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ABSTRACT
In this study, the development of fatigue failure and stress anisotropy in light weight
ductile metal alloys, specifically Al-Mg-Si aluminum alloys, was investigated. The experiments
were carried out on an extruded 6061 aluminum alloy. Reverse loading experiments were
performed up to a prestrain of 5% in both tension-followed-by-compression and compressionfollowed-by-tension. The development of isotropic and kinematic hardening and subsequent
anisotropy was indicated by the observation of the Bauschinger effect phenomenon.
Experimental results show that 6061 aluminum alloy exhibited a slight increase in the kinematic
hardening versus applied prestrain. However, the ratio of kinematic-to-isotropic hardening
remained near unity. An internal state variable (ISV) plasticity and damage model was used to
capture the evolution of the anisotropy for the as-received T6 and partially annealed conditions.
Following the stress anisotropy experiments, the same extruded 6061 aluminum alloy
was tested under fully reversing, strain-controlled low cycle fatigue at up to 2.5% strain
amplitudes and two heat treatment conditions. Observations were made of the development of
striation fields up to the point of nucleation at cracked and clustered precipitants and free
surfaces through localized precipitant slip band development. A finite element enabled
micromechanics study of fatigue damage development of local strain field in the presence of
hard phases was conducted. Both the FEA and experimental data sets were utilized in the
implementation of a multi-stage fatigue model in order to predict the microstructure response,
including fatigue nucleation and propagation contributions on the total fatigue life in AA6061.
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Good correlation between experimental and predicted results in the number of cycles to
final failure was observed. The AA6061 material maintained relatively consistent low cycle
fatigue performance despite two different heat treatments.
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INTRODUCTION
Precipitant hardened aluminum alloys make up one of the most widely utilized material
groups within the industry, both due to their ease of manufacture and excellent manufacturing
properties(W. . Miller et al. 2000). Out of these alloys, heat treatable Aluminum-MagnesiumSilicon alloys have long been a major material system for many applications due to their
versatile collection of properties that make them ideal as structural materials(Q Wang,
Kawagoishi, and Chen 2006; Ozturk et al. 2010). These properties include intermediate
mechanical strength, strong corrosion resistance, excellent strength-to-weight ratios and good
formability, which can be attributed to the presence of nano- to micro-length scale precipitants,
containing these magnesium and silicon alloying elements, in addition to the trace elements
normally seen within the matrix(Zhao 2013).
In application, the ability to understand and model the development and propagation of
plasticity damage in alloys is an important cornerstone of modern engineering and a key focus of
material research for the past two decades. The current demand for weight reduction and energy
efficiency has given rise to the increased implementation of advanced material systems, like
i

AA6061 . The growing prevalence of these materials in a wide range of industries from
automotive to architectural systems has greatly increased the need to be able to accurately and
effectually predict the overall response of the material to loading. This need is prominent in the
capture of the onset and progression of strain hardening and failure with in these material
systems.
In this work, a plasticity study of AA6061 in a T6 heat treatment condition has has been
conducted. This study is focused on both experimental characterization and modeling of
plasticity damage mechanics using an internal variable model approach. Using key
microstructure features, the evolution of damage was correlated to the development of the flow
stress anisotropy phenomena commonly referred to as the Bauschinger effect. This work also
presents fully reversing, stain-controlled fatigue experiments and scanning electron microscopy
fractographic analysis for the same 6061-T6 aluminum alloy. The derived structural properties
were implemented into a microstructural finite element model in order to capture the fatigue
crack incubation behavior due to the influence of discontinuously distributed hard precipitates.
Data generated from this analysis was implemented into a microstructural-based fatigue model.
A summary will be made of the results of the studies performed in this project.
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BACKGROUND
Bauschinger Effect
The concept of the Bauschinger effect has long been understood as being a phenomenon
of the development and evolution of long range internal stress or backstress within a solid
material matrix. With recent trends moving towards creating lightweight and high efficiency
designs, incorporating the BE in material models is vital for accurately predicting the cyclic
stress-strain response of ductile, metallic materials. From a homogeneous material perspective,
the Bauschinger effect is the occurrence of reduced flow stress during reversing of initially
applied loading, see Figure 1. In Figure 1, segment (A-B) represents the actual reversing loading
curve in compression after tension. (A-B’) is an inverted, representative curve of (A-B) to
enhance comparison between forward and reverse loading segments. Segment (A-B”) shows the
differences between the expected monotonic flow stresses and observed cyclic response under
BE.
Development of the stress flow anisotropy and therefore BE in polycrystalline metals is
closely tied the evolution of internal stress due to both static and dynamic strain histories (Kishi
and Tanabe 1973). The BE has been noted as being significantly impacted by the material’s
response to cyclic deformation through the reduction of such characteristics as; strain hardening
rate, failure stresses, and elastic limit (reverse yielding) (Tamura et al. 2011; Liao, Kao, and
Chang 1997; Liangsen and Xinghua 1999; Bate and Wilson 1986; Yoshimura and Kenkyūjo
1959; Yoshimura, Daigaku, and Kenkyjo 1959; Lloyd 1977; Kassner et al. 2008).
3

Figure 1 . Illustratio
on of the Baauschinger effect typi cally seen iin ductile m
materials.
Adapted
d from (Chu
un, Jinn, an d Lee 2002
2; Eggertsenn and Mattiiasson 20099)
In
n polycrystaalline metals, as prevalently seen inn both steelss and aluminnum alloys, grain
alignmen
nt and differrences in flo
ow-stress beetween interrgranular reegions, grainn boundariess and
second phase
p
particles act as acttive determin
nates of botth the onset of the BE aand its magnnitude
(Margoliin, Hazaveh,, and Yaguchi 1978; Riccheton, Berbbenni, and B
Berveiller 20009; Buckleyy and
Entwistlee 1956). Fin
nite element analysis (FEA) modeliing has show
wn that defoormation-indduced
anisotrop
pic behaviorr can be caaptured by consideringg a heteroggeneous patttern of the load
distributiion through the microsttructure. In fact, FEA ccan capture load transieents over a large
range of strains even
n in the pressence of lim
mited dislocaation driven strain hardeening (Gan et al.
2006). Transmission electron miicroscopy (T
TEM) observvations furthher confirm this, as the onset
of BE in nano-grain metals was shown to bee unrelated tto grain sizee, but ratherr heterogeneiity of
the micrrostructure and
a subsequ
uently load distribution (Rajagopallan et al. 2010). Dispeersion
hardened
d metallic allloys have also
a
been sh
hown to havve significannt sensitivitty to variatioon in
backstresss and its effect on kinematic
k
hardening
h
(G
Gould, Hirssch, and H
Humphreys 11974;
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Hidayetoglu, Pica, and Haworth 1985; Lloyd 1977; Ozturk et al. 2010; Reynolds and Lyons
1997), with BE amplified with increased volume fraction of particles and composites, such as
Silicon Carbine (SiC) whisker and particle reinforced aluminum (Arsenault and Wu 1987; Taya
et al. 1990; Corbin, Wilkinson, and Embury 1996). In addition, the aging state of the material is
also observed to produce a change in anisotropy behavior due to the evolution of dislocation
mechanisms, specifically Orowan Loops, around precipitates which are more readily sheared in
overaged states (Myriounis, Hasan, and Matikas 2008; Bonollo, Ceschini, and Garagnani 1997).
In recent years, research has shown that accounting for only back stresses, a foundational
component in early plasticity models, within a material is not sufficient to fully explain the
development of BE (Kassner et al. 2008; Xiang and Vlassak 2005; Yoshida and Uemori 2002).
Mechanisms such as the Orowan-Sleeswyk effect in conjunction with long-range internal
stresses generally captured the development of the BE within polycrystalline material (Kassner et
al. 2008). As such, it has become well established that dislocation theory is effective in capturing
the evolution of plasticity in polycrystalline metals. This observation was shown to be very
effective when focused on the transient effects of short range mechanisms, such as resistance to
motion or long range, including pinning and pile up at grain boundaries or precipitants (Orowan
Loops). Thus, dislocation theory is well established as a major component in the evolution of
mechanical response in metals due to their deformation history (Woolley 1953; Abel and Muir
1972; Abel 1987; O. B. Pedersen, Brown, and Stobbs 1981; Proudhon et al. 2008; Lassance et al.
2007).
At the macroscale, the observations of the BE in crystalline structured materials typically
centered on the decrease in reverse yield stress. From an engineering perspective, this effect can
be directly quantified at the macroscale by the ratio between the development of the forward and
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reverse stress. This formulation, see equation 1, is referred to as the Bauschinger Stress
Parameter (BSP) (Caceres, Griffiths, and Reiner 1996) and has been applied to various
aluminum alloys (Mark F Horstemeyer 1998; Embury 1987).
|

