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Preface

Thib®sok is an integrated article thesi s, r e
Sar mialhi.s t hesis dealnsntweigtrhat e a vaeel doppe nnigme m tc a
framework encompassing multipbkeel en@Q®ARK7 BTCSE
microstructure on stewaohutiocal ozathenmatdr
strfahteh.esi s i's coempepgagmehroitt bf ewhi ch one ha
and htawee been saeabi@bwpeéerf dr i ntr qgiducest itdpat im
framewndk objfeoat itvlees cu.rr €Eh & pitrecapseea 2 0 & | pap:¢
manuscri@psinted in accordance wi Chaftkrool
5 summari zes tbBegkhepgtfhi hdiwnmg £ taswmdnm utegs ef orfo nr

current wor k.
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Abstract

AA7075 is a precipitation hardening struc
consi denrtaebrlees t i n automotive industry, pri

compared to many other al umi.nwHmoweaelvleay s tfthreon

evolution in AA7075 is quite complex due
particles in the microstructure and their
unknown at | arge plastic steaidpseclhied tcadnmms
precipitatedh amd eFeetal | ic particles. The
mutiscale numeri cal framework, which in co
iapptioedtudy strain localization, void nucl

rich matri x.

Experimentally, void nucleation is observec
fracture. Nanoscal e mol ecul ar dynamics (M
interface properties of the thres-ediusteidnats
input for real particle field 2D and 3D mi
The stochastic nature of particle fracture
the effect of grains is intabpotated manbr.i
descri btehde uwseilnng known Gurson Tvergaard Need
Compl ementary experiments i nclwidted iumi Scxd mr
El ectron Microseaye CompMY edndo Mesg rtaup htyi g(hX

resolution XCT and El ectron Back Scattered
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The FE models with three distinct particl e

mechani sms, show good agreement with expe
marginally dominates particle decobhesated. /
by decohesion andi Ehaptaute cbés,) awgech FEa

|l ocali zed deAthramagti @h aands st riati me led ealaitz

bands facilitate decohegamnmdpbeangi tmaesur due
i nherent | arger size ampdemopeéetatesgoecloat r mt
mor edphaai pitates. Under wuniaxial tensile |

of the speci men, dsrtirveesnsh hsgt ahtiad kvt @ ttivecas i al a
Voi d coal escence occur s al ong def ormati on

accumul at ed pilbhahset ibca nsdtsr,aiinn wai tphr ocess Kknown
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Chapter 1

Il ntroducti on

1.1
Al u
i nd
AAS
for
y ea
for
(so
t en
AAG6
aut
B-pi
One
Bei

r ol

pro
str
har

al u

Background and motivation

mi ni um sheet materials are increasingly
ustries for their hgaghd secoremggsihon or eveii S
XXX, AA6XXX and AA2xxXxX have been the mos:s
mi ng automotive body panels and other s
rs, AA7xxXx series @lmund miium earl d vty si rarteh &
ming applications, as an alternate opti
| uti on heat treated and then artificial
sile stremsgtmh | aompared pt bati on hardeni
xxx all oy series. Therefore, AA7XXX 1S
omotive structural steel parts such as
| Har 204 1 ; Wang. et al ., 2012)

of the most commonly available alloys
ng a wrought all oy, it -shedprineebmdetalr
l' ing with intermediate annfeabnn iregaptesd. rte a
her strength of AA7075 is from precipit
cesses. Addition of Mg, Zn and Cu hel ps
engthen the matrix whil e acaussigngaswolr&i
dening. Al so, Zn and Mg, which are majo
mi nium, contributing to higher solid sol

M
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AAG6x XX (aNileoyest . aFuytheeg)addition of trans
mel ting point Cr and Mn cause formation of

grain growt h.

The rol ecafi emunlitcrostructure in governing
strain inhomogeneity within the microstruc
and fracture is of much interedthisomal AAYO"
anneailtedmpe®) condition is relatively soft
temperature. As a result, it all ows for ex
strain, and as such i s a@lng ideead nd epripaege tmoa
strain | ocalization and damage evolution c

The commonly observed I[|-@Qrajedg Zpgnr eaf{idiCiut) at e s
(Maci el Camachoddt talonmal QYOBNtaegrgraetFael | i ¢ p
observed i(nRotrde nmattrPiaxev) o2808Y udi es have c
mor phol ogy of these mmred winpmiattaendd fioesegul aps
ri ch p(agitviacnlieset al . , 20 11i; miSuend aenxdp eJraime,nt
AA70085shows that voids on dAradtwuoepasuirlhee®
the significant rol e ofAlpdelta.tcyhHeos@ €ovMn® Nt, h emudc
sti |l | unknown about the nature of damage i
|t i's widely accepted that particles affe
materi al to a great e xHtaehmt . a nldt Rhoastsehndbte e th d
mechanical ductile void damage is primari |l

the cohesive pmaperxi esnteffapaaetiahd | ocal
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these processes initiate voeaxd aflorlnmaatdiionng wl
forming processes. Eventually wvoids | ink
boundaries if they are weakened bypatrhecpre
types i AAE@QTS Y complicates the damage de
been carried out so far to investigate t he
types and their interactionsewmnl ptliasn. ¢ f |

However, bul k of the | arge strain defor
aluminum all oys have been restricted to ma
effects of the (Rbeeesbnmetrabtyr u20aTohee rReu d
have been few studies on the effect of s h
particles on the | ocal strain variation, S
plastic strains in preci(pGamtatonalhard2a2m2 3 g
2020)

Mo st recent advancements on the study
considering multiple phases embedded i n ma
met al matri x composites, particulatenreinf
of mechani cal propertikeackfofinduvuadickéupkoe
mechanical testing and microscopy techni que
constituent particles in AA7075 uwrldloye fhfaesct
on | arge strain plasticity and damage. Al
accurate properties of precipitates and pe:
avenue until recently. Howewx@re,sisnegqniafli ¢ & rct
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such as Pl asma FB8casesedg | BhecBteraorRSEM) cr os

tomography has enabl ed r gphiads e3 [p acrhtaircal cet efriie:z

all oys, which in conjunction with numerica
me hod ( FEM) all ows for accurate mi crostr
numeri cal study . Al ong with these technigq

for study of materials at atomistic scales

of nanoscal e prsapdret ipeasr tamcd emi corno mat er i al

|l ocalization that | imit the ductility of m
With increase in computational power , and
mi crostructur al characterization and digit
compl ex mi-cae®edr mautmerrda c al studi es have b
chladngemainnt erms of both computational ef f |

with regard to constituentNumeetrerciadl npertohpoedre
empl oying crystal plasticity finipecterdalmer
solvers (CPSS) or microstrucFeaMeg bhasegofven
simulation technigues employed to study m

incorporating multiple variablestisnsgshets.

simultaneousl! vy, can be computationally
phenomenol ogi cal model s i ncorporating mul't
under mines the i mportance of eawoHi Vv ardiiablda
vari abl es. It al so gives rise to a paradox:

phenomenol ogi cal nradkefsfnuwmesrnitcsalacstulady ymor e
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intensi ve. Therefore, it i's sensible to te
rather than multiple ones simultaneousl!y.

Availability of experiment al evidence poin
and particles on damage nucleation and evo
variables much easier. |l nst ead ods tarduocpttu rneg
based FEM met hodol ogy with i mbedded cohesi:
the role of precipitates and constituent p
encountered during sheet met amofe®r mhnglep$§
i nvestigation into the r esvpaorn soeu 90offs appaprétsiecdl
plastic strain. Additionally, it allows for
incorporation of complex constitutive model
in a much robust t heorfeetcitc aolf pelaacthf odrins ttion cit
damage evolution. Similar methodol ogy has

systems such asi pRantk caithaadleve,t 62naIl87 )mi cr ost r

in metals s(uHhs BesuddePsiskyeedt al ., 2015)
Il n the past decade, significant advanceme
simul ati on. Mol ecul ar dynami cs ( MD) has €

investigating and determining fundament al [
spanning from polymers to metals and cover
and fluids.

MD si mul ations have proven their utility D

properties. For incCbhbamdekaDaadne k3bilandh@hod
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MD simulations to derive cohesive zone | a\
di verse |l oading con(dLu iethsatiS,iindddadNDy,s ilmwul:
ascertain interaction properties between gt

Ni Ti all oys.

The current work aims to expand the applic
particle interface properties that govern
properties, once extracted, -B&sewki fass elraimda

( FE) model s. This integration of MD i nsi gl
avenue for advancing our understanding of

The scope of the current wanrandd-aBebeparties:
as the primary second phase particles. Thi
mi cron particles was not obser veexdp etroi nteonnttar
i nvestigations as wel | previ(oAubsd eyl at g p o r2t0e
Al t howghchFeparticles are obsiee vaddhida,l tfwor s
the sake of -rsiianplparittiycladd dreg esdE®hAd urka ch atl d y
AA7005i s studied wunder uni axi al tensi on. |
condition and is matemmahdtHmedseril iotf y .ias e <
highlight t hat duhengrtamiadeinall i o tyépydsa toink | t ¢
debonding between particles and the matr.i
empl oyed to encompass both incomplete and

di stinction between the two.
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1.2 Research Objectives
The primary ariens eoafr cthh ei sc utror eandtdr ess t he gap
of how di ffdeyrendr ppeah)t iadndkst Heir i nteracti ol

damage evol utQ o:heient . AAT700w&5r d® mptrheaht e nesn dv,e m

numeri cal framework integratiprgndamescal e
mi crostbhrmnsedurFeeardeedel eped and adopted in t
numerical study is compl emented byt acusoenp a
to build numerical model s as wel |l as valid
distilled into three individual objectives
1.Determination of interfaci al properti es
matri X and elucidate the effect of i n
decohesion in a real particle field.

Cohesive properti @ opreeg ttilees smalelr s hns o
computational met hodol ogy adopted for t
estimation of cohesive properties is of

mor phol ogy of t 'sd apar tait ertelse | ysa ir teitseslr f a

expected to be compl ex. Therefor e, par
determined under di fferent |l oadi ng col
understanding of i nterface decohesion
deevl oping. A real particle field consi st
mor phol ogy and size. The interaction betf
dictate stress | ocal stress evolution a
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2.Devel op understanding on effect of par |

propensity of each particle type for p:

strain.

Particles can i nduce voiding through k
Therefore, contribution of each particl
and particle induced void needs to be wul
particdevbnduog under | arge plastic str
| ocalization and void nO®cl eation mechan

3.To understand the void growth a@dawvoid

well as assess the effect of grains on
Void nucleation is followed by void gr
|l oading, which | eads to complete failur.
establish the mechanisms through which
AA7005andressulaa establish and elucidate

process.

1.3 Thesis Outline

Overall, the main results of the thesis ha
which one has been published and two submit
with the three individual objectives outli
Chapter 1 introduces the background, reseal
Chapter 2 is a submitted manuscriopt t hat i

presents a comprehensive MD fr amewsotrat itco €
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strain rate. The extracted properties are
representative volume el ement (RVE) model s
decohesi 0RO iins AdAervOe7ll5o ped by empl oying RVESs
s mpl e -pairnglcé e RVEs to complex real parti
mor phol ogy and size on Widetehesairan ci e &fr a
i ncorporated icomplkitstcbaptbet weelhedecohesi o
dealt |l ater in Chapter 3.

Chapter 3 is a published paper that aligns
particle field RVEs are employed to study

fracture for the three distinct dparitoinc laen dt

devel opment of |l ocal i zed def ornnvaetsitoing alt eerdd s
validation of extracted interfacial proper
necessitates careful i ncorporatimeandfngftw

comparison with experi mentssi.t uExSEM iumeina xail a
tests -madolhuiyiecn pnoagytr €« onput edX@o)mogr aphy (
Chapter 4 is a submitted manuscript that e
RVEs creat-SEMroom@&t 8phy and 3D el ectron b:
EBSD) experiment s. Three distincthpahtieel e
competing damage mechanisms (particle deco
void damage) , ar e i ncorporated i n t he 3D
compl ementary experi-ametXuC3, uwhaehal ntkeondese

ot her s. Process of ductile damage developnmn
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an

d

coal escen®©epairmi 8DeAAT@Nh5S matri x i s pre

study on effect of grains on damage evol ut

Chapter 5 summarizes the key findings and ¢

and
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Chapter 2

Decohesion characteristics ©Of second

matri x

Compl ete Sartmah,onA. , Jaicmal e Mmkdel iMud t iof

characteristics of second phase particles
strength aluminum al llowyt ersruadtmidftalde & oa n nreeh
Sciences

Copyr:i gghtAut hor s

Abstract:

This study explores the stress evolution al
for decohesi dmadti thenpar®©ackemi muMAIDESEL

through a coupl ed mhil eittedmantdy &M eppf MA)X h

par t-matlreisx al umi num i nterf adplsl aadeF elAtrviecsht i |
intermetallic, al | un emord emd doea dli . ngmade dli It i ¢
simul ations. Cohesnedc ipmoplket scepar aF)eodo oo ¢ @
curves, allowing for thetexniacthitomgofdecnoih:

work of EGeppawvaihnhgna( new meanm@cdoorlroegsyp othadi ng
guasistatic eng.ai hhea ad ®hesindd tproperty est
are utilizedaaedi mpdel snoFEdeformati on wi
mi crostruct O essh eceft AMartOe7rS5 al . These model s
strains, aonmn hdelkravdieaohefsieach particle typ:e

t hree i nterfaces ar e weaker-Fa nr ischhe air n tt éhram

MO
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f ac

and

erface is the weakesti,chwhparmt iinl ec ognbz e,
ohesion. -damda@gnteca pti t aAles are shown to
ger plastic strains. This iess aitnrthatmema
minum in uniaxpakttehsi ontandctoonnaed

ohered particles. A combined effect of

il itate decoldasdpaorecasfpinfchrses ,r edsuies ttaonti nhe
i rregul ar mor phdplregy ,pia altiegh err ef rsah@twino 1

tdprecipitates.

