo:V)BO .\ BVO . (2 8)

E(V)= Eg+
(V) " ‘B0 B0 1 BO 1’

where Eg is the energy corresponding to the equilibrium volum¥y, B is the bulk modulus

at zero pressure, anB°= (@B=@)R_, is the pressure derivative of the bulk modulus at
0 K. The parameters obtained from the tting of E versusV data against the Murnaghan

equation of state are listed in Table 2.2.

Table 2.2. Calculated lattice parameters, equilibrium volme Vy, bulk modulus B, and its
pressure derivative B®= (@B=@)R_,) of -eucryptite. The experimental values are also
provided wherever available.

Technique a(A) o(A) Vo(Adluf)  B(GPa) BO
GGA 10.594  11.388 92.25 102.27  -1.05
Exp 10.497  11.200 89.06 109.9

4Ref. 22, 293 K.
bFrom Cj in Ref. 45,
extrapolated to 0 K.

The bulk modulus obtained from the t, as shown by Table 2.2, isn excellent agreement
with the experimentally determined value [45] which indices a good agreement of the
calculatedE versusV data with Eq. (2.8). At the equilibrium volume V, obtained from the
Eq. (2.8), the energy of the supercell was calculated for dirent c=avalues and plotted in
Figure 2.2(c). TheE vs. c=adata at constant volumeV, was tted against a fourth-order
polynomial to determine the optimumc=aratio at V. The optimized lattice constantsa and
c are subsequently extracted from the optimunec=aratio and the equilibrium volumeV,. The
calculated valuesa and c (see Table 2.2) are in close agreement to the experimental oagg,
and Ceyp, 1.€.,a = 1.01a8gy, and ¢ = 1.015Ce,, Which lead toV = 1.035Vey,. Our calculations
of lattice constants (and unit cell volume) compare reasonapivith the values ofa = 0.98acy,
and ¢ = 1.00c., reported in Ref. 15 for the same system (i.e., orderedeucryptite with 84
atoms per unit cell); other reports of optimized unit cell veume for diverse ceramic materials
also show values within about 4% of the experimental value [4837, 140, 141].
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Figure 2.2: Determination of lattice constantsa and c from total energy GGA calculations.
(&) Schematic representation of the procedure to obtain the rsictural parameters of -
eucryptite at equilibrium. (b) Energy vs. volume curve for the supercell shown in Figure 2.1.
The black squares are the DFT calculated points, while the soliihe represents the t to
the Murnaghan equation of state.

17



Using the calculated lattice parameters, we determined the vendependent elastic con-
stants of -eucryptite at 0 K by employing the technique outlined in Seton II. Figure 2.3
shows the energy as a function of the deformation parameterfor the di erent types of
strain listed in Table 2.1 along with the corresponding t polyromials. The elastic constants
were evaluated from the second order coe cient#\, of the t polynomials through their
relationships with the sti ness constants listed in Table 2.1.

The elastic constants have been measured experimentally by Haudset al. using an
ultrasonic technique at ambient temperature, 293 K [45]. Inrder to compare at the same
temperature the values ofC; computed in the present study (GGA) with the experiments,
we have extrapolated the measured values Gf to 0 K by using the thermoelastic constants
T;j = dlogC; =dT [45]. The calculated elastic constants that we obtained are thin ~ 15%
of the experimental values extrapolated to 0 K (see Table 2.3Furthermore, we have also
found that the extrapolation of the GGA elastic constants to 23 K is also consistent with
the experimental data at 273 K.

Table 2.3. Comparison of the calculated sti ness constant€; of -eucryptite with the
experimental data from Ref. 45 extrapolated to O K using the #rmoelastic constantsl =
dlogCj =dT. The uncertainty in any of the experimental values (Exp) is smller than 2.5
GPa.

Cll C12 C13 C33 C44
GGA: (GPa)  165.64 70.98 7859  132.83 58.68
Exp: (GPa) 176.3 68.5 89.8 139.9 61.2
T, (10 3=K)  -0.14 013  -027 042  -0.24

The linear compressibilities ; and . (along thea and c axes) for a transversely isotropic
material are related to the elastic constant€;; through [44]:

_ Css  Cis

2 C11Css  2C%+ C1oCss
_ Cu+ Cip 2Cy3

‘ C11Csz  2C% + C12Css

(2.9)

With the calculated elastic constants (Table 2.3) in Egs. (2.9)we determined the linear
compressibilities of -eucryptite at 0 K. However, the corresponding experimentalaia [42]
obtained by direct measurements using a three-terminal metdo[130] have been reported
at 273 K. In order to make comparisons of compressibility valued the same temperature
we have extrapolated theC; values from GGA calculations to 273 K using the thermoe-
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Figure 2.3: Total energy of ordered -eucryptite as a function of deformation parameter
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lastic constantsT;; from Ref. 45. Similarly, we evaluated the experimentally dermined
elastic constants at 273 K. The extrapolated values of the elastconstants were then used
in Eq. (2.9) to determine , and ., which were compared with the direct measurements
(Table 2.4). We should note that the uncertainty in the GGA valies for compressibility
comes solely from propagating the uncertainties in the theroglastic constants [45].

Table 2.4. Comparison of calculated values of linear comprdsfity of ordered -eucryptite
a and . with experimental data. The GGA elastic constants and the expanental values
[45] have been extrapolated to 273 K to calculate, and .. The calculated values are in good
agreement with each other. However, they are in contradictioto the direct measurements

[42] at 273 K.

Parameter GGA Ref. 45 Ref. 42
(103GPa ') (103GPal) (10 3GPa})

a 2.67 0.06 2.58 0.02 224 6.0

c 5.20 0.15 452 0.05 -1.13 1.0

2.4 Discussion

Our calculated linear compressibility values of ordered-eucryptite, extrapolated to 273
K, agree well with those derived using experimentally determed sti ness constants [45].
These two sets of compressibility values, however, are in contretibn with the direct mea-
surements reported by Hortakt al. [42] We note that the calculated values of . are positive,
while the value reported from direct measurements is negaéi(albeit with a large error bar,
refer to Table 2.4). Furthermore, the measured value of, is about one order of magnitude
larger than that calculated in the present study.

We now focus on the implications of the calculated compresdity values on the thermal
behavior of -eucryptite, in particular on the coe cient of thermal expansion. An early
study by Munn [142] addresses the e ect of anisotropy of elastic gperties on the thermal
expansion in the quasi-harmonic approximation, where the thebrations are taken to be
harmonic but with deformation-dependent frequencies. Theuik thermal expansion coe -
cient of a hexagonal crystal can be written in terms of the thermal gpansion coe cients
along thec-axis ( ) and a-axis ( 5) as [142]:

2 o+ H
e 3_\;()(2 aat oo (2.10)
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whereH; is the heat capacity at constant stress, and,.. are the Gnaneisen functions which
describe the dependence of entropy on strain [143].

Using structural arguments, Moyaet al. have asserted that both , and , must be
positive [41]. This assertion in combination with Eq. (2.10) swgests that the bulk thermal
expansion coe cient can be negative only if . or . is negative but not both. Early
measurements [42] yielded a negative value fog, which implied that the bulk thermal
expansion coe cient of -eucryptite was negative because of the negative compressipil
along the c-axis. Hortal et al. [42] put forth the idea that a negative . would explain
the negative bulk thermal expansion in -eucryptite as an elastic e ect associated with the
interconnected Si and Al-tetrahedra as proposed by Gillery @nBush [39].

Our results are, however, in contradiction to this point of vew. The value we calculated
for . using the elastic constants turns out to be positive. According tdq. (2.10), a
positive value for . implies that the Grnaneisen function . must be negative in order to
obtain a negative bulk expansion coe cient . Indeed, recent phonon spectra calculations
by Lichtenstein et al. [15, 16] show that the Gnaneisen parameters parallel to the-axis for
the modes around 400 cnt (bending of the Al-O and Si-O bonds) are large and negative,
which leads to a negative value of.. Lichtenstein and coworkers attributed the negative
to Li-position disordering and proposed an explanation for nagjve bulk CTE of -eucryptite
similar to that of Schulz [40]. Independently, Xuet al. used powder synchotron X-ray and
neutron di raction to show that cation disordering alters the structure of -eucryptite and
signi cantly a ects its thermal behaviour [14]. They have shavn that Al/Si and Li disorder
leads to a signi cant decrease in the lattice parametet with only a moderate increase in
a, leading to an overall volume contraction of 1%.This behavior was explained [14] as a
combined e ect of several interconnected phenomena inclugj tetrahedral tilting, tetrahedra
attening, and shortening of the Si-O and Al-O bonds.

Thus, our results are consistent with the ndings of Lichtensteiret al. [15, 16] and Xu
et al. [14] leading us to conclude that the negative coe cient of tbrmal expansion of -
eucryptite is due to a negative value of ; associated with cation disordering, rather than to
a negative . as proposed by Hortalet al [42].

2.5 Conclusion

To summarize, we have computed the elastic sti ness constants afdered -eucryptite
containing 84 atoms per unit cell within the framework of geeralized gradient approxima-
tion of DFT. The calculated elastic constants are in close agmneent with the experimentally
known values. The elastic constants were subsequently used to catgithe linear compress-
ibilities of -eucryptite parallel and perpendicular to thec-axis. Our calculated compress-
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ibility values agree well with those calculated from experientally known elastic constants
as reported by Haussshlet al. [45] The calculated values of compressibility are, however,
in contradiction to those reported by Hortal et. al who measured the compressibilities.
and , using a direct three-terminal method. Our calculations showhiat the compressibility
parallel to the c-axis is positive as opposed to the negative value obtained rincthe direct
measurements [42].

Based on our calculations, we have also shown that the negativellbthermal expansion
of -eucryptite must be associated with a negative Gnaneisen funoin parallel to the c-axis
rather than with a negative compressibility as proposed by Hortaet al.. The conclusion
that the negative bulk thermal expansion coe cient occurs beause of a negative Graneisen
function is consistent with the results of Lichtensteinet al. [16], who showed through the
calculations of phonon density of states that the Grnaneisen fiction parallel to the c-axis
is strongly negative due to the \bending" modes of the Si-O andl-O bonds. Our results
are also consistent with the neutron di raction and X-ray synchréron di raction studies
conducted by Xuet. al [14].

The present study in conjunction with the results of Lichtenstei et al. and Xu et al.
clearly indicates that the . must be positive and that the negative bulk thermal expansion
is due to to cation disordering [14], rather than to elastic e ets [39]. We hope that DFT-
based results, along with the indirect measurements of elasticnstants, would spark future
developments in direct measurement techniques which woul@ applicable for the study of
a wide variety of ceramics.
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CHAPTER 3
A REACTIVE FORCE FIELD FOR LITHIUM ALUMINUM SILICATES
WITH APPLICATIONS TO EUCRYPTITE PHASES

A paper published inModelling and Simulation in Materials Science and Enginearg*

Badri Narayanan? Adri C. T. van Duin,® Branden B. Kappes! Ivar E. Reimanis? and
Cristian V. Ciobanu*

We have parameterized a reactive force eld (ReaxFF) for litium aluminum silicates
using density functional theory (DFT) calculations of structual properties of a number of
bulk phase oxides, silicates, and aluminates, as well as of seveegresentative clusters. The
force eld parameters optimized in this study were found to pedict lattice parameters and
heats of formation of selected condensed phases in excelleeagient with previous DFT
calculations and with experiments. We have used the newly ddéeped force- eld to study
the eucryptite phases in terms of their thermodynamic stabily and their elastic properties.
We have found that (a) these ReaxFF parameters predict the cact order of stability of
the three crystalline polymorphs of eucryptite, , , and , and (b) that upon indentation,

a new phase appears at applied pressures7 GPa. The high-pressure phase obtained upon
indentation is amorphous, as illustrated by the radial distrilmtion functions calculated for
di erent pairs of elements. In terms of elastic properties argsis, we have determined the
elements of the sti ness tensor for - and - eucryptite at the level of ReaxFF, and discussed
the elastic anisotropy of these two polymorphs. Polycrystallinaverage properties of these
eucryptite phases are also reported to serve as ReaxFF predicts of their elastic moduli
(in the case of -eucryptite), or as tests against values known from experimenor DFT
calculations ( -eucrypite). The ReaxFF potential reported here can also dedae well single-
species systemse(g, Li-metal, Al-metal, and condensed phases of silicon), which ikes it
suitable for investigating structure and properties of suboxigs, atomic-scale mechanisms
responsible for phase transformations, as well as oxidation-rexdion reactions.
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3.1 Introduction

Lithium Aluminum Silicate (LAS) glass ceramics have been inveigiated extensively over
the last few decades owing to their exotic properties, such as din@r slightly negative)
coe cient of thermal expansion and exceptional thermal stabity [6, 7, 14]. Such unique
physical properties make LAS ceramics suitable for a variety applications such as heat ex-
changers with high thermal shock resistance, high precision agal devices, telescope mirror
blanks, and ring laser gyroscopes [6, 7, 14{16]-eucryptite (LIAISIO ,) is an important LAS
glass ceramic material with a hexagonal crystal structure whiccan be viewed as a stu ed
derivative of the high-temperature -quartz con guration [22, 33{36, 38]. The structure of

-eucryptite confers it superionic conductivity of Li ions along thec-axis, thus making it a
potential electrolyte material for Li ion batteries [17{2].

From a more fundamental perspective, -eucryptite is known to undergo a reversible
order-disorder transformation at 755 K which occurs via spatial disordering of the lithium
atoms at high temperatures [18]. Recently, it was reportechat -eucryptite undergoes a
reversible pressure-induced transition to a metastable polynyar (called the phase) at 0.8
GPa [25, 27]. Apart from and the recently discovered high pressure phases, there are
other known polymorphs of eucryptite,i.e. and . Of these, is the most stable under
ambient conditions and exists over a wide range of temperats but is typically kinetically
hindered [8]. On the other hand, -eucryptite is a metastable phase which coexists along
with  -eucryptite over a narrow range of temperatures (1038-11%3 and is, therefore, of
lower practical signi cance [26]. -eucryptite has a rhombohedral crystal structure belonging
to the R3 space group similar to phenakite and willemite; its thermodyamic, structural
and physical properties have been studied [144, 145]. Howevis, elastic properties, in
particular the single-crystal elastic constants are not yet knen. Furthermore, the extent of
elastic anisotropy in -eucryptite has also not yet been reported. Such a study couldqvide
insight into the structure-property relationship in LAS glass ceamics and assist in designing
composites with tailored elastic properties.

The potential development work presented here has emergedrfr our long term goal of
determining the atomic structure of the phase and the atomic-scale mechanism responsible
for the -to- phase transformation. While phase transformations can be ditycevidenced
in DFT-based Carr-Parrinello molecular dynamics (CPMD) simiations (e.g, Refs. 146,
147), the number of atoms in the unit cell of eucryptite makes it impractical to undertake
such simulations in which usually several unit cells are requatealong each spatial direction.
We have therefore not resorted to CPMD approaches, but turnedotmolecular dynamics
(MD) simulations based on empirical potentials. To describe thenteratomic forces acting
during MD simulations, several empirical force elds (EFFs) hag been proposed for LAS
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systems [65{68, 148{150]. These EFFs reproduce well short-rengrder, mechanical, and
transport properties, but may not provide a su ciently adequate description of phase trans-
formations, medium range order, and vibrational density of stas. Recently, van Duin and
co-workers [69, 73] developed a reactive force eld (ReaxFbased on a bond-order formal-
ism [70, 71] in conjunction with a charge equilibration schem&2]. In this study, we have
parameterized ReaxFF for lithium aluminum silicates by tting against formation energies,
atomic con gurations, and charge distributions of a number ofepresentative clusters and
equations of state of well-known condensed phases of oxides;aiés, and aluminates derived
from DFT calculations.

This article is organized as follows. Sec. 3.2 describes thethoslology we adopted to
parameterize the ReaxFF for lithium aluminum silicates, the BT data used to construct the
training set for the parametrization of ReaxFF, and the detds of these DFT calculations.
In order to assist the reader in understanding and using more refdihe ReaxFF potential
for lithium-aluminum silicates, we have written a Supplemerary Information section (Ap-
pendix A), which contains all relevant details about the theretical framework of ReaxFF
and the full set of ReaxFF parameters that we determined; theggarameters are given in a
format compatible with the widely available MD package LAMMPS [151]. Sec. 3.3 reports
our results for: heats of formation and geometric parametefer a number of bulk phases;
relative stability of eucryptite phases and amorphization of -eucryptite upon indentations;
and elastic properties of the two most stable eucryptite polymphs. We have determined the
elements of the sti ness tensor for - and -eucryptite at the level of ReaxFF, and discussed
the elastic anisotropy of these two polymorphs. Polycrystallinaverage properties of these
eucryptite phases are also reported to serve as ReaxFF predicts of their elastic moduli
(in the case of -eucryptite), or as tests against values known from experimenor DFT
calculations ( -eucrypite). Sec. 3.4 summarizes the results and discusses themsaiccesses
and shortcomings of our ReaxFF parametrization for LAS systems.

3.2 Methodology

The energy contributions in ReaxFF are functions of bond orts, which allows for a
better description of bond breaking and bond formation durig simulations. Furthermore,
Coulomb interactions are computed for every atom pair basecha@harges calculated at every
time step using a charge equilibration scheme which allows it ttescribe covalent, metallic,
and ionic systems equally well [69, 73]. The ReaxFF framework$fibeen applied successfully
to predict the dynamics and reactive processes in hydrocarb®f69, 74], crack propagation
in silicon crystals [79], interfacial reactions in Si/Si-oxde [73], and Al/Al-oxide [80], surface
reactions in ZnO [81], oxygen-ion transport in Y-stabilized 4D, [83], and phase transitions
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in ferroelectric BaTiOs; [82]. The parameters of the ReaxFF potential are optimizedybtting
against density functional theory (DFT) data for various bulk phases and atomic clusters.

3.2.1 ReaxFF framework

The formulation of ReaxFF is based on the concept of bond ordg52], which describes
the number of electrons shared between two atoms as a contimsdunction of their spacing.
The bond orderBOﬁ’ associated with atomg and | is calculated via

BO} = BO} + BO} + BO;}
. Poo2 . Poos
_ Fij ij
= exp Poa — TEeXp Po —
) l'o
i Poo6
+eXp Pos ; (3.1)
o
where BO? , BOY and BO{ are the partial contributions of , - and double -bonds
involving the atomsi andj, r; is the distance betweem andj, ry, ry, ry are the bond radii
of , -and double -bonds, respectively, ang,, are the bond order parameters. The bond

orders BOﬁ’ obtained from Eq. (3.1) are corrected to account for local evcoordination and
residual 1{3 interactions by employing a scheme [153] detailén Appendix A.

The total energy E of the system is expressed as the sum of partial energy contribut
corresponding to bonded and unbonded interactions [69, 734]7

X X X X
E = Eb;ij + Eov;i + Eun;i + EIp;i

i i i i

i<j
X X X

+ Evik + Evawij + Eciij ; (3.2)
ik ] ]
i<j<k i<j i<j

where Ey;j is the energy of thei-j bond, E,; and E,; are penalties for over- and under-

coordination of atomi, Ejp; is the energy associated with lone-pair electrons around aroat

I, Evii is the energy associated with the deviation of the angle subteed atj by atomsi

and k from its equilibrium value, E\qw;j; and Ec; are the contributions from van der Waals

and Coulomb interactions betweeri and j. The terms on the right side of Eq. (3.2) are

de ned in the following paragraphs; for more details, the reaat is referred to Appendix A.
The energy of thei-j bond is calculated using the corrected bond ordeBO; as
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Epij = D.BO;exp ppa 1 (BO;)P<2

D.BO; D, BO, (3.3)

i
whereD,, D, and D, are the dissociation energies of, - and double -bonds, while
Prer:2 are the bond energy parameters. The contribution associatedttvilone pair electrons

is calculated as:

Epi = Pip2 (nlp;opt rllp;i)
> 1+exp ( 75 (nlp;opt Nip;i )) ’

wherenp.qpt iS the optimum number of lone pairs for ? given atomand ny,; is the nurJ]”lbelr( of
e 2

(3.4)

K

e

lone pairs around calculated using the relatiomy,; = - +exp Ppr 2+ 7 2 &

where 7 is the di erence between the number of outer shell electronsd the sum of bond
orders around atomi and bxc is the greatest integer smaller thark. The penalty terms for
overcoordination E,y:) and undercoordination E,;) of atom i can be written as

ry(ond
P° pD.BO;

Eov;i = = ; (358.)

PV 1+exp pp °

pSFun 1( :pc)

"M 1+ prexp (psFun2(BO ) (3:30)
1 expops
Funi( %) — (3.5¢)
l+exp  p
g
Fun2(BOj) i [ BO; +BO; ; (3.5d)
j=1
where }p = Nipopt  Nip;» Vi is the valence of atomi, ; is the degree of overcoordination

around the atomi which is corrected for the e ect of broken electron pairs [Appndix A] to
obtain ", and p's are over/under coordination parameters. The energy corlbution from

the valence angles is written as:

Evik = f7(BO; ) f7(BOk)fe( j)Fv( ix); (3.6a)
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FoCi)=pa 1 exp pa( o i) (3.6b)

where i is the angle subtended at central atomp by the atomsi and k, ¢ is the equi-
librium value for jx which depends on the sum of -bond orders (.e., BO and BO )
around the atom|j, f; and fg are functions of bond order and degree of overcoordination
[Appendix A] respectively, andp,'s are valence angle parameters.

All the terms on the right side of Eq. (3.2) except the van der Wda and Coulomb
interactions depend on bond order through Egs. (3.3){(3.6)The bond orders are updated
after every time step in a molecular dynamics simulation; such rmalism allows for a
realistic simulation of dissociation and formation of bonds dimg a chemical reaction and
also provides a good description of the bulk phases [69, 73, 7#he pairwise non-bonded
interaction terms, i.e., Coulomb and van der Waals interactions are evaluated for ery
atom pair irrespective of the geometry and instantaneous coaativity. The van der Waals
interaction of atomsi and | is evaluated as

f .
Bvawij = T(rj)Dj exp 5 1 %
Vi
} foa(rs
2 exp % 1 # ; (3.7)
Vi

wheref 15(rj; ) = ri‘j’vdW o daw r is a shielding term included to avoid excessive repul-
sive interactions between bonded atoms and atoms containiagvalence angle (1{3 interac-
tions), Dj is the depth of the potential well,r 4w is the van der Waal radius,py,qw and yqw
are the van der Waals shielding parameters anf(r; ) is the Taper correction [Appendix A].
The Coulomb interaction between atoms andj is
Eci = T(r)C—— (3.8)
g+’
whereg and g are instantaneous charges of atomsand j, C is the Coulomb constant and
j IS a shielding parameter included to avoid excessive repulsiatise to overlap of orbitals
at short distances.

The atomic charges are calculated at every iteration (time ep) during minimization
(MD) run using the Electronegativity Equalization Method (EEM) [72]. This bond-order
formalism coupled with the redistribution of charges throughEEM enables the ReaxFF
model to describe ionic, metallic, and covalent systems on edidaoting [69, 73{82] With
one uni ed (albeit complicated) formalism, ReaxFF has seveladvantages over other EFFs

w=
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[153];

(i) The bond-order formalism provides a continuous descrigin of formation and dissoci-
ation of bonds during a molecular dynamics simulation.

(i) Other interatomic potentials based on bond-order formbsm like Terso [70] and Bren-
ner [71] do not account for redistribution of charges. The EEM7R] employed in
ReaxFF allows the atomic charges to vary continuously with @nges in coordination
and bond order.

(i) The evaluation of individual contributions of -, - and double - bonds to the bond
order allows ReaxFF to identify the hybridization state and he coordination of an
atom based on the instantaneous geometry around that atom.

(iv) The bond-order correction scheme [Appendix A] enables RedaF to capture more
accurately transition states during a reaction, provides a cinuous transition between
these intermediate states, and in turn describes reaction kines better than the other
EFFs.