=

|

(1)

While the BSP can generally quantify the BE, it does not explicitly quantify the degree of
kinematic and isotropic hardening present during reverse yield loading. By using the concept of
yield surface for both the kinematic and isotropic strain hardening relationships, a ratio (RKI),
equation 2, can be used to quantify the BE:
=

∗

(2)

Where σf and σr represents the forward stress and reverse yield, respectively, and σy is the yield
strength is initial yield.
In this work, we present the results of experiments performed on an extruded 6061
aluminum alloy prestrained in both tension-followed-by compression and compression-followedby-tension. Furthermore, we capture the evolution of the BE in extruded 6061 aluminum alloys
using an internal state variable plasticity and damage model. As such, to the best of the authors’
knowledge, this is the first study focused on modeling and experimentally characterizing the BE
in an extruded 6061 aluminum alloy.
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Fatigue in Light Weight Alloys
Like many metals, the failure due to fatigue is an important aspect of material behavior
and extensive testing and a crucial component of the implementation of AA6061. The fatigue
performance of these aluminum alloys like most metallic materials is affected by both extrinsic
factors, such as thermal environment(Lipkin, Swearengen, and Karnes 1973; Srivatsan, Sriram,
and Daniels 1997; Srivatsan, Yamaguchi, and Starke 1986; Abedrabbo, Pourboghrat, and
Carsley 2006) and loading history (Myhr et al. 2004; Srivatsan, Sriram, and Daniels 1997;
Minakawa, Levan, and McEvily 1986; L. Wang et al. 1996), and intrinsic factors including grain
size and crystallographic orientations, inclusion, void formation and magnitude of damage
accumulation (Chan 2010; Caton, Jones, and Allison 2001; L. Wang et al. 1996; Levin and
Karlsson 1993; Shin and Huang 2010; Chen and Tokaji 2004; K Gall, Yang, and Horstemeyer
1999). The formation of fatigue damage within these materials has been well established as the
coordinated progression of four distinct phases “stages”, including incubation, microstructurally
small crack, physically small crack and long crack “fast fracture” growth (Suresh 1983; D.
McDowell 1997a).
Of late, this paradigm has seen extensive application in a mutli-scale and multi-stage
microstructurally sensitive fatigue model (MSF) as its central, systematic framework(M F
Horstemeyer 2010). This MSF model was originally developed to capture the fatigue behavior of
cast A356-T6 based on the intrinsic structure properties of porosity, hard silicate precipitates and
spatial orientations of these feature (D. . McDowell et al. 2003; Y. Xue, Burton, et al. 2007). The
MSF was later extended to included other cast alloys including hexagonal close pack (HCP)
oriented AE44 and AM50 magnesium (Y Xue et al. 2007; Kadiri et al. 2006). Furthermore the
model was expanded to incorporate non-porosity dominated metals, such as wrought Al-Zn-Mg
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aluminum alloys (AA7075) and AA6061-SiC metal matrix composites, where cracks initiated
from intermetallic and reinforcing particles, homogenously distributed throughout the matrix (Y.
Xue, McDowell, et al. 2007; Yibin Xue et al. 2010; McCullough et al. 2013). In addition, the
MSF model captured the performance of additive manufacturing steels, including Laser
Engineered Net Shaping (LENS™)-processed 316L steel and FC-0205 steel, where large
porosity created a limited, microstructurally small crack contribution to total fatigue life (Allison
et al. 2013; Y. Xue et al. 2010; J. B. Jordon and Horstemeyer 2014). The MSF model was also
shown to be effective in capturing the fatigue behavior of Acrylonitrile Butadiene Styrene (ABS)
Copolymer and demonstrated that the multi-stage paradigm used for metallic alloys was also
effective for polymers(Marcos Lugo et al. 2014).
The focus of the study presented in this project is to capture the mechanisms of multistage fatigue damage in Al-Mg-Si (AA6061) alloys. While a few experimental studies on the low
cycle fatigue performance of AA6061 (Brammer et al. 2012; Abood, Saleh, and Abdullah 2013)
exist to the best of the author’s knowledge, no study has yet been performed that examines the
fatigue life of AA6061 with an in-depth micromechanical study of the microstructural response
of the material through fractographic analysis and finite element simulation. The MSF model
was compared with experimental results to better understand the occurrence of fatigue within
AA6061 and establish an improved paradigm for future material process and component design
methodologies. A modified annealing treatment was utilized to introduce controlled variance in
the microstructure of the as-received material to aid in the analysis of micro-mechanical
performance within AA6061.
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EXPERIMENTS AND MATERIALS
Material Preparation
The material used in this study is a wrought Al-.1%Mg -0.7%Si aluminum alloy (AA6061) that
was received from Taber Extrusion of Arkansas, USA, as extruded rail stock in T6 heat
treatment condition. For mechanical testing a modified ASTM E606-92 cylindrical fatigue
specimen was used that incorporated a smaller gage section and increased cross-sectional area
for the purpose of eliminating the potential of buckling of the specimen during high compressive
strain loadings. The gage length and diameter of the dog-bone shaped specimens were 15 mm
and 8 mm respectively. All specimen gage sections were polished with 320 grit silicon carbide
paper along the longitudinal axis to remove radial featured and machining defects.
From literature it has been noted that aluminum alloys, specifically AA6061, can be
exposed to elevated thermal environments that significantly affect the alloy’s long-term
implementation during use, by reducing key mechanical properties (Prietto et al. 2011; Aizpuru
et al. 2005; Wilhelm et al. 2009). Therefore in order to study the mechanical and microstructural
properties of AA6061 in a thermally affected state, a specifically design heat treatment schedule
was developed with characteristics similar to an annealing treatment. For this annealing process,
a Carbolite ELF 11/23 box furnace was utilized to obtain a 316°C ambient air, thermal
environment. The temperature exposure of the AA6061 included ramp and hold times of
approximately 960 +- 10 seconds and 440 +-20 seconds. The interval between the heat treatment
and placement on cooling rack was approximately 1 minute. The specimens were cooled at
9

ambient room temperature (24.4°C) for 20 minutes. An Extech SDL200 thermocouple meter
calibrated to NIST standards was utilized to record ambient, local, and material reference
temperatures during the annealing process. For discussion purposes in this paper, the modified
annealing processed material is referred to as “annealed.”

