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Foreword

The symposium on Effect of Load Spectrum Variables on Fatigue Crack
Initiation and Propagation was presented at San Francisco, Calif., 21 May
1979. The symposium was sponsored by the American Society for Testing
and Materials through its Committee E-9 on Fatigue. D. F. Bryan, The Boe-
ing Wichita Co., and J. M. Potter, Air Force Flight Dynamics Laboratory,
presided as symposium chairmen and editors of this publication.
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Introduction

The effects of variations in the parameters that characterize in-service
loading on the life of engineering structures has received ever-increasing
attention in recent years. Many investigators have shown fatigue crack
initiation and growth to be sensitive to loading variables such as load se-
quence, frequency and magnitude of peak overloads and underloads, load
spectrum truncation, compression hold times, and others. The ability of
the stress analyst to predict the useful life of a particular structure depends
not only on having a truly representative loading spectrum, but also on
knowing the effects of variations in the load history parameters.

This symposium is a timely and logical follow-on to the American Society
for Testing and Materials (ASTM) sponsored symposium on Service Fatigue
Loads Monitoring, Simulation, and Analysis presented in Atlanta, Ga.,
14-15 Nov. 1977. The objective of the present symposium was to bring
together engineers, scientists, and academicians to exchange ideas and
present state-of-the-art papers on the analytical and experimental evaluation
of various load spectrum effects on crack initiation and propagation.

The papers in this publication cover a wide range of subjects from various
engineering fields. Load spectra representative of aircraft structures, gas
turbines, and windmill structures are presented along with analytical and
experimental fatigue and fracture results. The effects of spectrum editing,
time dependent changes in material characteristics, compression loads, and
gust alleviation are discussed. A crack growth model incorporating both
retardation and acceleration effects and a unique approach to ranking 7000
series aluminum alloys are included. The state-of-the-art information in this
publication should be helpful to those engineers responsible for life predic-
tions of structures subjected to repetitive loads. Scientists and educators in
the field of engineering structures should likewise find this publication of
great interest.

The symposium organizing committee wishes to express sincere apprecia-
tion to the authors, reviewers, and ASTM staff for their efforts in making
this publication possible.

D. F. Bryan J. M. Potter

The Boeing Wichita Company, Wichita, AFFDL/FBE. Wright-Patterson Air Force
Kans. 67210; symposium cochairman and Base, Ohio 45433; symposium cochairman
coeditor. and coeditor.
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D. F. Socie! and P. J. Artwohl!

Effect of Spectrum Editing on
Fatigue Crack Initiation and
Propagation in a Notched Member

REFERENCE: Socie, D. F. and Artwohl, P. J., “Effect of Spectrum Editing on
Fatigue Crack Initiation and Propagation in a Notched Member,” Effect of Load
Spectrum Variables on Fatigue Crack Initiation and Propagation, ASTM STP 714,
D. F. Bryan and J. M, Potter, Eds., American Society for Testing and Materials,
1980, pp. 3-23.

ABSTRACT: A method for eliminating small, nondamaging cycles from irregular
loading histories is described. Analytic estimates of crack initiation, crack propagation,
and total fatigue lives are compared to experimental data for full and edited load
histories from the Society of Automotive Engineers Cumulative Fatigue Damage Test
Program. Load histories edited to have equal crack initiation lives do not have equal
crack propagation lives.

KEY WORDS: fatigue (materials), crack initiation, crack propagation, life prediction,
spectrum editing

For many years, the problem of fatigue has plagued all designers who
work on structures and components subjected to cyclic loads. The main
problem in dealing with fatigue in design is that the mechanisms of fatigue
are very complex and, even though much research is being done in this
area, a complete understanding of the subject is still a long way off. For
this reason many varied groups have been responsible for establishing
programs to investigate various aspects of fatigue. One typical group
dealing primarily in the ground vehicle industry established a round robin
test program through the Society of Automotive Engineers (SAE). This work
has produced a great deal of test data and a considerable number of theo-
retical concepts for fatigue damage analysis [7].2 Fuchs et al [2] showed

! Assistant professor and research assistant, respectively, Mechanical Engineering, University
of Illinois, Urbana, Ill. 61801.

2The italic numbers in brackets refer to the list of references appended to this paper.
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4 EFFECT OF LOAD SPECTRUM VARIABLES

that 90 percent of the cycles do only 10 percent of the calculated fatigue
damage.

The purpose of this investigation was to verify experimentally analytic
procedures for editing small nondamaging events from a variable amplitude
load history without significantly changing the fatigue damage done by
the original history. This will allow accelerated component fatigue tests to
be performed and will result in substantial reductions in testing time.

Data from the SAE Cumulative Fatigue Damage Test Program were
analyzed in order to estimate crack initiation and propagation lives. A
strain cycle fatigue analysis was employed to determine the relative fatigue
damage of each cycle. Small amplitude cycles were eliminated until the
remaining cycles had at least 80 percent of the calculated fatigue damage
of the original history. Tests, employing the edited load histories, were
then conducted under the same conditions as the original test program.
Analytic methods for estimating crack initiation and propagation lives are
compared to experimental data for full and edited histories. The test
program as well as the analytical models will be reviewed, briefly, for
those unfamiliar with them. The overall life estimation procedure for
estimating total fatigue lives is shown in Fig. 1.

Loading Component Material
History Geometry Properties
Global Crifical
Stress-Strain Crack
Analysis Length
Notch ProCrOCk_
1 pagation
Analysis Model
3 1
Cycle Cycle
Counting Counting
{ }
Crack
Damage Growth
Calculation Calculgtion
| 1
Crack Crack Crack,
Initigtion Initiation Propagation
Life Length Life
Total
Fatigue
Life

FI1G. 1—Overall analysis procedure.
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Analytical Techniques

Strain Cycle Fatigue Concepts

The basic hypothesis of cumulative fatigue damage analysis, employing
materials data obtained from laboratory specimens, is that if the local
stresses and strains at the critical location of the component are known,
the crack initiation life of the structure can be related to the life of the
specimen. Cumulative damage analysis reduces the complex problem of
fatigue into one of determining the local stresses and strains from nominal
stresses or loads, and the proper relationship between stresses, strains, and
fatigue life.

Fatigue resistance of metals can be characterized by strain-life curves
that are determined from smooth laboratory specimens that are tested in
completely reversed strain control. The relationship between strain ampli-
tude, Ae/2, and reversals to failure, 2N;, may be expressed in the following
form

A r
S = ¢ QN + L Nt ()

where

af' = fatigue strength coefficient,
b = fatigue strength exponent,

¢;' = fatigue ductility coefficient,
¢ = fatigue ductility exponent, and
E = elastic modulus.

Morrow [3], Tucker et al [4], provide definitions of these fatigue properties
and tabulate values for a number of metals. Morrow suggested that the
strain-life equation could be modified to account for mean stress, g,, by

reducing the fatigue strength coefficient by an amount equal to the mean
stress.

Ae —
S =g QN+ Q’E—""(sz)b )

When the fatigue properties are known and the service environment de-
fined, the problem of fatigue life prediction becomes one of determining
the local strain amplitude and mean stress for each load range identified
by cycle counting, so that Eq 2 can be solved for life.

Since the introduction of Neuber’s rule [5] which equates the theoretical
stress concentration factor to the geometric mean of the stress and strain
concentration factors, several investigators [6-8] have shown how this
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simple concept can be extended to relate the stress-strain behavior of the
metal at a notch root to the nominal load history on a notched specimen
subjected to variable amplitude loading.

K7 (AS Ae)l? = (Ao Ae)'2 (3)

where

AS, Ae = nominal stress and strain range,
Ao, Ae = notch stress and strain range, and
K1 = theoretical stress concentration factor.

l

This equation adequately represents the fatigue behavior of notched
specimens when the theoretical stress concentration factor is replaced by
a fatigue concentration factor, K;, which accounts for notch acuity and
material effects. Current practice accepts a notch size effect wherein K,
can be estimated in terms of K; by an empirical theory utilizing experi-
mentally determined material constants. The most common one in use
was proposed by Peterson [9].

KT_l
K = ~TI - 4
4 1+1+a/r “

where

a = material constant and
¥ = notch radius.

For blunt notches (K < 4), the Peterson equation makes a small but
appropriate correction for weakest link type size and stress gradient effects.
However, for sharp notches, it reflects an inappropriate comparison between
initiation controlled smooth specimen endurance limits and sharp notch
endurance limits involving nonpropagating cracks and threshold stress
intensity behavior, where the failure stress is independent of K1 [10].

Notch root stresses and strains are determined on a cycle-by-cycle basis
using Eq 3 and the cyclic stress-strain properties of the material. An alter-
nate method to Neuber’s rule involves the direct determination of the rela-
tionship between applied load and notch root strain. These relationships
may be obtained by experimental stress analysis method or analytically
by finite element or difference techniques. Although this method provides
a better estimate of the strains for a complex geometry, it does not signifi-
cantly improve life estimates for the notched plates employed in this
investigation [6]. Once the notch root strains are determined, notch root
stresses are calculated from a material response model [1]] that describes
the history dependence of cyclic deformation. The strain history is then
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rainflow counted {/2] to determine the strain ranges and mean stresses
required to solve Eq 2 for life.

Figure 2 shows a typical strain time history along with its corresponding
stress time history. Events C-D and E-D have identical mean strains and
strain ranges but have quite different mean stresses and stress ranges.
Following the elastic unloading (B-C), the material exhibits a discontinuous
accumulation of plastic strain upon deforming from C to D. When Point B
is reached, the material “‘remembers’” its prior deformation (that is, A-B),
and deforms along path A-D as if event B-C never occurred.