Key
2.1

AA7

app

war AA7075, Mol ecul ar DynRBai tis¢g| &€i et ehé&
l ntroducti on

075 is a high strength aluminum all oy
|l ications, It offers increased potenti al

compared to many other precipitatdo@xxxar de

i nt

VOoi

ies. Vgprhiacwes pagdord es di spersed in the
id induced damage in AA7075 at | arger pl
tility in metal forming papplisé&88ranfd ir
al ., 2023, Sun et. aAnne2l0e; ASUM7 mandO Jta
ater ductility at room temperature comp;
sent wor k, this temper was chosen for
eraction withoackhmusad i d tea ddife epdarndteisdlhes §

d damage at | arge plastic strains.
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Mo s t commonly observed sec®Onds hplea-s eacrhea rRe
i nter met aldh ndp rpeacritpibcalearsg,s et al ., 2023; Sun
Jain,. 2R )particles i mpact ductil e damage
decohesion from the matrix or by( Hahn iaddek
Rosenfieldhel3esulting voids tend to grow
|l oads along <certain characteristiormalrect
stresses O IsnhefeA70nTébt eri al, the failure is |
di fferent particle types with varying shap

strengt hs. Finite el ement (FH) tmodeluidryg trhe

def ormation behavior of the alloy at the s
all ows considerations individual particl e
al umi num, mechani cal prapeili Xi eas ondealrbtoitahd epne

interface strength characteristicsbavsiead coh

model ing methodology is essenti al for a b
particles on void iniadiang otno adnudc tdialnea gfer aescvt
addition, such studies requmane i xoheadievd agr
i s cruci al f or -ac xloempa redleynsii &y eo fmutl e mat er

Due to the msnzesulasmdpdrmtei dlneher enmatatiaxmi s
separation, it is experimentally chall engi:H
in ductil e, formabl e all oys. However, mol e
possi besiitmatteo the cohesive str-@ngPhewifouts

studi es have s hown t hat MD si mul ati ons c a

M p
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governing i nteractionSAnbentiweetn ali ffek2édt;
Dandekar and Shin, 2011; Meng and Tabiei, .
Sazgar Satzgalr. edndl Dan OKfamyt ahd z8kMi MD si mul
determine the strengths of AmM203/i Al campoSi

mat emMiDalsd . mul ati ons were dILs1io e¢ minlba yeesd Ok 1) I

t r a esteipoar aS) onbefp@vi or for i ntergranul ar a
polycrystallineS Nidw m@madamet erTshedelri ved fr
incorporated with CZM models in a FE fram
mechani sms under mode | |l oadiDnagg @&4$i hé mon <
crack propagat-NbAl saubdogs KHoweBwRer , S 0me

cohesive prompeetdi ¢ds omms MD remai n. These <co
simulation box size, and the effect of unr
MD simul ations. Most MD simul ati osgs’s oare ¢

10%'due to | arge coMmpamandwmial etdeanla.n,ds2001 ;
rai sing guestions about -8 heesapopnsiecsabt bi tqy
deformati obaodeédati(@md. nSlaym R Dandekar ar
Chinmaya R. Dandéalkar asmowdhitmat2®hbhlscal e
can also be highly simulation box size dep:
response only when si nfwlrathieamolroex dmaamey iMD
focused on separate nor mal (mode 1) and sh
of a combined mode causing the devel opme

particles wiQ hsihreean maA770 75 has bees bdwaerl oo
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not been given due consideration while ane
metallic systef@sal smchumssAA@D75

This study aims to expand the <current MD

properties of the interface between the a
partdereci:gptaciegi,tatedh, ianedrmet al | i e part.i
O cont-aiob Feptermetallic particles in two
this work is focused&dFes,0lfedry inmpnoirei tpy.e viah e

the effects of simulation boxgmsiwiet anguagirs

strain rates encountered i n sheet for min
experiment al studies in the present wor k.
of mixed mode |l oading conditlehstospanei mg

(shear) .

It is wel/l established that particle decoh
al so on factors such as particle morpholog
(Gao et al ., 2023; Sarmah et al ., 2.02 3; S
However, MD simulations, due to their nanort
in its framework many of the above factors
simulations are used in a FEe,(framewbokody
di stribution i mpactpaheicl propeokesiyomoat m
The FE methodology is firstly applied to si
particle unit cell s teo Ilgoadanl ai nbteetrtfearc eu ncdoen

initiation behavior. The findings from the
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more comprehensive models of idealized par
involving a | arge number o-pamptarcdliel est ¢mwmad
their collective response to void damage d

2.2 Methodol ogy

2.2.1 Experimental procedure

AA7075 sheets were received from Novelis A
ad abr i etaetmepde r()F condi ti on. Thtee mpadre rhyal h evaatsi
tempexcantrel |l ed®°C ufrmrac® hdurdst 3f ol | owed by |
tempeft8tunorand .J &iamp |-2iGB22 OFEMnuni axi al tensi
prepared from the anneal ed mat erfO aslh.eeThei s

given in Table 2. 1.

Table 2.1. ChemicalO cschmepeds glitho of AA7075

Zn Mg Cu Cr Fe Mn Si Ti Al

5.822.601.660.190.160.020.020.02Bal a

i tu SEM uniaxial tensile tests were carr
evolution behavior at | arger magnificati on:
i n a JEOL 6610 LYV SEMapedngni anathwrue gt aa
(Asgardoustateta alr.o,s sh®23d) di spl acement of (
was 1 n displacement contr ol with 1T ntermit
i maging from the gauge regi onr ayf 3 pepcytsrpoescc

(EDS) was also carried out in the region o

My
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identification of particles in terms of t
incrementally | arger applied de-Db€manhabwns w
forfielld strai Comapppiang. sG@Mware from ARAI
out e-bh@ analysis using a Peltluiagr gaetgeal e,nc
et al. ,St2r0i3n fi el d evolution from undefornm
sequenti al i mages. A direcpameaslbes whssnop:
due to | ack of high ewsDbDuUGhanaebpbusi omhefef
the type of |l oadi ng experienced by part.
envel oping the particlesawasagonanabl €i adsuh
matrix plasticity surrounding a particle

|l oading experienced by the particle. The s
the matrix typicallyclwd tho(unsdpar2ydmufstomtt lad
Additionall vy, decohesion was identified a
sequenti al i mages of deb6rmedampcxrxebirnoteéen!
255. The highlighted pixels at tdheec oehdegsei oonf
while highlighted pixels within a particle
2.2.2 Molecular dynamics simulations

|l nterface debonding, a fundamentally at omi
FCC metallic |l attice forming a |inear inter
in MD simul at tsempa.r aTheméenact oonofesaemtisn tterr
energy needed to overcome the f(dCrhceens erte sails

2018) (Zhou .etThaed . MD 290Ul ati cour awe i lait Dend S

M cp
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simulation dddhe mplsAMMMREI| asi muRPBRRdPns wer e
room tempéKptoaoerdi( 8B0Ons and 1 atm pressure
systems were described using interatomic p
provi ded ki nemati c parameters for the <cor
empl oyed Alamd+B&é rich i nteelremeetnatl | § ¢ s tt ewnos \
Emb e dAiteadm Met hddFo( EABNB) gt whi |l eell@d@E)thr eest el
Alduti lized a MoAtidmeMetEmbe 8dBEAB) MERAM?)

being an i mprovement over EAM, can accouni
increased computationali ncotshte EAM peontee gtyi &l

as per Equation 2. 1.

O BO"[ -B « i (2.1)

wheDies embedding energy which i s faarfdenctio
is a pair potenti al i ntejaftt awnmhs orhde & uod
di strabbGgwra.t i 2.n2 shows the energy function f
di fference with EAM[teenremr giyn fMEWAM ifounn citsi otnh ai
val ue for mul tiple wei ghted parti al el ec

contributions.

O B 'O"'"[ -B =« i (2. 2)
MEAM potenti-dbhesd-FAFrrtbbk Ahtermetallic syst

Dickel Deckeal . andaLee( B686d8dre, Leesp2C10Oyely

al( Cai andcadkei,bdl8ovéd the E-Ady ptod mpnrtd daidp iftoart e

H N
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exhibl14 Bawes phase crystallographic struc

atoms at 2a and 6h sdptreesc.i pTihtea tleast taitc ee qcuoinlsit

nm and b EM®&o 8dét7. allpeezd p4d) ate unit cell b
| 4/ mcm (no. 140) , with Al and Cu occupyi n
constants are a = 0.6067 nm(Vibl |=€rds H&HBE7, n
2012)The unit cell of Al 3Fe intermetallic p
|l attice constants a = 1.5489 Vnnm, alr s= a(h.d8 IC&
201ARD)umi num was represented in the MD si mul

At omic model s werescueaé¢ edt(oHnsrked.c, ¢ ded 1dpP e n

Figure 2.1 illustrates various atomic arra
cohesive properties of an interface. Parti
of aluminum atoms to create an i nttertfhaece |

interface to ensure separation whenx | coaded
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Figure 2.1. A schematic of MD simulation s
of interface.

A periodic boundary condition was i mpl emen
l oading direction. The system was rel axe

di spl acemenitsobdrsiod heemrsmarhbl e was used to r «
interface, prior to | oatli kg tmEBosl .l ati pn?2
Figure 2.1 depicts the velocity boundary

sy mb¥blaa¥dr espectivel y. T¥danYaledteirvmd nwea It thes |

mode | oadi ng cobnyditthieon sp,a deiGidy@EBssgeZde ou et al
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2008)Pure mode | and 11 | o a®din mYrB: Gepoer crtei svpeol nyd
addition to pure nor maddeansdi nsuhleaatri olnca dw enrge,
precipitate/ matri X c omb i°n a°dabnodn®. 6adForl oada g
calculation, the i nt erLfxalicneexvdcl U'he swavo | aoes
di stributed equally bet weelnh:aflraegai tnhuims astdu ¢
kepouaatarmah et al ., 20ZBe EZhaoteonavValues$
averaged -tacmeossst elp0sO (0. 1ps) to anni hil ate &
by ther mal oscillations. The nor mal and sh
di fference in thbeapartagel poatobmensabfing ¢
positions of the aluminum atoms in he int
Yo Yo. A more detailed discussion on the e:
boxes is presented | ater in section 2.3. 2.
2.2.3 FE Methodol ogy

Two types of FE representative volume el en
were 2D FE wunit cel-paRVEs| efoonsigglatandst
surrounding matrix. The singl e pagitdljcd e( un
in the x and y directions, equal to 30 tir
particle size of 5.3440m]. Aspect ratios (.
the |l oading direction (x).tFpgutécReéamorhpht
where L and T points denote | ongitudinal

(perpendicul ar to theparntaideIng RVEsctKFioqyr
constructed, mirroring tka nmpmbephalrdadgicdse o
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mai ntain a constant particle volume fracti
single unit cell model s. The normalized in

Equa.tiadn3, was computed for the (aHut uetl ari.c

2008)The R vadpaeticocl eh&@EEtwoit cell model s
value found in the actual microstructure.
Y —— p (2. 3)

The pasiaBeueatri(o2n. 3) represents the nearest

centroid toi @aeadarreoitdhe whadiei of equivalent
as the particles invol vedqmaden bayd dtihtei olni,n ea n
the centroids of the two particles with th
was varied inftemegnad| yofro&td@ngndéestecganb
effect of ©particl e oTrhiee nsteacto nodh ateyapdes RWfE sFsBv e
created to capture the real particliecldestr.
field (RPF), with same particle sizes and I

mi cr os tlrdueentturfee.cati on of pa-defol matBydPIs SEH:

resdhtescorresponding RPF FE model i's shown
em?) were highly unlikely to undergo deco
experi mental data, and hence, excluded fro
ideali zed particle field (I PF)}Dwnaisc rca start leat |
replacing each real particle with a circul
same centroidal position within the micros
was el i mi-Dawwad!l enmh PRt ai sizg dastabbetpamnt
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The final -BE(medeFjguUPE 2(f), wasDcmedaeled I
by replacing circular particles of differei
of all pafSti thesavkenabPBFsi zteh eofs aarlel apsaritni c
particle model mentioned eéar | iTehrer edforpear tFi
| RP$ did not have the relative effects of m
di stribution -twhisc k red sasemeeahhtesZiawesy eele mbedded
particles and the matrix in all the above I
el ement thickness of 10m was assigned to
overcl odecehesson artailamgmalpl| ats tAasic.s,sitc2h0 2 3t )h
model s thus created were 2D, simulating a

the FE met hodol ogy ado(pSaerdnacha ne.tb ealf.o,u n2d0 2e3l)
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Radius=r;
! !
| |

T ! SN
Aee—
- ‘T_"L_"L L . B A 1
_l_ Loading along S

! ! x-direction
i i | T
T Radius=r,

Circle  Ellipse-AR4 Ellipse-AR0.25

(a) Particle morphologies (b) Particle orientation

LT rRT | ¥

(¢) SEM micrograph LB (d) RPF RB (¢) IPF-D X

227.5 um

PI1-RPF PIL-IPF-D  PI-IPF-S P2 P3

)

)
— —_ — = Matrix
. 4.8um

(f) IPE-S (g) Particles for local stress analysis

180 pm

Figar2. Various FE model s, (a) morphol ogi e:
two particle a@lcignsnmecnandanmgygl eel ectron mi cr
mi crostructur e, (d) corresponding FE model
| R model wi t h retained particle size an:

mor phol ogSy,mo(ded nlivRiFt het ai ned particle distr

particle morphology and size, and (g) 1indi
A uniaxi al tensile periodic boundary cond!
model s. I n Figure 2(d), LT, RT, L B, and LB

denote edgei sodkesdi spl b esmd rhte vaegotldre damdd s

HC



Ph.

