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SUMMARY

The objective of this work is to model the nucleation and propagation behavior of
microstructurally small fatigue cracks in Al 7076. This regime of crack growth
accounts for much of the scatter present in fatigue lives, and can consume up to 90% of
thetotal fatigue life during high cycle fatigue loading. To accomplish this objective, this
thesis extends the doctoral and pdsttoral research of Gustavo Castelluccio, who
developed a framework to model microstructurally small fatigue cracks in +iakesd
superalloy RR1000.

The major contributions of this work are twofold. First, the introduction of a
crystal plasticity condtitive relation for Al 70756, which correlates well to
experimental stresstrain data over a large range of loading conditior@uding loading
with a mean stress or straimnd the incorporation of the fatigue algorithms of
Castelluccio with this constitutive modebecond, the enhancement of the mesoscale
fatigue modeling framework developed by Castelluccio to allow for Skageowth

along nonrcrystallographic planes of lowest life.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Fatigue of metals is a problem that affects almost all sectors of industry, from
energy to transportation, ardilures to account for fatigue or incorrect estimations of
service life have cost many lives. This is especially true in aerospace applications, where
the consequences of a failure are particularly high and there is a strong motivation to
reduce weight amuch as possible. Aluminum alloys are widely used in the aerospace
industry for their high specific strength, and thus large amounts of effort have been
expended to characterize the performance of these alloys under cyclic loading.

Obtaining the fatiguegroperties of a material under a wide range of loading
spectra and environments, such as a component might see over the course of its service
life, has traditionally required exhaustive experiments to generateotistants used in
empiricallybased laws.Although these relations are adequate for the prediction of
fatigue lives under some conditions, because of their empirical nature they offer little
insight into the underlying physical phenomena that govern the fatigue behavior of a
particular material. fie accumulation of fatigue damage is a complex rsulie
process, with length domains ranging from atomistic to structural, and is driven by
multiple mechanisms that may compete with or enhance one another, and may change
over the life of a specimen. \Wé some aspects of the process are well understood, such
as the growth of long cracks, there are still a number of open questions.

One such open issue is modeling fatigue cracks with dimensions on the order of

the microstructure, the propagation of whishdominated by influence of the local



heterogeneity of the microstructure. Even for materials that been in use for many years,
this process is not fully understood. For example, Al 7085a highstrength, low
density precipitation hardened alloy usedeasvely in aerospace applicationgas
introduced to market in 1943] and many researchers are still actively working towards
better understanding microstructurally small crack (MSC) growth in this alloy. The
creation of a computational model based on the governing physics of MSC growth in Al
707576 allows us to perform siatations evaluating the fatigue performance of the alloy
under a large range of loading spectra much more rapidly than equivalent experiments
could be performedrlhe insight gained from these simulations is twofold. Fiwst,can

gain insight into the miastructural parameterthat control the fatigue life, and this
knowledge can guiddhe modification of materials to enhance fatigue resiste®eeond,
comparison of the simulated results to experimental data gives us insight into the model
itself, allowing us to assess if we are truly capturing the governing physics of the
problem.

In order to successfully model the growth of these microstructurally small cracks
(MSCs), two computational frameworks are necessary. First, the local behavior of the
material must be captured, necessitating a constitutive relation with resolution on the
scale of grain size. Second, a physically based model for the nucleation and growth of
microstructurally small fatigue cracks is needed. The overall objective of this thesis is
best summarized as the introduction these two computational frameworks, the

constitutive model and fatigue model, specificétlyaluminum alloy 707576.

1.2 Scope of Thesis

This thesis is primarily an extension of the research performed by Castelluccio

[2], who introduced a crystal plasticity based, mesoscale fatigue model for-inasexd



superalloy RR1000. The model employed by Castelluccio is mesoscale in two senses.
First, e@h computational loading cycle typically corresponds to many hundreds or
thousands of simulated loading cycles. Second, the model simulates cracks propagating
in increments comprising many cycles on the order of grain size, reducing the number of
computatonal cycles that must be applied.

The constitutive behavior of Al 70766 differs substantially from that of
RR1000, necessitating the use of a different constitutive model. Therefore, this work
introduces a crystal plasticity constitutive model for alwma alloy 7075T6 based on
the work of McGinty[3]. Additionally, the Al 7075T6 constitutive model includes an
OhneWang type backstress evolution law adapted fostatyplasticity in order to better
capture the material response under asymmetric cyclic loabmgis the first time such
a back stress formulation has been employed in a crystal plasticity model, representing a
key novel contribution of this work.

The two materials also exhibit somewhat different underlying fatigue processes.
When cyclically loaded the Niased superalloy tends to deform heterogeneously, with
slip localizing in persistent slip bands which largely control the nucleation and MSC
propagéion behavior of the alloy. In contrast, cyclic loading of Al 70i& produces
more homogeneous deformation. The nucleation behavior of AF7678 dominated by
the effect of cracked secoipthases and cracks may propagate on multiple slip systems
within a grain. Therefore, this research extends the fatigue model of Castelluccio in order
to consider the driving force of cracks propagating on multiple slip systems, and to allow

for propagation on nearystallographic planes.



1.3 Thesis Outline

This thesisbegins with a brief historical overview of the commonly employed
fatigue life estimation methodologies, as well as some of the drawbacks to these
traditional approaches. Critical plane and Fatigue Indicator Parameter (FIP) concepts are
then introduced along with a short review of recent advances in the field of
computational fatigue modelingThe remainder of Chapter 2 covers the physical
processes of fatigue, focusing on precipitation hardened aluminum alloys with specific
attention given to Al 7075 in ¢hpeak aged condition.

The constitutive modeling of Al 70756 is covered in Chapter 3, which begins
with an introduction to the kinematics of crystal plasticity. Once these kinematics have
been established, the three forms of constitutive laws usedsiretiearch are presented,
and the motivation behind the introduction of each model form is discussed. Focus then
shifts to the implementation of the kinematics and constitutive laws within ABAL)S
a popular commercial finite element analysis software. Finally, the cyclic -strags
responses of the three model forms are compared under fully reversed loading and
loading with an imposed mean stress/strain.

The nesescale fatigue model is presented in Chapter 4. The conceptual and
theoretical underpinnings of the fatigue model are presented first, including estimation of
the driving force for MSC crack growth, the creation of digital microstructures, and the
volumeaveraging scheme. After a brief review of the Stage | fatigue crack growth model
developed by Castelluccio, a Stage Il model is presented which incorporates the driving
force on multiple slip systems and allows for crack growth across arbitrarily defined
planes within the microstructure. The implementation of this fatigue model within the

Abaqus environment is then discussed.



Chapter 5 focuses on the application of the mesoscale fatigue model to Al 7075
T6 and begins with the calibration of the model xpeximental data. The chapter then
examines impact that the specific forms of the constitutive models introduced in Chapter
3 have on the simulated FIP values and predicted fatigue lives. Next, results from
simulations under uniaxial and shear loading iggpht different amplitudes are presented
and the agreement with experimental data and trends is examined. In addition, the impact
of periodic overloads and combined uniaxial and shear loading are explored. The chapter
closes with a discussion of the effeof mesh refinement and simulated microstructural
volume.

Finally, the contributions of this thesis are summarized in Chapter 6, along with
conclusions and directions for future research. An appendix is included that provides
further information regardm the implementation of the fatigue algorithms and crystal

plasticity model in the ABAQU®$4] environment



CHAPTER 2: FATIGUE OVERVIEW

2.1 Introduction

Fatigue is the proces$ arack formation and growth when materials are subjected
to cyclic loads. This process occurs at load amplitudes below the static strength of the
material and can result in the component failure with catastrophic consequences,
including significant lossesf both human life and capital. To mitigate such fatigue
failures, engineers must be able to reliably predict the fatigue life of components under
service conditions. Great progress has been made in this regard in the past 40 years. An
aspect of fatiguentat is still being actively researched is the behavior of microstructurally
small cracks (MSCs), which can diverge significantly from that of long cracks. The
portion of life spent nucleating and growing a MSC over the first few grains/phases can
consume wer 90% of the total fatigue life under High Cycle Fatigue (HCF) conditions
and is the primary source of the scatter in fatigue lives. Therefore, the development of
robust fatigue design methodologies requires that the MSC regime of crack growth can
be adguately modeled.

This chapter begins by discussing classical approaches to fatigue design and life
prediction, as well as the limitations of these methodologies, in order to illustrate the
motivation for the modeling preformed during the course of thasish Focus then shifts
to the physical basis of the fatigue damage process in precipitation hardened aluminum

alloys, particularly Al 7075I'6, which is the main focus of this work.



2.2 Fatigue Overview
The first widely adopted tool for predicting the fatiglives of metals subjected to
cyclic loading was the stre$ife (S-N) approach, which is still commonly used today.
Al t hough pioneered by W hler (1860) it was
stress range and fatigue life above the endurancethnoiugh a powelaw formulation
D7S=S£(2Nf)b (1)

where the constans, is the fatigue strength coefficient anglis the fatigue strength

exponent. This equation is typically referred to as either the Basquin Equation or the
stresslife approach, and is valid in the high cycle fatigue (HCF) regime where the
material deforms elastically on a macroscopic scale.

The seond widely used approach to fatigue life estimation is the sdlifain
methodology. This approach is a combination of a modified form of the Basquin equation
with a power law relation based on the separate work of both Coffin and Manson in 1954.

The strainlife approach is expressed mathematically as
€ (2N) (2)

where the constantg and c are referred to as the fatigue ductility coefficient and the

fatigue ductility exponent, respectively, and are used to fit the model to experimental
data. The first term on the right hand side ohEZ2 captures the effect of the elastic

component of stim and the second term the influence of the plastic component of the
total strain. This particular approach is well suited for analyzing Low Cycle Fatigue

(LCF) loading where significant levels of macroscopic plastic strain occur during cycling.



The devel opment of | inear elastic fracture
Inglis (1913), Griffith (1921), and Irwin (1957) laid the foundation for the introduction of

fatigue laws based on the driving force at the crack tip. In 1961 Rati§® published a

paper relating the driving force at the crack tip (quantified using the change in stress
intensity factor, oK, over the | oading cyc
This relation is known as the Paris law and is typically giveherfarm

da

N -Gl B) (3)

whereC and m are constants used to fit the equation to experimental crack growth data.
Various modifications to the Paris law have been proposed in order to capture effects
such as the influence of-Rtio or periodic overloads on the rate of crack propagation
When the relation betweetda/dNand DK is plotted schematically as Figure 1, there

are three distinategimes of crack growth. In Regime A the diving for€¥() is near or

below the threshold levelOK,, ) for long crack growth. This can occur either because

the crack is long and the féeld stresses in thiody are low, or the crack is very short,
typically less than a mm long. Regime B is referred to as the Paris Regime, and the
relationship given by Hg 3 is valid. In Regime C the crack driving forc®K)

approaches the level ofdhmaterials fracture toughness of the materg}. } and the

crack propagates rapidly until failure.



Regime A Regime B Regime C
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Figure 1. Three regimes of crack growth and small crack effects. Adapted froif6].

While the Paris law can adequately model the growth of long cracks (typically on
the order of millimeters), small cracks can grow orders of magnitude faster than long
cracks for the same level of nominal driving force. This is shown in Regime FAgafe
1 where short cracks (dashed blue lines) propagate below the long crack threshold.
Failure to account for this phenomenon could result incunservave fatigue life and
have potentially disastrous consequences. The inability of the Paris law to adequately
characterize the behavior of small cracks is due to the violation of the LEFM assumptions
underlying the calculation apK At very small crack lerths the material can no longer
be considered homogeneous and the local microstructure has a strong influence on the
stress state at the crack tip. A crack is classified as a microstructurally small crack (MSC)
when all dimensions are on the scale of tharatteristic microstructural length, such as
the grain size. For a microstructurally short crack, however, the crack size in the direction

of propagation is on the order of the characteristic microstructural dimension, but the



other dimensions suchs crak periphery may be large. The difference between a
microstructurally short crack and a microstructurally small crack is illustrated

schematicallyn Figure2.

small

B

Figure 2. Diagram illustrating the difference between short and small crack§7].

short

OO

Microstructurally small crack growth begins following nucleation, and as the
crack grows through the MSC regime, it may retard or arrest as the crack front encounters
microstructural barriers, which in Al 70YB are primarily grain boundaries.h&
influence of the microstructure diminishes as the crack propagates and the crack front
samples an increasing number of grains, until the crack has grown long enough that the
cyclic plastic zone can be considered to be a homogeneous material andktygansdic
rate is largely independent of microstructure. At this point the crack may still be small
compared to the dimensions of the specimen or part geometry, and are thus classified as
Physically Small Cracks (PSCs). Although there is not a sharp teen&om MSC
growth to PSC growth, many researchers consider a crack depti®ifains to be
sufficient[8].

Of the three fatigue analysis methodologiescussedthe stressife and strain
life approaches are both toldke approaches to a given, pdefined crack size or
definition of failure (e.g., specimen separated into two pieces), combining thestagki

process of crack nucleation and growthoi a single life value. This can obscure the

10



underlying physical phenomena that govern the nucleation and various stages of growth
of a crack, which may change depending on a large number of factors such as the length,
loading type, or environment. Addmally, all approaches discussed thus far are
essentially macroscopic or at best mesoscopic (over many grains), empirical relations that
fail to capture the influence of the microstructure on the driving force of small cracks
with size on the order of indidual grains or phases. Consequently, these laws provide
little insight into the fatigue damage process and no guidance for the predictive design of

materials and microstructures with enhanced fatigue resistance.

2.3 Critical Plane Approaches and FIPs

A large number of enhanced strestrain, and energy based models have been
introduced to address the shortcomings associated with the basie atreésstraidife
approacheg9] and to address ntiaxial fatigue loading. With regard to multiaxial
loading, the most notable and arguably successful of these models are based on the
concept of a critical plane. Brown and Milldr0] argued that the because fatigue damage
is driven by cyclic slip, which is in turn reflected by shear strain, it is the plane of
maximum shear strain range that best captures the crack driving faicend likely
crack orientation for transgranular fatigue crack formation and growth. Additionally, they
included the effect of tensile strain on the plane of maximum shear to account for
enhancement of dislocation mobility and the decohesion procese atéatk tip. This

relation (slightly modified from the original form) is given by

Dgex 45 [ &N) (4)
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where Dg,...is the maximum shear strain randge, is the strain normal to the plane of

maximum shear strain rangs, is a parameter that controls the influence of the tensile

strain term, andf (N,) is a constant for a given number of cycles to initiate akcrac

Fatemi and Soci¢ll] proposed a modification to the approawhBrown and
Miller, replacing the term capturing the normal strain on the plane of maximum shear
with the peak stress normal to the same plane. To retain the dimensionless nature of the
Brown and Miller parameter, Fatemi and Socie normalized the streslseoplane of
maximum shear by the material cyclic yield strength. The mseate form of the
equation is commonly expressed as

ksnax

ys

gmaxg g (N) (5)

where s ™ is the stress normal to the plane of maximal sheqris the yield strength of

the material, andk is a constant that controls the influence of the normal stress term. The
physical basis for the enhancemeffect of normal stress in the FateBucie parameter

is that tensile stress act to separate the crack surfaces and thus reduce frictional forces
along the length of the crack that dominantly propagates in shear. This leads to an
increase of stress at tlseack tip and increased rates of crack grof@h This effect is
illustrated schematically irFigure 3, which compares two shear cracks: one loaded
entirely in shear (left), and one with an additional tensile stress acting normal to the plane

of the crack (right).
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Figure 3. A diagram of the effect of normal stress on a crack propagating in shear. Adapted
from [12].
Numerous researchers ea demonstrated ability of the FateBuwcie critical plane
approach to predict fatigue lives under multiaxial conditions for a range of materials.
Notably, McDowell and Berarfll3] demonstrated that for Stage | dominated growth the
FatemiSocie paa met er has an i nt er prirgegraltofi etastic anal o
plastic fracture mechanics (EPFM), capturing the driving force for microcrack
propagation. McDowell14] further showed that the Fatef@ocieparameter resulted in
a parametric form across a range of strain states in multiaxial fatigue that reflected typical
experimental findings.

While originally derived for macrgcale analysis, critical plane approaches have
recently been adopted for use @amicrostructural scale in the form of Fatigue Indicator
Parameters (FIPs), reviewed in depth by McDowell and D{ibsle When the stress and
strain fields within a grain are computed using crystal plasticity constitutive models, the
planes of maximum plastic shedrasn range tend to align with the crystallographic
planes on which Stage | fatigue cracks form. Therefore, FIPs may be employed to

capture the local driving force within a grain for the nucleation and growth of short
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cracks. Good correlation has been whoby several researchers between local,
microstructurally based FIPs and fatigue liy2sl6, 17].
Recently, detailed modeling efforts have considered different aspects of fatigue
crack formatiorspecifically inAl 7075-T6. This body of work included
I.  Probabilistic simulation of constituent particle cracking In7875T651[18].
[I. Physically based modeling of microstructaiependent slip localizato and
crack nucleation mechanisnmsAl 7075T651[19).
[ll. Development of a ser@mpirical model for nucleatio[20].
This approach employed a crystal plasticity constitutive mg&lalong with a model
for predicting cracking of constitutive particles under an applied.|@&is model was
coupled with a sligpased, notocal nucleation metri¢19] and five separate nonlocal
nucleation parameter@ncluding a FSbased parameternyere investigated, and these
were compared to experimental resy2§]. Using EBSD data, the microstructure of
experimental specimens was represented in a finite element model, and the nucleation
driving forces calculged. In Figure 4, an exampleis presentedof a finite element
reconstructionof an actual microstructure and subsequent calculatiam®fmetric that
can be used for fatigue crankcleationnamely themaximum accumulated slip on a slip

system (eferred to as metriol in [20]).
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Figure 4. Finite element representation and analysis ofraAl 7075T6 microstructure [20].

The study concluded that the computed magnitude of slip localization and accumulation
provided a valid metric for determining which incubated cracks would nucleate, and that
the computed tangential stress in the matrix surrounding the incubated theariacke

used to predict the number of cycles until nucleaiii. The direction of nucleation and
propagation of the crack was also shown to be strongly correlated with the peak

tangential stress. An example of the coriefats shown irFigure5.
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Figure 5. Simulated tangential Stress versus arc angle compared to observed fatigue crack
nucleation orientation [20].

Execution of a model as detailed as the one developed by Hochhalter et al. and coupling
it with crack extensionhtrough the microstructure to simulate both crack nucleation and
MSC growth would be prohibitively computationally expensive. However, there are still

a number of important results that can be incorporated into our nucleation and early
growth models:

1 Slip based metrics are valid for fatigue crack formation and early crack growth
under these conditions.

1 Normal stress strongly influences the direction of crack propagation, albeit in
perhaps a more subtle way from a physical standpoint (slip irreversibility and
local crack advance) than is reflected by typical normal stress parameters and
formulations.

As noted by Castelluccio et aJ21], the work of Hochhalter et al. reinforces the
importance of both selecting an appropriate FIP and an appropriate domain of FIP
computation that captures the underlying physical processes, i.e. because fatigue damage
occurs ina finite physical volume, calculating a RiBlue at a single point may result in a

poor characterization of nucleation and growth behavior.

