Mississippi State University
Scholars Junction

Theses and Dissertations Theses and Dissertations

12-13-2008

Experiments And Modeling Of Fatigue And Fracture Of Aluminum
Alloys

J Brian Jordon

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation

Jordon, J Brian, "Experiments And Modeling Of Fatigue And Fracture Of Aluminum Alloys" (2008). Theses
and Dissertations. 2152.

https://scholarsjunction.msstate.edu/td/2152

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@messtate.libanswers.com.


https://scholarsjunction.msstate.edu/
https://scholarsjunction.msstate.edu/td
https://scholarsjunction.msstate.edu/theses-dissertations
https://scholarsjunction.msstate.edu/td?utm_source=scholarsjunction.msstate.edu%2Ftd%2F2152&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsjunction.msstate.edu/td/2152?utm_source=scholarsjunction.msstate.edu%2Ftd%2F2152&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholcomm@msstate.libanswers.com

EXPERIMENTS AND MODELING OF FATIGUE AND FRACTURE OF

ALUMINUM ALLOYS

By

James Brian Jordon

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Mechanical Engineering
in the Department of Mechanical Engineering

Mississippi State, Mississippi

December 2008



EXPERIMENTS AND MODELING OF FATIGUE AND FRACTURE OF

ALUMINUM ALLOYS

By

James Brian Jordon

Approved:

Mark F. Horstemeyer James C. Newman, Jr.

Center for Advanced Vehicular Systems Professor of Aerospace

Chair in Computational Solid Mechanics Engineering

Professor of Mechanical Engineering (Committee Member)

(Major Professor)

Steven R. Daniewicz John T. Berry

Professor of Mechanical Engineering Professor of Mechanical Engineering
(Graduate Coordinator and Committee (Committee Member)

Member)

Haitham El Kadiri Sarah A. Rajala

Research Professor Dean of the Bagley College of
Center for Advanced Vehicular Systems Engineering

(Committee Member)



Name: James Brian Jordon

Date of Degree: December 12, 2008
Institution: Mississippi State University
Major Field: Mechanical Engineering
Major Professor: Dr. Mark F. Horstemeyer

Title of Study: EXPERIMENTS AND MODELING OF FATIGUE AND
FRACTURE OF ALUMINUM ALLOYS

Pages in study: 132

Candidate for degree of Doctor of Philosophy

In this work, understanding the microstructural effects of monotonic and cyclic
failure of wrought 7075-T651 and cast A356 aluminum alloys were examined. In
particular, the structure-property relations were quantified for the plasticity/damage
model and two fatigue crack models. Several types of experiments were employed to
adapt an internal state variable plasticity and damage model to the wrought alloy. The
damage model was originally developed for cast alloys and thus, the model was modified
to account for void nucleation, growth, and coalescence for a wrought alloy. In addition,
fatigue experiments were employed to determine structure-property relations for the cast
alloy. Based on microstructural analysis of the fracture surfaces, modifications to the
microstructurally-based MultiStage fatigue model were implemented. Additionally,

experimental fatigue crack results were used to calibrate FASTRAN, a fatigue life



prediction code, to small fatigue-crack-growth behavior. Lastly, a set of experiments
were employed to explore the damage history effect associated with cast and wrought

alloys and to provide motivation for monotonic and fatigue modeling efforts.
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CHAPTER I

INTRODUCTION

Failure of engineering alloys resulting from monotonic and cyclic loading is still
an area of ongoing research. Understanding the mechanisms associated with ductile
fracture can be used to predict the strength and ductility of an alloy. Therefore,
characterizing the microstructure of the metal can provide motivation for a physical-
based modeling approach. In addition, microstructure-based modeling can also be
applied to the area of fatigue. Thus, the purpose of this work is to further understanding
of failure of aluminum alloys due to monotonic and cyclic loading by performing
experiments and updating models.

Chapter II presents experimental characterization and modeling results of
monotonic failure of 7075-T651 aluminum alloy. The anisotropy of the wrought alloy
was analyzed in terms of microstructural features. The microstructural characterization
was then used to modify an internal state variable plasticity/damage model that was
employed to predict the anisotropic stress and damage state of the alloy.

Chapter III presents fatigue experiments for an A365-T6 cast aluminum alloy. In

addition, inclusion-property relations were determined based on scanning electron



microscopy analysis of the fracture surfaces. Information gained through this analysis
was integrated into a microstructural-based fatigue model.

Chapter IV presents microstructurally small fatigue crack growth experimental
results for 7075-T651 aluminum alloy for several load ratios. Additionally, using the
small crack data, a damage tolerance type fatigue life prediction code was employed to
bound the fatigue life results based on observed initial flaw sizes.

Chapter V presents experimental and modeling results of prestrain-followed-by-
fatigue and pre-fatigue-followed-by-tensile tests for both 7075-T651 and A356-T6
aluminum alloys. Also, the models presented in Chapter II and IV were employed to
predict the stress and damage state associated with these types of experiments.

Lastly, Chapter VI summarizes the results of the work performed in this research

and also presents recommendations for future research.



CHAPTER II

ANISOTROPY OF A WROUGHT ALUMINUM ALLOY

Introduction

Materials which show an isotropic material response in the elastic regime often
exhibit anisotropic characteristics in the inelastic regime. This is particularly true during
material processing, such as rolling or extrusion, where metal alloys under extensive
plastic deformation exhibit a significant anisotropy in mechanical and fracture properties.
Void-like cavities and second phase inclusions are elongated and oriented (if not
equiaxed) in such a way that the larger axis tends to align itself along the maximum
principal load direction (Fig. 2.1) because of texture.

Elongated particle aspect ratios have been shown to subsequently generate an
anisotropic structural response and strongly influence the ductile fracture of structural
steels, where macroscopic compliances evolve differently in orthogonal directions
(Garrison and Moody, 1987; Tirosh et al., 1999; Gray et al., 2000). This orientation
dependent ductility leads to a pronounced anisotropy of the damage evolution (see Fig.
2.2) in quasi-static fracture responses (Tvergaard and Needleman, 2006) and under

ballistic impact conditions.



In terms of the fracture of a 7xxx series aluminum alloy, ductile failure occurs by
void nucleation, void growth, and void coalescence (Gurland and Plateau, 1963;
McClintock 1968; Hahn and Rosenfield, 1975; Rawal and Gurland, 1977; Starke, Jr,
1977). Void nucleation primarily occurs either by particle-matrix decohesion or by
particle fracture of intermetallics. Particle void nucleation is generally governed by the
size, shape, and orientation morphologies of the particle (Horstemeyer et al., 2003). In
addition, void nucleation can also occur at precipitate particles or larger intermetallic
inclusions (Garrison and Moody, 1987). Void growth involves enlargement of the newly
nucleated void and requires continuous plastic deformation. Finally, void coalescence
takes place by the joining of multiple voids by either void impingement (Garber et al.
1976) or microvoid sheet mechanisms (Rogers, 1960, 1968). Kirman (1971) showed

that intergranular void sheet coalescence could occur in 7075 aluminum alloy.



Figure 2.1 Schematic description of a rolling process and inclusion distribution in the
aluminum alloy 7075-T651.
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Figure 2.2 Schematic description of a rolling process and associated anisotropic
deformation in the aluminum alloy 7075-T651. The large particles
represent the iron-based intermetallics and the smaller particles represent
the coarse precipitates.

A topic less frequently discussed is the effect of void nucleation and growth from
coarse precipitates or dispersoids. Work by Haynes and Gangloff (1997), Hahn and

Rosenfeld (1975), Liu et al. (2004, 2005), and Asserin-Lebert et al. (2005) has shown

that in aluminum alloys, void nucleation and growth occur at coarse precipitates and or

dispersoids. While void nucleation and growth from larger intermetallics generally



control ductility, the void growth from smaller sub-micron particles can have an effect on
the damage rate, further reducing the ductility (Cox and Low, 1974, Marini et al., 1985;
Faleskog and Shih, 1997; Perrin and Leblond, 1990 and 2000; Tvergaard and Needleman,
1992; Tvergaard, 1998; Horstemeyer and Ramaswamy, 2000). Recent modeling work by
Fabregue and Pardoen (2008) showed that the void growth from secondary particles
affected the coalescence of the primary voids.

Determining through thickness tensile properties of rolled plates and sheet metals
is an important and yet, today, still a difficult task. As such, a through thickness
apparatus was first proposed and developed by Oppenheimer and Berry (1968) to
experimentally explore the anisotropy of 7075-T651 aluminum alloy. The design of the
double ligament tensile (DLT) apparatus allows for very low compliance due to the
stiffness of the fixture and the clamping of the specimens as shown in Fig. 2.3. Fig. 2.4
shows the DLT specimen design. Initially, Oppenheimer and Berry used the DLT
specimens for impact studies on rolled steel plates. They tested a wide variety of very
low carbon steels and their results showed that the impact energy varied as a function of
specimen orientation in the plate. Later, the DLT test was employed to determine
factors related to the tensile properties in the short transverse direction for both steels and
aluminum alloys (Kumble et al., 1975; Berry et al., 1975; Kumble and Berry, 1976;
Meyers et al., 1983; Srivatsan et al., 1985; Meyers, 1986). More specifically, Stoltz et al.
(1983) studied an ultra high strength steel (AISI 4340) and found good agreement
between standard tensile test results and the DLT experiments. Johnson (1994) tested a
hot-rolled low-carbon steel plate (AISI 1014) and a higher strength steel (5B67629) as

7



well as an extruded aluminum alloy (Al 6090-T6). Likewise, Johnson found good
agreement for the steels compared to standard-size tensile specimens. Srivatson ef al.
(1987) tested a wrought 7075-T651 aluminum alloy to quantify elongations to failure
using the DLT test. They found that the specimens aligned in the rolling direction had
the greatest elongation and the specimens in the short transverse direction had the lowest
elongation. Srivatson ef al. concluded that not only is the grain orientation the cause of

the anisotropy but also the intermetallic constituents of the 7075-T651 aluminum alloy.



Figure 2.3 Front sectional view of DLT test fixture.
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Figure 2.4 Specimen dimensions of the Double Ligament Tensile Specimen
(Johnson, 1994).

Several modeling efforts have attempted to optimize and understand the stress
state of the DLT specimen. Both Kumble (1975) and Johnson (1994) used finite element
methods to elucidate the stress state in the gage length of the ligament and to optimize the
design of the DLT specimen. Kumble (1975) used two-dimensional plane strain linear
elastic calculations to optimize the ligament length. In addition, Kumble (1975)
determined that a correction factor was needed to achieve good agreement between his
two-dimensional calculations and the DLT tensile experiments with the low carbon
steels. Later, Johnson (1994) employed a two-dimensional elastic/plastic finite element
model that demonstrated that a correction factor was not needed.

In this work, the importance of anisotropic damage on ductility will be illustrated

by using a sub-standard tensile design to experimentally characterize the material as a

10



function of the specimen direction relative to the rolling direction. The second goal is to
employ an internal state variable plasticity/damage model to capture the void nucleation,
growth and coalescence occurring at primary and secondary particles for the wrought
7075-T651 aluminum alloy. The continuum level material model used in this study
reflects a multi-length scale effect by including microstructure detail such as
inclusion/defect size, area fraction, and nearest neighbor distance, all as a function of

specimen orientation.

Experiments and Materials

The 7075-T651 aluminum alloy is a wrought product with a relatively high yield
strength and good ductility. As displayed by the triplanar optical micrographs shown in
Fig. 2.5, the grains of this wrought alloy were found to be pancake shaped and aligned in
the rolling direction of the wrought plate.

For this metallography study, specimens were mounted and polished using
standard polishing techniques and examined under an optical microscope. Fig. 2.6
displays typical 7075-T651 aluminum alloy microstructure in the untested condition. The
alloy contains two main types of primary (or large) particles: iron rich particles

(AIG(Fe,Mn), A13Fe, aAl(Fe,Mn,Si) and A17Cu2Fe); and silicon-based particles (Mgzsi).