In this simple sequence, four events that resemble constant amplitude
cycling are easily recognized: A-D-A, B-C, D-E, and F-G. These events are
closed hysteresis loops, each event is associated with a strain range and
mean stress. The apparent reason for the superiority of rainflow counting
is that it combines load reversals in a manner that defines cycles by closed
hysteresis loops. Each closed hysteresis loop has a strain range and mean
stress associated with it that can be compared with the constant amplitude
fatigue data in order to calculate fatigue damage. Miner’s linear damage
rule is employed to sum the fatigue damage from individual cycles.

The definition of an initiated crack has been the subject of much contro-
versy. No satisfactory solution to this problem exists. Fatigue cracks start
with dislocation movement on the first load cycle and end with fracture

STRAIN
— T  — 7
B
)
D
8 D
w
(1)
¥ "
w

FIG. 2—Rainflow counting example.
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on the last. Crack initiation lies somewhere between the two. For purposes
of strain cycle fatigue analysis, crack initiation is defined as a crack in
the structure or component that is the same size as the cracks observed
in the strain cycle fatigue specimen. Frequently, this is the specimen radius
that is on the order of 2.5 mm. Dowling [I3] proposed reporting strain
cycle fatigue data in terms of the number of cycles required to form a
crack of fixed length. He found that for steels with fatigue lives below the
transition fatigue life, cracks 0.25 mm long were formed at approximately
one half of the life required for specimen separation. For smooth speci-
mens at longer lives where the bulk behavior of the material is primarily
elastic, the first crack is observed prior to specimen fracture.

The definition of crack initiation applied to strain cycle fatigue analysis
always includes a portion of life where the crack is indeed propagating.
It should be noted, however, that the behavior of small cracks (less than
0.25 mm) is different than long cracks cycled under equal stress intensities
[14-16]). As a result, the analysis described in the next section does not
apply to them. For design purposes, crack initiation is defined as the
formation of a crack between 0.25 mm and 2.5 mm long.

Crack Propagation Concepts

Perhaps the most widely accepted correlation between constant amplitude
fatigue crack growth and applied loads has been proposed by Paris [17].
The rate of crack propagation per cycle, da/dN, is directly related to cyclic
stress intensity, AK, in the following form

da _ m
oy = GaK) ®)

where

C = crack growth coefficient and
m = crack growth exponent.

In the simplest form, crack propagation lives are obtained by substituting
an effective stress intensity and integrating Eq 5 with the following result

o da
N =Y ——
? } CAK )™

a0

(6)

where

initial crack size,
final crack size,

ay
9
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N, = crack propagation life, and
AK s = effective stress intensity range.

Several models have been proposed for determining effective stress
intensities that account for load ratio, sequence, and crack closure effects.

Simple models for determining effective stress intensities for variable
amplitude loading are based on the interaction of the plastic zone of the
current load cycle with the plastic zone of previous cycles [/8]. These
models do not account for compressive loads and notch root plasticity.
Nelson and Fuchs [/9] showed that models that did not include notch
plasticity effects were inadequate for notched members that involved com-
pressive yielding at the notch root. Crack closure models, although more
difficult to implement, have successfully been employed for these prob-
lems [20]. Closure models are based on the hypothesis that cracks can only
grow when the crack surfaces at the crack tip are open. Crack surfaces
open when the external load overcomes the compressive residual stresses
near the crack tip. In the present investigation, crack opening loads were
determined with finite element techniques. For short spectra such as those
employed in this investigation, the crack opening and closing loads remain
constant and are determined by the largest load cycle in the history. Tests
suggest that an appropriate cycle counting technique for crack propagation
is to rainflow count that portion of the load history that lies above the
crack closure load. This produces effective load ranges that are converted
into effective stress intensity ranges so that Eq 6 can be solved through
numerical integration procedures.

SAE Test Program

Three load histories designated suspension, bracket, and transmission
were used in the research program. The original load histories shown in
Fig. 3 are strain measurements from ground vehicles under actual service
conditions. They were scaled to various maximum load levels and applied
to the specimens, shown in Fig. 4, made from both Man-Ten and RQC-100
steels. This design provides both axial and bending stresses and strains
at the notch root. Specimens were cut from a hot-rolled plate by produc-
tion machining techniques. The hole was drilled and reamed with no edge
preparation and was then saw cut from one side to provide the notch.
Specimens for this investigation were obtained from the same plate as
the original test program. Mechanical properties of these materials are
shown in Table 1. A considerable quantity of experimental data was
generated during the round-robin test program described in Ref /. Crack
initiation for this test program was defined as a crack 2.5 mm long, because
it has approximately the same crack area as a smooth specimen.
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TRANSMISSION HISTORIES

i 1408 Reversals
8 L RLL LR
|30 Reversals
-
@)
G
BRACKET HISTORIES
| 5936 Reversals |
|

610 Reversals
AR 01 | 'HI'-.

SUSPENSION HISTORIES
T 2506 Reversals

68 Reversals

(. i

FIG. 3—SAE load histories.
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FIG. 4—SAF keyhole specimen.
Editing Technique

Procedure

Strain cycle fatigue analysis procedures, previously described, were
employed to edit the load histories. Peak points were omitted using a
computer algorithm that would omit any points that would add a hysteresis
loop and its corresponding fatigue damage less than a specified value. The
limiting value, designated as a threshold value, could be changed to make
the final edited history as large as the original history or as small as two
points. The algorithm compared each successive range to the previous
range that had fit the specified conditions. If the new range had a change
larger than the threshold, the new range would be kept and then become
the comparison range. On the other hand, if the new range did not produce
a change greater than the specified threshold value, the range would be
merely omitted. In this manner, a history could be edited and still keep
the original sequence of events.
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Figure 5 shows the effect of the editing level calculated initiation life.
The solid curve is the cumulative damage distribution for all rainflow
counted strain ranges up to a given strain range. The dashed line represents
the cumulative distribution of cycles up to a given strain range. The steps
in the curves are due to the algorithm, which breaks strains down into 50
finite categories. Increasing the number of strain ranges would tend to
smooth out the curve.

The two examples in the figure show how to read the curves. Points A
and A’ show that 92 percent of the cycles account for 3 percent of the
calculated strain cycle fatigue damage of a block. One repetition of the
load history represents one block of loading. Points B and B’ show the
edited version of the transmission history.

Full and edited transmission, bracket, and suspension histories are shown
in Fig. 3. The size of the transmission history was reduced 92 percent, the
bracket history 90 percent, and the suspension history 97 percent.

100 -
- -7 B
- A
r y 4
7
/
80+ /
/
/
/
r !
- 1
é 60 L I’ Transmission History
d:_) / Man-Ten
i ; 156 kN (3500 Ib)
2 ! ——-Cumulative Cycles
5 " ——Cumulgtive Damage
3
g 40+ |
© 1
L 1
!
I
]
20} ,
I
t BI
I i
’ \
0 LA ] i | | L 1
0 20 40 60 80 100

Normalized Load Range

FIG. S—Cumulative distribution of fatigue damage and cycles.
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Effect of Material Properties

To establish a basis for comparison of different materials, the cumulative
damage and total cumulative cycles were compared for Man-Ten and
RQC-100 specimens. Material properties have an effect on the editing
level; however, the general shape of the curves remained unchanged as
shown in Fig. 6. Changing properties from Man-Ten to RQC-100 moved
the percent damage curves to the right for every test condition indicating
that the smaller cycles are less damaging in the stronger material. The
actual amount of shift in the curve depended on the history and load level
employed for the analysis. Results shown in Fig. 6 were typical for all test
conditions. Editing was done in the region where the difference in material
properties had little or no effect. Man-Ten material properties were used
to edit the histories for both Man-Ten and RQC-100 tests. The results
show that the single edited history is sufficient for both material tests.

100 -
90}

80

—

I Transmission History
!
] I56KN (35001b)

— Man-Ten
-- RQC-100

Cumulative Cycles
70}

60 -

50 Cumulative Damage

Cumulative Percent

30

I
20|
-

1 | 1 1 1 1
0 IO 20 30 40 50 &0 70 80 90 100

Normalized Load Range

FIG. 6—Effect of material properties on the cumulative distribution of fatigue damage.
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Effect of Load Level

To compare the effect of load level on the editing process, a similar
procedure was followed. Results were very similar to those dealing with a
change in material. The cumulative damage curve kept its general shape
with increasing load levels, but was shifted slightly to the left indicating
that the smaller cycles do more damage at higher loads. This would be
expected since the strain life curve has a smaller slope at lower lives. All
test conditions were evaluated with varying load levels. A typical curve
is shown in Fig. 7. The top solid line represents the cumulative percent
cycles for both loads. The lower solid line is the cumulative percent damage
with a maximum load of 15.6 kN (3500 Ib). The slightly shifted dashed line
represents the corresponding cumulative percent damage with a 35.5 kN
(8000 Ib) maximum load.

Man-Ten material properties at a low-load level were used for editing all
of the load histories. The load level was 15.6 kN (3500 Ib) for the bracket
and transmission histories, and 26.7 kN (6000 Ib) for the suspension
history.