16



Modeling of fatigue crack formation and MSC propagatiorAin7075T6 was
also performed by Xue et al in 20022], and was based on an earlier companion study
of micromechanics in 70756 [23] and earlier modeling work in cast aluminum alloy
A356-T6 [24]. Analysis of multiple finite element models of a fractured spherical
inclusion embedded in afl matrix was done to evaluate the effect of size of initiating
particle on resulting plastic strain accumulation at the micronotch root formed by the
fractured irclusion. A nonrlocalized metric of the maximum plastic shear strain at the
micronotch root was determined as a function of remote applied strain amplitude and was
related to the incubation life through a modified Cofflanson law. A FaterBocie
model fornucleation life was also proposed, but not discussed in detail. The study also
modeled crack growth in the MSC and PSC regime. Growth rate of the crack was related

to the range of the crack tip displacementthi@relatio

da
| =r(oTD -Coq,) (6)
dNMSC/PSC
wheref i s a materi al constant that acegounts f
the threshold crack tip displacement. The

provides common ground for growth laws for all stages of fatigue beyond nucleation, and
is often used as a driving force to model the growth of short cracks. Xueaondkers
found a good correlation between experimental data and the model for th&d 621’5
alloy, for both high cycle and low cycle fatigue.

Johnson and coworke[85] used a three dimensional crystal plasticity model to
investigate the effect of grain orientation on the driving force of microstructurally small

cracks in 7075T651. The variability of the modeling results was compared to small crack
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data obtained by Lamérd et al.[26], and was found to be of the same order of
magnitude. Johnson et §5] concluded that the scatter in small fatigue crack growth
was duen large part to crystallographic orientation effects. The results also showed that
orientations with multiple slip systems at the crack tip exhibited faster growth rates and a
| arger pCTOD. B u [2i] sperfamed further vaoatydtseof the work
performed by Johnson et al. to attempt to quantify the contribution altoggaphic
orientation in their own data. It was hypothesized that if the mean peak equivalent plastic
St r apha) wab Proportional to da/dN, then thee 80 % v ar i @nixinahe 1 n
simulations of five different crystallographic orientations déwyeJohnson et al. could
explain +f 80% of the variability found in the experimental results obtained by Burns
and coworkers. This is a significant proportion of the total variability the experimental
results (+/ 130%). The remaining difference in theriability between the FEA model

and the experimental data was attributed to the effects of roughness induced closure,

crack deflection and interaction with grain boundaries.

2.4 Physical Basisof Fatigue in Al 7075T6

Al 7075 is a wrought Aluminum alloy bed on the quaternary Ain-Mg-Cu

system.The nominal composition of Al 70756 is given inTablel.

Table 1. Nominal composition of Al 7075T6 [1]. Elements are listed by wit%.

Zn Mg Cu Fe Si Cr Ti
5.1-:6.1 2129 | 1.220 0.5 0.4 0.180.28 0.2

The alloy is precipitation hardened, with most applications typically using a peak-aged

T6) or overaged-{7) temper. In pecipitation hardened Al alloysecondary phases are
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typically categorized as precipitates, dispersoids, or constit{28itsTypical sizes of

these particles and examples ir&I75 are listed iTable2.

Table 2. Secondary Phases in Al 7075

Type Size Examples
Constituent 1-50 um Al;CwFe, MgSi
Dispersoid 20-500 nm CrMgaAl 12
Precipitates 1-10 nm GP Zones,

Strengthening precipitates harden the alloy by impeding the migration of
dislocations and largely control the slip behavior of the alloy. The general trend is that
increasing precipitate siz&nd spacindlonger aging treatments) results in increasingly
wavy slip and less coarse spacing of slip bd2&. Differences in precipitate size and
spacing due to aging treatments are visibld=igure 6 which compares a peak aged

7075T6 alloy to an overaged 76473 alloy.

Figure 6. A comparison of TEM bright field micrographs of a grain interior of an Al 7075
alloy with T6 (left) and T73 (right) heat treatments[30].
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LaFarieFrenot and Gas¢31] conducted fatigue testing of several different heat
treatments of 7075 under vacuum ai@ntified the effect of precipitates on slip
character. They found that precipitates in the usgksl (UA) heat treatments consist of
small Guinier Preston (GP) zones that are coherent with the matrix, and are easily
sheared by moving dislocations. The presence of sheared GP zones results in
mechanically reversible migration of dislocations, leading planar slip and
crystallographic fatigue facets. Crack propagation in this heat treatment was
characterized by low growth rates dioethe relatively higher degree of reversibility of
planar slip compared to wavy slipn general, the role of extrinsiclgsticity- and
roughnessnduced closure is less prominent for microstructurally small cracks
accordingly, intrinsic effects such as degree of slip planarity play a more important role
[32].

In the peakaged condibn the material contains the highest volume fraction of
closelys pac aid d ( M grécipitatesresultingin maximum strength. These
precipitates are larger than the GP zones of the tagk=t alloy, but are still amenable to
shearing by dislocationg\t low cyclic stress levels, only one slip system may be active,
leading to a failure mode similar to the UA alloy; at higher stresses, multiple slip systems
are activated, resulting in more homogeneous deformation, similar to the overaged (OA)
condition and a flat crack path. This transition was found to correspondyidia plastic
zone size of 80 um (compared to a grain size of 150 um).

In the OA alloy, particles are large and partiafigoherent with the Al matrix. They

are not as easily shearapto dislocations tend to loop (Orowan mechanism) or-stigss
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around these particles, creating a diffuse and wavy slip character. The higher
irreversibility of this slip mode results in increagatiguecrack propagation rates.

For 7000 series Al alley Lin and Stark¢33] demonstrated the effeof Cu content
on slip behavior; lower Guoontent AlZn-Mg-Cu aloys had a greater quantity of
shearable precipitates, which led to strain localization and coarse planar slip. Increases of
Cu content (up to 2.1%ere associated with increasingly diffuse slip and wavy-slip
bands, since strengthening precipitates avpdd rather than sheardchages comparing

coarse planar slip to more diffuse slip are showrigure7.

Figure 7. Planar slip in a an AkZn-Mg-1%Cu alloy (left) compared to more homogeneous
deformation in an Al-Zn-Mg-2.1%Cu alloy (right). Photographs from[33].

These changes slip behaviorobserved by Lin and Starkead a direct effect on
crack growth rates an@ropagation direction. Decreasing copper content resulted in
decreasing crack growth rates, and was associated with zigzag crack growth and crack
branching through slip plane decohesion. Higher-cGutent resulted in nen
crystallographic crack growth ara straight crack path running perpendicular to the

loading axis, typical oStagell growth.
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Dispersoids are larger than precipitates and are formed in Al 7075 through solid state
precipitation ofchromium andserve to retard grain growtind prevent regstallization
during processing. Th&l1,Mg,Cr dispersoid particles formed in Al 70&5e incoherent
with the matrix and do not have a substantial effect on streBgthe researchers have
documentednfluence of dispersoigg ar t i cl es on fatigue behavi
that approach the critical fracture toughnesg)(34].

Constituent particlegor secondary intermetallicgye the largest secoipthase in the
matrix and play an important role in thaateation of fatigue cracksDamage to these
brittle particles can also contribute the Bauschinger effect during reversed loading
[39]. Typical constituent particles present in 70&include MgZn, MgsZnzAl,, Al.Cr,

Mg,Si and AlCw,Fe[36].

2.4.1 Fatigue Crack Nucleation

In precipitation hardeneAluminum alloys, fatigue crack formation is dominated
by existing defects within the material. For material exposed to corrosive atmospheres
the initiating feature is typically a pit formed by corrosion. For normal ambient
environments cracks typically form ataftured or debonded constituent particles,
sometimes referred to as inclusion particles. These particles typically have af size
approximately5 to 50 um, an elongated aspect ratio along the rolling direction, and
sometimes the cluster in small greupa are more detrimentdb life. This has been
documented by many different researchers for many different precipitAticalloy
systems and heat treatments including 708523, 27, 36-42], 2024T3 [43-48] and

2024T4[49.
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To facilitate discussion and analysis of crack formation of this particular alloy

system, the totafatigue life (N,,,) can be decomposed according to an hierarchical
approacti24], i.e.,

N =N +N_.+N (7)

MSC PSC L

+ Nnuc+ N

total part,inc

The incubation life (Marind iS the number of cycles required to form a crack within or at
the interface of a constitueparticle/inclusion at the suirain scale, which may occur
during the first few loading cycles depending on stress/strain amplitudenuthesation
life (Nnuo is the number of cycles between the occurrence of a crack emerging from a
constituent particle cfacked or debonded) and propagation of this crack into the
surrounding matrix to a prescribed extent, typically on the order of the size of the
nucleant grairor phaseln this work, the first two terms compriige process ofatigue
cr ack nf ohersaa the renmaining tesms characterize fatigue crack growth. The
relative contributions of the MSC, PSC and LC fatigue crack growth regimes are
discussed in greater detail latettiis chapter

Early work on 202413 by Grosskreutz and Shg®0] found that fatigue cracks
formed in the vicinity of large inclusion clusters containing iron and silicon. Bowles and
Schijve [48] obtained results in good agreent with Grosskreutz and Shaw, and also
noted that particles at which fatigue cracks formed were typically 1 um to 10 pm in size.
For 2024T4, Kung and Fing49] found that cracks initted from either $hase
(Al,Cu Mg ) -phage (AICWwFe) particles, typically larger than 6 pum.

Laz and Hillberry[47] performed statistical analysis of constituent particles in
fatigued samples of 202B3. Inclusions that formed acks were found to be in the tail
end of the constituent particle distribution, as illustratefigure8.
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Figure 8. Size of particles/inclusions at which cracks formed compared to the overall
particle distribution [47].

In addition, Laz and Hillberryneasured the composition of the crack formation
sites using EDS. The majority of particles that nucleated fatigue cracks contained iron,
manganese, copper arid. Iron containing particles were likely ZwFe, consistent
with the results obtained by Kuragnd Fine.

Recent work by Mayer et dl43] investigated the fatigue behavior of 26P351
in the high cycle fatigue (HCF) and very high cycle fatigue (Wi@&gime. In samples
that survived stressing for up to @ycles, fatigue cracks were observed to form at
constituent particles or clusters of particles situated at or close to the surface. Mayer and
coworkers suggest that these initiating particlesaher ALCwFe or ALCw,Mn.

In pristine samples of 70766 fatigued at room temperature and in ambient air,
cracks formed almost exclusively at fractured ibmaring constituent particles,
commonly reported to be ATwFe, sometimes referred to as firphase38, 40]. The

size of these particles varies from study to study, but most researchers report a typical
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diameter of 450 um [36, 39]. Xue et al.[23] reported that irofbearing constituent
particles 48 um x 812 um in size served as the sites of fatigue crack nucleation in 50.8
mm thick 7075T651 plate.

Li et al. [40] investigated the effect of temperature on crack formation and early
growth in 7075T6 under LCF conditions. At temperatures below°C2Gracks formed
at constituent particles with little or no evidence of localized plastic deformation adjacent
to the particles in the form of slip bands or slip lines. At high temperatures’@260
competition between formation within persistent slip bands and formation via grain
boundary cracking was observed.

Payne and coworke{88] made direct observatisrof notched fatigue specimens
of 7075T651 under LCF testing and found that cracking (rather than debonding) -of iron
bearing constitutive particles was the only cause of fatigue crack formation. It was also
found that MgSi particles did not contributéo fatigue crack formation. This was
attributed to the difference in elastic moduli between the particles and the matrix; iron
bearing particles (ACuFe) are stiffer than theluminummatrix with an elastic modulus
of approximately 135 GRavhile M@Si paticles are more compliantith a modulus of
approximately 50 GRathus creating less of a stress concentration efféd]. The

sequence of crack formatiorofn a typical constituent particle is showrHigure9.
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Figure 9. (a) and (b) Crack incubation and (c) nucleation via growth into the matrix
[39].

Payne et al[38] recorded informatio on the number of particles that had reached each
stage of growth with progression of fatigue cycling, with results shownFigure 10.
Several trends are immediately clear from examinatiofignire 10. First, incubatia of
the crack occurs within the first cycle for the majority of particles that fail; approximately
2/3 of particles that form cracks are fractured prior to fatigue cycling, presumably in the
processing stages. Second, nucleation of the crack via extangypothe matrix trails
incubation by a significant number of cycles, and growth lags yet further behind
nucleation. The definitions of incubation and nucleation employed by Payne et al. differ
from those presented in EqG7. Payne el al. consider the ifmation process to consist of
cracking the constituent particle, and define nucleation as the first appearance of a crack
at the particle/matrix interface. Together, these two events comprise the incubation life

(Nparting term in Eqn.7. Furthermore, Paynet al. do not differentiate crack growth
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within the nucleant grain (o and MSC propagation within adjacent grains, labeling

both as growth ifrigure10.
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Figure 10. Hard particles in the incubation, nucleation or growth phase vs. cyclg3§g].

Similar results were obtained by Wand et al[39], who analyzed constituent
particles in 76.2 mm thick 7076651 plate subjected to LCF loading. It was found that
particle debonding occurred but did not contribute to the formation of cracks with
Al matrix, which were instead only associated with cracked particles. Only a small
portion of cracked particles nucleated cracks that grew into the matrix, attributed to the

availability of active slip systems in the matrix next to the particle.

2.4.2 Fatigue Crack Propagation
The p pl i c at itbasad gmith lagws to the MSC growth regime violates

several of the assumptions required for valid LEFM analysis, includirggian of K-
dominance, selgimilitude, local mode mixity at the crack tipnd material homogeneity
[8, 52]. However, this approach was widelged in early studies of MSC crack growth

and much of the data féxl 7075T 6 col | ect ed fr om ate@sodly t o t h
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presented i n the/[26 41r4Q) 53068. Theselygk df dats progide
evidence for gemal growth rate trends and the effects of loading ratio, environment, etc.
on growth rates, but is neats useful for calibration of mesoscale fatigue crack growth
modek in the MSC regimbecause crack |l ength malwes be b
Thisisot en di fficult as some sources dor not p
if it is applicable to a given length of crack considered.

Lankford[41] observed the formation and propagation of small surface cracks in
Al 7075T6 specimens anwas one of the first to quantify the growth ratdssmall
cracks for this alloyFigure1l1 shows the results obtained by Lankford compared to long
crack propagation dat a, and i bnalllgacks.at es
Lankford noted that the cracks formed at fractured intelteetaclusions and had a

half-penny geometry oriented normal to the loading direction.
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Figure 11. MSC versus long crack (LEFM) fatigue crack growth data for 707576 [41].

Lankford observed that very short crackzhibited a high initial growth rate that

decelerated as the half cralengthapproached dimensionapproximately equal to the

grain size in the propagation direction, typically between 30 um to 40 um for the samples

tested. At this length, the growth of some cracks was arrested, while others began to grow

an accelerated rate, up to two orders of mageitfaster than growth rates of long cracks

subjected to the same nomiigaK .

Akiniwa et al.[59] found that the crack growth rate femall surfacecracks in

2024T3 was highly variable and had a large dependence on microstructure. Figure 5

shows a sketch of a small surface crack above a plot of crack propag#tiohhe crack

was observed to arrest at the first few grain boundaries it encountered. These results

29



clearly depict the Ad8 ioAaminonalays fer nekativdly cr ac k

low ampltude fatigue and crack lengths on the orddghefgrain size.
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Figure 12. (a) Propagation path of a small surface crack, and (b) plot of corresponding
crack growth rate [59].

Akiniwa et al. also plotted thesmall crack growth rate against the tigcstress
intensity factor,qoK Figure 13 shows themaximum bound, mean, and minimum bound
growth rates for crack growth in the | ow
a single crackwhich exhibits behaviosimilar to the cracks observeby Lankfordin

7075T6. The high initial growth rate quidy decelerated as the crack approached the
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first grain boundary. Here the crack can either arrest or continue growing through the
boundary. If the crack penetrated the first grain boundary, it continued to grow at a rate
that is decreasingly influenced logicrostructure and grain boundary effects, until the

growth rate merged with long crack data.
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Figure 13. Short crack growth in 2024 T3 [59].

The results obtained by Lankfofdl, 60] and Akiniwa et al[59]are representative the

large body of smaltrack growth data available féd alloys 2024 and 7075. Research

findings generally agre¢hat the crack growth rate in the small crack regsonsually
considerably higher than expected from ext
val ues bel ow t he cy). @&ahelargavarialeligof cratklgroversrdtes | d (o

for the same nominal K v al oceonithe locatracke s u | t
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driving force. To accurately predict MSC crack growth rates, a local rather than a far
field driving force (e.g., ®K) must be wuse

The need for a local measurement of driving force was further reinforced by the
work of Chan et al[61], wh o c a lintegrdl eohteus argodd the tip of a small
half-penny surface crack (36m) in an overaged 7075 alloy based on stereoimaging
measurements of cratki p di spl acement fi el ds. They fo
integral was path dependent, decreasing in magnitude with increasing distance from the
crack tip. Additionally, thed c a tintegpals were substantially larger in magnitude than
the nominal faf i el d val ues. T kintegral caan@tnbs entplbyad to t h e
characterize the growth of microstructurally small cracks. Chan et al. suggesirtbe
fundamental parametr descr i bing crack tip fields wol
offer better correlation with crack growth data.

Early data for crack growth rates were typically obtained using only surface
measurements, but more recent work has measured crack grateth in three
dimensions using load histories that are programmed to produce marker bands on the
crack surface, allowing crack growth rates to be determined along the entire crack front
[27, 62]. Burns et al[27] used markeband growth rate measurement in-pogroded
and tweholed specimens to determine crack contours and crack growthnrdteg075
T651 along multiple radial directions as shown Rigure 14(a); their results show the
high degree of variability present in early crack growth. Growth rate from a controlled
corrosion pit for one specimen is showrFigure14(b). Each line represents growth rate
along a vector drawn from the center of the corrosion pit outwards in the direction of

crack propagation.
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Figure 14. Crack growth from a controlled pit specimen [27]. (left) Crack contours and
arrows indicating radial directions along which crack growth rates were measured(right)
Crack growth rates for multiple radial directions.

The variability of the growth rate ifrigure 14 is approximately an order of
magnitude, but decreases as the crack grows and the influence of the microstructure is
reduced. Less variability in the growth rates of 4wmed samples was obsed, with a
maximum da/dN variation of +30% occurring between 7 um and 10 pum from the
microstructure nucleant feature. The crack showRigure 14 is propagating in the-B
plane of the microstructure, which had a grain size betweef450n in the transverse
dimension, and-89 pm in the short direction. At the largest contour showkigare 14
left, the crack had grown to an approximate size of 200 um.

Burns and coworkers also compared the results of their miaakel growth rate
analysis to earlier results obtained through surface measuremkmrracks with the
notable result that unlike studies done using surface measurements, no crack arrest at

grain boundaries was ever observed on the interior crack front. They suggest that studies
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done using only surface measurements of crack growttofahpture the actual growth

rate over a significant portion of the crack front in the sample interior.

