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Probabilistic Method for Predicting the Variability
in Fatigue Behavior of 7075-T6 Aluminum

K. M. Gruenberg,* B. A. Craig,” and B. M. Hillberry*
Purdue University, West Lafayette, Indiana 47907-1288

The applicability of a probabilistic model for estimating fatiguelife variability for 7075-T6 aluminum is assessed.
The test specimens for the experimental program were 7075-T6 aluminum single-edge notch-tension specimens
tested under constant-amplitude loading (o,ax = 120 MPa, R =0.01). A plastic replication procedure was used to
identify crack nucleation sites and monitor crack growth. The initiation sites were identified by examination of the
plastic replicas and the fracture surfaces of the failed specimens. In agreement with previous studies, the fatigue
cracks formed in the center of the notch from material inclusions. For the prediction model, the distribution of
inclusion sizes (0.2-45 pum?) within the material were used as the distribution of initial flaw sizes. It was assumed
that the crack formation life was a small percentage of the total life, and thus life predictions were based entirely
on crack propagation. The cumulative distributions for the fatigue lives from the experimental work and the
numerical model were compared to assess the effectiveness of the model. Whereas experimental crack formation
lives as long as 50-70% of the total life were observed in some of the tests, the model predicted failures well in
the shorter life regime. The predicted lives were conservative, and in the shortest life region the predictions were

within 15% of the observed lives.

Introduction

NE method that has been developed to address the variabil-

ity in fatigue lives is a probabilisticapproach.! This approach
has been developed mainly from two observationsin fatigue. First,
fatigue studies have shown wide ranges of lifetimes within a given
set of identical tests. Second, it has been observed that many fa-
tigue failures have initiated at material inhomogeneities? Taking
into account the inherent microstructural variability and other fa-
tigue analysis concepts, like stress-intensity factors, crack closure,
and small-crack effects, a method has been constructed to estimate
the variability in fatigue life to failure.! In addition, the method
estimates this variability with reduced amounts of costly and time-
consuming experimentation.

In the past two decades, fatigue crack growth behavior in the
region of low-stress-intensityrange A K has been closely examined.
One resulthas been the concept that for any crack configuration for
which the calculated AK is below a thresholdlevel (A Ky, ) the crack
will not propagate’~>

It has been observed that cracks initiate very early in the fatigue
life, occurring at a variety of material inhomogeneities>®® such
as voids, particles, or pits. For sheet materials, most of the porosity
is eliminated during the rolling process. As a result, for a smooth
surface of sheet material, the largest remaining defects are material
inclusions”~!!

Previous studies have shown that the fatigue behavior of many
materials depends heavily on the microstructure®¢:1%12714 These
studies discuss the roles of material inclusions, material phases,
grain orientation, and other microstructural characteristics that in-
fluence crack growth. It has been observed that all of these features
provide more pronounced effects when the crack is small.

Cracks have been observed to propagate such that the crack sur-
faces are perpendicular to the loading direction. It has also been
observed'":!> that fatigue cracks quickly assume a semicircular
shape, a /c = 1. This, coupled with the preceding discussion about
the different modes of crack initiation, can be used to develop a
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fatigue life prediction methodology that is based entirely on crack
propagation.

Small cracks have been observed to grow faster than long cracks.
Plasticity-induced closure reduces crack growth rates; however,
small cracks have not developed any prior plastic deformation. The
absence of closure effects for newly initiated cracks helped explain
why low-stress-ratio loadings and compressive loadings resulted
in faster crack growth rates than were predicted from long-crack
data.' It has also been observed that cracks with different lengths,
but the same AK, behaved differently* %! The large difference
between growth rates was attributed to crack length in which the
observed growth rates were much faster than those predicted from
the available da/dN vs AK relationships2-#:9+10-14.16

Various investigations> !4 have shown that there is an inherent
nature about fatigue that produces varying fatigue lives for seem-
inglyidenticaltestconfigurations.Recently,investigatorshave made
attempts to predict the variationin fatigue results.! '3 In the study
of Laz and Hillberry' of 2024-T3 aluminum sheet, a probabilis-
tic method was developed to predict the variability in fatigue lives
based on microstructural variability. The probabilistic model was
found to provide a good prediction of the experimental fatigue lives
and their associated variability.