1001
90
801 Cumulative Cycles
Bracket History
70} Man-Ten
€ — 156 kN (3500 Ib)
g 601 —— 356 kN (8000 Ib)
a
2 1
i)
g 4ot
3
O
301 .
Cumulative Damage
201
o}
O -t : 1 I L

i — 1 i ]
0] O 20 30 40 50 60 70 80 90 100
Normalized Load Range

FIG. 7—Effect of load level on the cumulative distribution of fatigue damage,
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Effect of Overstrain Material Properties

Recent studies employed material properties obtained from overstrain
tests to account for errors associated with Miner’s linear damage rule [27].
Overstrain data makes lower loads more significant with respect to fatigue
damage. A strain cycle fatigue analysis was performed for all test conditions
using both regular and overstrain material properties. Results shown in
Fig. 8 were typical for every test condition. In each case, the cumulative
damage with an overstrain curve was to the left of the other cumulative
damage curve; however, the shift was more pronounced in the lower part of
the curve. This shift reduced to zero at the top of the curve.

Since the effect of material properties and load level had relatively small
effect on the editing level, only one load level and material was employed
to edit the histories. This results in a single edited history for all tests.

Load level and material may have a significant effect on the editing
level for other histories and geometries. For these three histories and two
materials, the effect was very small for the load levels tested.

100 M
90
sor Cumulative Cycles |
] Suspension History
70 i |
) Man-Ten
c | 26.7 kN {6000Ib)
S eor Cumulative Damage. /] ~—— No Oversirain
e === Overstrain
® 5OF
2
5 40
2 L
E
3
O
301
201
10
0 - 1 | |
0 10 20 30 40 50 60 70 80 90 100

Normalized Lood Range

FIG. 8—Effect of overstrained material properties on the cumulative distribution of
fatigue damage.
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Results and Discussion

Crack Initiation

Tabulated results of the edited history test program are shown in Table
2. Crack initiation was defined as a crack 2.5 mm long to be consistent
with the original test program. Experimental and predicted results from a
strain cycle fatigue analysis are shown in Fig. 9. The solid lines are the
predicted results for full history tests, and the dashed lines are the predicted
results for edited history tests. Full history test data are represented by
solid symbols and edited history test data by open symbols. When making
comparisons of the test data, it should be noted that the original tests
employing full histories were performed by seven different laboratories,
while the edited tests were performed by only one laboratory that was not
part of the original test program,

As a result, the comments that follow represent general trends rather
than a statistical analysis of the data. Only a limited number of duplicate
tests were performed because specimens from the original test program
were not available.

Good agreement was found between the predicted and test results with
one exception. The analysis for both full and edited histories predicts
fatigue lives approximately 20 times longer for RQC-100 specimens sub-

TABLE 2—FEdited history test results.

Maximum Load

Initiation  Propagation Total
Man-Ten kN Ib Blocks Blocks Blocks
Transmission 35.6 8 000 282 119 401
15.6 3 500 18 356 1914 20 270
15.6 3 500 11 226 1570 12 796
Bracket 35.6 8 000 43 53 96
15.6 3500 3 556 1811 5 367
15.6 3 500 1 645 1241 2 866
15.6 3 500 2 647 1621 4 268
Suspension 40.0 9 000 566 3007 3573
26.7 6 000 3734 41 488 45 222

RQC-100
Transmission 35.6 8 000 503 351 854
Bracket 35.6 8 000 76 287 354
15.6 3 500 2027 1957 3984
15.6 3 500 2722 1607 4 329
15.6 3 500 2799 2 615 5414
Suspension 40.0 9 000 1 698 24 371 26 069

31.1 7 000 9 328 50 812 60 140
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jected to the bracket history at 15.6 kN (3500 1b). Experimentally, the
edited history tests had shorter crack initiation lives than the full history
tests. Of the remaining eleven test conditions, only one of the edited tests
had a shorter crack initiation life.

For the worst case (Man-Ten specimens subjected to the transmission
history at 15.6 kN (3500 1b)), the edited history tests had a life three times
longer than the full history tests. Analytically, the small omitted cycles
accounted for only 20 percent of the fatigue damage but, experimentally,
they accounted for 65 percent of the fatigue damage. That is, most of the
fatigue damage was done by the small cycles for this test condition. As a
result, one might speculate that a strain cycle fatigue analysis employing
Miner’s linear damage rule would grossly overestimate fatigue lives for
spectra that have thousands of small cycles and only a few larger cycles.

Crack Propagation

Propagation results shown in Fig. 10 also had good correlation with the
predicted results for full and edited histories. For example, the analysis
predicts that the crack propagation lives for bracket history tests for full
and edited histories in both materials should be about the same at lower
load levels. Predicted lives for edited suspension history tests were approxi-
mately three times longer than corresponding full history tests. Experi-
mentally, the average difference between full and edited suspension history
test was 2.1. In the worst case, the experimental edited history propagation
life was seven times the average full history test life, while the predicted
difference was 2.8.

Total Fatigue Life

Experimental and predicted total fatigue lives are shown in Fig. 11.
Again, good correlation is found between the analysis and experimental
data for total fatigue life despite the arbitrary assumption of crack ini-
tiation as a crack 2.5 mm long. If crack initiation is assumed to be 0.25
mm, the estimated total fatigue life does not increase by more than 30
percent. The total fatigue lives of suspension history tests that are primarily
compressive are dominated by crack propagation. Total fatigue lives of
transmission history tests that are primarily tensile are controlled by crack

initiation.
Summary

A method for eliminating small nondamaging events from variable
amplitude loading histories has been presented. Correlation between pre-
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dicted and experimental test lives was considered good for the three load
histories, two materials, and three load levels employed in this investi-
gation. Spectra edited to have equal crack initiation lives do not have
equal crack propagation lives. Therefore, it is essential to determine the
dominant failure mode before editing histories.
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DISCUSSION

H. O. Fuchs (written discussion)—The authors’ experiments are a wel-
come verification of the analytic predictions we made in 1973. A cost
effective application of this work consists of applying the analytical tech-
niques to decide how much a particular test program can be speeded up
by editing. The nature of the load spectra, of the materials, and of the
geometry all have an influence on the suitable amount of condensation
(or truncating, or editing).

We do not yet have general rules that tell us how much condensation is
appropriate for a particular case. An analysis that includes ranges of
stresses, or of strains, and of effective stress intensity factors where appro-
priate, can be made at an expense much smaller than the amount that
will be saved by shortening test times. However, if fretting fatigue or
corrosion fatigue are involved, it seems unlikely that we can shorten test
time before we know more about those subjects.

1 Mechanical Engineering Department, Stanford University, Stanford, Calif. 94305.
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ABSTRACT: An analytical and experimental program was conducted to evaluate
the time-dependent changes in the stress-strain state at stress concentrations. Load-
time interaction effects on creep and stress relaxation were evaluated utilizing simple
coupon, super-scale, and simplified stress concentration test specimens. Periods of
sustained compression ioads included in a load sequence or spectrum were shown
to affect a reduction in specimen fatigue life due to creep and stress relaxation occurring
during the hold period. Experiments were designed such that a quantitative assess-
ment of time-dependent changes in both notch stress and notch strain was possible.
Resuiting data were used to formuiate a creep and stress relaxation moduie for
inclusion in an automated hysteresis fatigue analysis program. Agreement between
experimental and predicted lives using the hysteresis analysis is significantly better
than predictions using a linear analysis method.

KEY WORDS: fatigue (materials), cumulative damage, stress concentration, residual
stress, stress relaxation, creep properties, crack propagation

Structural cracking continues to be a major factor in aircraft design
and in assessing the useful structural life in an operational environment.
The structures analyst must be able to identify potential crack initiation
sites and accurately describe the structural loading conditions and stress-
strain state in order to establish a time to crack initiation. In general, the
cracking will initiate at or near stress concentrations such as fastener holes.
Numerous analysis methods are available to predict crack initiation; how-
ever, few of these consider the complete stress-strain history, the load and
mechanically induced plasticity that may exist at the stress concentration,
and the time dependent changes in notch stress and notch strain. It has

Y Aircraft development engineer, specialist, Advanced Structures Department, Lockheed-

Georgia Company, Marietta, Ga. 30063,
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been demonstrated by various investigators [/-3]? that overloads and
underloads can induce residual stresses that may drastically affect the
fatigue life of metal structures. Hysteresis fatigue analysis methods have
been formulated from studies of this type that allow the analyst to include
the effects of overloads and underloads and the resulting residual stress
history in fatigue life predictions.

The evolution of this hysteresis analysis methodology has also included
studies of cycle-dependent changes of residual stress [3-5]. These studies
indicate that residual stresses that can be introduced by overloads and
underloads or both, may tend to relax during subsequent cyclic loadings.
Also, Neulieb et al [6] and Carroll [7] have shown that there are time
dependent changes in residual stress and strain that also affect the fatigue
life of notched structures. Their results indicate a definite influence of
sustained load hold periods on the time to crack initiation for simple
notched coupons and low load transfer joint specimens. A summary of the
data from these two programs [6-7] is included in Table 1.

In Table 1, Sequence 1 is the baseline constant amplitude data. Sequences
2 and 3 illustrate the effects of overloads and underloads and the influence
of load induced residual stresses on the specimen fatigue life as reported

TABLE 1—Initial notched coupon and low load transfer joint test data.

Open Hole Test Data, Low Load Transfer Test
Loading Sequence Neulieb Data, Carroll
1 NNV VAN 50 500 146 000
2 /\/\/\/\A/\/\ 910 000 510 000
3 214 400 323 000
4 126 000 51 500

24 HRS.

2The italic numbers in brackets refer to the list of references appended to this paper.
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by various investigators. Sequence 4 includes a sustained compression load
hold period immediately following the overload/underload combination.
When the sustained load hold periods are included in the test sequences,
the specimen fatigue life is significantly less than that obtained with only
the overloads/underloads included; namely, the comparison between
Sequences 3 and 4.