Mechanical Characterization
Experiments Room temperature (T = 24.4°C and H = 42%) fatigue tests were carried out
on a MTS 809 Axial/Torsion servo-hydraulic load frame with a Flextest 40 control suite.
Uniaxial monotonic testing was conducted at a strain rate of 0.001/s till failure. Reversing load
tests were run at a strain rate of 0.001/s for 3.0% and 5.0% pre-strain levels in both tensionfollowed-by compression (T-C) and compression-followed-by-tension (C-T). Fatigue testing was
conducted with a load ratio of R=-1. The tests were run at 1 Hz for strain amplitudes between
2.5% to 0.7% and 5 Hz for strain amplitudes, from 0.7% to 0.3%. When cycle count reached
20,000, the material was assumed to be cyclically stable and the testing was continued in load
control based on the last peak/valley load reading and run at 20 Hz to final failure. Testing was
stopped when the final failure of the specimen was reached, which for this study was defined as a
50% drop in peak load during the test, as recommended by ASTM Standard E.606. All strain
values were measured using a MTS 634.31E-25 extensometer with a 12.7 mm gage length.

Microstructure Characterization
In order to capture the characteristics of the AA6061 microstructure of optical and
electron microscopy techniques were used. All cross-sectional specimens were mounted using a
cold mount resin and polished using a diamond suspension down to 0.5 microns, with final
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polishing consisting of 50 nanometer colloidal silica. The samples were then ultrasonically
cleaned in ethanol to remove clinging polishing particulates. An etching technique after
(Mohammadtaheri 2012) was utilized in order to produce highly contrasted grain boundaries and
precipitate sites. The first step was composed of pre-etching for 30 seconds in a solution of 1 g
NaCl in 50 mL of H3PO4. Step two included etching for 6 seconds with Weck’s reagent (1 g
NaOH and 4 g KMnO4 in 100 mL of H2O). The entire etching process was conducted at room
temperature and the specimens were regularly cleaned with critical detergent to remove excess
solution from the etched surface.
For optical imaging, a Keyence VHX-2000 Digital microscope with a VH-Z100 lens was
employed. For high magnification electron imaging, a JEOL 7000 series field emission scanning
electron microscope equipped with an Oxford X-Max Silicon Drift EDS Detector was employed.
For crystallographic analysis, an Oxford Scientific NordlysNano Electron Back-Scatter
Diffraction device was used to measure the microstructure and grain texture of both as-received
and annealed condition. Electron backscatter diffraction (EBSD) was employed to capture the
change in microstructure due to the annealing schedule implemented in this study. The surface
was scanned using a very low magnification to maximize the capture of a large surface area. A
2.5 micron step size and 25kv source voltage was employed. Area of analysis was 1.8 mm by
1.25 mm to capture macroscale grain distribution and maximize grain population. EBSD surface
scans were taken at distances of 2 mm from the surface of the specimen to capture both
subsurface and core (central) microstructure.
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COMPUTATIONAL MODEL
ISV Plasticity Damage Model
An internal state variable plasticity-damage model developed by Bammann and CoWorkers (D. Bammann and Aifantis 1989) has shown good correlation in capturing the evolution
of plasticity due to the response of the microstructure of ductile metallic alloys under macroscale
mechanical loading. For discussion purposes, we refer to Bammann and co-Workers’ internal
state variable plasticity-damage model as simply the “ISV” model. To improve the ISV model’s
effectiveness, modifications have been made that account for microstructure damage evolution
through crack and/or void nucleation and growth, as well as coalescence of voids (M.
Horstemeyer and Gokhale 1999; M.F. Horstemeyer et al. 2000; Tucker et al. 2010) for types of
metals, under various loading conditions (M F Horstemeyer 2001; QG Wang 2004) (M F
Horstemeyer 2001; QG Wang 2004).
The ISV model itself is a physically motivated constitutive model. This model captures
the Bauschinger effect through the inclusion of the kinematic and isotropic hardening and
recovery components and damage (arising from cracked or debonded particles) (M. F.
Horstemeyer and Ramaswamy 2000). The ISV model has been used to capture the Bauschinger
effect in steel (M. Miller 1999) and in cast and rolled aluminum alloys (J.B. Jordon et al. 2007).
Furthermore, the ISV model captured the stress state dependence in multiphase, fiber reinforced
aluminum composite (Tang et al. 2012). Regarding AA6061, damage is primarily governed by
growth and coalescence of micro voids (Agarwal and Gokhale 2003) and thus, the degradation
12

on the flow stress from this type of damage is explicitly captured by the ISV model. The ISV
model used in this study has been correlated to experimental results using a non-linear, leastsquare technique fitting both strain rate and temperature dependence (Guo, Wen, and
Horstemeyer 2005).
While the early versions of the ISV are described in detail elsewhere (Douglas J.
Bammann 1990; D.J. Bammann et al. 1993), a complete description of the current configuration
of the model is give. The kinematics of the ISV model are based on the multiplicative
decomposition of the deformation gradient into elastic, plastic and damage components.
=

(3)

As such, other kinematic quantities exists and can be defined with respect to any possible
configuration via standard push forward, pull back of any of the configurations operations. To
illustrate this, the velocity gradient can be decomposed into the current configuration with the
following additive components:
=
where,

+

+

(4)

is the elastic velocity gradient defined with respect to the current

=

configuration,

+

=

respect to the configuration

is the velocity gradient associated with damage and is defined with
, while

=

is the plastic velocity gradient residing in the

configuration defined with respect to Fp . It is important to note that total strain or velocity
gradient is simply the sum of the elastic damage and plastic parts, where each is defined by the
appropriate pull-back operation. As such, the ISV model is defined with respect to Fp the
configuration, which is the configuration that is reached by the unloading through the elastic and
damage configurations. Next, the Helmholtz free energy is described as a function of the elastic
strain, where it is assumed that the free energy takes the form of a quadratic function of the
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elastic strain. This leads to the Hooke’s law formulation, which after taking the material
derivative and pushing forward to the current configuration, produces an expression for the linear
elasticity in the current configuration. The Cauchy stress equation, shown in Equation 5,
describes total deformation (D), where Equation 6 expresses the elastic deformation (

) in

terms of total and elastic components.
= (1 − ) (

) + 2 (1 − )
=

The flow stress rule (

−

(5)

−

(6)

), is described in terms of deviatoric Cauchy stress ( ′) and the

tensor variable ( ′):
=

( )

ℎ

( )(
( )(

)

)
|

|

(7)

Where the kinematic ( ) and isotropic (R) internal state variables are given in Equation 8 and 9,
respectively. As represented in these equations, the evolution of the kinematic and isotropic
internal state variables is described by a hardening minus recovery component. The capturing of
the BE by the ISV model is largely related to the hardening minus recovery formulation. In fact
the internal state variables are motivated by dislocation mechanics. The isotropic hardening
internal state variable is motivated by statistically stored dislocations (SSD) densities that are
typically created and stored in the grain. On the other hand, the kinematic hardening internal
state variable is motivated by what is known as geometrically necessary dislocations (GND).
These dislocations exist to restore the compatibility at the grain boundaries. Dislocations of the
same sign that accumulate against a boundary are also represented as GNDs and their motion
under load reversal gives rise to an apparent softening or a BE.
= ℎ( )