D. -Albhheissihse k Sar MalMast er -Meckhkaniscaly Engin

x-di rection, then PBC boundary condition ad
s etEqoufast.i o(n2. 4) .

0 6 Y 1 (2. 4a)

0 6 Y m (2.4b)

o) 6 Y om (2.4¢)

6 o Y om (2.44d)

0 0 T (2. 4e)

6 o T (2. 4f1)

6 O L1 (2. 4q)

0 0 T (2. 4h)
Equation (2.4) ensures that during the si mt
can freely caeadntrreacctti oanl omhg Itehe eymai ni ng par a
was assumed to be an isotropicaanepllasioige n e
response of(oMilscewsi)ngplJdasticity. The matrix's
charact er iszteadg eu sHonlgl oamo3n f i tted curve as de
parameters obtaine8afmam dtr iTahre. |Yiou@Z3Disu mMme d
the matrix was set at 71 GPa, and the yiel
, U- (2.5)
The particles were assumed to &eanld-rnlrealr |y
particl es (oMad 4e/t. 502 4L ZB@I4) etandl 2 IRRGP2A)
et al resetd®) vel y. The particles were ass:!
unt il particle interfacial separation duri

HT
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The cohesive zone (C2Z) parameter-§, cdevesed
were parametelize@bDiufsg ngt aalb.i, 20 2TOwo Lkue ye l
parameters characterizing int-+i ihaSaircaullr vsetsr.e
These were the thaxiwtuenshesaotison hege initia
decohesion, and tGhe wbekl atfteepaepltiemaar i n
cur ve. Given the complex mor p¥olsthggyemo k ed h
|l oading was anti ci pmaterdi xaliomtge r/faad eu.s Herrd e
establish the relative strengths of these
For simplicity, it was assumgdinhatodebe |1
| oading, oian®, O.The distinction between m
cohesivexpglohiened in Chapter 3.

A constitutive | aw, known -Ka sl aBwe)n,z evgagsa gehmpaln
account for mixed mode (iBarezredgaga gh anred okealn ¢
The primary aHdvhawage Ohat het Beli minates tI

the peak traction for the mixed mode regirt

mode | oading needs to be deter mifniedcafiTcthhre ¢
0,0 anad values, as foll ows:

22— = (2.6)
wheote + antiare the normal, shear and tange:l
bracket around the nor mal stress indicates:s
initiation of damage in the interface. Tt

HY
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decohesion after i-KRitawtisnadéadmagei andef B
shear to total work done for a specific in
O O 'O 'O 'Or0 (2.7)

wheMies a materi al parameter resulting from

The paiOamea efruncti on |of sthbel battahgwanigl don

shear trakKtliaoowm.i sThecBematically described i
Traction 4
/' ________________
4 ¢! I Tnitiation of debonding !

|

1 2
’ =1 (Tn) Ts 2 Tt 2_1:
————— o) Tler) ) T

-
— o -

N ~ ; Damage evolution criterion !
____________ | GSM:
(R Tt e n e - - TC _ ! nH_ (Y
&\\o G G'+ (G G)(G>:
L TTTTTTTTTTTTTTTT
&
«
Figure 2.3. Schem&t mcmedepreckrasiate onawf B
2.3. Results and discussion
2.3.1 Experimental
Figdr @r esseinttus SBEM secondary el ectron i mage

during the deformation process at 500x magr
strain fi-téestl fCr am ap oyssti s . The top sSlteadge i ma

whil e theperghit ai dafgesmed microstructure coc

H o
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of nterest s(tSarimmahofe.t~Tan%® ,s n2a0l213e)r SEM i mag ¢

correspond to the specific locations in th:
smal |l er i mages s how ndiugreidf ideearth edd fomr mdadt it
fracture, and astuibesre qauredhtgrvowtdh.i nThhd strain
to the spatial di stribution of particles a
right is the coordination of slip bands a

macroscopibansised hi ghlighted with black dot
areas of |l arge pl asteiDd CstimaEiigre eccahmmalabbdbhba
act as barriers to dislocation slip, there
the particle interface. Mi smatch between e
response of parpactiescs|l ¢teaddcplhesimah ei kr act u
as pri mary mechani sms of voi d rewaa | ebaa n dosn .
ultimately | eads to specimen fracture. Mag!
indicated that decohesi on t enadss toog poocsceudr t aot

transverse poles.
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]

0.2 0.3 0.4 0.5
: . . . :
Loading direction 50pm

Figure 2. 4. Deformed and undeformed micros
highlighted.

The fraction of particles undergoing decoh
only 15. 7% damdbrledi9pe f ares respectively, fr
of author s, S@gamamalet e.talTah,e. 21002 @2h30)l ogi c al 1
gener al di st+thiomdteidomaandcdfesdare summari ze
mean aspect ratio (AR) idandmrbd ®i Ri.t2at dg wial
size and higher ARswvalud ohadieloeoheb &@om®pf e
mor phol ogicartritbeainates menhaFéic particle de

Table 2.2 also presents average values of
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have undergonertetbohedi by)the equivalent p
strain by the equivalent plastic strain pr
experienced Mgr malei pead tsltdaers.strain values
nor mal and pure sheafThdeé omdangnormabpbecéedyvsl
indicate the mixed mode | oadi nigt cvoansdi db pers
t hdsatndpbr eci pitates tended t o ruinbduetrigoon doefc oshhees
was relatively higher. This suggests that
of |l ocalized shear bands. These experi men
determi nn-mondemi redr faci al mprtehewmgdihwe twn dgeari sn
the varying propensities for decohesion am
Table 2. 2. Summary of measured statistica
undergoing decohesi on, al ong wi t h medi an

envel opbondedeparticles.

Part/Number dqPercent {Mean Si|Aspect |[Medi a
typelparticleparticl {(m®d (Sar mahnor ma
(Sarmah |undergoi( Sarmah|2023) shear
2023) decohes|(2023) strai
(Sar mah
2023)
—_ [O2)] _— v 0 - [ORN?)]
—_ o o —_ v o —_ o o
< A c < 0 c < 0 c
d 510276 1.49% 5.2/9.6€¢1.6|12.7|0.639
d 242 |38 15. 7% 14.(127.31.6(1.8|0. 632
Fei (68 32 51. 6% 26.(28.11.7|1.7|0.563
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2. Mo2 ecul ar dynami cs

2.3.2.1. Si zeS dceuprevnedsency of T

The MD simul ati ans Owenrpeu tcearCaineadd ao uGr aham c |
RAM distrirb@mbedsoweth the most expensive s
of ruAstmeeti oswiegnicefair¢caretr ,effort has been
i nnSTcurves (i .e., cohesive strength respon
MD simulation parameters before incorpor at
model s i d.atwhieguBr e 2-S5respwsanaseheaTcul ated

simulation box sizes and Al@AIdhinfdf el emit c mo ¢

i nteetram | i c interfaces. The si mu¥lati keepatd e
computational run ti mes manageable. The sm
as ~8.5x10Kdr 7Temse of presentation, t he sm

interface BreardBaiet@asdpdygti vely.b Staeret bog &I

i's increasS®dresnponset hoef Tt he iBiSEemiihatbsowooh
size of about3g-abvle. Sax TtBdnwe.shemdns &€ for all th
as such this is used as the base size for

Si mulation box size sensitivity of cohesiyv
and sihmbgp a suitable simulation box size 1is
Using smaller simulation box sizes suppres:
plastic deformation such as di sdorcwadlda @n sl

S response(CponmhygyadRngDandekar and Shin,
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As shown byZlZdhwaoe tatrada.lD.a R2dDeOkBah iannnda ySah iRn.  Dan
and Shi,n,t h2e0 lmigde of | oading applied gl obe
consistent | ocally at theS crreascgkontsiep.o fT heea gl
in Figure 2.5 i-hvoktasesiancseaaedyi mearacti ol
interface is initiated, at which point the
degradation progressivel y oirmeersepasneds nagn d eicsr
|l oad bearing capacity of the interface. Wh:i

separation of the interface boundary is ev

T T T T T T 20 T

T T T T

= 20.6x28.6 x6.84nm

3

20.6 x 28.6 X 6.84 nm?>

m 41.2x572x124 nm3
3
3
3

41.2x57.2x 12.4 nm?3
44.8%62.3x10.2nm3 15
46.4% 67.1x 10.2 nm?3

® 448x62.3x10.2nm

®m 46.4x67.1 Xx10.2 nm’

g s 51.5x71.5x15.5 nm3 T 51.5x71.5 x 15.5 nm
9 S 10
§ 6 1 g Al-n precipitate interface |
E Al-n precipitate interface in Mode [ g in Mode II
B . (=

o
w
1

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30

Separation (Angstrom)

La)

Separation (Angstrom)

(b)

T T T T T T T T T T T T T T
5 = 85x10x1.7nm> | m 85x10x1.7nm>
3 -
= 413x572x104 111113 = 413x572x104 nm3
m 449x624x104 nnl3 m 449%x624x104 111113
6 = 46.7x72x15.7 111113 ] = 46.7x72x15.7 nm3
= 51.5x72x15.7 nm3 g 24 u 51.5}{72}(15.7111113 7
44 . g Al-6 precipitate interface in |
Al-6 precipitate interface in Mode I 2 Mode II
=
14
2
0 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Separation (Angstrom) Separation (Angstrom)

(c) (d)
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8 T T T T

2.0 T T T T T T

= 85x10x1.7 nm3 m 85x%x10x17 mn3
= 413x572x10.40m° = 41.3x57.2x10.4mm°
6] = 445x624x 104’ - 15 = 45x624x1040m° |
= 467x67.2x15.2nm’ = 46.7x67.2x152nm°
= 515x71.9x152nm’ g . S1Sx71.9 %152 om®
4 <)
- B = 10+ 4
L .. ) Al-Fe rich intermetallic
Al-Fe rich intermetallic interface £ . .
. 1 s interface in Mode II
in Mode &
24 05
0 . 0.0
0 5 10 15 0 5 10 15 20
Separation (Angstrom) Separation (Angstrom)
(e) (f)

FigureS 2r.ébsspolnse at different MD simul ati ol
Ald.,b)( mode | I-dlcopdoddien g olAdBAd)(nqgnode | 1-d, oadin
(emode | | AlFle nginofer met al | i c, (fFemodehll
intermetallic particle.

The converged values of work dondg nterd amel
foll oweddnbbyFAAIri ch particles, for Mode | | ¢
trend is observed for the maximum traction
(pure shefan)ertaeeAl s t-he hstimdregenett awhiilce i
the weakest

It should be noted that to keep simulation
in Figure 2.5 are achieved at8%!t hEhic®sisofl
an unrealistic -staaian datehesoironqgupahsenomert
experiments. To reconcile the differences
applied to the MD si mulsatta t8 ncrodisspea ftroo mr eMDx

simul ati ons, as described in the next sect

op
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2.3.2.2 Strain-Sr gptae asmeent seirtsi vity of T

Since omurebpigmdanlthrch aype ef erred shorter run |
number of atoms involveS,cumeexfifecsht wdi sd
simul ation box si zaemsOv aTllue sf iamreael odwaitdat:etsi
that and then corrected for the difference
converged r esBiblotxs spirzeedd acntderdg ebdy v bbb e ssigz e r
are calcul ated by i ntzaondduacr nrga xsii memdtow a ekcit a
of separation respectively. The size corr et
cal cul ated f orBtsa nmwrl cap e rotny bwal wd zeeal rul at ed
For example, the Aldieteofaneetfion madeot f ol
byquast.i on. 8. Theanwairi atrespec¢t to strain r

strain %3t ¥®0awd°81® The variation is observe

hence is considered invariant to strain ra
I
3 2. 8a
m ( )
|
U 2.8Db
v ( )

The above size correction factors are used
of separation Voaliuwmad at i omsboox obzain the
values. Table 2.3 presents the size correct
interfaces.

