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Abstract

The National Aeronautics and Space
Administration (NASA) and the Chinese Aeronautics
and Astronautics Establishment (CAE) participated
in a Fatigue and Fracture Mechanics Cooperative
Program to study the "small-crack" effect in high
strength aluminum alloys. Both experimental and
analytical investigations were conducted to study
crack initiation and growth of small cracks in bare
7075-T6 and clad LC%cs aluminum alloys, to improve
fracture mechanics analyses of surface- and corner-
crack configurations, and to develop improved life-
prediction methods to correlate and predict small-
and large-crack growth under various load
histories.

Fatigue tests on single-edge-notch-tension
(SENT) specimens, small-crack tests on SENT
specimens, and large-crack tests on center-crack
tension specimens were conducted under constant-
0 and 0.5) and

The initiation and

amplitude (stress ratios of -1,
Mini-TWIST spectrum loading.
growth of small fatigue cracks at a semi-circular
notch were monitored using the plastic-replica
method.
greater than 2 mm in length were obtained over a

Large crack-growth rate data for cracks

wide range in rates for all constant-amplitude
loading conditions. Crack-growth results from both
laboratories agreed well. A pronounced small-crack
effect was observed in both materials, especially
For all

loading conditions, most of the fatigue life of the

for the negative stress ratio tests.

SENT specimens was shown to be crack propagation
from a material defect (inclusion particles or
voids) or from the cladding layer.

In the analytical program, three-dimensional
finite-element and weight-function methods were
used to determine stress-intensity factors for
surface and corner cracks at the notch in the SENT
specimen. Results from the two analysis methods

generally agreed within * 3 %. Stress-intensity
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factor equations were developed and used in a
crack-growth and crack-closure model to correlate
small- and large-crack data and to make fatigue-
life predictions. Predicted crack-growth rates and

fatigue lives agreed well with experiments.
I. Introduction

Fatigue failure in metallic materials has,
historically, been divided into three phases: crack
The use of

fracture-mechanics concepts to characterize the

initiation, crack growth and fracture.

growth of large cracks and fracture is well
established in the design of aerospace structures.
During the past decade, attention has been focused
on extending these concepts to much smaller crack
sizes. However, experimental data and
analyses(l'16) have shown that linear-elastic
fracture mechanics concepts break down for small
cracks (less than 1 mm in length) and that the data
will exhibit a small-crack effect, as shown in
Figure 1. When small-crack growth rates, da/dN,
are plotted against AK, they show that small cracks

grow faster than large cracks at the same AK level

Constant—amplitude loading
R = constant

Large crack
Small crack from hole

from hole ~.___.,

da dc

dN dN | Small cracks Large crack

Large crack
(6K decreasing test)

Steady state ?

th AK

Figure 1. Typical fatigue-crack growth rate data
for small and large cracks.
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and that they also grow at AK levels below the
large-crack threshold, AK ;. Small cracks may
exhibit a variety of behaviors depending upon
material and applied stress levels as indicated in
Figure 1. Explanations for the small-crack effect
are usually based on the argument that AK is not an
appropriate parameter to characterize the crack-
driving force for small cracks because either: (1)
the basic assumptions of the AK concept regarding

4) or continuum mechanics(7’1o’ll> are

plasticity(3’
violated at small-crack sizes or (2) the magnitude
of crack-tip shielding (or closure) is ver

different for small and large cracks.(s’9 12§
Because large-crack thresholds may also be affected
by a rise in closure behavior, the steady-state
crack-growth rate behavior (dash-dot curve) may lie

between small- and large-crack data.

‘A crack size must exist below which the
assumptions of continuum mechanics and the AK-
concept are violated. However, the transition from
valid to invalid conditions does not occur
abruptly. A AK-based analysis that extends into
the "gray area" of validity may still prove to be
very useful. From a designer’s viewpoint, a single
analysis method that is applicable to all crack
as demonstrated in a
If for no
other reason than that AK analyses are already
the
application of a AK analysis to small-crack
The

approach in this report is to apply continuum

sizes is very desirable,
total-life analysis in Reference 13.

being used for large-crack problems,
problems should be thoroughly explored.
and the crack-

mechanics concepts, AK analyses,
closure concept to small- and large-crack growth.

I1. Cooperative Program Overview

In May of 1985, the National Aeronautics and
Space Administration (NASA) and the Chinese
Aeronautics and Astronautics Establishment (CAE)
held a Symposium on Structural Analysis Methods in
China.

several research areas of mutual interest were

Beijing, During technical discussions,

identified for technical cooperation. The subjects
of "small-crack" growth and the break down of
linear-elastic fracture mechanic concepts were
identified as important problems to. the aerospace
industry. The CAE had recently developed some
simple weight-function methods for analyzing cracks
At that time,

some newly emerging three-dimensional weight-

in two-dimensional cracked bodies.

function methods for conducting stress analyses of
surface and corner cracks at stress concentrations
offered an excellent opportunity to compare these
analyses with some existing methods and solutions
developed by NASA using finite-element methods. In
addition, the development by NASA of an improved
life-prediction method based on the crack-closure
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concept offered an opportunity to develop a
research plan between the two organizations. A
joint technology plan on fatigue and fracture
mechanics was established during late 1986 and
early 1987.
study the regime of small-crack growth, to develop

The objectives of this plan were to

a link between classical S-N fatigue behavior and
modern damage-tolerance methodologies, to bridge
"durability" and "damage-tolerance" analyses, to
improve life-prediction capabilities by developing
more accurate stress-intensity factor solutions for
small cracks, and to evaluate an existing
analytical model to predict the growth of such
cracks. The complete details of the cooperative
program are being published in Reference 17 and a
condensed version of the program results is

presented herein.

7075-Té
were selected for the

Two high-strength aluminum alloys,
bare and LC9cs clad sheet,
study. Three types of tests were conducted:
fatigue tests on single-edge-notch-tension (SENT)
specimens, small-crack tests on the SENT specimen,
and large-crack tests on center-crack tension (CCT)
specimens. The initiation and growth of small
fatigue cracks (10 pm to 2 mm) from the edge of a
notch were monitored under various load histories
using the plastic-replica method. Tests were
conducted under several constant-amplitude and
spectrum loading conditions. Large crack-growth
rate data for cracks greater than 2 mm in length

were obtained for all loading conditions.

Three-dimensional (3D) finite-element and
welght-function methods were used to determine
stress-intensity factors for surface and corner
cracks at the notch in the SENT specimen, as shown
in Figures 2. Comparisons were made between the
results from these two methods over a wide range in

crack-configuration parameters. A description of
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Figure 2. Single-edge-notch-tension (SENT) fatigue
specimen with surface and corner crack.




the 3D finite-element methods and the 2D and 3D
weight-function methods are given in Reference 17.
An indirect boundary-element method, the Boundary-
Force Method (BFM), was also used to obtain stress-
intensity factors for through cracks in the SENT
specimen.(ls) Results from the BFM were compared
with experimental stress-intensity factors to
determine remote boundary conditions on the SENT
specimen. Stress-intensity factor equations for
surface, corner and through cracks at the notch
were developed for a wide range in crack-
configuration parameters.(17 These equations were
used in the small-crack data correlations and in
fatigue-life predictions.

A crack-growth model, incorporating crack-
closure effects, was used to analyze the growth of
small cracks along the bore of the notch and of
(19,200 gpa11

cracks were assumed to initiate from inclusion-

large cracks away from the notch.

particle clusters (surface cracks) or from the
cladding layer (cormer cracks) in these materials.
Comparisons were made between experimental and
predicted surface- and corner-crack shape changes,
small-crack growth rates, large-crack growth and
total fatigue life under constant-amplitude and

spectrum loading.

III. Experimental Program

Three types of fatigue tests were conducted
under constant-amplitude and spectrum loading.
Standard fatigue tests on the SENT specimens were
conducted to determine the 5-N (stress-cycles)
curves for the two materials (7075-T6 bare and
LCY9cs clad), especially near the endurance limit.
Small-crack tests were conducted on the SENT
specimens using stress levels that were selected
from the fatigue test results. Large-crack tests
on center-crack tension specimens were also
conducted to determine fatigue crack-growth rate
data over a wide range in rates. These tests were
conducted under the same loading histories as the
small-crack tests. All tests were conducted at
room temperature and under laboratory air

conditions.

Materials

Two high-strength aluminum alloy sheet
materials commonly used for aircraft structures
were selected for the test program. One material
was 7075-T6 aluminum alloy sheet (2.3 mm thick) and
the other was LCY9cs clad aluminum alloy sheet (2 mm
thick).

the growth of small cracks was expected to be
(7,11)

The 7075-T6 material was selected because

and would
The
similar in chemical

impeded by grain boundaries
severely test continuum mechanics concepts.
LCY9¢cs clad sheet material,
composition and tensile properties to 7075-T6, was
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selected because clad material is used extensively
The LC9¢s sheet has a
cladding layer 80 to 100 pm thick on each surface
of the sheet.
reduced to about 50 to 70 um after chemical
The thin cladding
layer, composed mainly of Al-Zn, is used to enhance
The tensile strength of the
cladding material is only about 10 percent of the

in the aircraft industry.
The cladding layer thickness was
polishing of the SENT specimens.
corrosion resistance.
bare material. Yield stress and ultimate tensile
strength of the bare LCY9 material were 514 and 575

for the 7075-T6 material they
were 520 and 575 MPa, respectively.