3.2.2 ReaxFF development

The choice of speci c partial energy contributions dependsitgely on the system of in-
terest. For example, for ionic solids the angle bending and ®&ion terms have been set to
zero [75, 76, 78, 82]; however, for covalent crystals these trilmutions cannot be neglected
as shown,e.g, for the case of Si/SiQ [73]. The partial energy contributions used in the de-
velopment of ReaxFF for Si/SiQ system [73] have been found adequate in the present study
of Li/Al/Si/O as well [Eq. (3.2)]. We optimized all ReaxFF parameters for the Li/Al/Si/O
system by tting against DFT-computed data. We emphasize that tlis optimization was
done from scratch on all ReaxFF parameters using a larger datke of DFT calculations
(described in detail below); as such, this new tting on a largedatabase yielded parameter
values which are di erent than those published earlier [73], Ut which give similar descrip-
tions of the material properties. The parameters related toxygen described here were taken
from the ReaxFF water-force eld [154, 155]. Once the oxygegparameters were changed,
then Si/SIO parameters also required modi cations; the potdral form used here follows
that in Ref. 74, which also enforced a revision of the parameter The parameters related
to aluminum have also changed and they perform very well, asditated, for example, by
the andalusite properties listed in Sec. 3.3. The new parametefor Al, Si, O and their
interactions do not bring signi cant changes in the propergs of Al/AIO and Si/SIO systems

29



with respect to previous parameterizations, but they providex superior description of the
Li-Al-Si-O systems under study.

To ensure good transferability of the resulting Li/Al/Si/O parameters, we have included
in the training set DFT-calculated data for a wide variety of vell-known condensed phases
and clusters, as listed below:

() Equations of state (.e. total energy versus volume) for pure Al (fcc, hcp, bcce, sc
and diamond) and for corundum ( -Al,03), surface energy of the fcc Al (111), charge
distribution and dissociation energies of a number of AIO H clusters; data from
Ref. 80.

(i) Equations of state of Li (bcc, fcc, hep, diamond, sc), LiH vwth sodium-chloride struc-
ture, dissociation energies and charge distributions in 4,iLiH and LiH , clusters; data
from Ref. 76.

(i) Equations of state of Si (sc, diamond, -Sn), SiO, ( -quartz, trydimite, coesite, -
crystobalite, stishovite), dissociation energies of single anauable bonds of Si Si and
Si O in Si/O/H clusters, energies of various Si/O/H clusters as a faction of valence
angles SiO Si, O Si O and Si Si Si and distortion energies of rings of Si/O/H
clusters; data from Ref. 73.

(iv) Equations of state of Li-silicates: (a) LbSiOs (orthorhombic) (b) Stable Li,Si,Os (mon-
oclinic) and (c) Metastable Ly Si,Os (orthorhombic); data from Ref. 48.

It is worth emphasizing that ReaxFF is applicable to pure metis, such ase.qg., lithium.
As mentioned in item (ii) above, the parameters for Li were olaiined using the equations
of state for Li-fcc, Li-bcc, Li-simple cubic, and Li-diamond.These equations of state were
computed for volume changes ranging from 50% (volumetricpmpression to 20% expan-
sion. The Li-metal parameters were trained against the expenental cohesive energy of the
Lithium metal (37.7 kcal/mol; ReaxFF gives 36.9 kcal/mol). We have used the ReaxFF Li
parameterized in the current study to compute the lattice paameter of bcc-Li, most stable
phase of Li at room temperature. ReaxFF predicts a lattice pameter of 3.322Awhich is
close to the DFT value of 3.39(A[76].

In addition to using DFT data sets from earlier works, we calculad the equations of state

of the following condensed phases within the framework of DFTsing the computational
details listed in Sec. 3.2.3:

(v) Li-oxides: -Li,O (cubic) [49] and LbO, (hexagonal) [156].
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(vi) Li-aluminates: Three polymorphs of LIAIO, namely, (a) (rhombohedral) [157], (b)
(orthorhombic) [158], and (c) (tetragonal) [159].

(vii) Al-silicates: Three polymorphs of ALSiOs namely, (a) Andalusite (orthorhombic) [160,
161], (b) Sillimanite (orthorhombic) [160, 162], and (c) Kgnite (triclinic) [160, 163].

In order to account for the anisotropy of Li-Al silicates, compuational supercells of these
phases were subjected to di erent types of strain (depending dhe crystal symmetry) when
computing their energy as a function of cell volume. The late of a crystal is described
by three lattice vectorsa; (i = 1;2;3) whose magnitudes are the lattice parameteig. The
cubic phasesd; = a, = a3g) were strained triaxially, i.e., all the three lattice vectas (a) were
all equally strained. The tetragonal and hexagonal phasea;(= a, 6 az) were deformed by
two types of strains, namely (a) biaxial:a; and a, were strained simultaneously by the same
amount while keepingas xed at its experimental value, and (b) uniaxial: az was strained
while keepinga; and a, xed. The lattice vectors of phases with orthorhombic symmety
or lower (a; 6 a, 6 a3) were strained individually keeping the other two unstrainedwhich
leads to three distinct uniaxial strains corresponding to thre lattice vector directionsa;. In
all the cases, the limits of strains range from 40% (compressive) to +20% (tensile).

For all the phases listed above [items (i){(vii)], we computedhe heats of formation H;
as functions of volume for the di erent types of strains. The hat of formation of a general
compound of unit formula (u.f.) LikAl;SinO, (K;I;m;n integers 0) at a volume V for a
particular type and value of strain can be evaluated from DFT atal energy calculations as:

H:(V; ) = Euasimo. (V) KEG

2Eo, (3.9)

IEa mMEsg; >

whereE;, aisin 0, IS the total energy of a given volume V of the phase LAl Si;, O, subjected
to a particular strain . The energies of the constituent elements Li, Al, Si and O in E¢3.9),
i.e., Eu, Eal, Esi, and Eo,, are those of the most stable phases at equilibrium calculated by
DFT.

The training set data were used to parameterize the ReaxFF usirthe successive one-
parameter search technique described by van Dugt al. [164] These parameters are tabu-
lated in Appendix B, and are also made available as a data le [Agmdix A].

3.2.3 Details of the DFT calculations

The computational supercell for each phase in the training setedcribed in Sec. 3.2.2
consisted of one primitive unit cell. The total energy DFT calalations were performed
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within the framework of the generalized gradient approxim#on (GGA), using the projector-
augmented wave (PAW) formalism [133] as implemented in the ahitio simulation package
VASP [134, 135]. The atomic coordinates were relaxed using ang@ate gradient algo-
rithm until the force components on any atom were smaller thaf.01 eV/A. The exchange-
correlation was described by the Perdew-Wang functional [&B which is a typical choice
for ceramics oxide systemse(g, Ref. 48, 159). The plane wave energy cuto was set to
500 eV, which performs satisfactorily for similar ceramic systenj48]. The Brillouin (BZ)
zone was sampled with a -centered Monkhorst-Pack grid. For @ oxides and aluminates
of lithium, we used 8 8 8 k-point grids which amount to 1024 irreduciblek-points for
oxides and 25&-points for aluminates. A4 4 4 k-point grid was found su cient for the
aluminum silicate phases (32 irreducibl&-points), and a3 3 3 k-point grid was selected
for the eucryptite phases (14 irreducibl&k-points). These grids were chosen on the basis of
convergence tests conducted for di erent BZ samplings for derent phases.

3.3 Results

The set of parameters obtained by the technique described inSe.2 were validated
by comparing the structures and the heats of formations for veous phases calculated by
ReaxFF with those known from experiments or from DFT calculaons.

3.3.1 Heats of formation

As a preliminary test, the heats of formation as functions of vame for the various phases
used in the training set calculated by ReaxFF were compared inigure 3.1 with their DFT
counterparts.

Figure 3.1 shows a generally good qualitative agreement be®@n the ReaxFF and the
DFT curves in terms of equilibrium volumes and the relative base stabilities at these vol-
umes. Furthermore, Table 3.1 shows that the ReaxFF heat of fotion results are also
in good agreement withexperimentaldata on selected oxides, aluminates, and silicates at
equilibrium. However, in the deformation regimes lying outdie equilibrium (particularly in
tension) the energetic ordering of Li oxides [Figure 3.1(3} Li aluminates [Figure 3.1(c,d)],
and Al silicates [Figure 3.1(e,f)] at the ReaxFF level does ngireserve so well the DFT or-
dering. This is most likely due to the choice of deformation raye (Sec. 3.2.2), which contains
more data points in compression than in tension. The following bsections contain more
tests of the performance of ReaxFF concerning the structure,aiility, and elastic properties
of LAS ceramics.
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Figure 3.1. Equations of state of various phases of (a, b) Li alas, (c, d) Li aluminates, (e,
f) Al silicates, and (g, h) Li silicates as calculated using DFT [paels (a), (c), (e), (g)] and
ReaxFF [panels (b), (d), (), (h)].
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Table 3.1. Heats of formation at equilibrium ( H;) of selected phases calculated using
DFT and ReaxFF at 0 K. For comparison, experimental values atZ K are also provided
wherever available.

Phase H; (kcal mol 1)
DFT ReaxFF Exp
-Li,O -147.67 -145.82 -143.10
-LIAIO , -292.19 -299.29 -284.87
Andalusite -635.90 -635.35 -619.42
Li,SiOs -406.04 -387.31 -395.¢7
-LIAISIO 4 -529.25 -526.48 -512.53
-LIAISIO 4 -528.01 -525.51 -506.18
-LIAISIO 4 -524.93 -517.66

aRef. 165;PRef. 166;°Ref. 167;9Ref. 168;¢Ref. 145;" Ref. 169

3.3.2 Structural parameters

Table 3.2 compares the lattice parameters for a number of seled phases calculated using
ReaxFF with those from DFT calculations and from experiments.These lattice constants
were calculated by optimizing the computational supercellfoeach phase with respect to
all independent lattice parameters that describe its crystastructure. Table 3.2 shows that
the lattice parameters calculated using ReaxFF are all withi 5% of the values reported
in literature using DFT or experiments. In order to establish tha the structures of bulk
phases are faithfully described by ReaxFF, we have also checkbd independent fractional
coordinates of the atoms in the optimized supercells. For exahe, Tables 3.3 and 3.4
show these fractional coordinates for- and -eucryptite, respectively. As shown in these
tables, the agreement between the ReaxFF-predicted values firactional coordinates and
the experimental ones is very good, which illustrates that RexFF predicts the structure of
bulk phases accurately.

3.3.3 Stability of eucryptite phases

There are three well-known crystalline polymorphs of eucryipe, , , ; of these, is
the most stable phase under ambient conditions but is kinetidgl hindered [8]. Figure 3.2
shows the equations of state (Energy vs Volume curves) for theselymorphs calculated
using ReaxFF and DFT at 0 K. The minimum of a calculated energy s volume curve for
a given phase represents its equilibrium state. For convenienall the energies reported in
Figure 3.2 are given relative to the energy of the most stable pke at its equilibrium volume
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Table 3.2. Comparison of calculated lattice parameters of seted phases using ReaxFF with those available in literature
determined from DFT calculations and from experiments. Theumbers of unit formulae per unit cell are provided in bracket

Phase Structure Space Group Formula Lattice DFT ReaxFF Exp
parameter (A)
-Li»O Cubic Fm3m Li,O (4) a 4.63F 4.738 4.622
-LIAIO , Tetragonal P4,2,2 LIAIO, (4) a 5223 5359 5.169
c 6.309 6.234 6.268
Andalusite  Orthorhombic Pnnm Al,SiOs (4) a 7.753 7.632 7.798
b 7.844 7916  7.908
(o 547F 5.727 5.55%
Li»SiO3 Orthorhombic Cmc2; Li,SiO; (4) a 9.487 9.335 9.392
b 5.450 5.431 5.397
c 4713 4.861  4.660
-eucryptite Trigonal R3 LIAISIO4 (18) a 13.656 13.448 13.582
c 9.158 8.981 9.044
-eucryptite  Hexagonal P 6,22 LIAISiO4 (12) a 10.594 10.568 10.497
c 11.388 11.763 11.200

aRef. 49;PRef. 170;°Ref. 159;9Ref. 171;°Ref. 47, Ref. 160;9Ref. 172;"Ref. 173;' Ref. 144, Ref. 46;XRef. 22



for DFT and ReaxFF. Figure 3.2 shows that ReaxFF predicts the sae order of stability

for the three polymorphs of eucryptite as do our DFT calculabns. This order is consistent
with experimental observations [14, 22, 25, 144].

Table 3.3. Fractional coordinates of atoms in a unit cell of -eucryptite calculated using
ReaxFF at 0 K. The experimental values from Ref. 144 at 298 K amprovided for comparison.

ReaxFF Experiment
Atom X y z X y z
Li(2) -0.016 -0.806 -0.752 -0.017 -0.811 -0.749
Li(2) 0.022 0.814 0.749 0.021 0.812 0.754
Si(1) 0.531 0.876 0.753 0.530 0.880 0.750

Si(2) 0.876 0.348 0.918 0.876 0.344 0.916
Al(1) -0.533 -0.883 0.754 -0.530 -0.882 -0.749
Al(2) -0.878 -0.342 -0.914 -0.875 -0.345 -0.916

o(1) -0.748  -0208  -0.897  -0.753  -0.210  -0.890
0(2) 0.764 0.211 0.903 0.766 0.216 0.898
0(3) 0741  -0.202  -0.594  -0.733  -0.199  -0.593
0(4) 0.734 0.198 0.571 0.733 0.199 0.576
o(5) -0.097 -0.886  -0.931  -0.105 -0.888  -0.937
0(6) 0.090 0.879 0.947 0.096 0.881 0.946
o(7) -0.669  -0.009  -0.751  -0.664  -0.009  -0.749

0(8) 0.656 -0.004 0.753 0.655 -0.004 0.750

-eucryptite, the most technologically relevant of the threg@olymorphs, has a open struc-
ture which collapses at su ciently high applied pressures [6, 27]. Recently, it was observed
that -eucryptite begins to amorphize at pressures above5 GPa [26]. To test the ability
of ReaxFF to capture phase transitions, we have studied the evdilon of -eucryptite under
a rigid spherical indenter using MD simulations [151]. An orthdrombic simulation box of
dimensions 41.98 72.73A  56A containing 13440 atoms was used to simulate the crys-
tal, which was indented down thez axis (i.e., the [0Q] crystal direction). Periodic boundary
conditions were applied in the directions perpendicular tthe indentation force. The atoms
that have z coordinates within 1A of the lowestz value (of all atoms) were kept xed during
MD runs in order to simulate the underlying bulk. The initial structure was relaxed at O
K, and then thermalized at 300 K for 30 ps; the time-step used in éhMD runs was 1 fs.
After thermalization, the top face was indented at a rate of @65A/ps by a rigid spherical
indenter of radiusR = 14A which applies a radial forceF; on atomi given by:
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Table 3.4. Fractional coordinates of atoms in a unit cell of -eucryptite calculated using
ReaxFF at 0 K. The experimental values from Ref. 14 at 298 K afgrovided for comparison.

ReaxFF Experiment
Atom X y z X y z

Li(1) 0.000 0.000 0.500 0.000 0.000 0.500
Li(2) 0.500 0.000 0.000 0.500 0.000 0.000
Li(3) 0.500 0.000 0.327 0.500 0.000 0.328
Si(1) 0.248 0.000 0.000 0.248 0.000 0.000
Si(2) 0.251 0.502 0.000 0.247 0.494 0.000
Al(1) 0.258 0.000 0.500 0.250 0.000 0.500
Al(2) 0.250 0.499 0.500 0.251 0.501 0.500
O(1) 0.115 0.201 0.248 0.112 0.199 0.242
0(2) 0.101 0.696 0.263 0.097 0.699 0.259
0(@3) 0.604 0.704 0.262 0.597 0.705 0.264
O(4) 0.605 0.202 0.258 0.608 0.201 0.249

k(ri R)z if I R

Fi= )
0 ifr, >R

(3.10)

where k is a force constant kK = 76.32 kcal/mol A3), and r; is the distance between the
center of the atomi and that of the indenter.

During indentation simulations, we have not found any new phasat indent pressures
smaller than 7 GPa even though the phase has been reported [25] to occur at0.8 GPa.
Using hydrostatic pressure on single-crystalline -eucryptite does not lead to any room-
temperature phase transitions for pressures up to 10 GPa. We havbserved the formation
of a denser but disordered phase in the vicinity of the indenterZhang et al. [26] carried
out in-situ X-ray experiments on polycrystalline samples of eucryptite and reported that
amorphization begins at a pressure 5 GPa and completes at a pressure of 17 GPa. Our
indentation MD simulations predict a higher onset pressure formaorphization, 7 GPa.
However, it should be noted that the simulations were carried ¢wn single crystal eu-
cryptite; this eliminates the defects, porosity, or grain bondaries from our starting phase
which would have acted as nucleation sites for the formatiorf the amorphous phase. Conse-
quently, in the case of our simulations, there is an increased bigr towards amorphization,
which is re ected in the increased onset pressure. At the ReaxFmset pressure of 7 GPa,
only regions near the indent amorphize, while those far awayoim it remain crystalline.
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As the indent pressure is increased, the amorphized region groausd there is a range of
pressures over which amorphization proceeds: this nding is silar to what of Zhang et al.
have found for polycrystalline samples [26].

We have analyzed the amorphous phase by studying radial disttton functions (RDF)
for pairs of di erent types of atoms in the disordered regionSpeci cally, the RDFs g, g(r)
were evaluated for SO, AKO, LIi{O and Li{Li pairs after inde ntation proceeded to di erent
depths h. Figure 3.3 shows RDFs evaluated prior to the indentation, copared to those
calculated after indentation toh = 12A; at this depth, we evaluated the contact pressure
at 10 GPa. The RDFs for all the type pairs considered show, prior tmdentation, well-
de ned peaks at characteristic distances of -eucryptite. Under pressure, the rst peak

> @

Figure 3.2: Equations of state of various phases of eucryptitalculated using (a) DFT and
(b) ReaxFF. Both the techniques predict the same order of staliy of the three polymorphs
with  being the most stable phase in each case.

(r = 1:6A) of gsi o(r) [see Figure 3.3(a)] broadens somewhat and decreases in intgnsi
compared to that of the crystalline phase. The peak corresponding to the second-nearest
neighbor = 4:1A) is very broad, while peaks at higher distances are not de nedA similar
behavior of the RDF was observed in the amorphous phase obtainiom high pressure MD
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simulations of -crystobalite (Si0,) [174]. Figure 3.3(b) shows the RDF for AKO, which
also exhibits the tell-tale signs of a disordered phase under pseire; the broadening of the
rst peak, along with the disappearance of the higher-order faés, has also been observed
during amorphization of SiC [175] and -quartz [176]. Signi cant changes in the RDFs
occur at contact pressures 7 GPa and indicate amorphization, which is also apparent from
direct visualization of the structure. The pressure necessary ftne onset of amorphization
is consistent with empirical observations [26].

Interestingly, an additional feature is exhibited by the RDFs of Li{O and Li{Li pairs
[Figure 3.3(c,d)]. The rst peaks for the Li{Li and L{O pairs are shifted signi cantly to
lower distances in the high pressure phase as compared to theialitrystal [Figure 3.3(c,d)].
For the Li{O pairs, the rst peak shifts from 2A to 1.67A under pressure [Figure 3.3(c)],
which is close to the typical L{O bond length of 1.608[177]. Figure 3.3(d) shows that
the smallest most probable Li{Li spacing at high pressure is 2.88A which is closer to
the experimental value of the bond length (3.04) in Li-metal [178] than it is to the lowest
Li-Li distance (3.8A) in -eucryptite. This suggests the existence of Li{Li bonds in theigh
pressure phase, which were not present in the crystalline phase.tte crystalline phase, the
smallest distance between Li atoms is 348 at this distance there is no bond formed between
the Li atoms, which simply reside in the spaces between Si@nd Al-O, tetrahedra without
bonding to any of the atoms of these tetrahedra. When indentain is applied, the tetrahedra
are broken, leaving the Li atoms open to move. Often Li atomand themselves in the vicinity
of other Li atoms and create Li-Li bonds of 2.8&(Figure 3.3(d)]: this value is very close to
the bond length in metallic Li-bcc [76]. Segregation of Li veanot observed in the vicinity
of the indenter, but densi cation of each of the four atomic spges was. This densi cation
is not likely to be an artifact of our potential, but it is the physical consequence of locally
increasing the pressure.

3.3.4 Elastic properties of eucryptite phases

To assess the performance of ReaxFF in predicting elastic propes, we computed the
elements of elastic sti ness tensoC;; for two polymorphs of eucryptite, and , by em-
ploying the technique outlined in Appendix C. We have found tht the sti ness tensors
for both eucryptite phases are positive de nite, which meanshat at the ReaxFF level the
Born stability criterion [179] is met. The seven independentlastic constants of -eucryptite
(rhombohedral structure) were calculated using ReaxFF at 0 Kral are listed in Table 3.5;
to the best of our knowledge, so far there are no reports of elastionstants in the literature
for this phase.
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Figure 3.3: Pair distribution functions (ga g(r)) for (a) Si{O, (b) AKO, (c) Li{O and (d) Li{

Li pairs in -eucryptite (black lines) and in the phase obtained under a spheal indent (red
lines) at an applied contact pressure 10 GPa. The broadening of the peaks corresponding
to higher order neighbors and lowering of the nearest-neighibdistances in Li{O and Li{Li
pairs at high pressures indicates that the new phase formed umdhe indent is amorphous.
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Table 3.5. Predicted sti ness constantC; (in GPa) of -eucryptite using ReaxFF at 0 K.

Cu Ci2 Cis Cos Cis Css Caa
ReaxFF 131.86 67.92 25.18 1.96 1.28 175.24 37.29

We have also calculated the ve independent elastic constant$ o-eucryptite (hexagonal
structure) at 0 K predicted by ReaxFF and listed them in Table 36. Haussshlet al. [45] have
measured these elastic constants using an ultrasonic techniqueaatbient temperature, 293
K. To compare the elastic constants predicted by ReaxFF in our gtly and those predicted
by DFT (also at 0 K) [46] with the experimental values, we have drapolated the measured
values of Cj to O K using thermoelastic constantsT; = dlogC; =dT [45]. As shown in
Table 3.6, the ReaxFF elastic constants are in good agreemenitiwexperiment; with the
exception of Cy,, all the calculated constants are within 30% of experimental values
extrapolated to 0 K. These ReaxFF values are also consistent withose predicted by DFT
and reported in an earlier work [46].

Table 3.6. Comparison of the calculated sti ness constantS; (in GPa) of -eucryptite at

0 K with the experimental data from Ref. 45 extrapolated to O Kusing the thermoelastic
constants T; = dlogC; =dT. The uncertainty in any of the experimental values (Exp) is
smaller than 2.5 GPa.

Cu1 Ci2 Cis Css Cas
DFT?2 165.64 70.98 78.59 132.83 58.68
ReaxFF 178.92 102.77 118.28 181.26 47.37
Exp 176.3 68.5 89.8 139.9 61.2
Tj (10 3:K) -0.14 0.13 -0.27 -0.42 -0.24

aRef. 46, 0 K

The and polymorphs of eucryptite are known to possess highly anisotrapphysical
properties. The overall elastic anisotropy of hexagonal and embohedral crystals is usually
assessed through three ratio€F;,=Cs3, C1,=C;3 and 2C44=(C;; C;2), whose deviations from
unity serve as measures of the anisotropy in the crystals being dtad. Table 3.7 lists the
anisotropy ratios for rhombohedral and hexagonal -eucryptite using theC; predicted by
ReaxFF.
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Table 3.7. Anisotropic factor ratios for and eucryptite (LIAISIO 4) evaluated using single
crystal elastic constants C; ) predicted by ReaxFF in the present study. For -eucryptite,
these ratios are also calculated usinG; known by DFT and experiments for comparison.

