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ABSTRACT

CRYSTAL PLASTICITY BASED ANALYSIS OF CRACK PROPAGATION
AT MICROSCALE BY EXTENDED FINITE ELEMENT METHOD

Y é | nisnat
Master of SciengeMechanicaEngineering
SupervisorProf. Dr.Haluk Darendeliler

January 2023101 pages

Crack propagation is conventionally treated by employing analytical methods at
macroscale. Investigation of the relasobetween the crack propagation,
dislocation movementand the crystalline grain properties in the material
microscale provides better understanding of the crack propagation mechanism. In
this work, the crystal plasticity constitutive modeinsorporatedo a commercial
finite element software as an uskgfiined subroutine to simulate crack propagation

in the material microscale. The effects of grain properties and material sel@ttion
the crack growth behavior are examirtadconsideing different damage criteria

The extended finite element method (XFEM)employed toanalyzethe crack
propagation insingle crystal and polycrystaitructuresby constructing multiple
models including precracks. In these analyses, plates made of 316L stainless steel,
AA2024 aluminum alloy and nickddased supper alloy (MD2naterials with face
centered cubic crystal structs@re subjected to quasiatic loadingThe results of

the analysesshow that crack propagation behavior is dependent to the grain
orientation, grain size and intrinsic material parameters such asni@gdproperty

and anisotropic stiffness.

Keywords: Crystal Plasticity, Crack Propagation, Microstructure, Extended Finite
Element Method
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation

Material failuresare the major engineeringdesign problens which may cause
harmful effectsto both economic antiuman life.As an strikingexample for the
economical effect of the material failures material failure related cost was
estimated a419 billion dollars per year[1]. Also, another work stated th&885
aircraft accidents associated wittetallic failure were recorded between 1927 and
19841[2]. Thus aackswhich could have catastrophic resudtsould be considered

duringthe design phases of the structuesshe one of the major desigoncerrs.

Commonly used conventional analytical approaches for design oftrtietusal
componentgan beemployedagairst the crack growth only if the presence of well

established stress and strain fiellsthe crack tipare formulated Throughout

researches arisinthe question ohow to examinethe crack problem, there are

pl enty of anal ytical met hods are deri vec
energy release rate methdd], We st er gaald dadusons Bt ane s s fie
introduction of stress intensity factor by Irwib]. However, conventional

analytical methodsnainly work with the stress valugcalculated at the crack tip

which theoreticdly approachto the infinity by making assumptionof elastic

material behavigr namely elasticity theoryis taken into accountat crack

surrounding While these robust analyticamhethodsare making possible to get

practical solutions in engineering, physical reality undegiyiime crack growth

behavioris ignored



Crystal plasticity finite element model (CPFEMas beerbecominga powerful

finite element toolwhich is able toprovide physicdased modelling of the
crystalline structuresover times. Further, fysical parametersbased on
observations made during experiments can be conveyed to computer aided
simulations Modeling of thefracture problenin crystalline scalean beperformed

to investigate effects othe intrinsic material propertie®n the crack growth
behavior of crystalline metalby adopting damage criteria based on crystalline

parameters

Crystal plasticity finite element method is able to model crystaliédure by
considering anisotropic nature of the metals in the crystalline scale. The reason of
the anisotropy of a crystalline material is coming from the differences of the grain
oriertation, size, shape and elastic resistance which is the functibe difection

in the frame of crystalline. Thereforetrystalline anisotropy should be taken into

account to obtain more realistic and physiesed simulations.

Microscale cack growth lkehavior can not be imagined without the crystalline
anisotropy. In the presence of the crémtatedwithin crystalline, crack growth ia
resultof the irreversiblecrack tip dislocation even{$§]. Dislocation motion takes
place due to shear stress on grain slip @axeeeding critical stress value and
varies among grains. Shear stress on slip planes alters depending on grain
orientations, hence activated slip systems at the crackffign dueto the different

grain orientation.

As crackadvancesnto the crystaline depth, it induces different type and number

of slip systems at the crack tip. As a consequence of the crack growth into the
crystalline depth, new crack tip encounters difficulty to propagate through
crystalline due to the surrounding grain which isrmary condition for the newly

introduced crack tip.

Grains located at the vicinity of the crack tip provide mechanical restraint to the
crack to propagate, how degree of material retistsack propagation depends on
the material properties. As soondislocation activities occurring in the crack tip



achieves to the critical level, crack penetrates into the grains by overcoming

mechanical constraints, i.e. surrounding grain resistance.

Damage criterion established by considering crystalline scale paranpeovide
more precise and accurate result than macate assessment of the crack

propagation problem.

1.2 Objective of the Thesis

The main objective of this thesis is to investigdie crack propagation at
crystalline scale and theelationshig between crack propagation of crystalline
metal and its intrinsic material properti€ur different damage criteria have been
introduced to examine crack propagation behavior of the single crystal and
polycrystal materials by implementirigemto crystal plastity formulation and

using the extended finite element metho#irst damagecriterion is maximum
resolved shear stress criteridviaximum principal stress criterion has been utilized

as an allegory of the resolved shear stress to compare results as dacaok
criterion. Maximum accumulated shear strain criterion has been introduced as an
third damage criterion. Further, maximum principal strain criterion has been

implemented into crack propagation model.

1.3  Scope of the Thesis

This thesisfirst covers theanalysisresults of VVnotch introduced plasemade of
MD2 material andin plane stress conditioto understand the effect of grain
orientation on the crack propagation unddour different criteria; maximum
principal stress maximum principal strain, maximu resolved shear stressd
maximumaccumulatedghear sain. Then,the polycrystalplates which arein plane
stress conditionare made of MD2 AA2024 aluminum alloy and 316L stainless
steeland includes pre-crack arestudiedby the finite element mthod of to find
impact of grain orientatiomnd material selectioron the crack growtrbehavior



under aforementionefbur criteria. Finally,the finite element analyses #iA2025
aluminum alloy polycrystallingplates with pre-crack which arein plane stress
condition areperformed tcevaluatethe effect of grain size to the crack propagation

behavior.

1.4  Outline of the Thesis

This thesis includesight chapters devoted different topics and references as

following:

1 Chapter 1 presents the motivation lying on cagyout examination, brief
background mainly devoted to physical mechanism behind the crack
propagation and the scope of the thesis.

1 Chapter 2 is separated only for literature survey regarding the researches
dealing with crack growth investigation in crysts scale.

1 Chapter 3 give®verview of thetheoretical explanation of the crystalline
mechanics
Chapter 4 introduces constitutive relations to be used in numerical models.
Chapter5 offers the brief theory of thénite element andextended finite
element method which has been employedatce care of discontinuity
within material

1 Chapter 6 focuses on the damage criteria to be implemented into models
and finite element models description.

Chapter 7 is devoted to finite element magdtieir resultsanddiscussion
Chapter 8 gives the conclusion of this thesis and recommendations for the

future works.



CHAPTER 2

LITERATURE REVIEW

Numerical modeling ofhe crack propagation in the frame of crystalline sealan
ongoing research topic to obtain moie-depth knowledge regarding the
microscalecrack propagation behaviofhe material model reflecting mechanical
behavior of the crystalline materials is thrivingly studied throughout the yarads,
the crystal plasticity became a robust material model capturing mechanical
behavior in the scale of crystallires anaccumulabn of theresults of these
studies.Another challenge is to model material discontinuitg. crack,in the
crystalline scale by ceasingaskical crackfinite elementmodelling approach
which causes burden of remeshifigpe introduction of the extended finite element

method (XFEM) overcomes the difficulty of the classical approach.