MPa, respectively,

Microstructures typical of each material
showed similar clusters of inclusion particles in
both the 7075-T6 and bare LC9 materials. The
cladding layer was cleaner than the bare material
but still contained many small inclusion particles.
Both bare materials had a similar pancake grain
structure with the smallest dimension (about 7 um)
in the sheet thickness direction.

Specimen Configurations
The "small-crack™"

produce naturally-occurring cracks at material

specimen was selected to

defects or discontinuities and to propagate cracks
through a stress field similar to that encountered
in aircraft structures. A single-edge-notch-
tensile specimen, as shown in Figure 2, was used.
The notch was semi-circular with a radius (r) of
3.2 mm, the specimen width (w) was 50 mm and the
The

stress-concentration factor was 3.15 based on

distance between grip lines was 150 mm.
gross-section stress. The normal stress
distribution near the notch root of the SENT
specimen is similar to that for an open hole in a
large plate. However, the edge notch permitted
easy assess to the notch surface, thus making crack
monitoring by the plastic-replica method

convenient.

Chemical polishing of the SENT specimens was
performed to debur the edge of the notch, to remove
machining marks from the notch surface, and to
remove a thin layer of material that might still
contain residual stresses. The polishing process
removed about 20 pm of material from all surfaces,
the notch root residual
These
measurements indicated that the residual stress was

negligibly small (only 1 to 2 MPa).

In a few specimens,
stresses were measured by X-ray diffraction.

All large-crack tests were conducted on 150-mm
wide center-crack tension specimens made of the two
The LCY9cs
specimens had cladding about 90 um thick on each

materials in the as-received condition.

surface of the specimen.




Loading Conditions

A wide range in loading conditions were
applied in the test program. Fatigue, small-crack
and large-crack tests were conducted under three
constant-amplitude loading conditions (stress ratio
R = Smin/smax = -1, 0 and 0.5) and under a
standardized aircraft wing spectrum, Mini-TWIST.
Each laboratory was required to align their test
machines and gripping fixtures to produce a nearly
uniform tensile stress field on an un-notched sheet
Anti-
buckling guides lined with teflon sheets were used

specimen instrumented with strain gauges.

on all tests where compressive loads were applied.
The cyclic frequencies ranged from 5 to 20 Hz for

the fatigue and small-crack tests. Test

frequencies for the large-crack tests ranged from 5.

to 30 Hz for constant-load tests and 30 to 50 Hz
for the threshold (load-shedding) tests.

Mini-TWIST is a European standard gust load
sequence for flight simulation tests on transport
The standardized flight
load sequence represents 4000 flights.

aircraft wing structures.
Stress
levels in each flight have been normalized by the
one-g stress level Smf (mean stress in flight)
The severest flight has
one occurrence at the highest peak level (S
2.6 8 ).
the total sequence is §

under cruise conditions.
max
The lowest trough (or minimum stress) in
min = 0.6 Snf The
cumulative number of load cycles per block of 4000
flights and landings for Mini-TWIST is 62,442
cycles. Reference 21 gives a complete Mini-TWIST
sequence in flight types and gives a FORTRAN
listing of a program to generate the sequence. To
ensure that the Mini-TWIST load sequences and
magnitudes were identical for both laboratories,
the same load-generator code was used at NASA and
the CAE.

Fatigue (S-N) Tests
Standard fatigue (S-N) tests were conducted on

the SENT specimens at various maximum stress levels

(s
max
loading.

) under both constant-amplitude and spectrum
These tests were used to aid in the
selection of the applied stress levels and plastic-
replica intervals to be used in the small-crack
growth rate tests. The fatigue life data were also
used to assess a total-fatigue-life prediction
method based solely on crack propagation from
material microstructural defects or from the

cladding layer.

Small-Crack Tests

There were two objectives for the small-crack
tests: (1) obtain surface-crack-length- or corner-
crack-length-against-cycles data, and (2) obtain
surface-crack or corner-crack shape information.

To achieve these objectives, two types of tests
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were required. Some specimens were tested to
obtain crack-length-against-cycles data until one
continuous crack extended across the notch root and
Other
specimens were tested until the total crack length
along the bore of the notch was much less than the

sheet thickness and the specimen was then pulled to

the specimen was then pulled to failure.

failure. The fracture surfaces were examined to
reveal the surface- or cornmer-crack (or cracks)

shapes.

The plastic-replica method was used to monitor
the growth and location of single and multiple
(22) This method
has been found to be accurate down to the small
crack lengths required in the program. The method
but is very labor

cracks along the bore of a notch.

is very simple to apply,
intensive because many replicas have to be taken to
adequately describe crack length against cycles
behavior.
chosen so that at least 25 to 30 replicas were

Replicas were taken at a cyclic interval
taken during each test. Replicas were taken while
the specimen was under tensile load (0.6 to 0.8
S ).
max

electron-microscope (SEM) photographs of replicas
Crack

length measurements L were the horizontal

Figure 3 shows examples of scanning-
of the notch surface for the two materials.

projections. For surface cracks, the measured
length L is equal to 2a and for cornmer cracks, L is
equal to a. The test was terminated when the crack
had grown across the total specimen thickness, B.
During many tests, multiple cracks initiated along
the notch root. Because multiple-crack interaction
is beyond the scope of this report, a crack non-
interaction criteria(l7) was developed and used to

exclude data from interacting cracks.

Large-Crack Tests
Fatigue-crack-growth-rate tests were conducted

for large cracks (lengths greater than 2 mm) at the
three constant-amplitude stress ratios and under
the Mini-TWIST load sequence.
growth-rate data was generated for the two

Fatigue-crack-

materials over a wide range in rate, especially in
the near-threshold crack growth regime. Tests were
conducted on 150 mm-wide center-crack tension
specimens made of the two materials, These data
were used to define the regime where small-crack
data from the SENT specimen correlated with large-

crack data.

Constant-amplitude tests were conducted at
stress ratios (R) of -1, 0 and 0.5.
ratio, two types of tests were conducted:
amplitude and threshold. In the threshold tests,
crack-growth rate data was obtained using a load-
The load-
shedding procedure used by NASA (6 percent load

At each stress

constant

shedding (decreasing AK) procedure.
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Figure 3. Scanning-electron-microscope photographs of replicas showing

surface- and corner-crack-length measurements in notch root.

reduction every 1 mm of crack growth) was
consistent with the guidelines of the ASTM Standard
Test for Measurement of Fatigue Crack Growth Rates

(E647-87). The load-shedding procedure used by the

CAE was similar (load was decreased by 10 percent

every 1 mm of crack growth for rates greater than
2E-06 mm/cycle and 6 percent for rates lower than
2E-06 mm/cycle). After reaching threshold
conditions, some specimens were then tested under
load-increasing conditions to obtain more crack-
growth rate data.

Spectrum tests under Mini-TWIST loading were
controlled by a computer. Computer programs were
written which allowed the mean flight stress to be
changed at any stage during the test, to stop the
test at zero load or to stop the test at the
required stress level to take replicas on the SENT
specimens. This program allowed load-decreasing or
load-increasing tests to be conducted without
interrupting the flight-history sequence by

gradually changing the mean flight stress (Spe) -

IV. Analytical Program

To develop an understanding of small-crack
growth and to improve life-prediction methods,
stress-intensity factor solutions are needed for
small surface and corner cracks in plates or at
stress concentrations. Although many methods have
been used to analyze three-dimensional crack
configurations, the majority of solutions have been
obtained using finite-element methods, in
conjunction with various techniques to calculate
stress-intensity factors,
References 23-29.

stress-intensity factor solution available for a

see for example

For the SENT specimen, the only
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surface crack at a notch was based
(30)

on an
engineering estimate. The accuracy of this
solution was unknown. Stress-intensity factor
solutions were not available for corner cracks at a
notch. A joint effort was undertaken in the
analysis program to develop stress-intensity factor
solutions for surface and cormner cracks at the
notch root of the SENT specimen. Two radically
different analysis methods, finite elements and

weight functions, were used.

Three-dimensional (3D) finite-element methods
(FEM) and a 3D weight-function method (WFM) were
used to analyze the crack configurations shown in
Figure 2. The surface crack was located at the
center of the semi-circular notch, Figure 2(b), and
the corner crack was located at the edge of the
notch, Figure 2(c). Herein, crack depth, a, is
measured in the thickness (t) direction and crack
length, ¢, is measured in the width (w) direction.
Analyses of off-center surface cracks or multiple
interacting cracks were not considered. Two-
dimensional (2D) weight-function analyses were also
used to help develop the stress-intensity factor
equations used in the 3D WFM. A two-dimensional
Boundary-Force Method (BFM) was used to obtain the
stress distribution in an uncracked SENT specimen.
This stress distribution was used in both the 2D
and 3D WFM. The BFM was also used to obtain
stress-intensity factors for a through crack in the

SENT specimen.

Stress-intensity factor equations, fit to the
calculated stress-intensity factors, were developed
for a wide range in crack-configuration parameters.
A clad correction for corner cracks in the LCY9cs
clad material was also developed.