2.4.3 Stages of Crack Growth

Currently there is a lack of consensus within the literature on whether nucleation
and early crack growth in Al 70766 alloysis a Stagd or Stagell process, and the
issue is further clouded by the large number of factors that can influence crack
propagation behavior in this alloy, such as applied load amplj@dje stress rati¢56,

58], and environmerii63, 64].

The terminology differentiating the Stages of fatigue crack growth was introduced
by Forsyth[65] in 1963 based on his work in aluminum alloys. A Stage | craclwg
primarily by single shear, propagating in the direction of the primary slip system, while
Stage Il crack growth duplex or mu#lip process with cracks typically propagating

normal to the tensile loading axis. This is illustrate&igure15.

Tensile Loading

Free Surface

Stavge | Sta‘r::;e Il

Figure 15. Schematic of the Stages of fatigue crack growth according to ForsyfB5].
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In practice, the assessment of Stage | to Il for growth for small cracks can be
difficult to determine, given the threaBmensional nature of the crack surface and the
transitional period between the regimes of growth that occur as the prinpagysiem
hardens and the stresses at the crack tip activate conjugate slip. Additionally, there is
always the question of the scale of observations. For example, a crack may propagate
normal the tensile loading axis in a macroscopic sense, but locally glomg
crystallographic planes in a shetominated fashion. Conversely, a crack may appear to
grow on a plane of maximum shear at the mesoscale, but may locally grow at the tip in an
alternating norcrystallographic sense via mixed conjugate slip sysfewth.

Several researchers have introduced extensions to the traditionabtdgal

growth model. Li[66] framed the crack growth press in terms of the crack tip

displacement vectodCTD), defined as

DCTD = OTSD DL (8)

where DCTSDand DCTODare vectors quantifying the crack tip opening and crack tip

sliding displacements, respectively. Li classified Stage | growth as a pure shear crack
propagating along a slip plane. Addi tiona
gr owt hé whemdaraslipsband is activated at the crack tip, which commonly
occurs in single crystals and large grain polycrystalline materials. During Stage Il growth
(assuming that at the crack tip there exists a conjugate pair of slip systems with nearly
equal Schna factor) the crack propagates alternatively among slip bands on the

conjugate slip systems in nearly equal increméftgirel6is a schematic representation

of the types of crack growth and the result®@TD at the crack tip. In the Figure slip

bands are shown by dashed lines.
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Figure 16. lllustration of the slip band profiles of the primary and secondary slip system,
and resultant vector displacements at a crystallographic crack tip. Adapted froni66].

Note that in Figure 16 the crack tip displacements along slip bands are sliding
displacements and that in absence of any opening displacemenBC e is a sum of

only the DCTSD vectors on the primary and secondary slip system. This is a
consequence of the assumption that for a crystallographic crack tip all displacements

occur by shearing along slip planesjen for a Stage Il crack. When the calculated

DCTD at the crack tip for extended Stalgeracks was compared to the growth rates of
such c¢cracks in aluminum bicrystal s, good
Stage Il growthis somewhat similar to the coarse slip model of fatigue proposed by
Neumanr|67, 68], who observed the process in copper single crystals.

Petit and Koschgs7] conducted experiments on single and polycrystallin@l
Mg all oys under vacuum to identify the @Ain
the absence of environmental effecten They
where macroscopically the crack grows on a plane of maximum tensile stress, but within
a grain propagates along crystallographic planes. They noted that this regime of growth

was marked by a significant degree of crack branching and deviation at guaidabies
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and was slower than either of the Stage | or Stage Il intrinsic regimes of growth. Petit and
Kosche found that intrinsic Stage | propagation occurs at a higher rate that Stage Il
growth under vacuum, and that large and incoherent precipitatesllass the presence

of grain boundaries promoted Stage Il growth. Additionally, they observed evidence of
Stage | crystallographic crack growth within the nucleant grain of the Al-T67&lloy

when tested in vacuum.

Experimental research conducted by Agnew and/akers[36, 69, 70] suggests
that within the LCF regime, nucleation and early growth is essentiédiyagell event.

This assumption iseflected by thenodelingwork conducted by Hochhaltg¢71], who
argued thatwithin the nucleant grain, cracks tended to propagate on planes of maximum
normal stress. Other reseanf@8, 38, 39, 56, 72] suggests that nucleation and early
growth occurs on crystallographic planes of maximum sh®&gél response), even
within the LCF regime.

In a study of legacy and modern-2h-Mg-Cu alloys, Gupta and Agney36]
measured the crystallography of fatigue crack surfaces near initiating particles using
SEM-based stereology and EBSDhe tests were conducted under LCF conditiertis a
stress ratio of 0.5, loaded afrequency of 5 Hz in warrhumid air and 10 Hz in coldry
N environments. Analysis of the fatigue crack surface in close proximity to the nucleant
particle (1 to 50 pm produced no evidence of extendgtill} slip plane cracking
commonly observed in pure face centered cubic metals with moderate to low stacking
fault energy. In fact, no facets were found to have a crystallographic orientation within
15° of the {111} planes in either environment. This occurred for fatigue tests of both

7075T651 and 705077451.
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Weiland et al[39] used focused ion beam (FIB) milling and orientation imaging
microscopy (OIM) to evaluate the threeménsional shape and crystallography of an
individual crack growing from an initiating particle in 70T651 under low cycle fatigue
conditionsconducted at R=0They found that nucleation and subsequent growth into the
Al matrix for the surface portionfdhe crack was aligned with an available slip plane.
However, after approximately 5pum of growth within the nucleant grain, the crack appears
to change direction sharply and begin propagating perpendicular to the loading axis.

Tokaji and Ogawd56] investigated the effect of stress ratio on nucleation and
MSC growth in 7075T6. They observed that for tests conducted at R and R =2,
cracks nucleated and grew within the first grainStagel, and that the lower the cyclic
load level,the farther the crack propagated Stagel before transitioning tdtagell
growth. For fatigue tests conducted at R = 0, cracks nucleated from inclusions, and
exhibited onlyStagell growth.

Misak et al.[73] conducted fatigue tests on greacked, cruciform specimens of
Al 7075T6 to assess the effect of biaxiality on fatigue crack propagation. They found
that higher ratios of biaxiality promoted higher growth rates than the equivalent uniaxial
loading, and had lower crack growth threshdldgaf In addition, the surfacexf cracks
from the uniaxially loaded specimens were typically smooth, while the surfaces of cracks
under higher biaxiality ratios were rougher. This was attributed to the biaxial loading
conditions promoting wavy slip, in contrast to the more planar slihé uniaxially

loaded specimen.
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2.4.4 Environmental Effects

It is well established that the presence of humidity in ambient air has a detrimental
effect on fatigue properties. In aluminum alloys, this effect is attributed to the production
of hydrogen bythe interaction of water vapor with freshly exposed surfaces at the crack
tip [63, 74, 75]. The mechanism of hydrogeamhanced crack propagation in Al alloys is
not fully understood, but it is attributed to:

1) Hydrogenenhanced localized plasticity (HELP)where the pesence of solute
hydrogen in aluminum matrix near crack tip enhances dislocation emiSgiaret

al. [76] performed molecular dynamics studies of the interaction of Hydrogen

atoms with crack tipsnialuminum and found that the presence of adsorbed could

both enhance or suppress dislocation emission.

2) Hydrogenenhanced decohesion (HEDE)where small amounts of hydrogen
the crack front can reduce cohesive strength, leading to brittle cleavage.
Underaged, planaslip 7075 alloys have been found to be more susceptible to

hydrogen embrittlement than peak or overaged alloys of the same {&8per

It is likely that HELP and HEDE mechanisms operate in some combination, with
transport of hydrogen by dislocations serving to bridge tHdra.formation of oxides on
crack surfaces can also effect crack growth. Vasudevan and $udgsihowed that the
effect of oxideinduced crack closure in 2024 and 7075T6 alloys is not significant,
unlike overaged alloys of the similar compositidn.the overaged alloys oxide layer
thicknesses on the order of the naeshold CTOD were observed to form, leading to

crack arrest.
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2.4.5 Effects of Overloads and Underloads

Numerous researchers have explored the impacts of overloads and underloads on
the long crack growth behavior of aluminum all¢g®, 77-79]. However, the impaatf
overloads during MSC propagation is not walidied for this alloy, and there is no
research exploring the phenomenon in Al 708 of which this author is aware.
However, SuresfiB0] has suggested that in addition to the nwnly listed mechanisms
for growth retardation following overload (such as crack tip blunting, compressive
residual stresses, crack closure in the wake of the crack, etc.), the effective stress intensity
range at the crack tip can be reduced to such amietktat locally growth becomes Stage
I, i.e. the crack grows along a single crystallographic slip system in shear despite

nominally tensile loading conditions.

2.5 Summary

This Chapter has presented a brief historical overview of the methods used to
predict fatigue phenomenon, as well as the physical basis of fatigue crack nucleation and
growth in precipitation hardened aluminum alloys, with a focus on Al-AG/&hich is
the material modeled in this Thesis. The propagation of microstructurally @ik is
a complex phenomenon influenced by numerous factors, and traditionally employed
fatigue design methodologies are often inadequate for the characterization of the behavior
of small cracks. The difficultly of modeling the behavior of microstrutiyismall
cracks is the motivation for this thesis, which seeks to do so by employingba$eg,

mesoscale modeling approach introduced in Chapter 4.
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CHAPTER 3: CONSTITUTIVE MODELING OF AL 7075T6

3.1 Introduction

To accurately predict the fatigue behavior of a material it is first necessary to
accurately model the response of the material to applied cyclic loads with a constitutive
model. This constitutive model serves as the basis from which the stress and strain
guantities used in any fatigue analysis are derived. Modeling microstructurally small
crack growth requires a constitutive model that can resolve the-strassresponse
within individual grains to capture the local driving forces on the crack. Thihiswed
through the use of a finite element based crystal plasticity model (CPFEM) calibrated to
cyclic loading data for Al 70736. This chapter will begin with a brief introduction to
the mathematics underlying crystal plasticity constitutive modelswéhthen present
three different crystal plasticity constitutive models for Al 708 The chapter will
conclude with a discussion of the models and key differences between them, as well as
the implications that these models have on modeling microstaligtsmall crack

growth.

3.2 Kinematics of Crystal Plasticity

The mathematical underpinnings of crystal plasticity models have been presented
in great rigor and detail in numerous sources, but for the sake of completeness this
document will present an oxaew of the basic physical and mathematic principheste
that the fatigue algorithms (introduced in Chapter 4) allow for the possibility of
introducing damage to an element through the isotropic degradation of the elastic

stiffness tensor. Thus, in ioiglucing the kinematics of crystal plasticity, all elastic terms
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are replaced by their elasti@maged equivalents, i.eF,° becomesF* following the
introduction of damage.

Assuming a continuous distributiaf dislocations, the local deformation in the
neighborhood of an infinitesimal point can be represented by the deformation gradient
F,

F'p=§59'asoa A 8B (9)
a=1 +
where x is the position vector of the particle in the reference configurationxansl the
position vector of the same particle in the deformed configuration. Following the
methodology of Bilby et al[81] for deformed crystals and Lee for macroscale plasticity
[82] the deformation is decomposed into elastienaged E* ), and plastic E” )

componentsccording to
1P = EP @; p)‘l ( 1())
with F* representing the elastic deformation gradient, which includes damagg,and

representinghe plastic component of thieformation gradient. This decongiion is

shown schematicallligure17.
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Figure 17. . Schematic showing the multiplicativedecomposition of the deformation
gradient. Adapted from [83].

In Figurel7, s, is the slip direction vector in the reference configuration, age the
slip plane normal, alsin the reference configuration. Note that the slip direction and
normal vectors are unchanged by the plastic deformation gradiembgdtine
transformation from the reference to intermediate configuration because it is assumed
that the lattice itself is undisturbed by the dislocation motion that occurs during plastic
straining, and that any deformation of the crystal lattice is elastiature.

Following the arguments presented by AS@¥, the material time derivative of
the plastic deformation gradient is related to current plastic deformation gradient by the
relation

L, A% . 8.
FP=ad 'y AM7 oFF (11)
Qa=1 -
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where ¢ i s the shearing o Bthe slipdirecton vegor isa thes t e m

intermediate configuration, andh{is the slip plane normal vector also in the

intermediate configuration. The plastic velocity gradient in the intermediate configuration

may then be obtained by the following expression,
Lb=F° (*)° (12)

which simplifies to

=8 05 A (13)
The plastic velocity gradient in the current configuration is related to the plastic velocity
gradient of the intermediate configuration through

LP=F* cp (R)" (14)
and the elastic velocity gradient is given by

L4 =F @), (15)
Summing the elastic damaged and plastic velocity gradients yields the total velocity

gradient in the intermediate configuration, i.e.,

L=l +* E (FO". (16)

The 2 PiolaKirchhoff stress,T, is then obtained by multiplying the elastic damaged
Green strain tensoE* , with elastic stiffness tensor, i.e.,

T=C:E¥ (17)
where the elastic damaged Green strain tensor is defined by

Eed:%gFed)T éed I'. (18)
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The Cauchy stresss() is then related to thé®PiolaKirchhoff stresgensor through

I SV
S_det(l'—e")Fe O () (19)

The resolved shear stress on slip systens then obtained by

t*= s(s” Am). (20)

With these kinematics in place, the next step is to introduce meadpgaific

constitutive laws that relate the shearing rate on slip systeto the resolved shear

stress on that slip system?, through the flow rule, as well as slip system hardening

laws.
3.3 Al 7075-T6 Crystal Plasticity Constitutive Models
During the research conducted for the completion of this thésise different
crystal plasticity models for Al 70756 were considered. The crystal plasticity modeling
framework of McGinty[3], applied originally to Oxygen Free High Conductivity
(OFHC) Cu, serves as the basis for the constitutive model implementatierflow rule

is defined as

@) _ m
gw):-%’gT” sgr( (# - (g (21)

where ¢/? is the shearing rate for slip systeam ¢ is the reference shearing rate, and

t® , ¢® and g? are the corresponding slip system shear stress, back stress and drag
stress, respectivelylere mis the strain rate sensitivity exponent.

The three models used in this research differ primarily in the forms of the
hardening laws that govern the evolution of the back stress and the drag stress on each

slip system. These laws have the general form
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¢'=8¢9"gJandc’ =K G I. (22)

In Egn. 22 therate of evolution of the drag stress, representing isotropic hardening, is a
function of the shearing rate @l slip systems asvell as the current value of the drag
stress. However, the kinematic hardening response, captured by the evolution of the back
stress, is only a function of the shearing rate on the current slip system as well as the

current value of the back stress.

3.3.2 Model Forms

For the sake of brevity each of the three models is referred to by the designation
used during development and calibration: models G31, OW44 and OW®&7first
model form employed for fatigue simulations in Al 76V6 was model G31In this
model the back stress is governed by an Armstrdmgderick[84] type nonlinear

relation and evolves according to
cW=htp o+ (& Y (23)
whereh and r are constants that capture the hardening and recovery of the back stress.

With the AF form of the back stress hardening law, the saturation value of the back

stress b, is given by the ratio
b=-—. (24)

The G31 model assumes that the drag stress on each slip gy5teis,a constant
throughout the simulation, i.e., no isotropic hardening.

Model OW44 was introduced in order to address some dfltbgcomings of the
ArmstrongFrederick backstress formulation when loaded cyclically with an imposed

mean strain. The OW44 model incorporates a-tevny, OhneWang [85] (OW) type
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equation for the backtress, adapted from a polycrystal macroscopic model proposed by

McDowell [86]. Therate of change of this from of the bastkess is given by
Nsys Nsys
g(a):Hdira haTg( )F _deng( )ad'b)‘ (25)
b=1 b3

where h?” is the latent hardening matrix, controlling the relative contributions of self and
latent hardening athe slip systems. In the OW57 model the latent hardening matrix is

defined as a function of the latent hardening ratio

h"’=q €1 q)d * (26)

where ¢ “is the Kroneckedelta. For FCC materials typical values given for the latent
hardening ratio are betweerafid 1.4[87]. Work by Yan et al[88] on cyclically loaded

pure aluminum single crystals suggests a latent hardening ratio between 0.9 and 1.1, with
only a slight variance occurring during cycling. A value of 1.1 was selefdr latent

hardening ratio in the OW57 constitutive model.

3.3.2 Implementation in Abaqus

The crystal plasticity constitutive models are implemented in an Abaqus[4]9.1
User MATerial (UMAT) subroutine. The UMAT subroutine allows the user to define a
material constitutive model not included in the standard Abagus models and the ability to
interface with other user subroutines. The UMAT is called for every matet@llation
point of all elements for a given increment. The primary inputs into the UMAT from

Abaqus are the deformation gradients at the beginning and end of the incremamd,

F. p, respectively. The UMAT aculates the Cauchy stress tensor, and the material

. . B . . . .
Jacobian matrix,J Sl and then updates the internal state variables associated with

uBe
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the solution before returning to Abaqukhis functionality of the UMAT in relation to

Abaqus and solving the actual finite element equation is summariEéglire18.

Start Increment Pass F; at time t

0

Calculate FP and Fe¢ at t+dt
Estimate Fyiq
Update Euler angles
Update ISVs:
-back stress
No -drag stress
-etc.
Return stress and Jacaobian
Increment Yes Model in P
Complete equilibrium? -
UMAT
ABAQUS

Figure 18. Diagram showing the basic interaction between Abaqus and the UMAT. Adapted
from [3].

The implementation of the crystal plasticity constitutive model within the UMAT closely
follows the general methodology employed by McGif8}, employing a Newton
Rgphson implicit integration scheme coupled with a line search algorithm to improve
convergence. A detailed flowchart of the UMAT is showkrigure19.

In Abaqus Implicit, the simulation is divided into monotonic changes in the
applied boundary conditions. These are the loading steps and for the fatigue simulations
are performed under strain control. Each loading step is further divided into loading
increments by Abaqus. At this point, Abaqus calls the UMAT subroutine for each
material integration point within the mesh. The UMAT thHeagins the process of sub

incrementation where the increment passed in by Abaqus is divided into a number of
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smaller increrants. During the first attempt to solve the constitutive equations, the
increment and sulmcrement are the same size. If the NewRaphson and line search

loop are unable to converge to a solution, the increment is divided into twice as many
subincremes and the NewtoRaphson/line search algorithm begins again. This
process continues until the solution converges or the number-oigements grows too

large. In the case of nesonvergence within the maximum number of -sutrements,

the UMAT requestshat Abaqus restart the current increment with half of the original
time. If the solution has converged within the UMAT, the internal state variables (ISVs)
associated with the solution are updated, and the Cauchy stress and Jacobian are returned

to Abaqgts.
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Divide
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UMAT

Last
Increment?
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Figure 19. Flowchart summarizing the steps executed by the Abaqus UMAT subroutine
during a loading step. Adapted from[3].