- Cu Cp 2C4a4
Phase Technique — — .
g C33 C13 Cll C12
-LIAISIO 4 ReaxFF 0.7525 2.6974 1.1664
DFT?2 1.2470 0.9032 1.2398
-LIAISIO 4 ReaxFF 0.9871 0.8688 1.2441
Exp® 1.2602 0.7628 1.1354

2From Cj in Ref. 46
PFrom Cj; in Ref. 45, extrapolated to 0 K.

The anisotropy of eucryptite polymorphs manifests, expectegllin the Young's modulus
E as well as in other elastic properties. The direction-dependee of Young's modulus can
be derived from the elastic constants, and we show it here as a way directly visualize
the anisotropic character of the Young's modulus (Figure 3)4 The Young's modulus for a
rhombohedral crystal in theR3 space group along a crystallographic direction of direction
cosinedy, |,, I3 can be expressed in terms of elastic compliance constants as [44]

= (1 15)°Si+ 13Sss+ 15(1  15)(2S13 + Sua)
+21513(312  13)S14 + 21413(315  19)Sys; (3.11)

1
E

whereS; are the elements of elastic compliance matrix§ given by the inverse of the elastic
sti ness matrix, C i.e., S= C . For hexagonal crystals, the directional dependence B&f

is given by [44]

1
E- (1 15)%Sp+ 15Sss+ 15(1  15)(2S13 + Sus) (3.12)

Figure 3.4(a) shows the variation of Young's modulus of-eucryptite with the angle
between a given crystallographic direction and the-axis, for three di erent planes containing
the z-axis; these planes argz (I, = 0), xz (I, = 0) and the plane containing the rst bisector
of the xy plane, |, = I, =sin = 2. The three polar plots in Figure 3.4(a) were generated
using Eq. (3.11) and the ReaxFF elastic constants in Table 3.5.
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The Young's modulus of -eucryptite depends only on the angle between a given direc-
tion and the z-axis (crystallographicc-axis), owing to the symmetry of a hexagonal crystal.
Figure 3.4(b)shows the dependence of Young's modulus okucryptite on calculated us-
ing the ReaxFF elastic constants and those known from DFT and erpiments (Table 3.6).
The variation with  of the Young's modulus of -eucryptite calculated using elastic con-
stants predicted by ReaxFF follows the same trends as the calculated using the elastic
constants known by DFT or experiments. We now focus on elasticqgerties corresponding
to polycrystalline eucryptite phases.

The theoretical average bulk B) and shear G) elastic moduli of polycrystalline and

-eucryptite can be derived from their single-crystal elasticonstants. There are two well-
known approximations typically used to evaluate the polycrstalline elastic moduli, namely
the Voigt [180] and Reuss [181] methods, which provide upper s (identi ed by the
subscript V) and lower bounds (subscriptR), respectively, for the bulk and shear moduli.
For rhombohedral and hexagonal crystal systems, the polycryskale bulk and shear moduli
can be expressed in terms of the single-crystal elastic constants a

Bv = % (2C11+ C33+2Cy2+4Cypa) (3.13)
B_lR = 2511 +2S;,+4S;3+ Sg3 (3.14)
Gy = 3—10 (7C11+2Cs5 5Cip 4Cys+12Ca) (3.15)
G_lR = 1i5 (14S;;  10S;2  8Si3+4S33+6S44) (3.16)

The Hill values By, Gy) of the bulk and shear moduli are the arithmetic averages of
the corresponding Voigt and Ruess bounds, and are considered thest estimates of these
polycrystalline moduli [182]. The polycrystalline Young's mdulus Ey and Poisson's ratio
( poly) can be obtained through the relations applicable to isotrdp materials [183],

E - 9BLHGy . _ 3By 26y .
PV T 3B, + Gy PV T 2(3B, + G’
Table 3.8 lists the average elastic moduli of polycrystalline and eucryptite derived from
the single-crystal constantEC;; (Tables 3.5 and 3.6) through the relationships in Eqgs. (3.13){
(3.17). For -eucryptite, the polycrystalline bulk modulus evaluated usig the single crystal
elastic constants predicted by ReaxFF (75.06 GPa) is in excefit agreement with an earlier
measurement (74 GPa) of Fasshaueaat al. [145]. Furthermore, the polycrystalline elastic
constants of -eucryptite calculated from the single crystal elastic constas predicted by
ReaxFF is in good agreement with those calculated using the stec constants known by

(3.17)
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Figure 3.4: Polar plots illustrating the directional depenénce of Young's ModulusE for
(@) -eucryptite using the elastic constants predicted by ReaxFF ithree dierent crys-
tallographic planes containing thez-axis and (b) -eucryptite using the elastic constants
predicted by ReaxFF and those known by DFT and experiments.
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Table 3.8. Average values of bulk modulif, in GPa) and shear moduli G, in GPa) using
the Voigt, Ruess, and Hill's approximations for polycrystalli®e eucryptite phases derived
from their single-crystal elastic constantsC;j. The Young's moduli Epy, in GPa) and
Poisson ratios () are evaluated using Egs. (3.17).

-LIAISIO 4 -LIAISIO 4

ReaxFF DFT? ReaxFF Exp?
Bv 75.06 102.27 135.31 109.85
Br 75.06 101.55 134.88 109.55
Bhx 75.06 101.91 135.09 109.70
Gy 42.69 48.67 39.88 51.55
Gr 38.44 46.08 38.48 47.10
Gh 40.56 47.37 39.18 49.32
Epoly 103.12 123.05 107.18 128.69

soly 0.27 0.30 0.37 0.31

&From Cj in Ref. 46
bFrom Cj in Ref. 45, extrapolated to 0 K.

DFT and experiments (refer to Table 3.8).

3.4 Summary and conclusion

In conclusion, we have developed a reactive force eld forhium aluminum silicates and
used it to describe (i) the atomic structure and heats of formabin of several oxides, silicates
and aluminates, (i) the relative stability of three crystalline eucryptite polymorphs and the
response of -eucryptite under indentation, and (iii) the anisotropic ard polycrystalline-
averaged elastic properties of eucryptite phases.

SuccessesWe have found that structural properties and heats of formatin for selected
condensed phases agree well with the results of DFT calculatioand with experimental
reports. In terms of applications to the stability of eucryptie phases, we have veried
that the order of the stability of three well-known polymorpls predicted by ReaxFF is
the same as that obtained from DFT calculations and that knowrfrom experiments. The
response of -eucryptite to pressure is the formation of a denser and disords phase which
we characterized by a set of radial distribution functions an@omparisons with condensed
phases. In terms of elastic properties analysis, we have detergtdnthe elements of the
sti ness tensor for - and - eucryptite at the level of ReaxFF, and discussed the elastic
anisotropy of these two polymorphs. Polycrystalline average pperties of these eucryptite
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phases are also reported to serve as ReaxFF predictions of thelastic moduli (in the case
of -eucryptite), or as tests against values known from experimenor DFT calculations
( -eucrypite). In addition to the elaborate but physically-mdivated description of the bond
order formalism coupled with the EEM scheme, the novel aspectgsults of this work include
the ability of ReaxFF to predict the formation of an amorphows phase under pressures
exceeding 7 GPa, and the prediction of all elastic propertied -eucryptite {which is the
most stable LiAISIO, phase at room temperature and ambient pressure.

Shortcomings. We noted in Sec. 3.3.3 that in the deformation regimes far ositle equi-
librium, the ReaxFF-predicted order of phase stability may nomatch the DFT predictions,
especially in the tensile regimes. This problem is likely to méest during reaction calcula-
tions at the level of several atoms, molecules, or small clustersjtbmay not easily manifest
in large-scale MD simulations because fracture in tensile reggswill probably occur before
any phase transformation. The values of the ReaxFF elastic coasits C; for -eucryptite
compare reasonably well with those predicted by other empiat force elds [67, 68, 148{
150]. These values are not of superior accuracy, as they deeidly about 30% from the
experimental values. The reasoning for such discrepancy can bedarstood as follows. The
heat of formation curves (Figure 3.1) include a few points ithe low strain regimes because
the emphasis for this potential is to describe reactions, forrtian of compounds, phase tran-
sitions, etc. As such, the potential is trained for very wide larg ranges of strain (from
50% volumetric compression to 20% volumetric expansion). So erhsuch large ranges of
deformations are used, then during the tting process there igery little weight given to the
region of linear elastic strain ( 2% linear strain). Since thissithe region that is directly and
solely responsible for the elastic constants, then it comes as noise that some of the
elastic constants are not of superior accuracy. Still, the vadis ofC; predicted by ReaxFF
(Table 3.6) deviate from experiments by amounts that are sirf@r to the deviations made by
the Pedone force eld in predicting the elastic constants for smlumene (LiAIS;EOg) [150].
However, we found that PFF [150] and a core-shell model poteatideveloped by Winkleret
al. (THB) [149] describe the elastic properties of aluminum silicatphases (especially those
of andalusite, ALSiOs) much better than ReaxFF. While this observation seems to pl&c
ReaxFF at a disadvantage, it should be noted that the PFF and ot models were obtained
by tting against experimental values of the elastic propertes of binary oxides and silicates
[149, 150], while these properties were not a part of the trang set used to determine the
ReaxFF parameters in our study.

Concluding Remark. The ReaxFF potential reported here can also describe well siegl
species systemse(g, Li-metal, Al-metal, and condensed phases of silicon), which ikes
it suitable for investigating structure and properties of suboxles, atomic-scale mechanisms
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responsible for phase transformations, as well as oxidation-tedion reactions. Based on the
results of indentation on -eucryptite and elastic properties of -eucryptite reported here, we
believe that the parametrization of ReaxFF for Li-Al silicates will help provide fundamental
understanding of other interesting phenomena in LAS glass cerams, especially in regard to
the atomic scale mechanisms underlying the pressure inducedo- phase transformation
where direct dynamic simulations at the level of DFT are curmly intractable.
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CHAPTER 4
RADIATION EFFECTS AND TOLERANCE MECHANISM IN
-EUCRYPTITE

A paper published inJournal of Applied Physics
Badri Narayanan? Ivar E. Reimanis? Hanchen Huang? and Cristian V. Ciobanu*

Previous studies on Li-silicates have shown that these mategadre resistant to radiation
damage even in extreme physical and chemical environmentsdaare thus promising solid-
state breeder materials in fusion reactors. Here we focus ofeucryptite as a member of Li-Al
silicate class of ceramics with potential for nuclear applitians, and study the atomic-scale
processes induced by radiation. Using molecular dynamics simigas based on a reactive
force eld, we have found that upon radiation dosage of 0.21 splacements-per-atom (dpa)
or less, the structure largely retains its long-range order wlei exhibiting (a) disordering
of the Li atoms, (b) distortion of the Si and Al tetrahedra de ned as the change in their
oxygen-coordination number, and (c) tilting of the Si and Al etrahedra with respect to
one another. We nd that Si tetrahedra that distort to SiO3; during exposure to radiation
recover signi cantly upon thermal relaxation, and provide he mechanism for this recovery.
This mechanism consists in the tilting of AlIQ polyhedra formed upon exposure so as to
satisfy the oxygen-coordination of distorted Si tetrahedra. Bubling the dosage results in a
signi cant increase of the concentration of Si-Al antisite def&s, which renders the tolerance
mechanism ine cient and leads to amorphization.

4.1 Introduction

Lithium aluminum silicates (LAS) are technologically relevat [6, 7, 14] because of their
exotic physical properties, especially, near-zero or negaticoe cient of thermal expansion
(CTE). -eucryptite, with a chemical composition of LIAISIQ, is a prominent member of this
class of ceramic materials and has a highly anisotropic CTE {=7.26 10 ® K ! normal to
the crystallographicc-axis, and .= 1635 10 ® K ! parallel to the c axis) [14] resulting

1Reprint of Journal of Applied Physics 113, 033504 (2013) with permission from American Institute of
Physics [Please refer Appendix EJ.

2Department of Metallurgical and Materials Engineering, Colorado School of Mhes, Golden, CO 80401,
USA

3Department of Mechanical Engineering, University of Connecticut, Storrs, Connecticut 0269, USA

“Division of Engineering, Colorado School of Mines, Golden, CO 80401
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in a slightly negative average CTE. Such an anomalous thermekpansion behavior provides
exceptional thermal shock resistance and, in turn, makeseucryptite suitable for a variety
of applications including heat exchangers, telescope mirrblanks, precision optical devices,
and ring laser gyroscopes [7, 14{16].

-eucryptite has a hexagonal crystal structure which can be uedstood as a stu ed
derivative of -quartz [14, 22, 33{36, 38, 184]. It consists of a network of cmr-sharing
SiO, and AlO, tetrahedra with the Li atoms placed between these tetrahedran the form
of channels parallel to thec-axis [Figure 4.1]. Owing to these Li channels, -eucryptite
exhibits superionic conduction of Li along thes-axis, which makes it suitable for use in solid-
state electrolytes in Li-ion batteries [17, 19, 37]. Apart fnm its widespread technological
uses, the unusual thermal response of-eucryptite has motivated numerous pursuits to
gain fundamental understanding of various structure-propé&y relationships [14{16, 40, 46],
of pressure-induced phase transitions [25{27, 30], and of the chanisms of resistance to
radiation damage [31, 32].

A number of Li-silicates such as lithium metasilicate (LiSiOs;) are known to contain
chains of SiQ tetrahedra with the Li atoms between the chains [87]. Previg studies on Li-
silicates have shown that these materials are resistant to radiah damage even in extreme
physical and chemical environments [84{86]. Neutron radiath experiments using the High
Flux Reactor at Petten [88{90] demonstrated that Li-silicats can tolerate doses up to £&
10°® n/cm?. In terms of more commonly used dosage uniise., displacements per atom
(dpa), these values range from 2{80 dpa [using a displacemenbss section of 10*'cm?]
[91]. Since radiation tolerance of a material is closely rédal to its structure [92, 93], as
well as to its chemistry [94], this indicates the potential fousing -eucryptite in nuclear
breeder reactors. Indeed, in their studies on radiation-inaded changes in LAS ceramics,
Abdel-Fatteh et al. found that solid solutions based on -eucryptite exhibit low-sensitivity
to neutron radiation which makes them good candidate mateais for reactor blankets [31, 32].
Apart from the radiation tolerance, -eucryptite has exceptional thermal shock resistance
and is therefore suitable for use in fuel coatings in order to am cracking during thermal
cycling [32]. Furthermore, electron microscopy studies reafed that high lithia content in
the LAS solid solutions improves their tolerance to radiation damage [32]. However, the
atomic scale processes that are responsible for radiation toleca in -eucryptite are still
largely unclear. Such a study would provide the fundamentaliowledge necessary to design
radiation tolerant materials based on LAS ceramics.

In this article, we focus on characterizing the radiationAduced structural damage in

-eucryptite in order to understand the atomic-scale phenomanthat occur in response
to radiation. Using molecular dynamics (MD) simulations basedroa reactive force eld,
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Figure 4.1: Unit cell of ordered -eucryptite containing 12 formula units of LIAISIO, (84
atoms). It consists of parallel double helices of interconnext SiQ, tetrahedra (tan) and
AlO, tetrahedra (gray), with Li atoms in the spaces between them ahg the c axis

we have employed the conventional primary knock-on atom (PAX) approach to simulate
the radiation damage as a series of displacements that occuavransfer of kinetic energy
from incident high-energy particles [122]. Our analysis ohe structural evolution indicates
that up to a damage of 0.21 displacements-per-atom (dpa), a prounced recovery of the
crystal structure occurs during the annealing period followmg the exposure to radiation. We
have found that upon radiation dosage of 0.21 dpa or less, the stture largely retains its
crystalline structure while exhibiting (a) disordering of theLi atoms, (b) distortion of the Si
and Al tetrahedra de ned as the change in their oxygen-coordation number, and (c) tilting
of the Si and Al tetrahedra with respect to one another. Certaitsi tetrahedra that distorted
upon radiation exposure recover signi cantly during thermalelaxation, and we provide the
mechanism for such a recovery. This mechanism consists in theitity of AIOs polyhedra
formed during exposure so as to satisfy the oxygen-coordinatiof distorted Si tetrahedra.

The paper is organized as follows. In Sec. 4.2, we describe thmputational methodology
employed to study the response of-eucryptite to radiation via MD simulations. The results
for the temporal evolution of defects and characterizatioof radiation are detailed in Sec. 4.3.
We discuss these results in order to identify the atomic-scale nfeamisms responsible for
recovery (at low dosage) or for radiation-induced amorphizian (at high dosage). Finally,
Sec. 4.5 summarizes our results and highlights the main corgilons.
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4.2 Methodology

Molecular dynamics simulations (MD) based on empirical poteials is an e ective tool to
gain insight into the atomic-scale processes that occur duringd after exposure to radiation.
It has previously been employed successfully to characterizediaion damage in metals,
semiconductors, as well as ceramics [92, 93, 106{121]. Ref2 gi&es a comprehensive review
of the various MD techniques employed to study radiation dangge. These techniques have
been extensively used to characterize radiation- induced defs in several ionic oxidesg(.g,
MgAIl,O4 [115], MgO [116], and U®@[117]) and explore the physical origin of their radiation
tolerance [92, 93]. More relevant to the present work is the edti cation of atomic scale
mechanisms that occur in response to radiation in related maiafs such as SiC [118, 119]
and ZrSiQ, [92].

We studied the response of -eucryptite to radiation using classical MD as implemented
in the simulation package LAMMPS [151]. The interactions beteen Li, Al, Si and O atoms
are described by a reactive force eld (ReaxFF) [69, 73] parasterized for LAS [185]. The
ReaxFF parameters for Li-Al silicates have been shown to corticpredict relative order of
stability of various polymorphs of eucryptite, and describe ®ll the structural and thermo-
dynamic properties of several bulk phase oxides, silicates anldrainates. More relevant to
the current study, these parameters were found to be applicabfor studying atomic-scale
mechanisms underlying solid-state phase transitions in eucryfa [185]. Furthermore, the
basic framework of ReaxFF is known to describe well the formath and di usion of point
defects in metals and ceramics [83, 186, 187]. For examplesaRFF has been successfully
employed to determine the atomistic mechanisms underlying ¢hvacancy-mediated oxygen
ion transport in yttria-stabilized zirconia [83].

In the ReaxFF framework, the total potential energy is expresed as a sum of several
bond-order dependent energy contributions arising from shiorange interactions; the bond
orders are updated every time step to provide an accurate dymécal description of chemical
bonding [69, 73]. In addition, the long range contributiongi.e, van der Waals and Coulomb)
are included in the total energy and are evaluated for everyap of atoms irrespective of their
local coordination. Furthermore, atomic charges are caltaied at every time step using a
charge equilibration scheme [72]. This uni ed, complex, appach consisting of bond order
formalism in conjunction with redistribution of charges enales ReaxFF to describe metallic,
covalent and ionic systems equally well [69, 73, 76{78, 80, 8B5]. ReaxFF has been applied
successfully to investigate a number of ceramias.g, interfacial reactions in Si/SiO, [73, 188]
and Al/AIO , [80], surface reactions in ZnO [81], or phase transitions in B&J3 [82].

For our MD simulations, we used an orthorhombic computational ell of dimensions
42.91A 74.3A 137.36&\ (with periodic boundary conditions) containing 32,256 atms to
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simulate a crystal of -eucryptite. The initial structure in each MD run was equilitrated at
900 K (typical temperature in breeder reactors) and 1 atm for® ps using a Nos-Hoover
thermostat/borostat with a timestep of 0.25 fs. To simulate radition damage in the struc-
ture equilibrated at 900 K and 1 atm, a primary knock-on atom PKA) was selected at
random and imparted a kinetic energy of 15 keV, with the recoielocity oriented in an
arbitrary direction. In a single cascade, we observed that thet@ns displace negligibly af-
ter 1ps. Furthermore, we have found that a single PKA produces 140 displaced atoms,
corresponding to 0.0043 dpa. Based on these results for a singlscaae, we simulated the
radiation of -eucryptite at two di erent rates, (a) 0.2 PKA/ps, and (b) 1 PKA/p s. The
cascade events were simulated for 50 p®. 10 cascades for 0.2 PKA/ps (0.043 dpa) and 50
cascades for 1 PKA/ps (0.21 dpa). After exposure for 50 ps, the stituces obtained were
annealed for a further 50 ps at 900 K and 1 atm. During the exposiand subsequent relax-
ation, the temperature and pressure were maintained at 900 K drl atm using Nose-Hoover
thermostat/borostat; the MD timestep was set to 0.1 fs to avoid lgh atom displacements
within a single timestep. The reason for keeping the entire strtere in contact with the
thermostat (as done,e.g, in Ref. 119) is that for the most part of this work we are not
following the e ects of a single PKA, but rather allow the PKAs ard the atoms involved in
subsequent collisions (overlapping cascades) to traverse the ipdic boundaries of the su-
percell and analyze the overall structural damage done uporposure to high radiation ux.
Lastly, several MD runs have been performed for each of the twadiation rates in order to
robustly assess the damage and recovery at each rate; for thissea, the concentrations of
various remnant defects in the structure are given in Sec. 413as ranges of values.

4.3 Results

The atomic con gurations obtained from the MD simulations [®c. 4.2] were analyzed
using Wigner-Seitz cells [106], which are a typical choicerfmentifying point defects gen-
erated during collision cascades in ceramic oxides [113, 1189]. This method involves the
partitioning of space into Voronoi polyhedra (VP) centered orthe sites of a reference con-
guration, and de ned such that each polyhedron contains allspace points that are closer
to its central site than to any other site. If a VP is empty, its ceitral lattice site is labeled
as a vacancy. A site corresponding to a VP that contains more thaone atom is called an
interstitial, while a VP populated by an atom of a di erent type than that in the reference
con guration is called an antisite. In the present study, we usethe structure equilibrated
at 900 K prior to exposure to radiation as the reference con gation.
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4.3.1 Defect analysis

Figure 4.2 shows the fraction of atoms of each type., Li, Al, Si and O that exist as point
defects (vacancies, interstitials and antisities) as a functioof time in a typical MD run for
two di erent radiation rates, namely 0.2 PKA/ps and 1 PKA/ps. For the rst 5{10 ps (i.e.,
1{2 cascade events at 0.2 PKA/ps and 5{10 cascades at 1 PKA/ps), gnd negligible number
of Si- [e.g, Figures 4.2(b,f,j)], Al- [e.g, Figures 4.2(c,g,k)], and O-¢.g, Figures 4.2(d,h,l)]
defects are created. The number of point defects increasegitbafter, which indicates that
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Figure 4.2: Number of point defects as function of time, for tav di erent radiation rates,

namely, 0.2 PKA/ps (blue) and 1 PKA/ps (red): (a){(d) vacancies, (e){(h) antisites and
(O{() interstitials. The time domain over which exposure to radiation is simulated is shown
in gray in each plot, and is followed by annealing at 900K andnabient pressure.

a certain minimum dosage is required to cause signi cant damageen with PKA of recoil
velocity corresponding to 15 keV. However, Li defects are forohen appreciable numbers
[Figures 4.2(a,e,i)] even in the initial time period which an be understood from the crystal
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structure of -eucryptite [Figure 4.1] in which Li atoms are not strongly boded and thus
are more mobile than the other species.

After this initial phase, the number of generated defects ineases with dosage, for all
atom types. In the time interval between two successive PKA evesitthe defects di use and
annihilate to some extent, as shown by the decreases followirttetpeaks [Figures 4.2(a{l)].
This indicates the tendency of -eucryptite to heal. After the radiation dosage, the structure
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Figure 4.3: Snapshots of vacancies, antisites, and interstitsabf all atom species except Li
immediately after the radiation dose { = 50 ps) and towards the end of the subsequent
relaxation (t = 93 ps) for the rates of 0.2 PKA/ps (a,b) and 1PKA/ps (c,d). During re-
laxation, structural recovery (healing) via defect annihétion can be observed at both the
rates.

recover signi cantly upon annealing at 900 K and ambient presse. This recovery proceeds
via annihilation of all defect species except Li. As expected, nodefects remain in the
structure exposed to higher dosage of radiation (1 PKA/ps) [Figws 4.2(a{l)]. For example,
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in the nal relaxed structures, the concentration of Si-vacaaies that remain in -eucryptite
exposed at 0.2 PKA/ps was found to be 5%{9%, as compared to 12%®% at 1 PKA/ps
[Figure 4.2(b)]. Furthermore, most of the defects occur as wancy-interstitial pairs, e.g,
at 1 PKA/ps, the concentration of Si vacancy-interstitial pairs is 12%{16%, as compared to
4%{8% antisites [Figures 4.2(b,f)].