Finite-Element Analyses

Two finite-element programs and three methods
to calculate stress-intensity factors were used to
determine stress-intensity factors for surface and
corner cracks emanating from a semi-circular notch.
The finite-element program and method (singularity
element and nodal-force method) developed by Raju

(23,24)

and Newman were used for semi-circular and

low aspect ratio (low a/c) cracks. For large
aspect ratio (a/c = 2) cracks, the finite-element
program (non-singular elements) developed by
Shivakumar and Newman(zg)
integral (EDI) method(26)

crack-closure technique(27)

and the equivalent-domain
were used. The virtual-
was also used to verify

stress-intensity factors for some particular cases.

The ratio of crack depth to crack length (a/c)
ranged from 0.4 to 2 and the ratio of crack depth
to plate thickness (a/t) ranged from 0.2 to 0.8.
The hole-radius-to-plate-thickness (r/t) ratio was
3 for surface cracks and 1.5 for corner cracks.
These are the nominal r/t values used in the test
program for the SENT specimens made of the two
materials. The FEM analyses were conducted on a
super-computer using about 15,000 degrees-of-
freedom (DOF).
factor solutions will be presented but all of the

Some typical FEM stress-intensity

results are given in Reference 17.

Weight-Function Analyses
The 3D weight-function method (WFM), developed
by Zhao, Wu and Yan in References 31 and 32, was

(33,34)

the expressions for two-dimensional (2D) weight
(35-37)

based on the slice-synthesis procedure and

functions. A review of two- and three-
dimensional weight-function methods and solutions
The

3D WFM has previously been applied to embedded

is given by Wu and Carlsson in Reference 38.

elliptical cracks, semi-elliptical surface cracks,
and quarter-elliptical corner cracks, in finite
thickness plates subjected to Mode I loading.
Results from the WFM agreed well with other
accepted solutions for these crack configurations
(see Refs. 31, 32 and 35 to 41).

Herein, the method was applied to surface and
corner cracks at the semi-circular notch in the
The 3D WFM formulated here,
assumed that the normal

SENT specimen.
however, stress
distribution around the notch root was uniform
through the thickness. This assumption was
justified for the SENT specimen configurations used
in the current study because through-the-thickness
The 3D

WFM can determine stress-intensity factors at any

variations in normal stress are small.(Az)

location along a crack periphery for the crack

configurations shown in Figure 2. The ratio of

crack depth to crack length (a/c) ranged from 0.2
to 2 and the ratio of crack depth to plate
thickness (a/t) ranged from 0.05 to 0.5. The hole-
radius-to-plate-thickness (r/t) ratio was 2.78 and
3.2 for surface cracks and 1.39 and 1.6 for corner
cracks. These are the specific r/t values used in
the test program for the two materials. Whereas
the FEM analyses were conducted on a mainframe
computer, the WFM analyses were performed on a
personal computer. Again, some typical WFM stress-
intensity factor solutions will be presented but

all results are given in Reference 17.

Boundary-Force Method
The BFM was developed for conducting two-

dimensional stress analyses of complex
configurations, with and without a crack, subjected
to intermnal loadings and to traction or
(18) The BFM was

based on the elasticity solution for concentrated

displacement boundary conditions.

forces and moment in an infinite plate with a
crack.(43)
uncracked SENT specimen to obtain the stress-

The BFM was used to analyze the

concentration factor and the normal-stress
distribution along the net section. In addition,
the BFM was used to analyze a through crack
emanating from the notch in the SENT specimen
subjected to either remote uniform stress or to

remote uniform displacement.

Stress-Intensity Factor Equations
The FEM and WFM stress-intensity factor

solutions for surface and corner cracks at a notch
and the BFM solutions for a through crack at a
notch were used to develoﬁ approximate equations.
The stress-intensity factors for a semi-elliptical
surface crack located at the center of a semi-
circular edge notch and a quarter-elliptical corner
crack located at the edge of the notch subjected to
remote uniform stress or uniform displacement were

expressed as

K=5/ra/q F 5, 5, 5 5 B 5@ D

(g2
lalie}
€10

where Q is the shape factor and an (j = s or c) is
gn Is the
boundary-correction factor for the surface crack;

the boundary-correction factor. F

and Fcn is the correction factor for a corner
crack. Equation (1) applies over a wide range in
crack-configuration parameters (a/c, a/t) but is
restricted to the SENT specimen with r/w = 1/16 and
l<r/t<3.5.
the SENT configurations used in the test program.
Note that here t is defined as one-half of the full

sheet thickness for surface cracks, and t is full

This particular r/w value is for

sheet thickness for corner cracks. The equations

for Q and an are given in Reference 17,
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Comparison of Methods and Equations

Some typical comparisons among the stress-
intensity boundary-correction factors from the FEM,
WFM and equations are shown in Figures 4 and 5 for
a surface crack and corner crack at a notch,
respectively. The boundary-correction factor is
The
surface crack results (Fig. 4) are for a/c = 1 and
r/t = 3. The WFM results (solid symbols) are the
average of results obtained for the two values of
r/t (2.78 and 3.2) used in the test program. Open
symbols show the FEM results and the equations are
shown by the curves for various a/t ratios, The
equations are within * 3 % of the WFM and FEM
results,

plotted against the parametric angle, ¢.

except where the crack intersects the

4 Surface crack at notch
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a/t FEM WFM Egn.
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Figure 4. Comparison of boundary-correction factors
from finite-element and weight-function
methods for surface crack at notch.

4 Corner crack at notch

Fcn 2L
r/t=15 a/c=1
a/t FEM WFM Egn.
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.8 a
o L 1 1
0 30 60 90
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Figure 5. Comparison of boundary-correction factors
from finite-element and weight-function
methods for corner crack at notch.
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notch boundary (¢ = 90 deg.). The drop-off in
stress-intensity factor at the free surface was
neglected in developing the equations and in the

analyses of surface- and corner-crack growth.

The stress-intensity boundary-correction
factors from the FEM, WFM and equations for a
corner crack at the notch root in the SENT specimen
are shown in Figure 5. This figure shows results
for a/c = 1 and r/t = 1.5 Again, the WFM results
(solid symbols) are the average of results obtained
for the two values of r/t (1.39 and 1.6). Open
symbols show the FEM results for r/t = 1.5 and the
corner-crack equations are shown by the curves.
The WFM results are generally within * 3 % of the
FEM results. The equation is about 2 to 5 % lower
than the WFM for a shallow (a/t = 0.05) crack.
Some larger differences (about 10 %) were observed
between the WFM and FEM results for shallow cracks
with a/c = 2 and for deep cracks with a/c = 0.4, as
described in Reference 17. 1In general, however,
the agreement between the WFM and FEM was very good
(within *
configurations considered in the program.

3 %) for the wide range in crack

The stress-intensity factor for a through
crack emanating from the semi-circular notch
subjected to remote uniform stress or uniform
displacement is expressed as

K=5/rc F (S S D) (2)

where Fin is the boundary-correction factor for a
SENT specimen with r/w = 1/16.
F., under remote uniform stress or displacement are
given in Reference 17.

The equations for

Figure 6 compares the stress-intensity
boundary-correction factors from the BFM and from
tests for through cracks at the notch in a SENT
specimen with a specimen-height-to-width (h/w)
ratio of 1.5. The specimen height was measured
from the specimen centerline to the grip line. The
BFM results for uniform stress and uniform
displacement boundary conditions are shown by the
two curves. These results show that the boundary-
cotrection factor is strongly influenced by the
remote boundary condition for large crack lengths.
The experimental stress-intensity boundary-
correction factors, determined from fatigue-crack-
growth-rate tests using the James-Anderson
technique (see Ref. 44), agreed well with the BFM
results for remote uniform displacement boundary
conditions. Thus, the equations developed from the
BFM results for uniform displacement with h/w = 1.5
were used in the life-prediction code( 5) to
predict small- and large-crack growth in the SENT

specimen.




4 . Through crack at notch
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Figure 6. Comparison of boundary-correction factors
from boundary-force method and tests for
through crack at notch.

Effect of Cladding

In the LC9cs material, cracks initiated in the
cladding layer and grew as corner cracks into the
core material. To account for this behavior, the
stress-intensity factor solution for corner cracks
was modified to approximately model cracks in a
The yield stress of the
In the

the cladding layer always yielded

multiple layer medium.
cladding was estimated to be about 50 MPa.
SENT specimens,
and developed multiple cracks from slip-band
formation along the edges of the notch. Thus, as a
first approximation, the cladding layer, with a
thickness of £, was assumed to carry no load. To
estimate the effects of the cladding layer on
stress-intensity factors, two stress-intensity
factor solutions were used. One was an edge crack
in a two-dimensional body with uniform stress
acting only over the portion of the crack in the
core material (K ) that was determined from the 2D
WFM.(38) e
homogeneous body with uniform stress acting over

the entire crack (Ke)‘(46) A clad-correction

And the other was an edge crack in a

factor was then defined as the ratio of the two
solutions as

G (4/a) = R /K, (3)

The clad-correction equation for Gc(l/a) is given
in Reference 17. If the crack depth, a, is equal
to the clad thickness ({£/a = 1), then G, = 0. If
the crack depth is large compared to clad

thickness, G, approaches unity and the cladding has

no effect on stress-intensity factors. The clad-
correction factor GC was applied to all locations
along the corner-crack configuration. Thus, the

boundary-correction factor for the corner crack

(boundary and clad) was Fén = Fanc'

V. Crack-Closure Analyses

Numerous investigators have suggested and
verified that crack closure (or the lack of crack
closure in the early stages of crack initiation) is
a major factor in causing some of the differences
between the growth of small and large cracks.
Reference 47 has shown that a large part of the
small-crack effect in an aluminum alloy could be
explained using a crack-closure model and the
assumption that cracks emanate from a “void" at
inclusion particle sites. In the cooperative
program, the crack-closure model(lg’a was used to
calculate crack-opening stresses, to correlate
large-crack growth rate data under constant-
amplitude loading, to predict large-crack growth
to predict small-crack
In the

some results from the model under

under spectrum loading,
growth rates, and to predict fatigue lives.
following,
constant-amplitude and spectrum loading will be
presented.