The analysis of Laz and Hillberry implemented a Monte Carlo
simulation to make analytical predictions of variability. The anal-
ysis used FASTRAN IL'7 a numerical crack growth model.
This computer program, developed by Newman, incorporates the
above-discussed theories of closure, small-crack effects, and
da/dN vs AK g relations. In the FASTRAN II model, AK is ap-
plied throughout the analysis, and the corresponding growth incre-
ment is calculated. In this study, as well as in the study of Laz and
Hillberry, FASTRAN II was used to grow the cracks numerically to
breakthrough.

Materials and Methods

Aluminum 7075-T6 Sheet

The material used in this study was an aluminum Al-Zn-Mg
alloy 7075-T6 in the form of a 2.31-mm-thick sheet. This previ-
ously untested panel was from the same material lot as that tested
by Edwards and Newman'® and was provided by NASA Langley
Research Center. The da/dN vs AK.; data were developed by
Newman et al.2 for this material, and therefore no measurements
of crack growth rates were performed.

Large constituent particles of the order of 2-50 um in size are
formed during the processing of the sheet material. These particles
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Table1 Mechanical properties
of 7075-T6>°

Property Value
Sy()'z%, MPa 503
S., MPa 572
K., MPam!/2 50

Fig.1 Environmentalscanning electron microscope image of ST plane
at 500 X.

are detrimental to the fatigue resistance of the alloy and actually act
as fatigue crack formation sites."”

Figure 1 shows the appearance of these larger particles on the
short-transverse (ST) plane of the 7075-T6 used in this study. The
types of particles and precipitatesformed in this alloy have nominal
chemical compositions of MgZn,, Mg;Zn;Al,, Mg,Si, Al;Cu,Fe,
and MgsAls. Table 1 gives the mechanical propertiesof the 7075-T6
alloy.?

Experimental Testing
Test Specimens

Laz and Hillberry,' Newman et al.,> Newman and Edwards,'> and
Edwards and Newman'® used a single-edge notch-tension (SENT)
specimen to investigate the initiation and the growth behavior of
small cracks. This specimen design was initially chosen because it
simulated the behavior of an open hole in an aircraft structure.”
This specimen geometry was used for the experimental component
of this investigation. The dimensions for the specimens are based
on previous studies'->*13: length, 216 mm; width, 45 mm; thickness,
2.235 mm; and notch radius, 2.92 mm. The single notch was used
to localize the region within which cracks would initiate. Figure 2
shows the orientation of the metallurgical planes and the loading
direction with respect to the specimen. Also shown in the figure
is the orientation of the crack that forms in this type of specimen.
Laz and Hillberry' and Murakami and Endo?®! observed that the ST
plane is the most relevant plane for nucleation sites in this type of
configuration and loading.

Specimen Preparation

A total of 18 specimens was cut from one panel. To minimize the
residual stresses, a series of 12 decreasing depths of cut were used
to machine the notch, followed by a chemical polishing procedure.
The chemical polishing process® removed a uniform, thin layer of
material from the specimen, approximately 40 um from each sur-
face. The polishing procedure removed any remaining scratches
and helped reduce any remaining residual stresses. The testing di-
mensions were chosen such that the AK solution, as developed by
Newman et al., would be applicable

Loading Direction
Rolling Direction

ST plane T T

|
LT plgne
LS plane i

l_._’
C

|
B
|
|
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Fig. 2 SENT geometry and orientation of metallurgical plan: LS,
longitudinal-short; LT, longitudinal-transverse.

