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Micro-mechanical Ramarmsectroscopy is an excellent tool for direct stress measurements in the
structure. The presence of mechanical stress changes the Raman frequency of eachddlasa
compared to the Raman frequencies in absence of stress. This difference in Raman frequency is
linearly related to stress inducehd can be calibratedo stressby uniaxial or biaxial
tension/compression experiments. This relationship is not dgriaraar for nonlinear behavior

of the materials which limits its use to experimentally study flow stress and plastic deformation
behaviorof the material. In this work strontiurianate ceramic particles dispersed inside epoxy
resin matrix were use@ tmeasure stress in epoxy resin matrix with-hio@ar material behavior

around it. The stress concentration factor between stress induced inside ceramic particles and
epoxy resin matrix was obtained by Alamear constitutive finite element model. Theuks of

finite element model were uséar training a machineelrning model to predict stress in epoxy

resin matrix based on stress inside ceramic particles. By measuring stress inside ceramic particles
using micremechanical Raman spectroscopy, the stieside epoxy matrix was obtained by-pre

determined stress concentration factor.
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CHAPTER 1. INTRODUCTION

1.1 Micro-mechanical Ramasgpectroscopy

Micro-mechanical Raman spectroscopy has been developed as an excellent tool for direct stress
measurementfl-8] at mesoand microscalesMicro-mechanical Raman spectroscopy is a-non
contact and nodistractive method which is capable of measuring slress at micron scale
without measuring the straifg, 2, 5-12]. Raman frequencies are associated withRagleigh
scattering of photons due to inelastic collisions of the photons with tlezuohes. Therefore, the
Raman shiftsignify the change in the energy between the two statesdiffeeence between the

Raman frequencies in the presence of stress and in the absence chstoesdirectly related to

the stress induced thestructure The relationship betweegifectivestress andhange irRaman

shift is represented 4§, 2, 5-12]

6 @

where C is a materi al constant odhangeiimandn by un
shift between stressed and unstressedstagspectively 8 dicates compressive stress and
& <0 i ndsilesréesaMhile egaation(1) can be used to measure stregb@linearelastic

domain, theextension othis correlation forthenonlinearmaterial behaviois difficult to obtain.

This work presents an innovativedhnique tomeasurestress inthe nonlinear elastic
domainin the cas®f a ceramicepoxy compositeThe stress statan theepoxy resin system was
obtainedin the nontlinear elastic domain by introducingrontium titanate particles ofa size

smallertha5e m i nsi de e p obDunyng loadisgithe loadastchosex thalile the
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stressesducednside epoxy resin matrixrein thenon-linear elastic domain, the stresses induced
inside ceramic particlemein linear elastic domain due tllecomparativelyarge elastic modulus.

The stresses induced insithetitanateparticle due to matrix deformations is a function of several
parameters such as particle geometry, particle orientation, and distance from the free surface,
interface mechanicsn this work the effecs of particle geometry and particle orientation were
studied by parametric evaluationafinite element methodEM) modelthat simulates single

particle inside infinite isotropiepoxy resimmatrix. This model assumeasaidealinterface between

the epoxy resin matrix anthe ceramic particle under statequilibrium Sincethe nonlinear
deformation in epoxyesinsystemis recoverabléill yield stress, a model similar to multhear

elastic model was usédr constitutive desription as

O- - ©)

where-  is stran at proportionality dastic limit (PEL) and- is strainat yield point E is the
elastic constant of material for linear elastic behavior till proportionality elastic limit. Beyond
proportionality elastic limitthematerialshows norlinear transition to yield pointthe multilinear
elastic model for nonlinear elastic behaviwas replaced with power law for continuous
measurement of tangent stiffne#s.B and n are constants obtainedfliting the constitutive

model toexperimentatata.