Constant-Amplitude Loading

The crack-closure model was used to calculate
crack-opening stresses under various constant-
amplitude loading conditions. Some typical results
that show the influence of the initial defect
size and stress ratio (R) on the crack-
closure behavior of small fatigue cracks emanating

Here, the

"yoid"

from these voids are shown in Figure 7.
calculated crack-opening stress (Sé) normalized by
the maximum applied stress is plotted as a function
of crack depth, a. An initial material defect size
a; of 3 pm and cg of 9 pum was selected for the
crack-growth simulations. The defect half-height,
b, was selected as 0.5 pm. The 0.5 um value was
selected so that the defect surfaces would not

close even under the R = -1 compressive loading.

Values of Smax/ao used in the simulations are as
1.0 ¢
Smax/ %
R=0.5 0.55
0.5+t
0 0.25
S, 0.15
° 0.0 + + 4
Srax 20 40 60
—1 a, um
ﬁ_ a=1.8
=05 -3
gy =3 um
¢; = 9 um
L b =0.5um

-1.0

Figure 7. Calculated crack-opening stresses for
constant-amplitude loadings as a function
of crack length for a small crack.
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indicated. The constraint factor (a) was selected
The

constraint factor accounts for the state-of-stress

to be 1.8 for this crack-growth simulation.

in the crack-front region and can vary from plane

stress (o = 1) to simulated plane-strain conditions

(o = 3), see References 19 and 47 for further
details. Results from the negative stress ratio
simulation (R = -1) show a significant transient in

crack-closure behavior. However, at positive
stress ratios, the crack-opening stresses stabilize
after a very small amount of crack growth. The
results at the high stress ratio (R = 0.5) show
that the small-crack surfaces were always fully
open. These results are important because the AK
values under high stress-ratio conditions are the
same as the AKeff values and tests under these
conditions can be used to help establish the AKeff'
rate relationship for the material of interest.
The effective stress-intensity factor range<20> is
defined by

AR K - Ké = AK (1 - Sé/S

max

£r = max)/ (1 = B (&)
where K is the stress-intensity factor at the
crack-opening stress, Sé. Tests at the lower
stress ratios can then be used to help establish
the proper constraint factor to correlate the

crack-growth rate data as a function of AR g

Mini-TWIST Spectrum Loading

One of the most important features of the
crack-closure model and life-prediction code (45)
is the ability to calculate the influence of load
history on crack-opening stresses. Some typical
crack-opening stresses under the Mini-TWIST load
sequence for a small surface crack in a 7075-T6
SENT specimen are shown in Figure 8. The same
initial defect size (ai,ci,b) used for the
constant-amplitude loading was also used here.

A variable-constraint option was selected for this

1.0 r
Mini—TWIST 7075-T6
S . =73MPa — Prediction
mf
aj =3 pum oo=18t% 1.2
Q.5 + ¢ = g um
! b = 0.5 um
So
Smax
QoL .......................................................
a/t =1
_,0'5 i 1 1 1 }
0.0 0.2 0.4 0.6 0.8 1.0
N/Nf

Figure 8. Calculated crack-opening stresses for a
small crack under Mini-TWIST loading as a
function of applied cycles.

simulation. The constraint factor (a) was 1.8 for
crack-growth rates less than 7E-04 mm/cycle and 1.2
for rates greater than 7E-03 mm/cycle (variable «o
will be discussed later in the Large-Crack Data and
Analyses section). The mean flight stress in the
Mini-TWIST spectrum was selected to be 73 MPa
(S 0%~ 190 MPa).

stress (normalized by the peak stress in the

The figure shows crack-opening

spectrum) plotted against the ratio of N, applied
cycles, to Ng, the predicted cycles to failure. Ne
was about 800,000 cycles for this case. Only a
sampling of the opening stresses calculated from
the
opening stresses start near the minimum stress in
Crack-
opening stresses tend to level off for N/Nf between
0.6 and 0.9. max &€ an N/Nf
ratio of about 0.92 was caused by the change in

the model is shown in the figure. Again,

the spectrum and rise as the crack grows.
The rapid jump in Sé/S
constraint from 1.8 to 1.2. As indicated in the

figure, the surface crack became a through crack
(a/t = 1) at an N/Nf ratio of about 0.9,

Crack-Opening Stress Equations

Crack-opening stress equations for constant-
amplitude loading have previously been developed to
help determine the AK ¢ against crack-growth rate
relation for any given material, thickness and

(48,49) These equations

environmental condition.
were developed from results from the crack-closure
model and give crack-opening stress as a function
of stress ratio, stress level, and the constraint
factor, a. These equations will not be presented
here but they were used to correlate large-crack
growth rate data on the basis of the effective

stress-intensity factor.

Surface- and Corner-Crack Growth

Early studies on crack growth predictions of
surface and corner cracks demonstrated that their
growth could not be predicted solely by stress-
The stress-intensity

intensity factor ranges.
factor range at a location where a crack front
intersects a free surface was multiplied by a
factor ﬂR to.account for the crack closure
differences between the interior and free-surface
locations. Assuming that the conditions at the
free surface were plane stress and at the interior
locations were plane strain, a crack-closure factor
ratio (ﬁR) was derived and is given by

2

g = 0.9 +0.2R? - 018 (5)

for R= 0. For R < 0, ﬂR is 0.9.

807




VI. Large-Crack Data and Analyses

Fatigue crack growth rate tests were conducted
on large cracks under three constant-amplitude
stress ratios and the Mini-TWIST load sequence.
The objective was to generate fatigue crack growth
rate (AK-rate) data for the two aluminum alloy
materials over a wide range in rates, especially in
the near-threshold crack growth regime.

The crack-closure model was then used to
correlate the large-crack constant-amplitude data
on the basis of the effective stress-intensity

20)

rate relation was used with the crack-closure model

factor range.( The AK ¢ against crack-growth
to predict crack-length-against-cycles for the
spectrum tests. Comparisons are made between
experiments and spectrum predictions. The crack-
growth rate data generated on large surface and
corner cracks in the SENT specimens were also used
to obtain AR pp-Tate relations for cracks growing
in the sheet-thickness direction. These relations
will also be used later to predict small-crack
growth and fatigue life under the various load

histories.

Constant-Amplitude lLoading
Constant-amplitude fatigue-crack growth rate

tests on 7075-T6 and LCY9cs aluminum alloy sheets
were conducted at stress ratios (R) of -1, 0 and
0.5.
conducted: (1) constant-amplitude loading and (2)
threshold (load-shedding) tests.
rates from large-crack tests were calculated by
The
stress-intensity factor range was computed from the

At each stress ratio, two types of tests were
Crack-growth
using the secant (point-to-point) method.

well-known equation for a central crack in a strip
under tension.(46) The equation is

AK = AS Jnc sec(wc/2w) (6)

where AS is the full cyclic range, c is the average
of the crack length measured on the right and left
sides of the specimen and w is one-half of the
specimen width (w = 75 mm).

The large-crack AK-rate data for the 7075-Té
material are shown in Figure 9. For each stress
ratio, the data from the two laboratories agreed
well but the NASA data showed slightly higher AK-
thresholds than the CAE data for R = 0 and -1. The
data at the three stress ratios form parallel bands
with the higher R-ratio showing higher rates for a
given AK. The data at each stress ratio also
showed several "knees" or transitions with distinct
changes in the AK-rate slope. These transitions
tended to occur at nearly the same crack-growth
rates for all R-ratios tested. References 51 and

52 showed for 7000 series and 2024 aluminum alloys,

® 107°1 7075-Ts
) B=23mm
T -4
g 1077
Z
:} 1O~5-
©
o)
g 1076}
<
3
g 7!
X
S
S 1078
1 5 10 50
AK, MF’G-—m1/2

Figure 9. Crack-growth rate against AK for 7075-T6
alloy under constant-amplitude loading.

respectively, that these transitions correspond to
loading conditions where the monotonic or cyclic
plane-strain plastic-zone sizes become equal to
characteristic microstructural features such as
dispersoid spacings, dislocation cells, and
The solid lines were
These
lines will be used later in comparisons made with

the small-crack data.

subgrain or grain sizes.
drawn through the data using a visual fit.

The large-crack AK-rate data on the LC9cs clad
In calculating AK,
Again, the

material is shown in Figure 10.
the full specimen thickness was used.
data from both laboratories agreed well for each R-
ratio tested and the NASA data showed slightly
higher AK-thresholds than the CAE data.