The implications from these limited tests are that there are time dependent
changes in the stress-strain field around stress risers. It was hypothesized
that the beneficial load induced residual stresses were relaxing with time
under the sustained load conditions and, in addition, that creep was
occurring simultaneously with the stress relaxation. This would, of course,
have far reaching significance to the fatigue analyst in the establishment
of fatigue test programs (from coupon to full scale), in the fatigue life
prediction, and assessment of in-service cracking events. These events
(overloads and periods of sustained loading) do occur in service and during
fatigue testing and must be considered in any realistic assessment of
structural fatigue life.

The research reported here is a summary of a multiphase, in-depth
study of these time dependent changes in notch stress and notch strain and
their influence on fatigue life predictions. The life shortening effects of the
hold periods, illustrated in Table 1, were considered significant enough to
warrant the further experimental study and analytical modeling for inclu-
sion in the hysteresis fatigue analysis methodology. Also, no known prior
research had been conducted in this specific area except that reported in
Refs 6 and 7. Initially, the program included fatigue tests and strain mea-
surements on a super-scale test specimen at a central circular hole. Although
this phase of the program provided comparative fatigue data for different
load-time test sequences, it did not provide sufficient constitutive data to
model the creep and stress relaxation. Additional tests were then con-
ducted utilizing simple coupons and a unique simplified stress concentra-
tion specimen (SSC) to collect first creep and then stress relaxation and
creep data. Finally, the constitutive data were used to formulate a creep
and stress relaxation model that was incorporated into an existing hyster-
esis analysis model for fatigue life prediction.

Subsequent paragraphs discuss each phase of the experimental program
and include a discussion of the fatigue analysis predictions using the
hysteresis analysis model. Additional data and a detailed discussion of the
research are included in Refs § and 9.

Experimental Procedures

General Test Methods

Three different types of tests were performed during the experimental
evaluations; namely, super-scale, single-bar coupon, and three-bar simpli-
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fied stress concentration tests. All testing was performed in modern electro-
hydraulic servo-controlled test systems manufactured by MTS Systems
Corporation. Each test system was interfaced to a digital computer that
was used to command the different profiles, monitor loads and strains,
and perform fail-safe functions. Additionally, the computer was used to
store, reduce, tabulate, and plot data in a reportable format. The data
collection, reduction, and display functions operated in near real time as
the test progressed. The heart of each system was a PDP-11 computer
and a modified BASIC programming language that was interactive. Inputs
and outputs were managed through a teletype terminal and CRT supported
by a hard-copy unit.

A user program was written in BASIC for each different test type, and
each program contained options to accomodate the different profiles
required. The super-scale tests were performed under load control, and
outputs from the load and strain transducers were recorded at programmed
time intervals throughout the tests. The time intervals were controlled by
a programmable clock that resulted in precise load-strain-time history data.

The coupon and three-bar SSC tests were also performed under load
control; however, the test system computer program was written so that
loading was reversed once a desired value of strain was reached during
the initial tensile loading. For the SSC tests, the load reversal was based
on strain in the center bar. All subsequent events in the profiles were
applied under unconditional load control. Coupon strains were measured
using an extensometer. Strains for the three bar SSC tests were measured
using an extensometer on the center bar and one outer bar, and strain
gages on the other outer bar. (As was done for the super-scale tests, load
and strain data were recorded at programmed time intervals throughout
the tests.)

Evidence for Cyclic Dependent Behavior

A multiphase analytical and experimental program was initiated to
determine if meaningful data could be measured to quantify the stress-
strain time history and to develop an analytical model to predict time to
crack initiation. In the first phase of the experimental program, attempts
were made to measure strain inside a 50.8 mm (2.0 in.) diameter hole in a
“super-scale” test specimen utilizing a mechanical transducer. The test
specimen and strain transducer are illustrated in Fig. 1. The transducer
is a Lockheed modification to that described in Ref 10 and is designed
such that only extensional strain in the direction of loading is recorded.
The gage length is approximately 1.78 mm (0.07 in.). All specimens were
fabricated from 7075-T6511 aluminum plate.

Thirty-two different test sequences were evaluated during this phase of
the study. The sequences, as illustrated in Table 2 include overloads,
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FIG. 1—Super-scale test specimen and strain transducer.

TABLE 2—Super-scale test sequence definition and fatigue life data.

—— NoL —~
A
AN N
N B Y
/\/\/\/\/\ ! f_=-54.5 MPa H
A B C D
Sequence Cycles to Overload, Hold Period, Crack Initiation,
Type Nop, ~ Cycles X 1073 H ~ hours Cycles X 103
1A cee . 48
1B 15 L 2000 NF¢
2B 1 . 1000
1C 15 . 712
2C 1 ce. 309
3C 1 e 286
1D 1S 24 141
2D 15 1 337
3D 1 24 101
4D 30 24 215
5D ces 24 80

aNF = no failure.

underloads, and sustained load hold periods combined with constant
amplitude load cycles. The overload in each case is 326.2 MPa (47.3 ksi),
net section stress. This tensile stress was selected to assure plasticity at
the stress concentration and a residual stress (compression in most cases)
upon unloading. Various compression stresses were evaluated, ranging
from zero to —224 MPa (—32.5 ksi); however, the data illustrated in
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Table 2 are all for —34.5 MPa (—7.9 ksi). Data for other compression
stress levels are similar and are reported in Refs & and 9. The test sequences
included initial overloads only as well as periodic overloads and overload/
underload combinations. The cyclic periods between overloads (Ng,)
included 1-, 15-, and 30-thousand cycles of constant amplitude cycling.
In all cases, the constant amplitude cycling was done at a mean stress of
103.4 MPa (15 ksi) and a 68.95 MPa (10 ksi) alternating stress. Com-
pression load hold periods (H) in Sequence D were 1 and 24 h.

A comparison of the cycles to crack initiation illustrates vividly the
effects of overload/underload combinations and the life-shortening effects
of compression load hold periods. For example, comparing Sequence 1 for
each of the four Sequence Types (A-D), the baseline specimen life is
increased from 48 000 cycles to greater than 2 000 000 cycles with the
application of the overload every 15 000 cycles. With the underload applied
immediately following the overloads, this life is reduced to 712 000 cycles;
but, when 24-h sustained load hold periods are included, the life is reduced
to only 141 000 cycles. This is only slightly greater than the constant
amplitude baseline specimen life.

The most significant result from this data sample is the life shortening
effects of the sustained load hold periods. The hold period in any com-
bination with an overload or underload will affect the residual stress at the
stress concentration and negate the beneficial life-lengthening plasticity
effects.

Notch Strain Behavior

In addition to the comparative fatigue life data just discussed, a primary
objective of the super-scale specimen tests was to determine if meaningful
strain changes could be measured at the stress concentration during the
sustained load hold periods. To accomplish this objective, the strain trans-
ducer and strain gages were used to measure strain and strain changes
during the various test sequences in Table 2. A typical example of this
data is illustrated in Fig. 2. These data definitely confirm that creep is
taking place immediately adjacent to the stress concentration during the
hold period and, for this illustrative example, the strain change inside the
hole (transducer) and immediately adjacent to the hole (Strain Gage 1)
are of the opposite sense.

The super-scale test specimen and strain transducer were adequate for
initial studies to measure strain changes (creep) in the load induced plastic
zone during these hold periods. These changes, although not large, are
apparently sufficient to affect the changes seen in specimen life. The effect
of the measured strain changes can be illustrated by the data shown in Fig.
3a. These data are from Sequence C tests for different values of under-
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FIG. 3—Hypothesis of time dependent stress-strain changes. (a) underload magnitude
effects and (b) creep and stress relaxation.
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load but do not include hold periods; however, the cyclic limits and times
to failure tend to illustrate the time-dependent changes in the plastic zone.
For example, cycling between Limits A-A, as shown, is similar to a se-
quence with no underload. Cycling between B-B is typical of Sequence B,
and Limits C-C tend to show the effect of the hold time or Sequence D.
Note that as the cyclic limits change from A to C there is both a change in
stress and strain, From this observation of fatigue life test data, it was
hypothesized that there is a complex, time dependent relationship between
stress and strain that tends to significantly affect time to crack initiation
or fatigue life in this case. This hypothesis is illustrated in Fig. 3b. In this
figure, both a time dependent creep, Ae¢, and a time dependent stress
relaxation, Ao, are shown.

So far, the experiments discussed have only shown the comparative
fatigue results, the life-shortening effects of the hold periods, and have
given a qualitative assessment of the existence of the strain changes at
the stress concentration. The impact of the hold period may be very signi-
ficant to the analyst in fatigue life predictions; however, additional data
are necessary to model the stress-strain hypothesis shown in Fig. 3b.

Coupon Creep Tests

The super-scale tests did provide comparative fatigue data but were not
sufficient to completely quantify the stress relaxation and creep data
necessary to formulate the hysteresis analysis model. Additional tests were
then conducted utilizing coupon specimens to collect constitutive data
necessary for the analysis model formulation and to verify the hypothesis
in Fig. 3.

Simple unnotched coupon specimens were tested under both strain and
load control to develop constitutive data for creep and stress relaxation
under sustained load conditions. Twelve coupon specimens were tested and
the loading conditions, along with the data recorded during the hold
periods, are identified in Table 3. A schematic of the loading conditions is
illustrated in the sketch in the table. Tests 1 through 4 were run under
automatic load control with the strain data recorded from extensometers
attached to the specimen. Tests S and 6 were run in a strain control mode
using feedback from the extensometer to automatically control the tests.
All tests were run at laboratory ambient conditions. The data shown in the
table are the average of two tests.