The iron-rich intermetallic particles are seen in the optical micrograph (Fig. 2.7) as light

grey particles and the MgZSi intermetallics are shown as dark particles. The distribution

of the particle size, nearest neighbor distance, and aspect ratio for the iron-rich and Mgzsi
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intermetallics in the untested condition were tabulated from a 5.75 mm” area of material
for each of the orientations and are shown in Fig 2.7. Fig 2.7a displays the area size of
the particles, Fig. 2.7b displays the nearest neighbor distance of the particles and Fig.
2.7¢ displays the aspect ratio distributions of the particles. The mean values of the
particle area, area fraction, aspect ratio and nearest neighbor distances in the untested
condition are displayed in Table 2.1. Due to their small size (50-150 nm), the secondary
or rather small particles (coarse precipitates) were assumed to be equiaxed and thus the
aspect ratio distribution was not presented. The average size and nearest neighbor values
for the coarse precipitates were estimated from the fracture surfaces. In addition to the
intermetallic particle stereography, the average grain size was determined by EBSD
analysis taken in (L), (LT), and (ST) directions and the results are listed in Table 2.1.
Fig. 2.8 displays the grain morphology of the 7075-T651 aluminum alloy and pole

figures (Fig. 2.9) further illustrate the anisotropic nature of the wrought product.
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Figure 2.5 Triplanar optical micrograph illustrating the grain structure and orientation
of 7075-T651 aluminum alloy.
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Figure 2.6 Microstructure of untested 7075-T651 aluminum alloy (Harris, 2006).
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Figure 2.8 Microstructural grain orientation and size analysis for 7075-T651
aluminum alloy in the longitudinal (a), long transverse (b), and short
transverse orientations (c) demonstrate the anisotropic behavior of the
alloy due to the rolling process.
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Figure 2.9 Crystal orientation of the wrought 7075-T651 alloy.

In order to properly model the 7075-T651 alloy, standard monotonic experiments
were performed (ASTM ES8). Due to the thickness restrictions of the rolled plate (50.8
mm), only tensile specimens in the longitudinal and long transverse directions were
tested. In addition, compression and torsion tests were conducted in the longitudinal

direction for further characterization of the material. All experimental specimens were
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machined 2.54 mm from the rolling surface of the plate. The tension, compression, and
torsion tests were performed with a strain rate of 0.001/sec in an ambient laboratory
environment.

The DLT experiments were performed following the procedures presented by
Oppenheimer and Berry (1968) and Berry et al. (1985). The testing apparatus (Fig. 2.3)
was placed between the compression platens of a 5800 Instron electric mechanical test
frame, and a linear variable differential transformer located within the DLT apparatus
provided local displacement values of the DLT specimens. The experimental stress/strain
curves were tabulated by taking load and displacement values and by using the nominal
cross-sectional and ligament lengths (Oppenheimer and Berry, 1968). In order to obtain
statistically accurate results, three specimens for each direction of the alloy were tested.
The mean standard deviation of the DLT experimental tests were approximately 0.012 for
all three orientations.

Several observations can be made from the experimental results: The percent
elongation for the DLT in the longitudinal (L) direction was the greatest; next was the
long transverse (LT); the short transverse (ST) had the smallest elongation. In addition,
the standard deviation values of the elongation to failure showed that the DLT tests
produced repeatable results regardless of the specimen orientation. The fracture surfaces
of the DLT specimens were examined under the electron scanning microscope (SEM). In
order to illustrate the anisotropy of the 7075-T651 aluminum alloy, triplanar micrographs
of the fracture surfaces are shown in Fig. 2.10. In the (L) orientation, large fractured

intermetallics were surrounded by smaller course precipitates that nucleated voids which
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in turn grew and coalesced. The (LT) orientation fracture surface was similar to the (L),
however, due to the alignment of the grains and stringer particles, the fracture surface
was segregated more acutely into distinct areas. These distinct areas included clustering
of the particles enclosed by areas that were intermetallic free. Also, the fractured
intermetallics for the (LT) constituted a larger percentage of the fracture surface
compared to the (L) orientation. The (ST) fracture surface revealed an anisotropic
morphology arising from the stringer particles nucleating primary voids; the voids then
coalesced together creating a “woody-like” fracture surface. In addition, it was found
that the coalescence path between the stringer particles occurred at grain boundaries
(intergranular damage) and that decohesion of the precipitates occurred (but not void
growth). Also, it was observed that the course precipitates debonded in all three
directions and no fracture of the particles were observed. In contrast, the large
intermetallic particles fractured and debonded in all three directions. The fracture surface
images were analyzed to quantify the void number density in the three orientations (L,
LT, ST). The analysis quantified the damage resulting from both primary particles
(intermetallics) and secondary particles (coarse precipitates) and the results are shown in

Table 2.2.
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Table 2.1 Metallographic analysis of un-tested aluminum 7075-T651 alloy: mean
area particle fraction, particle size, nearest neighbor distance and grain

size.
Avg Avg.
Primary | Secondary Prim.a Avg. Primary Avg.
Specimen Particle Particle Particlrg Secondary | Nearest Grain
direction Area Area Si Particle Neighbor | Size
. . ize ; )
Fraction | Fraction > Size (um?) | Distance | (um)
(Wm?)
(Um)
'('If’)”g't“d'”a' 0025 | 0.032 682  |0.0031 | 187 18.9
Long
Transverse | 0.029 0.032 97.9 0.0040 16.7 24.0
(LT)
Short
Transverse | 0.028 0.032 202.0 0.0098 21 33.00
(ST)

Table 2.2 Post failure Metallographic analysis of 7075-T651 alloy fracture surfaces.

; . Secondary
Specimen g”m?’y Void Void
b . ensit .

direction (#/mmg) DenS|t¥

(#mm")
Longitudinal (L) | 2700 8.6x10°
Long 6
Transverse (LT) 1880 5.2x10
Short 6
Transverse (ST) 383 2.4x10
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Figure 2.10  Fracture surface of 7075-T651 aluminum alloy show bi-modal fracture
resulting in intermetallic fracture and void growth and coalescence of the
coarse precipitates for the longitudinal (L), long transverse (LT) and short
transverse (ST) orientations.
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Internal State Variable Model

The material model employed in this present study is the internal state variable
(ISV) plasticity/damage model introduced by Bammann et al. (1984, 1989, 1990, 1993,
1996) and later modified by Horstemeyer and Gohkale (1999) and Horstemeyer ef al.
(2000). For this study, the total damage was modified to account for damage arising from

particles at different length scales: large intermetallics (5-20/4m) and the coarse
precipitates (0.05-0.15/¢m). Equation (2.1) is the total damage accumulation for void

nucleation and growth from primary and secondary particles and void growth from initial

pores or defects.
¢ = (ﬂprimar’yvprimary + nsec undaryvsec ondary + ¢parekj (2' 1)
See Appendix A.1 for the related equations. For a more comprehensive review of the

model, see Jordon et al. (2007).

Modeling Correlation and Results

The ISV plasticity/damage model constants for 7075-T651 aluminum alloy were
determined from experimental data by using a least squared best-correlation method as
employed by Jordon et al. (2007). The plasticity and damage constants are shown in
Appendices A.2 and A.3. The model-experiment correlation process employed a
different set of microstructural constants for each of the three different specimen

orientations while keeping the yield, hardening, and damage parameters the same. The

22



microstructural constants that were varied were the particle area fraction and particle size.
The constants for the kinematic and isotropic hardening equations were selected to
produce the best fit of the reverse loading data presented by Jordon et al. (2007) while
maintaining the same kinematic to isotropic hardening ratio. The nucleation rate for both
the primary particles (intermetallics) and the secondary particles (coarse precipitates)
were selected based on the fracture surface data presented in Table 2.2.

Three-dimensional finite element simulations were performed with the
aforementioned constitutive model. A mesh refinement study was employed to determine
the appropriate element size. The three different levels of mesh refinement were
performed as shown in Fig 2.11: Mesh #1 contained 400 elements in the gage section;
Mesh #2 contained 1200 elements in the gage section; and Mesh #3 contained 3600
elements in the gage section. In terms of flow stress, the results from the three different
meshes showed that the numerical results converged. Thus, Mesh #2 was chosen for the
remainder of the simulations, because the element size was approximately 10x the
average grain size for the 7075-T651 alloy. In terms of the failure location, the stress
state of the ligament at failure was not quite uniaxial, which contrasts the findings of
Johnson (1994). The stress triaxiality at the location of failure from the finite element
results was approximately 0.56 for all three directions, where stress triaxiality of uniaxial
stress is 0.33 as defined by the hydrostatic stress divided by the deviatoric stress. SEM
analysis of the fracture surfaces revealed that the model predicted the exact location of
initial fracture. Comparison of the experimental DLT results to the ISV calculations for
the (L), (LT), and (ST) are shown in Fig. 2.12-14, respectively. One benefit of the
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model is that the final fracture surface can be used to quantify the different damage
variables for the model. In terms of linking the results of the post-failure image analysis
of the fracture surfaces to the model results, the experimental void number density at
failure correlates to the void nucleation of the model. In addition, the experimental mean
void area calculated from the image analysis correlates directly to the multiplication of
the void growth and coalescence results from the model. Both the model and
experimental void density values shown in Table 2.2, along with SEM analysis suggest a
more prevalent nucleation dominated mechanism for 7075 aluminum alloy as opposed to

a void growth and coalescence mechanism, although all three were clearly present.
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Figure 2.11  Finite Element mesh of Double Ligament Tensile Specimen: Mesh 1
contains 400 elements in the gage section; Mesh 2 contains 1200 elements
in the gage section; Mesh 3 contains 3600 elements in gage section.
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Comparison of the ISV model to the longitudinal (L) experimental results
of the double ligament tension tests for the 7075-T651 aluminum alloy.
This plot demonstrates that the ISV model can capture the anisotropy of
the plasticity and damage associated with wrought alloys. The ISV model
shows good agreement for predicting the elongation for longitudinal
direction.
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Comparison of the ISV model to the long transverse (LT) experimental
results of the double ligament tension tests for the 7075-T651 aluminum
alloy. This plot demonstrates that the ISV model can capture the
anisotropy of the plasticity and damage associated with wrought alloys.
The ISV model shows good agreement for predicting the elongation for
long transverse direction.
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Figure 2.14  Comparison of the ISV model to the short transverse (ST) experimental
results of the double ligament tension tests for the 7075-T651 aluminum
alloy. This plot demonstrates that the ISV model can capture the
anisotropy of the plasticity and damage associated with wrought alloys.
The ISV model shows good agreement for predicting the elongation for
short transverse direction.

Discussion

The main emphasis of this work is to present a model capable of capturing
damage arising from entities at different length scales. The damage evolution equations
provide an accurate representation of the damage progression due to large intermetallic
particles and smaller course precipitates. Fig. 2.10 presents the SEM micrographs of the

fracture surface of 7075-T651 aluminum alloy with the intent to demonstrate the
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anisotropic nature of this wrought alloy. These micrographs clearly show that damage
arose from both the intermetallic particles and the course precipitates with a varying
degree, based on the orientation relative to the rolling direction. In the (L) and (LT)
directions, the strengthening phases nucleated voids that grew and coalesced via void
impingement. Concurrently, the relatively large iron-rich and silicon based intermetallics
fractured with the larger and more elongated particles first. In the (LT) orientation, a
large grouping of the stringers with greater aspect ratios led to a larger particle area
fracture at a lower strain level compared to the (L) direction. Hence, the anisotropy of
the intermetallic particle morphology contributed to the limited ductility. Since both
(LT) and (ST) had a higher particle aspect ratio and higher nearest neighbor distance (see
Fig. 2.7), the elongation to failure for these two orientations reflected the anisotropy of
the mechanical behavior.

The void number density nucleating from the particle(s) was tabulated from the
SEM micrographs and was used to calibrate the damage equations. While interrupted
experimental data was unavailable, the validity of the final void number density
determined from the fracture surface was a reasonable calibration method to determine
the constants for the nucleation model. The classical dimples found on the (L) and (LT)
fracture surfaces confirmed that the material experienced ductile fracture and that the
plasticity/damage model presented here was applicable. In contrast, however, the lack of
dimples displayed on the (ST) fracture surface was confirmed by the shorter elongation to
failure compared to the other two orientations. The lack of dimples suggest that the

failure occurred by intergranular fracture. The (ST) orientation displayed the greatest
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area fraction of fractured intermetallics and the smallest void density of secondary
particles. From the SEM micrographs, it is evident that the large stringer particle
groupings created favorable sites of void nucleation. Once the stringer particles were
completely fractured, they coalesced through the grain boundaries (intergranular fracture)
which caused the course precipitates to decohese and leave behind the small pit as shown
in Fig. 2.10. A combination of both void impingement and void sheet mechanisms
bypass the strengthening phases of the matrix (precipitates that impede dislocations)
which leads to lower ductility. A summary of the damage mechanism for the (L), (LT)

and (ST) orientation is presented in Table 2.3

Table 2.3 Experimental observation of the particle fracture relative to orientation.
Long Dir Long Trans Dir Short Trans Dir
Void Debonding and particle Particle fracture Fracture of
nucleation fracture of large intermetallics, | from large particles, | particle
debonding of small ppts debonding of small | stringers
ppts
Void growth | Dimples from two different Dimples from two Small dimples
length scale particles different length from large
scale particles stringers
Void Void impingement Void impingement | Void sheet
coalescence
Fracture Intragranular Intergranular Intergranular
Elongation to | Greatest Middle Least
failure

Fig. 2.15 and 2.16 display the nucleation of small and large particles, respectively,
as a function of effective initial particle size for both model and experimental results. As

previously mentioned, we were only able to obtain the void density values from the post-
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fracture state. While the model does not compare exactly to the experimental results due
to the tortuosity of the fracture surface and the high rate of change near the end of the
fracture process, the model compared well with the experimental nucleation values
observed from the fracture surface. The lower rate of nucleation for the (ST) and (LT)
compared to (L) correlates well to the post-failure metallography results presented in
Table 2.2.