Table 2.3. Size correction factors for max

Il and Il |l oading.
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Par ame I nterfac Mode | Mode |
3 A ld 0.704 0.869
Ald 0.373 0.543
AlFe rich i 0. 343 0.592
s A kd 2. 183 2.06
Ald 1.57 1.95
AlFe rich i 1.075 1.123
T T T 5 1 T T T T
9 E m Al-ninterface Mode 1 Loading
- Mode I Loading | * AlD intlt:rfa.ce -
. Al-Fe-rich intermettalic interface |
7 | Exponential fit (Al-n)
| Exponential fit (A1-6)
_ 64 4 — Exponential fit (Al-Fe-rich intermettali
«© ] = 34 i
g g
2 1 g 24 .
E , Al .interface ] S‘ -——././_
| ® Al-6interface )
2 Al-Fe-rich intermettalic interface J 14 . a |
——Exponential fit (Al-n)
14 ——Exponential fit (Al-6) .
] Exponential fit (Al-Fe-rich intermettalic) ;
4 I &li I al I 1|0 12 4 lli ;3 1|0 12
£ £
og(3) s ()
(a) (b)
45 T T T T T 25 T T T
» Al interface ®  Al-n interface
409 e Al-8 interface 7 1 ® Al-6interface
Al-Fe-rich intermettalic interface 20 4 Al-I'e-rich intermettalic interface o
- 354 Exponential fit (Al-n) Mode I Loading 7] .~ |=—Exponential fit (Al-n) Mode 11 Loading
g 30; Exponential fit (Al-0) i _E -—J:xponcntl:alﬁr (AL-6) S :
g Exponential fit (Al-Fe-rich intermettali = 15 - Exponential fit (Al-Fe-rich intermetta i
2 25 4 a
g g
E 204 - E
g £ 104 i
: 15 4 ..f -—-’_’M’/
o =
# £
g 10i - § 54 : : i
5 i
0 - T T T 0 T T T
4 5 8 10 12 4 6 8 10 12
o () o ()
| (¢c) | (d)
Figure 2. 6. Strain rate depditheénpieak off aca
modet{(Id), work of se@®@d)atwornk inf nmeoed@driat i on
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Using smal bethrn@orspgozess are plotted as a
normali zed strain rates for dlsleet Hri.yaurien t2e
strai m Y@ties ocfonsi dered as quasTbéaswRmbsl s a
anrbenote the agptpdtiied satnrdaigRasdtse ancespec diey
as measured by traction and work of separ a
strain rate for all three systemstaun@der st
values follows a general trend observed by
(Gupta and Yedl a, 20 l1a7;t hloiugdn drlrvd oru,s @ AQ
wide a range of strain rtaaiens @asensint it \hiet prte
2.6 are consistent with | imited macroscopi
strain rate dependencies of Kophragveepr ape
Meyer et al., 2022; Tamr.akar et al ., 2019;
Thean@ver sus normalized strain rate data in

are fitted t-bogxpaoneniEmaukbsgoedh. by

O 0o 0 (e (2.9a)
O O o) [IE (2.9b)
0 o 0 [IE (2.9¢)
O O o) e (2.94d)
wher e soy mbqlOs , 0 an® are the values

traction and work of separation R n&Emaddes I
andare fit parameter s. SinEggutah2.olpbasai st &0

oy
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simul ati bn tbhoex csoirzreesponding converged valuwu

Ssize correction factor tBqguaste& ognDasi st ati c

0 3 0 (2. 10a)
0 g "0 (2.10b)
o] 3 0 (2.10¢c)
O U O (2.104d)
| Equastd.oml, ,O ,0 AT D are the converge
of peak traction and work of separation in

The proposé&dveguanhiDnasnd 2. 10) are simple vy
the trends in the data with just a few par

Table 2.4 presents the resulting converged

i nt erTfhaec ersesul t s, for peak traction-qand wo
interface has the highest | oad transmittin
by -dilnt erf a€e andhAl ntermetallic intldrface.

interface has the most -Fesrnisd lanicret ¢ ommaelte & lo Ih ie

has the | east. Lastl n, tihte issnathd ed esbtoraa isnl zre:
1®%'was the | owest strain rate |limit in tern
Tabl e 2. 4. Converged and quasistatic estim

extractedi mMmubat M®ns.

Il nterfg Mode of Peak tr|Work of S
( GPa) (N/ m ®r
Ald Mode | 3.4 3.36
Mode | . 99 1.15
Atd Mode | 1.62 2. 066
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Mode | 1.07 1. 845
AlFe r i ¢ Mode | 1. 32 1.193
i nt er me Mode | .71 0. 53

2.3.2.3 Mixed mode interfacial strength

For complete description of interface stre
be parametri z«&«€d| awcadrdicmg belo Bdne tseercniinoen i2n.
specific matMer far pacbhmefethe three interf
at several diff%r°g®4 dd,.ddheg ICdDgleesal @ul at
as a functi on obfasmogdieiz gnuiaxb yt(oyh.Tdu& doino ,et al . ,
Equati(h. 18¢xphewsed in terms oV)fandl sbeat

direch) onaudadalbgspe¢Tuvehyetd ahdr, e RrOo€dsBe n t

the tractions calcul ated normal and paral/l
O 0| . o&Yo | o&Y® (2.11)
‘OF0 1 Tp ¢ d (2.12)
YTy O (2.13)

nn
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40

T T T T T
0 Al-n interface
O Al-0 interface
! v Al-Fe-rich intermettalic interface
B-K fit (Al-n) -
\ — B-K fit (Al-8)
\ B-K fit (Al-Fe-rich intermettalic)

S @
. L
I
|
|7
@ I
|
L

Work of separation (x 0.1N/m)
=
1
1

. : : : :
0.00 0.25 0.50 0.75 1.00
GS/GT

Figure 2.7. WorAld Alidase-pAr aicaoni hoer metal |
di fferenQfOr ati os of

The work done for decohe®fas ifspumltd2tne)d as
and the results are shown in Figure 2.7. Tt
descr ibeuwa.thifoh. Mval Teed Aldand-FAI rich interm
interfaces were obtained ausndOe.r3 2no,de0-.15 7 0o aad
di nterface has the highest strength with t|
hi ghest 2atf o3l.13caMdehdhFbey rAlch i ntermetallic int
| ower resistance to decohesiorfawdth.?wWwea8kJb
respecti védley.riwhiliemtlelrface is stildl t he we
i's interematdhAplst d heothe gthest overall resi st
1 loading?weédtuthi rled4f50o0rJ/wor k of decohesion.

[ | oading is more detri ment al i n terms of

nm
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mode | | oading. Due to significantlryi dhbhwer
intermetallic integamndbceci pwhkhaaitebmpetl edf aoe
classified as a 6weaker 6 interface compar e

The met hodol ogy t o account -Sfoparatmeaiems r

parameteriz-mbdeni nfemfaed&| | bewhagi pr eseinn @
the first ti me. However, the final val ues
framework and subsequently validated acros

(Sarmah et Salnc,e,2®»3)h particle fracture an
void inducing mechanism in AA7076f paltitdat
fracture in the FE models for direct compa
scope of the current study. The cohesive
proposed above was able to CS&atmalk expalkim
It was reportedht partivbl s EBmBrder went bot h
decohesion dandporwe cstprigianse,s primarily indu
strains when the effect of strantned oicral Tahl
2.45. 7% anddadnd®re coifpi tates wunder went decc
experiments and the same trends were al so
et (&lar mah et Tahle.r,ef200r23 ) as can 7be cuhbid eer ved
precipitates have relatively -mothparabl emei n
percentage of each particle type undergoin
interface strengths predi cdreaedp amyc yMD.e mah & s

investigated.
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Additionally, Figure 2.7 -milghltihglkts i an eir i tac
susceptible to shear compared to nor mal st
of the mechanisms by which s hetalri nantdh e emasti
influence particle decohesion in a particl

ot her' s s.trlelser epfroorfei,| essn attempt has been
foll owing section with FE model s.

2.3. 3. FE model s

2.3.3.1. Unit cell RVEs

The primary focus of this study is towards
(&) and shiRpristressmétri x, close to the p
their significant inflPaencel @en momtpediofl agiyalc
to influence stress evolution and conseque
mor phol ogy is investigated using single pa
el l'iptical mor pbadl dwgiresanadegsceonsiCdercul ar
baseline to assess | oca&lR4s tRV&s sani env @lsu tpiaa
smal |l er radi us al ong-AROQOo.a2d5i,ngwhdiicrhechas®sn.a
perpendicular to |l oading direction, encaps:!
AR4 RVE.

Under uniaxi al tensile | oading, the transyv
negative triaxiality, i ndicating compressi
This behavior i's consistdrntsmaithefiwddd. ngs:
investigated stress states in martensitic |
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using 3D wunit cell model s. Their study rev
during uniaxi al | oadi ng, resulting in comp
resi stance tto idaexcieoph ecstfiyornealA garticle field
AA70G5al uminum i s pres amtpec diihni chi, gduerneo nS2 raa
compressive state of stress at the transve
Figure 2. &an,steseentsields before decohes
strain fields afterri cdhe cpoahretsiicolne,c Iwhsiel et oFiag
gl obal strains at which each particle type
Smal |l ef acadiosates the devel opmentARdf almidghe
decohesion occurs at a | ow gl oixals gnarxdimu.m |
f or EAR4.psHo wedveecro h épseischni,bi ts a drop in stre
observefdi gwmr esu(lbsee part D of Figure 2.8(a))
particle wadnicmerae eas ashea result of decohec
more severe stress relaxation locally. Due
sur face, the void graws$hress odermporeednt |doe
significant role i n decohdeescioohne sh wtn iitss imag
part E of Figure 2.8(a)).sCicsl|l BoRVEtrebsw
EI'l -ARde but decohesi AROL 25deleanpeadtrBEtleisps de
to debonding since stress concentration a
conducive to teiconhkeewont AARO)25iandE|l dépacl
occurs in between L and T pol es but the 1

decohesion kiyhngr @eadse® iomseARO.d25in SEmiil pse e
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Figure 2. 8. Single particle FE unit cel |l
mor phol ogies (EIlipse AR4, circle -andh EI | i
particl elxgsatsreess,s (cho)nt our s i n NkRsat rbeesfso rceo ndteo
in MPa before decohesion, (C) equivatltent pl

figures D and E (partochlirademke ¢ &ka)smsah o wXx
funct2eww @lfobal strain), and (b)) a bar <cha
three particle types and morphol ogies unde
The effect of particlgaonigesntaatfiuomctomndeeyel
alignment angles is investigated using two
previousdecioomatsipoststress fielkdeccamsemanag
Uxyi ncreasiigniggctalelsys, fields close to part:.i
prestganllystress fields before decohesion at
ciraphkhaticles imnwaalioues \wildigmimeytatangl es. I

°, bxksegress field interacts strongilxyem&kt wee
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i th
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previously refpéolut ed ,aékaslutl R2duOBhy tHue iert . s
porate decohesi Okw.al Rliesu met &0t (a0 fg Ipd ma
n of 5% Duleystoeisst éi-padi om|l eheet tvoce

r prior to decohesion when <compared

efore, it can be expected that there i

h

bori ngamtairtg clmsainealr pantywall ee fti leadtd
ases ge=ad@aatdl wetomes a®BX i ammuadn @t bseque
ases g & oa P°DFyi gfurroem 2. 9(d) plots the ¢
esion fi-pattioclcarsniftorcelwlo RVEs for a
cle morphol ogi es. l rrespective=®f mor
he resistance to debonding increased

vertical. Such a behavi pGawaset raktentl

efore, it glam bDleesprimmaey dihiavpearr toifc ldee c

d

t

¢c RVEs, since global straikn dtt dmucsdh €&
thhagwhr ttohcd Eef f ect of particle alignm
antial f oAl raAkldtiintedryf a8 maugg.heTrher ef or e,
decohesion of stronger I nterfaces wa

ti omsrwhiseld nor mal and shear stresses
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Given the inherent compl exity of real par
model s, it i's important to emphasize that
elucidation of stress evolution @an ther e nid
di stingui shéag edyxladd alnikpendhel evta¢ eladec si on e
maxi mi e=e dvAitldkye eaches (=t sAGpmasle qatent | y, an i
alignment withi-@85Mdye bangensifdered the mosHi
for decohesi on.