Additionally, the UMAT writes the variables and arrays needed by the fatigue algorithms

to the COMMONBLOCK, a feature of Foam 95 that allows data to be shared between
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separate Fortran programs, in this case the UMAT and the UEXTERNALDB
subroutines. The COMMONBLOCK allocates a region of computer memory for storage
of variables and arrays that is accessible by all programs siate the same
COMMONBLOCK declaration. Note that COMMONBLOCK variables are persistent
over the execution of the simulation, meaning that they remain unchanged from step to
step and increment to increment unless explicitly modified. After these arraysittea,

the UMAT exits and Abaqus then checks the global equations for convergence. If
convergence is not obtained, the last increment is restarted with a smaller time step. It is
important to note that the UMAT does not know if the converged solutiolotatins for

each material integration point will produce a converged solution for the global FE
equations that Abaqus attempts to solve, and writes data to the COMMONBLOCK
during each call. This can cause issues if the data is read by the other proghaths wi
shared COMMONBLOCK beforglobal convergence is obtained. Once the global FE
equations have converged, Abaqus begins the next increment of the step. This process

continues until all loading steps are completed.

3.4 Model Calibration

To accurately modehe fatigue behavior under the loading conditions of interest
the material constitutive model must be abledaectlypredict the stresstrain response
under that loading. To do so requires that the model be calibrated to data that matches
the loadig conditions of interest. For the mesoscale fatigue model, the stabilized material
response to cyclic loading is the main interest, therefore the model is calibrated using

primarily the cyclically stable stresdrain hysteresis loops.
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Under monotonic loadg Al 7075T6 exhibits a low degree of work hardening,
typical of high stacking fault energy materials. When loaded cyclically the material
displays slight cyclic hardening behavior that stabilizes after approximately 10 to 100
cycles, depending on straamplitude[89]. Both of these behaviors are illustrated in

Figure20, which was adapted from experimental work conducted by Ca0in

700

600 -

500 o

400 A

300

True Stress (MPa)

200 A

100 ~ —— Cyclic Curve

—— Monotonic Curve

0 T T T T
0.0 0.5 1.0 1.5 2.0 25

True Strain

Figure 20. Comparison of monotonic and cyclic stress/strain curves for Al 707%6.
Adapted from [90].

Several of the parameters within the flow rule are either knmaterial properties or
scaling parameters, and these parameters were held constant for all models and were not
used to fit the material response. First among these parameters are the elastic constants

that comprise the anisotropic stiffness tensgy, . The values of these consents were

chosen to match those used in the Al ZOB5modeling work of Bozek et al18] and

provided good agreement with experimental results withen elastic regime. For all
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models, g, is taken to be 0.001. The values of the elastic constantgjanded in this

work are summarized ihable3.

Table 3. Common parameters between models G31, OW44 and OW57

C11 C12 C44 go
107.3 GPa | 60.9 GPa| 28.3 GPa| 0.001 &

The strain sensitivitgxponent of the flow rulem, was taken to be 150 for model
G31 and 75 for models OW44 and OW57. The lower valuenetas employed in
models OW44 and OW57 in order to increase the speed of convergenceparison,
Bozek et al[18] used a strain sensitivity exponent of 200. When loaded -gtetsially
in the strain ranges of interest for fatigue simulations, varying the valoebetween 75
to 200 had only a negligible effect on the constitutive response, justifying employing a
reduced value to obtain increased convergence speeds.

The initial fitting of dl modelswas conducted using fullseversed cyclistable
stressstrain data obtained by Arcafi9l] at strain amplitudes of 1% and 1.8%.
Comparisons between the experimental data of Arcari and each of the three models are
shownFigure 21. The simulations performed to generate the resultsgare 21 were
conducted on a single microstructural instantiation with approximately 700 randomly
oriented, equiaxed grains with a l#n mean grain diameter. The mesh has cubic
geometry with 10Qum side lengths and fam elements (for a total of 8000 elemersasyl
was subjected to uniaxial, quasdatic, straircontrolled cyclic loading with 3D periodic
boundary conditions. A more -thepth discussion of the meshes employed and the

process of generating these meshes is presented in Chapter 4.

53



Stress (MPa)

-200

-400

-600

600 -

400 ~

200

-0.02

———Arcari Data oo dl Arcari Data
—— G31 Simulation ——— OW44 Simulation
400
—~ 200
O
a
2
[ 0 1
171
£
@ 200 -
-400
-600
-0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02
Strain Strain
|| === Arcari Data
600 OWS57 Simulation ———————7
= =7 /
s 7 v
400 / / /
Ve Vi
— 200 A A 7/
fu] v y Vi
o /a y 7/
=, 7y 7/
2 0] 4 7/
g / /4
= / g
@ 200 4 / 7
A/
Vol
-/
-400 4 ///
-600 -
T T T
-0.02 -0.01 0.00 0.01 0.02
Strain

Figure 21. Upper Left: best fit to experimental data using model G31Upper Right: current

best fit to experimental data using model OW44Lower Center: Fit using model OW57.

Plots are of saturated response after 12 cycles.

As seen inhe Figure,all threemodels do an adequate job matching the shape of the
experimental hysteresis loops, however model G31 slightly underpréubgisak stress

at the 1.0% strain amplitude and slightly opeedicts peak stress at the 1.8% strain
amplituce. This is because fitting the back stress evolution constants of the G31 model is

essentially a compromise betweanatching experimental data at various strain

amplitudes; one set of values farand r canprovide an excellent fit at a given strain
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amplitude, but will provide erroneous results at a different applied strain amplitude. With
the introduction of a mulierm equation, the total evolution of the back stress can be
partitioned into short range mgponents (quickly evolving terms that control the response

at small cyclic strains) and long range components (slowly evolving terms that control
the response at large cyclic strains). This allows the model response to be calibrated over
the entire rangefastrains for which data is available. Additionally, the fitting procedure

is made less difficult by the near linearity of théiindual back stress components for

the models with the Ohr@/ang type hardening lawhe model parametefer models

G31, OW44and OW57 used to generate the plotBigure21 are listed inTable4.

Table 4. Summary of the constitutivemodel constants for Al 7075T6.

GO Hdir hl h2
m den q ri 2 m;

Model (MPa) | (MPa) (MPa) (MPa)
G31 | 150| 130 - - - 7.56x10 720 - - -
Oow44 | 75 35 - - - 2x10 2x10" | 1.35x16 | 1421| 200
OWS57 | 75 30 1x1@ 1x1¢ 1.1 5x1C0 | 1.43x10 | 1.35x16 | 1421| 200

The ability of the OW44 model to match experimentally observed results over a
larger range of strains is illustrated figure 22. To generate the Figure, experimental
data obtained by Renard et g2] areplotted along wh data generated by model G31,
Ow44 and OW57under fully reversed uniaxial loading with applied strain amplitude

varying from 0.2% to 2%.
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Figure 22. Peak stress vs. plastic strain amplitude datd92] compared to results of
simulations. Left: Data presented on linear plot. Right: Same data presented on setog
plot.

The semilog plot on the right side dfigure 22 shows the close agreement between the
plastic strains predicted by OW44 and the experimental data over the entire range of peak
stresses considered. For the G31 model, the simulated plastic strain amplitude and the
experimental results iverge significantly around a peak stress value of 280 MPa
(corresponding to an applied strain amplitude of 0.4%). The OW44 model is able to
capture plastic strain amplitude at and below applied strain amplitudes of 0.4% through
the use of a much lower wed of drag stress (35 MPa compared to 130 MPa in the G31
model) coupled with a very rapidly evolving first back stress témuer a peak stress of

300 MPa, the results from the OW57 model liebatween those of models OW44 and
G31. However, the predictgaastic strain amplitudes in this regime are still up to orders

of magnitude lower than the experimental data of Renard et al. This suggests that the
saturation value of drag stress employed in the calibration of the OW57 model of 100

MPa is too high, anthat future calibrations should employ a lower value.
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The importance oFigure22is to illustrate that matching the macroscopic stress
strain respnse (se&igure21), while necessary for calibrating a constitutive model, does
not ensure that the model will accurately predict plastic strainswar lapplied cyclic
stress amplitudes. Therefore, it is critical that the constitutive model be calibrated to

experimental stresstrain data within the range of stress amplitudes of interest.

3.5 Model Response tAAsymmetric Cyclic L oading

While the agreenm between the constitutive modaind experimental resulése
adequate under fully reversed loading, the nodelist also be able to capture the
material response when cyclically loaded in the presence of a mean stress deathain.
results obtained using the G31 model with the AF hardening law for back stress
accuratelypredictedthe macroscopianaterial response under fullgwersed conditions,
but predictedlarge ratcheting strains when cyclically loaded with imposedmean
stress/strain. Ratcheting is the accumulation of a directional plastic strain under cyclic

loading, shown schematically Figure23 for one completéoading cycle.
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Figure 23. Schematic ofa single loading cycle with a mean stress showing ratcheting
behavior.

In Figure23, the total strain range is the difference between the maximum and minimum
plastic strain over the complete cycle. The ratcheting strain is defined as the difference in
plastic strain at thenel and beginning of the loading cycle. The cyclic plastic strain range
is then obtained by subtracting the ratcheting strain from the total plastic strain range over
the cycle.

The response of the G31 model when cyclically loaded with an imposed mean
stres/strain is shown ifrigure24. This simulation was performed under uniaxial, strain
controlled loading with an applied strain amplitude of 0.4% andrgposed mean strain
of 1.4%. The simulation was conducted for a total of 100 computational cycles. The
strain ratio was R=0.556 , and produces an initial equivalent stress ratiq,, Rf
approximately 0. As cycling progresses, the equivalent stregsgaeduced through the

effect of mean stress relaxation. The plot on the leRigdire 24 presents stress vs. total
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strain, and the rectangle icdtes the area of focus for the plot on the right, which

presents stress vs. plastic strain.
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Figure 24. Cyclic stresstotal strain (left) and cyclic stressplastic strain curve (right) for 100
computationalc y ¢ | =0.4%,t Ry £0.556using the G31 model

In Figure24 both mean stress relaxation and ratcheting behavior are observed, and there
is a large transient in the predicted response, with the magnitude of ratcheting strain
decreasing as the simulatiprogresses.

Survey of the available literature for Al 761® suggests that ratcheting is not a
commonly encountered phenomenon in room temperature fatigue of this alloy. There is a
good consensus among sources considered that in ambient, room teraperatur
environments, nucleation and early growth behavior is transgranular in chf23c&3,

3841, 54, 60]. However, at higher temperatures (180 °Q70 °C), ease of plastic
deformation is increased and research has shown that cracking along grain boundaries
becomes an increasinglyportant mechanism for crack formation and groji®]. The
pronouncd absence of observed grain boundary cracking at room temperature suggests
that ratcheting does not play a large role in fatigue damage of T/ 7&nd supports the

case that the significant ratcheting behavior predicted by the constitutive model is an
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artfact of the model form. The over prediction of cyclic strain accumulation by the AF
rule under asymmetric loading has been widely noted in the literatuselaisficity [ 85,

86, 93-96], so it is not surprising that the same issue persists when the model is adapted
for use in crystal plasticity.

To correct the deficiencies of the G31 model, additional forms of the back stress
evolution equation were investigated. These model forms included -teuit
ArmstrongFrederick and Ohn@Vang formulations. The most satisfactory results were
obtained using a muiterm OhneWang back stress evolution equation, and was
introduced as model OW44. Dng the initial fitting process for this model, aterm
form was used, but-erms were found to be sufficient to capture experimentally
observed trends.

To illustrate the evolution of the back stress with the G31 model form and fitting

constantsFigure 25 presents the calculated value of back stress on a single slip system
using prescribed values f@® and time increment. Thieack stress evolutiomiFigure

25is governed byhe ArmstrongFrederick hardening law, given ign. 22.
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Figure 25. Evolution of the single term AF back stress model.

The loading shown ifrigure 25 consists of 3 steps: an initial positive loadtog plastic
shearstrain of 0.01 a short reversal in the loading directimna plastic shear strain of
0.0099 and finally reloading in the original directioto a final plastic shear strain of
0.02 Although the values of® and time increment used to generate this plot are taken
to be constants over each loading stepHbare serves as a useful aid in the discussion
of the general features of AF hardening laavel for comparison with OW hardening
laws

During the first lading step we can see that rate at which the back stress evolves
decreases as it approaches the saturation levelhe relative rate at which the back
stress approaches the saturation level is related to the magnitude of #renddf

between h and r; the larger the difference, the faster the back stress approaches
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saturation. The nehnearity is introduced by the secoterm in Ea. 23, the dynamic
recovery termWhen the loadig is reversed (seen Figure25 as the sharp decrease in
the back stress level) the back stress level decreases at a high rate because the first term
of Egn. 23 (now negative due to the negativ¥") is increased in magnitudey the
subtraction of a positivdynamc recoveryterm. When the loading is again reversed and
proceeds in the original direction, the bagtkess evolves at a much slower rate than
during the previous reverse loading step. It is this difference between the rate of back
stress evolution in fevard and reverse loading directions (when the back stress remains
near saturation levels during the full cycle) that produces the ratcheting effect observed in
the simulations. IrFigure 25 the difference in plastic strain between the reverse loading
step and the return to saturation is analogous to ratcheting; if the amount of plastic strain
required to return to saturation levels is reduced, ratchistsigilarly reduced.

A 4-term OhneWang back stress modehs fit to match the response of the AF
model inFigure25 duringthe initial loading to glastic shear strain of 0.01. Note that the
4-term OW back stress evolution is governed by.E¥p, with the exception that the

summation is conducted witifrom 1 to 4. The single term AF andidrm OW models
are compareth Figure26, using the same imposed values § and time increment as

in Figure25. The overall response of thetdrm OW model is shown as a solid red line,

while the contributions of each of the 4 terms are shown by dashed red lines.
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Figure 26. Evolution of the 4term Ohno-Wang back stress model compared to single term

model.

To generatd-igure26, the valuem was taken to be 12 for all teenm the OW hardening

law. The OW model form provides a large improvement in the predicted response to load
reversal while closely matching the stregsin response during the initial loading.

Increasing the value afy further dereases the amount of plastic strain required to return

to saturation levels following a load reversal, but at the cost of decreasing the smoothness

0.010 0.015 0.020

Plastic Shear Strain (v)

of the initial loading response. This is showrrigure27.
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Figure 27. A comparison of back stress evolution for varying values of min the Ohno-
Wang model.

Figure 27 illustrates that as the values af is increased, the back stress evolution
approaches a piecewiinear form and the plastic strain required to return to saturation
following load reversails decreased.

No experimental data in the form of complete hysteresis loops like those used to
fit the fully-reversed cyclic response were found during a survey of the literature on Al
7075T6. Therefore, experimental mean stress relaxation data obtained by Arcari et al.
[97] was used to assess the accuracy of théigiesl cyclic response in the presence of a
mean stress or mean straamd to fit the value ofm used in the models with OW back
stress evolution

To choose a value ofy for the OW backstress evolutionuadion, simulations

were conducted with varying)values under fully reversed loading and loading with an
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imposed mean strain. Although it is possible to have two separate values, feach
controlling theactivation of a different recall term, the simulations focused on finding a
single constant value for both terms. Despite having only one value, we will continue to
refer to the exponent ag to differentiate it from the strain rate sensitivity exponent. The

value of m has only a small effect on fully reversed simulations, showfigare 28,

which plots the stress vs. plastic strain at over 5 cycles at an applied strain amplitude of

0.8%.
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Figure 28. Comparison of response obtained by varying values of inm the OW44 model.
Loadingisfullyr ever s e8Wi t h U

While some variation in the hysteresis loops is visiblEigure28 for differing values of

m, simulations using values larger than 30 produce nearly indistinguishable results.
The value of m has a larger effect on the stredsin response under

asymmetrical loading. A series of simulations witilues ofm ranging between 10 and
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400 were conducted in order to select a value that best fit experimental observations.
These simulations considereadiaxial cyclic loading and were conducted ati@posed
strain amplitude of md) of&%4% (R+ G.566), for amcgabal st r a
100 computational cycle$he simulations were compared to a baseline simulation using
calibration G31 with the same mesh and loading conditions. To compare the overall
response predicted by the new OW44 modal #hat of the G31 modeFigure 29

presents the stress vs. plastic strain over the entire 100 computational cycles.
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Figure 29. Cyclic StressPlastic Strain Curve comparison between two models over 100
comput ati on&El 0c Wk 24, and R,=D.556 loading.

The general trend observed kigure 29 is that the OW44 model predicts a reduced
amount of ratcheting and mean stress relaxation compared to the G31 model, with higher

values ofm reducing the degree of ratcheting and mearsstrelaxation. Also visible is
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the difference in the responses between the models during the initial load up before

cycling is applied. However, as discussed previously different valueg d¢at least

above some threshold) do n@ve a large effect in this region of monotonic loading, and

the results for values afy ranging from 10 to 400 are indistinguishatleing the initial
loading

Figure 30 is a semdog plot of the ratcheting strain per cycle vs. the
computational cycle number for model G31 and model OW44 with varying vaiugs o
This Figure illustrateshe trend of decreasing ratcheting strain with increasmgery
clearly, as well as the large reduction in ratcheting when compared to model G31.
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Figure 30. Ratcheting strain per cycle over 100 computai o n a | cycO0edXmatl
1.4%, and Ry= 0.556 loading.
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Another interestindgeature inFigure30 is the crossover in predicted ratcheting strain by

model G31 and OW44 witim =10 aroundcycle 60. This indicates the tendency of the

OW44 model to approach a saturatedlie in fewer cycles than the G31 model.
In absence of available data regarding ratcheting strain in Al-T67&t strain
amplitudes around 0.4% and at room temperature, mean stress relaxation data can serve

to validate the computational results and datee which value ofm should be used.

Figure31 plots mean stress relaxation data for Al 7Z0897] against simulated results
using the two models. Both models predict an initial mean stress about 6 MPa higher
(approximately 2% higher) than the results reported by Arcari §03, but predict
differing amounts of mean stress relaxation.
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Figure 31 Mean stress relaxation qwe0. ﬁuea%z,mA%,omput at
and Ry= 0.556 loading.
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Clearly visible inFigure 31 is that increasing values afy result in reduced degrees of
mean stress relaxation, but have little effect on the initial mean stress during the first
cycle. The G31model over predicts the degree of mean stress relaxation by almost 100
MPa. Atthe end of the 100 computational cycles the OW44 model myith 70 matches

the experimental results obtained by Arcari et al., however it predictgtdlysliarger
amount of total mean stress relaxation. A comparison of the total mean stress relaxation
over 100 cycles predicted by the OW44 model with differemtvalues is shown in
Figure32 The horizontal dashed line indicates the value of the experimental mean stress
relaxation from the beginning of cycling until half of the fatigue life of the spec|@iédn

An inverse & order polynomial was fit to the simulated results and plotted in the Figure.
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Figure 32. Simulated mean stress relaxation over 100 cycles using the OW44 model with
varyingvaluesofm. Uni axi al .f o@ d #¥gl.4%,iandiR,=0.556.
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Under these particular loading conditions, am value of 200 provides the best
agreement with the experimentatal mean stress relaxatiasbtained byArcari et al
However, the key point frorigure 32 is that values ofm ranging from 100 to 400 all
provide a predicted total mean stress relaxationattesdf the same order of magnitude as

the experimental data. To more clearly illustrate this we can compare the difference

between the simulated mean stress relaxation gperienental mean stress relaxation to

the magnitude of the mean stress at thelifalbf the specimen. This provides a sense of

the absolute error in the simulated mean stress induced by using differing values of

and can be repsentedy

2 Ds sim  _ I:?xp o
Absolute erronzcli = meaL & 10. (27)
(i\% smepan 9

The absolute error in simulated mean stress compared to the experimental value is plotted

in Figure33for simulations conducted using model OW44 with different valueg of
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Figure 33. Absolute error in simulated mean stress response for varying values of;m
subjectedtomn i axi al | @= d0 .ndgY=vi.idth, nd By= 0.556.
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As in Figure32, it is evident inFigure 33 that for this particular loading, am value of

200 provides the best agreement with experimental rebidisre 33 also shows that for

m values from 100 to 40@he absolute error in predicted mean stress is 1% or less.