There are plenty of work combining both realistic matereidvior andextended
finite element methodwhich provides crack propagation modeling without

necessity of remeshing.

Irreversible @formation of a material was discoverad the slip motion of the
dislocatiors throughout slip planes by Tayldi7] in 1934 Then, the pystal
plasticity finite element method was very firstly utilizdy subjecting tensile
loading to the single crystal specimeynPeirce, Asaro and Needlem&h in 1982

Hill [9] proposed constitutive relations for crystalline metals by establishing
relation between slip and hardening and correlation between the stress rate and
strain rate in 1965. Ridd0] extended the crystal plasticity constitutive relations by
introducing new thermodynamical internal varialdeobtain work conjugate of
stress and strain to slip by maintaining normality principle of the sieédrmation

in 1971.Rice and Hill[11] developed new constitutive relations to introduce lattice

rotationdue toelastic deformation and rotation caused by slip matiotihe model



in 1972 Peirce et al[12] investigated the rate dependency of the deformation
behavior of the single crystal and concluded that deformation of crystals can be
considered in the frame of viscopiagy. Asaro[13] and Wu, Bassani and Laird

[14] investigated the hardening behavior of the single crystals and proposed new
definitions for hardening withing the frame of ratependent crystal plasticity
constitutive model by representing three hardening stages of the single crystal.

Following part is solely devotedfor researchconfined with researchregarding

crack propagation in crystalline scale combined with extended finite element.

Farukh et al[15] mapped the experimentpblycrystalline texture of thaickel
basedsuperalloy materialvhose crystalline type is face centered cubithe finite
element mediunas a representative volumiementby meas of image processing
code.The accumulated plastic strabomputing inaccording tocrystal plasticity
finite element modelvasintroducedas a crack initiation criteriorAs a result, the
dependency of therack growth ratdo the grain orientatiowas quantified as a
material intrinsic property In the extended finite element methothe crack
propagation directionwas defined by considering principal strain directiorhe

shape of therack pathwas obtained assraightline.

Wilson and Dunne[16] investigatedmicroscalecrack growth behaviofor face
centered cubimickel superalloybody centered cubierritic steeland hexagonal
closed packd titanium and zircallogxampledo establish the relationshigetween

the experimental resultand numerical modeby combining both crystal plasticity

and extended finite elemerithe observed phenomena in thgexments for each
crystalline structure have been quantified and tried to interpret by means of
constructed numerical model. Wilsamd Dunneconcluded that the accumulated
stored energy and slip activity at the crack tip are leading mechanical feathee of
microstructuralcracks depending othe crack length.Experimental results were
correlated with crystal plasticity finite elememiodes such as crack length and

crack growth rate at the grain boundaries.



Zhao et al.[17] focused on Nbased superalloy, MDZ&ingle crystaimaterialto

study differentiation of the active slip system under different operational
temperature conditions, 22 and 625C. Zigzag type of crack propagation
attribute monitored inthe experiments has been acknowledged through finite
element modelby defining crack initiation and propagation criterion e
maximum accumulated shear strain of each individual slip sydtethis work,

crack path was manually altered for the sake of numerical convergence, since

extended finite element model is not able to change crack direction in wide angle.

Abdolvand[18] compared the crystal plasticity finite element models constructed
for notched hexagonatlose packedzirconium polycrystal specimen with the
experimental data by assessing crack propagation with respect to seraaged
criteria: maximum principal stress, maximum principal strain, maximum slip and
maximum energy stored among the slip systerAsithor interpreted the
appropriateness of the employed criteria conditionsdparingaccuracy of the
crack behaviormodele in finite element model andietected in zirconium

polycrystal experiments

Zhang and Dunngl9] focused ontwo nickel grains including grain boundary to
study crack propagatiobehavior for variety ofwist and tilt configuratios of the
grairs. Crack propagatioparametes used in papefor the crack propagatiohave
beenspecifiedas the maximum shear strain agidsticstored energy densityy
using the combination of crystal plasticity finite element and XFEM todlse
criterion of elastic stored energy has been found more senstieth tilt and
twist angles and their mixture configuratiotlsan the maximum shear strain
criteria. As a result strong dependency on grain twist angle rather than grain tilt
angle was found on therack propagatiowlirection andrate by evaluating radts

of finite element models constructed for different tilt and twist angles

Hu and Liu et al[20] offered a modelto investigate crack propagation behavior
considering accumulated shear strain criterion mckelbased supper alloy

FGH96.Researchers investigated the performance of the accumulated shear strain



criterion utilized for different grain properties, e.grajn size grain orientation and
grain impedimenand compared the accumulated shear strain criterion with other

conventional criteria.

Wilson and Dunng21] proposed a new criterion based on plastic strain energy
stored at the crack tip for the small saack propagatiomodeling of hexagonal
closed packed zirconium material for the first tirRdysical motivation of the new
criterion lies behind tt incipient crack surfaces form due to the plastic strain
energy causing dislocation in which occur at the crack Gipnstructed finite
element model leading to crack according to newly proposed plastic strain energy
criterion was compared with the primgal stress criterion in terms of crack
propagation direction and rate by varying grain orientation. Plastic strain energy
criterion was found comprehensive criterion whiclable to simulate crack

retardation and deflection observed in experiments.

Karamitros et al.[22] performed an investigation for the crack propagation
direction and rate for nickédased superalloy single cryst@he crackpropagation
behavior of the nickelbased superalloy single crystwhsexamined by introducing
stored energy density criterion forming by stored plastic strain energy, statistically
stored and geometrically necessary dislocation. Finite element restaiseabby
implementing stored energy density criterisls compared with experimental
results. Finite element models varying with grain orientation showed the coherent
results in terms of zigag type of crack propagation and alternating growth rates

obsewed in experiments.

Zhang and Johnston et §3] examined crack propagation of AA2024 aluminum
alloy in microscale by implementing plastic stranergyto the finite element
modelto justify fatigue life and crack propagation direction. In their experiments,
crack initiation was observed at the intermetallic regions in which-riotn
particleswere piled up in an abundant way. Authors presentedngw model

introduced to the finite element modkthich is statistical volume element approach



for AA2024 aluminum test specimen instead of representative volume element,

which provide more cosdfficient analyses.

Efthymiadis et al[24] conducted fatigue test for the AA2024 aluminum witik

hole located at the middle die specimen to acquire stress and strain fields at the
stress singularity regiorkfthymiadis offered ne damage initiation criterion by
combining maximum accumulated slip and dissipated energy for AA2024

aluminum polycrystalline, which provide reliable results accordingxperiments.






CHAPTER 3

PHYSICS OF CRYSTALLINE STRUCTURE

In macroscale, etals aranodeledasif continuum medium in whichkolid occupies
the space in a continuous way with@ainsideringits physcal nature, i.eatomic
structure. Unlike maoscale modeling in physical reality, the repetitive
arrangementf the metal atom#rms crystalline nature of the metals which is not
in the casef continuum approachrurther whilst physicalproperties of the metals
are considered to have isotropic attribute in the macroscopic swatdanical
behavios of the metalsn crystallinescaleabundantly rely on crystalline direction
as opposed to macroscopic scale assumgitiothis section basics of the physical
behavior of the crystalline are discussed.