-3
% 10 " LCO9cs
& B =2mm
T -4
E 10
z R
T
?} 10 5L
Rel
g
g 1076+ NASA
<
3
5 1077F %
X
8
S 1078

1 5 10 50

Figure 10. Crack-growth rate against AK for LGCY9cs
alloy under constant-amplitude loading.
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such as those observed in the 7075-T6
These
transitions occurred at about the same rates as
those measured for the 7075 alloy. The solid lines
were, again, drawn through the data using a visual
fitc.

Transitions,

data, were also observed in the clad alloy.

The AK_ gg-rate relation for 7075-T6 large-
crack data (c-direction) is shown in Figure 11 for
The
data collapsed into a narrow band with several

data generated at the three stress ratios.

transitions in slope occurring at about the same
rates for all stress ratios. Some differences were

observed in the threshold regime. For these

1 _7075-T6 B =23 mm

o 10

2

3] -2 B

P . La=i2

E -3

2 1077 . T o= R

0 ° _1

T 1074}

o a Q0

g 10_5 2 0.5

® I —— NASA/CAE Baseline

g B o

2 10 6 [ Estimated

2 Transition rate:

C w0l i s Present study (R = 0)

8 ) o Ref. 54 (R = 0.1)

&) 10_8 L gk | .
0.5 1.0 5.0 10.0 50.0

1/2
AKeff’ MPa—m

Figure 11. Effective stress-intensity factor range
against growth rates for large cracks in
7075-T6 alloy for various stress ratios.

calculations, a constraint factor (a) of 1.2 was

used for rates greater than 7E-03 mm/cycle (end of

transition from flat-to-slant crack growth) and a

equal to 1.8 (nearly equivalent to Irwin’s plane-

strain condition) was used for rates lower than
7E-04 mm/cycle (beginning of transition from flat-

to-slant crack growth). For intermediate rates, a

was varied linearly with the logarithm of crack-

growth rate. The solid symbols denote measured
rates at the end of transition from flat-to-slant
crack growth from the present study and from

Schijve(ss) has shown that the

transition from flat-to-slant crack growth occurs

Vogelesang.(54)

at nearly the same crack-growth rate for a wide
range in stress ratios. It has been proposed in
Reference 47 that the flat-to-slant crack-growth
transition region may be used to indicate a change
from nearly plane-strain to plane-stress behavior
The

importance of variable constraint will be shown

and, consequently, a change in constraint.

later in crack-growth predictions made under the
Mini-TWIST spectrum loading.

In the low crack-growth rate regime near and
at threshold,
indicated that the threshold develops because of a

some tests(ss) and analyses( have
rise in the crack-opening-stress-to-maximum-stress
In the

threshold regime then, the actual AKeff—rate data

ratio due to the load-shedding procedure.

would lie at lower values of AKeff because the rise
in crack-opening stress was not accounted for in
the current analysis. Further study is needed,
however, to establish the actual AKeff-rate
behavior in this regime. However, for the purpose
of the current study, an estimate was made for this
behavior and the relation is shown by the dashed
curve. An evaluation of this estimate will be made

later.

The AR pe-rate relation for the clad alloy for
growth in the c-direction is shown in Figure 12.
Again, the data for the three stress ratios
collapsed onto a single AR ¢g-Tate curve. Some
differences were, again, observed in the threshold
region. For these calculations, the same variable-
constraint regime that was used for the 7075-Té
alloy was also used for the clad alloy. A
comparison of the baseline curves for 7075-T6 and
LC9cs showed that they had similar trends with the
transitions in slope occurring at about the same
rates. Therefore, the upper portion of the 7075-Té
data was used to extrapolate the upper portion for

the clad alloy.

® 10—1 _1C8cs B=2mm ,
(>)'\ /'/
o 2 /
E 10 o= 12 _T._ /./ \
E -3 /" Extrapolated
. 1070,
=
S 4
g 10 R
o — o —1
g 107} -
e _ a 0.5
5 10 61
& 10-7 — CAE/NASA Baseline
S " /’o -~ Estimated
o /
S 108 . ‘

0.5 1.0 5.0 10.0 50.0

1/2
AKeff’ MPa—m

Figure 12. Effective stress-intensity factor range
against growth rates for large cracks in
LC9¢s alloy for various stress ratios.

The surface- and corner-crack data generated
on the SENT specimen under constant-amplitude
loading produced crack-growth rate data in the
thickness direction. Because the crack-opening

stress behavior of small fatigue cracks stabilizes
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after an extremely small amount of crack growth
(about 40 um for the negative stress ratio tests,
see Fig. 7), these data were used to help establish
crack-growth behavior in the depth (or a-
direction). Using a AR s analysis similar to that
previously discussed, baseline curves were also

developed for cracks growing in the a-direction.

Multi-linear segments were used to define the
baseline AK ¢g-rate relations in both the a- and c-
directions. A table look-up procedure was used to
relate crack-growth rate to AKeff because the
baseline data can be described more accurately than
with a multi-parameter equation, especially in the
transitional regions. These relations were then
used in the analyses to predict small- and large-
crack growth rates and to predict fatigue lives
The
end points of these segments are listed in Tables 1

and 2.

under constant-amplitude and spectrum loading.

Table 1.-Aluminum Alloy 7075-T6.

AR e de/dN da/dN
MPa-/m mm/cycle mm/cycle
0.9 1.0E-08 1.0E-08
1.25 1.0E-06 1.0E-06
3.4 1.0E-05 1.0E-05
5.2 1.0E-04 ---
11.9 1.0E-03 ---
14.8 --- 1.0E-03
17.6 1.0E-02 -
27.5 1.0E-01 ---
34.0 .- 1.0E-01

Table 2.-Aluminum Alloy LCY9cs.

AR ¢ de/dN da/dN
MPa-/m mm/cycle mm/cycle
0.9 1.0E-08 1.0E-08
1.25 1.0E-06 1.0E-06
3.0 1.0E-05 1.0E-05
4.0 6.3E-05 ---
10.0 1.0E-03 ---
12.4 - 1.0E-03
14.8 1.0E-02 .-
23.0 1.0E-01 ---
28.4 .-~ 1.0E-01

For AKeff values below or above the extreme values
listed in these tables, a power law using the first
two or last two points, respectively, was used to
obtain rates. The upper limit for the power-law

relation is, of course, defined by fracture

toughness. The fracture toughnesses were 50 MPa-/m

for both alloys. A lower limit or small-crack
threshold, (AKeff)th’ was estimated to be 0.9 MPa-
Jm for both alloys on the basis of predicting the
fatigue limits.

Mini-TWIST Spectrum Loading

Several tests were conducted on center-crack
tension specimens to monitor large-crack growth
under the Mini-TWIST load spectrum. These tests
were used to evaluate the ability of the crack-
closure model and life-prediction code (45) to
predict large-crack growth under spectrum loading.

For the 7075-T6é alloy, five tests were
conducted at three different mean-flight stress
(Smf) levels. These test results (symbols) are
shown in Figure 13. The variable-constraint option
(a varied from 1.8 at low rates to 1.2 at high
rates) was used to predict spectrum crack growth.
The predicted results agreed well (within * 20 %)
with all of the test results. To illustrate the
importance of the variable-constraint option for
spectrum crack growth in aluminum alloys, a second
set of predictions (not shown) were made using a
The predicted

results for the two lowest mean-flight stress

"constant" constraint factor of 1.8.

levels were similar to those shown in Figure 13.
But the predicted cycles to failure for the highest
mean-flight stress level case was considerably less
(about a factor of three) than the test results.

7075-T6 Mini~TWIST
35
B =23 mm
30+ a
— Prediction ¢
25 a=18to1.2 v
Crack
20
length,
c, 15
mm
10
5
0
Nx 1076, cycles
Figure 13. Comparison of experimental and predicted

crack length against cycles for 7075-T6
alloy under Mini-TWIST loading.

Figure 14 shows the test results on five
specimens made of the clad LC9cs alloy. Omnly two
The

variable-constraint option was again used in making

mean-flight stress levels were tested.
crack-length-against-cycles predictions. Because
the initial crack sizes for the low mean-flight
stress level tests varied, the smallest and largest
initial crack sizes were used to predict upper and

lower bounds. Although the shape of the crack-
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Figure 14. Comparison of experimental and predicted

crack length against cycles for LC9cs
alloy under Mini-TWIST loading.

length-against-cycles curves from the predictions
did not match the low-stress test results near
failure, the tests results generally fell between
the upper and lower bounds. A large difference was
observed between the two tests conducted at the
34.5 MPa mean-flight stress level. The predicted
fell within a factor of two of

the average of these two tests.

results, however,
The noticeable
change in the predicted crack-length-against-cycles
curve at about a 20 mm length crack was caused by
one of the severe flights in the spectrum
activating the low constraint value of 1.2 in the

crack-closure analysis.

VII. Small-Crack Data and Analyses

In the following, test data generated on

initiation sites, crack shapes, crack length
against cycles, and crack-growth rates under both
constant-amplitude and Mini-TWIST spectrum loading
are summarized and compared with calculations or
predictions made using a AK-based analysis and the

crack-closure model.