The open structure of -eucryptite along with the higher mobility of Li atoms leadsto
the formation of a signi cantly higher number of Li-defects & compared to other defect
species [Figures 4.2(a,b)]. Interestingly, the behavior ofi¢ Li-defects during annealing was
found to be dependent on radiation dosage. In the structure réated at 0.2 PKA/ps, the
Li-defects annihilate considerably upon annealing, similaio other defect types. However,
their number increases progressively in the structure bombardi@t 1 PKA/ps even after the
exposure to radiation has stopped and the structure is allowed relax. This causes further
position disordering of the Li atoms in -eucryptite subjected to higher radiation damage
(i.e., at 1 PKA/ps).

It is important to recognize that in the two sets of MD simulaticns that we performed,
two variables change in a coupled manner: (a) the rate of dosggand (b) the total dose.
The simulations at 0.2 PKA/ps correspond to a radiation dose of 043 dpa while those at
1 PKA/ps correspond to 0.21 dpa. Evidently, it is necessary to detmine which of these
variables dominates the radiation behavior of -eucryptite. To this purpose, we simulated
a set of single PKA generated collision cascades at 900 K and anmmbigressure. In all
these simulations, a PKA of a particular type (.e., Li, Al, Si or O) was randomly chosen
and imparted a kinetic energy of 15 keV, with the velocity orieted along an arbitrary
direction. From these single cascades, we found that a Li-PKA rdged in negligible number
of point defects; even the defects that were formed had a veryashlifetime, i.e., they were
annihilated within <1 ps. This is understandable since the Li atoms do not contribute®
the structural framework of SiQ, and AlO, tetrahedra. On the other hand, all other PKA
types (i.e., Al, Si and O) exhibit a markedly di erent behavior. In these ca&es, defects were
produced within the rst 1 ps; thereafter, the defects di use, ecombine/annihilate leading
to healing of the structural damage over a time span of 15 ps. At i point, the structure
was found to either fully recover or to contain a small and statinary number of defects; for
example, in the case of a Si PKA, there were 0.4% vacancy-intetisl pairs and 0.05% Si-Al
antisites remaining in the sample.

The healing time for single-PKA cascades is 3 times greater thahe time lapse between
two successive PKA events at 0.2 PKA/ps (15 times greater for thePKA/ps simulations).
This result is consistent with the overlapping cascades shown ingare 4.2. In terms of
recovery during the annealing stage, for the 0.2 PKA/ps simulains the recovery during
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annealing is similar to that which occurs after each PKA. In thé case, the total dose is the
factor that dominates the radiation response of the sample. Faone faster rate of 1PKA/ps,
the e ect of multiple atom knocks within the time of single-PKA healing (15 ps) manifests
itself in a built-up concentration of defects that requires 25ps to heal {refer to red curves in
Figure 4.2, in which we used twice this much time for annealinigp order to make sure that
the residual defect numbers were stationary. In the faster rateimulations (1PKA/ps), the
rate and the total dosage remain strongly coupled, to the poirthat we cannot assign either
of them to be the predominant factor that determines the radition response of -eucryptite.
Figure 4.3 illustrates the spatial distribution of various pant defects (except Li) in the
computational supercell in a typical run at the end of the radition dosage period [Fig-
ures 4.3(a,c)] and after the subsequent annealing [Figures3éh,d)]. For clarity, we have

(a) —B
— 0.2 PKA/ps
20}k — 1 PKA/ps -
E!
S 1.0} -
00 ‘J 1 1 1 |AI-O‘
(b)
2.0f .
©
o 1.0} -
00 'I_J 1 1 1 ISi_O‘
0 5 10 15 20

Figure 4.4: Radial distribution functions (@a g(r)) for (a) A{O and (b) Si{O in pristine

-eucryptite at 900 K (black) and in the phase obtained after gxosure and relaxation
for two radiation rates, 0.2 PKA/ps (blue) and 1 PKA/ps (red). The radial distribution
functions curves do not change signi cantly upon exposure, dicating that the basic network
of tetrahedra in -eucryptite is preserved to a large extent.

shown only the defects in Figures 4.3(a{d); the white regionsorrespond to undamaged
parts of the crystal. It can be observed that a large portion oftte supercell is occupied by
point defects, regardless of the rate, at the end of the time daim over which cascade events
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were simulated [Figures 4.3(a,c)]. Furthermore, after rekation, the structure that was ex-
posed to lesser dosagee., 0.2 PKA/ps, was found to exhibit more pronounced recovery as
compared to that exposed at 1 PKA/ps [Figures 4.3(b,d)]. Thiss consistent with the trends
illustrated in Figure 4.2(a{l), which show an increase in the re&idual defect concentration at
the higher radiation dose.

4.3.2 Structural characterization

To investigate the structural damage in -eucryptite, we characterized the nal con g-
urations obtained by subjecting this material to two di erent radiation rates (0.2 and 1
PKA/ps) followed by annealing at 900 K and ambient pressure. Fige 4.4 shows the radial
distribution functions (RDF) for Si-O and AI-O atom pairs in the structures exposed to
radiation; the correspondingg(r) functions for the undamaged -eucryptite are provided for
comparison. We note that the position of the peaks aj(r) for the Si{O and AI{O pairs do

T

— B
— 0.2 PKA/ps 1
— 1 PKA/ps

(2)

Figure 4.5: (Color online) Radial distribution functions @a g(r)) for (a) L{O and (b) Li{Li
pairs in pristine -eucryptite at 900 K (black) and in the phase obtained after rdiation
exposure and relaxation for two di erent rates, 0.2 PKA/ps (blte) and 1 PKA/ps (red).
The rst peak of g.; ;i shifts from 3.8A in -eucryptite to 2.9 A in the radiated structures,
which indicates Li{Li bonding.

not change upon radiation exposure [Figures 4.4 (a,b)]; theepks broaden somewhat, but
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the structure largely retains its crystalline order of Al, Si, ad O.

At low radiation dosage (0.2 PKA/ps), the L{O and Li{Li pairs de viate negligibly from
pristine -eucryptite in terms of the spatial order [Figures 4.5(a,b)]On the other hand, at 1
PKA/ps, the RDF for Li{O and for Li{Li exhibit interesting featu res [Figures 4.5(a,b)]. The
rst peaks for the Li{Li and L{O pairs shift to lower distances compared to those in the
original crystal; for example, for the Li{O pairs the rst peak shifts from 2A in -eucryptite
to 1.8A in the radiated structure [Figure 4.5(a)]. In addition, theintensity of the higher order
peaks decrease drastically [Figures 4.5]. Such a decay for thgher order peaks has been
previously observed during amorphization of - eucryptite [185], SiC [189], or -quartz [176],
and is consistent with the progressive disordering of the Li atonshown in Figures 4.2(a,e,i).
For the Li{Li pairs, the smallest probable spacing in the radiatd structure at 1 PKA/ps
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Figure 4.6: Snapshots of structure of (a) pristine -eucryptite at 900 K and (b) phase
obtained under exposure at 1 PKA/ps and relaxation. This phaseoansists of polyhedra
with dierent O coordinations around Si and Al, namely, SiQ(tan), AlO 4 (gray), AlOs
(green), and SiQ (red). The Li atoms are shown in purple.

was found to be 2.9 A [Figure 4.5(b)] which is closer to the experimental value afi{Li
bond length (3.047) in Li metal [178] than to the Li{Li spacing in -eucryptite (3.8A). This
shows that under higher radiation dosage (1 PKA/ps), the disordérg of the Li atoms can
occur with the formation of Li clusters.
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The crystal structure of -eucryptite, as mentioned, is composed of interconnectedlices
of SiO, and AlO, tetrahedra with Li atoms in the open spaces between these telradra
[14, 22]. Based on this crystal structure, the negligible chaagn the g(r) curves for SO
and A{O pairs [Figures 4.4(a,b)] indicate that the basic netwrk of Al and Si tetrahedra of -
eucryptite is largely preserved upon radiation exposure, avat 1 PKA/ps. Figure 4.6 shows
the comparison between the structure subjected to radiation saades at 1 PKA/ps and the
undamaged con guration. The building blocks of the structue, i.e polyhedra centered at
Al and Si atoms are shown in Figures 4.6 (a,b). In-eucryptite, Al and Si are surrounded
by four oxygen atoms, resulting in the formation of a network oAIO 4 and SiQ, tetrahedra,
as illustrated in Figure 4.6(a)]; every corner of each AlPtetrahedron is shared with an
SiO, tetrahedron andvice-versa Upon exposure at 1 PKA/ps, the O-coordination around
some of Al and Si atoms deviate from ideal value of 4, resulting the formation of nearly
planar structures centered around 3-fold coordinated Si or Abr in the formation of 5-corner
polyhedra [Figure 4.6(b)]. Furthermore, the Al and Si tetraledra tilt relative to each other.

In order to provide a quantitative assessment of the distortion (uderstood here as the
change in the O-coordination number of the Si and Al) of the Sipand AlO, tetrahedra,
we determined the number of Al- and Si-centered polyhedra of eérent O-coordination at
the end of the exposure period, as well as after the relaxatigreriod [Figure 4.7]. In the
computational cell, prior to the cascade events, all the Si (48) and Al (4608) atoms exist
in the form of SiQ, and AlO4 tetrahedra. As seen in Figure 4.7, some of these distort into
Al- and Si-centered polyhedra that have oxygen coordinationf 3 or 5. The Si tetrahedra
distorted upon radiation exposure undergo signi cant healingAt the end of the 1 PKA/ps
radiation dose,t = 50 ps, the O-coordination around 7.9% of Si atoms were obsedvéo
deviate from the ideal value of 4. During annealing at 900 Khey recover appreciably, and
in the nal structure only 2.2% of Si tetrahedra remain distored. On the other hand, the
Al tetrahedra that were distorted during exposure do not heal &r annealing. Clearly, the
SiO, tetrahedra distort much less than AlQ, which is consistent with previous experiments
on pressure-induced amorphization in -eucryptite [26]. The SiQ polyhedra were found to
heal the most. At the end of the 1 PKA/ps radiation dose, 6.25 % ofi&toms were observed
to have a 3-fold oxygen coordination. During annealing, alib two thirds of these SiG;
polyhedra recover forming SiQ.

Another way to characterize the distortion of the Al and Si tetrdnedra and their rel-
ative arrangement in the structure is the distribution function of angles between di erent
atoms. In Figure 4.8, we show the angle distribution functions,( ) for the angles de ned
in Figure 4.8(a). In undamaged eucryptite, the oxygen atomare arranged tetrahedrally
around Al and Si [14, 22]. Indeed, the distributions of the O{$D and O{AKO angles [Fig-
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ure 4.8(b,c)] show pronounced peaks at about 10@dnd 112. For the radiated structures,
these peaks are smaller in intensity and broaden signi cantly, lwch is consistent with the
distortion of the ideal tetrahedra into under- and over-coatinated AlO, and SiQ, polyhe-
dra. A similar broadening of the angular distribution peaks ha been shown to occur due
to changes in the O-coordination during amorphization of sda [190, 191]. As expected,
the ( ) peaks broaden more for the radiated structure at 1 PKA/ps as eopared to 0.2
PKA/ps. Furthermore, regardless of the radiation dosage, the ¢ant of broadening of the
O{AKO peak is higher than that for the O{Si{O peak [Figures 4.8(b,c)]. This illustrates
that the AIO , tetrahedra distort more than SiQ, tetrahedra, which is consistent with the
results in Figure 4.7.

Apart from the tetrahedral angles, the major peak for the bridg angle AK{O{Si [Fig-
ure 4.8(d)] also exhibits signi cant broadening upon exposurerhis shows that the Al and
Si tetrahedra tilt relative to each other. Consistent with these ndings, direct observation of
the radiated structures also suggested tilting of adjacent coen-sharing tetrahedra [see Fig-
ure 4.6(b)]. The distributions for the torsional angles O{AKS and O{Si{Al [Figure 4.8(e,f)]
were found not only to spread out but also to exhibit new peaks around 40{50 , pro-
viding further evidence for tetrahedral tilting. For all the angle distributions, the amount
of broadening of the strongest peak increases with dosage. Howgewwen at 1 PKA/ps,
the most probable value for the O{S{O and O{AKO angles remais around the ideal value
109.47, as shown in Figures 4.8(b,c)]. In other words, the tetrahedrarrangement of O
around Al and Si atoms is still largely preserved after relaxatin. Next, we will discuss the
atomic scale mechanism by which-eucryptite heals after radiation exposure.

4.4 Discussion

The structural changes present in the -eucryptite structures after radiation and anneal-
ing consists in (a) disordering of the Li atoms accompanied by senalustering, (b) distortion
of the Si and Al tetrahedra (change in their O-coordination nmber), and (c) tilting of the
Si and Al tetrahedra with respect to one another. In Figure 4.1), we have shown that the
main distortions that exhibit signi cant recovery upon anneding are the SiG; structures.

Our analysis of the radiated structures shows that at the end of PKA/ps dose (i.e.,
t =50 ps), 6.25% of Si atoms have a three-fold oxygen coordinati. Of these SiQ polyhedra,
60% were surrounded only by Si- or Al- centered tetrahedra, whi35% shared at least one
corner with an AlOs polyhedra.

Next, we focus on the corner-sharing Siand AlOs polyhedra in radiated -eucryptite,
and show the atomic-scale mechanism responsible for the restavatiof tetrahedral arrange-
ment of oxygen atoms around the Si atoms belonging to these JiQolyhedra [refer to
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Figure 4.9]. A signi cant number of AlO, distort to AlO 3 and AlOs, but, unlike in the case
of Si polyhedra, neither of these recover upon annealing [Eig 4.7(a)]. Next, we discuss the
atomic-scale mechanism responsible for the restoration of tetredral arrangement of oxygen
atoms around silicon belonging to Si@polyhedra in radiated -eucryptite. For clarity, only
the atoms involved in the recovery process are shown in Figuréd@a){(f). At the beginning
of the annealing period,.e. at t = 50 ps, the structure contains corner-sharing Al@, SiO,
and SiO; polyhedra as shown in Figure 4.9(a). In this structure, an oxyan atom (O) be-
longing to the AlOs polyhedron but not shared as a corner was found to be bonded td_a
atom. The three-fold coordinated silicon atom has been laldedl Si(3f) [Figure 4.9(a)]. The
three-fold coordination of oxygen around Si(3f) manifestsself in the observed average bond
angle around Si(3f), 118.83 which is close to the expected value of 120During annealing,

Figure 4.7: Comparison of the number of (a) AIO and (b) SiO polydra of di erent O-
coordination in -eucryptite at 900 K with those in the radiated structures at tre end of the
radiation dose ¢ = 50 ps) and towards the end of the subsequent annealing £ 93 ps).

the two Si-centered and the Al-centered polyhedra tilt relave to each other and the Li{O
complex oscillates: these processes create a wide range of motanthe O atom in the
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space between the two Si atoms [Figure 4.9(b,c)]. Eventuallhe O atom comes within the
interaction range of Si(3f) [Figure 4.9(d)], at which pointthe Li{O bond breaks and a new
Si{O bond forms, thus restoring the tetrahedral arrangementfoO around the (up to now)

3-f coordinated Si atom [Figure 4.9(e)]. This newly formediS, tetrahedron continues to
heal, as shown by the change in the average Si2{O bond lengtlerit 1.9A [in Figure 4.9(e)]
to 1.62A att 63 ps [Figure 4.9(f)]. The nal S{O bond length is in close agrement with
the Si{O bond length in -eucryptite [14]. Furthermore, the bond angle around Si(3fin the

nal con guration was observed to be 110, providing further evidence for the formation of
SiO, tetrahedron.

Of the SiO; polyhedra that share a corner with AlQ, 64% recovered via this mechanism
[Figure 4.9] upon thermal annealing front = 50ps to t = 93ps; annealing over an additional
100 ps improves the healing to 80%. We note that the process dadling is mediated by
AlOs polyhedra, which remain intact after the formation of SiQ. These AIO; polyhedra
are always more numerous than the SiJpolyhedra, and they never heal appreciably [refer
to Figure 4.7]; overall, these polyhedra stabilize a structurim which Si-centered tetrahedra
share either corners-only (as in pristine -eucryptite), or a combination of corners and edges
with AlO 4 and AlOs polyhedra. We also note that all the Si@ had Li atoms in their vicinity;
however, the role of these Li atoms in the recovery process isiiied to possibly assisting
the oscillation of the Li-O complex [Figures 4.9(b,c)].

On the other hand, the SiQ polyhedra that share their corners with Si@ or AlO,4 alone
restore their tetrahedral coordination with oxygen via a dierent mechanism, one in which
the Li atoms play a key role. At the end of the radiation dosagea signi cant number of
Li-O bonds are formed, as shown in Figure 4.5. These mobile Li{iairs were observed to
transport oxygen to the SiQ polyhedra (those surrounded only by SiQor AlO,4) leading to
the recovery of tetrahedral O-coordination around them. Dung thermal annealing, among
the SiO; polyhedra surrounded by SiQ or AlO4, 64% recovered via this mechanism until
t = 93 ps and 81% byt = 200 ps. However, the additional oxygen around the newly
formed SiQ, was not bonded with any other SiQ or AlO, polyhedra. In essence, although
this mechanism restores the tetrahedral O-coordination arod SiO; polyhedra, it does not
contribute to healing of the network of SiQ and AlO,4 polyhedra constituting the backbone
of the structure of -eucryptite.

Recently, using X-ray di raction, Zhang et al. discovered that under hydrostatic pressures
below 17 GPa, pressure-induced amorphization in-eucryptite is reversible as long as
remnant crystalline regions (even in trace amounts) are presqg@6]. This structural memory
has so far been attributed to the di erence in the rigidity of $0, and AlO, tetrahedra:
under applied pressure, the rigid SiQtetrahedra remain largely intact while the weak AIQ
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Figure 4.8: Angular distribution functions ( ( )) for angles the de ned in panels (a). Shown
here are () functions for (b) O{SK{O, (c) O{AKO, (d) AKO{Si, (e) O{SKAI and (f) Of
A{Si angles in -eucryptite (black) and in the phase obtained under radiatin exposure at

two di erent rates.
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distort signi cantly. When pressure is released, the network of sbng SiO, tetrahedra would
act as a template around which the Al and O atoms would relax b&cto their original
positions, thereby, leading the amorphous phase to revert to ¢hinitial crystal [26]. In
contrast, we observed that in the radiated -eucryptite the distorted SiO, revert to the
original tetrahedral arrangement during the subsequent anaéng using the AlOs polyhedra
formed during irradiation: as described above and in Figure.9, although the AlOs never
recover, they are the key factor in the recovery of Sifrom SiQs.

To explore the possibility of amorphization of -eucryptite under exposure, we simulated
the collision cascades at 1 PKA/ps for 100 ps.€., corresponding to a dosage of 0.43 dpa)
followed by annealing at 900 K and ambient pressure. We foundahthe temporal evolution
of defects followed trends similar to those in Figure 4.2. As egpted, the residual number of

(a) Li (b) (€)
o)
Si(3f)
t =50 ps t=52.6 ps t=52.8 ps
(d) (e) (f)
N—e _—
t=59 ps t=59.2 ps t=63ps

Figure 4.9: Mechanism for recovery of SiOfrom SiO; in the radiated structure (a) during
annealing at 900 K and 1 atmvia intermediate steps (b){(e) leading to the restoration of
tetrahedral arrangement of silicon (f)

defects were found to be much higher (more than twice) in corapson with the corresponding
ones for 0.21 dpae.g, in one MD simulation at 0.43 dpa, 32% of the Si atoms were inwad
in vacancy-interstitial pairs in the nal structure as compared to 12%{16% observed for the
radiated structure at 0.21 dpa. It is also worthwhile to note tlat for the structure radiated at
0.43 dpa, the Si-, Al- and O-defects all undergo signi cant anhilation during the annealing
(e.g, in a typical simulation the concentration of Si vacancies athe end of the cascade
events was 52% which recover down to 32% upon annealing at 900 while the Li atoms
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continue to disorder.

More importantly, we found that even after annealing the strature radiated at 0.43 dpa,

a signi cant number of Si atoms ( 15%) occupy lattice sites that belonged to Al in pristine

-eucryptite. In comparison, as pointed out in Sec. 4.3.2, on#%{8% Si-antisites remained
in the structure radiated at 0.21 dpa after annealing. The higer number of antisites at 0.43
dpa indicates that the basic network of Al and Si tetrahedra is serely perturbed. Indeed,
characterization of the structure at 0.43 dpa showed that theohg-range order of the crystal
planes are lost, and amorphous regions are formed in the congaional supercell. In terms
of the O-coordination around the Al and Si atoms, we nd that 4.9 of SIQ, and 28.5% of
AlO, tetrahedra remain distorted even after annealing the structes exposed at 0.43 dpa.
These values are larger than the corresponding ones for 0.2Jadpe., 2.7% and 14.5% for
SiO, and AlO4 respectively. Furthermore, at 0.43 dpa, the tetrahedra tiltmore than they
did at 0.21 dpa. In essence, as the radiation dose increases, (@hler number of Al and Si
antisites are formed, and (b) the Al and Si tetrahedra continu¢o distort and tilt further,
eventually leading to the loss of crystallinity.

Thus, at low dosage, -eucryptite preserves its crystallinity because most Al and Si
polyhedra still form the same network as Al and Si tetrahedra dani -eucryptite and also
because of the restoration mechanism described above [Figur@]4.However, beyond a
certain dose (0.43 dpa), the mechanism that is responsible forstering silicon tetrahedra
(Figure 4.9) is no longer e ective because there are too many-Al antisites that signi cantly
perturb the crystalline order of eucryptite.

45 Conclusions

The response of -eucryptite to radiation was investigated using atomistic simiation of
displacement cascades produced by randomly selected PKAs withdtic energies of 15 keV.
From our simulations, we have found that - eucryptite exposed to low dose of radiation
(0.043 dpa) exhibits pronounced recovery upon annealing 800 K. Most of the defects in
this structure remaining at the end of annealing occur due tohe spatial disordering of Li
atoms, while the other defect species annihilate almost comfay. At 0.21 dpa, signi cant
short-range damage in the form of point defects was observedn\after annealing. However,
the exposed structures recover such that the long-range orddrtbe original crystal and the
tetrahedral arrangement of O around Al- and Si- atoms are presed to a large extent.
Our analysis of the defects and characterization of the radid structures indicates that, up
to 0.21 dpa, the residual e ects are: (a) tilting of Al/Si tetrahedra relative to each other,
(b) distortion of Al/Si tetrahedra caused by deviation in the O-coordination around Al/Si
from the tetrahedral arrangement in the ideal crystal, and (cspatial disordering along with
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clustering of Li atoms. The Al- tetrahedra were found to distort nore than the Si tetrahedra.
Furthermore, we have found that upon annealing the SiQpolyhdera undergo maximum
recovery among the distortions. The analysis of MD trajectorgerevealed that the recovery
of the SiG; is mediated by the distortions in Al tetrahedra §.e., AlO5) which do not heal and
are always more numerous SiJolyhedra. Although these AIGQ polyhedra do not heal, they
are essential for recovery of tetrahedral arrangement arour® atoms belonging to Si@. We
have illustrated that this mechanism is viable only when the nmber of Si-antisites are low,
SO as to preserve the alternate arrangement of Al and Si polyhedrAt high dose of radiation
(0.43 dpa), an appreciable number of remnant Si-antisites (15 at%) were observed at the
end of relaxation. The presence of such a concentration of asites was enough to seriously
deter the recovery mechanism of SiDassisted by AIGQ polyhedra. This leads to loss of
crystalline order at 0.43 dpa, with the formation of large amghous regions.
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CHAPTER 5
ATOMIC-SCALE MECHANISM FOR PRESSURE-INDUCED
AMORPHIZATION OF -EUCRYPTITE

A paper accepted for publication inJournal of Applied Physics

Badri Narayanan} Ivar E. Reimanis? and Cristian V. Ciobanu?