The main purpose of this work is to present a model that can capture the
anisotropic plasticity and the related damage associated with different size scale particles.
In terms of predicting failure of the DLT specimen, the model predicted the elongation of
the three different orientations with good agreement. The results of the plasticity/damage
modeling of the DLT specimen showed that the damage evolution was dominated by
nucleation with only little void growth as compared to A356-T6 aluminum alloy
(Horstemeyer et al., 2000), and as such, the damage parameters for the 7075-T651
aluminum alloy reflect this difference. As previously stated, the post-failure void number
density quantified from the fracture surfaces provided the damage ratio caused by this bi-
modal fracture process. However, this work’s most important contribution is the
approach of modeling the damage from particles of two different length scales. Thus,

this approach could be used to model composites and other heterogeneous materials.
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Figure 2.16  Comparing the internal state variable nucleation model results to the
experimental results from the image analysis of the fracture surfaces for
large void number density arising from the intermetallics.

Conclusions

The purpose of this work was to show that an internal state variable

plasticity/damage model can capture the complex anisotropic stress-strain behavior and

the associated bi-modal damage accumulation of a wrought aluminum alloy. The
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internal state variable model constants were identical in the different directions related to
yield, isotropic and kinematic hardening, void nucleation, void growth, and void
coalescence with the only differences arising from the microstructural quantities of
particle size and particle fraction. Optical micrographs and SEM images have further
supported the conclusions that particle anisotropy is the major contributor to the varying
ductility associated with the 7075-T651 aluminum alloy. The good correlation of the
model to the experimental results, along with the post-failure microstructure analysis,
have shown that a physically-motivated modeling approach is necessary to predict the

damage arising from large intermetallics and smaller coarse precipitates.
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CHAPTER III
MICROSTRUCTURAL INCLUSION INFLUENCE ON FATIGUE OF A CAST A356

ALUMINUM ALLOY

Introduction

Structural aluminum castings give a widely scattered distribution of fatigue data
due to the variances of microstructures, defects, and inclusions present within the
material. A widely used alloy is A356 aluminum in which the fatigue behavior was
analyzed by Stephens ef al. (1988). In an effort to link the microstructure with varying
stages of crack growth of A356 aluminum, Fan ez al. (2001), Gall et al. (1999, 2000,
2001), Horstemeyer (1998), and Horstemeyer and Gokhale (1999) performed
micromechanical finite element simulations and microstructural analyses. Although a
significant amount of the microstructure-property studies were focused upon porosity
(void volume fraction) and/or silicon particle size, other aspects such as the synergism of
the size effect of pores, nearest neighbor distances, number of pores, and void volume
fraction (porosity) on the fatigue life had not been elucidated. The Dendrite Cell Size
(DCS), which is related to the secondary dendrite arm spacing, has been a critical
variable in fatigue life (Zhang et al., 1999; Lados and Apelin, 2003; Lados et al. 2005),

while Major (1997) and Kumai ef al. (1995) asserted it as the most dominate defect.
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However, the DCS will be shown that it is not the only metric that should be used to
relate to fatigue failure. The DCS is proportional to pore size as Major (1997) observed.
Hence, pore size (Fan and Hao, 2004, Yi ef al., 2006; Zhou et al., 2007) and porosity
level (Bufiere et al., 2001; Yi et al., 2003, 2004, 2006; Zhou et al., 2007) have also been
a focus of fatigue failure. However, the nearest neighbor distances, and number density
of pores must also be considered along with second phase particles and oxides as well. A
pore-controlled FDS map (Fan and Hao, 2004) showed that the relationship between
controllable microstructural features such as largest pore size, stress amplitude, nearest
neighbor distance and critical pore size can be related to cycles to failure. While these
relationships are uniquely shown, DCS was not considered part of the map. Therefore,
the contribution of this study is the emphasis of experimental observations relating these
inclusions and their collective roles to the number of cycles until failure. The particular
focus here is evidence observed by failed specimens using Scanning Electron Microscopy
(SEM) along with microstructure-based fatigue modeling.

In trying to determine inclusion-property relations for fatigue, scatter must be
considered in the modeling effort. Given the high levels of scatter in cast alloys,
statistical methods are often employed. However, upon further examination of the
microstructure-inclusion morphology present within a casting, a deterministic approach
might well be in order first. The driving force for variability from inclusions can be
separated, so a deterministic approach is plausible. From understanding of the
deterministic cause-effect relations from the structure-property interactions, a stochastic

model could be justified. In this study, the emphasis will be to show that the inclusion
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relation to fatigue properties can be quantified from a deterministic frame of reference
and is reflected in a model that can capture the statistical variance in the fatigue data.
This work will show that in modeling fatigue failure with different
microstructure-inclusions, one should not just independently assign the final number of
cycles to one parameter, for example, the pore size. Although one might examine just the
pore size as the major inclusion for failure in one case, the other parameters/inclusions
could play a much larger role in the outcome of the fatigue life for that particular
specimen. Furthermore, other specimens may have experienced failure from an oxide
which is consistent with observations made by Byczynski and Campbell (2005) and

Wang et al. (2005).

Material and Methods

The A356 aluminum alloy cast plates were comprised mainly of an age
hardenable aluminum matrix with silicon particles in the eutectic region. The aluminum
alloy comprised of 7% Si, 0.4% Mg, 0.01% Fe, 0.01% Cu, 0.01% Mn, 0.01% Sr, 0.01%
Ti, and 0.01% Zn. One type of plate was vertically cast after the method of Major (1997)
in order to quantify the different initial porosity levels and DCS levels. Another type of

plate was horizontally cast in order to give uniform microstructure and properties.

Horizontally Cast Plates
The horizontally cast plate dimensions were 20 cm by 14 cm by 5 cm and were

cast in iron chill molds on the top, bottom, and end of the casting cavity to simulate a
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permanent mold (not made by the method of Major, 1997). A no-bake silica sand was
used to create the sides of the plate, the riser, and the down sprue. A ceramic foam filter
was used between the down sprue and the riser. A356.2 ingot was melted in an induction
furnace. The melt was grain refined with titanium-boron, strontium modified, and
degassed using a rotary degasser. The castings were poured between 950 K and 977 K,
and then cooled over a 16 hour period. The plates were removed from the mold and then
heat treated to a T6 temper (solutionized at 810.8 K for 16 hrs, quenched in hot water at
344 K, and then aged for 4 hours at 427.4 K). The microstructure contained aluminum
rich dendrite cells, equiaxed fine silicon particles distributed in the interdendritic regions,

and sub-micron intermetallics.

Vertically Cast Plates

The vertically cast plates were produced using an end-chilled molding system
comprising a resin bonded silica-sand mold that included a standard side gating system.
The main mold cavity defining the plate itself was open at the bottom and the mold was
set onto a heavily water cooled copper chill box which defined the bottom of the mold
cavity. The A356.2 material was alloyed in an induction furnace and then transferred to
an electrical resistance furnace where it was cleaned and degassed using a spinning
nozzle degasser running Ar-10%Cl for fluxing, followed by pure Ar for degassing.
During the degassing cycle both a 5%Ti-1%B grain refining master alloy addition and an
Al-10%Sr modifying master alloy addition were made. The holding and pouring
temperature was maintained in the 995 to 1015K range. The resultant plates were then
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heat treated to the T61 temper. The first step was a 4 hour solution time at a temperature
of 813K, followed by a 338K hot water quench. The plates were then naturally aged at
room temperature for 12 hours followed by an artificial age at 428K. As a result of this
casting and heat treatment, the vertically cast plates contained a range of dendrite arm
spacings as a function of the distance from the chill. Samples with any desired
secondary dendrite arm spacing could be machined from them simply by choosing the
correct location. Porosity could also be systematically varied from plate to plate,
independently of the solidification time, by varying the degassing time and residual

hydrogen content.

Experiments

The specimens used for the testing were ASTM-E606 low cycle fatigue
specimens with an outside diameter of 9.525 mm. They were tested at 5 Hz frequency, at
an R-ratio of -1, and a strain amplitude of 0.0015. A servohydraulic Instron test frame

was used to cycle the specimens under displacement control.

Fractography and Mechanical Behavior

Fig. 3.1 shows the strain-life curves from the horizontally and vertically cast
plates. Note that as the DCS increased, the number of cycles (reversals) to failure
decreased. Although one might be tempted to attribute the differences just to DCS, an
attempt was made to distinguish the effects as a function of different microstructural

inclusions. As such, many of the strain-life specimens were analyzed under SEM and
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Energy Dispersive x-ray Spectoscopy (EDS) to quantify the size and type of the fatigue
crack initiation site. Parameters of interest shown in Table 3.1 were the microstructural
inclusion type, (in this study the term “inclusion” is employed to represent pore, oxide,
silicon particle, or intermetallic), size, distance to free edge, volume fraction, and nearest
neighbor distance. The nearest neighbor distance was calculated from the area of the
cross section divided by the number of pores. When more than one pore was present, an

average was taken to determine the pore (“inclusion”) size.
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Figure 3.1 Strain-life curves from horizontally and vertically cast plates
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Table 3.1 SEM results from specimens that had experienced a constant strain fatigue
amplitude (R=-1) from the vertically cast A356 plate.

DCS Cycles Strain Inclusion Inclusion Porosity vol. | Nearest

(um) (%) Type Size (um) fraction neighbor
distance

60 451,000 0.15 13 pores 265 0.0083 488

60 512,000 0.15 11 pores 255 0.0107 577

60 724,000 0.15 10 pores 250 0.0121 635

60 961,000 0.15 9 pores 240 0.0248 705

35 1,030,000 0.15 13 pores 140 0.005 488

35 1,120,000 0.15 17 pores 117 0.0059 373

35 1,140,000 0.15 12 pores 175 0.0075 529

20 1,620,000 0.15 15 pores 108 0.0019 423

20 2,070,000 | 0.15 8 pores 90 0.0020 794

20 1,210,000 | 0.15 14 pores 124 0.0048 453

20 3,210,000 | 0.15 15 pores 96 0.0063 423

In some castings with no pores or oxides visible, nucleation sites were determined
to be less than a micron in size. Alternatively, when many pores were present, fatigue
cracks nucleated at the large pores or at several pores. As illustrative examples of the size
effects and different microstructural inclusions initiating fatigue failure, three specimens
with a different number of cycles to failure are shown in Fig. 3.2-5. Fig. 3.2 shows a
specimen that had over 1.7x10° cycles in which an oxide was found on the order of 5

Jum. Fig. 3.3 shows a fairly large pore (150 1¢m) near the edge of the specimen in which

the fatigue life was approximately 2.05x10° cycles. This specimen experienced a lesser

number of cycles to failure because of the initial inclusion size was larger (150 1¢m)
compared to less than 5 ;¢m although the type was different, pore versus oxide,

respectively. Fig. 3.4 shows a specimen that had over 5.12x10° cycles in which multiple

interior pores (>200 ,tm) were found with a fairly large volume fraction of pores. When

comparing the fatigue failure for specimens in Fig. 3.3 and 3.4, the fatigue life was
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slightly more in Fig. 3.4 although the pore size was greater (<200 ftm vs 150 f¢m).

Furthermore, the total void volume fraction in the specimen in Fig. 3.4 is much greater
than that in Fig. 3.3. As such, one might expect a lesser fatigue life for that specimen.
However, another parameter, the distance to the specimen edge plays a more dominant
role. McDowell et al. (2003) and Fan et al. (2003) summarized the deleterious effects on
fatigue life as the inclusion is closer to the free surface. Although total void volume
fraction and inclusion size play a strong role in the total fatigue life, the distance to the
surface edge plays a bit stronger role when comparing the two particular specimens in
Fig. 3.3 and 3.4.