Each specimen was initially loaded to a positive strain of 0.016 (sufficient
to produce plastic deformation) and then unloaded, and reloaded into
compression for three periods of sustained loading. The first sustained
load hold was 24 h, This was followed by two, 1-h periods; the first at a
different stress/strain and the second at the initial stress/strain loading.
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TABLE 3—Simple bar creep/stress relaxation data.

Hold Period Definition
Sequence Measured Creep Strain or Stress
Number Applied Stress or Strain Time, h Relaxation
1 —344.7 MPa  (—50 ksi) 24 1070
—455.1 (—66 ksi) 1 700
—~344.7 1 0
2 —455.1 MPa 24 2200
—344.7 1 0
—455.1 1 0
3 —275.8 MPa (—40 ksi) 24 625
—455.1 1 1450
~275.8 1 0
4 —241.3 MPa (—35 ksi) 24 340
—344.7 1 95
—241.3 1 0
S 0.0025  u strain 24 38.96 MPa  (5.65 ksi)
—0.0030 1 47.57 (6.90 ksi)
0.0025 1 6.89 (1.0 ksi)
6 —0.0040 u strain 24 73.08 MPa (10.6 ksi)
—0.0010 1 3.45 (0.5 ksi)
—0.0040 1 1.73 (0.25 ksi)
0.016
24 HRS. 1 HR.

llHR.I

LOADING SEQUENCE

The variation in load in each sequence was to evaluate the ‘““memory” of
prior loadings and any subsequent effects. The data shown in the table are
the total strain or stress measured for each condition. A typical stress-
strain cutve (for Sequence 3) is illustrated in Fig. 4. During the initial
hold period at —275.8 MPa (—40 ksi), a total strain change of 650 p
strain was recorded. Approximately 1600 p strain occurred at the —455.1
MPa (—66 ksi) level during the second hold period, but then no change
was recorded during the third hold period. Figure S illustrates the strain
time history for this sequence. In each sequence, the *“primary” creep/
relaxation accounts for the largest percentage of the total measured. The
stress relaxation time histories (Sequences 5 and 6) are similar to the data
in Fig. 5. Approximately 80 percent of the total strain or stress change
occurs during the first hour of the sustained load hold period.

There appears to be a limiting value of creep that occurs, at least at
stress levels above —275.8 MPa (—40 ksi). For example, in Sequences 1
through 3, the maximum strain change averages 2000 pn strain. There is
some variation from test to test that may be attributed to basic differences
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FIG. 5—Couporn specimen creep data.

in specimen and material. The sequence of applied stress does not affect
the total strain change measured. In Sequence 2, for example, slightly over
2000 u strain was measured at the initial 445.1 MPa (—66 ksi) hold period,
while approximately the same total was measured in Sequence 3 at two
stress levels. A similar trend is shown in Sequence 1, although the totals
are somewhat less. The creep and stress relaxation seen in these tests does
not appear to be sequence dependent. That is, by increasing load, strain,
and stress, changes continue to increase in the classical “primary-sec-
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ondary” sense. On returning to a lower loading, there is little or no change
in the measured data.

It should be emphasized here that the stress and strain changes were
measured from these specimens at room temperature. It is significant in
that creep in metal alloys is generally associated with higher temperature
regions and is not generally considered in the fatigue analysis of aircraft
structures where high temperature is not present. In many instances, this
creep and stress relaxation, if it occurs, may be a contributing factor to
the so-called “early” fatigue failures and should possibly be included in
the initial fatigue life assessment.

Notch Stress Determination Using Simplified Stress Concentration Specimens

In all coupon and super-scale testing conducted here, strain data were
collected with reasonable ease. However, stress can not be measured
directly, specifically the change in stress of interest in these experiments.
Since it has been hypothesized that the time-dependent effects on life
would be a complex function of both stress and strain, it was of prime
importance to devise an experiment to measure stress and stress change.
Burski [77] had previously used a unique three-member specimen to evaluate
residual stress relaxation as a function of cyclic loading. This specimen
was used here to evaluate the time-dependent changes in stress during the
periods of sustained loading.

This simplified stress concentration (SSC) specimen is illustrated in
Fig. 6. The specimen behaves like a notched coupon in that it will have
plastic and elastic regions existing simultaneously when loaded axially. It
is designed so that the center bar can yield while the two outer bars remain
elastic. For this experiment, the specimen geometry is such that the elastic
stress concentration is the same as the center notched super-scale specimens
tested previously; that is, approximately 2.43. '

In the analysis of this specimen, it is assumed that the elongation is the
same in all three bars when an external load is applied. This allows for
the calculation of the inelastic stresses in the center bar when only the
elastic stresses in the two outer bars and the applied load are known. A
schematic representation of the specimen, including a definition of terms
used here, is illustrated in Fig. 6.

Stresses o, and o, were calculated directly from the measured elastic
strain data in the two outer bars. Where multiple measurements were
made on any single bar, the average values were used. These outer bar
stresses were then converted to loads (P; and P,) and the center bar load
calculated from

Py =Pr— (P + Py.
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FIG. 6—Simplified stress concentration specimen.

This load was then converted to stress in the center bar by dividing by
the center bar area, A;. The calculated center bar stress and changes in
this stress during hold periods are then plotted versus strain and strain
changes measured during the loading sequences.

A stress-strain curve for the center bar of the SSC specimen is illustrated
in Fig. 7. The test sequence included two loading-unloading cycles, each
followed by a 24-h sustained load hold period. Both stress relaxation and
creep were evident during the hold periods, as illustrated. These data
support the hypothesis discussed earlier and illustrated in Fig. 3. Stress
relaxation, A¢, and creep, Ae, for both hold periods are shown in Fig. 8.
Additional test sequences with multiple hold periods (a maximum of ten
1-h periods were included) indicate that both the stress relaxation and
creep may tend to reach a stable condition beyond which changes are
minimal.

The SSC specimen has provided a unique experimental tool for quanti-
fying inelastic stress and in mapping both the residual stress changes and
strain changes during sustained load hold periods and during cyclic load-
ings. The tests conducted here were considered highly successful as far
as providing insight into the relationship between creep and stress relaxation.
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These tests provided, for the first time, constitutive data that could be
used to empirically model creep and stress relaxation for inclusion in a
hysteresis fatigue analysis program.

The coupon, super-scale, and simplified stress concentration test pro-
grams are discussed in more detail in Refs § and 9.

Incorporation of Data into Fatigue Analysis

The final section of this paper discusses the use of the experimental
data in a hysteresis analysis computer program and correlation studies,
using this program, for several coupon, component, and full scale fatigue
tests. The data from the coupon and simplified stress concentration speci-
men tests have been used to formulate a creep/stress relaxation module
for inclusion in a hysteresis fatigue analysis. This analysis program con-
tains the following elements: (1) Notch stress-notch strain algorithm:
Locus curves, branch curves, and Neuber analysis (modified); (2) material
hardening or softening; (3) creep/stress relaxation, and (4) fatigue damage
computation.

A sample output from the computer program is included in Fig. 9 and
illustrates an example of the creep/stress relaxation prediction capabilities.
This analysis program has been used to correlate various coupon, compo-
nent, and full-scale test results, including the super-scale specimen tests
discussed earlier, to compare actual and predicted fatigue life. Table 4
illustrates the comparison between the test life and analytical predictions
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FI1G. 9—Example of creep and stress relaxation from hysteresis analysis computer program.
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TABLE 4—Analysis and expetimental results for super-scale specimen test sequences.

Test Life,  Analytical  Analytical
Test Sequence Definition cycles life, £ n/N Life Hysteresis

1 286 800 97 955 526 900

15,000
715 000 97 804 615 800

1,000
308000 96500 364 400
4 W 80018 97955 450500

(38

w

24 HR.
15,000
5 141 000 97 804 431 100
24 HR,
30,000
6 /\_—/\/\/\ /\—/\/\/\ 214 546 97 765 440 500
24 HR.

using both a linear analysis and the hysteresis analysis for six super-scale
specimen test sequences. Test life in this table is defined as total specimen
rupture since measured crack growth in these tests comprised only 5
percent of the total life.

The hysteresis analysis predictions, in most cases, reflect the residual
stress accountability associated with the applied loading sequence, whereas
the linear analysis (Miner) does not. Also, these predictions reflect the
life-shortening effects associated with the sustained load hold periods; that
is, compare Sequences 2 and 4. The linear analysis cannot discriminate
among the different loading conditions and predicts approximately the
same life regardless of the applied loading.
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Table S presents the results of additional correlation studies for more
complex fatigue Joading spectra than were used in the super-scale testing
in Table 4. Coupon, component, and full-scale test results were evaluated
using both the linear damage model and the sequence accountable hysteresis
fatigue analysis program. The test life for the four individual tests shown
was normalized for comparison with individual predictions only. A very
simple three-flight spectrum with overloads and sustained load hold periods
was used for the coupon test. Both the linear and hysteresis analysis
methods predict a life reasonably close to the test data. A much more
complex spectrum was used in the component testing. This spectrum in-
cluded 23 different flight definitions randomly applied in this flight-by-
flight spectrum. There was no spectrum truncation and 4.6 X 10 cycles
were included in each lifetime. Correlation here was excellent.