−

( )‖

‖ + ( )] ‖ ‖
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(8)

=

( )‖

‖−

( )‖

‖+

( )

(9)

The evolution of damage is described by a damage parameter, ϕ, where the deformation
( ) as a function of void nucleation, growth, and coalescence, with equations 10-13 representing
the constitutive components for particle sourced void (ϕparticle ) nucleation rate (η) and growth
rate ( ), as well as growth from pre-existing void growth rate (ϕpore ) and void coalescence rate
( ) (M. Horstemeyer and Gokhale 1999).
=

=‖
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√
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=
=
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=
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=
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) √
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‖

(12)

‖

(13)

)
ℎ

∗( ( )⁄ ( ) )
( ( )⁄ ( ) )

(14)
‖

‖

(15)

The damage equations capture the nucleation in terms of de-cohesion of the material
matrix or particle fracture. In addition, the model allows void growth to occur at different sides
of the cracked or de-bonded particle with the size of the newly initiated void assumed to be the
size of a second phase particle. Finally, the void coalescence is added to the model to capture the
event of multiple voids growing together and joining and eventually resulting in ductile failure.
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The model parameters V, Y, H, Rd, Rs, h,rd,rs, are functions of temperature, stress state
and strain rate and are correlated from experiments, as shown in Table 1, where
=

(

)

and deviatoric stress tensor

=

−

=

(

)

.

Table 1. Relationship functions for ISV plasticity model
Equation
Magnitude of Rate Sensitivity

( )=

Rate-Dependent Yield Stress

( )=

Rate-Sensitivity Impact on Yield Stress

( )=

Anisotropic (Kinematic) Dynamic Recovery

( )=

Anisotropic (Kinematic) Hardening Modulus
Anisotropic (Kinematic) Diffusion-controlled Static
Recovery

ℎ( ) =
( )=

Isotropic Dynamic Recovery

( )=

Isotropic Hardening Modulus

( )=

Isotropic Diffusion-controlled Static Recovery

( )=
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Unit
MPa
MPa
1/S
1/MPa
MPa
1/(MPa*S)
1/MPa
MPa
MPa/S

,

Multi-Stage Fatigue Model
Stages of Fatigue Damage
Proposed by McDowell et al (D. McDowell 1997a; D. McDowell 1997b) to analyze the
fatigue performance of a cast aluminum alloy A356, the MSF model has since been adapted and
expanded by a range of contributors, in order to model a wide range of material systems
engineered through the use of various methodologies(Y. Xue, McDowell, et al. 2007; J.B. Jordon
et al. 2011; J B Jordon, Gibson, and Horstemeyer 2011; Allison et al. 2013; Rettberg et al. 2012;
M. Lugo et al. 2013). The multi-stage approach of the following experimentally observed stages
of fatigue damage: (i) crack incubation, (ii) growth of micro structurally small crack (MSC), (iii)
growth of physically small crack (PSC), and (iv) long crack growth. The summation of these
results in the total number of cycles to failure given by:
=

+

+

(16)

Where NInc represents the incubation life contribution in number of cycles of a crack
incubated at the root of a microscopic notch, assumed to compose of two phases: first, the
nucleation of a crack-like defect, and second, the early stages of propagation of the defect
through the influence zone at the tip/root of the microscopic notch. The NMSC/PSC is the sum total
of the two stages composing of the development of small cracks out of the micro-notch root
influence zone and up to a physically significant scale. NMSC represents the number of cycles
required for propagation of a microstructurally small crack; NPSC is the number of cycles
required for propagation of a physically small crack (PSC). The final stage of crack propagation
is represented by NLC, which is the number of cycles required for propagation of the long crack
to final failure.
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Crack initiation (INC) essentially involves crack nucleation, plus a minimal level of small
crack growth at the root of a microscopic notch, such as formed at an inclusion (ai). This small
crack is assumed to be on the order of one-half the diameter of the sourced inclusion. Small
crack growth (MSC) comprises the propagation of microstructurally small cracks having a length
range of ai, with ai< a <k (MS). In this expression, the MS is the characteristic length scale of
interaction with the concerned microstructural (MS) feature, often, the smallest grain size, and k
is a constant and in the range between one and three. The range of a physically small crack
(PSC) consists of propagation of the crack in the interval k (MS) < a < O (10 MS). The
magnitude of the PSC depends on both morphology of the microstructural inclusion, and texture
of the matrix. Due to these synergistic effects, the regime of PSC can extend anywhere from 300
µm to 2-3 mm in length.

Crack Incubation
As shown in equation 1, the initial phase of crack incubation is the number of cycles
(Ninc) till the onset of fatigue crack. There, incubation of a crack within the microstructure of the
material is characterized by the incident of microscopic notch centric, cyclic fatigue damage. To
capture the onset of this damage at the root of the micro-notch, the model employees a modified
Coffin-Manson law optimized for micro scale interactions.
=
In Equation 17,

∆

∗

=

=

[

−

]

(17)

and α represent the linear and exponentia l (D. . McDowell et al.

2003) coefficients in the modified Coffin-Manson law for crack incubation, β represents a
nonlocal parameter that defines the damage around an inclusion.

∆

∗

is the local average

maximum plastic shear strain amplitude. εa is the remote applied strain amplitude and εth is the
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microplasticity strain threshold. The localized plastic region developed around an inclusion is
expressed by the ratio l/D, where D is the size of the inclusion at which the initiation of a fatigue
crack is favored to occur and l represents the nominal linear dimension of the plastic zone
generated in front of the inclusion. Simplified, the ratio l/D can be defined as the square root of
the ratio of area of the developed plastic zone to total area of the suspended inclusion.
The final segment of the incubation portion of the MSF model is focused on the evolution
of the strain field away from the inclusion. The plasticity field that develops at the root of the
micro-notch eventually saturates and the limiting ratio (

), indicates the transition from the

initial state of constrained plasticity to unconstrained (non-linear) plasticity under the influence
of the remote applied strain amplitude (J.B. Jordon et al. 2011). To correlate the development of
local plastic shear strain to remote applied strain, the parameter Y is taken to be
(1 + ) ∗

=

=

+

, where R is the load ratio, and y1 and y2 are model constants related to remote

applied strain translation local plastic shear strain. Furthermore, when / reaches its
limit

≤ 1 , the parameter

<

1+ ∗

is modified to include the geometric effect,

=

.

The term

is a relationship that integrates experimentally observed microstructure

properties into the incubation parameter, which increases model sensitivity to variance
microstructure. This expression

MPS 2
(NND)(GS)

γ

, is a function of namely the maximum particle size

(MPS), nearest neighbor distance (NND) and grain size (GS), as well as , a sensitivity exponent
(J.B. Jordon et al. 2009). As stated previously, l/D is a, expression that defines the local plastic
zone, which in turn is correlated to remote strain The correlation of the size of the plastic zone
with respect to remote strain amplitude is calculated using the nonlocal plastic shear strain:
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=
= 1 − (1 −

〉

〈

,

)

≤
,

(18)
>

(19)

In this expression, r is the shape constant for the transition to limited plasticity (Hayhurst,
Leckie, and McDow 1985; Brown et al. 2007). In this study, the microplasticity constants
representing the strain threshold εth and percolation limits εper, were determined through
micromechanical simulations. It has also been seen in literature(Y. Xue, McDowell, et al. 2007)
that these two values can also be captured using standard endurance limit calculations, where
=

.

and

=

.

respectively and Sut is ultimate tensile strength, σycyclic is the

stabilized cyclic yield strength and E is the elastic modulus.

