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Figure 2.6 Microstructure of untested 7075-T651 aluminum alloy (Harris, 2006).

14



700
600 (a)
200 W particle area (ST)
'f? ggg particle are (LT)
[
=] .
& 200 M particle area (L)
< 100
0
o —
I R
= 0V 0 © & ™
NX @R 58 g
m S Qg T
area (pm~2) L
250 - (b)
200 -
M nearest neighbor
> 150 1 distance (ST)
§ 100 - nearest neighbor
g distance (LT)
g 50
L
0
-
N
T¥E g3y
distance (um)
600 -
500 - (©)
) 400 1 B aspect ratio (ST)
§ 300 1 aspect ratio (LT)
g 200 M aspect ratio (L)
* 100
0

~
N'ﬁq'
™

o
- (o)
N

<
©

Q
~

distance (um)
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in 7075-T651 aluminum alloy for the longitudinal (L), long transverse
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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.

21



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
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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
28



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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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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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

131



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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