Initiation Sites

A study of small-crack behavior must
invariably consider the surface and sub-surface
microstructure of the material of interest.
Photographs of replicas taken at crack initiation
sites along the notch-root surface are shown in
A typical initiation site in the 7075-T6
This photograph
shows a surface crack initiating and growing from

Figure 3.
alloy is shown in Figure 3(a).
an inclusion cluster. Crack initiation, in
general, occurred early in life at inclusion-
particle clusters or voids, as observed by Bowles
and Schijve.®7) 1In the LC9cs alloy, initiation
sites were nearly always in the cladding layer as

shown in Figure 3(b). Cracks also initiated early

in life and grew predominately as corner cracks.
The effect of the cladding layer on fatigue
behavior in aluminum alloys has been known for many

years.(58) However, analysis methods have only
recently been developed to analyze crack-closure

behavior and crack growth for corner cracks.

The distributions of crack initiation site
locations for the two alloys are compared in Figure
15. The insert in the figure shows a cross section
of the notech root.
location, denoted as ty, is measured from the
One-half of
the sheet thickness is denoted as t. The data on
initiation site locations were obtained from
plastic replicas taken early in life. The
initiation site data from NASA and the CAE were
The number of cracks that

The crack initiation site

centerline of the specimen thickness.

analyzed together.
initiated in each of ten separate regions along the
Each
region is ten percent of the specimen thickness.
For 7075-T6, most of the cracks (70 %) initiated at
ti/t values less than 0.5 (middle half of specimen

notch-root surface are plotted against ti/t.

thickness) and tended to grow as semi-elliptical
surface cracks. Crack initiation in the middle of
a notch root is promoted by an elevation of stress

concentration in that region.

40 ¢
- Centerline

9 30 +
Q
g
Q
5 . LCY9cs
@
£0
S
3
z 7075-T6

10 b

O §| gigil |F§ss I gggixfsis 1 ESSE L RSSN

04 05 06 07 08 09 1.0

t/t

00 01 02 03

Figure 15. Distribution of crack-initiation sites
along bore of notch for 7075-T6 and
LC9cs alloys.

For the LC9c¢s alloy, more than 90 percent of
the cracks initiated at the corner (ti/t = 1) and
Thus,
assumed in most of the analyses of small-crack

grew as corner cracks. a corner crack was

growth in the clad material. 1In a few cases, a
crack initiated as a surface crack in the LCYcs
material., These few surface-crack results were
very useful in assessing the influence of the

cladding layer on stress-intensity factor analyses.
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Crack Shape
The experimental and predicted crack shape

changes for surface and corner cracks at the
notches in 7075-T6 and LC9cs alloys are shown in
Crack-depth-to-
crack-length (a/c) ratios are plotted against the
crack-depth-to-thickness (a/t) ratios.

Figures 16 and 17, respectively.

The open
symbols denote test data and show some influence of
Results from the
The solid
16) show the size and shape of

stress ratio on crack shape.
Mini-TWIST spectrum are also shown.
symbols (Fig.
inclusion-particle clusters or voids which
initiated small cracks (average size was a; = 3 pm
and c; = 12 pm) in 7075-T6.
(curves) for all stress ratios (using the average

The predicted results

1.5 r Surface crack

Prediction

a Test (7075—T6)

-1

0.5} °R =
DR:O
A

<

R =0.5
Mini—TWIST
4 e Material defect

0.0 L i ) —
0.0 0.2 0.4 0.6 0.8

a/t

Comparison of experimental and predicted

Figure 16,
surface-crack shapes in 7075-T6 alloy
for various stress ratios and spectrum.

1.5 [ Prediction Corner crack
R=-1 ©
o u,\\\modgn .
Q- Tw_Ap
s O~ A
2N o ~-0__
1.0 F \° —&o
o\ = 1
R=0
a/c A R=05
Test (LC9cs)
0.5} . o R=—1
}(_ Cladding oR= 0
layer AR =05
o Mini—TWIST
0.0 1 1 1 ]
0.0 0.2 0.4 0.6 0.8

a/t

Figure 17. Comparison of experimental and predicted
corner-crack shapes in LC9cs alloy for
various stress ratios and spectrum.

maximum stress level in the tests) agreed
reasonably well with the test data and showed that
small surface cracks tend to very rapidly approach
These
predictions were made using the AK_pg-rate

a nearly semi-circular crack (a/c = 1).

relations that differed in the a- and c-directions,
as presented earlier. The sharp changes in the
predicted curves were due to the sharp transitions

in the AKeff-rate curve as shown in Figure 11.

The experimental and predicted crack shape
changes in the LC9cs clad alloy are shown in Figure
17. The average cladding layer thickness was about
Most
cracks in the clad alloy initiated from slip-bands

60 pm, as indicated by the vertical line.
in the cladding layer and grew as corner cracks.
For the predictions, the initial crack size was
selected as 77 pm (ai/ci = 1) from experimental
observations of crack sizes made early in life.
Although the predicted results for the negative
stress ratio agreed with the test results, those
for R = 0 and 0.5 did not agree.

the different trends between tests and analyses

The reason for

could not be determined but may be related to the
approximations made in the clad correction.

Crack-Tength-Against-Cycles Behavior
A plot of crack length against cycles for

small cracks under constant-amplitude loading for
7075-T6 is shown in Figure 18.
tests were selected because small-crack effects are
The solid
and dashed curves show test results from NASA and
the CAE, The results from both
laboratories agreed well. Growth of naturally-

Negative R ratio
more pronounced under these conditions.
respectively.
initiated cracks were detected early in life, after

about 5,000 to 15,000 cycles.
crack lengths (L) of 5 to 15 um were measured.

At these cycles,

Although these particular tests were terminated
after the crack had grown across the specimen
thickness, fatigue tests to failure under these
conditions would have lasted about 150,000 cycles.

0.4 - Prediction
. 7075-T6 [ o =3pum
B=23mm [ = 9um
S =95MPa /
03+t max /
R= -1 f
Crack
length, 02t
L
mm
0.1 r
0.0 .
o 20 40 60 80 100
Nx 1073, cycles
Figure 18. Comparison of experimental and predicted

small surface-crack growth in 7075-T6
alloy SENT specimens.
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Thus, the initiation phase, cycles before a crack
was detected, was only about 3 to 10 percent of the
total fatigue life. In the analysis, using an
initial defect size of a; = 3 pm, ey = 9 um and b =
0.5 um from typical material defect sizes, the
(dashed-dot curve) fell

considerably shorter than the tests.

predicted results
As discussed
in Reference 17, the plastic-replica method had a
strong influence on fatigue life (increasing life
by about a factor of two at this stress level), and
possibly on small-crack growth rates. It was
suspected that the acetone used in the replica
process reduced the moisture concentration and
protected the crack-front region, resulting in
longer lives. Thus, the difference shown in Figure

18 may be expected.

Crack-length-against-cycles data for small
cracks in the LC9cs alloy under constant-amplitude
The
solid and dashed curves show test results from the
CAE and NASA,
from both laboratories agreed well.

loading conditions are shown in Figure 19.

the results
The clad
material exhibited more scatter in fatigue life
than the 7075-T6 alloy.
naturally-initiated cracks in the cladding was also

respectively. Again,

Crack growth from
detected early in life. Crack growth was recorded
as early as 1,000 cycles, but most initiated at
around 4,000 cycles. At these cycles, the crack
lengths (L) ranged from 60 to 100 pm.
tests under these conditions would have lasted
about 40,000 cycles. Thus,
for the clad material was also about 3 to 10
In the
analysis, a 77 pm quarter-circular corner crack was
From the test

Fatigue
the initiation phase
percent of the total fatigue life.
assumed for the initial crack size.

data,
The predicted results (dashed-dot curve) agreed

this particular crack size seems reasonable.

well in the early growth period but tended to show
slower rates for longer crack lengths for some of
the tests.
which were stopped at about 22,000 cycles, may have

However, results from other tests,

1.0 LCYcs ! /
- I
B =2mm ) ; ]
[ !
081 S o 90 MPa o /
l
R=-1 ! ! /
Crack 0.6} J / /
length, — CAE ' /™
ength, — — NASA S/ /7 Prediction
L 0.4k ) ’ / 2 a=77um
mm Cladding layer / / e c; = 77 pm
0.06 mm S !
0.2
0.0 . ; y —
0 10 20 30 40

N x 10_3, cycles

Figure 19, Comparison of experimental and predicted
small corner-crack growth in LCY%cs alloy
SENT specimens.

shown better agreement with the prediction if they
had been allowed to continue growing. The plastic-
replica method did not have an influence on fatigue
life for the clad alloy presumably because corner
cracks allowed moisture to reach the crack front

from the specimen sheet surface.

Small-Crack Growth Rate Data

The crack-growth rate (da/dN) data generated
with the SENT specimens are presented as a function
The
small-crack growth rate data is compared to large-

of the stress-intensity factor range (AK).

crack data (dc/dN) generated from CCT specimens
under the same loading conditions. Predictions
using the AKeff-rate relations and the crack-

closure model are compared with the test data.