Small Crack
Once the localized plastic zone has saturated, the crack begins to travel through the
material matrix, forming the next phase of fatigue damage. In MSF, this growth is modeled
through the concept of crack tip displacement(Δ

), which is used to account for growth in

both the microstructurally small and physically small crack regimes. The term Δ

can be

expressed to account for varying degrees of contribution of high cycle fatigue (ii) and low cycle
fatigue (i) regimes, depending on the remotely applied strain amplitude. In high cycle fatigue the
crack tip displacement is correlated to the length of the crack and the applied stress
amplitude(

). Subsequently in low cycle fatigue, CTD is proportional to the macroscopic shear

strain range. Equation 20 represents the governing crack growth law as a function of CTD:
= (∆

),

−∆
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= 0.625

(20)

Where χ is a constant related to the crack propagation rate within the microstructure,
which is of the range between zero and unity typically residing between .33 and .5. For
aluminum alloys this value has been taken to be 0.35 (D. . McDowell et al. 2003). Burger’s
vector for pure FCC aluminum (∆CTDth =2.85*10-4 μm) was used to define the threshold value
for crack tip displacement. The ai is the initial crack length as a function of inclusion size.
Equation 6 defines Δ
∆

as a function of remote applied loading:
∆

=

∆

+

(21)

Where the constants C and C are material dependent parameters for capturing the
effects of microstructure on the microstructurally small crack growth in low cycle and high cycle
fatigue regimes respectively. The term ∆ is given as ∆ = 2
uniaxial effective stress amplitude

∆

∆

,Δ

+ (1 − )∆ , where

is the

is the maximum principal stress range and

is the path dependent loading parameter (Kumai, King, and Knott 1990), where 0 ≤
The effect of loading ratio is account for in the parameter

=

≤ 1.

. The ΔCTD equation is also

sensitive to the effect of grain size on small crack growth through the ratio

, where GS0

is the reference grain size, GS is the specific grain size, and ω is a material constant (Y. Xue,
McDowell, et al. 2007).

Long Crack
The MSF model can capture damage from long crack growth through classical linear
elastic fracture mechanics approach or be coupled with more complex fracture mechanics models
like Fastran (Newman 1995). However, while long crack growth is an integral part of failure, the
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contribution of long crack to fatigue life is limited in ductile metals, such as aluminums, as it
typically occurs at millimeter length scales within the material (D. . McDowell et al. 2003).
Therefore, the MSF model in the scope of this study will only be utilized to account for the
incubation and small crack stages of fatigue in conformance with literature (Rettberg et al. 2012;
J.B. Jordon et al. 2011; J.B. Jordon et al. 2009), where these two stages represent the vast
majority of failure cycles in fatigue.
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of the in
ntermetallic particles suspended witthin the maatrix. The doominant graain shape in both
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evolution
n of the graiin size due to the anneaaling scheduule. While thhe EBSD annalysis show
wed a
large varriation of grrains sizes across
a
the material
m
crosss-section, Fiigure 3 show
ws representtative
scans of the
t grains prresent along the center-liine of the exxtrusion.

(A)

(B)

Figure 2.
2 Optical im
mages of ettched AA60
061 in (A) as-receivedd and (B) annnealed staates.

In
n both condiitions, the microstructuree consisted oof a majorityy of grains thhat where aliigned
along thee extrusion direction.
d
Th
he mean size of the smalll grains for aas-received ccondition waas 7.5
µm and 9 µm for the annealed co
ondition. Wh
hile not show
wn, very largge grains weere observed to be
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scattered
d intermitten
ntly in both materials, with
w some ggrains measuured as largge 500 µm. This
bimodal grain distrib
bution observ
ved in this study
s
is conssistent with ppost-extrusioon heat treattment
duces sequeential layering between
n round andd pancake sshaped grainns (Kliaugaa and
that prod
Ferrante 2005) and in
n other simillar wrought Al-Si-Mg
A
allloys (K. O. Pedersen et al. 2008).

Figure 3.
3 Electron backscatter
b
r diffraction
n results fo r 6061 alum
minum alloyy with IPF
charts orriented in t he extruded
d direction (A and B), pole figuree (C and D)), and the
misorien
ntation anglle chart (E)).
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Particles werre found to be distributted through the matrix in a non-unniform patteern of
stringers oriented in
n the extrusion directio
on, as obserrved in a siimilar wrougght alloy (K
K. O.
n et al. 200
08; Schikorrra et al. 2007). In adddition, theree were regioons of veryy low
Pedersen
concentraations of inttermetallic particles.
p
Thiis distributioon pattern is consistent w
with observaations
reported elsewhere (M
Mrówka-No
owotnik 2010
0). Similar too the annealling on the ggrain structurre, no
significan
nt differencee was found
d in the size or distributiion of the inntermetallic pparticles bettween
the as-received and annealed
a
maaterials. EDX
X analysis rrevealed the presence off iron-siliconn rich
ut the matrixx in both thhe as-receivved and annnealed
intermetaallic particlees distributed throughou
condition
ns, as show
wn in Figurre 4. Based
d on resultts of elemeental ratios from the EDS
measurem
ments, the primary
p
com
mposition of the most prominent particle was Fe2SiAl9, with
Fe3SiAl122 and Mn-rich intermettallic particlles also preesent, howevver, their cooncentrationn was
much low
wer than thaat of Fe2SiA
Al9 particles.. The size oof Fe2SiAl9 pparticle wass on the ordder of
several microns
m
with
h the mean diiameter of 1.5 µm in thee as-receivedd and 1.8 µm
m for the annnealed
condition
n. The aspecct ratio for Fe
F 2SiAl9 parrticle was appproximatelyy 2.3 with a volume fraaction
range of 1.69% to 2.3
3% for both materials.

4 Microgra ph (A) of observed
o
Feerrite-rich, Silicon-bassed intermeetallic particcles
Figure 4.
and the correspond
ding chemiccal analysis (B).
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Monotonic and Cyclic Stress/Strain Response
As expected, tensile test results of both AA6061 materials exhibited high levels of work
hardening due to the extrusion process, as shown in Figure 5. The AA6061 material did show a
significant softening from the annealing process, which was correlated to the slight
recrystallization during treatment observed from optical microscopy. In addition to the tensile
stress-strain curves, the cyclic stress strain curves are also shown. Only slight differences were
noted in the elastic behavior of both materials, noted by the slight differences seen the calculated
elastic moduli from Table 2 The effect was more pronounced for the yield and ultimate
strengths, where the difference was noted to decrease by 11% and 9% from the as-received and
annealed materials, respectively. The cyclic regime was seen to experience similar traits, with
the yield strength and hardening behavior both being significantly reduced. This was concluded
to be due to the effects of material softening during annealing. Both materials were noted as still
experiencing mixed hardening behavior under cyclic loading with both the annealed and asreceived materials showing a slight amount of cyclic hardening during loading.
Table 2. Monotonic tensile properties of 6061 aluminum alloy
As-Received
Annealed
Modulus of Elasticity
66.4
67.5
Yield Strength
304.4
270.3
Ultimate Strength
320.8
292.5
Elongation to Failure
20.0%
22.7%
(Gage Length: 25.4 mm)
Monotonic Strain Hardening Coefficient
Monotonic Strain Hardening Exponent

377.4
0.039
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355.4
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Figure 5. Monotonic and Cyclic Stress/Strain Plot.