3.1 Crystalline Structures

Crystalline materials are formed by settlimgaterialatoms inregular ordemvhich
induces periodic pattern in the spadaring solidification.The smallest group of

the periodic arrangement of atoms is called as the unit cell, and unit cells are
categorized according the way of aggregation of atsow) agace cergred cubic
(FCO), body centered cubicBCC), and hexagonatlosed packedHCP). The
representation of the unit cells commonly encountered in metals is giteguire

3.11. As a result of identical unit cell cluster, thatice termis used to define

aggregagdunit cells as illustrated iRigure3.12.
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Figure3.11 Unit cell types(a) facecenteredcubic (FCQO), (b) body centeredcubic
(BCCQ), (c) hexagonalclosedpacked (HCP) (Figure (¢27])
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/ /

Figure3.12 Representation of tHattice as alaggregation of theinit cells

If the unit cells whose orientaticrareidentical with other unit cells come together,
single crystal structure is formed. Therefore, single crystal solid has only one
orientiation with no grain boundariesOn the other hand, the most commonly
crystalline structurén reality is the polycrystalline structuseDuring solidification

or crystallization of solid, crystal nuclei start to grow in different directiams}
grains which have different orientations intersect each other by creating grain
boundary. Representate schematic of the solidification process of a

polycrystalline can be seenkiigure3.1.3.
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Figure3.1.3 Solidification of apolycrystallinesolid (a) crystalnuclei, (b) grain
growth (c) intersect otrystals withmismatch(d) microscopicview of grain
boundarieg28]

In crystalline scalegefinition of the crystallographic direction and plane of atoms

is required thereforea labeling convention is usdsy enclosing three numbers with
square brackets, e.g. [xyz], for crystallographic direction and with parantheses, e.g
(hkl), for crystallographic pland=specially, usage of labeling convention is needed

to specify slip phenomena in crystalline in termslioéction and plane.

It is difficult to establish deal crystalline structurethe fact that crystalline
structures consists oédge and screw dislocations or bothdge and screw
dislocations are the member of line defects which occur due wutiden bange

in the repetitive atomic patteredge dislocation occurs in the case of extra half
atomic plane or absence of the half atomic plane within the latidelislocation
movementis parallel to the loading directiprwhereas screw dislocatidakes
place under shear loading adislocation motionis perpendicular to the loading
direction. In reality, combined dislocati@which are thecombination of edge and
screw dislocatiomareobserved in the crystalline solidBhe schematic of the edge

and screw dislocations is depicted-igure3.14.
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Figure3.14 Edge andcrewdislocationrepresentatiofa) edgedislocation(b)
screwdislocation[29]

These defects havesharein the irreversible deformation of the crystalline solid,
since, for examplegxtra atom plane breaks atomic bowmkich isin the steady
state condition anegnovesinto the parallel direction of the shear load ande-
establishnew atomic bounds with atoms locatatithe neighbouratons in edge
dislocation. Irreversille deformation observed in macroscale stems form
dislocation of the atomwhichis called as slipRepresentativeislocation motion

of the atomic array can be seerFigure3.15.

Shear Shear
[ stress stress
[

Slip plane — Unit step

)P of slip
Edge N

dislocation
line

Figure3.15 Dislocationmotion in thelattice[30]
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Dislocation occurs irthe specific direction and plane which correspond to the
densest atomic packirgnd cause minimum energy to stippending on the metal
crystalline type. Tis direction and plane are named as slip direction and plane,
respectively Also, the term of slip system is used to define combination of the slip
direction and planeNumber of slip systems in which slip motion is able to occur
for metal crystalline is 1#h {111} plane sefor FCC 12 in {110} plane set, 12 in
{211} plane set and24 {321} plane set for BCC; 3 in {0001} plane set, 3 in
{10p0} plane set and 6 in {1} plane set for HCP crystalliness an example,
illustration for the slip systems of FCGystalline is provided ifrigure3.16.

[010] [010]
Slip Slip Plane Slip
5/,0 - System Normal Direction
N S ) 1 (111) [110]
=1 -
/ = 2 (111) [011]
111) a1y £ _
- o 3 (111) [101]
[0o01] m (1o P [100] 4 (111) [110]
oo 5 d11) 011]
[010] [010] 6 (111) [101]
7 (111) [110]
P 8 (111) [011]
’4, _ _ _
A 4 117) 9 (111) [107]
S0 11 li 4, 10 (111) [110]
5 s | & Hoq 11 (117 [011]
[001] Nip? Slip 12 12 117 [101]

oo

Figure3.16 Slip systems offacecenteredcubic crystalline[31]

As described in preceding paragraphs, dislocation due to the defects within the
lattice is activated by the presence of ststarssalong with dislocation lineeven

a tensilemacroscopic loads applied in macroscopic scala,stress component
arisesin the directionlying on slip system which might be perpendicular to the
applied load direction depending on grain orientatibhis stress component is
called resolved shear stress and depends on both ajgalcednd angles between

slip planeload application direction and slip directitad application direction.

The resolved shear stregs, is formulated as

T, QOE%DE_ p



wherel is the stressdlue to applied loath macroscopic scale, anda-are the angle

between the normal of the slip plane anddkml normalstress direction, and the

angle between the slip anaixial normal stress direction, respectivelAlso,
WERDETIEO AATTAA AO 3AEIEA8O AEAAOI 08 4EA

resolved shear stress can be seen Figure3.17.

¢

A /
/
F—___’/ i Slip Plane Normal
v
T J /
Slip Direction ~ ,’
— Slip Plane
P

Figure3.17 Geometricalepresentation of theesolvedshearstress[43]

Further, bere is a threshold stress valuetoke dislocation to move, it is called as
critical resolved shear stress. When the resolved shear stress reaches to the critical
resolved shear stresslue dislocationmotion takes placan specified direction

over thespecified plane depending on celsstructure and orientatiohe critical

resolved shear stress is a intirinsic material property.

16

C/



CHAPTER 4

CONSTITUTIVE RELATIONS

4.1 Crystal Plasticity Constitutive Relations

Crystal plasticity is amaterial model that is employed to simulate mechanical
behaviorof a crystal m the microscalemedium Crystal plasticity material model
can be reviewed ithreesubgroups; kinematg constitutive laws and kinescin

this work, Huang25] crystal plasticity finite eleme®BAQUS UMAT subroutine

is employed.

4.1.1 Kinematics

Kinematic formulatios of the crystal plastity are dependent on experimental
observation which indicates thany irreversible deformation takes place solely by
dislocation movements occuring within grain. Thus, deformation of a material
arises fromelastic deformation, rotation and plastic deformation due to crystalline
slip. Hence, deformation gradient cam diefined in terms of its plastic and elastic

partsby multiplicative decompositioas in below

1 3 3 G

where 3 is the elastic deformation gradient including elastic stretching and
rotation andq is the plastic deformation gradient whiotpresents plastic flow.

In this sense, deformation of a crystalline takes pthoe toundergoing plastic
deformation by translatingrystalline structurérom the reference configuration to
the intermediate configuration leading by and then elasti deformation

governing by , which is illustrated irFigure4.11. Slip direction of theJ" slip

system, ¥ , and unit normal to the slip plane of tb8 slip system , are

17



shown for both reference and intermediate configura@snsan be seen Figure
4.11; as slip direction and unit normal to the slip plane ofd#fslip system of the

current configuration have been represente® asand

Slip directionof theU" slip system v , and unit normal to the slip planéthe U"

slip system O , are conserving their orientation durinigttice plastic
deformation and are transfered to intermediate configuration from reference
configuration by plastic deformation gradient; whereas, stretching and rotation

of the latticeending up transformation of intermediate configuration to current
configuration are led by elastic deformation gradignt,with slip direction v

and surface normal

T

]

\
A e
7 \
Cu;rent Configuration

(NEEN)
A
T
INEEN
=Rl i
T
T
ISERgy

|

Ji
i
[

[

I
i i

Reference Configuration Intermediate Configuration

Figure4.11 Kinematicdecomposition of theeformationgradient

Velocity gradient can be defined as

4 33 Y
Taking time derivative of the deformation gradidotlowing equation can be

written

113 13 r
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By substitding Equatiors (2) and @) into Equation 8), velocity gradient can be

rewritten

13 13 3 % 3% 333 v

Equation b) can be defined dsllow
4 4 33 5 0

whered 3 8§ is the definition of the elastic velocity gradient, atd
3 B is the plastic velocity gradient. can bedefined overall of the slip rate

on the each individual slip system as

4 v 4o X

where[ is slipping rate ofthea™ slip system,y and O  are slip direction

and unit normal to slip plane vectarsthe current configuratigmespectively.