We present here a reactive force eld based metadynamics studmressure-induced amor-
phization in -eucryptite, a lithium aluminum silicate that exhibits negaive thermal ex-
pansion, i.e., volumetric contraction upon heating. From our simulations,we found that
-eucryptite amorphizes under a moderate applied pressure o8 GPa. A careful inspec-
tion of the amorphous phase showed that it contains Al§) AlO4, AlOs, and SiQ, polyhedra,
indicating clear short-range order. We have also identi ed th atomic-scale processes respon-
sible for the amorphization of -eucryptite. These processes are (@) tilting and distortion
of tetrahedra centered at Al/Si, (b) change in atomic coordiation around Al, and (c) dis-
ordering of Li atoms with the formation of Li-Li, Li-O, and Li-O-Li linkages. We discuss
our results in the context of a possible general link between redgye thermal expansion,
radiation tolerance and pressure-induced amorphization inexible network structures.

5.1 Introduction

Pressure-induced amorphization (PIA) in crystalline solids haBeen studied extensively
over the past few decades due to its commercial importance, bugs in large-scale produc-
tion of bulk glassy materials via grinding, ball milling, and ompression [97, 127, 192{195].
PIA was rst observed in ice [192]; later, numerous spectroscapexperiments and theo-
retical calculations have evidenced that PIA occurs in a walvariety of crystals including
pure elements €.g. Si [196], Ge [197]) and compound®(g. oxides [198{200], silicates [97],
tungstates [96, 125, 126] and others [101, 201, 202]). Rebemolyhedral network structures
that exhibit negative thermal expansion (NTE) have drawn inteest because they undergo
PIA at moderate pressures [26, 96, 125{128]. More importantlfrom a fundamental perspec-
tive, NTE and PIA could both originate from the exible nature of the structural framework
of the crystals [95, 96].

IDepartment of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA
2Division of Engineering, Colorado School of Mines, Golden, CO 80401
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The hexagonal -eucryptite, LIAISIO 4, with an anisotropic coe cient of thermal expan-
sion( 2 =7.26 10 ®K ! normal to crystallographicc-axis, .= 1635 10 ¢ K ! parallel
to c-axis [14]) typi es the behavior of NTE materials. It exhibits a slight volumetric con-
traction with increasing temperature over a wide temperatw range (300 K { 1400 K) [14];
this provides exceptional thermal shock resistance to-eucryptite, making it suitable for a
variety of applications such as heat exchangers, telescopicrmar blanks and high-precision
optical devices [6, 7, 14]. -eucryptite is also known for its one-dimensional Li ion con-
duction [17, 19, 21, 37] and for its radiation tolerance [3132, 203], which could lead to
applications in Li-ion batteries and nuclear breeder reaots. Owing to its technological rele-
vance, -eucryptite constitutes a suitable prototype material for epanding our fundamental
understanding of the connection between NTE and PIA.

The crystal structure of -eucryptite has hexagonal symmetry (space group6,22) and
can be thought of as a stu ed derivative of -quartz [14, 22, 33{36, 38, 184]. It is composed
of a network of corner-linked SiQ and AlO, tetrahedra with signi cant voids in between,
voids in which lithium atoms reside forming channels parall¢o the c-axis [Fig. 5.1]. Similar
to other NTE materials [96, 125, 126], the anomalous thermalebhavior of -eucryptite has
been attributed to two processes (a) rotation and distortion othe tetrahedral units (i.e.,
AlO4, SiO,) and (b) spatial disordering of Li atoms [14{16, 46]. Intereskigly, our recent
molecular dynamics (MD) simulations showed that these same pregses, along with changes
in coordination around Al/Si atoms enable -eucryptite to retain its long-range crystalline
order upon exposure to radiation [203]. Furthermore, most ohe Si atoms that lose their
tetrahedral O-coordination in the radiation-damaged struture were found to recover upon
thermal annealing [203]. This nding suggests that the structtal connection between NTE
and PIA in exible network structures possibly extends to otherphenomena, such as radia-
tion tolerance.

In their recent high-pressure X-ray diraction (XRD) experimerts, Zhang et al. found
that -eucryptite begins to amorphize at pressures of 3{5 GPa via mastructive trans-
formations with signi cant changes in atomic coordinations[26, 29], and suggested that
PIA in -eucryptite is possibly assisted by mechanical instability and ketic hindrance of
equilibrium phase transformations owing to reduced atomic nhdlity at 300 K [26]. Further-
more, recent nano-indentation studies have revealed that ¢hpressure-induced transition in

-eucryptite is associated with an activation volume similar tahat of SiO4 and AlO, tetra-
hedra [30, 204]. However, the atomic mechanisms that govern®in -eucryptite and the
detailed structural characteristics of the amorphous phase asstill unclear.

To gain a better understanding of PIA in -eucryptite, we turn to atomistic simulations.
The most commonly used technique to understand the response ofstalline solids to applied
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Figure 5.1: (Color online) Crystal structure of hexagonal orered -eucryptite projected (a)
along the c axis, and (b) along thea; axis. The structure is composed of a framework of
corner-sharing AlQ, (gray) and SiO, (orange) tetrahedra, with Li atoms (purple) existing
in channels parallel to thec axis. The black lines outline the unit cell containing 12 formla
units of LIAISIO4 (84 atoms).

pressure is constant pressure MD simulation based on classical foredds [101, 205{207].
Most of the pressure-induced solid-state phase transitions are asated with energy barriers
that are signi cantly higher than thermal energy; it is highly unlikely that such high barriers
can be surmounted in MD simulations within practical timescake at the experimentally
observed transition pressures [208{210]. To circumvent thisntie-scale problem, we employ
metadynamics simulations [146, 208, 211] in which structurédansitions under pressure are
explored by sampling a history dependent free-energy surfacethe space of a few relevant
order parameters called collective variables (CVs) [146, 20811]. Since this method does
not require elevated temperatures or pressures to accelerdtee phase transition, it can
identify the lowest energy transition pathways [209]. Metadyamics has been extensively
used to study phase transitions [209, 212{215,g., Si [146, 213], Si@[212], and CdSe [209].
More relevant to the present study, metadynamics has been usead successfully determine
the atomic-scale mechanisms responsible for reconstructive padransition from anhydrous
Li-ABW zeolite to -eucryptite [214].

In this article, we focus on examining PIA in -eucryptite close to the experimentally
known transition pressure [26, 29] using metadynamics coupledhvMD simulations based
on a reactive force eld. Our analysis of the structural evolubn showed that -eucryptite
undergoes PIA at an applied pressure of 3 GPa. We have charaaed the obtained amor-
phous phase and found that it possesses signi cant short-range orgéhile lacking crystalline
long-range order. Our structural analysis also indicates thathere is a pronounced change
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in the O-coordination around Al atoms, change which leads to thformation of AlO; and

AlO s polyhedra which share edges with the SiQetrahedra. Furthermore, we have identi ed
the mechanisms associated with the lowest energy pathway for PIA -eucryptite, which

are (a) tilting and distortion of AIO 4/SiO, tetrahedra, (b) changes in atomic coordination
around Al resulting in the formation AlO, polyhedra (x = 3 or 5), and (c) spatial disordering

of Li atoms forming new Li-Li, Li-O bonds, and Li-O-Li bridges.

The remainder of this article is organized as follows. In Se6.2, we brie y describe the
computational methodology that we adopted to study the resp@e of -eucryptite to applied
pressure. The results concerning the detection of the phase teition and the structural
characterization of the newly formed amorphous phase are debed in detail in Sec. 5.3.
We discuss these results to identify the mechanism for PIA in-eucryptite in Sec. 5.4, and
draw comparisons with the atomic scale processes that are knowendccur in -eucryptite in
response to temperature changes and radiation exposure. Figalve summarize our results
and highlight the main conclusions in Sec. 5.5.

5.2 Methodology

We have employed the metadynamics technique developed by teak and co-workers
[146, 208] to explore structural phase transitions in -eucryptite under applied pressure
[146, 208, 211].

5.2.1 Solid state phase transition by metadynamics

This approach involves a systematic exploration of the Gibbsde energy surface in a
space of the CVs to search for new local minima. The CVs are choserbthe periodicity
vectors of the computation supercella, b, and c arranged in the form of a matrixh = (a b
c), whose columns hold the supercell vectors. To simplify the aryals, h is constrained to
be an upper triangular matrix [208]. The CVs are evolved in a sépest-descent like manner
at each metadynamics stem via [146]

n

h"l=h"+ h—; (5.1)

i

where h is the step size in the CV space, an[d:—j gives the direction of the driving force "
at the n'" metadynamics step. This driving force is derived from a histgrdependent Gibbs
potential G(h") as:

n_  @(h"),
@" -

(5.2)
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G(h") is the sum of the thermodynamic free energé (h") and an arti cial potential Gy(h")
created by a superposition of gaussians centered at evérfyy accessed prior to step. G,(h")
can be written as:

XY hn hlrjn 2

Gy(h") = Wexp !

T opz (5.3)

m<n ij
where the quantitiesW and h are the height and width of gaussians respectively. The term
Gy(h") prohibits the system from revisiting previously explored congurations by lling up
the initial well of the Gibbs free energy and, in turn, driveghe system out of a local minimum.
From Eq. (5.2), it is clear that " is the sum of two components (a) thermodynamic force
Fi«(h") = @z(h")=@", and (b) gaussian forceF4(h") = @x(h")=@" which can be
easily derived from Eq. (5.3). Thaj element ofF;(h") can be expressed in terms of average
internal pressure tensoip" at step n and applied pressureg as [208]:

@ (h")
@h
where V" is the volume of the computational supercell at then™ step given by V" =
det(h™). p" is evaluated by equilibrating the con guration at the n step in a relatively

short conventional MD run with the supercell shape xed ath".

In practice, the metadynamics algorithm as outlined in Eqs.H.1{5.4) is implemented
in two stages. The evolution starts from an equilibrium con guation at the desired tem-
perature T and pressurep. In the rst stage, the evolution of the CVs is determined by
both thermodynamic and gaussian driving forces. This contingeuntil the accumulation of
Gy(h") pushes the system into the basin of attraction of a new phaseg., new local mini-
mum. Physically, this occurs via the progressive deformatiorf ¢the initial structure, which
eventually leads to a structural transition. Once such a transion is detected, the simulation
proceeds to the second stage, wherein the gaussian contribution " is turned o and the
system is driven towards the new local minimum by the thermodyamic force alone. In this
second stage, the metadynamics simulation is equivalent to stderd constant-pressure MD
in which the supercell vectors are allowed to vary.

[Fe(h™)]y = = V"[(h") *(p" Pl (5.4)

5.2.2 Computational details

The interactions between Li, Al, Si and O atoms were modeled k@ general bond-order
dependent reactive force eld (ReaxFF) [69, 73] that has beefound to describe well the
formation and dissociation of bonds. In the ReaxFF formalism, # total energy of the
system contains contributions from several connectivity-degmdent interactions; all these
short-range interactions are functions of bond orders thatra derived from the instantaneous

71



interatomic distances [69, 73]. Additionally, the long-rang contributions (i.e., van der Waals
and Coulomb) are computed for every pair of atoms regardless their coordination. The
redistribution of atomic charges is evaluated at every step ugj a charge equilibration scheme
[72]. This approach enables ReaxFF to describe metallic, iopnand covalent systems equally
well [69, 73, 76{78, 80, 81, 185]. ReaxFF has been employedcsssfully to study numerous
ceramic systemsg.g, surface reactions in Si/SiQ [73, 188], Al/Al,O3 [80] and ZnO [81],
phase transitions in BaTiQ; [82], and defect structure in yttria-stabilized zirconia [8B In this
work, we employed the ReaxFF parameters developed recerfity lithium aluminum silicates
[185]. This parameter set has been shown to reproduce the enwgatly observed order of
stability of various eucryptite polymorphs, and describes withe structural, thermodynamic
and elastic properties of several bulk phases of silicates, almaties, and oxides [185].

For our metadynamics simulations, we used a computational supeil made up of one
unit cell of hexagonal -eucryptite containing 84 atoms (12 formula units of LIAISIQ) with
the lattice parameters predicted by ReaxFF under ambient cwlitions. Periodic boundary
conditions were employed to simulate bulk samples. All MD simulatns were performed
using the classical MD simulation package LAMMPS [151] with a tinstep of 0.5 fs. Before
starting the metadynamics, we equilibrated the initial structire at 3 GPa and 300 K using
constant pressure MD in the NPT ensemble for 1 ns. This equilibrateatomic con guration
(at 3 GPa and 300 K) was used as a starting structure for the metadgmics at the desired
hydrostatic pressurep = 3 GPa. The metadynamics parameters were set 8§ = 4:5 eV and
h =1 A in accordance to the guidelines provided by Refs. 146, 208t @ach metadynamics
step n, the con guration was equilibrated at constanth™ using MD simulations in NVT
ensemble for 25 psp" was obtained by averaging the microscopic virial tensor ovehe last
10 ps of this run.

5.3 Results

In this section, we describe the results of our ReaxFF based meyadmics simulations
of -eucryptite under applied pressure.

5.3.1 Phase transition

The onset of a structural transition in a metadynamics simulatino can be identi ed by
monitoring the relative orientation of thermodynamic ;) and gaussian E,) driving forces
[146]. Initially, when the structure is near a local energy mimum (i.e., while a well is
being lled up by gaussians) these two forces act along nearly opgite directions. On
passing the saddle pointF; and Fy become almost parallel. This sudden change in the
relative orientation of F; and Fy at the transition point manifests itself as a spike in the
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indicator F; Fy=(jFjjFgj) [146]. Figure 5.2(a) shows the evolution of this indicator wring
the metadynamics simulation of -eucryptite at 3 GPa and 300 K. As expected, in the
beginning, the value ofF; Fy=(jFjjF¢j) remained negative. At stepn = 58, however, a
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Figure 5.2: (Color online) Evolution of (a) relative orientition of forcesF; and Fg4, and
(b) structure factor during the metadynamics simulation of -eucryptite under hydrostatic
pressure of 3 GPa at 300 K. A spike in the relative orientation oF; and Fg indicates
structural transition at step 58.

sudden jump to positive value was observed [Fig. 5.2(a)], whiahdicates transition to a new
basin in the free energy landscape. Beyond this step, the gaussiavere switched o W =
0) to allow the system to relax towards the new local energy mmum driven by F, alone.

A more intuitive indicator signaling a solid-state phase transibn is the structure factor
S, which provides the signature for a given spatial arrangemenf atoms in a periodic lattice
[208]. The structure factorSyy for a speci ¢ crystallographic plane with Miller indices bikl)
in a computational supercell containing\N atoms can be evaluated as [216]:

X .
Shu = f e (irky+lz), (5.5)
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wheref; is the X-ray atomic scattering factor for atomj located at fractional coordinates
(X;;Y;;Z). The values off; for Li, Al, Si and O atom types were obtained from Ref. 216.
Equation (5.5) shows thatSy is a complex number; the square of its magnitudgSy j?
is directly related to the intensity of XRD peaks arising from bkl) planes. HencejShqj?
provides a convenient parameter to monitor structural chargs associated withlfkl) planes.
Using Eg. (5.5), we computed thgSy j? values corresponding to three planes { (200),
(202) and (224) for structures obtained at each metastep [Fi$.2(b)]. These three planes
were speci cally chosen because they contribute to the most imtse peaks in the XRD pat-
tern of hexagonal -eucryptite [27]. Initially, at step 0, wherein the structureis hexagonal ( -
phase), the computedSyy j? values for these planes were found to be high [Fig. 5.2(b)] as e
pected; furthermore, the order of their magnitudes was corssent with XRD experiments.[27]
At step 9, a sudden drop in thejSy j? values for (202) and (224) planes was observed
[Fig. 5.2(b)]. By direct visualization, we observed that unti step 9 the structures consisted
of a framework of corner sharing AlQ and SiO, tetrahedra. However, at step 9, the O-
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Figure 5.3: (Color online) Evolution of structural parametes of the computational supercell
(a) edge lengths namela, b, ¢, and (b) angles namely , , and during metadynamics.
The portion of the run in which the gaussians are turned oni.g., up to step 58) is shown as
the shaded region, while the gaussians are switched a.€4., W = 0) in the unshaded region.
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coordination around few Al deviates from four, resulting in tle formation of AlOs and AlO3
polyhedra. Consequently, this change in O-coordination anad Al disrupts the periodicity
of (202) and (224) planes which leads to a signi cant drop in # correspondingj Sy j?
values. To determine whether a phase transition takes place ategt 9, we switched o the
gaussians and continued the metadynamics run witk; alone. This caused the supercell
to revert to the original -eucryptite structure with associated increase in the values of
jSni j2 values indicating that no phase change occurred at step 9. Upoantinuation of the
metadynamics with active gaussians beyond step 9, th&j? values continue to decrease
gradually [Fig. 5.2(b)] to very low values at step 58. These lowalues ofjS,qj?> change
negligibly after step 58 even upon settingV = 0.

As mentioned in Sec. 5.2, the initial structure for the metadyamics (.e., at step 0)
was obtained by equilibrating -eucryptite at 3 GPa and 300 K using conventional variable-
cell MD for 1 ns. At the end of this isobaric-isothermal MD run, tle structure remains
hexagonal as shown by the supercell lengtha € b= 10.62 A, ¢ = 11.36 A) and angles (
= =90, =120). The supercell densies to a volume that is 2.5% smaller than that
corresponding to ambient conditions. To escape the free energynimum corresponding
to the -phase and explore other structures, we performed metadynamiasing a history-
dependent potential withW = 4.5 eV and h =1 A. We monitored the supercell lengths
and angles at every step during this run and have plotted theevolution in Figure 5.3. It is
interesting to note that at  step 9, there is a marked decrease m[Fig. 5.3(a)], while the
cellangles and begin to deviate from 90. This behavior is consistent with the formation
of AlOs and AlO; polyhedra, which were observed by direct visualization. Begd step 58
(at which the gaussians were switched o ), the supercell lengtrend angles did not revert
to the original values. Instead, they uctuate around new celparameters ofa = 10.03 A,
b=9.63A c=1182A, =705, =86.9,and =116.8 and the structure appears
triclinic. This indicates that an energy barrier has been @rcome and the hexagonal-phase
has transformed into a new phase. We used a smallér (0.1 A) after the gaussians were
switched o in order to better pinpoint the new values of the ck parameters.

To assess the stability of this newly found phase, we performed iale-cell constant
pressure MD simulation (at 3 GPa and 300 K) on this structure for 1 1 During this run,
the structure changed negligibly, indicating that the new phse obtained from metadynamics
resides at a new local energy minimum. The enthalpy of this nephase is 2.7 eV/formula
unit lower than the enthalpy of -eucryptite.

We also computed the XRD spectrum for -eucryptite and the new phase obtained by
metadynamics to provide further evidence for phase transitio[Fig. 5.4]. These spectra
were calculated using FullProf package [217] with a Cu-Kbeam of wavelength 1.54. The
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Figure 5.4: (Color online) Simulated XRD spectra for -eucryptite (black) and the new
phase (red) obtained atP = 3 GPa and T = 300 K. The loss of well-de ned peaks in the
XRD spectrum of the new phase indicates that it is amorphous.

computed XRD spectrum for -eucryptite (black line) was found to be in excellent agreeemt
with experiments [27]. For the sake of convenience, we haveyshown the indices for the
three most intense peaks [Fig. 5.4], namely, (202), (224), aiid00) in decreasing order of
intensity. These three peaks disappear in the new phase (red ljreg 3 GPa consistent with
our structure factor calculations [Fig. 5.4, Fig. 5.2(b)], kearly indicating a phase transition.
Furthermore, the XRD for the new phase lacks well-de ned peaksuggesting that it could
be amorphous.

5.3.2 Structural characterization of the new phase

To better understand the atomic con guration in the newly fomed phase, we analyzed the
pressure induced changes in the spatial ordering using radiakttibution functions (RDF)
for Al-O, Si-O, Li-O and Li-Li pairs [Fig. 5.5]. The corresponthg RDF for -eucryptite
under ambient conditions are also shown in Fig. 5.5 for compaan. In the newly obtained
phase at 3 GPa, the rst peak of the RDF for AI-O pair ¢ = 1.75A) broadens slightly and
reduces in intensity as compared to that of the perfect- eucryptite [Fig. 5.5(a)]. The peak
corresponding to the next-nearest neighbor (= 4.1 A) was found to be very broad, while
the higher order peaks are non-existent [Fig. 5.5(a)]. Sirail signs of structural disordering,
i.e, broadening of the rst RDF peak accompanied by disappearana# higher order peaks,
have been observed during amorphization of SiC [175];crystobalite [174], and -quartz
[176]. The RDF for Si-O, Li-O and Li-Li pairs [Figs. 5.5(b){(d] show features similar to
Al-O [Fig. 5.5(a)], indicating loss of long-range order undgpressure. This further evidences
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that the new phase obtained from our metadynamics simulationt® GPa is amorphous.

RDF

O 2 4 6 8 100 2 4 6 8 10
Distance ()

Figure 5.5: (Color online) Radial distribution functions of (a) AKO, (b) Si{O, (c) Li{O
and (d) Li{Li pairs in -eucryptite (black) and in the new phase (red) obtained undea
hydrostatic pressure of 3 GPa at 300 K. In the new phase, the longnge ordering is absent
indicating amorphization.

Interestingly, the RDF for Li-O and Li-Li pairs exhibit an additional feature [Figs. 5.5(c,d)].
The nearest-neighbor peaks for the Li-O and Li-Li pairs shiftd signi cantly smaller dis-
tances in the high-pressure phase as compared teeucryptite under ambient conditions.
For Li-O pairs, the rst peak shifts from 2 Ain -eucryptite to 1.7 A in the new phase,
which is close to the typical Li-O bond length, 1.61 A. Similarly, the nearest-neighbor
Li pairs in the high-pressure phase were found to be2.6 A apart, which is closer to the
Li-Li bond length (3.04 A) in metallic Li-bcc than to the Li-Li spacing in  -eucryptite (3.8
A). Evidently, new Li-O and Li-Li bonds are formed under pressuw; these bonds were also
previously observed in the amorphous phase obtained via indatibn of -eucryptite [185].
The structure of -eucryptite, as aforementioned, consists of a framework ofroer sharing
AlO,4 and SiQ, tetrahedra with vast open spaces between them. The Li atoms agy these
open spaces without forming any bonds with tetrahedra and o#éin Li atoms as indicated by
smallest Li-O (2 A) and Li-Li (3.8 A) separations in the -phase [Fig. 5.5]. However, under
pressure, the Li atoms move freely owing to the open spaces remgtin the formation of
Li-Li and Li-O bonds. Consistent with our RDF calculations, we hae also observed Li-O-Li
trimers in the high-pressure phase by direct visualization.