Fig. 3.2-4 illustrate how different microstructural inclusions affect the fatigue life.
Fatigue striations were observed locally near all of the microstructural inclusions in Fig.
3.2-4, but after a certain distance, striation differences (not shown here) arose in the
samples with different microstructural inclusion types. For example, the specimens in
Fig. 3.2-3 showed fatigue striations to a fairly large distance away from the nucleation
site in comparison to the specimen in Fig. 3.4, which had a larger volume fraction of
porosity. On the fracture surface of the specimen in Fig. 3.4, the fatigue cracks grew from
the pores, and then they coalesced in a ductile fashion. Fig. 3.5a shows a close-up of Fig.
3.4 designated by casting pores "a" and "b". Fig. 3.5b is a secondary electron image (SEI)
at higher magnification to illustrate the fatigue striations near pore “a”. Fig. 3.5¢c shows a
region between two pores illustrating the ductile region where voids and broken silicon

particles are observed.
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folded oxide

imm 15X

Figure 3.2 SEM pictures at (a) 15x and (b) 1000x of specimen tested under uniaxial
fatigue at a strain amplitude of 0.0015 with an R-ratio of —1. This
specimen ran for 1.7x10° cycles with the initiation site being a folded
oxide film that was less than 5 microns.

(@) casting pore ()

Tmm 15X

Figure 3.3 SEM pictures at (a) 15x and (b) 200x of specimen tested under uniaxial
fatigue at a strain amplitude of 0.0015 with an R-ratio of —1. This
specimen ran for 2.05x10° cycles illustrating the degrading effect of the
150 micron size casting pore.
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imm 15X

Figure 3.4 SEM pictures at (a) 15x and (b) 60x of specimen tested under uniaxial
fatigue at a strain amplitude of 0.0015 with an R-ratio of —1. This
specimen ran for 5.12x10° cycles illustrating the degrading effect of
multiple casting pores in locations a, b, ¢, and d as shown in Illustration

(b).

45



Casting pores

Figure 3.5 SEM pictures at (a) at 200x showing casting pores a and b, (b) at 2000x in
casting pore a, and (c) location b at 1000x of specimen tested under
uniaxial fatigue at a strain amplitude of 0.0015 with an R-ratio of —1.
These images are zoomed in from Figure 3.4.
Fatigue Model
The basis for the MultiStage Fatigue Model (MSF) first employed by McDowell
et al. (2003) was initially founded upon multiscale finite element simulations. More
recent use of the MSF model (Xue et al., 2007) demonstrated the need for a multistage
approach for modeling wrought aluminum alloys. The governing equations in the

multistage fatigue model are:

N +N N 3.1
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The total fatigue life (Equation 3.1) comprises incubation, microstructurally small/
physically small crack growth, and long crack growth. Equation (3.2) is employed to

model the incubation life due to cyclic plastic deformation from micronotches and is
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based on a modified Coffin-Manson law that links microplasticity to incubation life. As

in the Coffin-Manson law, < is selected and is identical to the macroscopic Coffin-

Manson law and , Where ~ _ , R is the load ratio, C,,
Cinc =C, +z(C,,-C,) C, —0.24(1—<R>)

*
is a model constant, and z is a variable related to the plastic zone size. The B AJ/I}I)IaX

2
term in Equation (3.3) and (3.4) is the nonlocal maximum plastic shear strain amplitude
located around the particle or defect and depends on the nominal ratio of the plastic zone
to the particle size or defect (//D). The parameters €, €per, Niim, and g, are used to
describe the ratio of the plastic zone to the particle size as a function of applied strain

amplitude (). The parameter Y is used to capture the load ratio effects and is correlated

as Y =y;+(1+R)y,, where y; and y, are model constants, and R is the load ratio. MPS is
the maximum pore size, NND is the nearest neighbor distance, and DCS is the dendrite
cell size, where the above constants are microstructural parameters determined from
fracture surface analysis. The MSC/PSC growth is a function of the crack tip
displacement (Equation 3.7) and describes the crack growth regime, where ACTD is the
crack tip displacement range, y is a material constant, and ACTDy, is the threshold for
crack tip displacement. The crack tip displacement, shown in Equation (3.8), is a
function of remote loading where C;, Cy;, and { are constants based on small crack
growth experiments. The long crack growth behavior is presented in Equation (3.9) and
is based a modified Paris law. The effective stress intensity factor is defined as AK ¢ =

Kinax — Kop, Where K, is the maximum stress intensity factor, and K, is the opening
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stress intensity factor. Finally, the higher rate of growth between the small crack and
long crack calculated growth rates is used for the transition between MSC and LC
regimes for constant amplitude fatigue life predictions (Equation 3.10).

Note in the incubation law in Equation (3.3) and the MSC growth law in Equation
(3.8) that the term MPS?/(NND*DCS) is employed. This is a modeling contribution in
this research which modifies the works of McDowell et al. (2003) and Xue et al. (2007).
Experimental fracture surface results and strain-life curves were used to motivate this

form of the equations as shown next.

Analysis and Discussion

One main emphasis of this writing is to show that the DCS is not a robust metric
for correlation to fatigue life. Major (1997) performed a quantitative experimental study
using the DCS as a metric to evaluate the fatigue life of this cast A356-T6 aluminum
alloy. Interestingly, the data in Table 3.1 shows that the porosity (void volume fraction)
and pore size is often correlated to the DCS. It certainly may be true that the DCS is a
length scale related to fatigue life since it represents a boundary to dislocations much like
a grain boundary, but it is clouded by the direct link to the porosity volume fraction
which is related to the number density of pores and nearest neighbor distances. Fig. 3.6
shows a plot of the number of cycles versus inclusion size for different DCSs in order to
show the interactive effects. Included in this figure are data from Major et al. (1997) and

Zhang et al. (1999), who performed similar studies but not down to the size scale that

49



was performed here. Here, the trend is not obvious regarding the DCS but the size of the

inclusion is clear until a certain volume fraction of porosity is reached.
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Figure 3.6 Number of cycles versus defect size at different dendrite cell sizes for the
vertically cast plate and literature data.
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Fig. 3.6 also illustrates that most of Major’s data included microstructural

inclusions that were only pores and most of them larger than 200 /¢tm. When adding in

the Zhang et al. (1999) data and the data within this work, a nonlinear relation is clearly

seen that has curvature of opposite sign than that above 200 z¢m. The data from Major

(1997) does not show this trend, because he did not observe other microstructural

inclusions in his study below 200 ©.m. The additional data provided in this study with

that of Zhang et al. (1999) illustrates that other mechanisms can dominate as the
inclusion size decreases causing this nonlinear relation with opposite curvature as
illustrated in Fig. 3.6, which was confirmed by fractography of all of the specimens in the
study.

Fig. 3.7 shows just the maximum pore size versus the number of cycles (from
Table 3.1) to give insight into the relation of the driving force for fatigue crack growth.
Clearly, Fig. 3.7 shows that fatigue life degrades exponentially as the pore size increases.
As mentioned before, DCS is used in practice to help casting designers assess the
viability of a component. However, the DCS is shown to not to be the main driving force
for fatigue failure but in fact the pore size is. It is just serendipitous that the DCS
correlates with the maximum pore size usually attributed to gas pores. The pore size is
related to the DCS, because they form at the end of the solidification process around the

dendrite circumferences.
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Figure 3.7 Number of cycles versus maximum pore size (micron) measured for

specimens tested at a strain amplitude of 0.0015.

The previous arguments were mainly based on size effects of the microstructural
inclusion. Another parameter not generally considered is the nearest neighbor distance.
Fig. 3.8 shows that as the nearest neighbor distance increases, the fatigue life increases.

In a casting, pores are distributed throughout a component. Moreover, shrinkage has very
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close neighboring pores. When pores are close enough, their local stress field may affect
the neighboring void if it lies within the field. The coupled stress field effect arising from
close neighboring voids can enhance the crack driving force and thus reduce the fatigue

life. Figure 8 indicates that this is true.
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Figure 3.8 Number of cycles versus nearest neighbor distance (microns) measured for
specimens tested at a strain amplitude of 0.0015.
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Another important parameter besides the pore sizes and nearest neighbor distance
is the number density of inclusions. In monotonic conditions the number density of
inclusions is related to the nucleation of new cracks/voids (cf., Horstemeyer et al., 1999).
In this study, the number of inclusions (most of which were pores) on the fracture
surfaces were counted and the results are shown in Fig. 3.9. One would expect that as the
number of pores increased the fatigue life decreased. However, this was not observed
clearly suggesting that number density should not be included as a metric for evaluation

fatigue damage.
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Figure 3.10  Number of cycles versus porosity (void volume fraction) measured for
specimens tested at a strain amplitude of 0.0015.

The final parameter examined in the context of metrics for use in fatigue damage
assessment is the porosity (void volume fraction). Fig. 3.10 shows the number of cycles
versus porosity volume fraction for the case when the strain amplitude was 0.0015. The

maximum pore sizes counted earlier are related to what is here termed “casting pores,”
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but the porosity is often attributed to shrinkage, which are very small pores distributed in
close regions within the material, and the large casting pores. Fig. 3.10 shows the fatigue
life versus the porosity for the specimens observed in this study. No clear trend can be
observed in Fig. 3.10, probably because the casting pores were observed in almost all of
the specimens. However, one can imagine from the trends that as the porosity increased,
the fatigue life decreased. Further studies that would be useful would be to reduce the
casting pores such that only shrinkage would be present. In this way, one could
distinguish between the effects of the porosity levels to a better degree.

In trying to determine the inclusion-property relations with the most pertinent
defects, one can nondimensionalize the deleterious entities. The first of the two
nondimensionalized parameters is the maximum pore size normalized by the nearest
neighbor distance. A second nondimensionalized parameter is the maximum pore size
normalized by the dendrite cell spacing. When these two nondimensionalized parameters
are combined into the incubation equation (3.3) and microstructurally small crack growth
equation (3.8) and are plotted with respect to fatigue life, one can see in Fig. 3.11 that a
clear nonlinear relationship arises. This behavior, as illustrated in Fig. 3.11, combines the
main aspects of the strongest inclusion parameters in the study to fatigue life. Note that
as the life increased, the scatter in the data increased. As such, one would expect more
scatter in high cycle fatigue when compared to low cycle fatigue as is observed in
general. These microstructure-property data clearly demonstrate the cause-effect

relations of the scatter in fatigue data.
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Figure 3.11  Number of cycles versus (pore size*pore size)/(nearest neighbor
distance*dendrite cell size) measured for specimens tested at a strain
amplitude of 0.0015.
This quantification of the structure-property relations can also be used for fatigue
modeling. As such, this nondimensionalized entity was implemented into both the
incubation and MSC/PSC equations of the MSF model (See Appendix B for model

constants). For the incubation life, the nondimensionalized term was employed to

magnify the maximum plastic shear strain amplitude around the “inclusion” where the

58



inclusion can be a constituent intermetallic particle, oxide film, or pore. This addition to
the model appears reasonable since local shear strain at the inclusion was influenced by
neighboring inclusions, pore size and the surrounding dendrite cell size. Once a crack is
incubated, the growth rate of the MSC/PSC was also influenced by the local stress field
that is altered by the aforementioned deleterious entities. The results of these changes to
the MSF model allow a deterministic approach that achieves good agreement in
predicting the scatter in the fatigue data. Fig. 3.12 displays the data presented in Fig. 3.1
along with the MSF model for the upper and lower bounds of the nondimensionalized
term. The upper and lower bounds of the model represent the extreme deleterious effect
of the maximum pore size, nearest neighbor distance, and dendrite cell size and correlate

well to the experimental data.
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Figure 3.12  Strain-life curves from horizontally and vertically cast plates with the upper
and lower bound of the MultiStage Fatigue model predictions

Conclusions

Inclusion quantification has been performed on a cast A356 aluminum alloy

related to the fatigue properties under high cycle uniaxial conditions. The trend for

industry to use the dendrite cell size as the main metric only for evaluating fatigue life

that has been shown to be serendipitous with the actual cause: mainly the maximum pore
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size, secondarily the nearest neighbor distance, and finally the porosity. The dendrite cell
size can be used to normalize the effects of the various inclusion features as shown in this
writing due to the boundary causing dislocation build-up and/or dislocation nucleation.
Scanning Electron Microscopy was used on a multitude of specimens in order to quantify
the inclusion-property relations. As such, the microstructural inclusion effect on fatigue
life shows a confounding influence of several parameters, not just the DCS. The
nondimensional term of that includes the combination of maximum pore size, nearest
neighbor distance, and DCS was implemented into the incubation and MSC/PSC

formulation of the MSF model and correlated well to experiments.
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CHAPTER IV
MICROSTRUCTURALLY SMALL FATIGUE CRACK GROWTH OF 7075-T651

ALUMINUM ALLOY

Introduction

Fatigue is essentially a driving force versus resistance in a given material.
Clearly, at different length scales various “resistances” exist that can alter the failure path
and crack growth rates. Some microstructural features include grain size, particle size,
particle volume fraction, misorientation of grain boundaries, and crystallographic
orientation of grains. Once a fatigue crack meanders through this maze of resistances, it
can reach a level where the resistance is minimal compared to the driving force. At this
point, a transition is made from a small crack to a long crack.