Slip direction and unit normal to slip plane vectorsd8yslip system irthe current

configurationgiven in Equation (7) can be determineda®ws

v 3 Jv )]
O O 3 W
Also, the velocity gradient can be written in terms of its symmetric stretching rate

and asymmetric spin tensor as

47 ¥ pm

Further, stretching rate and sgensors can be decomposed into its elastic and

plastic parts

rorOr PP
T T 9 Pg

which satisfies
T 7T 3 I po



4.1.2 Constitutive Law

In precedingsection the equation for the motion of a crystal structure is provided
without relating deformations andtressesin this section constitutive lawsthat
provide the equation sets whiodlate the deformations and stressespresented

The elastic law of cryals under large deformatigmmoposed by Hill and Ricfl1]

can be writen by using an objective stress rate and elastic rate of deformation as
a akpy eDf pu

where| is the second ordedentity tensor,E is the fourth orderelagic tensor

moduliin which property of tensor symmetry isvaid =g =g =g .In

the above equatiod is theJaumann ratef Cauchy stres€], defined as

a a 3 20 agg P o

The &umann stress rat€] |, that is the corotational stress raia the axes
following rotation ofthe crystal lattice can be linked with the corotational stress

rate onthe axesfollowing rotation ofthe materiald asfollows
a a s = A dOfF 7 P X

wherethe corotational stress rate on the axes following rotation of the material can

be defined as follows
d a s 0a Aoy p Y

The slipping rate occuring ith a™ slip systemf , Is stemmed from Schmid
stresst , which is the resolved stress of the stretsgethroughout slip direction.

Rice [26] proposed a resolved shear stress definition including elastic deformation

20



by considering work conjugate stress and strain measures in the finite deformation

case by

T O 3 Aadv p W

where” and” are the mass dengs in the reference and current states. The

Schmid stress rate is given by

t 0O 20 akdp O agy Ov ¢

4.1.3 Hardening Law

Hardeninglaws are given in the framework efscoplasticity. The slipping rate
', corresponding to tha™ slip system is computed by considering resolved
shear stressf , occuringin thea™ slip system in the ratdependent crystalline

framework as

P |
§ w QF (SY

where® is the reference strain rate on th® slip systemQ is the current
strength of tha™ slip system, an® is the function which imordimensional for
defining the dependency of the strain rate to the stress state. Power law for
polycrystallinecreepproposed by Hutchinsdd4] is given as

0 & GR ee
where n is the rate sensitivity exponent.
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The evolution of the strengthiQQ , comes from the strain hardening as given in

below

Q B Q 71 Co
whereQ is the slip hardeningensor. Whilst subscripts equal to each other

(U1 ) is called as self hardening modulus, otherwise it is called as latent hardening

modulus.Self hardening modulus can be written as

"(2 ,Qr 'Q i 'ml) : r C [

whereQ is the initial hardening modulus, is the critical resolved shear stre$s,
is the saturated resolved shear stress corresponding to stage | str¢sss Hrel

Taylor cumulative shear strain which is given in below

I Qo '

The latent hardening modulus is given by

Q n'er 0
where ] is a constant. Note that, definitions of the hardening moduli do not

consider Bauschinger effeghthe crystalline solids.
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CHAPTER 5

EXTENDED FINITE ELEMENT METHOD

5.1 Finite Element Method

In sophisticated engineering applications, there is a difficulty to predict behavior of
the structure in an exactly way. Hence, discretizationthef whole into the
subdomains, i.e. finite elements, provides abilityei@minethe behavior of the
whole structureby analyzingthe subdomainsvhose behavior can be easily
determined Finite elementumericalmethodcan beroughly generalized irfour
steps as folloW37]

- First step, stiffness and force are introduced to the finite elements according
to defined material and loading information.

- Second step, edibrium condition is checked by considering global
stiffness matrix constructed by summation of the Istéihessmatrices.

- Third step, boundary condition is defined to the global matrix established in
preceding step.

- Fourth step,different equation deing methods are employed to obtain

desired results.

In this thesis, finite element program is selected as ABAQ@Ofwvare since
ABAQUS offers the ability ofuser defined subroutinerhich enables advanced
materialmodels not included in finite elementfiszares.

5.2 Extended Finite Element Method

Cracks are the structural discontinuities and require the special treatment to

correctly model in the finite element approach. Appropriate discretization
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surrounding the discontinuitis neededo obtain desiredutput at the crack tip,
and nesh refinemenis necessity to rearrange appropriate discretization at the
crack tip as crack grows in the traditional finite element approBuk. numerical
burden have been overcome with the introduction of the extendéel diement
methodby Belytschko and Black32].

Extended finite element methdts been constructed by implementing additional
enrichment term which contaifsinctions definng for near tip asymptotic and

discontinuous representing jump in displacemerthe displacememntector[33].

A function can be divided intsubfunctions whose summation equal to main

function in according to partition of unity principle as given in below
0 o p CX
0 W Qw Qo C Y
Displacement vector defined in classical finite element method can be written as
O 0 wo C W

where0 ® is nodal shape function ard finite element degrees of freedash

the region without discontinuity.

Enriched displacement vector is defined by introducing enrichment terms into the

Equation (28) as in below
0 0 @O OwF 0 o o
whereH(x) is theheavisidefunction for the crack surfaceﬁr, is the crack tip extra

degree of freedom defined af@ w is the set of enrichment functions defined for

crack tip.
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The heaviside functioi(x), is defined as follow33]

p W T

Ow 0 P op

y is the numeric indicator that defines two side of the crack surface.

Enrichment functiorio be used at the crack tijf® ® , is comingfrom Westergaard

displacement solutiof34] by reducing following basis

where i h— is a polar coordinates components defined at the crack tip

Enrichment function given in Equation (30) is employed only for immobile crack
definitions in ABAQUS, since accuracy of the crack model depends on the tracking
crack tip location. On the other iy, ABAQUS offershe method oXFEM based

on linear elastic fracture mechanics (LEFd@)Model cracknitiation andevolution

just by considering heaviside functiomhus nonstationary cracks are modeled
without considering enrichment function by prop@gga crack throughout an
element to prevent the presence of stress singularity in the element. This method
extinguish the necessity otrack path definition at the beginning of the model
[33].

In XFEM based on LEFM method, the presence of the crack within an element is
modeledby implementing phantom nodesincidentto the correspondingpriginal
elementnodes and is establisheavhen the damage criterion is equal to the
threshold value Hereupon,the elementreached todamage thresitdd starts to
cleave into two parts, phantom nodes and corresponding original nodes are not tied

any moreas indicated ifrigure5.2.1.