Top View

Test Conditions

The tests were run in laboratory air with a 10-Hz, constant-
amplitude sine wave. The maximum nominal stress applied was
120 MPa and the minimum stress was 1.2 MPa, so that the tests
were run at a stress ratio R of 0.01. The load cycle was paused af-
ter predetermined cycle increments so that a replication procedure
could be performed. To replicate the notch surface, we stopped the
load cycling at the mean load and the load was raised to 80% of
the maximum load. A drop of high-purity acetone was applied to
the notch surface, and the acetyl cellulose film was lightly pressed
into the notch. The acetone was allowed to set for a period of 5 min
before the replicawas removed. Replicas were examined with a light
microscope at approximately 220x magnification for the presence
of cracks in the notch. With this magnification, 20-40-um cracks
were readily detected,althoughat thisresolution 5-6-pm cracks can
be identified. For each test, the cycles to form a through-thickness
crack (breakthrough) N, and the cyclesto failure N ; were recorded.

The purpose of the replicas was to provide a microscopic record
of the notch surface throughout testing as well as to monitor crack
growth. Each replica was stored so it could be examined in greater
detail after testing. The replicas were examined in reverse order to
help find the crack formation life N; and the location and nature of
the crack nucleation site.

Determination of A Ky,

A value for AKy, was calculated from the experimental fatigue
lives. FASTRAN II, which used the longest, finite experimental
life, was used to determine the initial crack size A; corresponding
to the threshold. However, there is still a possibility of observing a
longer lifetime than those observed in this investigation. To address
this possibility, the cumulative distributionvalue associated with the
longestobservedlifetime was taken to be the cumulative distribution
value of the correspondinginitial crack size A;. The threshold crack
size Ay, was determined by finding the appropriate crack size that
matched the cumulative percentage based on the area distributionto
the observed cumulative percentage for the longest, finite lifetime.
The threshold area is used as a lower bound for initial areas in the
probabilisticmodel, which will be discussedbelow. The assumption
is that any initial crack with an area below the threshold value will
not propagate.

Probabilistic Modeling

Based on the observationsand theories from the literature, several
assumptions are incorporated into the probabilistic model:

1) Cracks form at particles at the center of the notch (0 deg from
the ST plane).

2) Crack formation occurs in the middle of the specimen thick-
ness.

3) Cracks form as surface cracks and assume a semicircularshape
in the ST plane.

4) A nucleating defect is assumed to be a flat crack.

5) The crack propagation path is parallel to the ST plane.

6) Formation life is a small percentage of the total life and can be
neglected.

For the probabilistic model, particle areas were measured and
fitted to a three-parameterlog-normal distribution. The distribution
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was then used for two separate failure predictions. The first pre-
diction used a Monte Carlo simulation to sample, from the esti-
mated distribution of particle areas, 1000 particle sizes greater than
the threshold area. The projected area A; of the initiating defect
was converted to a semicircular crack of radius 7;. These generated
cracks were numerically grown to failure by use of FASTRAN II.
The second prediction used conditional probability to create a cu-
mulative distribution for particle size and then took advantage of
the one-to-one relation between particle area A; and life to break-
through N, to compile a cumulative distribution function (CDF) for
fatigue lives. The Monte Carlo procedure, implemented in earlier
work by Laz and Hillberry,' produces an estimate of the exact CDF.
The conditional probability procedure is an improvement since it
produces the exact CDF. Both procedures are used here to verify
previous results.

Area Distribution Analysis

For particle analysis, two small coupons of sheet material were
cut from the same panel as the test specimens. The coupons were
mounted on Bakelite, and the ST surface was polished with 100-,
320-,400-, and 600-gritrotating sanding wheels. Two wet polishes,
a 5-um diamond paste and a 0.05-um CrO; slurry, were used to
achieve the final surface finish.

To document the particle area distribution, we photographed the
mounted coupons with an environmental scanning electron micro-
scope (ESEM). Twenty pictures of the ST plane were taken at a
magnification of 500x. One such image is shown in Fig. 1. The
pictures were taken across the entire exposed area of the coupons
so as to take a representativesample of the particle distribution. The
particlesin the ST plane, perpendicularto the loading direction, are
the particles relevant to the initiating crack shapes.!"?!

An image analysis package, IMIX,?? was used to measure the
area of each particle. Figure 3 shows the binary image correspond-
ing to Fig. 1. After calibration, the program converted the white
pixels into particle areas. The image analysis resulted in the mea-
surement of 1282 particles from the total area examined, which was
a little more than 0.5 mm?. With this set of equipment, a particle of
0.05 #m? could be resolved, although the smallest observed particle
was 0.2 um?.