The simulated cyclic plastic strain range for both models over 100 computational
cycles is plotted irFigure 34. The cyclic plastic strain range predicted by the OW44
model under fully reversed, uniaxial loading with an applied strain amplitude of 0.4% is
represented by the red horizontal dashed line, while the cyclic plastic strain range
predided by the G31 model is indicated by the black dashed line. Fi@uraptures the
large difference in predicted cyclic strain between the two mddktsvn previously in
Figure22), with the OW44 model predicting approximately 4 to 5 times as much plastic

strain under both fully reversed loading and loading with a mean strain.
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Figure34 also shows that both models predict smagllastic strains when loaded with a
mean strain than when loaded under fully reversed conditions for the same applied strain
amplitude. Plotting the cyclic plastic strain range during the mean strain simulations as a
fraction of the cyclic plastic strainnder fully reversed loading results in the pist
shown inFigure35. The Figure illustratethat model G31 predicts a much smaller cyclic

plastic stain range when loaded with a mean strain than the OW44 model regardless of

the value ofm chosen. For the OW44 model with valueswfover 30, the cyclic plastic

strain range reaches 95% of its value urRier -1 loading by the 8 computational cycle

and saturates to 97% of the value by the™®@le. In comparison, the G31 model takes
over 50 computational cycles to reacbyalic plastic strain range that is 90% of its value
underRg= -1 loading and pproaches 93% percent of the value by thé"®@le. Also
shown inFigure35 are dashed vertical lines corresponding to fie4? and 6" complee
computational cycles. Duringarly fatiguesimulations, theucleationlife of the nucleant
grain and the ™ and 3” grain to crack were evaluated at these cycle counts under similar
loading conditionsOn the 2%, 4" and &" cycles the G31 model prets 45%, 60% and
66% of the fully reversed cyclic plastic range, respectivélyis resulted in longer
fatigue lives when cycling was conducted under conditions that introduce a mean stress,
opposite of experimental observatioR®r simulations conductedith the G31 model,

the fraction of the fully reversed cyclic plastic strain range continues changing rapidly

until around the 80complete cycle (121 loading steps).
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Figure 35. Cyclic plastic str aisnO0.4PbaandgRs= 005%6eas a 1 00
fraction of cycl i c,=pl4% and iRG -1susing dhe same roded and a t

mesh instantiation.

The initially rapid changes and large number of cycles to approach a saturated response
are undesirable in a mesokcaodel because it would require the simulations to be run
using a much larger number of computational steps before an accurate prediction could
be made. The OW44 model approaches a saturated level of cyclic plastic strain much
more rapidly than the G31adel, which is another advantage to using this model form.

One complication introduced liie OhneWangformulation is that the derivative of the
back stress with respect #* changes rapidly whenever any of thack stresgerms
approaches saturation, especially if the valuenpfis high O(1F). This can introduce

some numerical instabilities in the solution which prevent convergence, requiring

additional sukncrementation in order to find a solution. $hcan lead to longer
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simulation times when compared to simulations conducted with the G31 model and its
AF based back stress evolutiofhe computational times and wall times required to

perform the simulations with varied valuesmffor 100 cycles are presentedTiable5.

Also included in the table are CPU times for each simulation normalized to the baseline
G31 simulation.

Table 5. Computational Speed of Models and Calibrations
Model

G31 Ow44 O0Ow44 Ow44 Ow44 Ow44  Ow44  OwW44  Ow44
N/A° m=10 m=30 m=70 m=100 m=150 m=200 m=300 m=400

CPU Time (hrs 451 495 442 451 508 523 538 570 565
Normalized CPU Tim: 1 1.10 0.98 1.00 1.13 1.16 1.19 1.26 1.25
Wall Time (hrs) 73 78 71 73 83 85 86 90 89

There is some variability in the relation of to the CPU time required to complete the

simulation, but the overall trend is a slight increase in CPU time with increasing values of

m . Over the course of a typical fatigue simulation this results in an increase in wall time

of less than 5 hours. Considering the large improvements using the OW44 model this is a

very acceptable increase over the G31 model.

3.5.1 Performance atDifferent Applied Strains

Additional simulations were conducted to evaluate the performance of the OW44
model over a range of applied cyclic strain amplitudes and mean strains. All of these
simulations were conducted with uniaxial loading conditions and for 100 computational
cycles The applied strains during these simulations were selected to match those of

Arcari et al. [97] and are summarized fable6. Note that the results presented thus far
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for mean stress relaxation simulations using model OW44 have been loaded to

correspond to Test 9 in the Table.

Table 6. Test details for mean stress relaxation experiments conducted by Arcari et §87].

Arcari 7076T6 Test Number
4 5 6 7 9
Cyclic Strain amplitude (9 0.72 0.675 0.63 0.5 0.4
Mean Strain (%] 1.08 1.125 1.17 1.3 14
Maximum Strain (%] 1.8 1.8 1.8 1.8 1.8
Minimum Strain (%) 0.36 0.45 0.54 0.8 1
Strain Ratig 0.2 0.25 0.3 0.444 0.556

The simulations were conducted using the same mesh and a single walue Tdfe

results from these simulations are compared to data from Arcari[87glIn Figure 36
and Figure 37. In both Figures, the simulation data is presented by solid lineshand

experimental data by dashed lines.
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Figure 36. Comparison of simulations using model OW44 with n¥70 to experimental data

of Arcari et al. [99] for loading conditions 7 and 9.

The simulations showfigure 36 correspond to Tests 7 and 9Tiable 6, with applied

strain amplitudes of 0.5% and 0.4%, respectively. In this regime, the agreement between
the experimental results of Arcari et al. and the simulations is adequate, with absolute
errors of less than 10 MPa. As the applied strain amplituzteases in Tests 4, 5, and 6
(corresponding to applied strains of 0.72%, 0.675% and 0.63%) the response of the

model becomes increasingly poor with absolute errors in excess of 50 MPa.
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Figure 37. Comparison of simulations usingmodel OW44 with m=70 to experimental data
of Arcari et al. [98] for loading conditions 4, 5, and 6.

The error in the mean stress response between the experimental results and the
simulations can be broken into two components, error in the initial mean stress during the
first cycle, and error in the magnitude and rate of relaxation during subsequeng).cycli
These errors are summarizedTiable 7 for each loading condition as a percent of the
experimental values.

Table 7. Table comparing the eror between simulations using model OW44 with
m;=70 to experimental data of Arcari et al[98].

Test Number

4 5 6 7 9
Error in initial mean stress 55% 18% 1% -1% 2%
Error in mean stress relaxatiol -53% -26% 2% 2% 3%
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Additional calibration of the constitutive model would be needed in order to
match the results of Arcari et §87] over the entire range of applied strains. This would
require data in the form of complete stress/plastic strain hysteresis loops for the
simulations conducted, which are not typically published.

The magnitude of mean stress relaxation over 100 commahtiycles shows
very little variation between the simulations conducted with model OW44, despite
significant differences in applied strain amplitude. Simulated mean stress relaxation over

100 cycles is plotted against the applied strain amplituéemre38.
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Figure 38. Simulated mean stress relaxation over 100 computational cycles using the OW44

model with m; = 70.

The difference between the largest and smallest predicted mean stress relaxation is less
than 3 MPa, and the trend is that increasing applied strain amplitude results in decreasing
amounts of mean stress relaxation, opposite of what is typically observed expaityne

This suggests that to capture the magnitude of the mean stress relaxation effect over a
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range of loading conditionsy should be formulated as a function of the applied strain or

the cyclic plastic strain. However, in absenof the data needed to obtain better
agreement between the experimental and simulated initial mean stress values, such a

formulation will not be pursued.

3.5.2 Performance of the OW57M odel

During the calibration process of model OW44 it was noted thabtheralued,
constant drag stress (35 MPa) resulted in slip activity among almost all slip systems
during cyclic loading. The activation of all slip systems during loading is possibly
unrealistic, and therefore an evolving drag stress was introduced tb @\Wd& in order
to reduce the degree of slip system activation. This new model is referred to as OW57.
During calibration, a saturation value of 100 MPa was selected for the drag stress, with
an initial value of 30 MPa. This section will compare the pertorce of the OW44 and
OWS57 models when cyclically loaded with an imposed mean strain.

Thecyclic plastic strain response§the two models when loaded with an applied
strain amplitude of 0.4% and a mean strairl.dPo(corresponding to loading 9 ifable
6) for a total of 100 computational cyclase compared ikigure39. The plot on the left
side of the Figure compares the absolute value of cyclic plastic strain range during
cycling to the stabilized cyclic plastic strain range obtained using the same cyoldel
under fully reversed loading conditions at the same amplitude. The plot on the right of the
Figure compares the cyclic plastic strain ranges of the two models both normalized to
their cyclic plastic strain range responses under fully reversed tpéeiierred to here as

the cyclic plastic strain range fraction).
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Figure 39. Comparison of the gclic plastic strain range over 100 cyclesor models OW44
and OW57 with m; = 70. Applied loading conducteda t , =0 0 . 4.%= 1.4%, and Ry=
0.556

Both plots ofFigure 39 illustrate that the OW57 model has a more pronounced transient
in the cyclic plastic strain range pEg1se than the OW44 model. During the first 5 cycles,
the cyclic plastic strain range of the OW57 model increases from approximately 34% of
its saturated value to 94% of the same value. In comparison, the OW44 model increases
from 93% to 96% of its satued cyclic plastic strain range under fully reversed loading
during the first 5 cycles. Additionally, the cyclic plastic strain range fraction of the OW57
model continues to increase during cycling, reaching a value of 1 by loading cycle 67. In
the mesoscal approach to fatigue life modeling employed by this thesis, simulations are
typically conducted for 40 computational cycles or less and the evaluation of nucleation
life is delayed until a near stable cyclic response is obtained, largely avoiding any
inaccuracies that would be introduced by the large transients in cyclic plastic strain range.
The left hand plot ofFigure 39 shows that for both fully reversed cyclic loading and
cyclic loading with a mean strain the OW57 model predicts a smaller plastic strain range

than the OW44 model. At an applied strain of%9,4he OW57 model predicts less than
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50% of the plastic strain range of the OW44 model, consistent with the results shown in
Figure22.

A comparisonof the ratcheting strain per cycle obtained with the two models is
presented irFigure 40. The magnitudes of the ratcheting strains over 100 cycles are
shown in the left side of the Figure, while the ratcheting strain of the OW57 model as a
percent of the OW44 model is shown on the right. The overall responses of the two
models are very similar, but again the OW57 model exhibits a larger transiergonses

over the first 5 cycles.
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Figure 40. Comparison of the ratcheting strain per cyclefor 190 cyclesusing models OW44
and OW57 with m = 70. Applied loading conducteda t , =0 0 . 4.%7F 1.4%, and Ry=
0.556

During the1® cycle, the OW57 model predicts a ratcheting strain almost double that of
the OW44 model. Then by th& 8omputational cycle, the OW57 model predicts smaller

ratcheting strains than the OW44 model, which continues until the end of the simulation.

Themean stress responses for each of the five loading conditions listadlet

are plotted inFigure41 for models OW44 and OW57, both with am value of 70. In

the Figure dashes lines correspond to results from model OW57 and solid lines to the
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results from OW44. Simulains with the same applied loading are plotted in the same

color.
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Figure 41. A comparison of the mean stress relaxation between models OW44 and OW57
over 100 computational cycles at 5 different applied strain amplitudes, with = 70.

The OW57 model predicts less mean stress relaxation over 100 cycles than the OW44
model for all five loading conditions; although maximum the difference between the two
models for any loading and cycle is less than 5 MPa. The magnitude of thetnesan s
relaxation predicted by the OW57 model increases with decreasing applied strain
amplitude, consistent with the trend observed for the OW44 model.

Overall, the addition of an evolving drag stress in the OW57 model has little
effect on the ratchetingnd mean stress relaxation response of the model compared to
model OW44, which uses a constant valued drag stress. The OW57 model does introduce
a steeper transient response during the first few loading cycles, but as long the evaluation

of fatigue paramets is delayed until after the response stabilizes the impact of this is
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negligible. The most critical differences between models OW44 and OW57 are the cyclic
plastic strain ranges. For example, at a strain amplitude of 0.4% (typical strain amplitude
of interest for the fatigue simulations conducted in this thesis), model OW44 predicts
more than twice the cyclic plastic strain range of model OW57 under both uniaxial
loading conditions and when loaded with a mean strain. The OW44 model is in good
agreement wih the data of Renard et §02] in this regime, so the difference between the
models represents a signifitaamderprediction of cyclic plastic strain range by model
OWS57. The impact of the differences in cyclic plastic strain range on predicted fatigue

lives are examined in Chapter 4.

3.5.3 Influence of Integration Increment Size on Ratcheting

The magnitude of theatcheting effect predicted by the simulations can depend
not only on the material model form and calibration, but on the size of the increments
used during the loading step. When conducting a FE simulation with Abaqus it is
possible to limit the maximurmcrement size, preventing the automatic increment size
control procedures from attempting increments larger than a certain value. If the
maximum increment size provides stable convergence over the entirety of a step, then
this value essentially prescrib® increment size Abaqus will use to complete this step.
In other words, by varying the allowable maximum increment size the actual increment
size can be kept nearly constant over the step, provided good convergence is obtained.

Simulations were conduetl using the OW44 model with a value gE&00 for a
total of 5 complete computational cycles with varying values of maximum increment size
to quantify this effect of increment size on ratchetifgr all simulations the loading was

uniaxial with a strairmmplitude of 0.33% and a strain ratig®/R0.5. The step size was
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30s(&=1.1310" s')and all maximum increment sizes had good convergence over the
cyclic loading steps, requiring no sulcrimination by Abaqus. All simulations

produced narly the same values of cyclic plastic strain range, seEmgure42.
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Figure 42 Cyclic plastic strain range over 5 computational cycles for varying values of

maximum increment size.Loading is uniaxial wi t bk 0.33%, and Ry= 0.5.

The larger maximum increment sizes produced larger cyclic plastic strain ranges for a
given cycle, but overall the difference is negligible considering that by cycle 5 the largest
increment size of 1.00 s results in a cyclic plastic strain appairly 1% larger than
obtained using a maximum increment size of 0.01 s. Similarly, the mean stress relaxation
behavior appears to be nearly independent of the maximum increment size, varying less
than a tenth of a percent between simulations. The ratghstiiain, however, exhibited
non-negligible dependence on the maximum increment size. This is illustrakeéguire

43, a plot of the ratcheting straiper cycle normalized by the cyclic plastic strain per

cycle.
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Figure 43. Ratcheting strain as a fraction of cyclic plastic strain range over 5 computational
cycles for varying values of maximum increment sizd.oading is uniaxial wi t ;b= 0.38%,
and Ry=0.5.

The general trend observed in the Figure is that decreasing increment sizes result in
decreased ratcheting strain per cycle, although results using a maximum increment size of
0.50s are anomalous over th& and 8" cycle. On the 8 cycle of these simulations, the
ratcheting strain with the maximum increment size of Gs5@as almost three times
larger than the ratcheting strain when the maximum increment size was. OTh®&
difference decreases substantially witke maximum increment size is below 8,Dut

the ratcheting strain of the 02maximum increment size is still approximately 40%
larger than the ratcheting strain of the 0.01 maximum increment size case. These
simulations were conducted using a matlemodel and calibration that produces a small
degree of ratcheting in comparison to the G31 modelRKspee30), but the dependence

of ratcheting s&in on increment size is similar between the two models. This can lead to

drastic overpredictions of the ratcheting strain when the already large ratcheting strain
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predicted by the AF back stress is coupled with inappropriate control of the maximum
increment size.

The value of the maximum increment size also has a strong effect on the time it
takes to complete a simulation. The wall times and CPU times required to complete the
simulations done to evaluate the effects of maximum increment size areniSiole 8,
along with the wall times and CPU times normalized to the respective values of the 0.05
maximum increment size simulation which required the lowest CPUttrnemplete out

of all the simulations conducted\ll simulations were conducted with the same strain

rate, 6=1.1 310* s

Table 8. Effect of maximum increment size on the execution speed of simulations.

Max Inc Size Strain CPU Wall Normalized| Normalized
(s) perInc | Time (h)| Time (h) | CPU Time| Wall Time
0.01 1.1E6 307.6 44.3 3.24 34
0.05 5.5E6 95.1 12.9 1.00 1.0
0.1 1.1E5 95.3 12.6 1.00 1.0
0.15 1.7E5 95.9 12.4 1.01 1.0
0.2 2.2E5 108.9 14.0 1.15 11
0.5 5.5E5 208.3 35.5 2.19 2.8
1 1.1E4 DNF DNF DNF DNF

There is only a negligible difference between the CPU and wall times of the simulations
conducted with maximum increment sizes between 0.05 andsOli%hese simulations,
almost no sudncrimination by Abaqus was required in order to obtain a converged
solution. At a maximum increment size of 0.§1no subincrimination by Abaqus was

required, but the large number of increments required to comglstep results in the
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implicit solver not being fully utilized and therefore increases the simulation time. At the
larger maximum increment sizes of 0.2, 0.5, andsl $ubincrimination was required
frequently during the first loading step (the initiaéqstrain before cycling, which larger
in magnitude than the cyclic strain range). This wastes significant computational
resources as the UMAT attempts to converge (and does so successfully for many
elements) before requesting that Abaqus reduce the irotesize further. This caused
the simulation conducted with the maximum increment size of 1.0 s to fail to complete
the T'loading step (the initial pestrain) over the entire 48 hour wall time, as indicated
by the DNF entries imable 8. The simulation was repeated with an initial maximum
increment size of 0.05 s for the first step and a maximum increment size of 1.0 s for steps
2-11 (corresponding to cycles5) in order to generate the dataFigure 42 andFigure
43. The total wall time for this simulation with mixed maximum increment sizes was
approximately 9.5 hours, suggesting that the maximum larger increment size allows for
better utilization of thémplicit solver during cycling.

To aid in the explanation of why the increment size has such a strong impact on
the predicted ratcheting strain, the stress vs. plastic strain data férabmflete loading
cycle of the simulations conducted using a immasn increment sizes of 1.@0and 0.01s
are plotted inFigure 44 and Figure 45. In both Figures, diamond markers indicate the
output at the end of an increment. The two steps comprising the loading cycle were
completed in a total of 105 increments when the maximum increment size was limited to

1.00 s, and a total of 6,022 increments when the maximum increment size was 0.01

87



600

Cycle Start

500 A

400

300 -

Stress (MPa)

200 A

100 +
—&— max Inc = 0.01

©¢— maxInc=1.00

0 T I T T T T T
0.00552 0.00554 0.00556 0.00558 0.00560 0.00562 0.00564 0.00566 0.00568

Plastic Strain

Figure 44. Comparison of the hysteresis loops of the first complete loading cycle for the
simulations conducted with max increment sizes of 0.0dnd 1.00s. Results from the 0.01
maximum increment simulation are shifted right by a plastic strain of 4.8x18 such that
both cycles begin at the same plastic straih.oading is uniaxial wi t .~ 088%, and Ry=
0.5.

