FRACTURE MECHANICS OF BICRYSTAL
SILICON USING NEAR-TIP MECHANICS AT
THE ATOMISTIC SCALE

SUNIL KUMAR DUTTA

DEPARTMENT OF APPLIED MECHANICS

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025



Fracture mechanics of bicrystal silicon using
near-tip mechanics at the atomistic scale

by

Sunil Kumar Dutta

Department of Applied Mechanics

Submitted

in partial fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY
DELHI

JULY 2025



Dedicated to my teachers who have enlightened and
motivated me



Certificate

This is to certify that the thesis entitled “Fracture mechanics of bicrystal silicon
using near-tip mechanics at the atomistic scale”, submitted by Sunil Kumar
Dutta (2019AMZ8723) to the Indian Institute of Technology Delhi, for the award
of the degree of Doctor of Philosophy in March, 2025, is a record of the original,
bona fide research work carried out by him under our supervision and guidance.
The thesis has reached the standards fulfilling the requirements of the regulations
related to the award of the degree.

The results contained in this thesis have not been submitted in part or in full
to any other University or Institute for the award of any degree or diploma to the

best of our knowledge.

Prof. Gaurav Singh
Department of Applied Mechanics,
Indian Institute of Technology Delhi.



Acknowledgements

With profound humility, I offer my first and deepest gratitude to the Divine
Providence, whose unseen hand has guided my steps and whose boundless grace
has sustained me through every trial and triumph. In moments of uncertainty, He
granted me strength; in moments of clarity, He bestowed wisdom. Without His

blessings, this journey would have been but a distant dream.

I extend my heartfelt appreciation to my supervisor, Professor Gaurav Singh,
whose support and guidance have been the cornerstone of this work. His mentorship

has not only shaped this thesis but also refined my perspective as a scholar.

To my esteemed teachers and mentors, I am forever indebted. Your knowledge,

encouragement, and dedication have been the guiding stars of my academic voyage.

To my family, whose unwavering love and sacrifices have been my greatest
strength, I owe more than words can express. Your faith in me has been the foun-

dation upon which this journey was built.

To my friends and colleagues, who have walked beside me, sharing both burdens

and joys, your companionship has been a source of solace and inspiration.

Lastly, I acknowledge the silent yet powerful workings of time, perseverance,

and providence itself, which have woven this endeavor into reality.

This thesis stands as a testament not merely to my efforts but to the support,
wisdom, and kindness of all who have been part of this journey. To each of you, I

offer my deepest and most sincere gratitude.

ii



Abstract

Crack propagation and arrest are important phenomena in polycrystalline sil-
icon. This phenomenon considerably affects the effectiveness of solar cells made
up of polycrystalline silicon. To understand the crack propagation in polycrystalline
silicon, it is essential to study the bicrystal first. Earlier, crack propagation has been
studied in bicrystal materials primarily from the perspective of material behaviour.
However, the mechanics part is largely missing. In the present work, crack propa-
gation of bicrystal silicon during uniaxial tension has been studied at the atomistic
scale. The silicon bicrystal was formed by joining two single crystals: crystal 1 and
crystal 2 of different orientations. Various states like crack propagation initiation,
propagation, arrest, re-initiation and crack/grain boundary (GB) interaction have
been analysed using Stress Intensity Factor (SIF), calculated from the local crack tip
virial stress field. Considering the effect of crack tip velocity, the dynamic SIFs at
crack propagation state have been converted to the SIF of an equivalent static crack
using the generalized expression for anisotropic material. It has been found that for
the propagation state, crack propagation continues as long as the equivalent static
SIF is greater than the critical SIF (CSIF). In crystal 1, crack propagation is along
the low CSIF direction. Therefore, the crack did not change its path and propa-
gated along a straight line. On the other hand, when the crack enters to crystal 2,
it follows a zigzag path. Both of these observations have been justified in terms of

near-tip calculated SIFs.