As in the analysis of Laz and Hillberry of 2024-T3, a three-
parameter log-normaldistribution was fit to the distribution of parti-
cleareas. Equation (1) showsthe general form of the density function
of a three-parameterlog-normal distribution:

m 1 . 1F4A—0)—;T 0
= ———CX —— —
V2 (A —0)o P12 o

where 0, o, and ¢ represent the threshold, shape, and scale param-
eters, respectively. To fit these parameters to the measured data, a

Fig.3 Black-and-white image (of Fig. 1) used in particle analysis.
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Fig.4 Histogram of particle areas on the ST plane.

process similar to that given by Johnson et al.?3 was followed. The
value of 6 was iteratively selected to find the best fitting set of three
parameters for the estimated density function. The log-normal pa-
rameters 6, ¢, and o were found to be 0.191 um?, —0.6772, and
1.8838, respectively.

To test the normality of the logarithms of particle area, we used
a Kolmogorov D test. The observed Kolmogorov D statistic was
0.0418 and resulted in a p value of <0.01. This means that the
calculated set of three parameters should be rejected as the true set
of three parameters for the true distribution. However, if the log-
area measurements are normalized to the standard normal variate
by means of**

(A —0) — ¢
7=—

o

(@)

the transformed variables have a mean of 0.0000180and a standard
deviation of 0.999981. For the ideal standard normal distribution,
the mean is 0.0 and standard deviation is 1.0. It is apparent that
the normalized mean is nearly zero and the standard deviation is
approximately 1.0. With over 1200 observations, the Kolmogorov
goodnessof fit test is sensitive to very slight variations from normal-
ity, especially variationsin the tails of the distribution. This appears
to be the case here. Because the mean and the standard deviation
of the standardized variates are so close to what is expected, it is
assumed that the estimated log-normal distributionexplainsthe data
adequately.Figure 4 shows the histogram of the particle distribution
as well as the probability density function for the particlearea. From
this figure, it can be seen how well the three-parameter log-normal
distribution fits the observed particle areas.

Monte Carlo Simulation

For this analysis, 1000 particles with areas above Ay, were ran-
domly chosen from the estimated log-normal distribution. A com-
puter program was used to accomplish the selection process. From
the observations of Lankford'® and Newman and Edwards'> of
crack shape, each generated A; was converted to an equivalent-
area semicircular initial crack of radius r;. Each r; was used in
the numerical crack growth model FASTRAN II to determine the
fatigue life of each selected particle area. The crack growth rate
data for the 7075-T6 material used in the FASTRAN II model were
taken from the experimental measurements of Newman et al.> The
data from Newman et al. were a conglomeration of results taken
from the NASA group and the Chinese Aeronautical Establishment
group.

To complete the Monte Carlo analysis, we compiled the 1000
generated fatigue lives to create a nonparametric CDF. With a
Kolmogorov test, a degree of fit between the experimental CDF
and the numerical CDF for lives was calculated to measure the ef-
fectiveness of the predictions.
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Conditional Probability

As mentioned, the concept of a threshold initial area was used to
bound the lower values of areas used in the numerical analysis. Be-
cause a propagatingcrack must already be at or above this threshold
size, conditionalprobability calculationscan be used to describe the
remaining portion of the density function.

The concept of conditional probability implements relations be-
tween the probability of occurrence of events. The general formu-
lation for conditional probability gives the probability that event X
occurs given that event Y has already occurred. For the conditional
probability,

_P(XNY)
P(le)—W 3)

assuming that P(Y) #0. Creating a CDF for life to breakthrough
N, would require the calculation of the values in

F(Ny) = P(Ny < N) (C))

The relationship between A; and N, (for a given crack shape)
is one to one, and essentially A; is inversely proportional to N,,.
Because A; and N,, are inversely proportional, the events of Eq. (4)
are described as follows: event X, the probability that the initial area
is greater than a given value of A; and event Y, the probability that
the initial area is larger than Ay,.