Mechanical Evaluation of the Bauschinger Effect
Mechanical testing showed several trends in the development of plasticity in AA6061.
Tensile tests on the as-received material revealed a yield strength and ductility similar to
published values (Srivatsan et al. 2002; Mrówka-Nowotnik 2010), while the annealed showed an
11% decrease in yield strength and a 14% increase in ductility. In addition, a softening in the
ultimate strength response can be clearly noted in the AA6061 material, after the annealing
process. Table 3 presents the results of the mechanical testing.
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Table 3. Bauschinger effect results by prestrain for AA6061 aluminum alloy
Prestrain
Direction
Sy (MPa) Sr (MPa) Sf (MPa)
a
R
BSP
As-Received
1%
Ten-Comp
307.6
260.5
320.0
290.2 277.8 0.19
2%
Ten-Comp
307.6
211.8
323.8
267.8 251.6 0.35
3%
Ten-Comp
307.6
197.9
314.9
256.4 249.1 0.37
5%
Ten-Comp
307.6
211.2
341.6
276.4 242.4 0.38
3%
Comp-Ten
294.0
183.0
316.6
249.8 227.2 0.42
5%
Comp-Ten
294.0
209.7
329.3
269.5 234.2 0.36
Annealed
1%
2%
3%
5%
3%
5%

Ten-Comp
Ten-Comp
Ten-Comp
Ten-Comp
Comp-Ten
Comp-Ten

257.6
257.6
257.6
257.6
251.5
251.5

180.4
163.8
156.6
117.4
171.2
166.8

273.4
281.1
284.1
254.8
284.6
287.4

226.9
222.4
220.4
186.1
227.9
227.1

211.1
199.0
193.9
188.9
194.8
191.2

0.34
0.51
0.45
0.49
0.40
0.42

RKI
2.39
3.46
7.95
1.92
2.95
1.69
2.95
2.50
2.41
2.78
1.71
1.68

The BSP and RKI values were calculated for all three sets of AA6061 materials and
shown in Table 4. These calculations were done for both the tension-followed-by-compression
and compression-followed-by-tension using the 0.2% strain offset yield definition. Figures 6a
and 6b show both the RKI and BSP values plotted against applied prestrain in tension and
compression respectively. It can be clearly observed that the T-C loading exhibited higher RKI
and BSP values compared to the C-T loading. This strongly suggests that a larger anisotropic
hardening occurred during initial compression, decreasing the reversing yield strength of both
materials. This behavior was also seen in that as the prestrain increased, the overall trend for the
RKI and BSP for both conditions increased. This observed trend suggests that the kinematic
hardening in the material occurred at a faster rate than isotropic hardening.
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Table 4. ISV mode l plasticity and damag
ge constantss
Constants
C
G
Constan
nts for J/B fo
ormulas
Bulk

As-Receeived
247688.7
691455.8

Annnealed
251179.1
702291.7

M
MPa
M
MPa

Specifiees the yield stress
s

C3
C3
C5

1700
1700
0.000001

1120
1120
0.000001

M
MPa
M
MPa
1/M
MPa

Kinemaatic hardenin
ng and recov
very

C7
C9

2.5
30000

22.5
30000

1/M
MPa
M
MPa

Isotropiic hardening and recoverry

C13
C15

0.355
6000

00.4
12200

MPa
1/M
M
MPa

Hardeniing and reco
overy

Ca
Cb

0
0

0
-00.05

Temperrature

In
nit. Temp
Heatt Gen. Coefff.

2988
0.344

2298
00.34

McClin
ntock void grrowth

Void
d Growth Expp
In
nit. Radius

0.3
0.0093185

00.3
0.00093185

c21
c23
c25

0
500000
0

0
355000
0

Dynamiic Recovery
Lon
ng Range Iso
otropic
Lon
ng Range Kiinematic
Lon
ng Range Kiinematic Stattic

K

M
Mm

6 BSP and RKI ratio plotted
p
verssus applied forward prrestrain in ((A) tension Figure 6.
followed
d-by-comprression and (B) comprression-folloowed-by-teension.
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This faster kinematic hardening rate is counter to current understanding of plastic flow in
ductile metallic alloys. In fact, it is known that the face centered cubic (FCC) aluminum structure
readily develops cross-slip mechanisms, which allows for the elimination of dislocation pileup
upon reverse straining. However, due to the high stacking fault energy of aluminum, it is
hypothesized that hardening is developed from dislocation pinning at secondary particles
(precipitates) in the material (Embury 1987). As the dislocation density builds and reaches
saturation with increasing pre-strain, reverse stress decreased due to build-up of localized strain
around these precipitates and localized stress relaxation due to interface debonding and/or
fracture (Choi, Barlat, and Liu 2001; Corbin, Wilkinson, and Embury 1996; QG Wang 2004;
Gracio et al. 2004; Rauch et al. 2002). The buildup of damage through this mechanism continued
to reduce the back-stress and increase the observed Bauschinger effect as observed by the RKI.
A key component of this ISV model is the integration of damage evolution due to void
nucleation, void growth, and void coalescence. For this study, void nucleation versus applied
strain was correlated to previous study (J.B. Jordon et al. 2007) of AA7075-T651 since both
materials contain very similar second phases in regards to size, composition, and distribution. In
fact, the AA6061 material showed similar particle fracture and interface debonding behavior in
the iron-rich second phase precipitants, which in AA7075 were observed to be the main sources
of void nucleation. As such, the constants for the damage equations were selected to produce the
best fit of experimental monotonic tension and compression experiments. The difference
observed between the tension and compression prestrain is due to the relationship of the damage
nucleation difference coupled with the hardening rate difference. The local dislocation density
that built up at particles relaxed as particles cracked or debonded in turn affecting the work
hardening rate in the matrix. An example of the observed particle fracture is shown in Figure 7.
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Figure 7.
7 Fractured
d particles after
a
5% pree-strain in ccompressioon-followedd-by-tensionn.

Taking
T
into account
a
both
h a universaal set of fitteed hardeningg and damaage constantss, the
model waas able to caapture the beehavior of th
he AA6061 aalloy materiaal in both as--received T66 heat
treatmentt and annealled condition
n, as shown in Figure 8. The bulk annd shear modduli were deerived
directly from
f
experimental dataa for both sttates. Isotroppic hardeninng values (cc12 & c15) were
used to capture
c
the evolution
e
of symmetric flow
f
stress w
within the m
materials. Dyynamic kinem
matic
recovery coefficient was used to
t capture th
he change i n dislocatioon movemennt due to appplied
strain wiithin the materials.
m
Th
he annealed material w
was observedd to have a lower dynnamic
recovery rate (c25), which was attributed to
o recrystallizzation withiin the grainss and early stage
solutionizing of the alloying com
mponents within
w
the maatrix duringg annealing. Table 5 listts the
ISV mod
del constants.
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Figure 8.
8 ISV modeel correlatio
on to experrimental ressults at (A) 3% pre-strrain and (B ) 5%
pre-straiin in tensio n-followed
d-by compreession and ccompressioon-followedd-by tensionn.