2. 3. 3. 2.-D RPFAS IIRPHE s

Mo d el results pertaining th amdS)IiRiF@mal iaz erde
particle field (RPF) consisting of a | arge
AA7005sheet materi alFiagruer ep r2e.sleOn t(elde fbtenhooswt. «
t hle,st ress £Si,edDPFiamdl RPF at a global strain
vi ewxotfress fi-al eas {So,fob PFRBd RPF is provi de¢

columns in Figure 2.10 fNort abllyhalats &goaign b

exhibited strong interaction along the | on
earlier observations in two particle wunit
|l ocalized Wamds efl evmaede,d al ong these bands.

n



Ph. D. -Albhheissihse k Sar Makaster -Mechanscaly Engin

IPE-S

S, S11

(Avg 75%)
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IPE-D

RPF

Figur ax.2t nd®SMP g )x 1f0i e$ ,d sh Pd&n d PRRPF at a gl obal
with magnified view of a region at gl obal

The effect of partilgkkersebszsefastbddmevphaotogn

at | arger strains. -rlirahe spaercttiicvlee so fu mibedrew e rt ty
as they possessed the weakest interface. A
was dictated éb&yi admreiodchaFgr tdiecloehs , it was o

bands-Si welrRF narrow and as a result stress
formation was al so the I|-leadtargmaongaaltli ctl ke
|l ocali zed bands and the accompanying stres:

significant. The effect -&f apa tisiRérlees ssifzieelw

pn
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consistent with the prEe@emwmtuise d i, etdvihaolg.p,r m3p00ISe
t hat propensity of particle decohesion inc
radi us. 't was al so ©08aemale detihnatlo ulra rpgdeery ) poa
restrict matrix flow more significantly an
interface, which facilitated decohe®ion. A
when compaSr,ed etaodiInRgF tmanwd sd.erl 1 oRRH,i ztehde s a
was observed. However, the stress devel ope
particles with a smaller radius along the
t hanD,] PFhich caesedanhle tocaliden substanti
was al so mani fested in RPF through regions
even in matrix regions going through stres
Figure 2.11 isdagerstss f-fledD®&Fwdr RPPF at a gl ol
15% in the same manner as Figure 2.10 &ear
mor pholleygyress evolution is -marittieclres viermtl é Ir
void initiation and déxykedtowememtp arTthiec lienst eqa
al onng which is consistent with not only th

with the experi ment al observations present
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with magnified view of a region at gl obal
|t can be observed that interactliybandet we

formation than t hparet ioblserwreidt i meltlh eRMBvo. 1

Ukypands is most promin&nt wihmcRPEoahd beast
effect of morphol ogy and size. Particle de:
dkpands, which are wide enough to envelop
where decohesion is most l i keldy . nAsnea ghés

particles from GBxaoa@mbiOved a¢flfedtt dfs seen

strains, particles situated withlxsaandocal i z

p H
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at t heir l ongi tudi nal pol es. Such a condi
facilitated decolesdparecafpimarte sr.e Fii gtuaret 2.
of Ilipx@amadkyhi story at | ongi tudgdrnedi ppiotl aetse )o,f pj
earlier in Figure 2(f), from the two | PFs &

P2 «{Feh) dpmeckPdPitate) from Figure RPF are
mod el onl y. Particle P1 is a relatively
relatively |l ess on it cTohmep ag e e rtaol ntorse n dost
predicted from the unit cel/l RVERBF alra&s ab stot
particle size and morphological effect, thi
black I|ines in Figure 2.12(a)). Decohesi or
del ayees iwhelrRFthe effect eofnosti zper easnedn tmo rTpht
particle interaction on decohesion is more
after the decaheshi prarafi dii@rsgarg i Réhed | wictath p

has increased. °RhAgnhmehte WBthspamtiackd5P2.

particle P2 has alkmesoocatadeavi thepaotiatl

decohesion. Therefore, it can be concluded
on decohesion. I n addition, the effect of
mul tiple partighlboessroagupysntions. Particl e

trigger decohesion of neilgpbopairhgchp’east akbl
The tefdfcilxgme adseecdohesi on i's mor easdgni fi

precipitates due to their weaker int er f ac
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interaction also causes particle decohesi ol

direction.
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Figure Radl@hi 6apry at |l ongitudi-8al-Dpéddck of
RPF Udpddypi story at |l ongitudinal pole of pa
Finally, Figure 2.13 shows the percentage
in -$PFDP&nd RPF. It i s observeddphati pnt RPE
undergoing decohesi on wdpr ed impisttiad~dcdg nt svimsetcsen
with previously repo(r$eaerdmaehx pestr | Witenrt a & fOf2 8 ot
mor phol ogy wasD,r etmoesr edli fi frltarhefiiFa s b eéoweéeen 5 t
When both effect of mor phol-8gy pandadarstizge
precipitates undergoing decohegpxe pwaates],
which is more consistent with the MD pred,;
di screpancy can be primarily attribuded to

precipitates whpernecepmpaned, t@ad. Drebleweedr

pn
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secondfairgl d agf fects can al so damdd ruemicpei tteatee

n

RPF, due to ear | y -rdeccho hpeasritanc | cefs ,| asrtgreari n

earlier and stress unloading.aBayessomnl oa.

supress decohesion of par ti cD,e sl oacwealyi zfarta no

accompanying stress unloading is |limited a

stress distribution. A meciéi hamegemdus ectomna

particles away from the bands.
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ure 2.13. Percentage of each p®r taindl e t

Conclusions

omprehensive study of roondg AldanpeF &lt ur e
erifnracAeAD 09 Beet was carr i eE osuitmuulsaitnigo ncso u
u SEM uniaxi al tensile tests. A systema

e f or -Sc ornevseprognesde Twas carried out. A meth

PP
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sensitivity was proposed and applied. The |
MD simul ations were then i mplemented in bo
field 2D FE RVEs. The key resultsoamnedgsubs
conclusions:

1. 't i s shown - rroens ptohnes ecso,n vaefrtgeerd aFd ji e &t i ng
intermetallic - asrhteectl ensatienr iAaAl7 Ohfebve a hi ghe
when ¢ omgpparreecdi ptiafparteecsi pandat es idue rtfactimdi rst
with the matri x.

2. Cohesi vaprseaciemigttaent eosf i n  AA7 Odp5r esch epe tt ait =
under mode Idplreadipnd. atwlsi have a stronger i

|l rrespective of particle typegr male limacdirra.

3. Particles with | arger aspect ratio and ¢
to hixgheress concentration |l eading to early
4. 4Jpratredi cle interactilom sefmfaxdtmi aedewblent ip
aligned parall el to loading direction | ead
The higher stresses facilitates particle d

5Thaystress i s maximized when eparht-paheschea

alignment -B8wwebnréspect to |l oadi ng direc
decohesion, due t &xatnfdlg combined effect of
6 . Decohesion of particles U(xgsstuletsssefr cam o
l ongi tudi nal pol es of nei ghboring particle

residatndimneci pitat@sshenetAA7075
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7. A disproporti ondptreslcy pliaradesfp [ peecroqueprataeees { «
observed to undergo decohesion experi ment :
cohesive strength estimates and -dxmpdedAlment .
interfaces can be explained in terms of th
of the particle typdepsr.ecA plidragers peardeeargtod g
primarily due to their inheremtollomgyger ave
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Chapter 3

Mul ti scale modiehduoagd odama®e iich eAA7 0"

alumi num sheet at | arge plastic stra

Compl et e Sairtmaathi, o nA. , Jai n, Mowvh. hKa. ma dABdguard, d oRu. s,
Mul ti scal e modienducnegd odanpaagret iich eAA7075 al u
plastic strainSl. |l httpd:/ Ptdastordhb®0. 1016/
CopyrrTghs article/ chdmter nadas opabl,lH@ecdailn
Sar mah, A. Jai n, Mih iKa ma dyphguarit,d cie.ead ¢ o del
par tiindlue ed damage in AA7075 al umildddm she
Copyright20BRI3sResgweirtnti(epler mins sacocnoradnadn ce wi t h
pol i eynbfeaPdueébd i shed JourfrmalmaAr ttihcehsaits /ad il sosmesr
public posting by degree awarding institut

Abstract

Large plastic deformation and ductil e dama
AA7075 is driven by plastic flow in the v
decohesion of second phase particles e mb
invegates the deformationract damegeethbht a
andlandprecipitat@ssheaetAA7TR7Bul ti scal e model
i s presented and a-ppalied ptastancal ge®rorlnaart
chaacteristics. The methodol ogy wutilizes na

obt ai n-pamattird Ixe i nterface strength proper:t
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exper ifmeancttaur e characteri st-madelod graeg tiircd @rs
withi-D ae&Frticl e Abiacsreads t friurcit tue e el e ment mo
comparative study of the roles of decohesi
and void dam®&gseshenat AATDI7tAd dSEMowmni axi al t e
carri eals vads ttohe effectiveness of the si mu
experiment al and -theusnte rhiicgal-r argessautk o psit onR@X$ 1t a p |

(HRCT) was also carried outi ndocgdalioi @t ing:e

materi al . The numeri cal met hodol ogy i s sh
damage evolution of t he | ndpartdiualle pdama ge
function of i nherent particle properties,
|l ocali zation ciarza&dtedr ipsatritcsc.l elsarageer obser v
at an earlier stage, aandl ooabegatehnbhychaft

| n codmptrreacsitpi t ates are found to be mdst r es

precipitates. Btghen bbrcebbseratiosidands, ¢
initiati ondamdip rgrca wtiht ad fes . Overall, partic
marginally higher compared to particle dec
Keywords: AA7075, strain | ocalizati on, par
XCT,

l i tu SEM.
3. 1. l ntroducti on
Al umi num all oy AA7075 is a high strength p

in the aerospace industry for fabrication
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t he manufacturing of automotive components

This alloy has gained considerable attent.i
its potential for further weightprreedpdctiadnmn
hardening aluminum all oys. Particles were
damage initiation and devel opment and fine

(Abdel aty, 201.9;DwWant cetl aarlger o280t2a2ah @alt ed f A A
temper) sheet at r-oemp etre mpteatae ui s, I tdeal O
understanding of fundament al particle inte
pl astic stradWMg2nl amrdCui)s ptreempepri,t at es are t

observed (pMaci @li t @d raascahl oo negt wailt-rhj ocPola@r 8s)es tFiet |

partis#leeaCaARADordon et al ., 2009)

It is wel/l accepted that particles not onl
affect strain | ocalization behavior and da
particles can affect |l ocal Istgl@abrall dedloir ma

i mpeding the movEeYemg etf aBiys,laczt@ardgoms barr
flow, | ocal strain gradients can devel op ¢
damage initiation and phenbonged def odr ga ol
(Wil kinson. et natheg Tt®9J, e xttheo fe fAA7O7 50 f p al
complex due to the presence of three differ
features, mechanical properties, and interHf
to psoyeky undergo decohesion andAbbdealcawuy e

201%he current study attempts to isolate
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|l ocali zation and the respective damage evo
andsiitmu-b8EMd wuniaxial tension tests.

Bul k of the previous studies on particle i
and met al matri x composites, had been | arg
typBao et al ., 2023; Bhattacharyya and Wen¢
Wang et arnd ,i 202®2me cases witBabhadetal eétzeal mi
2004a; Charles et al., 2010; Hannard.et al
It is to be noGaad ¢th)dhaalv.Gaace@E2eanal y studied
bet ween decohesion and failure at | ow and
the effect of morphology on particle induc
aluminum all oy. Thersacttiuadry betawegere dt héd ep ami
plastic deformation by incldHdwawgerc,r yismhat er
par tiindlueed ductile void damage, the study

intermedi atwhpltastektessraenparticle driven

present. The studies involving damage of d
have been mostAygaxgpeustmeeatt adl . |, 2023; Cso
et al ., N2a®@m@Rek)cal -bmisedo stt udd tessr e f real part

particle phases along with competing part:.i
exi stent . Such studies are uspealcliy i ce dtamic
defiomst Therefore, i n the current study, a |
mai n ptayrped cdependent void damage mechani sr

particle fracture. A hie-baseli dalni mel teil sear
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met hodol ogy, i ncorporating nanoscal e mo | €
devel oped, and uutSIEIMi aaend .ax i all tensil e exper
observe timdupga&dt iveolied damage characteristi
validation of the model . I n the FE model s,
the alumirmxmama employed to capture their
precisely, as discussed bel ow.