The apparatugsed in this workonsists ot Ramanmmicroscope from HORIBAscientific
andamechanicaloadingstage from Deben UK Ltd. with maximumload capacity of XN. The
experiment setup shown Figure 1.1 hasa Ramanmicroscope coupled with loading stage to

obtain stress distribution as a function of applied load.
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1‘Raman Microscope
Objective

Compression Stage

e

Figurel.1 Micro-mechanical Ramaspectroscopysetup

1.2 Nanandentatiorsetup

The dressstarin behavior for constitutive modeling was obtained using nanoindentation
experimentsFigure 1.2 showsthe nanandentationsetup used toobtainstressstraincurve.The
indentationstressstrain curve was obtained through indentations performed usangpherical
indenter of radiup 1 Tt & Suchstressstrain curve provide a potential for understanding the
material behavior which has been discussed by Filed anch$18h The procedure of obtaining

indentation stresstrainis discussed later in the document.
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Figurel.2 (A) Nandndentationplatform (Micro Materials Ltd., UK), (B) Schematitagram
of the ranoindentatiomlatform
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1.3 Machinelearningmodel

Stresses induced insidgeramicparticle due to matrix deformatioare a function of several
parameters such as particle geometry, partidentation, distance from the free surfaeed
interface mechanicdgzigure 1.3 showsthe variation in geometry and orientation safch two

particles inside epoxy resin matrix.

Ol = b =6.48um

! Oum

Figurel.3 Different size and orientation of particles inside epoxy restrix

The study of stress concentration insithe particle with these many parameters poaas
additional challenge of obtaining useful mathematical relatiorieshfredicting stresguring non
lineardeformationsThis problem was solved by trainiagnachinelearning model based on the
results obtained fronthe FEM simulations The data was structured with input as geometric
parameters, average stress inglteparticle,angle betweeprinciple stress directioand major
axis ofthe particle andtheratio of principal stress€&igurel.4) and output as stress magnitude

in thematrix.
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Figurel.4 Schematic otlliptical particle inside stretched matrix

Due to nonlinearity of the problentheartificial neural network has been selectethasnachine
learning model. An artificial neural netwdrk4-18] is a biologically inspired computational model
formed from hundreds of single units, artificial neuronginemted with coefficients (weights)
which constitute the neural structure. Although a single neuron can perform certain simple
information processing functions, the power of neural computations comes from connecting

neurons in a networfEigurel.5).
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The artificial neuron is the building component of énificial neural networkiesigned to simulate

the function of the biological neuron. The arriving signals, called inputs, multiplied by the

connection weights (adjusted) are first summed (combined) and then passed through a transfer

function to produce the outputrfthat neuron. The activation function is the weighed sum of the

neuronds inputs and the most

commonl yandused

rectified linear unityReLU) function [19]. Figure 1.6 shows the schematic for a signal neuron

where® is an output from layeit p and inpufQto the’Q element of laye&x In order to

calculate the activation unit of this unit, inputs are multiplied by the weights and biases)

for that neuron. In matrix notation, unit valGds

t



20

& o & 08 )
The activation unit is the result of applying an activation functiém obtain outputo from the

neuronand is defines as

O [ &8 (4)

-1
A1

A neuron in layer [

Figurel.6 Schematic o neuron

The activation function must be differentiable to be able to learn weights and biases using gradient
descent. The ANN model for this work wasplementedn Tensorflow[19] framework with

RelLU astheactivation function.
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CHAPTER 2.REVIEW OF LITERATURE

Micro-mechanical Raman spectroscopy is an excellent technique fatashructive evaation of
stresses.Some of theimportant breakthrough in the field of micro-mechanical Raman
spectroscopy came througBanesan et g20], Anastasakis et al [21] and Wolf [22]. The
relationshipbetween stresses and Ransaift is governed bysecular equation0, 21] relating
Ramarshift andstrain tensowhich is further related to stresses i n g Hw. Gdn et@lsvere

able to separate stress induced Raman shift andetampe induced Raman shift for accurate
calculation of thermal conductivity and mechanical stresses in silicon stry@s24]. The stress

were obtained usingnalytical relationships using elastic stress tensor and constitutive behavior of

the material.