It is clear inFigure44 that both simulations produce similar cyclic plastic strain ranges;
however, there is significant divergence in predicted plastic straive and of the cycle
despite both cycles beginning at the same value of plastic strain. Additionally, the
magnitude of this difference is significant in comparison to the cyclic plastic strain range
of the cycle Figure45 presents a magnified view of the stresses and plastic strains at the
beginning and end of each of the two cycles, with the area of focus indicated by the

rectangle irFigure44.
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Figure 45. Magnified comparison of the hysteresis loops of the first complete loading cycle
for the simulations conducted with max increment sizes of 0.01 and 1.80Results from the
0.01 maximum increment simulation are shifted right by a plastic strain of 4.8xI®such
that both cycles kegin at the same plastic strainThe last 3 increments are labeled for the
maximum increment size of 1s case, and the last increment is labeled for the maximum
increment size of 0.0k case.Loading is uniaxial wi t .k 0.33%, and Ry= 0.5.

When startig a new step, Abaqus begins with a prescribed increment size and then
increases the size of the increments if convergence is obtained without the need for sub
incrementation. This leads to the overlap of the increment markers for the two
simulations at théeginning of the cycle ifrigure45. After approximately the first 15
increments the plastic strains begin two diverge between the two simulatbeveyer, it

is not until the last increment of the simulation plotted in cyan (maximum increment size
of 1.00s) that the magnitude of the difference is significant. Note that the last increments
of both simulations converge to the same stress at the fetie @ycle, despite large

differences in the maximum increment size.
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This is a result of how the UMAT determines the plastic strain: Abaqus passes in

the deformation gradient at the beginnirfg)(and end of the incremen&( ;) to the

UMAT, which must then calculate &inematically admissible plastic deformation
gradient for the increment based on the individual contributions of each slip system
shearing rate. The plastic strain over the incrementeis dbtained by multiplying the
converged plastic shearing rate on each slip system by the time step of the increment.
This results in an estimate of plastic strain that is a constant over the increment. If the size
of the increment is fairly large (&in the example shown iRigure 45) and converged
plastic shearing rates are very different from the end of one increment to the next, a large
error in the estimated plastic strain may be introduced. The stress and plastic strain data
plotted inFigure45 are volume averaged macroscopic quantities,Hmiptincipal behind

the increment size induced ratcheting effect is the same. For these svalerstresses

and plastic strains we can define a plastic tangent stiffness as

p
Ke (28)
Us

For the increment of both simulations consideredrigure 45 (labeled with a coler
coded Ano) the plastic tangeaentheamaxinfuihne s s e
increment size is limited to 0.01 s, the second and third to last incremehtsn(h R2,
respectively) have tangent stiffnesses very similar to the tangent stiffness of the final
increment. However, when the maximum increment size is aseck two orders of
magnitude, the plastic tangent stiffnesses at increments n-andiffer substantially,
resulting in a poor approximation of plastic strain.

In simulations where the ratcheting strains are of interest (such as during fretting

fatigue analysis) care must be taken to ensure that the ratcheting strains converge with
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decreasing increment size, and that the increment size is limited where the plastic tangent
stiffness changes rapidly. One possible solution to this problem is to limit thenomax
increment size over the entire step, which was the methodology employed in the
simulations investigating the ratcheting effect. However, this can limit the effectiveness
of the implicit solver. A more efficient solution would be to require-suibementation in

the case that some averaged measure of the plastic shearing rates diverges significantly

from the same measure taken at the end of the previous increment.

3.6: Conclusions

This chapter introduced three crystal plasticity constitutive models fGiOASL
T6, all based on a common flow rule but differing in the forms of the hardening equations
and model calibration. The performance of the models was compared when subjected to
both symmetric and asymmetric cycling loading across multiple applied strajes.

It was shown that although each of the models was calibrated to the same fully
reversed, macrecale cyclic stresstrain data, there are large differences in the responses
of the models at small applied strain amplitudes and when loaded dyclithl a mean
strain. The model with an Armstrofigederick back stress evolution equation exhibited
significant ratcheting strains that were determined to be an artifact of the model form, and
were corrected through the implementation of a mtaltin Ohm-Wang type hardening
law. To summarize,the advantages of moving to a tm OhneWang type
formulation of the back stress evolution equation from a singie AgmstrongFrederick

model are:
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1 Enhanced ability to capture the magnitude of the plasti;sikeer a larger range
of applied strains.
1 Increased ease of fitting due to nearly linear, independent terms.
1 Ability to match experimental mean stress relaxation data under asymmetric

loading through selection of, which has onlya minor effect on the shape of the

fully reversed hysteresis loops.

1 Loading with an imposed mean strain results in only a slight reduction in cyclic
plastic strain amplitude when compared to fully reversed loading conducted with
the same applied strain alhtpde.

1 Model approaches a near saturated value of cyclic plastic strain rapidly when

loaded with an imposed mean strain.

An evolving drag stress was added to the improved model, and while this addition had
little effect on the ratcheting and mean stress relaxation response of the model, it reduced
the magnitude of the cyclic plastic strain significantly under applied sairapiitudes of

0.4% or less. A comparison of the fatigue lives obtained with each of the three models is
presented in Chapter 5, but most of the results in that Chapter are obtained using model
OWwW44, as it was best able to match cyclic plastic strain data the entire range of
applied strains investigated.

Additionally, the effect increment size on predicted ratcheting strain per cycle was
investigated. Changing the increment size between simulations resulted in less than a 1%
change in the cyclic plastistrain range from the largest to smallest increment size used,
but produced variation in the ratcheting strain per cycle of almost three times the value

obtained using the smallest increment size. This is a significant change, and caution is
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advised regaling incrementation control if the magnitudes of the ratcheting strains are of
interest. To summarize, the numerical convergence of an increment does not insure
similar convergence of the ratcheting strains. The fatigue modeling in this work was
conducte with the maximum increment size limited to 0.05 s in order to ensure

convergence of the ratcheting strains.
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CHAPTER 4: MESOSCALE FATIGUE MODEL

4.1 Introduction

This Chapter presents the mesoscale fatigue model including the algorithms for
both Stage | and Stagedtack growth. The chapter begins with discussion of concepts
central to fatigue algorithms and simulations, including the crystallographic FIPs, mesh
generation and element band averaging scheme, and the incorporation of damage. The
Stage | fatigue algohim of Castelluccio is then introduced, along with the modifications
necessary to model a Stage Il crack propagating on multiple slip systems. The

implementation of the Stage Il model in the ABAQ[4$ environment is then discussed.

4.1.1 Fatigue Indicator Parameter

To quantify the local driving force within the microstructure, this work employs a
crystallographic fatigue indicator parameter (FIP) based on the macrospogmdtity
originally suggested by Fatemi and So¢il]. During tke simulations, the FIP is

evaluatedver every cycle foeach of the slip systemsgthin an elementi.e.,

_oga s
FIP? = > ;?.'lks—y . (29)

Here, Dg;; is the cyclic plastic shear strain range on slstema, s is the stress
normal to slip systena , ands is the cyclic yield strength of the materi@he value of

kis typically taken to be between 0.5 and 1, anthis worka value of 0.5 is used due to

an absence of sufficient data for correlation. The cyclic plastic shear strain range in Eq
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29 corresponds to theeversed cyclic plastic strain rang®d; ‘ ) over the cycle
cyc

calculated according to

D‘g; ratch = I:dend of cycle ) p@stan of cyc
Dg; = gx,cycle - nfg,cycle ( 30)
Dgz cyc = m ) p@itch

where Dg‘;‘ramh is the ratcheting shear strain accumulated during the dytdBowell

[99] has argued that a parameter based on a measure of reversed cyclic plastic strain is
most appropriate from modeling crack decohesion in slip bands, and that ratcheting strain
based measures are better mechanistically suited for-B#mdr cracking. In alefice of
experimental observations of either ratcheting or crack formation due to dislocation
pileups at grain boundaries in Al 7076 fatigued in ambient environments (see
discussions in Chapters 2 and 3), the ratcheting strains are subtracted fromlithe cy

plastic strain quantity employed in the FIP calculation.

4.1.2 FI'P to oCTD Rel ati on

The foundation for the messtale fatigue model is the relation between band
averaged FIP values and the cyclic crack

small crack. The cyclic crack tip displacement is defined as

DCTD =/ OTOF €180 (31)

where DCTOD is the crack tip opening displacement @ddTSD is the crack tip sliding
displacement. Following the work of Castelluc¢®), the band averaged FIP onlgps

pl ane and the @CTD are related through a
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DCTD :A(Flpa)b. (32)

Here Aand b are constants that can be found through simulations of explicitly modeled
cracks or fit to experimental results. Castelluccio conducted simulations using two
different material models and multiple crack geometries and levels of mesh refinement,

loaded undeuniaxial, shear, and mixed conditions, and found that for both Copper and
Nickel-based superalloy RR1000 tixTDscales nearly linearly witfIP? , with b~ 1.

This work assumes that thelation betweenDCTDand FIP? retains the same from

when applied to Al 7075°6. The calibration of the constadt is presented in Chapter 5.

4.2 Mesh Generation

The simulations presented in this research were conducted on microstructural
instantiations created using a Mesh Generator program originally developed by Musinski
[10Q and further extended by Castelluc§¢®) to generate the additional files utilized by

the fatigue algorithms. The process of mesh creation begins with a voxellated mesh of
reduced &ode linear brick elements (C3D8R) creatduotigh the pythofased
ABAQUS Scripting Interfac¢4]. Elements of the mesh are then assigned to grains using
a spherical packing algorithm, with the grain sizetriistion assumed to follow a
lognormal distribution. The probability density function of the lognormal distribution is

given by

1 e- (In(x) -m’
xs\2p g 250 (33)

fox;m 9=

In absence of quantitative data on grain size distributions in Al-T@75t is

assumedm= 0.1 and s =0.4following the approach employed by Castellucgi).
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Once all elements have been assigned to a grain, crystallographic orientation of each

grain is assigned randomly so that there is no initial texture. The Mesh Generator then

writes the information regarding the mesh, crystallographic orientation of dtemecn

loading conditions to the ABAQUS input file. An example of a cubic mesh geometry
with voxellated grains is shown Kigure46.
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Figure 46. Example mesh of an instantiation with 141m mean grain diameter, 60um side
length, and 2.5um element size. Different colors indicate distinct grains.

The Mesh Generator also performs the task of dividing each grain into bands of elements

over which FIP values are averaged and cracks can propagate, described in greater detail

in the next section. The current mesh generation and element banding algoidthem
the creation of meshes up to about 128,000 elements in approximately 2 hours; although

such refinement is not needed for a mesoscale characterization of the fatigue evolution.

The limitations of the Mesh Generator necessitate making samplifying

assumptionsegarding themicrostructure morphology in the allolProcessing of plate
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and sheet aluminum products typically produces a flattened and elongated grain structure,
often referred to as a pancake microstructliypical aspect ratios of grainsan be up to
100:10:1, in the rolling direction (RD), transverse direction (TD), and short transverse or
normal direction (ND), respectively.he rolling process can also introduce significant

crystallographic texturgl01].

The mesh generator cannot currently reproduce either the high aspect ratio grains
or the rolling texture, and is limited to the creation of equiasa@tjomly oriented grains
In order to minimize any error introduced by the assumption of equiaxéus,gitze
average grain diameter in the modelchosen to beepresentative of the first grain
diameter encountered in the direction of propagation during experiments. In applications
and experiments, loading is typically applied in the RD, and crack groedurs on a
plane roughly normal to the loading axis. A schematic of apg®ihy shaped surface
crackshown inFigure47 illustrates that the firggrain boundary encountered by the crack
front is likely to be in the normal direction, i.e., the shortest grain dimension in rolled

aluminum products.

Figure 47. Schematic of a crack growing within the first grain for 707576 [41].
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In small crack growth experiments conducted by Lankfddd, cracks were observed to
arrest or slow down as they approached a surface lengtho{Zapproximately 3810
microns, which corresponds to a depth in the normal direction -@01®icrons very

close to the average grain size in the normal direction of 18 um. This supports using the
average grain size in the normal direction as the aveeaggaxedgrain size in
simulations.

Work is currently underway to augment the-hiouse mesh generatdor fatigue
simulations with DREAM.3D[107, a free, open source program that supports the
generation of synthetic migstructures as well as reconstruction of actual microstructures
from EBSD data. DREAM.3D can create microstructures with elongated grains, match
experimentally observed distributions of crystallographic texture, and handle- multi
phased materials. When igtation of the DREAM.3D outputs with the currenthiause

mesh generator is complete, minor changes to the fatigue algorithms and material models
will allow constituent particles in the aluminum matrix to be explicitly included in
simulations Additionally, the effects of grain aspect ratio and texture will also be able to
be incorporatedand these initial simulations with equiaxed grains will serve as a useful

comparison.

4.3 Element Averaging Bands

The fatigue algorithm uses FIP values averaged over hzemaddlel to the slip
planes in a given grain in order to capture the driving force in the process zoStagta
| crystallographicrack.For an FCC material there are four slip planes, thus each element

within a grain is assigned to four different ban@iee process of assigning elements to
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bands is shown schematically for a 2D, voxellated graffigare48. First, the centroid

of the grain (shown imed on the left of the Figure) is determined. Next, sets of planes
perpendicular to the slip plane normal direction are created, and they are spaced one band
width apart. In cases of Stage |, shdaminated MSC growth the band width
corresponds physicgllito the shear bands that form under cyclic loading. For materials
that do not exhibit coarse localization of slip in bands and instead exhibit more
homogeneous deformation, the width of the bands has less of physical basis. Note that
practically the minimm band width in the simulations is limited by the size of the
elements: bands of less than one element width tend to be discontinuous and have

elements that are not all connected.

Slip Plane

Normal \

Band Width S\/

Grain center

Figure 48. A schematic of the process of assigrg elements to bands for one grain and slip

plane.

Elements with centroids that lie in between two planes are assigned to the band formed
by the plane, which are then numbered. In the example, shokigure48, the grain is
divided into 8 bands of elements parallel to the slip plane under consideration (each band
is assigned a unique color for visualization in the Figure). The number assignedtb a ba
during preprocessing of the mesh becomes its layer number. For examipiguire 48

layer five corresponds to the orange band of elemé&mtszidedthe orientation of the
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grain is known (which it is in the simulations) it is possible to identify a unique
crystallographic band within the mesh given its Grain number, layer number and plane
number, abbreviated as GLP within the code.

The four sets obands corresponding to the four slip planes of an FCC material
for a selected grain within a voxellated mesh are showhigare 49. The voxellated
mes in the Figure contains 150 grains, and Grain #3 on the surface (light green) was

selected for the example.
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Figure 49. Four sets of bands for a selected grain within a voxellated mesh. Average grain
size is 14um, mesh size is 2.im, band width is 5.0um.
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Each band of elements is assigned a unique color within the Figure. Grain #3 is
comprised of 211 elements which are assigned to 20 overlapping sets of elements or
bands.

As stated before, the purpose of tlentis of elements is to capture the physical
process zone of a propagating fatigue crack. When modeling the growth of a Stage |
crack, the planar bands of elements correspond to persistent slip bands (PSBs), where slip
becomes highly localized and the cragwth through shear decohesion. Therefore, in
the Stage | growth focused implementation of Castelluccio, these element bands served
as the volume averaging domain of the FIP, and the propagation path of the crack.
Modeling a crack propagating in Stageiritroduces additional complexity, as multiple
slip systems are active and the path of crack growth is no longer planar and perpendicular
to a single slip plane within a grain. Modifications to the Stage | crack growth
implementation of Castelluccio wereade to capture Stage Il MSC growth, and are
discussed in detail in the Stage Il section. The band averaging scheme also helps to
mitigate the effect of extreme FIP values at the crack tip and issues associated with mesh

dependencg?)].

4.4 Incorporation of Fatigue Damage

There are several methodologies employed in FEM based research in order to
explicitly simulate a propagating crack, such as extended FEM (XFEM)hastve zone
models. Howeverthe code implementing of these approaches remain proprietary to
ABAQUS, and they are thus héully transparent to the user or easily controlled by user
subroutines. Therefore, this work models the crack through the degradatite elastic

stiffness tensor of elements within the crack, when the plane of the crack is in tension.
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This methodology is transparent to the controlling fatigue algorithms, and easily
implemented in the user subroutines. Through this methodologypibssible for the
effects of stress and strain redistribution due to the crack, as well as the effects of crack
closure, to be accounted for in fatigue life calculations and updated as the crack

propagates. For elements within the crack damage is apptiedding to

C|jk| = (1 ’a) qk' (34)

where dis a scalar parameter representing the damage within an element, and varies
between O when the crack plane is in compression and 0.99 when the crack plane is in

tension, andC,, is the anisotropic, % order elastic stiffness tensdn order to prevent

the degradation of the elastic stiffness tensor from introducing numerical instabilities, the
damage is applied to the tensor isotopically and limited to a maximum value less than 1.
The value ofdis also incrased or decreased gradually over the duration of a loading

step by the relation

dt+ID=d[ ovﬁ_ (35)

where d,, pis the damage value for the current incremehts the damage value of the
previous incrementDt is the length of the current increment, is the time to complete

the step, ands is a constant that controls how quickly the damage is ramped over the
step. Typically, a value of 5 is used ¥gmeaning that it takes slightly less than™5 a

step for the damage to vary from 0 to 0.99 or vice versa.°Tihéeg 35 is controlled by

the stress normal to the crack plane within the individual element; if the crack plane is in
tension the damage is increased and if the crack plane is in compression the damage is
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decreased. Additionallywhen elements are damaged the UMAT will request that

ABAQUS reduce the increment sizedt() if it is larger than ¢, /100) to avoid

increasing or decreasing the damage too rapidly.

4.5 NucleationLife

Following the approach employed by Castelluddf the number of cycles to
nucleate a crack within a grain is modeled using a pdaverrelation based on a
simplified dislocaibn model proposed by Tanaka and M[&t83 and extended by Chan

[104] and Shenoyl6], i.e.,
Nnuczd—g(Flpa)' . (36)

where ¢, is the size of the current grain plus a contribution of the neighboring grain that
depends on the misorientation between the two grains. The number of cycles to nucleate

a crack is correlated t og @hich &sraineaa dfa l dat
mechanical irreversibility during the nucleation proceAs. discussed in Chapter 2,
nucleation behavior i\l 7075T6 is reported to be dominated by the effect of cracked
iron-bearing constituent particles. The mesh generator and fatigue growtithahgo

currently lack the capability to explicitly include a cracked particle within the simulation,

sothe simulations conducted in this thesisorporate their effectimplicitly throughin

the (, constant in the equation for nucleation lifthe whichis estimated based on
experimental data in Chapter 5.