25



@ onginal nodas
2 phantom nodes

crack crack Crack
Q) 4
a f% %
Iy o -
LL, 0

Figure5.21 XFEM - Phantom Node Method

The degradation of an enriched element undertakes, when the stressim
resulting in element reach to the specified threshold value. Namely, fracture
criterion which is ratio of the stress/strain value to the threshold value is equal to 1,
crack initiation takes place. After thahet separatiomf the phantom nodesom

original nodedakes place, at the time dfet strain energy release ratiethe crack

tip equal to critical strain energy release rd&eentually, fully separatiorof the
phantom and original nodes occurs and separated element can move apart from

each other.

Crack initiation criteriacan beutilized as the criteria embedded into ABAQUS
such as the maximum principal stress and the maximum principal straser
defined damage initiatioariteria which can be constructed by user subroutine of
UDMGINI in the finite element model
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CHAPTER 6

DAMAGE INITIATION AND EVOLUTION

Damage initiation anekvolutionlaws used throughout finite elermemodels are

given in thissection

6.1 Damage Initiation

6.1.1 Maximum Principal Stress (MAXPS) Criterion

The maximum principal stress criterion checks whetther magnitude of the
maximumprincipal stress at the element centroid reachatidépermissible stress
magnitude. Crack direction is definadthe unit normalto the maximum principal
stresglane when the maximum principal stress criterion met.

\ a e h b,

Q (oe)

where, ,, and, are the principal stresses and is the threshold stress
to define damage initiation stress value. The Macaulay brackets are implemented to

neglect that the compressive stress does not contribute crack initiation, since

nTo@
WQ T

Damage is automatically introducéal the element, as soon as fracture criteripn,

is equal to one.
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6.1.2 Maximum Principal Strain (MAXPE) Criterion

The maximum principal strain criterion checks whethigg magnitude of the
maximum principal strain at the element centroid reached to permissible strain
magnitude. Crack direction is definaedthe unit normalof the maximum principal
strainplane when the maximum principal strain criterion met.

- aoeh i o0

where- ,- and- are the principal strains and is the threshold strain to

define damage initiation strain value.

6.1.3 Maximum Resolved Shear StresMAXRSS) Criterion

Resolved shear stresses are calculaggrhrately foall the slip systems according
to Equation (1) given irSection3. The maximum resolved shear stress criterion
checks whether the resolved sheaesst values calculated feach individuaklip
systems reached to critical resolved shear st@ssk direction is definedsthe
unit normal to the slip plane in which maximum resolved shear sicesss.
dowt
QN — o

T ¢

wheret s the resolved shear stress of theslip system and s the critical

resolved shear stress.

6.1.4 Maximum Accumulated Shear Strain (MAXACSS) Criterion

Maximum accumulated shear strain are calculated for all the slip systems in
according to Equation & given in Section4.1.3 The maximum accumulated
shear strain criterion checks whether the shear strain for each individual slip

systems accumulated along wittatling reached to allowable strain value. Crack
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direction is definedas the unit normal to the slip plane in which maximum

accumulated shear strain occurs.

& B T
. 9 X

wheref is the accumulated shear strain of tha slip system and is the

critical accumulated shear strain.

6.2 DamageEvolution

In ABAQUS, damage evolution takes place in accordingigoire6.2.1.

= = —
£ €] £

Figure6.21 Representation of treressstrain curve of adamagedmaterial[33]

After having exceeded onset of the damage which is quantified in tergns of

- [, softening of the yield stress and stiffness degradation take place.

ABAQUS offers two options tanodel damagevolution: defining by equivalent

plastic strain at the failure,[, or fracture energyO. For example, when strain
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energy release rate reached to the defined fracture energy, the finite element
located at the crack tip is going tee bully damaged. In this thesis, damage

evolution is carried out by defining fracture energy. Fracture energy is calculated as

"0 0, QT oy

where L is the characteristic length which depends on the element geometry and

formulation[33].
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CHAPTER 7

RESULTS AND DISCUSSION

7.1 I ntroduction

In this section finite element modelare createdto investigate crack initiation and
propagatiorthrough the use dfuang 6 s UMA T25]smithnrABAQUS n e
XFEM. In addition to the Maximum Principal Stress (MAXPS) and Maximum
Principal Strain (MAXPE) criteria which exist in the ABAQUS software, two more
damage initiation criteriathe Maximum Resolved Shear Stress (MAXRSS) and
Maximum Accumulated Shear Strain (MAXACSS) are defined by modifying
Huangds code Fiaite dlemennmddesyecahstructedoy meshing
square plates under the consideration of the plane stress @onnditbvercone

excessiveomputational cost and time.

Firstly, single crystal square plates withngtch is analyzed to investigate crack
initiation behavior as a function of grain orientation according to mentioned
damage criteria for nickddased supellay (MD2) material. Then, nickebased
superalloy (MD2), AA2024 aluminum alloy and 316L stainless steel polycrystal
plates are modeled to examine crack propagation behavior bgicbantrinsic
material parameters, i.e. grain orientation and grain. Sklitionally, finite
element analyses of AA2024 aluminum polycrygildteshaving different grain

sizes areperformed to capture the effect of grain size.

7.2  Crack Initiation and Propagation for MD2 Single Crystal

The geometry of the platghich is used in the analyses is shawifrigure7.21. It
is taken in plane stress condition with aedge length is 600 micromeser

Dimensions of th width and depth of the notch createdhe middle of the upper
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edge are 64 micrometers and 54 micrometers, respectively as illustrétiggine

7.21. The pate has been discretized by the element type of CRBdde bilinear
plane stress quadrilateralith an average size of 3 micrometerge total number
of the elements in the mesh is forming 4047 ¢asbe seen iRigure7.22.

68 pm

»

600 pm

y
| ¥
x < 600 pm N

Figure7.21 Two-dimensional \VNotchedplate geometry

Boundary conditions of thglate are defined by assigning for all the nodes at
the left side edge of the plate alotipxis except the node at the upper left corner
for whichd 0 1 A prescribedncrementaldisplacementip to15 micrometes

is definedfor the nodes at the right side of the platevidirection only Boundary

condition and load definition of the model is giverFigure7.23.

Cubic elastic and viscoplastic material parametersehitkelbased supper alloy

(MD?2) to be introducedn the crystal plasticity constitutive model are tabulated in

Table7.2.1.
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Figure7.22 Meshview of two-dimensionabplate (a) unmeshedglate (b) general
meshview (c) meshview at thenotchvicinity

Boundary Condition
Node located at the

upper left corner of the
plate is fixed in both x
and y-directions.

B

4 Prescribed
Boundary Condition Displacement
All nodes at the left side E u=15 um

B

edge of the plate 1s
fixed in x-direction.

L.

Figure7.23 Boundaryconditions andoaddefinition of theplate
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Table7.21 MD2 materialconstant417]

Parameters  Units Description Value
C11 MPa Elastic Constant 174030
C12 MPa Elastic Constant 77380
C44 MPa Elastic Constant 118520

m - Strain Rate Sensitivity 10

@ 1/s Reference Strain Rate 0.00001
ho MPa Initial Hardening Modulus 1735
T MPa Critical Resolved Shear Stress 216.8
T MPa Saturated Resolved Shear Stres 266.5

The gain orientatios have beerdefined by the unit vectorsn terms ofEuler
Bunge conventionwhich are described in Appendi and introducedinto the
H u a nQ@ry&tal Plasticitysubrouting25]. The new final axes are shown by x* and

y* and heassignedjrain orientatiosaretabulatedn Table7.2.2.