Since thenmechanicaRamanspectroscopy has significantly evolvedth direct stress
measurements obtained without measuring straisiag a imperial relationship between
equivalent stress and change in Raman.sHifis imperial relationship is linear for linear elastic
deformations and correlation constant can be obtained through uniaxial tension/compression tests.
The Raman shift increases for comgsive uniaxial or biaxial stress and decreases for tensile stress.
Such relationship has been usedheasurehange irthermal conductivity of bovine cortical bone
due to induced stress¢$2] and stress distributiodue to bending of aotch tip at room
temperaturg5, 6, 27] as well as eleated temperaturg7, 8] to model plastidbehaviorof the
material. Direct stress measurements using nanomechanical Raman spectroscopy has been
extensivelyused to determine interface mecharj¢s10, 28-30] andto modelhigh strainrate

failures and temperature rig@ explosivesand polymer compos[1, 2].
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The imperial relationship betweerhange inRamanshift and equivalentstressis not
generallylinear for nonlinear behaviof31] which restricts theexperimentalmeasurement of
stresduring plastic deformatiarA piecewiseimperial correlation between stresses and Raman
shift can be obtained bulifficulties in calibrating stresduring plastic deformation limits the
experimental study of large deformatiotdp toa u t hkmowkedge, this is a first attempt to
resolve stresin nonlinear domain bgispersionof particles inside the epoxy resin matrix where
stress state of particles is used to collect information of stress induced inside epoxy resin matrix.
In this workstrontiumtitanateceramic particles dispersed insid@gp resin matrixwere used to
obtain stress information using micmechanical Raman spectroscog®ince, the ceramic
particles have highezlasticmodulus compared to that of epoxy matrix, the stress induced inside

particle due to stretching of matrixnains in elastic domain.

This technique can be used for measurement stresses in materials with large plastic
deformations either by dispersion of particles inside the matrix or by deposition of thin layer of
ceramic/epoxy composite on the surface. Bpod#ion of composite material on the surface, the
stress in the composite layer can be correlated to stress in substrate by equatirandtnains

interface[5-9].
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CHAPTER 3.RESEARCH METHODOLOGY

3.1 Samplepreparation

The composite samples were fabricated by dispersion of 1% \gvootium titanateparticles

from SignaAldrich inside epoxy resin system by rotatinghe planetary centrifuge for 10 mins.

The mixture was kept insidbe vacuum chamber for 30 mins to remove any trapped air pockets.

The mixture was further cured under vacuum oven for SHigsire 3.1 shows the bending test
sampleanalyzed in this work for stress distribution measurensrdshe sample dimensioi$he

dimensions were verified by an elasfinite element analyse® make sre that the contact

mechaics at boundary conditions dd t affect the streBwsstress strib
distribution by finite element analysis when 10N force is applied over the length of 0.5mm above

the notch is shown iRigure3.2.

10.6 mm
< >
w
N 0
H w
3 3
3 3
3
—> <4+—
0.75mm

Figure3.1 Bendingtestsample



24

Figure3.2 Stress distribution usinfgnite elementmethod

3.2 Raman Spectroscopy

The inclusion ofstrontium titanateparticles insidethe epoxy resin matrix was verified through
RamanspectroscopykFigure3.3 showsthe Ramargpectrum forstrontiumtitanate particlesgpoxy
resin andstrontium titanateepoxy composite. For epoxy resin system, the peak-bf bnd
stretching at 639.4&x was usedor micro-mechanical Ramacalibration while forstrontium

titanate peak at 247.9%  was used fomicro-mechanicaRamanspectroscopy.
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Figure3.3 Ramanspectrum forstrontiumtitanateparticles,epoxy resinsystem anccomposite