Because event X always satisfies the condition of event Y, the
probability of the intersection of X and Y is equivalentto the prob-
ability of X alone, and Egs. (3) and (4) are combined to give Eq. (5)
for the CDF for area F(A):

F(A) — M (5)
T P(x> Ap)

Conditional probability analysis in this manner allows the values
of area to be chosen in any region of the particle distribution. The
particles do not have to be randomly selected. In addition, this ap-
proach results in the exact CDF of fatigue life, whereas the CDF
from the Monte Carlo procedure is an estimate of this CDF. Also,
with the conditionalapproach, the tail regionscan be examined more
closely and sampling errors can be eliminated.

Results

Experimental Program

Each test specimen from the experimental component of this test
program provided four major pieces of data: cycles to crack forma-
tion V;, cycles to breakthrough N, cycles to failure N s, and a series
of plastic replicas.

A summary of N;, Ny, and N for all 18 tests is given in Table 2.
The shortestlife to breakthroughwas 36,800 cycles, and the longest
finite life was 650,000 cycles. One specimen failed in the gripping

Table2 Summary of cycles to crack formation V;,
breakthrough N, and failure, Ny

Specimen N; Ny Ny

1 70,000 108,000 115,566
2 170,000 203,000 209,711
3 16,000 50,000 55,015
4 (failed in grips) 600,000
5 100,000 143,000 147,919
6 100,000 155,000 160,795
7 1,000 72,000 77,150
8 10,000 42,000 48,272
9 35,000 90,000 93,281
10 NA 105,000 110,443
11 >425,000 650,000
12 85,000 130,000 136,170
13 7,000 52,000 58,626
14 140,000 170,000 177,400
15 85,000 120,000 127,339
16 70,000 95,000 1008,876
17 7,000 42,700 49,560
18 16,000 36,800 42,501

mechanism of the test machine at 600,000 cycles and was treated
as a runout, reducing the number of actual fatigue failures under
scrutiny to 17. At 500,000 cycles, no visible cracks were observed
on the specimen that failed in the grips. As for N, regardless of
the number of cycles to breakthrough, the number of cycles beyond
breakthroughnecessary to reach failure averaged 6045 cycles with
a standard deviation of 1144 cycles.

Crack Formation Sites

For most of the specimens, examining the replicas in reverse or-
der under an optical microscope enabled easy identification of the
nucleating defect. However, the initiation site was indiscernible for
three specimens. From fractographicanalysis, all the initiation sites
were located, but the exact feature that initiated the crack was not ev-
identfor four specimens. The optical microscope and ESEM served
as a cross reference as well as a means to classify the nucleationsite
if one method was indeterminate. When the combined results from
the optical microscope and the ESEM images were used, 11 of the
17 critical flaws were found to nucleate at particles at or near the
surface of the notch. Three cracks formed from a combined effect
of either a pore and a particle or a void and a particle at or within
10-20 pwm of the notch surface. The nucleation sites for the other
three specimens were unable to be determined. The measured nu-
cleatingareas were converted to equivalent-area,semicircularinitial
cracks, which were grown to failure by FASTRAN II. The results
showed that the longest experimental lives did not always corre-
spond to the smallest initiating areas.

Figures 5-8 show ESEM images of two fracture surfaces and
optical microscope digital images of the replicas from the corre-
sponding two specimens. Figures 5 and 7 are ESEM images of the
bottom fracture surface (which is contained in the ST plane) with
the notch to the left-hand side of each picture. These two figures
show the nucleation sites, and it can be seen that the shape of the
nucleating particle is not necessarily semicircular. Figures 6 and
8 are digital images of the replica surfaces in which the ST plane
is a horizontal line through the visible crack. Some of the replicas
showed the crack soon after nucleation.It canbe seen from theseim-
ages that the cracks are propagating perpendicularly to the loading
direction because the loading direction s in the vertical directionin
these images. From these images, the irregular shape of the nucleat-
ing particles can be observed. The images of the replicas also show
the presence of other nonnucleating particles on the notch surface.