Table 5. Monotonicc tensile/miicrostructurre propertiees
As-Receeived
A
Annealed
Modulus of Elasticity
y
E
66.38
67.5
Yield Strrength
Sy
304.4
270.3
320.8
292.5
Ultimate Strength
Su
Elongatio
on to Failuree
19.95
5%
22.7%

% Changge
2%
-11%
-9%
14%

GP
Pa
MP
Pa
MP
Pa

Experimental Fatigue R
Response
ws the fully-rreversing, sttrain control led fatigue rresults for thhe as-receiveed
Figure 9 show
n levels. Thee fatigue behhavior of AA
A6061 was
and anneealed materiaals for all colllected strain
observed
d to change slightly
s
betw
ween high cyccle (<=0.7 m
mm/mm) andd low cycle ((> 0.7 mm/m
mm)
regions. The
T applicattion of both annealed staates showed little changee in the perfoormance of tthe
annealed
d material verrsus the as-rreceived statee. However,, it is noted tthat the anneealed states
appeared
d to exhibit slightly improved LCF performance of the materrial with annnealing. Thiss was
attributed
d to the relax
xation of pin
nned dislocattions due to the annealinng.
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Figure 9. Strain amplitude plot of fully reversing fatigue data from as-received and
annealed states.

As noted for monotonic loading, the annealed aluminum alloy showed lower stress
responses under cyclic loading. Figure 10a shows the first cycle hysteresis loops for both states
of AA6061. These loops were mostly symmetrical without any significant asymmetry commonly
attributed to the Bauschinger effect. This trend was also seen in the stabilized (half-life)
hysteresis loops (Figure 10b). A slight degree of strain hardening was observed by a slighter
sharper “knee” versus the first cycle loops indicating an increased cyclic yielding point. Figure
11 shows the stress life results for the AA6061 material. It was noted that while a degree of
strain hardening can be seen in the earliest stages (<10 cycles) of loading, the mechanical
behavior of the AA6061 predominantly exhibited work softening, which continues till final
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failure. This behavior was also observed in the annealed AA6061. Cyclic Fatigue and strain-
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hardening parameters were taken from this experimental data and placed in Table 6.
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Figure 10. First cycle (a) and half-life (b) hysteresis loop plots for as-received and
annealed states.

Table 6. Cyclic/fatigue parameters
Cyclic Strain-Hardening Coefficient
Cyclic Strength Exponent
Fatigue Strength Coefficient
Fatigue Strength Exponent
Fatigue Ductility Coefficient
Fatigue Ductility Exponent

K'
n'
Σf
B
Εf
C
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As-Received
392.8
0.044
458.0
-0.063
0.62
-0.75

Annealed
390.2
0.0761
384.6
-0.090
.6002
-0.757

MPa
MPa
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Stress Amplitude (MPa)

320
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Figure 11. Fatigue life plot for as-received and annealed states.

Fractography
During a typical fatigue damage process, three distinct stages of damage occur;
(incubation, crack growth & final fast fracture). Fatigue crack incubation has been seen to readily
initiate near surface and/or at hard secondary phases and void-like features, such as the iron-rich
inter-metallic particles commonly found in aluminum alloys(Russell and Lee 2005; Agarwal and
Gokhale 2003). Once nucleated, the shear fracture mode formed the dominate failure mode, with
the material developing angles of between 35-55 degrees from the load axis. This failure mode
was particularly evident in high strain amplitude and load ratio testing.
SEM-based Fractography analysis was performed on various strain amplitudes in order to
capture the contribution of these microstructure features. All three stages of failure were readily
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observed across the range of applied loads. It was observed throughout is that most cracks
incubated at sites nearby or at near-surface particles [Figures 12.a. (II) & 12.b. (IV)]. This trend
was also noted in the annealed material [Figures 13.a. (II) & 13.b. (IV)]. In addition, it was
observed that cracks incubated at cluster arrangements of particles in or near surface [Figure
12.b. (III) & 13.b. (III)]. The size of the particles that incubated the fatigue crack were in the
mean particle size of 4-12 microns.
After incubation, crack propagation was noted to be dominated by characteristic
microscopic striations. Striations were seen at nanoscale resolutions near incubation sight
particles [Figures 12.a. (II) & 13.b. (IV)]. These striations were seen to then propagate from
these points following a crescent shaped alignment as they moved into the interior of the
material. Secondary crack coalescence with the critical crack path was also noted [Figure 12.a.
(I) & 13.a. (I)]. All specimens were seen to exhibit brittle/ductile behavior outside of the striation
zone, which was attributed to tensile overloading at final failure.
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Figure 1 2. SEM fraactography (R=-1) of as-received
a
d aa6061 a) 0.7% & b) 1.0% strain
amplitud
de.
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a
aaa 6061 a) 1.00 % & b) 2.5% strain
Figure 1 3. SEM fraactography (R=-1) of annealed
amplitud
de.
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Micromechanics Simulations
In order to capture the behavior of AA6061 microstructure in the presence of uniaxial
loads, an axisymmetric finite element model was implemented. For this model, a perfectly
cylindrical, Fe-rich intermetallic precipitate (Young’s Modulus of 134 MPa) representing a
volume percentage of 2% versus the matrix material was used. The micromechanics-based
simulation was conducted in Abaqus using an internal state variable (ISV) elastic–plastic
constitutive material model using eight-node quadratic elements with an element density of 480
nodes along the particle circumference.
Delamination of the matrix/particle interface was assumed to be minimal and perfectly
bonded. The particle was partitioned to replicate the load state of the material at particle fracture
and just prior to crack propagation into the matrix. Figure 14a shows representation of the
generated model with a fractured intermetallic located within cyclically loaded specimen. The
generated localized strain field can be noted in figure 14b for a remote strain of 1.0%. The peak
stress concentration generated by the particle fracture acts as the center-point for the plastic
strain field propagation into the matrix.
From the finite elements results, the developed max root plastic shear strain at the stress
intensifier can be captured as a power law function of the remote applied strain Figure 14c.
Furthermore a correlation between the remote strain field and localized developed plasticity field
can be derived, as shown in figure 14d. As such, the fatigue threshold damage limit and cyclic
plastic strain percolation limits were determined. The fatigue damage threshold is the limit by
which, when the applied localized strain is below this threshold, the resulting plasticity field is
insufficient to produce a fatigue crack at the inclusion. The cyclic plastic strain percolation limit
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representts the remotee strain that produces
p
fattigue crack ggrowth unconstrained byy the local nootch
root. Theese derived values
v
are sh
hown in Tablle 7.