3.3 Micro-mechanical Ramaspectroscopy

Themicro-mechanical Ramasgpectroscopy is a technique to measure stress at meso and micro
scales. The shift in Raman peak is a function of apgle$svhere Ramahift between

stresed and unstressed state is defined as

; p_ P )
0 PP ©®)
where,_ is the wavelength of incident light and and_ are the wavelength of

scattered light at unstressed and stress state respectively. The change isH¥agiaen by
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equation(7) is linearlyproportional toequivalentstress. This relationship is given in equati8h
[3, 4, 24, 32] where C is material constant obtairttbugh experiments
Yo 0 0 (7

N oYu @)

The accurate calculation dfe change in Ramashift is very important to obtain correct stress
values based on equati@8). This is achieved by using Lorentz fittimgn Ramanspectrum of

interested Ramashift. Figure 3.4 Shows the Lorentz fittingn Ramanspectrum for GH bonds

stretching irthe @oxyresin atp T & w T @&

16000
| I
[ =
E ) \
S 14000 - .
S - "
2 4 ]
£ 4 " e
= y | . _
12000 - a L
.--'i'
Lorentz Fit
10000 s , . : .
620 640 660

Raman Shift (cm™1)

Figure3.4 Ramanspectrum for GH bond stretching iepoxy resn

For epoxy resin system, the peak eH®ond stretching was used fmicro-mechanical Raman

spectroscopy where the material constant for epoxy resin ( ) was obtainedyy uniaxial

compressiomexperiments
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For strontium titanate peak at T& W was used formicro-mechanical Raman
spectroscopy where material constant was obtained uspwn8 bending test. The composite
sample with a circular notch of diameter Oriith and thickness 0.8m was aalyzed under 3
point bending. The sample was placed on two rigid rollers avtistance of 8nm as show in
Figure3.5 The sample was fixed on the rollers, while a distributed load was applied ovem0.5

lengthabove the notch using a punch.

P
M 0.5mm

P 10.6 mm
.

™
=
=4
— 4—

0.75mm

wueg'e

8 mm

v

a
-

Figure3.5 Bendng Test Sample

3.4 Materialcharacterization

Mechanicapropertief theepoxy resin matrix anthe @mposite material eredetermined based

on nanondentatiorstressstrain curve. The use of indentation stref®in curve has been shown

to be appropriatby Field and Swaifl3] for understanding the material behaviothemicroscale.

The indentations were performed using a sphenm#nter of radiup 1 ‘Tt dwith loads ranging
from 50 mN i 400 mN. Indentations were performed on a nanoindentation setup from Micro
Materials Ltd., UK. The indentation stress strain curve was obtained from the loadingtpart of
load displacement curve of indentations ushmapproach of33, 34]. The indentation stress and

indentation straimelationaredefined as
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n - and (9)

) Rk (10

By Hertz theory[35], the elastic penetration depthis calculatedas

o _ o _" 1y

Here,O isthe reduced modulus aMlis the radius of the indenter (1004). O Is expressed

as:

(12

Here, O ®¢ ®are Yawugdss and Pothesampla dlEleOa iare f or
Younmodal us and Poissonds ratQagvenas i ndenter.

- - (13
Q0 M — - .

Here,"Q is the total indentation depth obtained from experiment and P is the load observed at
depth’Q. BasednQ, the contact radiu® is calculatedas

O QY Q. (14
For the nanoindentatiorexperimentthe initial point of contact can leffectedby arifacts like
surface roughnesthe oxide layer etc These artifactsan lead to significant error in calculation
of stresduringinitial part of elastic deforration. This error was corrected by determination the

effective point of contadt33].
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CHAPTER 4.RESULTS

4.1 Materialcharacterization

The nmechanicalproperties othe epoxy resin matrix anépoxyceramic omposite material ere
determinedisingindentatiorstressstrain curve. Thendentatiorstressstrain curve ws obtained

using the loading part dhe indentationload vs depth curve. The indentations were performed

using a sphericahdenter of radius 100 m wi t h | oad smN-d400@N. ihgloadr om 50

depth curve foepoxy resin anadomposite samplér the maximum load of 400NN is show in