Attempts to correlate small cracks to long cracks in terms of da/dN for AK have
led to a so-called small crack anomaly. Some possible explanations to the small crack
problem have been attributed to plasticity-induced closure transients, roughness induced
closure, microstructural interaction, violation of LEFM and EPFM, and mixed mode
effects (McDowell, 1997). It is important to note that it has been argued that the
calculation of the AK concept and its use (cf., Schijve, 1984; McDowell, 1997) may not

be appropriate for small cracks. Possibly a more appropriate driving force parameter in
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characterizing the growth of small cracks is crack tip displacements (CTD). Despite this
ongoing debate, work using the AK concept has been proven successful in modeling the
growth of small fatigue cracks (cf., Lankford, 1982, 1983; Newman and Edwards, 1988;
Edwards and Newman, 1990; Newman et al., 1994).

Pearson (1975) was the first to report on the faster growth rates of small fatigue
cracks by showing that these smaller cracks grew much faster than long cracks at the
same AK. While fatigue crack growth rates in some materials are higher for small cracks,
many alloys (cf., Lankford, 1982; Tanaka, et al., 1983; Newman 1994) have displayed
notable acceleration and deceleration in terms of crack growth rates for a single crack.
This small crack acceleration/deceleration, or rather “scatter”, has been associated with
several factors including grain boundary interaction and microstructural barriers. Crystal
plasticity simulations performed by Potirniche (2004) and Wang et al. (2007) and
experiments (Gregory et al., 1984; Gungor and Edwards, 1993; Przystupa et al., 1997,
Zhai et al., 2001) showed that texture influences the growth of microstructurally small
fatigue cracks. In terms of grain boundary interaction, Zhai et al. (2005), through the use
of a crystallographic model, showed that the grain boundaries caused cracks to arrest and
become non-propagating. These small cracks grew where there was a low energy path at
a grain boundary (they studied al-li 8090 alloy and 2026 aluminum alloy). They also
demonstrated that these small cracks typically grew along slip planes within a grain and
were deflected by grain boundaries. They concluded that small crack growth is
microstructure-sensitive and that the variance of the microstructure near the crack tip is

responsible for the observed scatter of the small fatigue crack data.
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Microstructural barriers, such as intermetallics (Yi et al., 2004), influence small
crack growth as well as triple points (Picu, 1996; Picu and Gupta, 1996). Small crack
growth rates have been shown to decline as the volume fraction of intermetallics is
increased (Y1 et al., 2004). More intermetallics create more barriers for dislocations
which reduce their movement and the overall accumulation of cracks. Thus, the higher
concentration of intermetallics leads to crack retardation and a slower damage
accumulation rate.

Lastly, research performed by Forth et al. (2003) and Newman et al. (2005) has
shown that the traditional load-reduction method employed in generating large-crack data
results in higher thresholds and slower fatigue-crack-growth rates in the near-threshold
regime. As such, this perceived difference may actually be caused by the long crack test
procedure itself.

A common long crack growth rate test typically involves a compact tension
specimen and various instrumentations to monitor the crack length. There are several
commercial products which automate the recording process of measuring the crack length
versus cycles, thus greatly simplifying the process. While generating long crack growth
data is a relatively straightforward approach, small crack testing can be more
cumbersome and involves several methods. These methods include plastic replicas
(Brown and Smith, 1984), marker bands (Swain and Newman, 1984), electrical potential
(Gangloff, 1981), and ultrasonic surface waves (Walker, 1983). However, only the

replica method can generate crack growth results for initial crack lengths in the range of

10-20¢m. The replica method involves making replicas of the area of interest using
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various fast drying/curing or impression materials. Small crack testing programs have
employed the use of an acetyl cellulose film as the replica material (Newman et al., 1988;
Newman and Edwards, 1988). This method involves pressing the film onto the specimen
after swabbing the area with acetone. After the film has dried, it can be removed and
viewed under high magnification in a scanning electron microscope (SEM). However,
the use of the acetyl cellulose film has several drawbacks. The first issue involves the
crack lengths that are impressed on the film. Newman et al. (1994) reported that the
acetyl cellulose film shrinks by about 10%, thus any crack lengths measured from these
replicas are smaller by 10% compared to the actual crack length. The other issue is an
apparent increase in fatigue life compared to non-replica tests due to the acetone being
applied to the notch surface during the replica process and protecting the small crack
from the laboratory environment (Newman et al., 1994).

Despite the aforementioned problems associated with acetyl cellulose film, the
basic idea of surface replication is still a valid approach. As an alternative to the acetyl
cellulose film, a two-part silicone mixture (Repliset®) was recently employed with good
success. Newman et al., (2006) conducted a study to determine the feasibility of using
Repliset® to detect cracks in a NASA related reliability project. They found that

Repliset®, through the use of SEM analysis, could detect cracks less than 25 1«m with a
resolution of 0.1/4m and was highly accurate when compared to destructive analysis.

While their purpose was not in generating small crack growth rates but rather crack
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detection, they had generated enough da/dN vs AK data points for Inconel 178 to

demonstrate the usefulness of using this silicone mixture for generating small crack data.
The emphasis of this work is to present a variation of the replica method for
generating small fatigue crack data for notch specimens under constant amplitude
loading. Since prior replica methods involving acetyl cellulose film may have influenced
the crack growth rates, an alternative method using Repliset® for making replicas
provided the basis for the motivation of this research. Additionally, the results of the
small crack experiments will be used to provide a baseline for fatigue life for the notched
specimens with two types of surface preparation over a range of stress levels. Also,
fatigue life predictions using FASTRAN were made based on observed inclusion/particle
sizes. While small fatigue crack growth results for the 7075-T6 aluminum alloy exist, an
additional contribution of this work is to present experimental small crack growth results

for the T651 temper.

Experiments and Materials

The 7075-T651 aluminum alloy is a fairly high strength material used heavily in
the aircraft industry. This wrought alloy was examined in its as-received condition using
a scanning electron microscope (SEM) and an optical microscope. The grains and
particles of this wrought material were found to be pancake shaped and were aligned in
the rolling direction of the plate. It is also apparent from microstructural analysis that

many inclusions were broken during the manufacturing process and distributed along the
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rolling direction, creating a non-uniform particle distribution process. The yield stress
and the ultimate tensile strength was 510 and 558 MPa, respectively.

The single-edge-notch tension, SEN(T), specimen as shown in Fig. 4.1, was
employed in this study and was also used in previous small-crack test programs (cf.,
Newman and Edwards, 1988). The semi-circular notch radius, r = 2.41 mm, was selected
based on a fastener-hole size in a particular aircraft application. A majority of fatigue
failures in winged aircraft are a result of high stress concentration locations like fastener
holes. The applied loading for specimens in this testing program was selected to
represent the type of loading that is typical of aircraft fastener holes. Standard stress-life
fatigue tests were conducted over a range of applied stress levels. Tests were conducted
on two notch preparation procedures: (1) as-machined to represent actual manufacturing
procedures and (2) as-machined and chemically polished. The chemical polishing
procedure included submerging the specimens in a chemical bath at a temperature of 85C
for five minutes. The chemical solution used to polish the notch surfaces contained the
following chemical composition: 94% Phosphoric Acid and 6% Nitric Acid. SEM
analysis of the notch surface in the as-machined (Fig. 4.2) and polished condition (Fig.
4.3) show the difference in the two surfaces. The chemical polishing removed the

residual machining marks and burs as a result of the drilling procedure.
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Figure 4.1 Single-edge-notch tension, SEN(T), specimen configuration for constant-
amplitude loading (Newman ef al., 1994).
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Figure 4.2 Scanning electron microscope analysis of the notch surface of the SEN(T)
specimen in the as-machined condition.
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Figure 4.3 Scanning electron microscope analysis of the notch surface of the SEN(T)
specimen in the chemically polished condition.

A replica method was employed to monitor the growth of small cracks-10 um to 2
mm in length along the notch bore. The replica method is a non-destructive method of
recording the crack initiation and growth in the circular notch area. The replica process
required applying the Repliset® (two-part silicone mixture) material into the notch region
and allowing for the silicone replica to set (approximately 10 minutes). A static tip
mixing nozzle and dispensing gun, as shown in Fig. 4.4, were used to dispense the

Repliset® material onto the notch and tape was applied over the notch to support the
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silicon mixture as it set. Once the replica had solidified, the replica was removed and an
inverted image of the notch surface was preserved. Typically, replicas were taken at
approximately 1,000 cyclic intervals, such that at least 25 to 30 replicas were obtained
during the fatigue life of a particular specimen. After the last replica had been taken, the
replicas were coated in gold-palladium and then examined in a scanning-electron
microscope (starting from the last replica and proceeding backwards to the earliest
replica) to record the crack length along the bore of the notch. Fig. 4.5 shows a
representative set of replicas for the small crack study. Finally, it is necessary to note that
a non-interaction criterion was used to exempt crack growth rates that may have been
influenced by neighboring cracks. See Newman et al. (1994) for details regarding this

criterion.
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Figure 4.4 A representative view of the procedure for applying Repliset®, which
involves using a static tip mixing nozzle and tape to hold the Repliset®
material in place (Newman ef al., 2000).
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Figure 4.5 SEM images of replicas for SEN(T) specimen in the polished condition
for a crack growing from an intermetallic particle over a range of 8,000
cycles.
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Figure 4.6 Single-edge-notch tension, SEN(T), specimen configuration (Newman et
al., 1994).

Fig. 4.6 displays the nomenclature associated with SEN(T) specimens, where 2a
represent the surface crack length, c is the crack depth, w is the specimen width, B is the
specimen thickness, and r is the notch radius. In this particular study, w=43.18mm, B=

5.715mm, and r= 2.413mm. The calculation of the stress intensity factor range (4K)

follows that of Newman et al. (1994). The stress intensity factor range is

- 1/2
AK:AS(E] F 4.1

where /S is uniform gross remote stress range (Smax-Smin), @ is the crack length, Q is a

shape factor and F is a correction factor for either a surface (Fs) or corner crack (F;). In
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order to calculate the crack-growth rates, a simple point-to-point method was employed

from

1

da _ Aa _ 4., ~4,
dN AN N, -N, (4.2)

where /N and Za are the cyclic interval and crack length, respectively, and a;is the

crack length at &V cycles.

Plasticity-Induced Crack Closure Model

The FASTRAN fatigue life-prediction model is based upon the Dugdale strip-
yield model (1960). The Dugdale model approximates the plastic yielding and plastic
deformation ahead of the crack tip using the strip-yield concept. The FASTRAN fatigue
crack growth model builds on the Dugdale model by including the effect of plasticity
induced wake behind the crack tip. Originally, the FASTRAN model (Newman, 1981)
was developed to predict crack growth from a centrally located crack in a finite-width
specimen. The model was updated to account for other through cracks (Newman, 1983),
and later was modified to predict crack growth in two dimensions and to distinguish
between surface and corner cracks (Newman 1992). Additionally, the model was applied
to small cracks with good agreement (Newman et al., 1994, 2008). In order to model

stress ratio effects on crack growth rate data, a constraint factor («x) is used to correlate

constant amplitude fatigue crack growth rate data to effective stress intensity factor

(AKcfr), developed by Elber (1971). The FASTRAN model employed in this study is
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version 4.46 and was calibrated with small and long crack 7075-T651 aluminum data

presented in Newman et al. (2008).