A detailed analysis of the high-pressure phase in terms of the deghation of the quasi-
rigid structural units, namely AlO4 and SiQ, tetrahedra is crucial to gain signi cant insights
into the atomic scale mechanisms that occur in-eucryptite under applied pressure. To
accomplish this, we characterized the relative arrangement atoms in the high-pressure
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phase by computing the distribution of angles between di erdrbonds. Figure 5.6 shows the
angle distribution functions for the angles de ned in Fig. 5.6(a). In -eucryptite, every Al
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Figure 5.6: (Color online) Angle distribution functions ( for angles de ned in panel (a).
The functions for (b) O{Si{O, (c) O{AKO, (d) AKO{Si, (e) O{Si{Al, and (f) O{AKSi
angles in -eucryptite (black) and new phase obtained aP = 3 GPa and T = 300 K are
shown here.

and Si is surrounded by four O atoms in a tetrahedral coordinain; however, the tetrahedra
centered at Al/Si are slightly irregular owing to small di erences in the cation-oxygen bond
lengths within a given tetrahedron [14, 22]. This irregulaty manifests itself as split peaks in
angle distribution functions of O-Al-O (107, 112 ) and O-Si-O (98, 111). Upon application
of pressure, the function for O-Si-O angle reduces in intensity and broadensgsii cantly,
with its maximum at 109 indicating that the SiO,4 tetrahedra distort considerably without
a ecting the tetrahedral O-coordination. On the other hand the O-Al-O peak for the high-
pressure phase is extremely broad, signaling the formation ofesv and under-coordinated
AlO, polyhedra. Such broadening of functions along with change in O-coordination around
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cations has been previously observed during amorphization ofberylinite [101, 201]. This
provides further con rmation that the new phase obtained at 3GPa and room temperature
is amorphous.

The bridge angle Al-O-Si and the torsional angles O-Si-Al, O-A%i de ne the orientation
of the AlO4 and SiQ, tetrahedral structural units relative to each other. In -eucryptite, the
distribution of Al-O-Si angle shows a sharp peak centered at146 indicating crystalline
order [Fig. 5.6(d)]. Under an applied pressure, the function for the Al-O-Si angle does not
have well-de ned peaks, which indicates that the new phase k& long-range order. This
also shows that the AIQ and SiQ, units signi cantly tilt relative to each other. Such tilting
of the polyhedral structural units have been reported to be assiated with amorphization
of other framework materials like SiQ, AIPO,4 and LiIKSO, [101]. The distribution of the
torsional angles O-Si-Al and O-AI-Si showed an interesting respsm to applied pressure
[Figs. 5.6(e,f)]. They were found to spread out and reduce intemsity at higher angles
under applied pressure providing further evidence for tetraddral tilting. Additionally, the
low angle peak at 20 in the functions for O-Si-Al and O-AI-Si that was present in -
eucryptite is completely lost in the new phase obtained at 3 GPgrigs. 5.6(e,f)]. This loss
of the low angle peaks is due to the formation of under/oversordinated AlO, polyhedra.

In order to provide a qualitative assessment of the extent of defaation of AlIO4 and
SiO, tetrahedra in the amorphous phase obtained at 3 GPa, we detemmed the number
of Al- and Si- centered polyhedra with di erent O-coordinatons [Fig. 5.7]. Initially, in the
computational supercell containing the -eucryptite structure, all the Al and Si atoms (100%)
are tetrahedrally coordinated by O atoms. Under applied pressey the O-coordination
around 41.7% of Al atoms deviates from 4. Around a quarter of the Al atomfrm AlOs
polyhedra, 16.7% form AIG; polyhedra, while the remaining 58.3% of Al atoms remain
tetrahedrally coordinated. The number of SiQ tetrahedra, on the other hand, remains
una ected by pressure.

5.4 Discussion

Although, strictly speaking, our calculations with periodic mundary conditions pre-
dict a triclinic system for the high-pressure phase, informatiofrom the structure factor
[Fig. 5.2(b)], radial and angular distribution functions (Hg. 5.5 and Fig. 5.6), and simulated
XRD spectrum (Fig. 5.4) unambiguously indicate that the new phse is amorphous. This
nding is consistent with previous in situ XRD experiments [26, 29]. Structural charac-
terization revealed that the amorphous phase is composed of AlQAIO,4, AlOs, and SiO,
structural units; thus, it possesses signi cant short range order desp lacking long-range
crystalline order. Such short range order is known to be presex upon amorphization of
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Figure 5.7: (Color online) Comparison of the number of AlQand SiQ, polyhedra of di erent

O-coordination (i.e., di erent values ofx) in -eucryptite under ambient conditions and the
new phase obtained at 3 GPa and 300 K.
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other framework ceramics like Si@[101, 102, 176], AIPQ[201, 202], ZrWOg [96] and others
[95, 125, 126]. The structural changes that accompany amoiipation of - eucryptite con-
sists of (a) tilting of AlO 4 and SiQy tetrahedra, (b) deviation of O-coordination around some
Al atoms away from 4, and (c) disordering of Li atoms with concoitant formation of new
Li-O and Li-Li bonds. In the following paragraph, we focus onfte atomic scale mechanism
governing the amorphization of -eucryptite under applied pressure [refer to Fig. 5.8].

In the initial con guration [Fig. 5.8(a)], the structure is composed of a network of corner-
linked tetrahedra centered on Al and Si atoms. The Li atoms arerpsent in the spaces
between these tetrahedra without being bonded to them. In thest few metadynamics
steps, these tetrahedra tilt relative to each other and, at the sae time, the spatial array of
Li atoms becomes disordered {refer, for example, to the snapsieken at step 2 [Fig. 5.8(b)].
The disordering of the Li atoms results in the formation of Li{li and Li{O bonds. Some of
the Al-O bonds experience stretching, which leads to the gradldistortion of the associated
AlO, tetrahedra. As seen at step 9 [Fig. 5.8(c)], the tetrahedral tihg along with stretching
of Al-O bonds causes the O-coordination around a few Al atoms thv@ange, resulting in the
formation of AlO3; and AlOs polyhedra. This change in O-coordination around Al atoms is
consistent with the sudden drop in the structure factors correspaling to (202) and (224)
planes [Fig. 5.2(b)] at step 9. As the metadynamics algorithmrpceeds, the number of
o -coordinated Al atoms gradually increases to 25% at the transition point, i.e. step 58
[Fig. 5.8(d)]. After the transition, the distortion of the AlO 4 tetrahedra into other polyhedra
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continues to increase [Fig. 5.8(e,f)] until 41.7% of Al atoms are centers of under/over-
coordinated polyhedra in the amorphous phase at equilibriurfFig. 5.8(f)]. On the other
hand, the SiQ, tetrahedra remain intact during the entire metadynamics ra. In fact, in
the nal amorphous phase, the lengths of the Si{O bonds are ndgidentical to the average
Si-O bond length in -eucryptite under ambient conditions (1.6A). This nding supports
the hypothesis of Zhanget al. that in -eucryptite, the SiO, tetrahedra will not deform
under applied pressures up to 17 GPa [26].

A close inspection of the amorphous phase [Fig. 5.8(f)] revetiat the newly formed AlOg
polyhedra share edges with the SiQtetrahedra. The formation of edge-sharing polyhedra
results in a drastic decrease in the open spaces available in theusture, causing densi ca-
tion. Indeed, the amorphous phase obtained under pressure wasrid to be 19.4% denser
than -eucryptite. Each of the nearly planar AlIQ polyhedra shares two of its corners with
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Figure 5.8: (Color online) Atomic scale mechanism of amorplaton of (a) -eucryptite
under a hydrostatic pressure of 3 GPa at 300 K. The amorphizatioproceeds via relative
tilting of SiO 4 (orange) and AlIQ, (gray) [panel (b)] that eventually leads to change in O co-
ordination around Al resulting in AlO3 (pink) and AlO s polyhedra [panel (c {h). Signi cant
disordering of Li (purple) is observed resulting in the formatn of Li{O (blue) bonds. For
the sake of clarity, computational supercell (outlined by blek lines) is replicated along the
three supercell vectors.

either SiO,/AIO 4 tetrahedra or AlOs polyhedra, while the third O corner is bonded to a Li
atom. Furthermore, 83% of the Li atoms are bonded to either O or other Li atoms; ofite
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these Li atoms were found to be involved in Li-O-Li triatomic tusters. The remaining 17%
of Li stay unbound and are therefore mobile.

In essence, the atomic scale processes responsible for amorplumadf - eucryptite are
(a) tilting of AIO 4 and SiQ, tetrahedra relative to each other that eventually results irthe
formation of AIO; and AlOs polyhedra while keeping the Si@ intact, and (b) disordering
of Li atoms with the formation of (new) Li-Li and Li-O bonds. This behavior is similar to
several other ceramic oxides that possess a framework structuréghacorner-sharing poly-
hedra [96, 101, 125, 126, 201, 202]; the principal reason foe tPIA of all these compounds
was reported to be polyhedral tilting with concomitant chage in O-coordination around
cation(s). For instance, SiQ, LIKSO,4, and AIPO,4 under applied pressures (10{15 GPa)
undergo crystalline-to-amorphous transition when the intepolyhedral bridge angle reduces
to 124, consequently increasing oxygen coordination around some iocas [101]. Of par-
ticular interest is berylinite (AIPO 4), which is made up of a network of corner-sharing AlQ
and POy tetrahedra. Similar to -eucryptite, the AlO4 tetrahedra of berylinite deform to the
point of changing the oxygen coordination around Al [101, 2D1The other type of tetrahe-
dra, namely SiQ (in -eucryptite) and PO, (in berylinite) remain intact. This behavior can
be attributed to the higher strength of Si-O and P-O bonds as eopared to the Al-O bonds,
as suggested by the larger Al-O bond length (1.8 for Si-O, 1.52 A for P-O [206], 1.75A
for Al-O). The rigidity di erence between the Si-O bonds in SD4 and Al-O bonds in AlO,
tetrahedra manifests itself in another structural transition,Li-ABW zeolite !  -eucrypitite,
which occurs solely via dissociation and reformation of certaiAl-O bonds [214].

It is interesting to note that -eucryptite transforms into an amorphous phase at mod-
erate pressures 3 GPa similar to other exible network oxide structures exhibiing NTE
[96, 125, 126]. Using high-pressure spectroscopic studies on Z0A/ Perottoni et al. il-
lustrated that both NTE and PIA can be attributed to the rotatio n of the ZrOs and WO,
polyhedra. Our previous density functional theory studies B, along with other calculations
[15, 16] and XRD experiments [14] showed that the negative coeient of thermal expan-
sion of -eucryptite is a consequence of tetrahedral tilting and pragssive Li-disordering.
As shown by Fig. 5.8, these same atomic scale processes occur durirg drystalline-to-
amorphous transition in -eucryptite under applied pressure of 3 GPa. The tetrahedral
tilting that arises due to the natural exibility of the netwo rk of corner-sharing AIQ, and
SiO, acts as the driving force for NTE and as the way to accommodatée applied pressure
during amorphization; the major di erence is the extent of ilting, which is much larger
during the amorphization under pressure.

Apart from temperature changes and applied pressure, it has beereviously reported
that tetrahedral tilting, change in O-coordination around cations, and disordering of Li
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atoms occur when -eucryptite is exposed to neutron radiation [203]. Upon exposaito ra-
diation, the O-coordination around both Al and Si atoms devites from the value of 4. When
the damaged -eucryptite is annealed, most of the Si@polyhedra were found to healj.e.,
the Si atoms belonging to these Sippolyhedra revert to their tetrahedral O-coordination
via a mechanism involving tilting of SiGQ and AlOs polyhedra. The AIOs polyhedra, al-
though vital for the structural repair of SiOz, do not heal [203]. In contrast, under applied
pressure, we found that only the AIQ tetrahedra deform, while SiQ tetrahedra remain
intact [Figs. 5.7, 5.8]. Thus, the three apparently disconneetl phenomena exhibited by

-eucryptite, namely, negative thermal expansion, radiatio tolerance, and amorphization
under moderate pressures are all related to the inherent exi nature of the network of
corner-sharing AlQ, and SiQ, tetrahedra.

5.5 Conclusions

In summary, we have performed metadynamics simulations usingeactive force eld to
examine the structural changes that occur in -eucryptite under hydrostatic compression.
From these simulations, we found that under an applied pressure ®GPa -eucryptite loses
its long-range order resulting in an amorphous phase that is #96 denser than -eucryptite.
We characterized the structure of this amorphous phase and fodi that several AlO, tetra-
hedra present in -eucryptite deform appreciably under pressure and turn intoither AlO 3
or AlOs polyhedra. The SiQ tetrahedra, on the other hand, remain unperturbed. The
AlO5 polyhedra share edges with Sipwhile SiO; were found to share two of its corners with
any of the other polyhedra (AIQ,, AlOs, or SiO,) with the third O attached to a Li. The
formation of polyhedra centered at Al with o -tetrahedral coordination causes densi cation
via formation of edge-sharing Al@ and SiO, polyhedra and disruption of long- range order.
In addition, the Li atoms disorder considerably and form new LLi and Li-O bonds.

Our metadynamics simulations also revealed the lowest energiomic scale pathways
followed by PIA in -eucryptite at 3 GPa and 300 K. The dominant mechanism respons$g
for PIAin -eucryptite was found to be the tilting and distortion of AlOQ, and SiO, tetrahedra
that eventually causes change in O-coordination around Al. Fthermore, a comparison of
this underlying mechanism for PIA with those that are known to acur in response to thermal
and radiation environments in -eucryptite indicate that NTE, PIA and radiation tolerance
have common origin in the exible framework of AIQ and SiQ, tetrahedra.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

In this chapter, we summarize the results of this dissertation @hhighlight its key accom-
plishments. In addition, we suggest a few future research direatis that could provide the
next steps towards the ultimate goal of designing novel silicetbased materials with tailored
physical properties.

6.1 Conclusions

A combination of density functional theory (DFT) calculations and atomistic simulations
based on a reactive force eld were employed to examine the cattion between the 3D
network structure of - eucryptite to its fascinating physical properties. Speci chy, this
work focussed on three intriguing properties of -eucryptite, namely, (a) negative thermal
expansion over wide temperature range, (b) radiation tolerece, (c) structural transitions at
moderate pressures.

Using DFT total energy calculations, we determined the elasticonstants of -eucryptite
; these values were subsequently used to evaluate the linear coegsibility of -eucryptite
parallel to the c-axis, ., and normal to it, ,. The calculated values of compressibility
were found to be in close agreement with those derived from thiagtic constants known by
ultrasonic experiments. These values were, however, in cordietion to those reported by
Hortal and co-workers[42] using a direct three-terminal techque. Our calculations ascer-
tained that the compressibility parallel to the c-axis is positive as opposed to the negative
value reported by direct measurements; this result is consistentith the ndings of Licht-
ensteinet al. [15, 16] and Xuet al. [14]. Thus, by employing an independent technique for
determining , and ., we resolved a long-standing discrepancy in the literature swund-
ing the sign of .. Furthermore, from on our calculations, we also demonstratechat the
negative thermal expansion in -eucryptite must be associated with a negative Graneisen
function along the c-axis rather than negative .. Indeed, Lichtensteinet al. [15, 16] have
shown using phonon density of states calculations that the Gneisen parallel to thec-axis
in -eucryptite is strongly negative owing to the Si{O and AKO bering modes. Our cal-
culations in conjunction with the works of Lichtensteinet al. [15, 16] and Xuet al. [14]
clearly illustrate that the negative thermal expansion in -eucryptite is a manifestation of
tetrahedral tilting and cation disordering and is not relat@ to elastic e ects.

To identify the atomic-scale mechanisms underlying radiatiotolerance and the structural
transitions in  -eucryptite under applied pressure, we turn to atomistic simuteons based
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on empirical force- elds. The atomic interactions were desitred using a reactive force eld
(ReaxFF) that is based on a bond order formalism along with a cinge equilibration scheme.
ReaxFF is well-known to provide accurate description of dymaics in metallic, covalent,
and ionic systems owing to its uni ed approach. We parametered the ReaxFF for Li-Al-
Si-O systems using DFT calculations of structural properties & humerous bulk phases of
aluminates, silicates and oxides, and several representativasiers. The obtained parameters
were found to accurately predict structural, thermodynamicand mechanical properties of
several condensed phases in the Li-Al-Si-O system. Furthermorewas found to describe
well the amorphization of -eucryptite under an indenter making it suitable for studying
phase transformations. We note that the ReaxFF parameters fori{Al-Si-O developed in
the present study describe well the single-species systeragy( Li-metal, Al-metal, Si etc.)
which makes it suitable for investigating structure and propédres of suboxides, atomic-scale
mechanisms responsible for phase transformations, as well as akiwh-reduction reactions.

Radiation induced structural damage in -eucryptite was investigated using ReaxFF
based molecular dynamics simulations of displacement cascagedduced by imparting ran-
domly selected primary knock-on atoms a kinetic energy of 1®¥. These simulations in-
dicated that below a dosage of 0.21 dpa, the long range crystadl order of -eucryptite is
preserved while signi cant short range damage in the form of pai defects was observed.
Our structural characterization showed that the remnant e ets of radiation consist of (a)
tetrahedral tilting, (b) change in the O- coordination around considerable number of Al- and
Si- atoms, and (c) spatial disordering of Li atoms. The Al-tetrahéra deform more than the
Si-tetrahedra. Upon annealing the damaged structures at 900, Kve found that the SiOy
polyhedra formed during radiation heal the most among the otetrahedrally coordinated
AlO, and SiQ, polyhedra. About two-thirds of the SiO; revert back to the tetrahedral
coordination forming SiQ, during annealing via a mechanism mediated by Al polyhedra
formed during radiation. This mechanism consists of relativalting of corner sharing AlGs
and SiO; polyhedra so as to satisfy the tetrahedral coordination arountthe Si of SiG;. This
eventually results in the formation of edge-sharing Al@and SiQ;; the AlOs does not heal
but is crucial for the healing of SiQ. At very high doses, this mechanism is rendered inef-
fective because of a signi cant increase in the Al-Si antisites (15% at 0.43 dpa) resulting
in loss of crystallinity and formation of amorphous phase.

To explore structural transitions in -eucryptite under applied pressure, we performed
metadynamics simulations in the framework of ReaxFF. These sidations showed that -
eucryptite transforms into an amorphous phase under an apptienydrostatic compression of
3 GPa at room temperature. We characterized the structure ohis amorphous phase and
found that 41.7% of the Al atoms undergo a change in local coordinationsigting in the
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formation of AlO3; and AlOs polyhedra. The SiQ tetrahedra, on the other hand, remain
intact. The AlO 5 polyhedra share edges with SipQwhile AlO3; were found to share two of its
corners with any of the other polyhedra (AlQ, AlOs, or SiOy) with the third O attached to
a Li. The formation of edge-shared polyhedra combination reléed in drastic densi cation.
Furthermore, the deviation of O- coordination around numesus Al atoms from 4 resulted
in the disruption of crystalline order. From our metadynamicsimulations we also identi ed
the lowest energy pathway for amorphization of -eucryptite. This pathway consisted of (a)
Al/Si tetrahedral tilting and distortion which eventually le ads to change in O-coordination
around several Al, and (b) spatial disordering of Li.

In essence, the atomic scale motion governing the response aducryptite to changes in
temperature, pressure, and exposure to radiation involve tilig of AlO, and SiO, with/without
changes in O-coordination around either Al or Si or both. In adition, in all these cases,
signi cant position disordering of Li atoms is observed. Thus, ta apparently disconnected
phenomena of negative thermal expansion, radiation tolerae, pressure induced amorphiza-
tion at moderate pressure in -eucryptite bear a common link { the exible nature of the
network of corner sharing AlIQ and SiQ, tetrahedra, and the vast open spaces available
(between these tetrahedra) for atomic motion.

6.2 Recommendations for future work

This dissertation focuses on understanding the structure-profdg relationship in -
eucryptite with emphasis on the response to temperature, radian and pressure; some
guestions remain unanswered. Here, we list a few issues that neecowaddressed in the
future:

Using high pressuran-situ X-ray di raction experiments, Zhang et al. found that -
eucryptite begins to amorphize under applied pressure 3 GPa [26, 29]. Interestingly,
they observed that below a certain critical pressure 17 GPa, the amorphous phase
reverts back to crystalline upon unloading provided crystalline domains are present in
the amorphous phase (even in trace amounts) [26, 29] Althougnis$ partial structural
recovery has been empirically observed, the reason behindsthimtriguing behavior is
still unclear. The atomic scale mechanisms responsible for strucal memory in -
eucryptite are likely to be a manifestation of the exible stricture of -eucryptite; if
this likelihood is con rmed, it would unveil a trend betweennegative thermal expansion
and structural memory in exible framework structures.

Among the pressure-induced transitions in -eucryptite, the most recently discovered
is the reversible J  transformation that occurs at 0.8 GPa and ambient temper-
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ature [25]. Although, later spectroscopic studies have con rnadethe occurrence of this
transition [27], the detailed structural characterization ¢ the metastable high pressure
is still elusive. Furthermore, the kinetics, atomic scale pathays, and crystallography
ofthe §J are also unclear. The reverse transition ! associated with a volume
increase has a potential application in transformation tougéned ceramics. Owing to
its technological relevance, the pressure inducedf  warrants further investigation.

To predict the structure of the metastable phase phase, theoretical studies based
on genetic algorithms are currently ongoing (Prof. Ciobanrs group). The atomic
scale mechanisms associated with this transition can be studied nggiReaxFF based
molecular dynamics/metadynamics.

The e ects of doping -eucryptite with other elements, such as, Zn, Mg etc. needs to
be explored. Recently, using nanoindentation, Ramalingaet al. examined the e ect
of doping -eucryptite with 0.5 mol% of Zn on the reversible §  transformation.
They found that doping possibly causes a reduction in the transdn pressure, and
in uences the hysteresis behavior of this reversible phase trsfiormation [123]. How-
ever, the role played Zn in causing these changes is yet unknow@learly, such a study
would be invaluable towards the goal of designing LAS based coaosited with tailored
properties.
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APPENDIX A - SUPPLEMENTARY INFORMATION FOR \A REACTIVE
FORCE FIELD FOR LITHIUM-ALUMINUM SILICATES WITH
APPLICATIONS TO EUCRYPTITE PHASES"

This appendix was published as supplementary information fdhe article titled \A re-
active force eld for lithium-aluminum silicates with applications to eucryptite phases" in
Modelling and Simulation in Materials Science and Engineeri

Badri Narayanan? Adri C. T. van Duin, ® Branden B. Kappes? Ivar E. Reimanis? and
Cristian V. Ciobanu*

A.1 Details of the ReaxFF formalism

Reactive force eld (ReaxFF) is based on a bond-order formalin in conjunction with
a charge equilibration scheme, wherein, the total energy of systemE is described as a
sum of partial contributions arising from several bonded and mebonded interactions. The
parameter notations in the paper and in this Supplementarynformation are consistent with
those in Chenowethet al., Journal of Physical Chemistry A112, 1040 (2008). We have used
shorthand notations for a few of the parameters, as indicatecelow in Table A.1.

In the present study on lithium aluminum silicates, the total enegy was expressed as:

X X X X
E = Eb;ij + Eov;i + Eun;i + EIp;i
i< ' ! !
X X X
+ Eviik + Evaw;j + Ecij; (A.1)
ik ] ]
i<j<k i<) i<)

where Ey;j is the energy of a bond between atomisand j, Eq,; and E;n; are the penalty
terms for over- and under- coordination around an atom, E,,; is the energy associated
with lone-pair electrons around an atom, E,x is the energy associated with the deviation
of valence angle subtended at atorj by atomsi and k from its equilibrium value, Eqw;
and Ec; are the contributions from van der Waals and Coulomb interamns respectively
between the pair of atoms and . All the terms on the right side of Eq. (A.1) except the

1Reprinted with permission of Modelling and Simulation in Materials Science andEngineering 20, 015002
(2012)

2Department of Metallurgical and Materials Engineering, Colorado School of Mhes, Golden, CO 80401,
USA

3Department of Mechanical Engineering, Pennsylvania State University, UniversityPark, PA 16802, USA

“Division of Engineering, Colorado School of Mines, Golden, CO 80401
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van der Waals and Coulomb energies arise from bonded interaets. The partial energy
contributions of these bonded interactions depend on the lakcenvironment around each
atom; this dependence is accounted through the bond ordermslculated using instantaneous
atom positionsr.