Figure4.1.
Dwell Period
—>
400 7
s}
350 ,/;5’
>
300 |
— 250
=
£
< 200
(18
Qo
= 150
100 : Epoxy Resign
5_\(‘% i
50 V' +-Composite
o L hy « h, =
0 2000 4000 6000 8000
Depth (nm)

Figure4.1 Indentationload vsdepth forepoxyresinand strontium titanate epoxy compositt

It can be observed frofigure4.1that the inclusion of ceramic particles beépoxy resin increase
the resistance of the material to the deformatiorthdsame maximum load of 400N, theepoxy

resin shows higher indentation depth compardgtiégcomposite material.
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By Hertz theory[35], the elastic penetration deghis calculated by equatigii5) as
E - - (15
Here,% is the reduced modulus a@dis the radius of the indenter (190 ). % Is expressed

as:

(16)

Here, %0 AT @ are Yowrgdss and P othessample dvisiieorAd Biare f or

Younmoodsul us and Poissonds r atEiiogivénast i ndenter .

E E m — - . (17

Here,E is the total indentation depth obtained from experiment and P is the load obsehesd at
depthE . Based otk , the contact radiu is calculatedas

A cE2 E. (19
The indentation stress and indentation staaédefined as

K —, and (19

R e (20)

After obtaining stresstrain curve usingoad vsdepth curve, the zero point correction was
performed based otine research work of Kalidindi et 4B3, 34] to obtain correct indentation

stressstraincurveas shown irFigure4.2 .
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0.25
0.2
= 0.15
o
e
@
o
& 0.1
—— Epoxy Resin
0.05
—— Composite
0
0] 0.02 0.04 0.06 0.08 0.1

Strain

Figure4.2 Indentationstressstrain curve forepoxy resin andstrontium titanate epoxy
composite

The constitutive model ithe nortlinear elastic regiors defined by

(e} - - (21)

where-  is strain a proportionality elastic lim#, is intermediate strain in neimear

elastic region; is strain alyield point and  is equivalent VofMisses strain given by

- . (22)
-2 20 9 o
C T
o S P
(0] (0]
0 P S
(0)



Based on the indentation stresggin curve, the constants in equat{@h) for epoxy resin and

composite obtainedre

Table4.1 Constitutivemodel parameters f@poxy resin matrix

Constants Values
E (Elastic Modulus) 5.787 0.117GPa
- 0.016
- 0.04
- 0.025
0 1.955 GPa
€ 0.745
0 0.71 GPa
€ 0.47

Table4.2 Constitutivemodel parameters fmomposite

Constants Values
E (Elastic Modulus) 6.244 0.033GPa
- 0.016
- 0.04
- 0.025
0 2.483 GPa
€ 0.786
0 0.819 GPa
€ 0.484
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4.2 Micro-mechanical Ramaspectroscopy

For epoxy resin system, the calibration for change in Rasmi&mof @ T @t wWH  was obtained
using uniaxial compressioexperimenbf asamplewith areac8t x o8& i & and length Snm.
Figure 4.3 shows that change in Ramahift with compressive stress fapoxy resin where
material constantd )of¢ c& @ 0 & & awas obtainedThis change in Ramashift was
used to obtai stress distribution around the notch sample usipgit bending test usingicro-
mechanical Ramaspectroscopy. A constant load of llGvas applied above the notch using punch

and insitu Ramarspectroscopy was perfumed over the notch area. The Snesse obtaineds,

» O ne8 (23

Figure4.4 shows the stress distribution around the notch for the composite sampl&fappied

load.
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Figure4.3 Change in Ramashift for epoxyresin with compressive stress.
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Figure4.4 Stresstensile) distribution around notch usimicro-mechanicaRaman
spectroscopy.