Propensity of a particle to undergo decohe

at omi o Nleewddlemamd 1®&7)stresses developed di

(Wil kinson. ebualtp fLBB7M smatch in crystal
interface, each interface can have a uniqlvu
response of an interface (i.e., cohesive p

separ(aB)i oa(uNeveed| emanTheda 9I8B&Yy cptaarta nmegt edresc odhie s i

T-S curve, are usttalanyd twhoer kpGoaf K Bterpdactiitaeno,ng i

area unfecutwe. TUpon | oading, the traction
unt il it reachesatt hwvehipceha kp airmatc ttihoen,capabi | i
|l oad degrades, and finally r edu(cNese dtl e maear, c

1987)Di fferent met hodol ogies havdeam@eRkoadop
|l arger sampbeheidzés$ exnvwaxtheands pend tests ha

(Benzeggagh and wWeinamear e 9B Bpracti cal for

observed I n AA7075. Ot her researchers h a
met hodol ogy, wherein the overall response
experi ment al matregiingl t hetapd@f 8anbbptesat al .,

cy
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Kan et al ., 201HoweSwenr ,ets uaclh. ,an20i2zi2vyer se p
applicable when decohesion is the dominant
is restricted to two. Presence of other <co
can potentiall y iemtrroo ¢du caen dcuagicepedda nsioVvVual o

AA7035 where multiple phases and damage m

pitfalls can be potentially circumvented b
(M) virtual environment to estimate mechat
interfaces. Previous researchers have repo

strengt hs usi ng MBnasi mx |l atoimpro § Chée snmed WdMC K)
Dandekar and Shin, 2011; Chinmaya R. Dande
It has been established by researchers tha
be best described d8Maarkrietthéeé.fra@oOadl ¢ Wpt
follows from the assumption that the mini s
surrounding matri x, does not allow for sig

Researchers have also reportadtibatit npamatiuc

idea stems from higher probability of a | ar
particle fracture at | ower plastic strain
materi al fail ure crei tferraicotnu,r ea nb eehgawiivoarl ecnatn
a Wei bull di stribut(iBabduwtr etacel t,yp20 ®4Fdb,paz
2016; Maire et al., .1997; Wl kinson et al

Apart from the i nherent damage pfrioepled tsterse
fields also control particle fracture and

c o



Ph. D. -Albhheissihse k Sar MaMast er -Mackhanscaly Engin

are dependent on particle morphology, dist/|
relation t{@dabbat matri@hereff®d0dal)ldl adalbapadt if
el ement ( FE) model s, adopted in this stud
di stribution but also their realistic inte
to study the dhmageegphieomamaaddi ti on to t
met hodol ogy presented, t he sacnodp et hoef etvhoel ud L
particle damage char actcd,ramsd-ri cesh)o fwietahc hi ntcy
strain and the effect of particle type on
3. 2. Met hodol ogy

3.2.1 Experiment al

AA7075 sheets were received from Novelis A
Technol ogy Cfeanbtreirc atne eé bceopnadsi)t.i ofrh e( Fmat er i all
Ot emper by heaticroqtirrol d etdé @ puferonatcder @otu rdsl 3f o |
furnace cooling (tSunr caonmd tJeaBenmpd2eWs2t2f) o SE Mn
uni axi al tension tests were then prepared
compositiof® eheAA708388iven in Tabl e

Table 3.1. ChemicalO schmepeadgh(ti oon of AA7075

Zn Mg Cu Cr Fe Mn Si Ti Al

5.822.601.660.190.160.020.0240. 02Bal a

l i tu SEM uniaxial tensile tests were cond.]
and damage evolution behavior at room t emp

test jig and a miniature tensilé& &padi m&n.
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SEM using -ahapedr goi asature tefs glile(es)p.ecT hmee

test samples weredimachamgeae masc migniehg@cpmroces

The samples were then polished sequentiall
a colloidal active silicon doxtiadeappmlly sdi hr
polish prior to imaging the sample. The di
velocity of 0.01 mm/ s, withlg iordt drhmi tmienrto si
from polished nor mal pl ane of the test spe
speci men, at ¢ddet isoma,l | @tstapgprosexsi mate inter

specimen |l oading g-ti be ebpegeoometthrey ,h otuhreg | satsr
along the |l ength of the speclwmasnobA asthreai n
mi ddl e of the specsmehi ah-sftlhhepBe@mta st cr o
Prior to dedmplmé hg EndrgryayDi Speactsri vec oXpy (
conducted on regions of interest (ROIlIs) f ol
6 ROl s were chosen across multiple tests, ¢
fract wmred epar & or each particle type. The

validation. Al Il ROl's were analyzed at 500x
types helped isolate the contribution of €
paret idcdcohesi on and partictm® fwercd ulrieg h ISymau
to undergo decohesion or fractur e, as 0b s
excluded from the currentm’stadyoss bl alkiaf

analyzed for size and aspgewmturrneaet,i & 0(1AAR) u
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l i tu SEM i mages with increasing apglied |
DIC an8tyaisn. field evolution from undef or
through a sequenceGONMCoirmad ead.e Gommmevraaiealf r o
used to edDhQuaeanatheis using a facet size &
pi xels, 1 é&spect bvbcehyonioctee do ft hfaatc etthesi ze was

resolution of the i mage. Al seo,vitrhteu aslt egpa usg e
for calculatiobl ©ft stbailnedd ettidagmelOei qvear e
al ., . 2682) her, the strain tensor nei ghbor
considered for cal cul ati on of strain at

nei ghborhood of 3 employed in this study,

poi mtnseQuently, the virtual gauge Fligrugteh w
31(b). The virtualt goau8yeOn einng tphh ywsaisc akle putn iat

the minimum particle size considered for t

& |

i N B - ____,___,_I

5
15.37 9 15.37
~ —

6.25

50.80/

All dimensions are in mm. /
Thickness=2mm.

(a)
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" One facet Step Size

R
LI ]

— - L= = 1

WINIB

— — =

Virtual gauge length

(b)
Fi gBr.e Details of 't enBslid eantaelsyts issp,e c(iare nd raanw
isitu tensile tesDl Cspaencalnyesni,s abnads e(db)ond si
mi crostructure i mage and assignment of fou
clacul ation average matrix strain. The sket:

facets, step size &addCPwilrltigala gauamd .|, e 2gt22
The strain regime calculated fromuskd facur
a measure of matrix plasticity. This assum
represents in an approxi mate way the type
average strain values calcul ataed dwiyt s eaafso t
to |l ocation of four points with respect to
~0.005.

The fractur-sdt miheasiure sampl € i wesr Xrtaliée m
Vertsiagh r eXsroalyutdomput ed XE€mdpgryphyem( WRth a

target achi emecmaerssodluti on (voxel size of x-=
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magni fication of 1.95X and optical magni fi
performed using a voltage of 60 KkW,i lat eprawe
|l nstead of fulll rotation, 3200 prowethions
amxposure time of 30 secombhwentpweal Ipy,o |Tehcet i Zoe
along with Xradia Radonstzrealgtimmagkohgwand w
reconstructi on, respectively. The process
center shift and beam hardening correction
f i ITtheer .r esul ts wer e t hen 2amaliryazgeodh fu syi.mg 22r. &
Due to high precision data acgqjubiostiht ivioon dcsa
particles could beTheenoti &li edoxaeld YPPDe rgiat
65535), (60-1BR28Mh were segmemM3IEADHBBESIGDiI der &
segmented as particles. The remaining voxe
component analysis was carried out to cal ci
and particles. This anal ysi,s bcll @axngii fnige st oe
predefined set, as individual voi d, or par
defined as the sets containing tot&IP voids
was defined as set containing the NOennecte
15328, 65385366 . Once all eligible voxel cl v
mor phol ogi cal parameters such as vol ume fr:
cemrdinates of particl esdeneirmee cevxigzatas Plgd Pf ar
I n the,sewodids and particles not connected

the exact same-omdi pladclecgnadasPd nElcwd seV, VvVoOi
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to particles wildl be "sPegrAesgaat erde sausl tqn et heel
characteristics change H.orTop arstoil caltees vion ddusc
particles, similar voxel clusterorwinlateasan
were operated on and del eted as peFi &gqgr e ( 3.
3.2 in a 2D pixelated space. The remainin
containing particles with associated voids
VZP = -V P

Il F nY Vi)s the total number of iMVZIPvigd weaels wd
number ®odnwvedtdesed to a particle. Therefore,
%Vp, can be calcul ated as

%Vp= {{VEIR) N\WEVLOO

Matching voxel clusters with same morphology deleted B Voids

Il Particles

*

= s

i |
n
V+P vnp
n(V)EV=5 n(V)EVNP=3
Voxel clusters with different morphology kept.
Fig3dr2. A schematic of morphol ogical oper at
are employed to isolate voids associated w

Tp
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3.2.2 MD simulation

TheS Tbehavior of an interface gives the ene
at the interface. The traction resists 1in
(Chen et al ., 201189 (Zbpbpuertt MD. si AOIOBYI on
premise that interface debondi ngpiesowmmceat ol

atomistic simulat{(ohompdanmwae eAlRAIAMMPIBODI22t) i 0
conducted for the ensiesnmobbaer itcoo fchoed @uOntdkeora r1sids ol
pressure respectively to mimic room tempe
bet ween interacting atoms in a system wer
function whose derivatives prewnided olkisn e ni:
interatomic potential +w«aed-FAbri twoi et emmaet
Emb e dAiteadm Met hddof EAB) ¢t whi |l ¢, 1 D86l ¢rmentt hi
systenjpofMoAdi fi eddtmb eiiedehdb  Ba MERM)a sl U ed.
To reduce the-raarmplpaxittiyx, esl IWeBece oas b umedt t
Crystall ogr agphriecc isptirtuactteudr ewdosf vieas k pmaas e @i t |
occupying 4f sites and Zn( Maomet o&lcldhpey P 0 @ -
precipitate unit cell was assumed to bel on
and Cu occupying 8h( \inldl adras sa nde sCeamszsubaglc,t t Z0e
cel lsFefiAlt ermetal l ic particles Wasldamsi aa
Cenzual ,FiZQygo3B2bs)shows the schemgteimenof usedy
LAMMPS simulations for determination of cot

atoms were arranged on top of an equal vol
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interface in the middle. A crack was intro

t he interf alcZehowheent. |acla.d,e d200 8)

Due to the | arge mismatch in crystallogra
particles, stability of MD simulations was
orientations. Previously reported andentat

aluminum matrix were used to orient the par
compl ete details of assigned oriefBizatThlhes i
crystals were generated and or{dinteld, u20b§
The system was then relaxed for 100ps pri ol
box. Relaxing the system allows the system
occupying their mo st stabl e pioernttatoinsn dSind
influence the results, as relaxing the sys
there are few addmatiroinxal o rrieegrotra teido rpsa,r td wcd et

those orientationsg,n tthheey cwerrennotstpurysudd

relative strengths of the interfaces did n
Table 3.2. Crystallographic orientation us:
Particle type Orientation relations
diLervi k et al . [ 1Q0][a110] (0Q1)(ax210)

divaughan and Si|[ 0@1]] A1110] 1@|0]) A1001)

ABF€ Li u and Dun|[ OhOFd 410102 QO3)kd 41200
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ul (Manz) Fe-rich (Al;Fe) 0 (AL Cu) AY

AX
» Particle :
6 [
__________ interface 4
X~ p

.........................................

[7 Boundary atoms

A

Fi g8x.e A schematic of MD simulation set up
of interface.

The rectangul ar simulation box was | oaded
|l oading directions (shown with red and bl u
rarmp ke manner. A |linear sequentiabyedmpbng
prevent shock( Zvlmwe dto.Maiet jree@ @A8Ydan¥ml ues
determined the mixe.d Anondoer d ocaodnpnlge tceo ndde stciroit

state was given —fewptless llodBAdiSHd (aZrhplue et  al

2008)Mode | and 11 | oadi ng°andbrriaxGepsepootnidveed] yt.c
to irregular morphol ogy of particl-mmedeint el
|l oading. Therefore, simulations were run f

angl e% °dafa d3®hde n:escdEéas used as the interface
T-S response of each interface, which was |
of the materi al around the interface, whi l

only the iontt etrhfea cbeulakn dmant er i al

Ty
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3.2. 3. FE model devel opment
3.2.3.1. 2D real particle field model
As noted earlier, particle behavior is int

respective morphol ogymedhamniecalr ebebhavimorded

2D particle field FE models wemiecrcograpglls.
The micrographs were discretized into part
an espeur ce FE analysis software, OOF2, deve

and Technol ogyReiNd Sat. E®DISAy e2009F were usec
parti co,asdiFetsa ng a Python script that <corr
from EDS maps with the spatial particle di
cohesive el ements were inserted between pa
as shé&éwgd&4dhe ROI used for 2D real particl
consisting of 589FpagBdiecTlres ,r amaipmiersg ni eROI

extract statedttoapadatal eefracture, as pr

LY
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[ Wl
Mo 2.1 9
[ Fe-rich - o=l o =
[ Matrix
Matrix
Particles
L
180 )
wm \/{
Cohesive
layer

227.5 pm

Fi gB84.e A composite view-sacfal parFtEi anod eflil e Indy b
Due to the highly irregul ar shape of S 0 MEe
possipbordleictoynesi on of particles at | arge str
el ement thickness of 1 Om was assigned to
one el ement only, the RVE was stil!/l an fdfef
carried out to analyze the effect of assig

~

10m to 180m A defmpeadtiixBi2nAe the effect of

significant, an RVE thickness of 1&snpeat c'
ratio of elements throughout the mesh. Add
easier calibration and i mplementation of W
due to same numeri cal val ue oRVBambdel s ar
based on 2D microstructure, they have an i
the complete experimental 3D morphology of

y n
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Il n the current dtiwkdy,bgedounee ttroy hodurtghlea sesx per
speci men and | arge plastic strains involve
ROl's and the applied-l jawadi sphacefméneée e wh & ¢
experimentally observed straining of the R
the uniaxial tensile specimen FE model up
tied with nodes of the neighépeci mgneFEmMmMmma:
Uni axial tensile displacement <coofresh.obidmn
was then appdadalde tOE t masdietlwoosfampHes ,i mat her
|l oadi ng Thee RREE. created from SEM micrograp
t wocatbe FE model of miniature tensile test
conditions experienced by the ROls during
Cubic structural brick el ement of type C3D¢
to model the matrix and the particles, whi
each particle/ matrix interface.ngeaf2b50C, @d0
300,000 were used to avoid high aspect ra
gradients with high precision. The partic
orthotropic elasticity with eéaisnhBTalhlyked en:
| ocal particle orientation direction 33 wa
particles. The <choice of | ocal particle o
Addi ti onal details on efféoundfilRoBatt paime |