The calculation of the stress-intensity factor
assumes either a semi-elliptical surface crack
located at the center of the edge notch, as shown
in Figure 2(b), or a quarter-elliptical corner
crack located at an edge, as shown in Figure 2(c).
For surface cracks located at other places along
the bore of the notch,

if the crack is small compared to thickness.

the calculation is adequate
However, if several cracks are close to one another
then the calculation is in error.

To calculate the stress-intensity factor at
the point where the crack intersects the notch
surface (p = n/2), the crack depth (a) and the
crack length (c) must be known.
Il2a"

of the crack on a horizontal plane,

For a surface
crack, (or L) was measured as the projection

as shown in

Figure 3. The crack aspect ratio (a/c) and crack
length (c) were then calculated from

a/c =1+ 0.1 (a/t) for a/t = 0.02 (7a)
and

a/e = 40 (a/t) + 0.2 for a/t < 0.02 (7b)

Similarly, for a cornmer crack, "a" (or L) is again
the projection of the crack on a horizontal plane,
as shown in Figure 3(b), and the crack aspect ratio
was calculated from

a/c = 1.1 + 0.1 (a/t) (8)
for crack depth (a) greater than the cladding-layer
thickness (Z2).
determined by visual straight-line fits to

Equations (7a) and (8) were
experimental data. Equation (7b) was selected to
approximately match predictions from analyses of
cracks initiating at a typical material defect size
and shape. The measured crack shapes were compared
to those predicted from the stress-intensity factor
equations and crack-growth rate properties in

Figures 16 and 17.
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The stress-intensity factor range equation for
a surface or corner crack located at the notch
subjected to uniform remote stress is

AK = AS Jma/Q an (9)
where F.n is the boundary-correction factor, as
previously defined. For corner cracks that occur
in the LCY9%cs clad alloy,
cladding was developed to modify the stress-

a correction for the

intensity factor range calculation, as previously

discussed. The stress range (AS) is full range
(SmaX - Smin) for constant-amplitude and spectrum
loading. For spectrum loading, the highest peak

stress is Sh and the lowest trough is Sh

ax in’

The calculation of crack-growth rate for
constant-amplitude and spectrum loading for small
cracks was a simple point-to-point calculation:

da/dN = Aa/AN = (a; - ai)/(Ni+1- N.) (10)
The
is the interval between

where a; is the crack depth at N; cycles.
AN,
The corresponding stress-intensity

cyclic interval,
replicas.
factor range (AK) is calculated at an average crack
depth, a, as

a = (ai +a;,.4)/2 (11)
with the crack length, ¢, calculated from equations
(7) ox (8).

Aluminum Alloy 7075-T6. Small-crack data
generated under stress ratios of -1 and 0.5, and
under Mini-TWIST are shown in Figures 20 to 22,

respectively. The range of stress levels used for
each series of tests and predictions are indicated.
The data

from both laboratories agreed well and are plotted

Results at R = -1 are shown in Figure 20.

These results show the
in that the small
cracks were growing below the large-crack threshold
(dash-dot line at AK of about 4 MPa-/m).
recall that the use of the replica method
influenced the fatigue life and possibly the
If the replica

as a combined set.
"classical" small-crack effect,

However,

fatigue-crack-growth rates.
method had not been used,
for small cracks would have been expected to be
even higher than those shown. At higher AK values
(larger cracks), the small- and large-crack
(dashed-dot line) data tended to merge. The solid
curves show predicted results using an initial
defect size (ai,ci,b) of 3 by 9 by 0.5 um for
All predictions

the crack-growth rates

various maximum stress levels.
start on the AKeff curve because cracks at small
voids are assumed to be fully open on the first

cycle and AK is equal to AKeff' The predictions

-3
o 10 r 7075-T6 ’ 4
5 SN
, .

~ - _ Large
£ 10‘4 L R=-1 ARgtt /// crack
E_ — Prediction (dc/dN)
& S
S 1070
kel
5%
g jo6p %

!
< | Small surface crack

]
E » | 70 Smox = 80 to 95 MPa
o 10 r o
~ ]
3} !
o i
(@] 10_8 b L .

0.5 1.0 5.0 10.0 50.0
AK, MPa—m /2

Figure 20. Comparison of experimental and predicted
surface-crack-growth rates against AK in
7075-T6 alloy SENT specimens at R = -1,

from the model (80 to 95 MPa) did not agree very
well with the test data in the near threshold
regime. However, the predictions did agree with
the test data in the mid- to high-rate range. At
70 MPa, the predictions show that the crack nearly
arrested (minimum rate) at a AK-value of about 2
MPa-/m. At this point the 4K ;¢ was only slightly
greater than 0.9 MPa-/m, the effective threshold

for small cracks.

Whereas the stress ratio tests with R = 0 and
the R = 0.5
test conditions caused the notch root to yield.

-1 had elastic notch-root stresses,
Under these conditions, small cracks were observed
to grow at rates considerably slower than those
measured for large cracks at AK values greater than
the large-crack threshold, as shown in Figure 21,
the influence of the plastic-replica
method may be partly responsible for this behavior
but the same behavior has been observed for 2024-T3

Of course,

aluminum alloy, where the replica method did not
The

reason for the slower rates for small cracks at R =

appear to have a significant effect.
0.5 is still under investigation.

A plot of AK against rate for small surface
cracks under the Mini-TWIST spectrum loading is
shown in Figure 22. Note that AK was calculated
using the highest and lowest stresses in the
Also,
are the average rates over about 30,000 cycles.

The small-crack data agreed well with the large-

spectrum sequence. the crack-growth rates

crack data. However, this agreement may have been
fortuitous because the replica method had a large

influence on the fatigue life under Mini-TWIST
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Figure 21. Comparison of experimental and predicted
surface-crack-growth rates against AK in
7075-T6 alloy SENT specimens at R = 0.5.
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Figure 22. Comparison of experimental and predicted

surface-crack-growth rates against AK in
7075-T6 alloy SENT specimens under Mini-
TWIST loading.

the measured rates
The
predicted crack growth rates were determined in the

loading (see Ref. 17). Thus,
may be too low for a given value of AK.
following way. Crack depth (2a) and cycle results
were taken from the analysis at nearly equal cyclic
intervals between the initial crack depth and
breakthrough (a = t).
depth and cycles,

From these values of crack

the average rate and maximum
The
predicted results (solid curve) showed trends

range stress-intensity factor were calculated.

similar to the test data but the predicted rates
generally, greater than the test data.

the plastic-replica method may be

vere,
Again,
responsible for some of the observed differences.

Aluminum Alloy I1.C%cs. Small-crack tests on
the clad alloy primarily produced corner cracks in
the core material that initiated from slip-bands in
the cladding.

was only about 10 percent of the bare material, the

Because the cladding yield stress

stress distribution at the corner of the notch is
complex because the cladding yields and the core
material carries most of the load. To calculate
the influence of the cladding behavior on stress-
intensity factors, a three-dimensional finite-
element analysis would be required. 1In lieu of
conducting such an analysis, an engineering
estimate was used to develop a simple clad
correction to the stress-intensity factors for a
corner crack (see the Analytical Program section).
The small-crack data generated in the test program

was used to evaluate the clad correction.

Some of the small-crack data generated from
the LC9¢cs alloy SENT specimens under stress ratios
of -1 and 0 are shown in Figures 23 and 24,
respectively. These data were analyzed using the
clad correction. The most noticeable difference
between 7075-T6 and LC9cs alloys is the growth
rates at AK values below the large-crack threshold.
In the LC%cs alloy, the crack-growth rates were
much higher than those measured for the 7075-T6
alloy. Again, some of this difference may have
been caused by the influence of the replica method
on the 7075-T6 small-crack data.
difference may be the crack sizes and stress
The data for the 7075-T6 alloy was
generated at much smaller crack sizes than for the
LC9cs alloy.

from 5 to 100 pm whereas those in the clad material

Another source of
levels.
The crack sizes in the 7075-T6 ranged

ranged from 80 to 300 pum. Because the model

-3 }
L 10 LC9cs )’ A
> Large
E 10~4 R=-—1 crack
E
z
-5
> 10771
e
S Clad correction
E 1078 ¢ B Small corner crack
] / _
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o] _7 1 [
5 - i
2 10 ! | — Prediction
Qo ! I
2 ! !
O 10—8 I . )
05 1.0 5.0 10.0 50.0
AK, MPa—m /2
Figure 23. Comparison of experimental and predicted

crack-growth rates against AK with clad
correction in LCY9cs alloy SENT specimens
at R = -1.
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predicts a stress level effect, tests conducted on
the 7075-Té alloy at higher stress levels may have
shown growth rate data like that shown for the
LCY9¢s alloy.

A comparison of experimental and predicted
rates are also shown in Figure 23 for negative
stress ratio conditions. The predicted results
(solid curves) used an initial crack size of 77 um
and the AKeff-rate relations, previously discussed.
The predictions from the model agreed well with the
test data in the early stages of crack growth. But
the predicted rates seem to be slightly low in the
For 50 MPa, the
predictions show a large drop in the crack-growth
rates, similar to that shown for the 7075-T6 alloy.
This behavior is caused by the transient in the

mid- to high-rate range.

crack-closure behavior from the initial crack size
to the stabilized value for large cracks, as shown
in Figure 7. Crack arrest would have been
predicted if an applied stress level of 40 MPa had
been used. The fatigue limit for R = -1 was also
about 40 MPa (see section on Prediction of Fatigue

Life).