Two studies were done on a wing cracking area of a full-scale transport
aircraft test article. In one test, limit loads were applied periodically during
fatigue loading, which introduced residual stresses in the structure. The
linear analysis does not account for these residual stresses and predicts a
life five-times as long as that demonstrated. The hysteresis analysis pre-
dictions are much closer to the test demonstrated life. A final correlation
study considered load dumps that unfortunately occur during fatigue
testing. Test 4 in Table S is identical to Test 3 except that the history of
loading dumps was reconstructed and sequenced with the load spectrum.
As can be seen from the analysis, the correlation between actual and
predicted life is excellent.

This kind of a sequence accountable, hysteresis analysis with capability
to assess creep and stress relaxation could be an invaluable tool in evalua-
ting fatigue test results and in-service cracking events.

Conclusions

1. Overloads and underloads induce a plastic zone around a stress
concentration. The plasticity induced by overloads results in a life Iengthen-
ing effect in structures. Underloads can reduce life lengthening effects
produced by overloads.

TABLE 5—Evaluation of hysteresis analysis.

Linear Hysteresis
Test Life Analysis Analysis

1 Coupon simple F X F 1.0 0.51 1.43
2 Component complex F X F 1.0 8.0 0.81
3 Full-scale block spectrum with limit loads 1.0 5.0 2.0
4 Full-scale block spectrum with no load dumps 1.0 5.0 2.0
with load dumps 1.0 5.0 0.77
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2. Creep and stress relaxation occur in this plastic zone at the stress
concentration during sustained load hold periods. This creep and relaxa-
tion is a complex function of both notch stress and notch strain,

3. The cyclic period between overload-underload combinations has a
significant impact on specimen life. Multiple overload-underload combina-
tions result in a longer life than a single application of an overload-under-
load.

4. There is evidence of a cyclic dependent change in mean stress that
may affect specimen life.

S. The loading events included in the test sequences do occur in service
and may affect component and full-scale tests, test spectra development,
and interpretation of data. These effects may be reflected in both crack
initiation and crack growth data.
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(7075, 7475, 7050, and 7010) in peak strength (T6) and overaged (T7) tem-
pers. Rating constant amplitude FCG resistance of materials of this type has
been addressed in several recent investigations [/-5].° Principal conclusions
drawn from these results are:

1. At intermediate FCG rates (generally characterized by linear log da/dN
versus log AK relationship), propagation resistance of 7050, 7075, and 7475
in comparable tempers is similar in dry environment. In ambient or moist at-
mospheres, or in aqueous or salt environments, intermediate FCG rates of
7050 are generally slower (by about SO percent) than those of 7X75 alloys in
comparable tempers.

2. Overaging from peak strength (T6) tempers to T7-type tempers and in-
creasing copper from about 1 to 2.3 percent increases FCG resistance by
reducing degradation by environment.

3. Improving fracture toughness by increasing alloy purity increases FCG
resistance at high AK. Marginal improvements are also apparent at inter-
mediate AK.

Constant amplitude loading conditions are used to describe steady-state
characteristics of FCG behavior. Most metallurgical studies on FCG pro-
cesses have been confined to this loading condition. The typical load history
encountered in service, however, is variable amplitude or spectrum loading
rather than constant amplitude loading. Variable amplitude loading pro-
duces a transient material response that is not measured in the constant
amplitude test. Several investigations, for example, have demonstrated that
high tensile overloads produce significant FCG delay during low magnitude
stress cycles following the overload [6, 7]. The characteristics of FCG retarda-
tion are highly dependent on load history. The magnitude, number, and fre-
quency of occurrence of the overload with respect to more numerous cycles at
lower stress amplitude are, perhaps, the most important loading parameters
affecting FCG retardation [6-8].

Independent investigations, for example Figs. 1 and 2 and data summa-
rized in Ref 8, indicate that under simulated flight loading conditions, FCG
performance of 7050 is most often better than that of 7075 and 747S alloys
tested under similar conditions. However, the superior performance of 7050
under simulated flight spectra cannot be generalized as indicated by results
shown in Fig. 3 [5]. In the latter investigation, FCG resistance of 7075 was
notably better than that of 7050 at comparable temper when both alloys were
subjected to a severe flight-by-flight fighter spectrum. The identical alloys,
however, when subjected to constant-amplitude loading, indicated that 7050
FCG resistance was superior to that of 707S.

From the foregoing example, it is evident that ranking of alloy FCG resis-
tance based on constant amplitude results may not always be reliable.
Available data also indicate that even when qualitative ranking of spectrum

5The italic numbers in brackets refer to the list of references appended to this paper.
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growth resistance of aluminum forging alloys 5].

and constant amplitude alloy behavior agree, quantitative differences in
spectrum performance cannot always be accurately predicted from constant
amplitude results, for example, Ref &.

The objective of this paper is to: (a) explain how alloy strength, microstruc-
ture, and stress history interact to affect ranking of alloy FCG resistance; (b)
characterize FCG retardation behavior of 7075, 7050, 7475, and 7010
aluminum alloys; and (c) assess implication of the foregoing on experimental
and analytical procedures for evaluating FCG resistance of materials.

The understanding developed is largely based on work performed under
ALCOA contract to the U.S. Naval Air Systems Command [9].

Materials

Alloys 7075 and 7050 are high-strength, precipitation-hardening alumi-
num alloys containing three types of second-phase particles namely, second-
ary intermetallics, dispersoids, and metastable precipitates) that influence
mechanical properties, such as toughness and strength [/0-12].

Secondary Intermetallics

Secondary Intermetallics ( ~ 1 to 30 pm) are the largest of these particles.
They form during solidification by the combination of impurity elements iron
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and silicone with aluminum and solute atoms. These coarse intermetallic
particles do not contribute to strength, but, because they are brittle, they
fracture or separate from the matrix at high local strains [/0]. Decreasing
volume fraction of these particles increases fracture toughness and resistance
to constant amplitude FCG at high stress intensity factor range, AK,
[1,2,10-12]. The newer alloys, that is, 7475 and 7050, fabricated with in-
creased purity (lower iron and silicone) offer significant improvement in frac-
ture toughness over their older counterpart, 7075, at equivalent strength
[10,13]. In particular, 7475 offers the highest toughness-strength combina-
tion attainable in a commercial 7XXX alloy.

Dispersoid

Dispersoid particles (0.02 to 0.3 ym) form by solid-state precipitation of
chromium and zirconium at temperatures above about 425°C. Under mono-
tonic tension loading, dispersoids decrease energy to propagate cracks by ini-
tiating microvoids that coalesce to link incipient cracks initiated at larger
constituent particles [/0]. Energy required to propagate a crack under mono-
tonic tension loading increases as volume fraction decreases and as disper-
soid spacing decreases. Dispersoid particles may influence strength, and
hence toughness, indirectly because of their ability to suppress recrystal-
lization in identically fabricated products. Constant amplitude FCG resis-
tance shows no effect of dispersoids at intermediate AK. At high AK, ob-
served variation in FCG resistance is attributed to the dispersoid’s effect on
toughness [1,2,11,12].

Metastable Precipitates

Metastable Precipitates (0.002 to 0.01 um) are the smallest type second-
phase particle, and they contain the major solute elements zinc, magnesium,
and copper. Precipitates develop in uncontrolled manner during quenching
or in a controlled manner during aging. The structure and composition of
precipitates have a direct effect on strength and resistance to environment.
Maximum strength occurs in the peak-aged T6 temper when the alloy has
the greatest volume fraction of closely-spaced particles. In this case, dislo-
cations caused by stressing tend to shear the particles. Overaging increases
the size of the precipitates, and, at high stress, the larger particles tend to
be looped by dislocations rather than sheared. Overaging to T7 type tem-
pers increases toughness and resistances to exfoliation and stress corrosion
with an accompanying reduction in strength [/0,13]. Overaging also im-
proves FCG resistance by increasing resistance to degradation by environ-
ment [1,2,11-13].

To evaluate the role of microstructure on spectrum FCG, eight variants of
7XXX type alloy compositions were selected, Table 1. These alloys provided
a full factorjal experiment of composition variables affecting make-up of
second-phase particles known to influence mechanical properties and corro-
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TABLE 1—Remelt chemical analyses.

Composition, percent by weight

Alloy Type® Si Fe Cu Zr Cr Mgt Znf Ti
High-purity 7010 006 010 15 012 000 219 620 0.2
70104 019 027 155 012 000 222 59 0.03
7475 006 011 146 000 021 209 590 0.02
7075 023 028 151 000 023 226 634 0,02
7050 007 0.1 210 013 0.00 216 616  0.02
Low-purity 7050 0.19 028 216 0.1 0.01 218 583  0.02
High-copper 7475 006 011 227 000 021 208 590 0.02
High-copper 7075 023 028 229 0.00 020 223 613 0.02

“For descriptive purposes alloys coded as shown.

bMagnesium content within allowable range for commercial 7075 and 7050.

¢Zinc content near maximum for commercial 7075 and near nominal for commercial 7050,
4Falls within composition limits of European Alloy 7010.

sion resistance. These variables include high and low levels of iron and sili-
cone bearing intermetallics, chromium versus zirconium dispersoids, and
high and low copper variants of precipitate structure. Alloys were fabricated
from laboratory-cast ingot to 6.5 mm (0.25 in.) plate in a T7 type temper.
Heat treatment practices are given in Table 2. The target yield strength was
450 MPa (66 ksi), which is near nominal for commercial 7050-T73651 plate.
Portions of 7075 and 7050 plate were also aged to T6, T76, and T73 type
tempers. Longitudinal tensile properties and relative toughness for each alloy
and temper combination investigated are given in Table 3. A listing of the
alloy phases identified and their relative amounts is given in Table 4. Addi-
tional detail on alloy microstructure is given in Ref. 9.