In addition to most of the cracks initiating at inclusions, most
cracks initiated in the middle 50% of thickness. One, and only one,
initiation site was observed for each of the 17 finite-life specimens.
The cracks were monitored with replicas to record the behavior
of each crack. From these replicas, it was observed that the single
nucleating crack experienced no crack interaction. All of the cracks

Fig.5 ESEM image of specimen 18 fracture surface.
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Fig. 6 Digital image of replica from specimen 18 after 16,000 cycles.

Fig.7 ESEM image of specimen 9 fracture surface.

initiated as surface cracks, and 13 of 17 cracks initiated inside the
middle 50% of the thickness. As far as position from the root of the
notch, 13 out of 17 cracks initiated within +12 deg of the root of
the notch (within 94% of the maximum stress).

Threshold AK

From all the experimentaltesting, there were 18 measured fatigue
lives under identical loading conditions. As mentioned earlier, one
of these specimens was treated as a runout. The remaining 17 test
specimens reached breakthrough at or before 650,000 cycles. Two
analyses were made of the threshold behavior for the 17 finite-
life specimens. For one analysis the total life was considered in
which the specimen that reached breakthrough at 203,000 cycles
represented the lowest applied initial AK resulting in finite life.
The FASTRAN II results gave an initial crack size with a radius
of 6.062 um. The corresponding initial AK was 1.3 MPa./m, as
calculated with the equations for a semicircular surface crack, and
this value of AK was considered to be A Ky, for this configuration.
The results for the predicted CDFs with A Ky, = 1.3 MPay/m are
shown in Fig. 9. It can be seen that the predicted curve follows the
experimental results quite well, and a more thorough discussion of
this figure can be found in a later section. For the second analysis,
only the propagation lives were used. The specimen that reached
breakthrough at 203,000 cycles, with a propagation life of 71,000
cycles, represents the theoretically lowest applied initial AK. For
the propagation life analysis, the threshold crack size was an area
witharadiusof7.351 wm, correspondingto a A Ky, of 1.44 MPay/m.

Fig.8 Digital image of replica from specimen 9 after 16,000 cycles.
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Fig. 9 Combined CDFs for cycles to breakthrough with A Ky, =
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Fig. 10 CDFs for N, based on only propagation life with A Ky, =
1.44 MPa,/m.

The results for the predicted CDFs with AKy, = 1.44 MPa./m are
shown in Fig. 10. It can be seen that the predicted curve follows
the experimental propagation lives quite well. A more thorough
discussion of this figure is found in a later section.

For purposes of this investigation, the A K, determined from the
longest lifetime was based on crack propagation and did not eval-
uate nucleation life. In the analysis in which AKy, was determined
to be 1.3 MPa+/m, the failure at 650,000 cycles was treated as an
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incubation-dominatedlifetime. If the lifetime were adjusted for ini-
tiation life (>425,000 cycles for this specimen), the resulting life to
breakthroughof 225,000 cycles would lie very close to the predicted
curve of Fig. 9.

Cycles for Crack Formation

Many of the test specimensdid not exhibitvisible crack formation
early in fatigue life. Specifically, several specimens did not develop
a visible crack until after 100,000 cycles. Yet most of these test
samples sustained full fatigue failure at or before 203,000 cycles.
This seems to indicate that there was a significant incubationlife for
some of these specimens. Although the model does not incorporate
an incubation period, the fatigue lives of the experimental trials are
within the distribution of lives predicted by the probabilistic model.
The 650,000 cycle failure is outside the range of predictions based
on AKy =1.3 MPay/m. For the six specimens that failed at or
before 70,000 cycles, the average initiation life was 15% of the life
to breakthrough. For the other 10 specimens for which initiation
life was measured, the average initiation life was 68% of the life
to breakthrough. An important result for consideration is that the
specimen that failed at 650,000 cycles had a nucleation life greater
than or equal to 425,000 cycles.