Results and Discussion

Fatigue life tests were performed on the SEN(T) specimen to determine the
appropriate stress level for the replica tests and to evaluate the difference in the fatigue
life for the as-machined and polished specimens. The results of the stress-life tests for
the SEN(T) specimens are shown in Fig. 4.7, where Sy, is the maximum gross stress,
and Ny is the number of cycles to failure. The solid symbol represents the as-machined
condition and the open symbol is the specimen subjected to chemical polishing. The
results show that chemical polishing reduced the fatigue life for the higher stress levels
by half, but for the lower stress levels, the life was lower by as much as an order of
magnitude. This difference in fatigue life is likely attributed to a reduction of the surface
residual stresses via the polishing process. The as-machined surface of the notch will
inherently contain more surface residual stresses due to the drilling procedure. As such,
the chemical polishing process reduced the surface residual stress by removing several
microns of material- thus eliminating the fatigue resistance provided by the machining
process. The polishing process also revealed many inclusions/flaws at or near the surface
that were covered by the plastically deformed material due to the machining. As such, a
greater percentage of inclusions were exposed to the free surface which created more

areas for crack initiation. In addition, the polished surface also contained pits that were
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created by intermetallics becoming dislodged and falling out of the matrix during

specimen preparation.
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Figure 4.7 Fatigue life results of the single-edge-notch tension specimen for both

polished and as-machined at various stress levels for 7075-T651
aluminum alloy.
In order to determine how much of an affect the replica process had on fatigue

life, the results of the fatigue life replica experiments were compared to non-replica tests.
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Fig. 4.8 compares the average failure cycle along with the upper and lower bounds for the
replica and non-replica tests. This comparison shows that the replica procedure had little
if any affect on the fatigue life. While the maximum and minimum fatigue life for some
of the replica tests were outside the bounds of non-replica tests, overall the replica tests
compared very closely to the non-replica tests and the differences could be attributed to

statistical variance.

75000
% Mean N, non-replica
65000t - a Mean N, replica
E 550001
o
>
[&]
< 45000}
35000 f T * 1
25000 +
15000 ' - ' | |
R=0 R=0.5 R=-1
Figure 4.8 Fatigue life results for single-edge-notch specimens comparing replica

tests to non-replica tests for 7075-T651 aluminum alloy. Both replica and
non-replica tests had a chemically polished notch.

78



To determine the factors responsible for the large discrepancy in fatigue life
results for the as-machined and chemically polished specimens, initial flaw sizes for the
chemically polished SEN(T) specimens are presented in Fig. 4.9. SEM analysis of the
fracture surface of the chemically polished SEN(T) specimens cyclically loaded to failure

showed that the critical surface inclusion/flaw (2a;) ranged from 7.7 to 31.1 zm, and the

depth (ci) of the flaw varied from 7.4 to 38.8 1um. These results compared well with test

results conducted at NAVAIR (Newman et al, 2008), where the critical inclusion had a

surface length (2a;) that ranged from 6-35 (/m and a depth (ci) of 12-55 (+m as shown in

Fig. 4.10. While the surface of NAVIAR specimens were not chemically polished, the

critical inclusion sizes were very similar to sizes observed in this study.
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Figure 4.9 The 7075-T651 aluminum alloy critical inclusion size (2a; and c;) was
based on SEM analysis of the fracture surface of the single-edge-notch
specimens. The notch surface was chemically polished.
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Figure 4.10  Inclusion-particle or cluster sizes and shapes for eight cracks monitored at
NAVAIR (Newman et al., 2008).
The results of the SEN(T) small fatigue growth rates calculated from the replicas
for R=0, R=0.5, and R=-1 load ratios are presented in Fig. 4.11, Fig, 4.12 and Fig. 4.13,
respectively. The maximum stress levels and the load ratios for the replica tests are
presented in Table 4.1. In addition, for each of the load ratios, the replicas were taken at
the same maximum stress level to maintain consistency in comparing the experimental

results. The different symbols used to display the small crack growth results represent
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individual specimens. Also, the data points presented for each of the load ratios represent
several cracks, as multiple cracks were monitored for most specimens. The most obvious
observation for the crack growth rates is the large amount of scatter at the lower rates.
This is not surprising considering that the crack at this stage has the same characteristic
length as the surrounding microstructure and thus is greatly influenced by grain
boundaries and inclusion barriers which account for the acceleration and deceleration of
the cracks. In addition the small crack data displayed a load ratio effect similar to the
long crack results presented in Newman et al. (2008). The smallest crack lengths

observed on the replicas were 10-20/.m in length (2a) and these small cracks grew from
smaller surface inclusions/flaws (surface length range of 3-10.¢m). In contrast, the

critical/dominant crack typically grew from the larger surface particles/flaws which were

in the range of 7/4m-32um. Lastly, as a general observation, the first surface cracks

typically initiated early- at about 5-30% of the total fatigue life with the rest of the fatigue

life comprised of crack growth.

Table 4.1 Small Crack Test Summary for 7075-T651 Aluminum Alloy

Load Ratio Maximum Stress (MPa) | Number of tests
R=0 141.3 3
R=0.5 213.7 3
R=-1 113.1 2

For additional comparison, the FASTRAN model was employed to predict the

replica small crack growth rate results (Fig. 4.11-13). The max load used in the
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FASTRAN calculations was the same load that the replica tests were conducted at for
each of the load ratios. In order to make crack growth rate predictions, the K.g-rate
relation (not shown) was estimated based on the small crack data. An initial flaw size
was chosen to represent the defect in the chemically polished specimen. The critical flaw
sizes presented in Fig. 4.9 for surface crack lengths (2a;) and the depth of the crack (c;)
were used to estimate a minimum flaw size for the model predictions. For the

FASTRAN calculations the initial flaw size was chosen: a;=3.8//m; ¢i= 8.4//m. In

terms of comparing the model predictions to the experiments, the FASTRAN model was
able to capture the change in rate at 9E-09 m/cycle for the three load ratios. At this level,
the model predicted a sharp initial decrease or “dip” for R=0 and R=-1 load ratios. As

the crack grew, the closure level increased faster than the AK level and as such the crack

growth rate rapidly decreased until the crack opening stresses had stabilized. Thus, this
“dip” in the crack growth rates is primarily a result of the closure transient. In contrast,
the crack is fully opened for the R=0.5 loading and the model does not show a “dip” or

“sharp decrease” because the AK and AK. rates at this load ratio are essentially the same

(Fig 4.13).
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Figure 4.11  Small surface crack (Smax = 141 MPa) and FASTRAN model for crack
growth rates against /\K for 7075-T651 aluminum alloy for R = 0.
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Figure 4.12  Small surface crack (Smax = 213 MPa) and FASTRAN model for crack
growth rates against AK for 7075-T651 aluminum alloy for R = 0.5.
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Figure 4.13  Small surface crack (Smax = 110 MPa) and FASTRAN model for crack
growth rates against /\K for 7075-T651 aluminum alloy for R = -1.

The last stage of this study was to use the FASTRAN model to predict the upper
and lower bounds of fatigue-life results for the as-machined and polished SEN(T)
specimens. In order to account for the discrepancy between the polished and as-

machined, two initial flaw sizes were used in an attempt to predict the differences in the

results. For the as-machined specimens, a minimum flaw size, where a;=2 1/m and ¢i=

4.5 »m was chosen based on work by Newman at al. (2008) where the particle aspect

ratio of ¢; to a; was 2.25:1. For the chemically polished specimens, a flaw size used to

predict the lower bounds was chosen based on the aspect ratio of 2.25:1 and information
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presented in Fig. 4.9, where a;= 17.5 1um and c;= 39 m. The fatigue-life predictions

made by FASTRAN for the chemically polished and as-machined specimens are
presented in Fig. 4.14-16. Based on the two different critical flaw sizes, the model was
able to bound the experimental results for all three load ratios. At the higher stress levels
for R=0 and R=-1, the model showed the most agreement with the experimental results.
For the lower stress levels of all three load ratios, the model did not bound the
experiments very well. However, if more experiments were conducted on the polished
specimens at the lower stress levels, the fatigue life results may show better agreement to
the model predictions. In addition, for the R=0.5 test, the model predicted more scatter in
the fatigue results than experimentally observed. While no explanation for this
discrepancy is given here, future work will attempt to determine the cause. In any case,
the modeling effort presented here suggests that the difference in the as-machined versus
chemically polished specimens is a function of the initial flaw/inclusion size. As
previously stated, there are residual stresses on the notch surface due to the drilling
procedure. However, the FASTRAN model did not include these residual stresses in the
calculations, and as such, future modeling could include the effect of the drilling process

to improve the fatigue-life predictions.
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Figure 4.14  Comparison of experimental fatigue results of the SEN(T) specimens for
R=0 and the FASTRAN model for 7075-T651 aluminum alloy.
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Figure 4.15  Comparison of experimental fatigue results of the SEN(T) specimens for
R=0.5 and the FASTRAN model for 7075-T651 aluminum alloy.
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Figure 4.16  Comparison of experimental fatigue results of the SEN(T) specimens for
R=-1 and the FASTRAN model for 7075-T651 aluminum alloy.

Conclusions

The purpose of this work was to present small fatigue crack growth results for
single-edge-notch tension specimens on the 7075-T651 wrought aluminum alloy. A two-
part silicon based replica method was employed to measure microstructurally small

fatigue cracks emanating from surface inclusion particles. The small crack growth results
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displayed a large amount of scatter at near-threshold levels due to grain boundary
blocking and other microstructural barriers. In addition, tests were conducted to
determine the effect of the replica process on fatigue life compared to non-replica
specimens. The fatigue life results show that the replica method had little or no effect on
fatigue life. As such, the replica method presented here offers a valid method for
generating small crack growth results on notch specimens. Lastly, the FASTRAN model
was employed to predict the upper and lower bounds of the fatigue-life results for the as-
machined and chemically polished specimens by using initial flaw sizes determined from

scanning electron microscope analysis.
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CHAPTER V

MICROSTRUCTURAL DAMAGE HISTORY EFFECT ON ALUMINUM ALLOYS

Introduction

Failure of metallic components due to fatigue damage is a common engineering
problem and much effort has been put forth to understand and predict damage due to
cyclic loading. A review by Suresh (1991) of fatigue of metals covers many topics
including crack initiation, microstructurally small fatigue crack growth, long crack
growth, and different inclusions types related to failure. One area not frequently studied
is related to predicting failure of a component or specimens that have preexisting damage
from an overload or prestrain. An example of this type of scenario might include a
premature failure of a critical automobile component under normal use, arising from an
earlier “fender bender,” which essentially caused an overload or prestrain. A recent
literature search revealed that much of the research with regard to overloads is related to
modeling crack growth retardation from tensile overload during cyclic loading (cf.
Venkateswara Rao and Ritchie, 1988; Manjunatha and Parida, 2004). Depending on the
magnitude of the overload, retardation of the crack growth rate arises as the compressive
unloading inhibits crack growth resulting in longer fatigue life. The modeling attempts

have focused on crack tip plasticity and its effect on crack growth.
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On the contrary, the strength and ductility of some metals is reduced due to
damage from cyclic loading prior to tensile loading. This type of loading is also
representative of today’s engineering problems. A material’s strength and ductility is a
function of its prior history and being able to model past damage accumulation is
essential for safe designs. While limited, there is some research involving the effect of
pre-fatiguing on tensile ductility. Recently, work by Tsuda et al. (2006) has shown that
high strength steel alloys display lower elongation to failure after pre-cycling under low
cycle fatigue. While this is not entirely surprising considering that fatigue damage
accumulation can occur at intermetallics (Suresh, 1991), the extent that pre-fatiguing has
on tensile properties has not been readily studied even though many mechanical
components are designed to withstand large deformations and are also subjected to cyclic
loading below the material’s yield (i.e., bridges, automobiles, bicycles, etc.)

Under monotonic, quasi-static loading, the method of failure in ductile aluminum
alloys is commonly described as a process that involves void initiation, void growth, and
finally void coalescence (Garrison and Moody, 1987). In wrought alloys, the damage
process is primarily a result of the fracture of intermetallics and/or second phases. In cast
alloys, damage arises from both particles and casting pores. In both cases, particles crack
at various rates under applied tensile, compression, and torsion loads. Like quasi-static
loading, cyclic loading induces damage arising from the same microstructural features:
particles and pores. However, in low cycle fatigue, particles tend to crack at lower
applied strain compared to monotonic tensile loading, and experiments conducted on
aluminum alloy 7075-T651 confirm this phenomenon (Harris, 2005). While the rate of
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nucleation of particle fracture during low cycle fatigue loading is much less compared to
monotonic loading, the damage is unmistakably present.