Table7.22 Grainorientation of thesingle crystal MD2

Orientation Euler-Bunge X* y*
Name Orientation X y z X y z
01 (15,0,0) 0.966| 0.259| 0 | -0.256 | 0.966| O
02 (30,0,0) 0.866| 0.500| O -0.500 | 0.866| O
03 (45,0,0) 0.707| 0.707| O -0.707 | 0.707| O

The maximumprincipal stress, maximum principal strain, maximum resolved shear
stress and maximuraccumulatedshear strain criteria are utilizeéd initiate and
propagatecrack within the element. The observations m&den single crystal
experiments demonstrate theip band whichtakes placeat the critical resolved

shear stress ithe indicator of the crack nucleatioaccording to McDowell and
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Dunne[38]. Therefore for the maximum principal stress and resolved shear stress
criteria allowable values given in Table 7.21 are used for predicting crack
initiation. For maximum principal strain criterioh0®> mm/mmis defined as the
significant strain level to cause irreversible dislocation motion in Rédf and
used aghe allowablestrainvalue in the curnet study Allowable values for each
criterionaregiven inTable7.23.

Table7.23 Damagecriteria allowable values for MD2single crystal

Fracture

Criterion Unit Value Energy
(N/mm)

MAXPS MPa 216.8 0.005
MAXPE mm/mm 10° 0.005
MAXRSS MPa 216.8 0.005
MAXACSS mm/mm 10° 0.005

After having constructed finite element madtie grain orientation of the MD2
has beerassignedaccording toTable7.22. Crack propagation directismbtained
according to maximum resolveshear stress, maximuatcumulatedshear strain,
maximum principal stress and maximum principal strain damage critergvare
throughout Figure 7.24 to Figure 7.27. Also mote that, angle informations

embedded in figuredefines thecrack initiationangle

Theresults obtained by employing different criteria are compared in terms of crack

initiation angle and activated slip systeniiable7.24.

Crack initiation due to stress concentration, i.e-ndich, analyses have been
performed for three grain orientations according to four different criteria.

MAXRSS and MAXACSS criteria capted same crack initiation angles and
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activated slip systems for the same orientations. On the other hand, MAXPS and
MAXPE criteria as software buiin criteria showed similar performance regarding

crack initiation angles.

Crack propagation direction acding to MAXRSS criteriorwasled by either 15
or 2" slip systems depending dhe grain crystabrientation, whileother slip
systens were also activatedausingthe crack propagation in MAXACSS criterion

at the crack initiation region.

.

Figure7.24 Grainorientationeffect oncrackinitiation under MAXRSSdamage
criterion: (@) Orientation Xb) Orientation Zc) Orientation 3
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The maximum principal stress amdaximumstrain criteria are based stress and

strain tensors calculatedy the UMAT CPFEM subroutinefor each element
without referring the slip systems. Hendae microscale parametersflecting the

slip system properties that define the preferable slip directions were not considered
with these criteriaAs a result, therack propgationpathswere observed almost as
straight lines.

8, Mises
951.547
872.356
793.166
713.975
634.785
555.594
476.404
397.213
318.023
238.832

8, Mises

1192.734
% 1093.564

Figure7.25 Grainorientationeffect oncrackinitiation behavior under MAJACSS
damagecriterion: (a) Orientation Ib) Orientation Zc) Orientation 3
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L.

Figure7.26 Grain orientation effect on crack propagation behavior under MAXPS
damage criterion: (a) Orientation 1 (b) Orientation 2 (c) Orientation 3
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Figure7.27 Grainorientationeffect oncrack propagatiorbehavior under MAXPE

)

(a
ub
(c

)

damagecriterion: (a) Orientation Ib) Orientation Zc) Orientation 3

Table7.24 Crackinitiation comparisoraboutwrt orientation anctriteria

Criterion Orientation Crack Initiation Angle [ A Activated Slip
Systems
MAXRSS o1 59 2
MAXRSS 02 74 2
MAXRSS 03 90 1
MAXACSS o1 62 2,11
MAXACSS 02 74 2
MAXACSS 03 90 1,10
MAXPS o1 77 NA
MAXPS 02 80 NA
MAXPS 03 84 NA
MAXPE o1 80 NA
MAXPE 02 75 NA
MAXPE (OK] 83 NA

39




7.3  Effect of Grain Orientation on Crack Initiation and Propagationin

Polycrystals

7.3.1 The Finite Element Model

The plate whose shape is rectangular and edge length is 600 micromeaters
divided into subdomainahich correspondto grainsby theopensource software
Neper[36] throughVoronoi tessellationin this analysis, Neper software provided
48 grains whose grain orientations randomly assigned by considering statistical
distribution of the solidification[36] as can be seen iRkigure 7.31. Then,
tessellated geometry has been imported to ABAQuEe element software
program A pre-crack with the length of 18 micromesewas introduced to the
tessellated model as can be seeRigure 7.3.2. Discretization of the modetas
performed by the element type of CR84ode bilinear plane stress quadrilateral
with an average size of 3 micrometeffie mesh view of the model is given in
Figure7.3.3.

Figure7.3.1 Two-dimensionalplate model of MD2polycrystal
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| {18 pm 1

Figure7.3.2 Two-dimensionalplate model of MD2polycrystal withpre-crack
definition

Figure7.3.3 Meshdefinition of themodel

41



Boundary conditions of thglate are defined by assigning T for all the nodes at
the left side edge of the ptatlongw-axis except the node at the upper left corner
for whichd 0 T A prescribedncrementaldisplacementp to15 micrometes

is definedfor the nodes at the right side of the platevidirection only Boundary

condition and load definition of the model is giverFigure7.3.4.

Boundary Condition
Node located at the
upper left comer of the
plate is fixed in both x
and y-directions.

VWYYV WYYVYWYWY v

Prescribed

Displacement
u=15 pm

Boundary Condition 1
All nodes at the left side -

edge of the plate is
fixed in x-direction.

L.

Figure7.3.4 Boundaryconditions andoaddefinition of themodel

VYV VWY WYYV VWYYV VWYV

VYWY WY WYYV WV WYYV

The set of analysewere carried ouby defining different grain orientatioa to
understand the effecin the crack growth behaviagince here are infinite number
of combinations of grain orientaticihat can be generated. The grain orientation
configurationsand therelated materialaretabulated inTable7.3.1.

42



Table7.3.1 Grainorientationconfigurationsof MD2 polycrystalmodel

Orientation Euler- X y _
Name .Bungt.a y y , y y , Material
Orientation
MD2
o1 (15,0,0) 0.966 | 0.259| 0 | -0.256 | 0.966| O Aluminum
Steel
MD2
02 (30,0,0) | 0.866|0.500| 0 | -0.500 | 0.866] O | Aluminum
Steel
MD2
03 (45,0,0) | 0.707|0.707| 0 | -0.707 | 0.707| 0 | Aluminum
Steel
MD2
04 (60,0,0) 0.500 | 0.866| 0 | -0.866 | 0.500| O Aluminum
Steel
MD2
05 (75,0,0) | 0.259|0.966| 0 | -0.966 | 0.259| O | Aluminum
Steel
06 (0,15,0) 1 0 |0 0 0.966| 0.259 MD2
o7 (0,30,0) 1 0 0 0 0.866| 0.500 MD2
08 (0,45,0) 1 0 |0 0 |0.707|0.707] MD2
09 (0,60,0) 1 0 0 0 0.500/| 0.866 MD2

7.3.2 Pre-cracked MD2 Polycrystal

Crystal plasticity constitutive material parameters of the nibkeked supper alloy
(MD?2) that weregabulated infable7.22 have been defined into the polycrystalline

modelalso, thedamage criteria allowable values are giveiiable7.3.2.
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Table7.32 Damagecriteria alowable values for MD2polycrystal

Fracture
Criterion Unit Value Energy
(N/mm)
MAXPS MPa 216.8 0.015
MAXRSS MPa 216.8 0.015

The orientation of the grain including pceack has been changed in according to
Table 7.3.1. MD2 polycrystal modelwas evaluated by employing MAXPS and
MAXRSS damage criteriaResults of the crack propagation of the MD2
polycrystal aregiven in Figure 7.35, Figure 7.3.6 for MAXRSS criterionand
Figure7.3.7 for MAXPS criterion

For theMAXPS criterion the finite element modelsere constructed for first five
orientations, since MAXPS criterion was rfound sensitive tograin orientation
change.