TABLE 2—Heat treatments.

Temper
Alloy Type® Type Aging Practice

High-purity 7010 T7 24 h 121°C + 37 h 163°C
7010 T7 24 h 121°C + 24 h 163°C
7475 T7 24 h 121°C + 21 h 163°C
7075 T7 24 h 121°C + 12 h 163°C
7050 T7 24 h 121°C + 40 h 163°C
Low-purity 7050 T7 24 h 121°C + 32 h 163°C
High-copper 7475 T7 24 h 121°C + 18 h 163°C
High-copper 7075 T7 24 h 121°C + 24 h 163°C
7075 T6 24 h 121°C

7075 T76 24 h 121°C + 6 h 163°C
7075 T73 24 h 121°C + 24 h 163°C
7050 T6 100 h 121°C

2Solution heat-treatment—2 h 488°C, quench in water at room temperature,

stretch 142 %.
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Fatigue Crack Growth Tests

The test configuration employed for FCG work was the center crack ten-
sion (CCT) specimen shown in Fig. 4. Test environment was maintained at
high relative humidity (RH > 90 percent). Crack growth was monitored elec-
tronically by crack propagation gages with intermittent visual measurements
to verify the data. Crack length versus cycles and FCG rates, da/dN, were
determined from numerical analysis of the data. To ensure valid comparison

TABLE 4—Secondary metallic and dispersoid phases identified by guinier-de Wolff

X-ray diffraction.
Al,CuyFe AlpMg,Cr Al;CuMg (Fe,Cu)Alg

Alloy Type Mg,Si B(Al-Cu-Fe) E § a(Al-Cu-Fe)
High-purity 7010 small small
7010 medium  medium . s .
7475 small small medium possible trace possible trace
7075 medium medium  medium possible trace trace
7050 small small o
Low-purity 7050 medium  medium possible trace

High-copper 7475 small small medium e
High-copper 7075  medium medium  medium possible trace

1CYCLIC
BLOCK

a ! J !
1 ! Noc |
[N
AN v “ i}
T ToL
102mm 8.4mm f’zux
— NUMBER OF CYCLES
l-g{ APPLIED STRESS HISTORY
STRESS
CENTER CRACK INTENSITY Koy
TENSION SPECIMEN FACTOR ’ K} Kp,
{L-T ORIENTATION) K Kmax
Kmin l
TIME ORN
INSTANTANEQUS STRESS

INTENSITY FACTOR (SEE NOTE)
rmax = 552 MPa, oy = 18.3 MPa
R = CONSTANT AMPLITUDE STRESS RATIO = omn/omax = Kyw/Kyax = 153
OLR = OVERLOAD RATIO = ogi/omax = Kou/Kuax
N = NUMBER OF CONSTANT AMPLITUDE CYCLES
NoL =NUMBER OF OVERLOAD CYCLES (=1)
OGR = OCCURRENCE RATIO = Nqu/N

NOTE: APPLIED STRESS HISTORY CONSTANT FOR DURATION OF TEST. NOMINAL K
VALUES, THEREFORE, INCREASE WITH GRACK EXTENSION

FIG. 4—Description of periodic single spike overload tests. (Note: applied stress history con-
stant for duration of test. Nominal K-values, therefore, increase with crack extension.)
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between alloys, precrack and test procedures were controlled to be as iden-
tical as possible for a prescribed load history. Test results obtained from
replicate tests of selected microstructures and loading conditions showed
good reproducibility [9].

Each alloy composition was tested under constant amplitude and spectrum
loading conditions. The basic load spectrum employed to evaluate sensitivity
of microstructure-load interaction on FCG retardation was the periodic ten-
sile spike overload spectrum shown in Fig. 4. Definition of terms and stress
levels describing this spectrum are also given in Fig. 4. The applied loads of
intermittent cycles between periodic overloads was equivalent to that em-
ployed in constant amplitude tests. The constant amplitude load cycles cor-
responded to a AK increase of about 6 to 16 MPa vm over the usable
crack length portion of the CCT specimen.

For initial screening tests, two tempers (T7 and T6) of 7075 and 7050 were
selected. This selection allowed comparisons to be made at distinct levels of
yield strength. Constant amplitude FCG rates were first obtained. An over-
load ratio (OLR) of 1.8 and occurrence ratio (OCR) of 1/4000 was the first
combination of spectrum load parameters tested. Over the midrange of
specimen crack length, this sequence was estimated to provide high interac-
tion between successive overloads according to arguments of Mills and Hertz-
berg [14]. For direct comparison, additional tests were performed with OLR =
1.4, OCR = 1/4000, with OLR = 2.2, OCR = 1/4000, and with OLR =
1.8, OCR = 1/8000. Increasing magnitude of the overload was expected to
increase FCG retardation and extend life. Either decreasing OLR or decreas-
ing OCR was expected to reduce interaction between successive overloads for
a major portion of the test. After initial materials were evaluated using sim-
ple overload spectra, results were compared to data from tests using the eight-
level block spectrum shown in Fig. S.

From related experience to this point, results from the OLR = 1.8, OCR =
1/8000 tests were judged to be the most sensitive to microstructure. On
that basis, this spectrum was selected to evaluate retardation characteristics
of the six remaining alloy composition variants in the T7 temper. Remaining
tempers of 7075 were tested using selected spectra.

Selected test specimen fracture surfaces were subjected to fractographic
and metallographic examinations. Some overload tests were also interrupted
and specimens sectioned to further reveal details of FCG mechanisms.

Test Results

Constant Amplitude

Constant amplitude results for the four base line alloys, namely, 7075-T6,
7075-T7, 7050-T6, and 7050-T7, are given in Table 5 and Fig. 6.7 Over the

7Raw test data, from which these and other test results reported here were established, is
given in Ref. 9.
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METRIC (Sf) CONVERSION FACTOR:
1 ksi = 6.9 MPa

T T 1T 1114.400 ksi
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EEER - 6.480 ksi - H;
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FIG. S—Eight-level block loading spectrum. Cyclic block Type I repeated twice and Type II
repeated three times in that order continuously. (Note: spectrum composition based on J. C.
Ekvall correspondence, 18 Aug. 1976, to ASTM E9.05 Task Group on Development of Refer-
ence Test Spectra.

TABLE 5—Results of constant-amplitude-loading fatigue crack growth tests® of
7050 and 7075 in T6 and T7 type tempers.

Crack Growth Rate, da/dN (cm/cycle), at half-crack

length, a
Alloy Type Life,?
and Temper cycles 1.5 em* 2.2 em© 3.0 cm©
7050-T6 56 000 2.45 X 1073 4.75 X 10~3 1.05 X 10~
7050-T7 136 000 1.12 X 1075 2.00 X 1073 4.70 X 1075
7075-T6 36 000 4,00 X 10~5 8.20 X 1073 1.90 X 1074
7075-T7 92 000 1.53 X 1075 3.30 X 10”3 6.70 X 1073

?Relative humidity >90% for all tests.

bCrack propagation life from half-crack length, a, of 1.02 to 3.3 cm.

“Crack lengths of 1.5, 2.2, and 3.0 cm correspond to AK values of 8.4, 11.0, and 14.6 MPa
vm, respectively, for the applied loading conditions.
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AK, MPay/m
5.5 10 22
e T—T T 7T T
- uTS s %
- ALLOY ksi (MPa)  ksi (MPa) FE 2" 5
[: 70756 810 (558)  76.9 (530) 95 =10
7050-T6  88.7 (612) 827 (570) 12.0 -
707517 732 (505 658 (454) 110
705077 741 (511) 638 (440) 14.0 :l
~
-
10-4 = @
- ©
@ - - >
3] - [
S L2
& - % E
: —10°6
£ - 3 2
. - <
= hy
«
< I~ . q
<
-
R =
= =107
R = 0.33; FREQ. = 7 Hz -
r CCY SPECIMEN: W = 102 mm, THK. = 64 mm -
ORIENTATION: L-T -
r ENVIRONMENT: MOIST AIR {REL. HUM. >90%) =~
-
10-5 R R N
5 10 20
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FIG. 6—Stress intensity factor range, AK, versus fatigue crack growth rate, Aa/AN, of 7075
and 7050 aluminum alloys.

range of AK traversed, FCG resistance of 7050 was superior to that of 7075,
and performance of the T7 temper superior to the peak strength T6 temper.
Results for the eight alloy compositions in the T7-type temper are given in
Table 6. Constant amplitude FCG resistance for the T7 type alloys are
ranked according to microstructural features in Fig. 7. Factors that increase
resistance to stress corrosion cracking, that is, overaging and increasing
copper content, increased resistance to FCG at both intermediate and high
AK. Increasing toughness by increasing purity (lowering iron and silicone)
reduced FCG rate at the high AK but had little effect at intermediate AK.
These findings are consistent with those noted previously.

Periodic Single Spike Overloads

Results of single spike overload tests on the four baseline alloys are given in
Table 7. The effect of overload magnitude and its frequency of application on
alloy ranking is shown in Figs. 8 and 9. The trend in FCG rate behavior
noted in Fig. 9 for 7075 was comparable to that observed for 7050.
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TABLE 6—Results of constant-amplitude-loading fatigue crack growth tests® of eight
variants of 7050 and 7075 in T-7 type tempers.

Crack Growth Rate, da/dN (¢cm/cycle), at half-crack

length, a
Life,?