In this work, modeling efforts will focus on two types of loading: a) pre-fatiguing
followed by tensile loading and b) prestraining followed by cyclic loading. While these
types of tests are not unique, to the author’s knowledge, no one has compared these types
of experimental results for both a wrought and cast aluminum alloy. Thus, the purpose of
this work is to explore the influence that past loading histories have on the damage

mechanism of tensile and fatigue failures.

Materials

Two types of aluminum alloys were experimentally tested in this research: 7075-
T651 and A356-T6 aluminum alloys. The 7075-T651 is a lightweight but high strength
aluminum alloy employed heavily in the aerospace industry. A scanning electron
microscope and an optical microscope were used to examine the alloy to quantify the
microstructural features such as particle size and grain size. Fig. 5.1 displays the grains
of this wrought material which were found to be pancake shaped and were aligned in the
rolling direction of the wrought plate. In addition, iron-rich and silicon-based constituent
particles were scattered throughout the alloy. Also, many of these particles were broken
during the manufacturing process and distributed along the rolling direction creating an

anisotropic distribution.
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Figure 5.1 Optical micrograph of the grain structure in the rolling direction of 7075-
T651 aluminum alloy (Jordon et al. 2007).

Similar to the wrought alloy, a scanning electron microscope and an optical
microscope were employed to metallographically examine the cast A356-T6 in the billet
form, as shown in Fig. 5.2. Because no rolling procedure was applied to the material, the
cast alloy microstructure was naturally more isotropic compared to the wrought material

as observed from the equiaxed particles and secondary dendrite arms.
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Figure 5.2 Optical micrograph A356-T6 cast aluminum alloy which shows second
phase particles (Horstemeyer et al., 2003).

Experiments

Two types of experiments using cylindrical specimens made of 7075-T651 and
A356-T6 aluminum alloy were tested. The first set of specimens were pre-fatigued at
specific strain amplitudes under fully reversible conditions and then stopped at
predetermined cycles and pulled to failure. For the A356 alloy, eight specimens were
pre-fatigued at a strain amplitude of 0.002, under fully reversible conditions, to 100,
1000, 10,000, and 100,000 cycles. The cyclic tests were conducted based on ASTM
standard [E 606-99] at room temperature and a servo-hydraulic load frame was employed

at 0.5 hertz. After completing the pre-fatiguing, the specimens were tensile tested at
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room temperature. The 7075-T651 aluminum alloy was subjected to the same type
loading sequence. Five specimens were pre-fatigued at a strain amplitude of 0.075 under
fully reversible conditions to 100, 300, 500, 800 and 1,000 cycles. The cyclic tests were
conducted based on ASTM standard [E 606-99] at room temperature and a servo-
hydraulic load frame was employed at 2 hertz. After completing the pre-fatiguing, the
specimens were tensile tested at room temperature. The experimental results of the
tensile tests following low cycle fatigue for the 7075-T651 and the A356 aluminum
alloys demonstrated a cyclic damage accumulation effect, as shown in Fig 5.3. For the
A356 alloy, the failure strain was about 8.5% for the first 10,000 cycles. At 100,000
cycles, the specimens failed at about 4% strain. In contrast, the wrought alloy displayed a
more immediate drop in failure strain with about 2% strain at 800 and 1,000 cycles.
While the strain amplitude for the 7075-T651 alloy was higher than the cast alloy, both
alloys displayed a degraded ductility due to the cyclic damage. Also for both alloys,
specimens were cyclically loaded and then stopped, but instead of conducting a tensile
test, the specimens were sectioned to quantify the microstructural damage evolution and

the results are shown in Fig. 5.4.
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Figure 5.4 Number density per unit area versus applied cycles for both 7075-T651
and A356 aluminum alloys.

The second set of experiments for the wrought and cast alloys involved
prestraining and then fatiguing the specimens until failure under fully reversible and
strain controlled conditions. For the A356 alloy, eight specimens were tensile prestrained

to levels of 1%, 2%, 3% and 3.6% at room temperature. After completing the
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prestraining, the specimens were fatigue tested under fully reversible conditions at room
temperature and at a strain controlled amplitude of 0.002. The fatigue tests were
conducted based on ASTM standard [E 606-92] and a servo-hydraulic load frame was
employed at 0.5 hertz. Again, the 7075-T651 aluminum alloy was subjected to the same
type of loading sequence. For the wrought alloy, twenty specimens were tensile
prestrained to levels of 1% (12 specimens), 5% (4 specimens), 10% (4 specimens) at
room temperature. After completing the prestraining, the specimens were fatigue tested
under fully reversible conditions at room temperature and at a strain controlled amplitude
of 0.002. The fatigue tests were conducted based on ASTM standard [E 606-92] and a
servo-hydraulic load frame was employed at 5 hertz. In order to compare the effect of
the prestraining on the fatigue life for the 7075-T651 and A356 aluminum alloys, the
strain-life results were compared to the fatigue results of specimens with no prestraining
and are presented in Fig. 5.5 and 5.6, respectively. For A356 aluminum, the prestrained
results fall within the scatter of the nonstrained specimens, indicating that no realizable
effect occurred. However, for the 7075-T651 aluminum alloy, the prestrained specimens
showed a distinct, degraded effect, with the 5% and 10% prestrained specimens having
the shortest life. In addition to strain-life results presented, the fracture surfaces of the
prestrained specimens for the 7075-T651 alloy were examined under the scanning
electron microscope. Fig. 5.7 shows a debonded particle that initiated a fatigue crack for
a specimen that was tensile prestrained to 10% and then fatigue tested at a strain

amplitude of 0.0025. The specimen failed at 200,450 cycles.
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Figure 5.6 Strain-life results for prestrained and non-prestrained tests for 7075-T651
aluminum alloy indicate a strong relation of the prestraining on the final
fatigue failure.
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Figure 5.7 7075-T651 aluminum alloy fatigue crack initiation site. A fatigue crack
initiated from a debonded particle as a result of the 10% prestrain. The
dimples on the particle show that the prestraining caused the particle to
debond. After 10% prestrain, the specimen was fatigued until failure with
a strain amplitude of 0.0025 at R=-1. The specimen failed at 200,540
cycles.

Plasticity and Damage Model

The internal state variable (ISV) model employed in the study was first induced
by Bammann and Aifantis (1989), Bammann (1990), and Bammann ef al. (1996) and
later modified to describe the nucleation, growth, and coalescence phenomenon

(Horstemeyer et al., 2000a) arising from both large and small particles (see Chapter 2).
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The ISV plasticity-damage model constants for 7075-T651 aluminum alloy were
determined from experimental data by using a least sum-squared best-fit method. The
plasticity equations are shown in Appendix A.2. The constants for the kinematic and
isotropic hardening equations were selected to produce the best fit of the experimental
tension, compression, and torsion data in the longitudinal direction. The damage
constants were chosen based on experimental analysis of the fracture surface (see Chapter
2). The damage model constants are shown in Appendix C.1. A single-element finite

element model was employed to model the stress and damage state.

MultiStage Fatigue (MSF) Model

The microstructurally-based multistage fatigue (MSF) model was developed
based on the observations of four-stage fatigue damage evolutions at various scales
(McDowell et al. 2003): nucleation, microstructurally small crack growth, physically
small crack growth, and long crack growth. The fatigue damage driving mechanisms for
each stage varies as the interaction of microscale-loading and microstructural features
change. Based on microscale physics, the first MSF model was developed for a cast
A356 Al alloy suitable for constant amplitude loading cases for various cast microscale
features (McDowell, et. al., 2003). Later, this MSF model was extended to a wrought
7075-T651 aluminum alloy that captures the grain size and texture effects on fatigue lives
under constant loading cases (Xue, et. al., 2007 a, b). A brief explanation of the MSF
model is given below. The total fatigue life is decomposed into three stages,

NTotal = NInc + NMSC/PSC + NLC . (5.1)
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Here, Nt 1s the total fatigue life. Npis the number of cycles to incubate a crack at a
micronotch formed by an inclusion, which can be a relatively large constituent particle, a
large pore, or a cluster of each or both. The incubated crack extends from the inclusion
into the matrix and propagates through a region of the micronotch root influence.
Numscrpsc 1s the number of cycles required for propagation of a microstructurally small/
physically small crack. Finally, Ny ¢ is number of cycles required for long crack (LC)
propagation to final failure, which depends on the amplitude of loading and the
corresponding extent of microplasticity ahead of the crack tip. The MSC/PSC growth is
a function of the crack tip displacement (Equation 5.2) and describes the crack growth

regime, where ACTD is the crack tip displacement range, Y is a material constant, and

ACTDyy, is the threshold for crack tip displacement. The crack tip displacement, shown in

Equation (5.3), is a function of remote loading where CI, CII, and /are constants based

on small crack growth experiments

52
[d“} = Z[ACTD—ACTD } (52)
dN msc th
¢ p 2
_ UAG AY thax
ACTD—C[[f(¢)S7 a+C[7
ut macro (5.3)

In this work, the microstructurally small crack formulation was modified to account for

an initial damage state due to cracked or debonded particles. Thus, the (@) function

was altered as shown

f@)=l+a(-)¥
(5.4)
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Where ¢ represents a void volume fraction or rather damage fraction, and @ and ¢ are

material modeling parameters. It is important to note that in Chapter 3, the
MPS?*/(NND*DCS) term was implemented to capture the microstructural variance on
fatigue life for the cast A356-T6 aluminum alloy. However, the MPS*/(NND*DCS) term
was not employed in this study. Lastly, Appendix C.2 lists the MSF model parameters

which are based on work by Xue et al. (2007b).

Results and Discussion

The pre-fatiguing-followed-by-tension and prestraining-followed-by-fatiguing
reveal a distinct difference for the two alloys studied in this work. The most obvious
observation made from the experimental results was that the 7075-T651 alloy displayed a
degraded strain at failure as a function of the pre-fatiguing and a lower fatigue life when
prestrained prior to loading. While the A356 aluminum alloy also displayed a degraded
strain at failure as a function of pre-fatiguing, the prestraining-followed-by-fatigue
showed no effect compared to non-prestrained specimens. Therefore, for the modeling
effort, we only focused on the 7075-T651 aluminum alloy in terms of predicting the
fatigue-life for specimens subjected to prestraining. In addition, the ISV
plasticity/damage model was employed to predict the strain at failure for the 7075-T651
alloy that was subjected to pre-fatiguing.

To predict the degradation in fatigue life for the prestrain specimens for the 7075-
T651 alloy, knowing the initial damage state of microstructure was essential. First, based

on work by Harris (2005), at 1% 5% and 10% pre-strain, the volume fraction of the
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broken intermetallics was approximately 0.05, 0.35 and 0.7, respectively. Also, the
volume fraction of intermetallics for this alloy in the untested state was about 0.025.
Once the damage fraction was known, the effect of the prestrain on fatigue life was
modeled. Fig. 5.8 displays the experimental results of the specimens that were
prestrained followed by cyclic loading, along with non-prestrained specimens and the
corresponding MSF model for 7075-T651 aluminum alloy. The model showed good
agreement and followed the same trend as the experiments. However, the underlining
point of the modeling was to show that the MSF could show a degraded fatigue life based
on an initial damage fraction. This modeling approach seems reasonable considering the
increased void volume acts like newly nucleated cracks. Hence, this deleterious effect of
increased cracked particles only affects the incubation and microstructurally small crack
growth regimes. Of course, the next obvious question is why did the A356 not show an
effect from the prestraining? The answer lies in the fact that it was the maximum pore
size that dominated the fatigue life of the A356 aluminum alloy in contrast to the larger
intermetallics in the 7075-T651 alloy. The prestraining in the A356 aluminum alloy
fractured and debonded the second phase silicon particles but did not really affect the
porosity that was present. As such, the nucleation of smaller voids arising from the
particles fracturing or debonding had really little effect on the fatigue life when you have
larger voids dominating the process. On the other hand, when the fatigue occurred first
for the A356 aluminum alloy, silicon particles were fractured and debonded and this
played a big role in the ductile fracture of A356 aluminum alloy. Essentially in fatigue,
the largest defect size is the most important factor (McDowell et al. 2003), but the total
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porosity arising from pre-existing pores and pores nucleated from particles is the most
important factor for monotonic ductility (Horstemeyer et al., 2000b). The 7075-T651
aluminum alloy had no pre-existing pores, so the second phase intermetallics were the
main defect inducing failure for both the fatigue and monotonic loading conditions.