Appendi x 2
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Table 3.3. Elddandakedndtnaretramedfal | i ¢ partic

Phas| C11 C22 C33 C12C13C23 312 323 313
(GP|(GP|(GP|(GP|[(GP|(GP

d 91./191.|147/87.(28./28.|0.3/00.10.1

( Mg3f

( Mao

al .,

20114

d 16316324678 .|12.(12.]0.2/0.3|0. 3

( ACu

(Zha

et a

2012

AbF e 240 240 235 77| 52| 55/0.2/0.1/0.1

( Xi a

al .,

2019

The aluminum matrix was considered a hom

mentioned in section 3.2%ete mpattiacicouns mal

current study, due their-ihoweedpdamagsi t oy

smal |l er precipitates including nanometric

matri x. To accoumd dorwédlhli sastsehgt hemi har

simplification was nvol ved in assuming t he

similar to that of the aluminum all oy as a

of 71GPa andtivoint Mifsers ipsatsropi c continuum

behavior o0 maer AX70AbSt hough anisotr-opic vy

Hoshford yiel d sBwryfcaec e agprt du rkea rya feilldl iammi sotr

stréacCagacuy,

cadd M) ati on

of

par ameters

asso
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requires additional experi ments. Therefore
readily available in ABAQUS, was wused in t
The effect of work hardening because of di
strain, was dsetsacgge bHodl luosmmonng (ap oa3wer | aw) f it
strsetsrsain dat &i g8ed® BRdhoewsf.i3t)t.ed curve to ex
strain curve. Finally, two different FE mo
and analyzed in the current study. Here on

referre® wbi hse EHBHeéh modeaelamegeedi-ND. he FETF

O qghE TmY - v TmBicuU
. 0- U Tolg MWd- N BB W (33)
O ¢xhr ™ ¢ - Vv TG’

400 . L s L . L
350 - 3 Stage Hollomon Fitted data
| B Experimental

300
= 250
«
g i
S 200+
% -
5 150
»

100 +

50

0 T T T T T T v
0.0 0.1 0.2 0.3 04
Plastic Strain
Fi g% e Experisneageal f antde d3stelqaii wakbtanveswre

parameters against each stage.
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3.2.3.2 Constitutiwatde xcdiegtoihesi @fn partic
The compl ex mor phol ogyO osfh etente wpaasr teixcpleecst eidn
|l oading along tmadrvariiouser pacescl efherefor
establish the relative strengthsAobinkearthr
TS | aw to account for the mixed mode inte
Benzeggagh (Brehzkgmamgd and .Ke ncaorBes,t i U6 )ve |
utilize®4) skieg8Bgebe(l opvd i mThy adKahawgesof h8

does not require the determination of peak

only requi rseesp atrhaet iwonr ku nodfer mi xed mode | oac
i Fi gBG(eb), the condition for i midiaadi on of
values as foll ows:

= - = (34)

¢ 0 — ep, wheéem (35)
wheotd)t anfdare the normal, shedad aaddrtearn ient
crimagalmum tractions i ni tsihatairn ga ndde ct cahnegseinat ni
regi mes rlerms preE tfirveetheywor k, the directions of

to t khd ammiedcohesivehekbbmenstt he -ppdianntes coofn nneeca
nei ghboring nodesFiogf@G6tfel¢ ®BWowsulaf sxcehs.mat i
COH3 D8 cohesive el ement connecting two con
Fi gBg(ed) are in an arbi tplaarnye died ol imghld isg hatt ¢

directions of tractions relative to the el
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tis always perpephdineubarthe tbhéaemidd el eme
i's given by the pdiojecti @m laain ett. ih dAcE ibsdulc él,

consi deocfedaMoeati n the cpldrarts wdrlalsi tod ers
are paralzdelr etdail gloobdalespl anet bé mhe cohesiv
is mutually fPpeaenpendorcut he 2D tFIEs moidenisf, i csa
small er than the other components, the conc
to &%) Hy dropping t he3d4)Tlated Meeaamu loany ds9 ghhrta @
the normal stress indicate that only tensi
in the Asntsehdhangedbo s, c) , under meeewomodef

separation redecokdstoncaimpéetienitiation d;

work done in shrearfdro d4 odmdciwfoirk idnt erf ace
O ‘O O 'O "Ofro (36)
wheMies a materi al parameter resulting from

The paiOamea efruncti on ef sthbel battahgwanil don
shear tracti odiss The epammmeitem of total wo
and tot al wor k done by OCsihseatrhea rvacrtk ochesne Tih
traction t owatr dwsa sd eacsoshuense do,n .f or si mpl i ci ty,
in modes ||l amd o lain® oc@dlimeg ,f dl.leawi ng key

were esti mat edf rfooorm MDa cshionunl"CGeifoaMse:

yp



Ph. D. -Albhheissihse k Sar MaMast er -Mackhanscaly Engin

Traction

a

( ) ( b )
Traction [~ 2 -~~~ """~ °~°7° N P P Mid-plane of
COH3DY Tn ¥

_______ '________' C3D8 .____i__. Directionofrt:pmjectinnofz—z
Separation PR e on mid-plane
(d)

| (e) |
FigBee (a) -Bicuneas TUTUndemodieorawvad , shme xred!| o ¢
el lipsoidal | ocus of peak traction at whi
bilii#eamurVe-momnmemiad i-kn gc oanss tpietrutB ve | aw, a
of cohesive el ement with tractional direct

The COH3D8 cohesiSvd oglmurmeanti 0 nwiutshe-p Bt i dlesc

interface compute only the traction and s

tensors. The separation of a ¢ o hsepsliavcee neel netmsé
Therefore, for ease of numeri cal i mpl emen
neighbouring el ement s, the stiffness of tF

elastic modulus to the thickudsast ioofn tahuet oemae

equal s the separation. Therefore, for init

yc
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(of t héMpal/dem) 1i0s usually assigned to keep

same order as IinhGabwheetMDalsi amu2 @22 ®hRez8an et

Since decohesion in zerotohsemhhésshahgment
val ue, same stiffness was assigned to all|l
deformandom® stress computations in the

contribution of cohesive el ementrsedloi gihtel .

Finally, It is to be noted that no scal e
decohesi on. Decohesion is driven by higher
particles i mpeding matrix fl ow.riMAxs fsluocwh ,molr
significantly, are expected to have a high

interface area associated with bigger part
3.2.3.3 Particle fracture criteria

A Weibull distribution is well known for d:¢
in many met@Hanmamatet ial s, .2 0We6;buMali rdei settr

can capture the stochastic nature of part.

the probabilityhwdi pwlrlt i ceigstartir@wtt iusre expr es
n.M p QoA — (37)

whenies the probability of particl, e sfr apcetaukr €
maxi mum principal SOtwhesgaisn ta ep dMeti iball é oft re
~60% of particles have undeirglharea dtrercit zue «
scattering imfaitheemdanhaawballerort racphr & g6
wor k, the above equation was wused to fit p

yT
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exper i-Fiee nampdThmea céhruesae,d for cal3iibr dtororaach B
three types of particles, is the undef or me
comput er( BPawrgmea,m 2010)

Exact | ocal strain at whi ch particl es ut
experi menh®®l Cyrdegelution |imit. Therefore,
particle strain fr osmwrtrhoeu nadvienrga gteh emaptarritxi cslt
applied to both DIC awar FEcimat homogénaouns
PBpic was assumed to be an average value of
particle that was observed Si mi,Dé&l ypraadgadscl
homogeneous @dgr awans vaaslsuweme dPBE o be an averag
el ements surrounding each particle that wa
Local experi mengpal anartmrowndasitmgia,p@rEticl e,
DIC strain maps by averaging the PEEQ at f

and after particl e Ffirgaddt¢wr)87amads Cobises pendi(

model s wereucdefhoeded rmmcrostructures, wi t
stoichiometry based on EDS maps. The FE mo
damage definition. The surr @uwnduenrge ntartarcikxe

taking average PEEQ of matrix el ements sur
was observed to undergo fracture experi me
considered forerovalsc ud B2@no,n doefpemEi ng on m
thickness val uk. T otrirmmes 9 onfd etdh & ov KIxItQu aslt rgaai ung

maps. WhénglRE t henapeakim pri pobgalr vedr eéesans, d

yy
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particle was considered as the failure ci
experiifmengtadain map correlation in the coni
Fi g3n.e To extract sufficiently |l arge number
all particles observed to undergo fracture

The exAamdvbédes were fittedofoBhhetWef bodl
specific part,jadde type values of

Using ABAQUS wuser subroutine, a maxi mum pr
based on Wei bull fit was assigned to each
Based on the area of the particle wansd sto
assigned a MAXPS failure stress by assumin
i mpl ementation was done using user subrout

scripting for automating the process.

y ®
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i | Undeformed- u-DIC PEEQ map before u-DIC PEEQ map after the
i Initial microstructure the particle fractures particle fr:
3
g _—
LE
-3
-
o
el
Matrix PE ¢ Matrix PEgp;c Estimated matrix
P o ~0-046 +0.081Bhs o077 006 PEpic at particle
P id (stage before L ] (stage post fracture
b g B observed fracture) observed fracture) ~ =(.046+.06)/2=0.053
P G,
=) 33
P 15528003
! 42.377e-03
e ; ~ B Matrix PE g, Peak o within
i Corresponding FE model ~0.053= matrix PEgp;c particle =843MPa

© with no damage from p-DIC

FigBf.e Il lustration of correlating experi me
the peak MAXPS developed inside a pREtiI cul
approach.

3.3 Results

3.3.1 MD results

The parameterization of the coBescsiuveezoms
conduct ed iunseianrg fai tbh.i The key parameters des
from-tihreSdriculr ves were thaet mawki mbmi htaecf roan
initiates, final Yepadatihen waGkepfesepaedi
t he area -luindearFid@&8wshowS ¢hevd unded Mode
interface, calcul®stetdhatpar ametéeni zatieowf o

i Fi gB& ewas carr B&)d afstiemrg tElge Ki l i near fit a

dn
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O - o Y (38)
10 T T T T T I T T T T T
Al-n interface in Mode I at strain rate of 1e8 5
8 =
= MD simulation
E 61 — Bilinear fit 5
<
c
2
g i
[_.
T X T T T b
25 30 35 40
Separation (Angstrom)
Fi g3&.e Bi |l i rRSe acrurfviet ctao cwil mtlea@t uemng MD

The MD simulations were rumvdoyi reghoomt 0
18! wi%'hell@g the | imiting strain rate in
effect of tasn@Gwaisn wedtlecaptured Dblyogifmpnd et iex
given 3:) E&bsO) ((

6O 0 o0llG (39)

'O 0 611 ¢G (310)
wher e soymbadieare the values of peak tractic

quasistaty c &sndraaB@arrcatfét par amer a08s,. OAf str
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the same order as the ewagpsirdtmetnitces ,s twraasi rc orn;
EqQ$LB89310) were used totaen€8lat mgtuast Beavatcuesr
It i s totdore@vmdtued talraet uni que to each inter
the | oad bearing capaci tTywa b®4e ptrhees einnttse rtfhaec el
converged and quasistatic vaThiesnaearahalul ao &
resul ts, for peak traction aqwdniwerkaoé bag

hi ghest | oad transmi t-diinng rcfaageab ialinidthyAil nft elr Inm

interface. Ho we v edi,n taeened ehra sp utrhee snhoesatr ,r eAd i st
whil-EeAltich intermetall.i cA imotreer fdaecteaislteid Idil
results is presented | ater in Section 3. 4.
Table 3. 4. Converged and quasistatic estinm

extracted from MD si mul ati ons.

I nterface Peak tad dWor k of S M
( GPa) O N/ m 9r
Ald 0 3.4 O 3.36 0.327
0 .99 0O 1.15
Atd 0 1.6 O 2. 06 0.570
0 1.0 O 1.84
AlFe 1t netbkbrn o 1.3 O 1.19 0. 27
0 .71 O 0.53
The cohesive behavior of all/l t36r)Blee i warek f a

done for decohesi on Gr9O apl Bt8G&)d, asnda tfluemcrta.
relative strengths of-mbde 1 ptadihgce egt mes:

Fi g39.e
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'10 T T T
m  Al-ninterface
e Al-8 interface
Al-Fe-rich intermettalic interface
—B-K fit (Al-) 4
—B-K fit (Al-8)
B-K fit (Al-Fe-rich intermettalic)

w
=
|

Work of separation (x 0.1N/m)
¢
/

=)
|
1

T
0.00 0.25 0.50 0.75 1.00
GS/GT

Fig89.e Wor k of s-¢@ pbddraatdiFedd rfiacrh Alnt er met al | i
di fferendfOr ati os of

| #i gB8% e t h®F® attirepresents a pure nor mal (
‘OFO0 pindicates a pur e Fsrhoemart h(eMof dier alleld)e sl ad aad; i
Ald Atdand-FAIl rich intermetallic interfaces we
respediilvehe. three interfaces had the maxi:
|l Il oading. The work of separation necessar:’
the |l oading regime changed from mode- 1 to
dhad the highest overall resistance 420 deb
required fcorhewdrokh.of de

3.3.2 Particle fracture parameters

The Wei bul l di stribuBipnf pamaméeemparaschper
present e85.i nThTeabda®t a waBl Costil eaitedmapod m @o
anal ysi s anndaxHEnupm epdriicntceidpal stress inside

Tab3be Wei bul | parameters for fracture of e

o
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Precipitat ) a R?
q 1197.9 4. 84 87. 8%
d 1125. 4 7.53 88. 9%
Feich part 934. 4 | 7. 89 86. 5%
't is worth reiterati3bg atrheatnovaltihees aprteusad nt
particle stoichiometry, but rather a repre

i mbedded -On mAATO0 %5 The ?val aktisveviey el ewere cR

particle fracture was not exclusively depe

representation. Addi tfiicen al sfte aetswsreess, sawsghe c
decohesion, etc., aofsoa ipnafritu(edtadeorieh eetpr alp.e,
Wil kinson.et al ., 1997)

3.3.3 Experimental and FE results

The tot al area fraction -piclhpaddnmn®b@ads)7.Was -

There was a total of erB?4t2opar i ¢ldasdwiRtOH s

precipit-atel amdefFmetal | ic particles accou
tot al number of particles, respectively. T
particle induced da&iin26g,e ass preerpcreensteangtee do fi ne

undergoing decohesion and fractwype.uWhemgadi
decohesion were counted, sotuai colfi otnmeet rtyot adl7 .