The maximum equivalent tensile of BBwas observed for 18 applied load. As this stress is
below the stress at proportionality elastic limit, the stresses inside the sample can be assumed in
linear elastic domain. It is important for stresses to lbeatinear elastic domain for calibration
of Ramanshift for strontium titanate particles as it is shown later in the results that stress
concentration factor of 1.45 can be assumed for spherical particles to correlate between average
stress insid¢he particle and nominal stress inside matrix around it.

The changen Ramanshift for strontium titanate particle can be calibrated with stress
induced inside particle due to stretching of epoxy resin matrix around it. With stress concentration

factor of 1.45 irthelinear elastic domain fapherical particle, the material constémt can

be obtained as:
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(24)

0 p&8 v O 5

Using equatior(24), the obtained value wasp @ p 0 & & dand the stress distribution

aroundstrontiumtitanate particle of diamet@@  dais shown inFigure4.5.

Stress (MPa) Stress (MPa)

200

0
-300 -
-150 -100 50 O
X(um)

Figure4.5 Stress (Tensile) distribution aroudtiontiumtitanate particle

4.3 Finite elementmethod

The finite element method for thaoxy resin andcomposite material was implemented in
ABAQUS usinga custom material subroutine. Since the deformatiothefepoxy system is
recoverable till yield stress arsdnhall stainsof 4% atyield point were observed from indentation
stressstrain curve a pointwiselinear elastic model was used for FEM analysis. This model is
similar to the multi-liner elastic model, but the linear relationship aftex proportional elastic
limit was replacd by thepower law relation as shown giveriquation(21). Hence, the tangential

elastic modulus for the composite and epoxy resin can be defined as:

0 - - (29)

The tangential stiffness matrix fure plain stress problem was defined in UMAT subroutine as:
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Y_ggg 26
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ABAQUS has many suitable elements type for finite element analysis such as truss element, beam
element, shell element, etc. Since the main purpose of this model is to simulate plain stress
problems, the quadrilateral and triangular shell elements were Tisedmplemented model was
tested oma uniaxial tensionproblem.Figure 4.6 (A) shows themesh suing quadrilateral shell
element for beam under the uniaxial tensile stress. It can be deignrie4.6 (B), that the results

from thefinite elementmethod closely follow the experimental curve.
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Figure4.6 A) Mesh for beam under uniaxial tension B) Comparison of resultstiiefiEM
model and experiments
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The FEM model defined above was used to quantify the variation in stress concentration factor
dueto thedifferentorientation of the particle with pringal stress directionthe geometry of the
particle, nominal stress inside the matrix and the ratio of principal stresses. The Stress
concentration factor for this studydefined as

00 QI OEQ0I VE i QWD M (27)

DEAaNEI @0 QE i A1 800

Figure 4.7 shows themesh generated for an elliptical particletbé length of major and minor
access as 4mm and 2mm respectively. The major axis of the particle is orientethaX-axis.

The mesh is generated with quadrilateral shell elements away from the particle and refined meshed
with triangular shell elements inside and around the particle. The length of the matrix was kept
sufficient enough so thalhe stress concentratioinside matrix due tthe particle is not observed

at the boundaries.

Figure4.7 Mesh for particle inside epoxy resin matrix

The convergence of the model was checked by computistyéineenergy withincreasing number
of elements for tensile stress of 100 MPa alongx}$. Figure 4.8 (A) shows schematic ain

elliptical particle inside epoxy resin matrix aktyure 4.8 (B) showsthe convergence of strain
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energy with increasing number of elements whheschange in strain energy is not significant

above 50 thousand elements. Therefore, more than 60 thousand elements were used for this study.
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Figure4.8 A) Schematic of elliptical particle inside epoxy resin matrix B) Convergence
model withthe number of elements

Figure4.9 shows Stress distributicaround elliptical particle using FEM for schematic shown in

Figure4.8.

Figure4.9 Stresdistribution around elliptical particle from FEM






















