The next modeling thrust of this work was to compare the ISV model to the pre-
fatigue-followed-by-tension experiments. As expected, the specimens not subjected to
pre-fatigue or relatively few cycles (100) showed the largest strain to failure, while the
specimens pre-fatigued to 800 and 1000 cycles showed the least ductility. The ISV
model showed good agreement to the experiments for pre-fatiguing of 100, 300, 500, and
1,000 cycles. The set of constants for each specimen were identical, except for the

nucleation rate constant, 77, (see Appendix C) which was adjusted to obtain a good fit to

the experimental results. The amount initial nucleation predicted by the model (Equation
A.1.6) prior to the tensile loading was not comparable to the experimental void number
density values shown Fig. 5.5. However, the approach employed here shows potential
for predicting the strength and ductility for a material subjected to pre-fatiguing. In
addition, the numerical and experimental results suggest that the elongation of the 7075-
T651 alloy subjected to pre-fatiguing is dependent on void nucleation from cracked or

debonded particles due to cyclic loading.
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Figure 5.8 Predicted fatigue-life results for prestrain levels of 1%, 5%, and 10% and

for specimen with no prestrain for 7075-T651 aluminum alloy.
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The experimental and modeling results for the tensile stress/strain
behavior following low cycle fatigue for 7075-T651 aluminum alloy.

The main contribution of this work was to show that a material’s strength,

ductility, and fatigue resistance is a function of past damage history and the associated

mechanisms related to that history. Thus, the damage history can be appropriately

modeled using physically motivated microstructural material models for both monotonic

and fatigue damage. The good correlation of the MSF fatigue model and ISV

plasticity/damage model to the experimental results show that the damage effect due to
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prestraining and pre-fatiguing are viable engineering tools and can distinguish between

different mechanisms.

Conclusions

Experimental results for pre-fatiguing-followed-by-tension and prestraining-
followed-by-cyclic-loading for a cast and a wrought aluminum alloy were presented.
Specimens subjected to more precycling showed lower ductility for both alloys (7075-
T651 and A356 Aluminum alloys). However, only the wrought alloy showed a degraded
fatigue-life as a function of prestraining compared to the cast alloy which showed no
effect. In addition, the MultiStage Fatigue model displayed good agreement with pre-
straining-followed-by-cyclic loading experiments for the 7075-T651 alloy. Also, an
internal state variable plasticity and damage model was employed to capture the tensile

stress and damage state due to pre-fatiguing.
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CHAPTER VI

SUMMARY AND FUTURE WORK

Summary

An internal state variable (ISV) plasticity/damage model was modified to capture
the stress and damage state of 7075-T651 aluminum alloy. Modeling results along with
scanning electron microscopy suggest that particle anisotropy is largely responsible for
the anisotropic ductility of the wrought alloy. This study also showed that inclusion-
property relations for fatigue on a cast A356 aluminum alloy can be integrated into a
fatigue life model. A non-dimensional term comprised of the maximum pore size,
nearest neighbor distance, and dendrite cell size was implemented into the MultiStage
Fatigue (MSF) model with good agreement to the experimental results. Next,
microstructurally small fatigue crack growth results were presented for a single-edge-
notch specimen on the 7075-T651 aluminum alloy. Additionally, the FASTRAN model,
calibrated to the small crack data, was employed to make fatigue-life predictions based
on microstructural inclusion defects. Lastly, as a capstone to the work presented in the
previous chapters, the ISV plasticity/damage and the MSF models were employed to
predict failure for both the A356 and 7075 alloys that were prestrained and then fatigued

and also specimens that were pre-fatigued, then tensile tested. Modeling and
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experimental results reveal the damage mechanisms associated with these combined

loading sequences.

Future Work

The modifications to the internal state variable plasticity/damage model described
in Chapter II were employed to account for void nucleation due to cracked and/or
debonded large and small particles. Since the work presented in Chapter II was based on
experiments conducted at room temperature, modeling and experimental work can be
performed on the 7075-T651 aluminum alloy to determine the structure-property
relations for large and small particles at elevated temperatures.

Experimental and modeling efforts by Jordon et al. (2007) showed that the
Bauschinger effect displayed by the 7075-T651 aluminum alloy is caused by both the
back stress and damage accumulation. Future work on the topic of the Bauschinger
effect could include examining a similar, but cleaner 7xxx series aluminum product:
7045-T651. With fewer intermetallic particles, the 7045 alloy should display a
diminished Bauschinger effect. However, experimental results and model validation are
needed.

Based on the experimental results of the small fatigue crack growth using the
replica method, some multi-site fatigue cracking was observed. In addition, some
instances of crack interaction and coalescence were observed. Thus, additional analysis

of the 7075-T651 small crack results are needed to develop structure-property relations
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for multi-site crack incubation, growth, and coalescence so as to improve future fatigue
life prediction for engineering alloys with similar microstructural features.

In addition to the multi-site cracking, research could be conducted to study the
crack initiation mechanism for aluminum alloys similar to the 7075-T651 alloy, but with
fewer intermetallics. It is hypothesized that alloys with fewer intermetallics like 7045-
T651 or 7050-T651 aluminum alloy would require more cycles under the same loading
conditions to initiate an identical sized crack compared to the 7075-T651 alloy. Thus, the
fatigue process for a cleaner alloy would be more incubation dominated and the alloy
with more particles would be more crack growth dominated. However, small fatigue

crack experiments on these or similar alloys are needed.
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APPENDIX A

ISV MODEL CONSTANTS FOR 7075-T651 ALUMINUM ALLOY
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Table A.1 ISV plasticity/damage model equations (rate form).
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Table A.2

aluminum alloy.

Microstructure-property (elastic-plastic) model constants for

7075-T651 Constants L L-T ST
G (MPa) 26426.3 26426.3 26426.3
Constants for J/B a 1 1 1
formulas for G Bulk (MPa) 68915.7 68915.7 68915.7
and K b 58600 58600 58600
melt temp (K) 1494 1494 1494
C1 (MPa) 0 0 0
C2 (K) 0 0 0
Specifies the yield C3 (MPa) 360 360 360
stress C4 (K) 110 110 110
C5 (1/MPa) 1 1 1
C6 (K) 0 0 0
C7 (1/MPa) 0.02 0.02 0.02
Kinematic €8 (K) 0 0 0
hardening and C9 (MPa) 2770 2770 2770
recovery terms C10 (K) > > >
Cl11 (sec/MPa) 0 0 0
C12 (K) 0 0 0
C13 (1/MPa) .01 .01 .01
Isotropic 14 (K) 0 0 0
hardening and C15 (MPa) 4150 4150 4150
recovery terms C16 (K) 12 12 12
C17 (sec/MPa) 0 0 0
C18 (K) 0 0 0
Hardening & Ca 1.3 1.3 1.3
recovery cons. Cb -0.4 -0.4 -0.4
Temperature init.temp (K) 297 297 297
heat gen. Coeff. 0.3 0.3 0.3
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Table A.3 Microstructure-property (damage) model constants for 7075-T651
aluminum alloy.
Constants L L-T S-T
McClintock Void Growth void growth exp 0.3 0.3 0.3
(primary) init. Rad. (mm) 0.0093 0.0112 | 0.0160
McClintock Void Growth void growth exp 0.3 0.3 0.3
(secondary) init. Rad. (mm) 0.0001 | 0.0001 | 0.0001
Nucleation (primary) a 2500 2500 2500
b 8100 8100 8100
c 500 500 1500
nuc coeff 0.007 0.007 0.007
fract. Toughness MPa(m'?) 29 29 29
part. Size (mm) 0.0093 | 0.0112 | 0.0160
part. Vol fract. 0.028 0.028 0.028
Nucleation (secondary) a 47500 47500 47500
b 153900 | 153900 | 153900
C 9500 9500 9500
nuc coeff 0.5 0.5 0.5
fract. Toughness MPa(ml/ %) 29 29 29
part. Size (mm) 0.000063| 0.000071 [0.000112
part. Vol fract. 0.032 0.032 0.032
Coalescence cdl 14.645 14.645 14.645
cd2 3 3 3
cd3 10 10 10
dcsO (mm) 40 40 40
dcs (mm) 40 40 40
dcs exp. Zz 0.1 0.1 0.1
nearest neighbor dist. (mm)| 0.018 0.016 0.021
CA pore growth init. Void vol. Fract. 0.0001 0.0001 0.0001
Nucleation nuc. Temp. depend. -2500 -2500 -2500
Coalescence coal. Temp. depend -0.01 -0.01 -0.01
Yield strength Adjustment
terms cl9 0 0 0
c20 0 0 0
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APPENDIX B

MSF MODEL CONSTANTS FOR A356-T6 ALUMINUM ALLOY
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Table B.1 MultiStage Fatigue model constants for A356-T651 aluminum alloy

Properties upper bound | lower bound

Sut (MPa) 310 310
¢ 4.80 4.80
x -0.48 -0.48
Ci 0.0870 0.0870
CTDy, 0.0002860 0.0002860
CI (in microns) 2400000 2400000
CII (in microns) 0.003 0.003
DCS (microns) 20 60
NND (microns) 794 488
MPS (microns) 90 265
Eth 0.0005 0.0005
Eper 0.0023 0.0023
Niim 0.3 0.3
q 2.30 2.30
yl 3500 3500
y2 266 266
A (m/cyc-(MPam®)*?) 1.5x 10" 1.5x 10"
M 4.2 4.2
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APPENDIX C

ISV AND MSF MODEL CONSTANTS FOR 7075-T651 ALUMINUM ALLOY
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Table C.1

aluminum alloy.

Microstructure-property (damage) model

constants

for 7075-T651

500 1,000
Constants 100 cycles | 300 cycles cycles | cycles
McClintock Void void growth exp 0.3 0.3 0.3 0.3
Growth (primary) init. Rad. (mm) 0.0093 0.0093 0.0093 | 0.0093
McClintock Void void growth exp 0.3 0.3 0.3 0.3
Growth (secondary) | init. Rad. (mm) 0.0001 0.0001 0.0001 | 0.0001
Nucleation (primary) a 3500 3500 3500 3500
b 11340 11340 11340 | 11340
c 700 700 700 700
nuc coeff 0.002 0.004 0.03 7
fract. Toughness
MPa(m"1/2) 29 29 29 29
part. Size (mm) 0.0093 0.0093 0.0093 | 0.0093
part. Vol fract. 0.028 0.028 0.028 0.028
Nucleation
(secondary) a 120000 120000 | 120000 | 120000
b 324000 324000 | 324000 | 324000
c 20000 20000 20000 | 20000
nuc coeff 0.00003 0.00003 | 0.00003 | 0.00003
fract. Toughness
MPa(m”"1/2) 29 29 29 29
part. Size (mm) 0.000063 | 0.000063 [0.000063{0.000063
part. Vol fract. 0.032 0.032 0.032 0.032
Coalescence cdl 10 10 10 10
cd2 1 1 1 1
cd3 200 200 200 200
dcsO (mm) 40 40 40 40
dcs (mm) 40 40 40 40
dcs exp. Zz 0.1 0.1 0.1 0.1
nearest neighbor
dist. (mm) 0.018 0.018 0.018 0.018
CA pore growth |init. Void vol. Fract.| 0.0001 0.0001 0.0001 | 0.0001
Nucleation nuc. Temp. depend. -2500 -2500 -2500 | -2500
Coalescence coal. Temp. depend -0.01 -0.01 -0.01 -0.01
Yield strength
Adjustment terms cl9 0 0 0 0
c20 0 0 0 0
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Table C.2

MultiStage Fatigue model constants for 7075-T651 aluminum alloy.

Properties No pre-strain | 1% pre-strain | 5% pre-strain | 10% pre-strain
Sut (MPa) 515 515 515 515
< 0.173526 0.173526 0.173526 0.173526
o -0.698266 -0.698266 -0.698266 -0.698266
Cn 0.3 0.3 0.3 0.3
CTDy, 0.0002860 0.0002860 0.0002860 0.0002860
CI (in microns) 80000 80000 80000 80000
CII (in microns) 0.003465 0.003465 0.003465 0.003465
w 1.997 1.997 1.997 1.997
¥ 0.00015 .0014 0.01 0.02
Y 100 100 100 100
Eth 0.0005 0.0005 0.0005 0.0005
Eper 0.0023 0.0023 0.0023 0.0023
Niim 0.3 0.3 0.3 0.3
q 2.30 2.30 2.30 2.30
yl 146 146 146 146
y2 300 300 300 300
A (meye-(MPam®)*3) | 1.5x 10" | 15x10"| 1.5x10" 1.5x 10"
M 4.8 4.8 4.8 4.8
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