Figure 24 shows the results for small surface
and corner cracks under R = 0 constant-amplitude
loading conditions. The solid and open symbols show
data for surface and corner cracks, respectively.
In the mid-rate region, all surface-, corner- and
through-crack (large-crack) data agreed quite well.
The predicted results agreed well with the surface-
and corner-crack data. These results strongly
support the simple clad correction made to the
corner-crack stress-intensity factors.

_3 _ y
° 10 LCYcs AK ¢ //’/,;\ Large
> 7 L9, crack
S 4
4L rR=0
£ 10 .
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I 1075 L
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Mg/
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) ! _
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O 10 It i R L
0.5 1.0 5.0 10.0 50.0

AK, MPa—m /2

Figure 24, Comparison of experimental and predicted
crack-growth rates against AK with clad
correction in LCY9cs alloy SENT specimens
at R = 0,

Small-crack data on corner cracks in the LC9cs
alloy under the Mini-TWIST spectrum loading are
shown in Figure 25. Again, AK has been calculated
using the highest and lowest stresses in the
The predicted

small-crack growth rates are shown as the solid

spectrum and the clad correction.

curve, These predictions agreed well with the test

data for both small and large cracks.

10—4‘- L.CScs
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% B=2mm ,g/ crack
~ Mini—TWIST
€ 1072}t &
£
g
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> 107°F _
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o ¥

405’ 10~7 / Small corner crack
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AK, MPa—rm /2

Figure 25. Comparison of experimental and predicted
crack-growth rates against AK with clad
correction in LCY9cs alloy SENT specimens
under Mini-TWIST loading.

VIII. Prediction of Fatigue Life

In the small-crack tests, crack growth was
monitored from 80 to 97 percent of the total
fatigue life. Thus, all of the elements are in
place to assess a total fatigue-life prediction
method based solely on crack propagation from
microstructural features, such as the inclusion-
particle clusters (or voids) and the cladding
layer. The fatigue tests that were conducted in
the early part of the cooperative program will now
be used in this assessment. In this approach, a
crack is assumed to initiate and grow at the notch
root on the first cycle. The crack-closure model
and the baseline AR gg-Tate curves are used to
predict crack growth from the initial crack size to
failure.
fatigue lives obtained from SENT specimens.
Because these tests were standard fatigue tests,
the effects of the plastic-replica method on
fatigue life for the 7075-T6 alloy will not be an

issue.

These predictions will be compared with
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Constant-Amplitude Loading

Fatigue life (S-N) data under constant-
amplitude loading are shown in Figures 26 and 27
for the 7075-T6 and LCY9cs alloys, respectively. A
plain symbol indicates a failure and a symbol with
an arrow indicates that a test was terminated
before failure. 1In the analysis, an initial crack
size of a; = 3 pm, ¢y = 9 pym and b =
assumed for the 7075-T6 alloy.
very close to the average defect size that was
For the
clad alloy, an initial corner-crack size of a; =77

pm, ¢, = 77 pm and b = 0.5 pm was used. This crack

0.5 pm was
This crack size is

measured at the crack initiation sites.

size is somewhat larger than the cladding layer
thickness, but is consistent with the smallest
crack sizes observed early in life (see Fig. 19).
In these tests, the clad alloy exhibited more
scatter than the 7075-T6 alloy,
high stress ratio condition.

especially at the
The effective stress-
intensity factor threshold (AKeff)th was 0.9 MPa-/m
for both alloys.
life-prediction code, predictions were made for all

Using the crack-closure model and

The solid curves show the
The
predicted lives were in reasonable agreement with
the test lives.
life, the analysis methodology was also able to

loading conditions.
predicted number of cycles to failure.

In addition to predicting fatigue

predict the fatigue limit as a function of stress

ratio.
250 ¢ 7075-T6
oa = 2.3 mm
R=0.5 o a]
200 t+ oy o o
-1 >
s 150 b g = 0 \Lo
rmax' o
MPa S o s o=
100F g=—y X
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50
~— Prediction (g; = 3 um; ¢; = 9 um)
0 1 1 d
1E4 1E5 1E86 1E7
N¢, cycles

Figure 26. Comparison of experimental and predicted
fatigue lives for 7075-Té alloy SENT

specimens for various stress ratios.

Mini-TWIST loading

Experimental and predicted results for the
Mini-TWIST spectrum loading on the 7075-T6 and
LC9cs clad alloy SENT specimens are shown in Figure
28.
for each alloy using the same initial defects as
The predicted

lives were in reasonable agreement with the test

The solid and dashed curves show predictions
used for constant-amplitude loading.

results (symbols) but the predicted lives tended to
fall on the lower bound of the test data.

200

150 +

max'
MPa

100 +

50

— Prediction (q; = ¢; = 77 um)

O L 1 ]
1E4 1ES 1E6 1E7

Ny, cycles

Figure 27. Comparison of experimental and predicted
fatigue lives for LCY9cs alloy SENT

specimens for various stress ratios.
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Figure 28. Comparison of experimental and predicted
fatigue lives for 7075-T6 and LC9cs
alloys under Mini-TWIST loading.

IX. Conclusions
The National Aeronautics

Administration (NASA) and the Chinese Aeronautics
and Astronautics Establishment (CAE) participated

and Space

in a Fatigue and Fracture Mechanics Cooperative
Program. The program objectives were to study the
"small-crack" effect in two high-strength aluminum
alloys, to compare experimental and analytical
results from each laboratory, and to evaluate an
existing model to predict the growth of such
cracks. Experimental and analytical studies were
conducted on various aspect of the fatigue crack
growth of small and large cracks. Small-crack
tests and analyses conducted on single-edge-notched
tension (SENT) fatigue specimens made of 7075-Té6
bare and LC9c¢s clad aluminum alloy sheet materials

support the following:
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Analytical Results

1.

2,

3.

Stress-intensity factor solutions for surface
and corner cracks at a notch determined by the
three-dimensional finite-element method and the
weight-function method generally agreed within %
3 percent over a wide range in crack-
configuration parameters. The finite-element
method required a large mainframe computer
whereas the weight-function method used a
personal computer.

Stress-intensity factor solutions for a through
crack at a notch in a plate subjected to remote
uniform stress or displacement were determined
by a two-dimensional boundary-force method.
Remote uniform displacement boundary conditions
were confirmed using an experimental technique.

Stress-intensity factor equations were developed
for surface, corner and through cracks at a
notch for a wide range in crack-configuration
parameters.

4. A simple clad correction to estimate the

influence of the low-yield cladding material on
stress-intensity factors for a corner crack at
the notch was developed from a two-dimensional
weight-function method.

Experimental Results

1.

2.

3.

Fatigue lives and small-crack growth rates
measured on single-edge-notch-tension specimens
under constant-amplitude and Mini-TWIST spectrum
loading from both laboratories agreed well for
all loading conditions.

Large-crack growth rates measured under three
constant-amplitude stress ratios (R = -1, 0 and
0.5) from both laboratories agreed well over a
wide range in rates. Some slight discrepancies
were observed in the threshold regime.

For both materials, small cracks grew below the
large-crack threshold especially for the lower
stress ratio tests. Small-crack effects were
shown to be more pronounced for the negative
stress ratio tests.

4. For the 7075-T6 alloy, surface cracks initiated

at inclusion-particle clusters or voids at or
near the notch surface. Over 70 percent of the
cracks initiated in the middle half of the sheet

specimen thickness.
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5. For the LC9cs clad alloy, corner cracks
initiated from slip-band formation in the
cladding layers. Over 90 percent of the cracks
initiated at the edges of the notch and sheet
surfaces.

6. For both materials, results from both
laboratories showed that most of the fatigue
life (80 to 97 percent) was crack propagation
from a microstructural material defect
(inclusion particles or voids) or the cladding
layer.

7. Measured crack-growth rates for large surface
and corner cracks at the notch indicated that
the crack-growth properties in the thickness and
width directions were different for both alloys.

Crack-Closure Model

1. For both materials, the crack-closure concept
correlated large-crack-growth rate against the
effective stress-intensity factor range over six
to eight orders-of-magnitude in rate for the
three constant-amplitude stress ratio (R = -1, 0
and 0.5) conditions.

2, For constant-amplitude and Mini-TWIST spectrum
loading, the crack-closure model predicted
crack-growth rates for small cracks like those
observed experimentally, especially for the
LC9¢s clad alloy. Some of the discrepancies
observed for the 7075-T6 alloy were attributed
to the effects of the plastic-replica method
(acetone) influence on small-crack growth rates.

3. The crack-closure model predicted the crack-
length-against-cycles curve for a large crack in
a plate subjected to the Mini-TWIST spectrum
loading generally within about * 20 percent for
both alloys.

4, Using a microstructural feature (inclusion-
particle size) or nearly the cladding-layer
thickness as an initial defect, a total fatigue
life prediction method was demonstrated using
the crack-closure model.

The cooperative program demonstrated that
international cooperation between research
organizations can be very fruitful. The
cooperative program has advanced the state-of-the-
art in fatigue and fracture mechanics and has
provided the aerospace industries with useful
experimental data and with efficient analysis
methods for improving life prediction. These
results should ultimately improve the reliability
and safety of aircraft structures.
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