The mechanics of crack propagation initiation and crack/GB interaction does
not remain same when the initial distance between crack tip and GB (DCG) is close
to the GB (DCG< 50 A). However, SIF cannot be calculated when crack tip is
close to the GB (DCG< 50 A). To overcome this limitation, ERR, evaluated using
CTOD, has been used for all the analysis when crack tip is close to the GB. The
CTOD determination is not an established method at atomistic scale. Hence, in the
present work, ERR determined through CTOD will be verified for atomistic scale
through atomistic and continuum scale J integral. J integral at atomistic scale is
determined using volume integral method and verified by its path independence. it
has been found that when the crack tip is close to GB (DCG < 50 A), the crack

propagation initiation occurs at lower ERR and remote strain. With the increase



in DCG, the crack propagation initiation happens at a higher ERR and strain. The
effect of DCG becomes less relevant after a certain value, beyond which the crack
propagation initiation resembles that of Single Crystal (SC). Further, the crack GB
interaction and crack propagation in these bicrystals happened differently due to

the different DCGs.

The difference in orientation of two crystal is called the tilt angle. With the
variation of tilt angle, the crack propagation in crystal 2 also varies. When tilt angle
is 1°, the crack propagation resembles to that of SC. With the increase of tilt angle
to 20° the crack deflect into the crystal 2 and there is crack arrest at GB when tilt
angle is 30°. Further increase of tilt angle till 45° shows gradual transition from
crack deflection to zigzag crack propagation. When the tilt angle is again increased
from 45°, crack deflection again started. The mechanics of crack/GB interaction is
studied for all such case using near-tip SIF calculation and instantaneous crack tip

velocity.

The results of bicrystal can be used to understand the mechanics of fracture in
polycrystalline silicon. However, in this work, only phenomenological analysis has

been done.
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Elasto Plastic Fracture Mechanics
Energy Release Rate

Finite Element

Grain Boundary

Large-scale Atomic/Molecular Massively Parallel Simulator

Linear Eastic Fracture Mechanics
Large Scale Yielding

Molecular Dynamics

Open VlIsualisation TOol

Phase 1 State 1

Single Crystal

Stress Intensity Factor

Small Scale Yeilding

Static Stress Intensity Factor
Stillinger Weber

Virtual Crack Closure Technique
eXtended Finite Element Method

Xvii






Symbols

Oav average crack tip stress

4] CTOD

090°blunt CTOD by 90° blunt method
Odirect CTOD by direct method
Gs ERR for CTOD ¢

099 overall stress

09 far field stress

€99 remote strain

K; Mode-I SIF

Ky Mode-IT SIF

Kir Mode-IIT SIF

K. Critical SIF for Mode-I
K. Critical SIF for Mode-II
K (t) Dynamic SIF for Mode-I
Kir(t) Dynamic SIF for Mode-II
K1(0) Static SIF for Mode-I
K;(0) Static SIF for Mode-I1
Va(p, q) pair potential

Kty effective SIF

Vi(p,q,7)  triplet potential

A GB width

Ay extension along the pulling direction
2L length of simulation box
Ly length of crystal 1

Lo length of crystal 2

Lo DCG

Xix



Symbols

b

w

(%

CRr
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Cd

K1

Rg

JMD

JFEM
G90°blunt
Gdirect
Gc/90°b1unt
Gc/direct
Gc/discrete
Gc/continuum
Ge
590°blunt

5direct

0
GBi_»

width of simulation box

thickness of simulation box
instantaneous crack tip velocity
Rayleigh velocity

shear velocity

dialation velocity

universal stress function for Mode-I
universal stress function for Mode-11
J integral from MD

J integral from FEM

ERR from 90°blunt method

ERR from direct method

critical ERR from 90°blunt method
critical ERR from direct method
critical ERR from MD

critical ERR from FEM

critical ERR

CTOD from 90°blunt method
CTOD from direct method

tilt angle

GB between crystal 1 and crystal 2
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