Detailed results of the analyses are presented throudiigute 7.38 to Figure
7.317.
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L. (b) (d)

Figure7.35 MAXRSS criterionT MD2 polycrystalcrack propagatiordirections of
(a) Orientation Xb) Orientation Zc) Orientation 3d) Orientatior (e)
Orientation 5

s (b) (d)

Figure7.3.6 MAXRSS criterioni MD2 polycrystalcrack propagation directiorms
a) Orientation 6 B Orientation 7 € Orientation 8 ¢ Orientation 9
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Figure7.3.7 MAXPS criterionT MD2 polycrystalcrack propagatiordirections of
(a) Orientation Xb) Orientation Zc) Orientation 3d) Orientatior (e)
Orientation 5

S, Mises
1858.903
1000.000
916.668
833.335
750.003
666.670
583.338
500.006
416.673
333.341
250.008
166.676

83.343
0.011

(b)

Figure7.3.8 MAXRSS criterion- MD2 polycrystal crack propagation directions of
Orientation 1(a) Crack Propagation Path) Final Stess State
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Figure7.39 MAXRSS criterion- MD2 polycrystalcrack propagation of
Orientation 1- activateddlip systems throughoutrack

(b)

Figure7.3.10 MAXRSS criterion- MD2 polycrystalcrack propagation of
Orientation 2(a) Crack Propagation Path) Final Stress State
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Figure7.3.11 MAXRSS criterion- MD2 polycrystalcrack propagation of
Orientation 2 activateddlip systems throughoutrack

4 (b)

Figure7.3.12 MAXRSS criterion- MD2 polycrystalcrack propagation of
Orientation 3(a) Crack Propagation Path) Final Stress State
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Figure7.3. 13 MAXRSS criterion- MD2 polycrystal crack propagation of
Orientation 3 activated slip systems throughout crack

(b)

Figure7.3.14 MAXRSS criterion- MD2 polycrystal crackpropagation of
Orientation 4 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.15 MAXRSS criterion- MD2 polycrystal crack propagation of
Orientation 4 activated slip systems throughout crack

S, Mises
1273.782
1000.000
916.668
833.336
750.003
666.671
583.339
500.007
416.675

(b)

Figure7.3.16 MAXRSS criterion- MD2 polycrystal crack propagation of
Orientation 5 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.17 MAXRSS criterion- MD2 polycrystal crack propagation of
Orientation 5 activated slip systems throughout crack

Also, the graphical representations of the force needed to propagate crack versus
crack length for each orientation are given for MAXRSS and MAXR®Sre in
Figure7.3.18 andFigure7.3.19, respectively.
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Figure7.3.18 MAXRSS criterion- MD2 Ni-basedsuperalloy- force vs crack
length

= Orientation 1
= Orientation 2
Orientation 3
= Qrientation 4
Orientation 5

Force |N]|

ok
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Crack Length [mm]

Figure7.3.19 MAXPS criterion- MD2 Ni-based superalloyforce vs. crack length

Crack propagation in the crystalline scdlehaveshighly dependent on grain
orientation the grain orientation of the grain including fm@ck dramatically
effects the crack path in different grains MAXRSS criterionas can be seen in
Figure7.35 andFigure7.36. Crack propagation directian MAXRSS criterion is

definedas unit normal to the slip plane in which the highest resolved shear stress
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takes place. Therefore, crack growth differg@ach gainwhose slip plane in which

maximum resolved shear stress occurs due to the grain orientatio

On the contrary, crack path obtained under consideration of MAXPS criterion is
not sensitive to grain orientation since crack propagation direction is simply
defined according to normal direction of the princigdane onwhich the

maximum principaktresds obtainedather than the unit normal of the slip plane

Also, activated slip system altens the grainsdue to mainlythe angle between
loading direction and grain orientaticas can be seen iRigure 7.39, Figure
7.311, Figure 7.313, Figure 7.315 and Figure 7.3.17. Different activated slip
systemslead to variety of crack propagation behavior depending on individual

grain properties.

Applied force to propagate in MAXRSS criterion crack notably devidégending

on the orientation of grain including peeack. First five orientations have been
obtained by rotating crystallirgbout thez-axis which is out of plane direction of

the plate, the others aodtainedby rotating about th&-axis which inthe plane of

the plate. Rotationgerformedaboutz-axis causng variations in thdorce valuesto
propagate crack, S i nby ensi8ecablenamoutBut, tha c t o r
effect of rotatiorabout xaxisis less than the rotaticaboutz-axis as can be seen in
Figure 7.318, as Schmi do with tha arientation Yethtae "VIAEPS
criterion could not capture the dependency ddckr propagation to the grain
orientation. Still, it can be said thagrain orientation plays important role for the

material crack resistance.
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7.3.3 Pre-cracked AA2024 Aluminum Alloy Polycrystal

Geometry, discretization, boundary conditicarsl loading givenin Section7.3.1

have been maintained to capture effect of material change to the crack propagation
behavior of AA2040 aluminum

Crystal plasticity constitutive material parameters of the AA2040 aluminum alloy
aretabulated inTable 7.3.3 have been defined into the polycrystadlimodel.The

damage crited allowable values are given andTable7.3.4, respectively

Table7.3.3 AA2040 aluminumalloy materialconstant§39]

Parameters  Units Description Value
Cl1 MPa Elastic Constant 112000
C12 MPa Elastic Constant 59500
C4a4 MPa ElasticConstant 24700

m - Strain Rate Sensitivity 10
@ 1/s Reference Strain Rate 0.001
ho MPa Initial Hardening Modulus 37
T MPa Critical Resolved Shear Stress  82.5
T MPa  Saturated Resolved Shear Stre 100

Table7.3.4 Damagecriteria alowable values for AA204Gluminumalloy

Fracture Energy

Criterion Unit Value
(N/mm)
MAXPS MPa 82.5 0.05
MAXPE mm/mm 10° 0.05
MAXRSS MPa 82.5 0.05
MAXACSS mm/mm 10° 0.05
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AA2024 aluminum alloypolycrystal model has been evaluated by employing
MAXPS, MAXPE, MAXRSS and MAXACSSdamage criterigand esults of the
crack propagation of the AA2024 aluminum alloy polycrystalgiven inFigure
7.3.20, Figure 7.321, Figure7.3.22 andFigure 7.323, respectively Also, detailed

results of the analyses are presented throughigute 7.3.24 to Figure7.3.33 for
MAXRSS and MAXACSS criteria

L. (b) (d)

Figure7.3.20 MAXPS criterion- AA2024 aluminumalloy polycrystalcrack
propagatiordirections of(a) Orientation Xb) Orientation Ac) Orientation 3d)
Orientatiord4 (e) Orientation 5
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Figure7.3.21 MAXPE criterion- AA2024 aluminum alloy polycrystal crack
propagation directions of (a) Orientationtd) Qrientation 2 (c) Orientation 3 (d)
Orientation 4 (e) Orientation 5

L\

&

a T p ot

i

(d)