Faich intermetallic particles were observe

dn
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dprecipitates,dparecipnlityatle.sd9 % hoef correspond
fractdpreediogiptaetepjt-aiesh andeFmetal | ic par
22.31% and 41.12% respectively

Tab36e pr enve ptho | ogi calunddaerag owifn g afrrta cctl lerse a n«

size of pambost!| esf hadnce amdlepahescbea foacete

types of pdaarntdipc lees pi Thees with i1irregular
undergo particle fracture, as evident from
36. I n conthaphrtkFeles were more |ikegly to

andiprecipitates. The compl edavei dreod piHho 3soayd tciad
t Meppendi x 2

Table 3.6: Experimental particle giazd iand s

interfacial decohesi on.

Part| Damag % o % g Mean values
typ( typel tot|leach|Aspect r Si ze?d) (G
dama T D T D
Fract 94. 2. 11 2.0 15.

d 1.6 5.2
Decohg 1. 44 1.7 9.6
Fract| 4.4 22. 3 1.8 17.

d 1.6 14 .7
Decohg 15. ] 1.8 23. 4
Feigq Fract 1.3 41. 1 1.7 28. 1

1.7 23. 1
part|Decohiq 47.(C 1.7 29. ¢
Legendst,aiDamaged ;-p&nmrtaicclues® under goi
-particles undergoing decq

Pp
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Fi g8r®(a) shows the | oad displacement resp:
uni axial tensil e-slidadismagnpdfe.a Rmiarsioantalbrl ey igm
in terms of macroscopi ¢ Trhees pdornospes oifn tthhee sei

curve corresponded to the stress relaxati ¢t

further deformation after resumption of | o
Four stages (A), (B), (C) andtr(ai)n,coirm etsipe
di spl acement cur ve, were considered in thi

damage with strainonoriSeamgenrd (tAQ ddaafdor(nBat i o
ultimate tensile strength (UTS) of the mat
UTS. The stage (D) corresponds to the neclk
stage bef BrglX@(acc,tdu)r epresents the simulate
damage consider-dD) i antdheigmpdei ttthle&dma m of
fracture and pa-D)Ricd8er &d0e c(obh)e scioonmp dlirfeist t he |
respect to the jaw displacement. It can be
UTS, which is a <consleigkuee ngeo neft rtyh eo f h otuhreg |
speci neing8riégn0 (c)sstrmaue swurees for the RVE
experi ment al rospampéeé eof SAAXGRY S AVdDt7 5show s
po-8TS el ongationtraodestexpes i dheas ahot capt ul

to particle induced®RVEsmageer gmlwasstging fd dcfaont Ik

po-BTS, as canFib@g8Iste e(nb )f.r omMs a result, add
damage is observed in th® matdeti aslholweca&lilg
softening due to particle induced damage

dc
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factor in softening observed is the usage ¢
softening and hardening phenomena. I n the
remain intact and fully resist FrEADrshkows$ ow
hardening response and only at | arge pl ast
severe strain | ocalization. As expected, d
the overall response of t heE RMIEsesAdditt &€ ®%

calcul atesd rasinngveiigdhted vol ume 3duer aqa rhie

t wo RVE responskisgdlrOe( dc)ompared i n
o O — T @ 311)

I n BRlot,Os the homogeni dbéed sheeRF¥Ei sos$ damea
stress tensor for each continuum el@ment c
is the volume of thHeOdescrédposndihreg seélremen t
RVE at each stage of dedtocrweartd onsedheo coa

homogeni zed Mises stress of HomegRBWEzé&odr Me:

stress has higher sensitivity to | ocal str
|l ocali zation and is a good measuFRieg3tr@ c omp
(d), a | ower haremamgbe eslpsoenrswee d ff rFcEm an
hardening response indi<¢atdeadedanrdlaynagei ti inat

which restricts the atbrielnigttyh eonf tdhaemangaetdr ipxa r
the | ocal stress relaxation accompanying p

severe |l ocalized deformation bands which c:

BT
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ND case. The relationship between | ocal m
di scussed in Section 3. 4.
400 I I I : 0.20 — T T T T T T T T 7 m T T
Experimental
- Simulated 018 1 . / ]
= 0.16 —a— Experimental ]
600+ 1 i | FEM
I l , 0.14 4 .
: [ ' l 0.12 4 E
> i i b £ ROl ¢
= 400 I [ i [ = 010 XX ]
E i i P Z o] ]
- | | | !
{ | i i i 0.06 v ,
200/ i i i i
| i i - 0.04 1 ]
! i | ' 0.02 - y
0 I (A) : ®) : ((): (D): 0.00 —71 r 1 1 1 1 1 T T r 17
00 02 o4 06 o8 10 12 14 18 00 02 04 06 08 10 12 14 16 18 20
Displacement (mm) Jaw displacement (mm)
(a) (b)
350 T T T T T T T T 350 T T T T T T T T T
1 | —=— Experimental curve D
300 = FE-ND - 300 —®—FE-D -
1 | —m—FE-D E
250 - T = 250 -
%200- 7 200 4
% 1504 - E 150
E 100 o 1 % 100 - JF i
gﬂ ' ]
g
50 b S s b
477777 T 7 0 ki SE—— S ———
000 002 004 006 008 €10 012 014 016 018 0.20 000 0.02 0.04 006 008 010 012 014 016 0.18 020
‘I'rue strain FE-RVE g,
(c) (d)
Fi gB8IC. ()i slpd madtcement curve of experimenta
| oadi ngi tod umi axi al tensil e test speci men
simulated variation Roi strain as-stfruaicn i o
comparison of bul-b AAWNDFYX dma tCeormpalr,i selB of
sess Mises str-BsandN®BERonse of FE
The percentage of particles wundergoing fr:
simulasiandunction WJfi sRQ®Ir esRdmpadank,( a RO . Th

Py
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simul ations were able to capture the exper.i
and decohesion for the different particl ec
correspond to the same sthigege8l@(fa)deflotr mad
obser veHdi gftdeka, b)-r itchhatpaFreti cl es tend to
decohesion early and exhibit a pdaantdeau at
precipitates is relati vreilcyh dpearatyieadla ewh e nwicto
precipitates undergoing fracture adanddecoh
dprecipitates fracturing marginally domi nai
percentage of deco-heshopaathidfcdwsikdlmaman thiad
undergo both decohesion and fracdamd, a f
precipitates. Moreover, the discrepancy bef
results was the highest fHaoat eBetoi chgpafiic
number-rioédh Fearticle available for both cal
observed to slightly overestimate both par
particle types, whiicding sofl i X | KFE draed @ los .t h2L
stiffness of 2D particles, particle failur

experimentally observed results.

¢ &b
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100 — T T T T T T T T T LA B R 100 T T T T T T T T
1 —® 1 experimenta 1 1 —=—n experimental
90j —m— @ experimental ] 901 —m— @ experimental 7
80 FeAly experimental i = a0d FeAls experimental 4
@ . £ :
£ ?0_' —e— 1 FE predicted ] % = 1 —e—n FL predicted
2 | —®— 8 FE predicted i ) i ! '?q) | —e— 8 FE predicted R : q
-ﬁ 60 4 FeAly predicted i © i (Dy! 3 60 FeAl; FE predicteca (C){ (D) +
5 1 B! ! o 5 1 i i i
v s 1 E = ! ‘ :
g | i ! | i E ! : | i
T 404 ; i i o5 9 P (B | i
o (A) i i i o i i 1 i
g a0 i i i H 2 30 i ’ ‘ i
= i ; i : = | ! ! ! i
5 E ! ! o i 1 i i
L et e e . 0
A ] . i a8 i 2 i ! - §
10 4 i /=’f)| : 7‘- 104 ! ! Rl 1
A ; ; S »
. Lo L L Gl e L s I R e == B
000 002 004 006 008 010 012 0.14 016 018 020 000 002 004 006 008 010 012 014 016018 020
ROI £y ROTeyy
(a) (b)

Fi g3lrlee. Cumul ative percentage of bpadebohes n
with increasing ROl strain.

Fi gBL&8B8485 compare the experimental and FE Db:
maps at ROl strain valAkrs CByre@@oumaitech g( Do
At stage (A) colkw ®s fFagdBingsah)ewhReDI@ PEEQ
maps mwhgBe2éb, c) show the PEEQ str-Biandaps
FEND si mul ati oRsasespklcy i yeddg.agreement bet
maps and FE strain maps can be observed.
matrix with smal/| pockets of strain gradie
resul t-6 aheNPEREre due to higher matrix str
undergoing damage. Materi al damage at this
decoheseiromhofpaFticl es, al t houdamdliivewe | akF ger
observeldi ¢&rH(adi)l .showd rtahen htise sy of matr |

t he trwiochFeparti cFiegBIizd(ebn)t.i fHaerdt iicnn e 1 exhik
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particle 2 under went fracture followed by
matrix stress characterized both particle
observed. The drop was caused bycisattreeds swirteh
particle failure.

(A) ROI £,=0.06

Fi g8I2.

an

wi t

undergoing f

FEbased | ocal

rich particl esFiigduanet, i ftihed ciorm e(sh )v.e
also shown. It is to be

shown in the figure.

apid fi e@. 0-Bt C (a3 uldts

h

boxes

around

ai lure (

al so

Fe-rich Fe-rich
Decohesion particle 2
(b)
300 . . - . . "
S - —Fe-rich part%cle 1 o
g Fe-rich particle 2 - X
) il \ [ Fe-rich |
= - f
7] ] i ut I Matrix
3 pott :
Z =3 [ 3 \
E 1004 ¢ \ [ Suhsequenl Particle 2 Fracture 4 =t
] ~_fractures )
E ‘ b ~ 7
< |/ S AL S
E 'i‘; ‘ | Particle 2
§ 0 /| Particle 1 Fracture no decohesion decohesior
—~ 000 001 002 003 004 005 008 007
ROI
xx PEEQ
(c) (d)
PEEQ strain maps from experiments &

wi-t hchaphoutecbést wi
t h®m)r,es (b} s eroiicthd spgtawrodii e
hi giNIDi gltsaud t Wi, t lan

surrounditmagi matr eispoklMisee-$ osff ae

ellrement s

not edaltlhatth eP EEEtQr asit
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At stage (B), whilothf cO.rad®3,pomalrsr aw IROdal i z
were observed in both e¥pe@nBrmalnthal Tared pRE t
failure was relatively homogeneousldgndi str.i
dprecipitates observed to undergo damage.

|l ocali zed defor mati on absasnodcsi aitne dt hwei tnha tprriexv.i
particles were observed to grtdhwrheamdp &stpiec|
The ssttrreassn response of madprriexcispurtraduvensd i nigd
boxeki génr3(b), Brg3pkdtded Asnisoci ated matr
for dapagedpitat esr iccompmakatdy 8ctrl de2sE €i)n. Si mi | e
stage (C), whiclhotobreédpondevenpeRDbcalizat:i
in a few deformation bands close to -the | a

D makpisgyr ¢d) h. Hotwe verf ference in pr2dictec

and-NBE si mul ations is now substantial. Al th
| arger paNDisteai hnm&gs, no severe | ocaliz
caskei g@rad(c)) . d & ed pdraencaigpeidt at es are most |
|l ocali zed deformation bands. Additionally,

t wo dadpageecd pitaté&sgddea(bf i abieddd ®4 (tk)d. iTh
surroundiwhgfcshecés s eatand decohesdporne ciisp iotbhastes

compared to the other two precipitates.
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Fi g3l 3. PEEQ strain maps from experiments ¢
an apipdfi edd. 0DIC reas)ul@® s witihch apawmutriecloés t i
with boxes around th®m),es(tb} s croircthd sgawodii B¢
undergoing failure (highl i ¢g\nDt erdeswiltths,b b oaxneds
baslealc al surroundingstmadirn xr s persse dire st ai

precipitates identified in (b)



















































































































































































































