In the MSC regime, crack growth rate is modeled according to

a

da

N =f{ AFIP'Y - ©TD,). (37)

msc
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Here, A and b are sdimg constants relating-IP? to theDCTD, andf is the mechanical
irreversibility at the crack tipThe DCTD,, is the crack tip opening displacement
threshold; it is assumed that no crack advance occurs wheDam® lower than this
value. The constantsA and DCTD,, have associated units of lengfhihe unitless

parameter b accoumhdghe inftuencemtnaighimoring graissd ise f f e c t

given by

D,+& WD,

b- — st a., nd (38)
I dref
ar

where D, is the diameter ofne current band being evaluated]" corresponds to the

mean grain size of the material employed to calibrate the constitutive nibeeterm

a . 'wD,, accounts for the influence of the neighboring grains withriugorientation.

In that summation termn is the number of neighboring bands, ' is the diameter of

the f" neighboring band, and is the disorientation factor, calculated according to
= (1 Gas
w= <l 20> . ( 39)

Here, g,.is the angle of disorientation (in degrees) between two adjacent bands. For

bands that have no disorientatiam,is 1, and the full length of the band is added to the
sum. TheMacaulay bracketenforce thatw is zero if the misorientation angle is greater
than 20 degrees, which is generally the taken to be the cutoff between low and high angle
grain boundaries.

To carry out the analytical integration of the MSC growth rate over the length of

the band, theariation in driving force must be known as a band is cracked. Castelluccio

105



[2] found that the evolution of FIP within a band as the band was cracked could be

modeled by the reten

FIP* (a) = FIR"(1-R ") (40)

whereFIF; i s the initial band averaged FIP val
applied, a is the fraction of the band currently cracked (varying between 0 initially and 1
when the band is fully cracked) and and P, are constants with values of 2 and 0.5,

respectively.
Once FIP* as a function ofa, is known, analytically integrating the crack growth rate

over the length of the band yields

a ! da ? 1 3 a \/E
L =N = tanh'gD, |2
|msc g](m - {Clcz é@Dt g (41)

wherec, andc, are constants defined according to
o=f( WFIRY - ©oD,)

2 A(FIR ) (42)
(D, +a/wD,)

C, =

Due to the mesoscale nature of the model, grains are cracked sequentimity the
progression of a simulatioherefore, in ordeto account for the possibility of the crack

growing simultaneously in multiple grains that are in contact with the ctiagkN

history

term is introduced and subtracted from the calculated life of the band, i.e.,

re=N[

msc i

- - Nnistory ( 43)

m
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The history term becomes active when evaluating the life of the second grain to crack and
beyond, and is not active during the evaluation of the nucleation life and the life of the
first grain to crack

The functionality of the history counting term is best explained through an
example. Consider the hypothetical voxellated microstructure showrFigure 50
consisting of 6 uncracked grains numbered G1 through G6, and a crack in the plane of
the paper. At the start of the simulation there are four grains in contact with the crack,
G1, G2, G3 and G5. The life of all the bands in contact with the cracinwtitése four
grains is evaluated, and the crack extends into the grain containing the band of lowest

life, which is G3 in this example.

Figure 50. Hypothetical mesh for the example illustrating the function of the history

counting algorithm and the propagation of the crack into Grain 3.

The algorithm then evaluates the fatigue lives of bands contacting the crack in grains G1,
G2, G4, G5 and G6. The grai@d, G2, and G5 were in contact with the crack during the
previous ife evaluation, and have the life of the previous grain (G3 in the example) to

crack, N subtracted from the lives calculated accordingdo. 43. It is important to

history ?
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note that the simulations conducted for this thesis only canside history of the
previous band to crack, rather than a summation of the history values over the course of
the simulationThis means that only the life of the previous grain to crack is subtracted
from elements that have been in contact with the crdhging previous fatigue life

evaluations.

4.6. Stagell Fatigue Crack Growth Algorithm

The Stage Il fatigue crack growth algorithm is an extension of the Stage | growth
algorithms developed by Castelluc¢l) that considers the driving force across multiple
averaging volumes and allows for crack propagation along planes of arbitrary orientation
with minimum life. The main difference between the two algorithms is the separation of
the crack propagation and FIP averaging volumes. The Stage | model employs the
crystallographic bands of elements as both the volume over which the FIPs are averaged,
and the potential propagation paths of the crack. While such a model is appropriate for
materials that exhibit coarse slip band localization such as tHeaddéid super alloy
considered by Castelluccio, Al 704% deforms more homogeneously when cyclically
loaded and the local crack front may meander among slip systems as it propagates within
agrain.

Implementation of the Stage Il code is similar to that of Castelluccio, relying on
the ABAQUS UEXTERNALDB subroutine. However, in order to handle complications
introduced by arbitrarily oriented element sets, the functionality of the UEXTERNALDB
is extended through the use of a -pubgram written in the Python programming

language[105. This subsection will focus on presenting both the mathematics and
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physical justifications behind the Stage Il code al as the details of implementation in

the UEXTERNALDB and Python suprogram.

4.6.1 Description of Stage Il Model

The goal of the Stage Il algorithm is to consider the driving force across multiple
crystallographic planes and to determine the path of the propagating crack given the FIP
values on the various planes. Additionally, due to the large computational cvgstal
plasticity constitutive models it is important that the model retain its ivesle
character, cracking multiple elements and entire grains at a time so that the simulations
can be completed within a reasonable time frame. To achieve these go&adge I
algorithm employs the concept of an intermediate plane representing the path of crack
growth. The life of the plane is based on an intermediate plane FIP that has contributions
from both the parent planes. Consider the diagramignre 51 showing a voxellated
representation of a cracked grain adjacent to an uncracked grain. The cracked grain will
be referred to as Grain 1 and represented by blue voxels, and the uncrackesfeyraic
to as Grain 2 and represented by the grey voxels. The crack is represented by the black

voxels.

109



! |
GRAIN 1 GRAIN 2

Figure 51. Example crystal showing a cracked grain (blue) adjacent to an uncracked grain

(grey).

As in the Stage | algohim, elements within a grain are assigned to crystallographic
bands. This is shown for the proposed scenariBignre 52. In the Figure and in this
example, two sets of planes are considered. The band width for the planes considered is
the same between the two sides of the figure and the planes of the bands extend into the
paper.

SlipPlane B
Normal

Slip Plane A
Normal

Band Width
:\S

#Band Center

Band Width

N Band Center

BAND SET A BAND SETB

Figure 52. Sets of bands corresponding toato slip planes (referred to as A and B) within
Grain 2.
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Out of the 14 bands shown, only three are in contact with the crack and thus eligible
volumes for crack extension: band 5 from the left set of bés®tsA) and bands 2 and 3
from the right set of bands (set B). For the sake of the example we will consider band 3
from the right set and band 5 from the left set as the bands with the maximal FIP values.

In this scenario both band 5A and 3B are consati&wehave crack driving forces
(FIP values) of the same order of magnitude, and a crack propagating through Grain 2
would likely grow in increments along both slip planes, illustrated by the solid black lines
in Figure53. The partitioning of the crack growth between the slip planes is assumed to
be proportional to the crack growth rateda( dN ) on the planes, which is also
proportional to the FIP values on these planes (assuming the threshold is small compared

to the scaled FIPA(4 ) FIP?, see Eq. 37). Therefore, the overall net direction of crack

propagation can be capturey &n intermediate plane that lieshetween the planes of
alternating propagation and is weighted by the relative FIP values of the two parent
planesThi s approach i s somewhat analogous to
of Li [66], exceptthe FIP@CTD r el ati on empl oyed cyclic t hi s
crack tip opening displ acement incampafisom) , as
to the crack tip sliding displ deerocedure ( CT
for determining the intermediate plane is discussed further in the implementation section

of this chapter.
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Figure 53. Intermediate plane capturing the net direction of the Stage Il crack as it grows
on two slip planes.

Once the constants associated with the general form of the plane equation have been
determined for the intermediate plane, elements in the grain argnedsto the
intermediate band if their centroids lie within half the band width from the plane. This is
illustrated for the example {arystal by the green voxels fhigure 54. Similar to the

Stage | implementation of the code, the intermediate band with the shortest life is
selected as the crack propagation volume, and damage is applied to all elements within

the band.
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} Band Width

Crack growth
on alternate
slip planes

Figure 54. Path of the crack through Grain 2 (green elements) based on the poitt-plane

distance between element centers and the intermediate plane.

The implementation of the intermediate band concept requires departing from some of
the methodology employedqviously. In the Stage | algorithms bands of elements were
referenced by the grain, layer, and plane to which they belonged. Additionally, in order to
identify which band an element belongs to the orientation of the grain and the location of
its centroidmust be known. This approach works for bands parallel to slip planes within
the grain but is insufficient to describe a randomly oriented plane. A plane of arbitrary
orientation in the global Cartesian coordinate system has the general equation

axtby +cz € O (44)

where a, b, c and d are four constants. The same plane can also be represented in

Hessian normal form
n&x =p. (45)

Here the three components of the unit nornma/{, , n, ) to the plane are defined as
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n=———
Va2 +b? +4c?
_ b
ny_ a2+b2 -|'C2 (46)
C
n =

and the constant p is given by

d

p= —m : (47)
To generate the list of elements within a band given the constants of the general plane
equation requires calculating the absolute ptwrglane distance for the centroid of
eligible elements anthe plane under consideration; if the peimplane distance is less
than or equal to half of the band width the element is assigned to that band on elements.
For the fatigue simulations, bands of elements are generated on a grain by grain basis, so
the digible elements for a given band are limited to those within the grain. Therefore, this
methodology allows a unique band of elements to be defined by the grain number and the
four constants of a plane.

The Stage Il crack growth algorithms employ the sapproach used by the
Stage | code to calculate the nucleation band and life. Therefore, the cracks nucleate in
the same grain and have the same life for both the Stage | and Stage Il algorithms. The
calculation of the Stage Il life begins by generatinlistof elements adjacent to the
crack. Following the approach of Castelluccio, the criteria for adjacency to the crack is
that the element share a face with an element within the crack, as opposed to an edge or
vertex (this concept will be explored furthie the results section). All grains containing

elements adjacent to the crack are eligible to crack during the current life evaluation. The
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algorithm loops over the grains adjacent to the crack to find the two crystallographic
bands with the highest awged FIP values.

Once the two bands of highest FIP on separate planes have been located, the next
task is to calculate the intermediated plane. Assuming that the rate of propagation on each
plane is proportional to the FIP value on that plane, the ndorthk intermediate plane

can be obtained by the vector sum of the scaled normal of each of the parent planes, i.e.,

scaled (( )FIP) ]
scaled (( )F|P2) ﬁz (48)

= — 35 scaled scalec
rEnt - r!L -H_‘E :

Here b, and b, are factors that account for the enhancement effect on plastic strain for

bands with neighbors of low misorientation, defined as

b = a ,nW Dndi
1,2~ dref ' (49)
ar

Note thatb, and b, are similar to theb. parameter employed by Castelluccio for Stage |

growth, without the influence of the diameter of the current band, which is accounted for
later in the MSC life calculation proces#/ith the normal of the intermediate plane
defined,3 out of the 4 constants needed for the general definition of a plane are known.
The remaining constant], is obtained by enforcing the criteria that the intermediate
plane must contain the line of intersection of the two parent pl&iesn the Hessian

normal forms of the two parent planes, we define
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m=[n 7]

_ép o

b= ¢ "y
el 0 (50)
& o

_e u

X_éyo u
2

and use a linear solver to find a particulasuch thatmx= b. The coordinates of a point

on the line of intersection are then given (D% Yo Zo), and the direction vector by the

null space ofm[106. Rearranging the general equation for a plane we obtain

d= {a by cz). (51)

Now that the 4 constants defining the intermediate plane are known, elements within the

grain are assigned to plane if the element centl(oig Yer ze) has a pointo-plane

distance from the intermediate plane of half the baitdh or less.The pointto-plane

distance for the element centroid is defined according to

pol@tby tcz 4

N (52)

where a, b, c and d are the four constants of the general plane equation of the

intermediate plane.

The crack growth rate on the intermediate plane is modeled by

int

da
dN

=r(A( BFP" { BIR +PR)) CTR). (53)

msc

This equation is similar to the equation for Stage | growth, with the exception of the

value of FIP™, which is the sum of the FIP values on the parent planes, i.e.,
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FIP™ = FIR +FIR (54)

andthe value of b

int ?

which captures the influence of the diameter of the current band

length on the propagation life, i.e.,

Dst

int
S (55)

Here, D, is the length of the band currently being evaluated dagf{ds the mean grain
diameter of the microstructure used for constitutive model calibration. Assuming the
same variance inFIP™as FIP?during the cracking of the band, the life of the

intermediate plane can be determined through analytical integration of the crack growth

rate, i.e.,
m_da" e 1 & \F %
N t =N -N istor é—tanh — N istor
|msc (I;]d_NmSC history é\/@ ég:) (‘2 % history (56)

wherec, andc, are constants defined according to
q:f(A( BEIP™ { \BIR +/R)) -Cmn)
FoA( B FIP"+( ,BIR + ,R)) (57)
()

Once the life of the intermediate plane has been determined, the calculation is repeated

C2:

for each grain that contains elements in contact with the crack. The band formed by the
intermediate plane with the minimum life is then selected as the crack priopagat
volume. Note that this approach reduces to the same formulation employed in the Stage |

algorithm if only one slip system is active in the candidate grain to crack.
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4.7: Implementation

The introduction of crack propagation through volumes that were natefireed
before the start of the simulation adds significant complexities to the implementation of
the algorithms developed by Castelluc¢l}. Previously, the code was implemented
primarily in the ABAQUS User External Database subroutine (UEXTERNALDB) with
minor modifications to the UMAT to allow information to pass between the two
subroutines and to handiegradation of the elastic stiffness tensor. Both the UMAT and
UEXTERNALDB subroutines are written in the Fortran 95 programming language,
which requires that all variables have -(dexlared types and that all arrays are
dimensioned before use. This fea&unakes programs written in Fortran computationally
efficient, but can be cumbersome when dealing with large numbers of lists with variable
guantities of members (bands of elements for instance).

Thereforethe portions of the code handling FIP averagiifig determination and
selecting the cracked elements were moved to a separate program written in Python
[105. The features of the python language make it easier to hartuteary bands of
elements using thesli or dictionary data structureOther advantages of writing this
portion of the code in Python are numerous and include increased ease of debugging,
increased readability of the code, amdarge library of buiin modules that simplify
tasks such agging code execution and file /0 operations. Additionally, the python
subprogram allows forthe ability to run the fatigue life calculations outside of the
ABAQUS environment.This means that once a simulation has been completed, the
fatigue algorithmscan be reaun using the FIP data generated during cycling (which

remains valid as long as the predicted crack path remains the same) in order to rapidly
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assess the impact of changes of particular variables or the fatigue algonthdebug
the code afteintroducing modifications.

The UEXTERNALDB subroutine retains the task of calculating FIPs and is
responsible for calling the Python splbgram. The flow of the UEXTERNALDB is
shown in Figure 55. Once the UEXTERNALDB is called by ABAQUS after the
completion of a loading increment, its first task is to read the arrays containing the shear
strains and normal stresses for each element and slip system, which are stored in the

COMMONBLOCK. Using thesevalues, the cyclic plastic strain range over the current

cycle is calculated and then used to evaluatd=tRé values for all elements in the mesh.
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Figure 55. Flow chart illustrating the functionality of the UEXTERNALDB.

When the increment completed prior to the UEXTERNALDB call corresponds to the end
of a cycle, the UEXTERNALDB checks if the fatigue life must be calculated on after this
particular cycle. If true, thé=IP? values forall elements in the mesh are written to a file
and then the UEXTERNALDB calls the sgpbogram implemented in Python and waits
for it to complete the calculation of the fatigue life. One the Python program has finished,

the UEXTERNALDB reads in the list ofracked elements and crack plane normal
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vectors and stores them in the COMMONBLOCK. When the storage of the variables is
complete or if the fatigue life does not have to be evaluated on this call, the
UEXTERNALDB returns control to ABAQUS.

The functionally of the Python suiprogram called from the UEXTERNALDB is
illustrated inFigure56. First, the program reads the FIP values for each element pnd sl
system that were stored in a text file by the UEXTERNALDB and begins the task of
averaging the FIP values by band. Once the band averaged FIPs are obtained, the Python
script calculates either the nucleation life in all grains (according to3&gor the MSC
propagation life (according to Bg56 if the Stage Il model is active or B43 if the
Stage | model is actiyeof bands adjacent to the crack, depending on how far the
simulation has progressed. The band with the minimum life is then set as cracked, and the
list of elements within this band and normal vectors of the crack are appended to a text
file in the simuléion folder. Python then exits and returns control to the
UEXTERNALDB, which reads in the list of cracked elements and the crack normal

vectors.
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Figure 56. Flow chart illustrating the steps completed by the python suiprogram after
being called by the UEXTERNALDB.

Additional information regarding the implementation of the fatigue algorithms in the

UEXTERNALBD and Python suprogram is available in Appendix A.
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In order to illustrate the progression of a typical fatigue simulaga?2D example
is presented irFigure 57. The hypothetical microstructure consists of 8 grains, and 3
grains are cracked over the course of the sitiwlaA total of 17 loading steps and 8
complete computational cycles are applied, with the nucleation life of the hypothetical
microstructure calculated after thd omplete cycle and the MSC propagation life of the
2" and 3 grain to crack calculatesfter 8" and 7' computational cycle, respectively. In

this example, loading is uniaxial with a 0.4% applied strain amplitude gndIR
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Figure 57. An example of crack propagation in a 2D microstructure, illustrating the crak

path, applied loading, and damage.

The damage of each cracked band over the course of the simulation is also shown, with
the line color corresponding to the coloration of the parent grain containing the band that
cracks. At the beginning of the simutat all bands within the mesh are undamaged.

Then, at the end of thé®3omputational cycle (end of"7oading step), the nucleation
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life is evaluated and the band with minimum life (within the light red grain) is cracked.

At this point, the crack planis in tension, so the damage is ramped up to its maximum
value of 0.99. As the"8loading step progress the damage normal to cracked plane in the
red grain becomes compressive and the damage is ramped back down to O to restore the
stiffness of the elementhis process repeats until the end of the example. The second
grain to crack (light green) has damage applied after tflecgdle (corresponding to
MSC1) and in this example the stress normal to the crack plane remains tensile
throughout the loading cle Thus, once damage is applied in this band there is no
recovery of stiffness. Life of the third grain to crack (orange) is evaluated after cycle 7,
and the damage varies from 0 to 0.99 in the same way as the first band to crack as the

stress normal tdhe crack plane varies from compressive to tensile.

4.8 Conclusions

This Chapter addressed the theoretical and computational basis of the algorithms
employed in this research to model the nucleation and propagation of microstructurally
small fatigue cracks Stages | and Il. The calculation of FiRas presented, along with
the FIP to @CTD relation that allows FIP
growth rate. The mesh generator was also introduced, along withytallographically
based aveging bands.