Figure7.322 MAXRSS criterion- AA2024 aluminum alloy polycrystal crack
propagation directions of (a) Orientation 1 (b) Orientatiqo)Drientation 3 (d)
Orientation 4 (e) Orientation 5
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I_N (d)
Figure7.323 MAXACSS criterion- AA2024 aluminum alloy polycrystal crack

propagation directions of (a) Orientation 1 (b) Orientation 2 (c) Orient&tialy
Orientation 4 (e) Orientation 5

8, Mises
1549.272
1000.000

(b)

Figure7.3.24 MAXRSS criterioni AA2024 auminumalloy polycrystalcrack
propagation of Orientation () Crack Propagation Path) Final Stress State
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Figure7.3.25 MAXRSS criterion- AA2024 auminumalloy crack propagation of
Orientation 1- activateddlip systems throughoudrack

S, Mises
1000.000
916.673
833.346
750.019
666.692
583.365
500.038
416.711
333.384
250.057
166.730

83.403
0.076

(b)

Figure7.3.26 MAXRSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 2 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.27 MAXRSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 2 - activated slip systems throughout crack

8, Mises
1343.539
1000.000
916.673
833.346
750.020
666.693
583.366
500.040
416.713
333.386
250.059
166.733
83.406

0.079

o

(a) (b)

Figure7.328 MAXRSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 3 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.29 MAXRSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 3- activated slip systems throughout crack

S, Mises
1000.000
916.669
833.338
750.007
666.676
583.345
500.014
416.683
333.352
250.021
166.690
83.359

0.028

-

(a) (b)

Figure7.3.30 MAXRSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 4 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.31 MAXRSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 4 activated slip systems throughout crack

S, Mises
1000.000
916.667
833.334
750.001
666.669
583.336
500.003
416.670
333.337
250.004
166.672
83.339
0.006

o

(b)

Figure7.3.32 MAXRSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 5 (a) Crack Propagation Path (b) Final Stréss Sta
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Figure7.3.33 MAXRSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 5 activated slip systems throughout crack

8, Mises

1100.214
1000.000
916.743
833.486
750.230
666.973
583.716
500.459
417.202
333.946
250.689
167.432
84.175
0.918

(b)

Figure7.3.34 MAXACSS criterioni AA2024 auminumalloy polycrystalcrack
propagation of Orientation (a) Crack Propagation Path) Final Stress State
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Figure7.3.35 MAXACSS criterion- AA2024 aluminum alloy crack pr@gation of
Orientation 1- activated slip systems throughout crack

(b)

Figure7.3.36 MAXACSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 2 (a) Crack Propagation PatRifia) Stress State
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Figure7.3.37 MAXACSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 2 activated slip systems throughout crack

8, Mises
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1000.000
916.728
833.456
750.184
666.912
583.640
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333.825
250.553
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84.009
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(b)

Figure7.338 MAXACSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 3 (a) Crack Propagation Path (b) Final Stress State
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Figure7.3.39 MAXACSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 3 activated slip systems throughout crack

§, Mises
1000.000
916.689
833.379
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666.757
583.446
500.136
416.825
333.514
250.203
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83.582
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(a) (b)

Figure7.3.40 MAXACSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 4 (&rack Propagation Path (b) Final Stress State

65



SDV126

12.000
11.000

Figure7.341 MAXACSS criterion- AA2024 aluminum alloy crack propagation of
Orientation 4 activated slip systems throughout crack

§, Mises
1000.000
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84.302

1.057

(b)

Figure7.3.42 MAXACSS criterioni AA2024 aluminum alloy polycrystal crack
propagation of Orientation 5 (a) Crack Propagation Path (b) Final Stress State
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Figure7.343 MAXACSS criterion - AA2024 aluminum alloy crack propagation of
Orientation 5 activated slip systems throughout crack

The graphical representations of the force needed to propagate crack versus crack

length for each orientation are given fMAXPS, MAXPE, MAXRSS and
MAX ACSScriteriathroughoutFigure7.3.44to Figure7.3.47, respectively.
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Figure7.3.44 MAXPS criterion- AA2024 duminumalloy - force vs cracklength
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Figure7.3.45 MAXPE criterion- AA2024 aluminumalloy - force vs. crack length
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Figure7.3.46 MAXRSS criterion- AA2024 aluminum alloy force vs. crack

length
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Figure7.3.47 MAXACSS criterion- AA2024 aluminum alloy- force vs. crack
length

MAXPS and MAXPE criteria giveresultsthat were not affectedrom grain
orientation as can be seenFigure7.3.44 and Figure 7.345. These criteria found
crack propagation direction as a straight line which is in the case of Farukh et al.
[15] as can be seen iRigure 7.3.20 and Figure 7.321. In AA2024 aluminum
analysis, MAXPS criterion shows same sensititatyhe grain orientatiowith that

of MD2.

On the other handrack propagation behavior has been found highly dependent on
grain orientation undethe use of MAXRSS and MACSS criteria. AA2024
aluminum alloy separates from MD2 material in terms of required ftoce
propagate crackndthe variation of the force with respectdmack lengthdue to

the different hardening attributand anisotropy Another interpretation can be
madethat crackresistance depeadn the material properties by consideriogal
crack lengtts obtained forMD2 and AA2024 aluminunwhich differ from each
other Also, crack propagation path obtained by employing MAXRS&idi from

that of MAXACSSdue to change of crack driving parameter.
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7.3.4 Pre-cracked 316L Stainless Steel Polycrystal

Geometry, discretization, boundary conditiamsiloading given irSection7.3.1is
appliedto capture effect of material change to the crack propagation behavior of
316L stainless steel.

Crystal plasticity constitutive material parameters of the 316L stainlessaséeel
tabulated inTable 7.35 have been defineth the polycrystalline model. Also,

damage crited allowable values are given in

Table7.3.6.
Table7.3.5 316L stainlesssteel materialconstant440]
Parameters  Units Description Value
Cl1 MPa Elastic Constant 204600
C12 MPa Elastic Constant 137700
C44 MPa Elastic Constant 126200
m - Strain Rate Sensitivity 10
W 1/s Reference StraiRate 0.001
ho MPa Initial Hardening Modulus 675
T MPa Critical Resolved Shear Stress 90
T MPa Saturated Resolved Shear Stres 175

Table7.3.6 Damagecriteria allowable values for 316Llstainlesssteel

Fracture Energy

Criterion Unit Value
(N/mm)
MAXPS MPa 90 0.015
MAXPE  mm/mm 5.10° 0.015
MAXRSS MPa 90 0.015
MAXACSS mm/mm 5.10° 0.015

70



Crack initiation and propagatin BL6L stainless steel polycrystal model has been
evaluated by employing MAXPS, MAXPE, MAXRSS and MAXACSS damage
criteria. Results of the crack propagation of 86L stainless ste@lolycrystal are
given inFigure7.348, Figure7.349, Figure7.350andFigure7.351, respectively.

Figure7.348 MAXPS criterioni 316L stainlesssteelpolycrystalcrack
propagatiordirections of(a) Orientation Xb) Orientation Ac) Orientation 3d)
Orientation 4(e) Orientation 5
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Figure7.3.49 MAXPE criterioni 316L stainless steel polycrystal crack
propagation directions of (a) Orientation 1 (b) Orientation 2 (c) Orientation 3 (d)
Orientation 4 (gOrientation 5

Figure7.350 MAXRSS criterioni 316L stainless steel polycrystal crack
propagation directions of (a) Orientation 1 (b) Orientation 2 (c) Orientation 3 (d)
Orientation 4 (e) Orientation 5
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