Figure 1 4. (a) FEA microstruccture simulaation illustrration, (b) ggenerated pplasticity fi eld
contour map, (c) lo
ocal plastic strain to reemote strainn plot & (d)) l/d to rem
mote strain pplot.
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Small Crack (MSC/PSC)

Crack Initiation

Table 7. Microstructure-property MSF model coefficients
Coefficients As-Received Annealed Description
K'
392.9
390.2 Cyclic strength coefficient
n'
0.0438
0.0761 Cyclic strain hardening coefficient
Cinc
.64
.74
Constant related to Cm constant (CNC)
Cm
0.623
0.6
Ductility coefficient in modified Coffin Manson Law
Α
-0.76
-0.76 Ductility exponent in modified Coffin Manson Law
Q
1.2664
2.3313 Exponent in remote strain to local plastic shear strain
y1
365.2
577.3 Constant in remote strain to local plastic shear strain
Linear constant in remote strain to local plastic shear
y2
1422
1709
strain
ψ (psi)
1
1
Geometric factor in micromechanics study
R
1
1
Exponent in micromechanics study
EMODEX
1
1
Shape parameter of Young's modulus
PARTEXP
1
1
Shape parameter of particle size
Ω
Ai
Θ
Ζ
CI
CII
χ
CTDTH
Afinal
DCSEXP
POREEXP
GO-EXP
E_perc
E_th
GS
G0

0.5
0.25
1.0
1.35
16000
0.07
0.425
0.000285
450
1
0
0

0.5
0.25
1.0
0.95
16000
0.07
0.325
0.000285
450
1
0
0

0.324%
0.140%
12.3
2.07

0.278%
0.126%
14.8
1.53

Omega
Initial crack size contribution
Load path dependent parameter
Exponent in small crack growth
HCF constant in small crack growth
LCF constant in small crack growth
Crack growth rate constant
CTD threshold value
Final crack size length (microns)
Grain size constant (G)
Effect of pore size to local plastic strain
Grain orientation constant
Percolation limit
Plasticity threshold limit
Grain size (microns)
Grain orientation

Fatigue Model Correlation
Fatigue crack growth rate results were collected through direct measurement of striations
by means of scanning electron microscopy. Figure 15 shows that the propagation of the crack in
both as-received and annealed conditions was very similar in most respects. The annealed
AA6061 was observed to have higher propagation rates, which was attributed to a reduction in
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pinning sites due to heat treatment. The crack growth component of the MSF model discussed
previously showed that the slight difference in propagation rate between heat treatments could be
captured by accounting for the variance in the cyclic hardening constant and exponent grain size.
To account of variance of growth rate due to increasing strain amplitude, the model was able to
capture this change by increasing the microstructure driven, crack growth rate constant (χ), as
seen in Figures 15a & 15b.
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Model - 0.5% (Grain Size: 20 μm)
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Figure 15. MSF crack growth model sensitivity charts a) as-received & b) annealed.

Figure 16 shows the comparison of the MSF model to the experimental strain life results
of the 6061-T6 in the as-received, and annealed condition. The correlation process of the MSF
model to the experimental data resulted in a unique set of parameters. While, the fit of the MSF
model to the experimental results shown in Figure 11 is not a precise correlation, the model
captured the overall behavior of the material in both conditions during fatigue loading. Table 7
provides a list of the modeling parameters used to achieve the fit in Figure 16. The incubation
life of the material was captured directly in the derived mechanical data collected and the
subsequent results from the micromechanical simulations. The contribution of small crack was
developed using the experimentally derived values unique to each heat treatment state and
universal fitting constants and exponents. Figure 17 shows the sensitivity of the MSF model to
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particle size, a feature vital in capturing the fatigue behavior of the target material as crack
initiation can be attributed to the initial failure of very large intermetallic particles within the
matrix as stated earlier. From figure 17, it can be seen that the model can capture the variability
of fatigue life of the material simply through varying the mean particle size by +- 1/2 standard
deviation.
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Figure 16. Fully reversing fatigue plot with MSF incubation and total strain-life results.
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Figure 17. MSF fatigue fit plots for (a) as-received & (b) annealed states with upper and
lower boundaries formed by +- ½ std. dev of the mean particle size.

The variance in fatigue life contribution as a percentage of total predicted fatigue life for
AA6061 is shown in Figure 18. The correlation between incubation percentage contribution and
remote applied strain amplitude has been well established as being inversely related(Y. Xue, El
Kadiri, et al. 2007), as the progressive increase in applied load produces a convergence of the
localized plastic strain field at inclusions within the material. This has been shown to act as an
indicator of the onset of fatigue crack initiation at the root of a developing micro-notch near hard
second phase inclusions (precipitates), as this behavior can accelerate the process of incubation
as the local plastic shear strain field approaches saturation (unity) (Ken Gall et al. 2000).
Therefore, as the material experiences higher strain amplitudes, the developed higher local shear
strain at the microscopic notch will produce small crack growth earlier during load cycling
leading to a dominant crack growth mechanism. Inversely, as the remote applied load decreases
the dominant failure mechanism shifts to dominant incubation as the local shear strain at the
micro-notch transitions from unconstrained to constrained microplasticity, increasing the
contribution of incubation on the fatigue life of AA6061.
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Figure 18. Predicted percentage contribution of incubation life to total fatigue life of asreceived and annealed states.
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CONCLUSIONS
The focus of this study was to quantify and capture the mechanical behavior in an
extruded 6061 aluminum alloy. A series of experiments in quasi-static, tension-followed-bycompression and compression-followed-by-tension, and cycled to failure were performed. This
study was able to establish several trends in the evolution of mechanical properties due to heat
exposure in the form of single cycle partial annealing in ambient air environments. This study
also showed that an internal state variable based plasticity model and microstructurally sensitive,
multi-stage fatigue model can predict the strain-life of a set of materials with disparate thermal
exposure histories by capturing the variance in damage developed within the matrix and
distribution secondary phases. From analysis of both quasi-static and cyclic behavior of uniaxial
loaded AA6061 in T6 and annealed conditions, the following conclusions were made:
a) The development of the BE was observed in a dispersion hardened peak aged aluminum
alloy (6061-T6), at the high reversed strain amplitudes applied. BE was seen to increase
with increasing strain amplitudes in tension-followed-by-compression loadings and
remain constant in compression-followed-by-tension loading.
b) The effect of the annealing schedule at a temperature of 316oC led to an increase in the
BE in the material and a low sensitivity to the applied strain amplitude.
c) The material behavior seen in the experiments was effectively captured by the internal
state variable plasticity and damage model. This was accomplished successfully through
the use of both isotropic and kinematic hardening, void/crack-nucleation, growth, and
46

calescence variables. The ISV model demonstrated good correlation between the asreceived and the annealed conditions by simply including the corresponding mechanical
properties of the material; the evolution of plasticity due to moderate temperature
exposure was captured.
d) It is important to note that softening observed is attributed to the relaxation of internal
stressed from the build-up of dislocations around these hard precipitates. As such,
through the combination of kinematic and isotropic hardening, and comprehensive
damage laws, the ISV model captured the BE for extruded AA6061.
e) Strain-life fatigue results of the AA6061 material exhibited minimal scatter correlation
with increasing fatigue life with decreasing strain amplitude. AA6061 cyclic behavior
was dominated by strain softening to failure even in the presence of annealing. The
material showed limited reaction to the introduction of positive load ratios in relation to
its fatigue life.
f) SEM Fractography showed the occurrence of closely packed clusters and/or fractured
particles. Striations were observed within 500 nanometers of fractured particles in both
treatment states.
g) In spite of having dissimilar monotonic and cyclic mechanical properties, the AA6061
specimens did not exhibit widely varying crack propagation behavior due to annealing.
h) Micromechanical simulations were run that were shown to be effective in capturing the
effective of remote applied strain on the development of local remote shear strain at the
root of the micro-notch developed at the hard precipitates distributed throughout
AA6061. These simulations were show be effective in capturing the evolution of plastic
field development with varying heat treatment states. With softening of the material
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producing larger strain fields, which increases the influence of particle on incubation life
and offsets the inverse effect of faster root-notch shear strain at the precipitate.
i) The MSF model was shown to be effective in capturing the fatigue behavior of AA6061.
The development of fatigue behavior seen too be dependent on the level of localized
plastic deformation generated within the material during loading, higher strain amplitudes
producing greater effect and accelerated crack propagation. The model was shown be
effective in capturing the slight changes in fatigue life within the material due to varying
heat treatments.
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