In the Stage | focused implementation of Castelluccio diystallographicallybased

bands served as both the FIP averaging and crack propagation volumes. To enable the
model to capture Stage Il fatigue crack growth, the concept of an intatsn@tane of
elements was introduced. The driving force on this intermediate plane is a function of the

two nonrcoplanar, crystallographic parent bands with the highest band averaged FIP
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values. The intermediate plane contains the line of intersectithredivo parent planes,

and its orientation depends on the relative magnitudes of the band averaged FIPs on those
same planes. This formulation reduces to the Stage | model of Castelluccio if only one
slip system is active in the grain being evaluated, eetdins the same mesoscale
approach where damage is applied to planar bands containing multiple elements rather
than on an elememity-element basis. Additionally, the implementation of these

algorithms in the ABAQUS UEXTERNALDB and Python splbgram wasliscussed.
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CHAPTER 5: APPLICATION OF THE MESOSCALE MODEL TO

AL 7075T6

5.1 Introduction

This chapter presents the results obtained using the mesoscale fatigue model to
evaluate fatigue crack nucleation and microstructurally small fatigue crack growth
behavior in AI7075T6. The chapter begins by introducing the boundary and loading
conditions applied to the meshes. Next, the calibration of the fatigue model constants for
Al 7075T6 is presented. The remainder of the chapter focuses on the results obtained
with the faigue model, including:

1 Results under uniaxial loading and shear loading at different applied strain
amplitudes and applied strain ratios, which are compared to experimental data.

1 Comparison of results obtained using the Stage | and Stage |l fatiguichatgor

1 Comparison of fatigue simulation results obtained using the three constitutive
model variants introduced in Chapter 3.

9 Simulations are conducted to assess the effdctrofthe FIP parameter.

1 Simulations conducted to evaluate the effects of rdesisity, simulation volume,

and choice of band width.

The chapter concludes by summarizing the results and describing the key findings of this

work.
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5.2Meshes and Boundary Conditions

The majority of the simulations performedtims chapter where conducteding
a voxellated polycrystalline mesh with a cubic geomeitng 60 um side lengthsThe
volume was meshed with5um elementsfor a total of 13,824 element#\ mean grain
size of 14um was used, and each of the 10 microstructural instantiationsedreat
contained 150 randomly oriented grains. The few modified mesh configurations that were
used to investigate the effects of meshing on the fatigue results are described in detail in
the section that presents those results.

The boundary conditions emplaydor uniaxial loading and shear loading are
illustrated schematically irFigure 58. Uniaxial loading is modeled by prescribing
displacements to atlodes on the top XZ fac& £60 um in the Figure58 exampl@ in the
X-direction and holding all nodes on the bottom XZ f¢e0 um in the Figure 58
example fixed in the Xdirection. Additionally, in order to prevent rigid body motion the
following nodal boundary conditions are enforced:

1 The origin at (0, 0, 0) is fixed to have zero displacement in all directions.
1 The vertex node at (1, 0, 0) is fixed to have zero displacement irdhvecion.

1 The vertex node at (0, 0, 1) is fixed to have zero displacement indirection.

These condions prevent rotation or translation of the mesh, but allow for contraction or
expansion of the positive YZ face in theditection and of the positive XY face in the Z
direction. Hence, the sides are effectively tracfime. Smple shear loading was
modeled by applying a relative displacement to the nodes iXZkplane face of the
mesh (at Y=0 um and Y#6um for the meshes Figure58) in the Y-direction. In this

case, periodidoundary conditions were enforced the YZ faces, requiring that the
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differenceof displacements for opposing nodes is zer¥,itY, and Z Additionally, the
same nodal boundary conditions used to prevent rigid bodyoman the uniaxial

simulations were employed for simulations conducted under simple shear.

PTrereeres

X X

Figure 58. Diagram of uniaxial boundary conditions (left) and shear boundary conditions
(right) used in the fatigue simulations.

Note that the boundary conditions of the fatigue simulations differ from those of the
simulations used to evaluate the constitutive response of the material, which employed
3D periodic boundary conditions. In contrast, for the loaded uniaxially fatigue
simulations there is no enforced periodicity. For all the simulations conducted in this

research the loading is applied qusisitically at a strain rate of approximately 1X&3.

5.2.1 Definition of Equivalent Shear Strain Amplitude

To compare results betweasimulations conducted under uniaxial tension

compression and shear loading, the equivalargxial,nominal strairamplitude €,)

was defined for nominally elastic loading conditions as
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(58)

Ko
I
S

for uniaxial loading, and as

8= g +) (59)

a

for shear loadingThe value ofthe elastcPoi ssonédés rati o was
commonly reported for aluminuifid07]. In the remainder of this chapteny references
to the applied strain amplitude anaderstood to be in terms of the equivalent uniaxial

strain amplitude unless otherwise noted.

5.3 Calibration of the Fatigue Constants

Fatigue crack nucleation and MSC propagation data can be difficult to find in the
open literature, particularly under Wiag conditions of interest. The data that are
published in the open literature are typically limited to a small number of cracks due to
the time and labofintensive nature of collecting such data, and the associated conflicting
requirements of resolutioand field of view. The experimental data chosen to calibrate
the fatigue model were obtained bpkaji et al.[56], who investigated the effects of
applied stress ratio and amplitude on MSC crack growth in Al -A®/5The
experimental data ohterest verecollectedunder R=1, Umax= 270 MPauniaxial stress
controlled cyclic loading, with a stress concentration factor of 1.02 in the shallow notch
where cracks were observed to form. The equivalent statrolled loadingconditions
for the smulations was calculated by dividing theoduct ofpeaknominalstresswith the
stress concentration factd75.4 MPa by the elastic modulus from simulations used to
fit the constitutive model (6%Pa). Simulations were conducted on smooth specimens

under fully reversed (= -1), uniaxial straircontrolled cycling at a strain amplitude of
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04% to match the experimental cotiohs usedby Tokaji et al.[56]. A total of 10
simulations, each with a different microstructural instantiation (14 pm rgean size)
were conducted, and RiRalues for each of the first eight grains to crack are summarized

by a boxandwhisker plot inFigure59.

0.0006

0.0005

0.0004

FIP,

0.0003 A

0.0002 -
0.0001 l i i ;
=
00000 T T T T T T T T
1 2 3 4 5 6 7 8

it grain to crack

Figure 59. Box-and-whisker plot of the initial FIP value in the first 8 grains to crack across
10 instantiations, under R=-1 , ,= 0.4% uniaxial strain controlled cycling. Simulations
were conducting using material model OW44.

Note that inFigure59 two different forms of the initial FIP at the onset ochak growth

in each grain, FIF are employed: in the first grain to crack fifcalculated based on a
single slip system, FH? whereas in subsequent grains to crack Etffresponds to the
FIP on the intermediate plane, which is a sum of the contrimifiom the FIPvalues

on the parent planesThe number of cycles to nucleate a crack is correlated to
experiment al d g twhich s ya mpaaureaofmmecleamical Wreversibility

during the nucl eatgyEygm36eanlmecearsaisged infodhe ®rent i mat e
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a =N L
g nuc:(FIPa)—Z’ (60)

where ¢, is the size of the current grain plus a contribution of the neighboring grain that
depends on the misorientation between the two graitisough the nucleation lives of

the cracks considered blokaji et al.[56] are not explicitly given, it is possible to
estimate the cycles required to crack the first grain using data for crack surface length vs.
cycle ratio (N/N) where the numbeof cycles to failure (N is known for that loading

condition. These data are plottedHigure60.
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Crack Length (um)
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Figure 60. Crack length vs. cycles based on experimental data frorfb6] at an

equivalent strain amplitude of 0.4% and under fully reversed, uniaxial loading
conditions.

The dashed line ifrigure60 is drawn at a crack length of 14n, corresponding to the
mean grain size in both the simulations and the experiments they emulate. From the

intersection of this line with the crack growth data in the Figure, the life to grow the crack
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to a length of approximately 1 grain size (the nuabeatife) is computed to be 5,670
cycles. While this is certainly a rough approximation, in absence of better data it provides
an acceptable order of magnitude estimate for the number of cycles required to nucleate a
crack under the loading conditions cmesed. The maximum F§n the nucleant grain

for the simulations considered was 6.072%{6orresponding to the™grain to crack in
Figure’59). Using these values and assuming that the crack nucleates in a grain of mean
diameter with no influence from lomisorientation neighborg&gn. 60 yields a value for

fJg of 2.9x10" pm-cycles.Overall, the effect of accounting for lemisorientation neighboris

insignificant in comparison to the uncertainty tlaisesfrom having only a single data point

availablewith which to estimatea value forl, , and thus it is a reasonable assumption to
neglect the influence of these neighbors. Of course, this estimate can certainly be refined
as more highly resolved and detailed data become available regarding nucleation,
particularly as related to cracks forrgiat nonmetallic particles.

A similar approach can be employed to estimate the parameters controlling the
rate of crack propagation using the Stage Il crack propagation algorithm. The parameter
of interest isA, which relates thednd averaged FIP value to tiTD throughEgn.

32. The parameteA can be estimated by assuming:
1 b =1, simulations conducted for RRI0And coppef2] suggest that the FIP
scales nearly linearly witho)CTD, but thismustbe validated for Al 70796 in

future work.

T b = 1, obtaine r‘ffisbeg{ualelaosthemnma’nmagrd;y(r_’L4r1u:mi)of

propagating cracks in the simulations conducted té fit

T oC Ty 2.86x10" um, the Burgers vector for pure FCC [RL)].
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1 FIPY= 1.93%10*, the maximum FIP in the" grain to crack.
1 £ =0.35 following arguments by Xue et f22] and McDowell et al[24].

1 E: 2.14x10° pm/cycle, the crack growth rate reported by Tokaiji et al. for the

dN

simulated loading conditiorfer a crack length of approximately jun.

These assumptions result in an estimated valud = 33.1. This methodology for
estimating the fatigue parameters differs somewhat from that of Castel[@cmho
conducted simulations using meshes with an explicit crack in orddatam the relation
between DCTD and banehveraged FIP for th&R1000constitutive modellt should

also be noted that this calibration is for the Stage tigka model coupled with the
OW44 constitutive model, and will be referred to as Calibration A. Previously, fitting of
the fatigue constants was done using the Stage | fatigue model coupled with the G31
constitutive model, referred to as Calibration B.sThider calibration employed d

value of6x10° um-cycles and anAvalue of 22.4, which were obtained using the same
methodology employed to generate Calibration A. In general for the results presented in
this chapter, the Stagl simulations employ Calibration A, whilehé comparative
simulations illustrating the differences between the fatigue results obtained using
different versions of the constitutive model employ Calibration B, unless otherwise
noted. The calibration of the model is validated by comparing simulasett growth

rates to the experimental data of Tokaji ef%6] and the experimental data of Zhao and
Jiang[10§, which are presented in within the next section of this chaptBigure 62

andFigure65, respectively.
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5.4: Stage Il Fatigue Algorithm Results

This Section presents results froatidue simulations conducted using the Stage
Il algorithm coupled with the OW4donstitutive model version to assess the response to
cyclic uniaxial or shearloading. All simulations presented in this section employed a
cubic mesh with 6Qum sides, 2.5um elements, and lj4m equiaxed grains with random

orientation, which are disiss@ in detail in Section 5.2.

5.4.1Cyclic Uniaxial Results

For the set of uniaxial simulationsur different applied stain amplitudes were
considered0.2%, 0.3%, 0.4% and 0.5%. Simulations were conducted at applied strain
ratios of-1 and 0.5, and 10 microgttural instantiations were evaluated under each
loading, for a total of 60 uniaxial simulations. In each simulation, 20 complete
computational loading cycles were applied, and 8 grains were allowed to crack before the
simulation was terminatedtigure 61 is a semilog plot of crack length vs. cycles for

uniaxial simulations conducteuth fully reversed straining conditions (R -1).
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Figure 61 Crack growth under uniaxial, fully reversed loading at various strain
ampl i t,m0R2%,9.3%,0.4% and 0.5%.

The results shown iRigure61 agree with expectations; higher applied strain amplitudes
produce shorter fatiguéves. One interesting aspect &igure 61 is that the cycle
increment of propagation over a grain is longer at smaller applied strain amplitudes, i.e.,
within a given grain, bands containing more elements are cracked preferentially as the
applied strain is duced. This effect is visible iRigure61 as an increase in crack length
after the crack has propagated through 8 grains from the highest to |pwkst a&train
amplitudes. Examining the data for simulations conducted at 0.5% applied strain (shown
in magenta) wealculatethat theaveragecracklengthhas reached approximate89 pum

by the end of the simulation when 8 grains have cracked. In coritrastveragecrack
lengthfor simulations conducted at a strain amplitude @#®has reachefl9 um by the

end of the simulation, despite cracking the same number of grains. The results for the
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0.3% and0.4% strain amplitude cases lie in the middle, vaitleragecrack lengtls of
approximately74 um and 723um, respectivelyafter cracking 8 grains.

The crack propagation rate in simulations conducted under fully reversed,
uniaxial staiacontrolled loading at 0.4% applied strain amplitude can be compared to the
crack growth rate data obtained by Tokaji et[&6] under equivalent stres®ntrolled
cyclic loading. For the simulations, the crack propagation rate is calculated according to

the secant method given in ASTM EGADY where

%: a,-a,
dN"N- N, (61)

The secant methodology wassed over the more traditionally employed
incremental polynomial approach for two reasons. The first is small quantity/difl d
data produced for each crack: if a total of 8 grains cracked during a simulation, only 7
da/dN data points are produced using teecant method. Applying an incremental
polynomial would lead to a large reduction in the data available for consideration.
Second, in the MSC propagation regime any smoothing introduced by polynomial or
averaging based approaches can obscure the viyiahitoduced by the interaction of
the crack tip with the microstructuf@10, 111], which is the behavior of interest in this
research.

The experimentally measured crack growth rate data of Tokaji eegllaited on
a loglog scale inFigure 62, along with the simulated crack growth rate data calculated
by the secant method. The methodology used to determine the experimental values of

da/dN was not mentioned in the paper published bkaji et al.
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Figure 62. Comparison of crack growth rate data from uniaxial simulations to the
experimental data of Tokaji et al.[56] at an applied strain amplitude of 0.4% and fully
reversed loading.

There is a largeafjree of scatter in the simulated crack growth ratésgare 62, with
minimum and maximum rates of crack propagation differing by more than 3 aters
magnitude. Aside from a few outliers, the average rate of crack propagation (shown by
dashed line) lies well within the experimental range observed by Tokaiji et al.

There are a few differences between the experimental data and simulated data that
mustbe discussed to understand the limitations of the comparison. The most significant is
that the experimental data are based on measurements of surface cracks at periodic
increments during the cyclic loading, while the simulated crack lengths are calagated
the square root of the area of the crack after each grain fails. This has a few important
implications. First, surface cracks may behave somewhat differently than cracks within

the interior of a specimen, appearing to arrest or retard on the surfaeearitinuing to
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propagate internally. Second, assuming a s®raular surface crack, a crack length
calculation based on the square root of the area would predict a crack length
approximately 37% shorter than the actual length of the crack along tlaeeswiff the
specimen. Experimental observations of crack length are also conducted at set intervals
and thus the crack growth rate is an average rate over the period between observations.
Therefore, any brief periods of rapid crack growth may be offsetelbpqs of slower
growth and not reflected in the collected data. Finally, the data published by Tokaji et al.
are limited, considering only the growth rate at two crack tips.

Additional simulations were performed to assess the impact of an imposed mean
strain on the uniaxially loaded meshes at applied strain amplitudes of 0.3% and 0.4%.
These simulations employed an imposed strain ratip ¢R 0.5, which produced an
equivalent stress ratio (JRof approximately 0. The results for the 0.3% and 0.4% applied
strain amplitude cases with an imposed mean strain are compared to the results at the
same applied strain amplitude but under fully regdrloading irFigure 63 and Figure

64, respectively.
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Figure 63. A comparison of dack growth under uniaxial loading at { = 0.3% and applied

strain ratios of Rg=-1 and Ry= 0.5.

The data for the 0.3% applied strain amplitude cases plottEdjure 63 show a slight
impact of the imposedhean stress/straiComparing the shortest lives to reach a crack
length of 60um for both cases, the imposed mean strain reduces number of cycles by
apprximately 11%. The reduction in the average life to reach the same crack length is
smaller, with the applied mean strain reducing the average number of cycles to a crack

length of 60um by just 8%.
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Figure 64. A comparison of dack growth under uniaxial loading at U = 0.4% and applied
strain ratios of Rg=-1 and Ry= 0.5.

The detrimental effect of the imposed mean stress/strain on the predicted fatigue lives is
significantly more pronounced for the 0.4% appliedhisat amplitde cases, plotted in
Figure 64. The shortest life to reach §dm in the presence of a mean strain is 42%
shorter than the shortest life to reach the same length under uniaxial loading conditions.
Similarly, the average number of cycles to reach a leng8® pm is reduced by 39% by
the presence of a mean strain dgraycling.

Results from the simulations conducted under uniaxial loading are compared to

experimental results obtained by Zhao and Jja0g|, shown inFigure65.
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Figure 65. Comparison of data from uniaxial fatigue simulations and uniaxial experimental
data from [10§. Results for the 0.3% and 0.4% applied axial strain amplitude cases are
shifted by +0.01% strain when R = -1 and by -0.01% strain when R, = O to increase the
clarity of the plot.

It is important to note that for the experimental ddtiadk and whitesymbolg, axial
strain amplitude is plottecgainst cycles to complete specimen failure, while for
simulationresults (aqua, blue, and jeakial strain amplitude is plotted against cycles to
grow the crack to a length of §0n. Assuming that the majoritgf the life is consumed

by nucleation and early crack growth in the low strain amplitude HCF regime, we would
expectlife to grow a crack to 6im to be comparable to the total life of the experimental
data. In the LCF regime, by contrast, we would expacteation lives to be significantly
shorter than the total lifeTherefore, inthe plot it is evident that theimulated fatigue

lives are within the correct order of magnitude for bothftlly reversed loading cases
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(Ra = -1) and the cases with an ioged mean strain/stre¢R; = 0). However, the
detrimental effect of mean stress is not as pronounced in the simulations as in the
experiments, particularly for the 0.3% applied strain amplitude caBessible

explanations for this trend are presente8ection 54.3.

5.4.2Cyclic Shear Results

Additional fatigue simulations were conducted using the Stage Il algorithm
coupled with the OW44 constitutive model version to assess the response to cyclic,
simple shear loading. Three different applied equivalentn stinplitudes were
considered: 0.3%, 0.4% and 0.5%. Simulations were conducted at applied strain ratios of
-1 and 10 microstructural instantiations were evaluated under each loading, for a total of
60 shear simulations. In each simulation, 20 complete catpoal loading cycles were
applied, and 8 grains were allowed to crack before the simulation was terminated. The
crack growth results for the shear simulations are compared to the results obtained under
the equivalent uniaxial loading at applied equinakgrain amplitudes of 0.5%, 0.4% and

0.3% inFigure66, Figure67, andFigure68, respectively.

143



Figure 66. Comparison of crack growth under uniaxial and shear loading. In both cases
loading is fully reversed and conducted at an applied equivalent strain amplitudeg,) of
0.5%.

Figure 67. Comparison of crack growth under uniaxial and shear loading. Inboth cases
loading is fully reversed and conducted at an applied equivalent strain amplitudeg,) of

0.4%.
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