Probabilistic Analysis
Results from Both Numerical Techniques

In the Monte Carlo simulation, a total of 1000 particle sizes were
generated from the estimated log-normal density function for the
particle areas. The distributionof lives to breakthroughthat resulted
from the Monte Carlo simulations formed one prediction for the
variability of fatigue lives. The second prediction is the distribu-
tion of lives to breakthrough from the conditional probability tech-
nique. For AKy, = 1.3 and 1.44 MPa,/m, the nonparametric CDF
(the Monte Carlo prediction), solid curves in Figs. 9 and 10, and
the parametric CDF (the conditional probability prediction), dashed
curves, showed excellent agreement.

Comparison of Numerical and Experimental Results

The combined predicted and experimentalresults shown in Fig. 9
include four experimental data points from Newman et al.> In the
investigation of Newman et al. of 7075-T6 aluminum, SENT speci-
mens of dimensions nearly identical to those used in this study were
tested. The four specimens tested by Newman et al. were cycled at
120 MPa and a stress ratio of 0, the same test conditions as those
used in this investigation. Also, these specimenshad the same stress
concentration factor K7 at the notch as the specimens used in this
investigation.

Figures9 and 10 show the fatiguelife to breakthroughresults from
both the numerical and experimental components of this investiga-
tion. One set of predicted fatigue lives, shown by the solid curve,
shows the results of the Monte Carlo simulation. The second set of
predictedlives, shown by the dashed curve, shows the results of the
conditional probability technique. The experimental lives N, were
compiled into a nonparametric CDF by use of an i /(N + 1) formu-
lation, where i is the ordered number of the data pointand N is the
total number of data points (all studies), in this case 21. From Fig. 9,
in which AKy, = 1.3 MPa,/m, it is apparentthat the two numerical
predictions provide a good prediction of the shortest experimental
fatigue lives. On the whole, the numerical predictions make con-
servative predictions for the experimental lives to breakthrough. As
for the overall distribution of lives, the ratio of observed life to pre-
dicted life ranged from 1.01 to 1.6. From Fig. 10, in which AKy, =
1.44 MPa,/m, the predictions tend to be unconservative. For this
higher A Ky, the ratio of observed life to predicted life ranged from
0.63 at the shortest lifetimes to 0.91 at the longer lifetimes.

The Kolmogorov D test was utilized to compare the largest dif-
ference between the numerical CDF and the experimental CDF, in
which a statistical rejection would mean that the two distributions
are different at a particular level of significance. For 20 degrees of
freedom, the critical D statistic is 0.45 at an « level of 0.05 and
0.55atan « level of 0.01. For the analysis correspondingto A Ky, =
1.3 MPa/m, the observed value of the D statistic for these two
CDFs was 0.246. This resultindicates that there is no significant ev-
idence to suggest these two CDFs are differentat either significance

level. For the analysis correspondingto AKy, = 1.44 MPa/m, the
observed value of the D statistic for these two CDFs was 0.46. For
the analysis in which a AKj, of 1.44 MPa,/m was used, the ob-
served test statisticis larger than the critical value for « =0.05 and
close to the critical value for « = 0.01. These results for the CDF
in which AK, = 1.44 MPa,/m indicate that the curves come from
differentdistributionsat the 0.05 level and are almost rejected at the
0.01 level also.

All of these results were made by determinationa A Ky, and then
prediction of the CDF of fatigue lives. The value of AKy;, was taken
from the experimental data, and the CDF of fatigue lives was pre-
dicted by the CDF of particle areas. Laz and Hillberry! showed
that the value of A Ky, for 2024-T3 was a constant across different
applied stress levels.

Discussion

Crack Nucleation from Particles

Also consistent with previous fatigue studies, most of the cracks
observed in the test specimens formed at particles (11 of 17). Three
of the remaining six nucleating cracks were at or near particles.
These results support the findings of Newman and Edwards,"” in
which it was observed in four different alloys by different groups
thatthe critical flaws in the sheet material nucleated at particles. This
result is important information because it is one of the underlying
assumptions of the probabilistic approach. The attempt to predict
the variability in lifetimes is based on the variability of initial crack
sizes.