Table A.1. Shorthand notation of certain parameters used in # present study with their
equivalent notation in Chenowethet al., Journal of Physical Chemistry A112, 1040 (2008).
For all the parameters not listed here, we used identical not&ins to those of Chenowetlet
al.

Description of the parameter Notation in JPC-A, 112, 1040 (2 008) Notation in present study
Valency terms Vali, Val’c, vale, Va2 Vi, vpoe, ve, va
Over/Under coordination parameters Povun 1, Povun 2, - - -, Povun 8 pP1, P2, ---, P8
Valence angle parameters Pval 1, Pval 25 - -+ Pval 10 Pvi, Pv2, ..., Pvio
van der Waals parameters Pvaw 1, w Pvaw »  vdw

In ReaxFF, the bond orderBOﬁ-J between a pair of atomg and | is calculated from the
interatomic distance between thenr; using the relation:

BO? = BOJ +BOY + BO}
B rij Pbo2
= exXp Poa P
0
ri' Pboa ri' Poos
+eXp Pos - +exp Pos —— ; (A.2)
o o

whereBO} , BO} andBOJ are the partial contributions corresponding to , - and double
- bonds respectivelyr,, r, andr, are the covalent bond radii of , - and double -bonds
betweeni andj while pyo's are the bond order parameters. Using the bond orders calcudalt
from Eq. (A.2) overcoordination ( 9) around an atomi can be evaluated as:
ngeoi)
9= v+ BO; (A.3)
j=1
where V; is the valency of the atomi and ngl(i) is the number of neighbours around.
The bond orders BOi‘J?) calculated using Eq. (A.2) are then corrected for local oveuhder

coordination and residual 1{3 bond orders in valence angley bmploying the scheme:
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BO, = BOJf, o D fs XBOJ fs [BOY

BO, = BOJfy o P fi X D fs P2BOJ fs [,BO}
g, o000 - 1 Vitfe © 7
B AR VN PR A P
!
Vitfa 7
A.4b
Vi + 12 io;j0+f3 io;jo ( )
fa % ° =exp( Pooa D+EXP  Pooa | (A.4c)
1 1
fs O jo = ——In > exp( Pz )+eXP  Proc jo (A.4d)
Pooc 2
0. 0 _ 1
fa 'BOj = 550 boc (A.4e)
1+eXp Poocs pbomBOij Boij i + Pbos
fs 5BOP = ! (A.4f)

1+ eXp pbocS pbooﬁlBOﬂ'J Boi(j) jboc + pbocs

where pyoc's are bond order correction parameters and P°¢ is the overcoordination used
to soften the correction for bond orders involving atoms begng lone pair electrons expressed
as:
ngb(i)
P°= V P+ BOy; (A.5)
j=1
where VP°¢ is the valency used for bond order correction for lone pair beag atoms. The
softened correction of bond orders through Eqgs. (A.4e) and (AMdllows the atoms bearing
lone pair electrons after lling up their valency to break trese electron pairs and involve
them in chemical bonding [J.E. Muelleret al., J. Phys. Chem. C114, 4939 (2010)]. The
bond order correction scheme described by Eqgs (A.4a){(A.4f) enss that the weak bond
orders are reduced in magnitude for fully coordinated atomshile retaining them in under-
coordinated atoms allowing ReaxFF to succesfully describe th@nsition states and kinetics
of a reaction as well as bulk phases. Furthermore, this schemepimitly accounts for multi-
body interaction through the 2-body bond orders, wherein, €a atom in uences every bond
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order within a sphere de ned by the bond order cut-o . The corected bond orders BOj; )
obtained from Eqgs (A.4a){(A.4f) are used to evaluate the corréed local over-coordination
using the relation:

ngb(i)

i= V i+ BOij : (A.6)
i=1
The corrected bond ordersBO;; ) are used to evaluate the bond energy involving a pair

of atomsi and | using the relation:

Evj = DcBO;exp pa 1 (BO;)™  D,BO; D, BO (A7)

i ij
whereD,, D, and D, are the dissociation energies of, - and double -bonds whilepye's
are the bond energy parameters.

The number of lone pairs of electrons on a given atoincan be evaluated using the

relation:

|
e e 2
Nip;i = 7' +exp  Pp1 2+ | 2 7' (A.8)

where bxc is the greatest integer less tharx, pp; is a lone pair energy parameter and ?
is the di erence between the number of electrons in the outeshell ofi V¢ and the sum of
bond orders around written as:

ngeo(i)

c= VvV e+ BO; (A.9)

j=1
A normally coordinated atom would bear the optimal number ofone pair electronsni,.op
and an optimum number of bond orders around ite.g. for oxygenn,.q, = 2 and total bond
order = 2 [J.E. Mueller et al., J. Phys. Chem. C114, 4939 (2010)]. As the bond order
around a given atom bearing lone pair electrons increases, E¢&.8) causes a few pairs to
break up to involve in bonding which leads to a deviation of,; from its optimum value.
This deviation is associated with a energy penalty given by:

- p|p2 (nlp;opt nIp;i) .
1+exp( 75 (Oipopt  Nip;i))’

wherepy,, is a lone pair energy parameter.

A overcoordinated atom ( ; > 0) imposes an energy penalty which contributes to the
total energy of the system. The overcoordination around an atoi is reduced if it contains
a broken-up lone pair of electrons [J.E. Muelleet al., J. Phys. Chem. C114, 4939 (2010)].
This e ect is taken into account by correcting the overcoorthation ( ;) for broken-up lone

Eps (A.10)
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pair electrons to obtain *° using the relation:

!pc - . 0 Q n|pZ0pt nlp;i 91 - (A 11)
! ' < ng(i) = '
1+ psexp@p, ;P BO,+BO; A
i

This corrected overcoordination !pc is then used to calculate the energy penalty due to
overcoordination as:
nj(ond

P° pD.BO;

_ i=1
Eov;i -

(A.12)

LV l+exp pp P°

wherep's are over/under coordination parameters. For undercoordated atoms ( ; < 0), it
is important to account for the resonance of -electrons between the undercoordinated atom
and its neighbors. The energy penalty for under-coordinatioaround atomi is expressed as:

E . = pSFunl( :pc . (A.13a)
"M 1+ prexp (psFun2(BO; )
L epm
Funa( )= | (A.13b)
l+exp p2 ™
ng(i)
Fun2(BOj ) = ,- P BO, + BO; (A.13c)

]
j=1

The energy contribution from the deviation of valence angle jx subtended at central
atom j by atomsi and k can be expressed in terms of its equilibrium value, and functions
of bond order and overcoordination as given by Egs. (A.14a) {(A4h). The equilibrium
value of the valence angle jx depends on the sum of -bond ordersSgo around the central
atom j as given by Egs. (A.14e){(A.14h). Such a bond-order based desc¢igm of ( not
only enables ReaxFF to identify the hybridization states of aiven atom based on its local
geometry but allows it to describe continuous change in the oalination around an atom
using a single atom type. Furthermore, Eqg. (A.14e) accounts fdhe e ect of over/under
coordination of atomj and the in uence of lone pair electrons on . The functional form
of Eg. (A.14h) is chosen to avoid singularities in energy ago = 0 and Sgo = 2. In
Egs. (A.14a) {(A.14h) p,'s are valence angle parameters and?® is the valency used in the
valence angle evaluationV? is identical to V*°¢ used in bond order correction for non-metals.

111



p1t+ F7(BO;)f7(BOK)fe( )R/ ( ix) ifpa<O

Eviik = _ (A.14a)
f7(BO; ) f7(BO)fe( j)Fv( i) if pps>0
FoCg)=p1 1 exp pa( o ) (A.14b)
f7(BOj)=1 exp p3BO (A.14c)
2+exp pwe |
fe( )= 1 ) A.14d
s( j)=ps (Ps )1+exp B ? +eXp Py ¢ ( )
1
g )
Sgoj = i PvaNip; @ exp Bojsn A
n=1
g )
+ BO,, + BO,, (A.1l4e)
n=1
(i)
a= yvay  BO (A.14f)
j i in
n=1
0= oofl exp( pvo(2 Sgozj))g (A.149)
8 .
0 if S;o; O
Pvo i .
Seozy = _ B0 O<Seo; <1 (A14n)
§ 2 (2 SBO;j )pvg if 1< SBO;j <2

Apart from the bonded interactions described above, there armepulsive interactions
between very close atoms owing to Pauli's exclusion principdéad long range attractive forces
due to dispersion. These pairwise interactions include the vardWaals and Coulomb forces
which are evaluated forevery atom pair, irrespective of the geometry and instantaneous
connectivity. For both these interactions, a Taper correctio T (r; ) is employed to avoid
discontinuities in energy at the non-bonded cut-o distanceR., = 10 A) which is written
as:

7 6 5 4
rij rij rij rij
70 +84 35
Rcut RCUt RCUt Rcut
The energy contribution from van der Waals interaction betwen a pair of atomd and | is

given by:

T(rj)=20 +1: (A.15)
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faa(rij)

Evawij = T(rj)Dy exp 3 1 — y
vdW
2exp —- 1 Fas(ry) (A.16)
2 l'vdw
1
where f3(ry) = ¥ + " Paw is a shielding term included to avoid excessive

repulsive interactions between bonded atoms and atoms coimg a valence angle (1{3
interactions), Dj is the depth of the potential well,rqw is the van der Waal radius,py,qw
and ,qw are the van der Waals shielding parameters.

The Coulomb interaction energy between atomsand j is expressed as:

Ecj = T(rj)C— 2% (A.17)
r3 + 3
ij ij

where g and g are instantaneous charges on atomsand j evaluated at every iteration

during a molecular dynamics run by employing the Electronegivity Equalization Method,

C is Coulomb's constant and j is a shielding parameter incorporated to avoid excessive

repulsions due to overlap of orbitals at very short distances.

W[

A.2 Parameters for Li-Al-Si-O systems in LAMMPS compatible format

This section of the supplementary information provides the RexFF parameters for Li-
Al-Si-O systems in a format compatible with the molecular dynaims package LAMMPS.

Reactive MD-force field: Li/Si/Al/O/water force field. Pa rameter names according
to Chenoweth et al. JPC-A 2008 (Supplement)
39 I Number of general parameters
50.0000 !p(bocl)
9.5469 !p(boc2)
26.5405 !p(coa2)
1.7224 p(trip4)
6.8702 !p(trip3)
60.4850 'kc2
1.0588 !p(ovun6)
4.6000 !p(trip2)
12.1176 !p(ovun?)
13.3056 !p(ovun8)
-70.5044 Ip(tripl)
0.0000 !Lower Taper-radius (swa)
10.0000 !'Upper Taper-radius (swb)
2.8793 INot used
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33.8667 !p(val7)

6.0891 Ip(Ipl)

1.0563 !p(val9)

2.0384 !p(vall0)

6.1431 !Not used
6.9290 !p(pen2)

0.3989 !p(pen3)

3.9954 Ip(pend)

-2.4837 Not used
5.7796 Ip(tor2)

10.0000 !p(tor3)

1.9487 !p(tord)

-1.2327 !not used

2.1645 !p(cot2)

1.5591 !p(vdwW1)

0.1000 !Cutoff for bond order (*100) (cutoff)
2.1365 !p(coad)

0.6991 !p(ovun4)

50.0000 !p(ovun3)

1.8512 Ip(val8)

0.5000 !Not used

20.0000 !Not used
5.0000 !Not used
0.0000 !Not used
2.6962 !p(coa3l)

6 I Nr of atoms; atomID;ro(sigma); Val;atom mass;Rvdw;Dij; gamma;ro(pi);Val(e)
alfa;gamma(w);Val(angle);p(ovun5);n.u.;chiEEM;etaEE M;n.u.
ro(pipi);p(Ip2);Heat increment;p(boc4);p(boc3);p(boc 5),n.u.;n.u.
p(ovun2);p(val3);n.u.;Val(boc);p(val5);n.u.;n.u.;n. u.

H 0.8930 1.0000 1.0080 1.3550 0.0930 0.8203 -0.1000 1.0000
8.2230 33.2894 1.0000 0.0000 121.1250 3.7248 9.6093 1.0000
-0.1000 0.0000 61.6606 3.0408 2.4197 0.0003 1.0698 0.0000
-19.4571 4.2733 1.0338 1.0000 2.8793 1.0000 0.2000 12.0000

o] 1.2450 2.0000 15.9990 2.3890 0.1000 1.0898 1.0548 6.0000
9.7300 13.8449 4.0000 37.5000 116.0768 8.5000 8.3122 2.000 O
0.9049 0.4056 59.0626 3.5027 0.7640 0.0021 0.9745 0.0000
-3.5500 2.9000 1.0493 4.0000 2.9225 1.3000 0.2000 13.0000

Si 21932 4.0000 28.0600 1.8951 0.1737 0.5947 1.2962 4.0000
11.3429 5.2054 4.0000 21.7115 139.9309 4.2033 5.5558 0.000 O
-1.0000 0.0000 128.2031 9.0751 23.8188 0.8381 0.8563 0.000 O
-4.1684 2.0754 1.0338 4.0000 2.5791 1.4000 0.2000 13.0000

Al 21967 3.0000 26.9820 2.3738 0.2328 0.4961 -1.6836 3.000 O
9.4002 1.6831 3.0000 0.0076 16.5151 -0.3343 6.5000 0.0000
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Li

15

-1.0000
-23.1826
1.6908
10.8333
-1.0000
-24.7916
-0.1000
10.0000
-0.1000
-11.0000

0.0000 78.4675
1.5000 1.0338
1.0000 6.9410
1.4649 1.0000
0.0000 37.5000
2.2989 1.0338
2.0000 1.0080
2.5000 4.0000
0.0000 127.6226
2.7466  1.0338

! Nr of bonds; atl;at2;De(sigma);De(pi);De(pipi);p(be

3 709120 54.0531 30.0000
0.2476 -0.8055 7.1248
4 92.8579 0.0000 0.0000
10.0663 -0.3500 25.0000
4 181.1998 0.0000 0.0000
0.2086 -0.3500 25.0000
4 0.0000 0.0000 0.0000
0.5000 0.0000 12.0000
4 34.0777 0.0000 0.0000
6.4631 -0.4197 14.3085
5 63.4649 0.0000 0.0000
0.3090 0.0000 12.0000
5 78.3666 -0.0200 0.0000
0.2022 -0.2500 11.9965
5 0.0000 0.0000 0.0000
0.5000 0.0000 12.0000
5 0.0000 0.0000 0.0000
0.5000 0.0000 12.0000
5 429780 0.0000 0.0000
1.7161 0.0000 12.0000

13corr;n.u.;p(bo6),p(ovunl); p(be2);
p(bo3);p(bo4);n.u.;p(bol);p(bo2)

1 153.3934 0.0000 0.0000

6.2500 1.0000 0.0000

2 142.2858 145.0000 50.8293

0.3451 -0.1055 9.0000

2 160.0000 0.0000 0.0000

1.1150 1.0000 0.0000

3 250.0000 0.0000 0.0000

18.5790 1.0000 0.0000

3 274.8339 5.0000 0.0000

9.9772 -0.2572 28.8153

20.0000 0.2500 0.0000 0.8563  0.0000
8.0000 25791 1.4000 0.2000 13.0000
1.6121  0.2459 1.0000 -0.1000  1.0000
0.0000 0.0000 -3.2182 11.0234  0.0000
5.4409 6.9107 0.1973 0.8563  0.0000
1.0000 2.8103 1.3000 0.2000 13.0000
2.0000 0.0000 1.0000 -0.1000 6.0000
0.0000 0.0000 8.5000 1.5000 0.0000
8.7410 13.3640 0.6690 0.9745 0.000 0
6.2998 2.8793 0.0000 0.0000 0.0000
1);p(bo5);
-0.4600 0.0000 1.0000 6.0000 0.73 00
1.0000 -0.0790 6.0552 0.0000 0.0000
0.2506 -0.1000 1.0000 29.7503  0.6051
1.0000 -0.1225 55000 1.0000 0.0000
-0.5725 0.0000 1.0000 6.0000 0.56 26
0.0000 -0.0920 4.2790 0.0000  0.0000
-0.7128 0.0000 1.0000 6.0000 0.11 86
1.0000 -0.0731  7.4983 0.0000  0.0000
-0.5884 -0.3000 1.0000 36.0000 0. 2131
1.0000 -0.1130 8.4790 6.0658  0.0000
0.4931 -0.3000 1.0000 16.0000 0. 0392
1.0000 -0.1009 8.7229  0.0000  0.0000
-0.6528 -0.3000 0.0000 36.0000 0.1 551
1.0000 -0.0842 7.1758 0.0000 0.000 O
-0.2276 -0.3000 0.0000 36.0000 0. 1925
1.0000 -0.2000 6.1462 0.0000  0.0000
1.0000 0.3000 0.0000 26.0000 1.0000
1.0000 -0.2000 10.0000 0.0000  0.0000
0.4832 -0.3000 0.0000 16.0000 0.51 54
1.0000 -0.1463 6.1608 0.0000  0.0000
0.0294 0.0000 0.0000 6.0000 0.4868
1.0000 -0.0800 5.1033 0.0000  0.0000
-1.0000 0.3000 0.0000 6.0000 0.32 28
1.0000 -0.1276 7.8656 0.0000  0.0000
1.0000 0.3000 0.0000 26.0000 1.0000
1.0000 -0.2000 10.0000 0.0000  0.0000
1.0000 0.3000 0.0000 26.0000 1.0000
1.0000 -0.2000 10.0000 0.0000  0.0000
0.3228 0.3000 0.0000 26.0000 0.600 3
1.0000 -0.1015 4.0000 0.0000  0.0000

115



=Y
o

A WONEFEF WOWNEDNPRPPRP

3

(31

NP RPNRPRPRDIMNPEPAEARNN®RLPNRER®NNRPNRRORNRRENR

o o1 oo DD OOWWDN

a DM DM B DNDNDNPRPRPEPEPRPEPDNDNDDNDNOWWWWWWEEPRDNDNDNDNLEPRE

I Nr of off-diagonal

terms. atl;at2;Dij;RvdW:;alfa;ro(s

igmay);ro(pi);ro(pipi)

0.0283 1.2885 10.9190 0.9215 -1.0000 -1.0000
0.2000 1.5207 12.9535 1.2125 -1.0000 -1.0000
0.1836  1.9157 10.9070 1.7073 1.2375 -1.0000
0.0564 1.4937 12.0744 1.7276 -1.0000 -1.0000
0.2017 1.8458 11.0700 1.6009 -1.0000 -1.0000
0.1000 1.8500 10.3237 -1.0000 -1.0000 -1.0000
0.2966 1.2550 10.2920 1.1989 -1.0000 -1.0000
0.0790 2.2000 9.0491 1.8165 -1.0000 1.0000
0.0200 1.5000 10.0529 -1.0000 1.0000 1.0000
0.1146 2.2000 9.7537 -1.0000 1.0000 1.0000
I Nr of angles. atl;at2;at3;Thetao,o;p(vall);p(val2);
p(coal);p(val7);p(penl);p(vald)
0.0000 27.9213 5.8635 0.0000 0.0000 0.0000
80.7324 30.4554 0.9953 0.0000 1.6310 50.0000
75.6935 50.0000 2.0000 0.0000 1.0000 0.0000
85.8000 9.8453 2.2720 0.0000 2.8635 0.0000
0.0000 15.0000 2.8900 0.0000 0.0000 0.0000
0.0000 8.5744 3.0000 0.0000 0.0000 0.0000
78.5339 36.4328 1.0067 0.0000 0.1694 0.0000
77.2616 5.0190 7.8944 0.0000 4.0000 0.0000
75.7983 14.4132 2.8640 0.0000 4.0000 0.0000
86.3294 18.3879 5.8529 0.0000 1.7361 0.0000
73.6998 40.0000 1.8782 0.0000 4.0000 0.0000
79.5581 34.9140 1.0801 0.0000 0.1632 0.0000
82.3364 4.7350 1.3544 0.0000 1.4627 0.0000
90.0000 6.6857 1.6689 0.0000 2.5771 0.0000
92.1207 24.3937 0.5000 0.0000 1.7208 0.0000
0.0000 47.1300 6.0000 0.0000 1.6371 0.0000
0.0000 27.4206 6.0000 0.0000 1.6371 0.0000
0.0000 5.0000 1.0000 0.0000 1.0000 0.0000
0.0000 4.2750 1.0250 0.0000 1.3750 0.0000
0.0000 3.0000 1.0000 0.0000 1.0000 0.0000
0.0000 20.2391 0.1328 0.0000 2.9860 0.0000
88.1144 13.2143 15068 0.0000 3.0000 0.0000
34.4326 25.9544 51239 0.0000 2.7500 0.0000
20.7204 13.4875 4.0000 0.0000 0.6619 0.0000
67.4229 45148 5.9702 0.0000 3.0000 0.0000
41.8108 17.3800 2.6618 0.0000 0.7372 0.0000
59.5433 20.0000 4.0000 0.0000 3.0000 0.0000
180.0000 -26.7860 7.3549 0.0000 1.0000 0.0000
78.2279 37.6504 0.4809 0.0000 1.0000 0.0000
60.0000 0.0000 1.0000 0.0000 1.0000 0.0000

N A BADNDNEPBRAADIMDEBEDREDROMWWWWWDNDNDNWEWWOWDNDNEDNDNDNDEPR
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1.0400
1.0783
1.1680
1.5800
2.8774
1.0421
1.6608
1.0400
1.0400
1.2310
1.1290
2.2206
1.0400
1.0400
3.0000
1.0400
1.0400
1.2500
1.4750
1.2500
1.0870
1.0100
1.7141
1.4098
2.6879
1.0100
2.0988
1.0252
2.9475
1.0000



N P OFP FP OOONIEFOWWWMMODN

5 8
5 6
5 5
4 1
5 6

N NDNDNDNDN

1.6233 30.0000
7.5247 6.4512
0.9423  7.0901
8.0953 5.3220
2.6634  8.4441

2.0000
4.0000
3.9271
4.0000
2.5120

0.0000
0.0000
0.0000
0.0000
0.0000

1.0000
1.0000
1.0000
1.0000
1.0000

I Nr of torsions. atl;at2;at3;at4;;V1;V2;V3;p(torl);p(

2 2
2 2

P W W NP FEP NN
W W NN
w = O O O

3 0

1 2

0.8302 -4.0000
-2.5000 -4.0000

-0.7763
1.0000

0.0000 0.0000 0.0000
0.0000 0.1000 0.0200
0.5511 25.4150 1.1330
0.0000 0.0000 0.0640
0.0000 0.0000 0.1587
0.0000 0.0000 0.1200
I Nr of hydrogen bonds. atl;at2;at3;r(hb);p(hbl);p(hb2)
1.4500 19.5000

2.1200 -3.5800

-2.5000

-2.5000
0.0000
-2.5415
-5.1903
-2.4426
-2.4426
-2.4847
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-1.0000

-1.0000
0.0000
0.0000

-1.0000

0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
cotl)
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

1.0000
2.8079
2.5544
1.0139
1.0000
n.u;n.u.
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

;p(hb3)



APPENDIX B - REACTIVE FORCE FIELD PARAMETERS FOR Li-Al-Si-O
SYSTEMS

The mathematical formulation of the ReaxFF with details abat the individual param-
eters can be found in Appendix A. The ReaxFF parameters for theidAl-Si-O systems
determined in the present study are listed in Tables B.1, B.2, B, B.4, B.5, B.6, B.7, and

B.8.