Cracks Initiated from Largest Particles

For the 11 nucleation sites that could be identified as particles,
the sizes of these particles (30-7200 pm?) were from the tail of
the distribution that contained the largest particles. The tail of the
distributionof particle areas resultsin the shortestfatiguelife, which
is the region of greatestinterest. This may suggest that an extremal
distribution might be a more appropriate choice to characterize the
particle areas. Additionally, if the number and the size of these
largest particles in the material can be reduced, there is good reason
to expect that the resistance of the material to fatigue damage may
be improved.

Best Agreement in Shortest-Life Region

When Figs. 9 and 10 are examined, it is apparent that there was
good agreement between predicted and experimental lives in the
shortest-life region. From a design point of view, the shortest lives
are the most critical. Better predictions for early fatigue failures can
enable more reliable recommendationsto be made for maintenance,
safety schedules,and fatiguedesignin general. From this standpoint,
the results of the probabilistictechnique for the prediction of fatigue
failure in 7075-T6 aluminum show a favorable degree of accuracy.
For the overall distribution of lives in which AKy =1.3 MPay/m,
the ratio of observed life to predicted life ranged from 1.01 to 1.6.
For the overall distribution of lives in which A Ky, = 1.44 MPay/m,
the ratio of observed life to predicted life ranged from 0.63 to 0.91
and the predictions tended to be unconservative. From the results
shown in Figs. 9 and 10, it is apparent that the effectiveness of
the probabilistic model is heavily dependent on the value of A Ky,
the crack growth rate characteristics of the material, and its crack
nucleation behavior.

Modeling Assumptions

Most of the modeling assumptions were satisfied by the observed
fatigue cracks. Cracks initiated as surface cracks, and the nominal
crack propagationplane was perpendicularto the loading direction.
The majority of the cracks initiated from particles in the center of
the notch and in the middle of the sheet thickness. From the parti-
cle analysis the average aspect ratio was found to be 1.7, which is
different from the semicircularassumption in which the aspectratio
should be 1. The shape of the initiation site and whether the initia-
tion site is a hard particle, a debonded particle, or a cracked particle
may affect the accuracy of the AK calculations. Although the dis-
tribution of cracked particles or debonded particles is contained in
the total distribution of particles, consideration of these secondary
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distributions may improve the results of future applications of the
probabilistic approach.

Although most of the assumptions of the probabilistic method
were satisfied for the 7075-T6, assuming a short nucleation life did
notappearto be accurate for all of the specimens. One specimen, for
example, showed no visible cracks before 140,000 cycles. For this
specimen, the initiation life was N% of the total life of the specimen.
Many of the other specimens exhibited considerableinitiation lives
as well. This result was notexpected, at leastin referenceto Newman
et al.> and Bowles and Schijve.” This observation suggests that
the results of this probabilistic approach might be improved if a
nucleation period is considered. Currently, the approach neglected
N; but experiment showed nonnegligible N;. Therefore future work
may be improved if an incubation life is incorporatedinto the total
life prediction.

The use of acetone has been reported to increase the fatigue life
of 7075-T6.2 In the study by Newman et al., acetone was used in the
replication procedure, but in contrast to some of the results reported
here, short initiation lives were observed. Although longer fatigue
lives from the use of acetone have not been fully explained,one sug-
gestion is that the acetone removes any water vapor from the crack
and effectively reduces environmental attack on the crack surfaces.
Proposing the reduced environmental effect would follow from the
results observed by Gao et al.,’ who found that the 7075-T651
plate showed slower crack growth rates under vacuum conditions
than in humid air. However, Lankford®’ reports that the 7075-T6
sheet shows the same average rate of crack extension in humid air
as under vacuum conditions. Thus it is not clear what the effect of
acetone is and how it may have influenced the results in this study,
if at all.

Conclusions

The major conclusions drawn from this investigation are as fol-
lows:

1) The probabilistic model closely predicted the shorter fatigue
lives.

2) Cracks nucleated at particles.

3) Nucleating particles were from the large tail of the particlearea
distribution.

4) Cracks formed as surface cracks at the root of the notch and in
the middle of the sheet thickness.

5) Nucleation was a significant portion of the total fatigue lives
at the longer lives.

6) The aspectratio of the nucleating particles may affectthe initial
crack driving force.

7) The value used for A Ky, significantly influences the shape of
the CDF.
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