Table B.1. General Parameters

Parameter Value Description

Pooct 50.0000 Bond order correction
Pooc 9.5469 Bond order correction
P3 50.0000 Overcoordination

[ 0.6991 Overcoordination

Ps 1.0588 Undercoordination

p7 12.1176 Undercoordination

Ps 13.3056 Undercoordination
Pip1 6.0891 Lone pair parameter
pv7 33.8667 Valence undercoordination
Pvs 1.8512 Valence angle

Pvo 1.0563 Valence angle

Pv1o 2.0384 Valence angle

Pvaw 1 1.5591 van der Waals shielding
BOcut 0.0010 Bond order cut-o
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Table B.2. Atom parameters. All the parameters excep,. (kcal/mol) are unitless

Atom V, (A Vva \/poc P2 Ps

Li 1.0000 1.0000 1.0000 1.0000 -24.7916 0.0000
Al 3.0000 3.0000 3.0000 8.0000 -23.1826 0.0076
Si 4.0000 4.0000 4.0000 4.0000 -4.1684 21.7115

O 2.0000 6.0000 4.0000 4.0000 -3.5500 37.5000

Pvs Pvs Pip2 Poocs Poocst Poocs

Li 2.2989 2.8103 0.0000 6.9107 5.4409 0.1973
Al 1.5000 2.5791 0.0000 0.2500 20.0000 0.0000
Si 2.0754 2.5791 0.0000 23.8188 9.0751 0.8381
O 2.9000 2.9225 0.4056 0.7640 3.5027 0.0021

Table B.3. Covalent radii [y, ry, Iy in A] and Coulomb interaction parameters [ (eV),
(evV)and (A)].

Coulomb parameters

Atom o ro ro

Li 1.6908 -0.1000 -1.0000 11.0234 -3.2182 1.0000
Al 2.1967 -1.6836 -1.0000 6.5000 -0.3343 0.4961

Si 2.1932 1.2962 -1.0000 5.5558 4.2033 0.5947
O 1.2450 1.0548 0.9049 8.3122 8.5000 1.0898

Table B.4. Van der Waals interaction parameters.

Atom rygw (A) Dj (kcal/mol) vaw (A)

Li 1.6121 0.2459 10.8333 1.4649
Al 2.3738 0.2328 9.4002 1.6831
Si 1.8951 0.1737 11.3429 5.2054
O 2.3890 0.1000 9.7300 13.8449
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Table B.5. Bond parameters. The bond dissociation energiBs, D, andD, are in kcal/mol

while ppe, Poee @nd p; are unitless

D D D Poet Poe2 P
O O 142.2858 145.0000 50.8293 0.2506 -0.1055 0.3451
Si O 2748339 5.0000 0.0000 -0.5884 -0.2572 9.9772
Si Si 70.9120 54.0531 30.0000 0.4931 -0.8055 0.2476
Al O 181.1998 0.0000 0.0000 -0.2276 -0.3500 0.2086
Al Si 0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Al Al 34.0777 0.0000 0.0000 0.4832 -0.4197 6.4631
Li O 78.3666 -0.0200 0.0000 -1.0000 -0.2500 0.2022
Li Si  0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Al Li  0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Li Li 429780 0.0000 0.0000 0.3228 0.0000 1.7161
Table B.6. Bond order parameters.
Bond Poo:1 Poo2 Poo3 Pooa Poos Poos
O O 55000 1.0000 9.0000 1.0000 -0.1000 0.6051
Si O 84790 6.0658 28.8153 1.0000 -0.3000 0.2131
Si Si  8.7229 0.0000 7.1248 1.0000 -0.3000 0.0392
Al O 6.1462 0.0000 25.0000 1.0000 -0.3000 0.1925
Al Si 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Al Al 6.1608 0.0000 14.3085 1.0000 -0.3000 0.5154
Li O 7.8656 0.0000 11.9965 1.0000 0.3000 0.3228
Li Si 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Al Li 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Li Li 4.0000 0.0000 12.0000 1.0000 0.3000 0.6003
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Table B.7. O -diagonal bond parametersD; (kcal/mol), (unitless)] and bond radii Ryqw ,
o, Mo, andry  (A)].

Bond Dj; Ryaw ro ro ro

Si O 0.1836 1.9157 10.9070 1.7073 1.2375 -1.0000
Al O 0.2017 1.8458 11.0700 1.6009 -1.0000 -1.0000
Al Si 0.1000 1.8500 10.3237 -1.0000 -1.0000 -1.0000
Li O 0.0790 2.2000 9.0491 1.8165 -1.0000 1.0000
Li Si  0.0200 1.5000 10.0529 -1.0000 1.0000 1.0000
Li Al 0.1146 2.2000 9.7537 -1.0000 1.0000 1.0000

Table B.8. Valence angle parameters

0:0 Pvi Pv2 Pva Pv7
(deg.) (kcal/mol)

O O O 80.7324 30.4554 0.9953 1.0783 1.6310
Si Si Si 785339 36.4328 1.0067 1.6608 0.1694
O Si Si  86.3294 18.3879 5.8529 1.2310 1.7361
O Si O 795581 349140 1.0801 2.2206 0.1632
Si O Si 82.3364 4.7350 1.3544 1.0400 1.4627
O O Si 921207 24.3937 0.5000 3.0000 1.7208
O O Al 344326 25.9544 51239 1.7141 2.7500
Al O Al 20.7204 13.4875 4.0000 1.4098 0.6619
O Al O 59.5433 20.0000 4.0000 2.0988 3.0000
i O 60.0000 0.0000 1.0000 1.0000 1.0000

Li

O Li 81.6233 30.0000 2.0000 1.0000 1.0000

O Li 67.5247 6.4512 4.0000 2.8079 1.0000
Al O Li 50.9423 7.0901 3.9271 2.5544 1.0000

O Al 18.0953 5.3220 4.0000 1.0139 1.0000

O Li 62.6634 8.4441 2.5120 1.0000 1.0000
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APPENDIX C - CALCULATION OF ELASTIC CONSTANTS

The elements of the elastic sti ness tenso€j for and eucryptite were computed
within the framework of ReaxFF by calculating the second deratives of strain energy density
with respect to the strain components [131]

Ciw = —@(E:V);
@i «
where E is the elastic energy stored in a domain of volum¥ of the crystal subjected to
homogeneous deformations. A similar approach has been emplbyearlier for computing
the elastic constants of -eucryptite using DFT calculations (See Ref. 46). For su ciefly
small strains, the total energyE of a crystal subjected to a general strain can be expressed

as a Taylor series expansion truncated at the second order [131]
!

(C.1)

X X 1
E(V;)=Eo+ VW | it écijiijj ; (C.2)
where the subscripts are cast in the Voigt notation (11=1, 22=233=3, 23=4, 31=5, and
12=6), i =1ifi=1;20or3and ; =2if i =4;5;0r6, Eq is the energy of the crystal
volumeV, at equilibrium, j are the elements of the stress tensor, ang is the Kronecker
symbol. For the strains listed in Tables C.1 and C.2, Eq. (C.2) dces to

E(V; )= Eo+ Vo(A1 + Az ?); (C.3)

where A, is related to stress components;;, and A; is a linear combination of the elastic
constantsC; expressed in the Voigt notation.

-eucryptite has ve independentelastic constants namelyCii, Ci2, Ci3, C33 and Cyy
due to the hexagonal symmetry associated with its structure [44]Table C.1 lists the ve
di erent strains that we utilized to compute the elastic constats of -eucryptite along with
the relationship between the second-order coe cienAA, and the elastic constantsC; for
each type of strain.

On the other hand, -eucryptite has a rhombohedral crystal structure and therebyhas
sevenindependentelastic constants namelyCi;, Ciz, Ci3, C14, Cis, C33 and Cyy [44]. The
di erent strains used to compute these seven elastic constants atite relationships between
A, and C; for each type of strain have been summarized in Table C.2.

For a given crystal, the total energy was computed for di erehvalues of ranging from
-2% to 2% using the LAMMPS [151] implementation of ReaxFF. Theatculated data were
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Table C.1. The strains used to calculate the ve independent abtic constants of hexagonal

-eucryptite (also used in Refs. 132 and 46). The relationship wetenA, in Eq. (C.3) and
C; are also provided.

Strain parameters  Second-order coe cient

(unlisted ; =0) A, in Eqg. (C.3)
1= 2= Cu+Cp
1= 2= Cu Cp
1= 2= 3= Ci1+ Cp+2Cy3+ Cga=2
3= C33=2
5= 2C44

Table C.2. The strains used to calculate the seven independeitagtic constants of rhombo-
hedral -eucryptite. The relationship betweenA, in Eq. (C.3) and C; are also provided.

Strain parameters Second-order coe cient
(unlisted ; =0) A, in Eq. (C.3)
1= Cu=2
3= C33=2
1= 2= 3= C1u+ Cpp+2Cp3+ C33=2
1= 2= 3= C11 Cpp+ Cg=2
1= 4= C11=2+2C14+2Cy4
1= 5= C11=2+2C15+2Cyuy

2Cs4

~
|
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then t to Eqg. (C.3) to extract the second-order coe cients A, which were then used to
evaluate the elastic constants through the relationships gimein Tables C.1 and C.2.
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APPENDIX D - APPLICATION OF REACTIVE FORCE FIELD: CARBON
MONOXIDE-INDUCED REDUCTION AND HEALING OF GRAPHENE
OXIDE

Fragment of a paper published inJournal of Vacuum Science and Technology?A

Badri Narayanan?2® Stephen L. Weeks;# Bhavin N. Jariwala,?# Bart Macco,” Jan-Willem
Weber?® Somilkumar J. Rathi® Mauritius C. M. van de Sanden’’ Peter Sutter? Sumit
Agarwal,* and Cristian V. Ciobanu®

Graphene oxide holds promise as a carbon-based nanomateriatt can be produced
inexpensively in large quantities. However, its structural aneklectrical properties remain
far from those of the graphene sheets obtained by mechanicafabation or by chemical va-
por deposition { unless e cient reduction methods that presere the integrity of the parent
carbon-network structure are found. Here, we use molecular dgmics and density func-
tional theory calculations to show that the oxygen from the mim functional groups present
on graphene oxide sheets is removed by the reducing action aflton monoxide; the en-
ergy barriers for reduction by CO are very small and easily ovavme at low temperatures.
Our results suggest that reduced graphene oxide with superiorggerties could be obtained
through reduction in CO atmosphere.

D.1 Introduction

The reductive processing of graphene oxide (GO) has been irgety investigated because
it could lead to the inexpensive, large-scale production ofgphene [218{221]. The reduction

IPartial reprint of Journal of Vacuum Science and Technology A31, 040601 (2013) with permission from
American Vacuum Society [Please refer Appendix E].
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avenues pursued so far rely either on thermal desorption of oxmand oxygen-containing
species [222{227], or on the chemical action of a reducing agsuch as, for example, hy-
drazine [219, 228, 229], nitric oxide [230], and others [22131{235]. After any of the reduc-
tive processes pursued thus far, there remains a certain amouwft oxygen on the sample,
ranging from 8% [225, 236] to 12% [219, 237]. Because of these remnant oxygen groups,
the electronic, optical, and mechanical properties of thergphene derived from thermal or
chemical reduction of GO are not nearly as exciting as those ptire graphene (obtained
by more expensive and less scalable methods) [238, 239], and #sulting nanomaterial is
termed reduced graphene oxide (rGO).

Improvement of the electronic, optoelectronic, or mecharel properties of rGO, while
clearly possible to an extent [224, 225, 228, 240], is ultim$ténindered by two main factors,
(i) the ubiquitous presence obxygen functional group®n the graphene sheet at the end of
reduction and (ii) the presence otlefectssuch as large holes, isolated missing atoms or pairs
of atoms, or local reconstructions of the carbon network. A vagtortion of these defects are,
in fact, introduced during the thermal reduction at high tenperatures [222, 223]. Therefore,
the properties of rGO will remain far from those of pure graphee, unless e cient reduction
methods that preserve the integrity of the parent carbon-netork structure are found.

In this article, we show that carbon monoxide can reduce the nmaoxygen functional
groups that are present on the GO basal plane. Using molecular dymics (MD) simulations
based on a reactive force- eld (ReaxFF) and density functionaheory (DFT) calculations,
we have determined the atomic-scale mechanisms and the enebgyriers for the reduction
of each of the oxygen-containing groups on graphene oxiddlwgas-phase CO. The barriers
for the reduction by CO are lower than 0.1 eV, and can be overcerat low temperatures.
A recent theoretical study focused on the reaction of nitric ade (NO) with the epoxide
species [230] suggests that the reduction of epoxide could adouNO atmosphere at 500K.
Our study shows that CO reacts rapidly not only with the epoxidegroup, but with all
the predominant oxygen-containing functional groups preseon GO. Our study therefore
demonstrates an e cient, chemically facile, and reproducile way to remove oxygen from
the graphene basal plane.

D.2 Results and discussion

In order to gain insight into the reduction mechanisms of GO by O, we have rst
performed MD simulations of a single graphene sheet with O-c@ming groups, the most
common of which are shown in Fig. D.1. Recent work has evidedcdat the most prevalent
of these groups are epoxides [241], hydroxyls [239, 242], &etbne pairs [243] on the basal
plane of the GO sheet, and phenols, carboxyls, cyclic ethers, &ees, and others at the edges
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Figure D.1: Common oxygen-containing groups present on GO aywfrom edges (epoxide,
hydroxyl, ketone pairs) and at the edges (phenol, carboxyl,ekone, cyclic ether). The hy-
droxyl group on the basal plane is sometimes called surface pbkor basal-plane phenol.

[244]. To identify the reduction mechanism associated with theemoval of each individual
oxygen-containing group (epoxide, hydroxyl, or ketone pgi we performed the rst set
of simulations using a single type of functional group on graphe sheet without holes or
vacancies in CO atmosphere at 900 K; this temperature was chaossuch that no thermal
desorption of oxygen occurs. The simulations were performedngia ReaxFF potential [69],
which has been shown [222, 245, 246] to reproduce well the fatimn and breaking of bonds
in similar systems (see Sec. D.4).

Figure D.2(a) illustrates the evolution of a selected epoxidgroup (C{O{C) on a GO sheet
containing 8 at% oxygen in the form of epoxide groups alonen khe initial con guration
[to which we assign the time instantt = 0, Fig. D.2(i)], wherein the CO molecules are far
away from the GO sheet, the C{C and C{O bond lengths in the epose were found to
be 1.72A and 1.48A, respectively. Initially, the CO molecule experiences themal motion
before coming in the vicinity of any epoxide; the GO sheet odslates, but at 900 K these
oscillations leave all the epoxide bonds intact. Subsequentiduring thermal motion, a CO
molecule comes within the interaction range of one of the exde groups and attacks it.
This attack consists of breaking one of the C{O bonds of the epiobe, with the formation of
a bond between the surface O and the C atom of the incoming CO §iD.2(ii)]. The carbon
atoms that originally formed the epoxide group relax decraig in their spacing to 1.51A
thereby restoring the local planarity of the sheet. The epox& oxygen, however, remains
attached to the GO sheet (and to the incoming CO) before everdilly desorbing as part of
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a free CQ molecule [Fig. D.2(iii)].

(a) Reduction of epoxide

() (ii) (iii)

t=0 t=4ps t =340 ps
(b) Reduction of hydroxyl
(iv) (v) (vi) (vii) (viii)

—~

t=0 t=2ps t=3ps t=4ps t=5ps

(c) Reduction of ketone pair (double carbonyl)

(ix) (x) (xi) (xii) (xiii)

o1

Cc2
02

Cc3

C1

t=0 t=1ps t=5ps t=13ps t=14 ps

Figure D.2: Temporal evolution of GO sheets with (a) epoxide at% O], (b) hydroxyl

groups [8 at% O], and (c) ketone pairs [16 at% O] at 900 K in a COneironment using

ReaxFF-based MD simulation. For clarity, only small selected aas around the reaction
sites are shown. Reduction of an epoxide [panel (a), images{(ii))] proceeds with the

formation of an intermediate via adsorption of CO (ii), befoe the abstraction of O and
formation of CO, (iii). For the case of hydroxyl groups [panel (b)], the redudbn reaction

proceeds via steps (iv){(viii) resulting in rGO sheet with CQ and H,O as the only by-
products [image (vii)]; the eld of view changes in panel (yito zoom in on a second OH

site reached by the COOH radical. The abstraction of O from a kehe [panel (c)] follows
steps (ix){(xiii), in which the nal state is an unreacted epoxde and CQ, (xiii).

Our simulations show that the CO environment is particularly esctive in abstracting
hydroxyl groups (OH) from a GO sheet via the reduction mechanisifiustrated in panel (b)
of Fig. D.2, in which one CO molecule eventually removes twoOH groups from the GO
sheet. The C atom of the CO molecule attacks a hydroxyl group fiming a bond with the
oxygen of the OH [Fig. D.2(v)]. The COOH radical formed does not remain chmically
bonded to the sheet, but migrates freely due to thermal uctuaons. This COOH radical
attacks another hydroxyl group on the GO sheet; the O{H bond i€COOH dissociates leading
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to the formation of CO, and H,O, as shown in Figs. D.2(vii-viii). Motivated by recent DFT
work [247], which shows that an epoxide and hydroxyl that arerpsent on neighboring
carbon atoms have lower energy than when they are farther apawe have also considered
cases in which two or more O-containing groups are present imngination. For example, the
hydroxyl-epoxide combination on neighboring carbons is mestable by 60 meV per O. For
a coverage of 20 at.% O (half epoxide and half hydroxyls), we\eafound that CO molecules
can still attack and abstract rst either the epoxide or the hydoxyl with the reduction
proceeding by one of the mechanisms shown in panels (a) and (b)Fog. D.2. Carbon
monoxide reduces the epoxide-hydroxyl combination by attking each group sequentially,
and the improved stability [247] of the combination on the GO stet does not a ect the
reduction by CO.

Panel (c) in Fig. D.2 shows the GO sheet containing ketone paif46 at% O) undergo-
ing reduction in a CO environment via a number of intermediat steps [Fig. D.2(ix-xiii)].
Initially, [Fig. D.2(ix)], the carbon atoms belonging to the yet-unreacted ketone pairi(e.,
C1-0O1 and C2-02), were 2.44 apart and C1{O2 distance measured 2.58. As the CO
molecule approaches this ketone pair, the carbon atom of CQg., C3, attacks the C1{O1
bond of the upper ketone leading to the formation of a C3{O1 bwl [1.22A in Fig. D.2(x)].
The O1 atom remains attached to the GO sheet; the atoms C1 and @®me close to each
other to a separation of 1.65A, assisted by thermal uctuations, eventually resulting in a
chemical bond between them [Fig. D.2(xi)]. Later, the bond étween C1 and C2 begins to
heal as shown by the decrease in their spacing to 1.A2with the formation of an epoxide,
C1{02{C2 [Fig. D.2(xii)]. Finally, the O1 atom is removed from the GO sheet via a CQ
molecule, which desorbs.

Thus, the results of the MD simulations reveal that
(1) CO reduces the three main oxygen containing species thateapresent on GO by ab-
stracting an oxygen atom;

(2) the reaction product is either CQ (for epoxides and ketone pairs), or C@and H,O (for
hydroxyls);

(3) with each such abstraction reaction, the local planarity ad sp? bonding are restored;
(4) the reduction reactions occur rather fast, on time scales ¢he order of 10 100 ps,
suggesting a low or absent activation energy barrier.

In order to con rm that the attack of CO is facile, we have also prformed DFT cal-
culations (see Sec. D.4) of the energy barriers associated witrtical pathways of the CO
molecules towards the various oxygen-containing species the surface. In these calcula-
tions, the carbon of the CO was kept at various distanced away from the oxygen atom of
each particular group on the sheet, and the total energy wasmoputed as a function ofd. We
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have found that for distancesd > 1.5 A, the approach of the incoming CO molecule occurs
with small energy barriers of 0.06 eV for an epoxide, 0.04 e\ faydroxyl, and 0.09 eV for a
ketone pair; these barriers are associated with speci c verticpathways in which incoming
CO is aligned above the O atom on a graphene sheet, and, as sudteyt represent upper
bounds. Interestingly, DFT static relaxations from starting can gurations with d = 1:4 A
trace similar reaction pathways as those found in ReaxFF MD sinhtions. Figure D.3
shows the change in the total energy of a supercell containingsangle functional group on
graphene and a CO molecule (initially ad = 1:4 A), as a function of the reaction coordinate
that traces the progress from the initial ( = 0) to the nal ( = 1) state in which either CO,
or COOH has formed and moved away from the graphene layer. Theactions are strongly
exothermic, with energy releases greater than 6.5 eV. The eggrdecreases monotonically in
all three cases [Fig. D.3], suggesting that there is no energyrbar for the desorption of the
reaction products, and the only energy barrier (lower than @.eV in all cases, fod > 1.5
A) occurs during the approach of CO.

1 1
— epoxide
— hydroxyl
— ketone pair
(double carbonyl)
oL .

Energy (eV)

Figure D.3: Energy change as a function of reaction coorditea during DFT relaxations
started from d = 1:4A, the spacing between C of the incoming CO and the oxygen atom on
the graphene sheet. The reaction coordinatevaries from O (initial) to 1 ( nal con guration,

in which either CO, or COOH has formed and moved away from the sheet).

D.3 Conclusion

In conclusion, we have determined the atomic-scale mechanisfos the reduction GO
by carbon monoxide, and have found that the reduction procds without signi cant energy
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barriers for all of the prevalent oxygen-containing groupgepoxides, hydroxyls, and ketone
pairs) that are away from the edges of the graphene sheets. Expasuo CO, however,
stabilizes the edges of the holes in the GO sheets by forming liy@thers and ketones. The
presence of extended defects in the carbon network (createdrithg solution synthesis of GO
or during subsequent thermal annealing) remains particularlacute because the edges of the
holes are very reactive and become stabilized by oxygen pr®d during the synthesis of GO
or during its exposure to CO. This suggests that future work in tis area could be focused on
producing GO with intact or nearly intact carbon network, from which oxygen can readily
be removed in CO atmosphere.

D.4 Methods

MD studies of the reduction mechanism$he molecular dynamic simulations were per-
formed using a reactive force eld (ReaxFF) [69] as implemeatl in the LAMMPS package
[151]. ReaxFF is a general bond-order interatomic potentighat has been found to provide
an accurate description of bond dissociation/formation, intenediate states, reaction path-
ways and reactivity trends in hydrocarbon systems [69, 246].hE simulation box consisted of
a graphene sheet with 512 C atoms (4.12 nn3.56 nm) and randomly distributed functional
groups on both sides of the sheet that were either all (a) epoxd8 atomic % O conc.), (b)
hydroxyl (8 at. % O conc.), or (c) ketone pairs (16 at. % O cong.

Periodic boundary conditions were applied along the two dctions (at 60 from one
another) in the plane of the graphene sheet, while xed boundga conditions were applied in
the direction normal to the sheet. The graphene oxide sheets iethen thermalized at 900
K for 10 ps in a canonical ensemble (NVT) with a Nos-Hoover thernstat. A timestep of
0.25 fs was used for all the MD simulations. After thermalizing th GO sheets at 900 K, two
CO molecules were introduced, one on each side of a given GO shaerandom positions
far away from the sheet. Two re ective walls were employed pallel to the GO sheet at a
distance of 1 nm above and below it to simulate a CO atmosphere. &be sheets were further
annealed in the reducing CO environment in a NVT ensemble for 4@, and the reactions
of CO with the oxide species on GO were monitored.

Optimized reaction pathways using DFT calculations.The computation supercell for
the density functional theory (DFT) calculations consisted ofa graphene sheet containing
50 carbon atoms; a functional group that could be either (a) aepoxide, (b) a hydroxyl
group, or (c) a ketone pair; and a CO molecule away from the shdaut directly above the
functional group. Periodic boundary conditions were empjed along all the directions and a
vacuum of 15A was introduced in the direction normal to the graphene laye Total energy
DFT calculations were performed within the framework of thespin-polarized generalized
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gradient approximation, using the projector-augmented wavpotentials [133] as implemented
in the ab-initio simulation package VASP [134, 135]. The atornicoordinates were relaxed
using a conjugate gradient algorithm until the force compomgs on any atom were smaller
than 0.02 eV/A. The exchange-correlation was described by the Perdew-BerErnzerhof
functional [138], which has been reported to describe wellgéhbonds in graphene oxides
[222]. The plane wave energy cuto was set to 450 eV. The Brillouzone was sampled with
a Monkhorst-Pack[248] 5 5 1 k-point grid.
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