Alloy Type Cycles 1.5 cm® 2.2 em© 3.0 cm®
High-purity 7010 96000  1.52 X 1073 3,10 X 1073  7.40 X 1073
7010 84000 1.92 X 107° 348 X 107> 750 X 1073
7475 104 000 1.58 X 1073 2.60 X 10~°  6.00 X 1073
7075 92 000 1.53 X 1075 330 X 10°°  6.70 X 1073
7050 136 000 112 X 1073 2,00 X 1073 470 X 1073
Low-purity 7050 124 000 1.27 X 1075 240 X 107°  6.15 X 1073
High-copper 7475 108000  1.15 X 107%  2.45 X 10~°  5.00 X 10~%
High-copper 7075 108000  1.38 X 107° 2,60 X 107>  6.35 X 10°°

“Relative humidity >90% for all tests.

bCrack propagation life from half-crack length, a, of 1.02 to 3.3 cm.
¢Crack lengths of 1.5, 2.2, and 3.0 cm correspond to AK values of 8.4, 11.0, and 14.6 MPa
vm, respectively, for the applied loading conditions.

AK =9 Mpa VT

AK =16 MPa V™
(R=1/3)
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F1G. 7—Effect of purity, copper content, and dispersoid on constant amplitude crack growth
resistance of 7XXX-T7 alloys in high-humidity air. (Computed as average of four microstruc-
tures containing same controlled variable).
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FIG. 8—Relative ranking of fatigue crack growth resistance of 7075 and 7050 alloys under
constant amplitude and periodic spike overload conditions.

For the spectrum having a low-level overload (OLR = 1.4 and OCR =
1/4000), the relative performance rating of all materials was comparable to
constant amplitude results. For this loading sequence, lives of 7050 increased
by about 25 percent over constant amplitude lives, while no improvement in
total life was noted for 7075 in either temper, Fig. 8.

A progressive increase in overload magnitude, OLR = 1.8 and 2.2, respec-
tively, at the same occurrence ratio (OCR = 1/4000) produced large in-
creases in life (60 to 200 times greater than constant amplitude lives) for all
alloys. Ranking of alloy performance at the high overloads did not conform
to the constant amplitude rating. In addition, ranking also depended upon
the frequency of overload application, Fig. 8, and crack length, Fig. 9. With
OCR = 1/4000 lives of specimens in T6 tempers were significantly longer
than those in T7 tempers, while alloy type had little effect. When frequency
of overload occurrence was decreased to OCR = 1/8000 while maintaining
OLR at 1.8, the T7 tempers outperformed T6 tempers, and lives of 7075
alloys were significantly longer than lives of 7050 alloys.

Multi-Level Spectrum

Results for the eight-level block spectrum for the four baseline alloys are
given in Table 8. Observed lives under this spectrum were between one and
two orders of magnitude greater than lives estimated using a linear
cumulative FCG model (that is, assuming no load interaction) with constant
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FIG. 9—Interaction of overload ratio, crack length, and temper on fatigue crack growth

rates of 7075 subject to periodic single spike overloading.

TABLE 8—Results of eight-level-block-spectrum® fatigue crack growth tests® of
7050 and 7075 in T6 and T7 type tempers.

Crack Growth Rate, da/dN (cm/cycle), at half-

Life~? crack length, a?
Alloy Type
and Temper  Blocks Cycles 1.5cm 22cm 3.0 cm
7050-T6 1458 2916000 5.50 X 1077  9.00 X 1077  1.45 X 107°
7050-T7 1802 3604000 4.40 X 1077 720 X 1077 1.40 X 107°®
7075-T6 1143 2286000 6.20 X 1077 145 X 107%  3.50 x 107°
7075-T7 1789 3578000 2.30 X 107  7.40 X 1077  1.70 X 10~¢

“?Refer to Fig. 5.
4 Relative humidity >90% for all tests.

“Crack propagation life from half-crack length of 1.02 to 3.3 cm.
4FCG rate, da/dN, determined from slope of crack length versus cycle curve. There are 2000
cycles in each block Types 1 and 2, and 10 000 cycles in one repetition of the load sequence

(Refer to Fig. 5).
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amplitude data. Thus, significant retardation was present in these tests.
Relative effect of alloy and temper on lives in the eight-level spectrum test
was less significant than observed in constant amplitude and single spike
periodic overload tests.

The remaining discussion will center on constant amplitude and periodic
spike overload test results since these tests proved more revealing from the
standpoint of clarifying controlling FCG mechanisms. Utility of these simple
tests for the correlation of alloy FCG performance under more complex
loading conditions will become more evident in ensuing discussions.

Effect of Eight Composition Variants on Spectrum Behavior

The periodic spike overload spectrum with OLR = 1.8, OCR = 1/8000
was selected to evaluate FCG retardation characteristics of the eight alloy
composition variants in the T7 type temper. Observed lives and FCG rates
are recorded in Table 9. The relative retardation ratio (either in terms of
increased life or reduced FCG rate) is given for each alloy in Table 10.

At short crack length, the degree of retardation between alloys varied by
about 2.5. At longer crack lengths, this factor increased to about 20. For
high-purity fow-copper alloys (namely, high-purity 7010 and 7475), the
relative retardation remained about constant over the entire range of crack
extension, though the level of retardation was appreciably better in the alloy
containing chromium (7475). For high-purity, high-copper alloys (namely,
7050 and high-copper 7475), the ability to retard crack growth decreased
with increasing crack length. Significant increase in FCG retardation was
observed at long crack lengths in low-purity alloys namely, 7010, low-purity
7050, 7075, and high-copper 7075). At intermediate crack lengths low-purity
alloys containing chromium (namely 7075, high-copper 7075) showed better
retardation than low-purity alloys containing zirconium (namely, 7010, low-
purity 7050). Under the applied spectrum, greatest increases in total life were
noted in low-purity alloys.

Effect of Aging (Temper) on Spectrum Results

Some effects of degree of overaging were obtained from tests of 7075 and
7050 in T6 and T7 type tempers, Tables S, 7, and 8. Supplementary informa-
tion was obtained from two additional overaged tempers of 7075 tested with
OLR = 1.4 and 1.8 and OCR = 1/4000, Table 11.

Regardless of crack length, FCG performance of 7075 in the 1.4 OLR tests
increased progressively with increasing degree of overaging. Likewise, perfor-
mance of 7050-T7 was superior to that of 7050-T6 for the same spectrum,
Table 7. These ratings were consistent with conclusions developled from con-
stant amplitude conditions.

In the 1.8 OLR, 1/4000 OCR tests, ranking of 7075 tempers depended on
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TABLE 10—Relative retardation for periodic-spike-overload
(OLR = 1.8, OCR = 1/4000) fatigue crack growth tests of eight variants
of 7050 and 7075 in T7 type tempers.

(da/dN)oL/(da/dN)ca®
Specimen Half-Crack length, a
Alloy Type Nor/Ncas® 1.5 cm® 2.2 cm? 3.0 cm®

High-purity 7010 1.8 0.53 0.69 0.54
7010 6.0 0.19 0.17 0.069
7475 6.4 0.17 0.18 0.15
7075 11.1 0.14 0.073 0.045
7050 3.6 0.17 0.53 0.47
Low-purity 7050 5.1 0.20 0.24 0.073
High-copper 7475 2.8 0.37 0.57 0.72
High-copper 7075 7.0 0.21 0.13 0.065

9Respective ratios of spectrum life or FCG rate to constant-amplitude life of FCG
rate. Lives established from specimen half-crack length of 1.02 to 3.3 cm.

bCrack lengths of 1.5, 2.2, and 3.0 cm correspond to AK values of 8.4, 11.0,
and 14.6 MPa v/m, respectively, for constant-amplitude loading conditions.

crack length, and performance did not change monotonically with degree of
overaging at any crack length. At short and intermediate crack lengths, the
peak aged T6 temper generally outperformed overaged tempers. Similarly,
performance of 7050-T6 was superior to that of 7050-T7 for this spectrum,
Table 7. At short crack length, 7075-T6 outperformed 7075-T7 when the
OLR was increased to 2.2, but at long crack length, the ranking reversed,
Fig. 9. Chanani [15] reported a similar result when comparing 7075-T6 ver-
sus 7075-T73 FCG performance under simple overload conditions. His re-
sults indicated a slower rate of FCG after overloading in 7075-T73 when the
ratio of overload peak stress to maximum baseline stress was less than about
two. When this ratio was greater than two, the T6 temper showed greater
ability to retard FCG following the overload.

Fractographic and Metallographic Examinations

Locations of periodic spike overloads on the fractured surface were clearly
visible under low-power optical magnification. Spacings between overload
marks were longer when FCG rate was high, for example, Fig. 10a, and
shorter when FCG rate was low, for example, Fig. 10b. Dark bands marking
the overloads tended to become more prominent with increasing stress inten-
sity factor (crack length), and were decidedly wider in the low-purity (low-
toughness) materials.

Periodic markings were not as visible on specimens tested using the eight-
level spectrum. Greater amounts of fretting, disclosed by black spots of
aluminum oxide, were noted on these fracture surfaces than were noted on
fracture surfaces from spike overload and constant amplitude tests. This dif-
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ference is attributed to the reduced minimum stress of the eight-level test (2
MPa as opposed to 18.3 MPa for other tests) that resulted in a greater degree
of contact between mating fracture surfaces.

Constant amplitude specimen surfaces viewed by scanning electron
microscope (SEM) revealed typical intermediate FCG rate fracture
topography for this loading condition, for example, Fig. 11a. Appearance of
low overload (OLR = 1.4, OCR = 1/4000) fractures were very similar to
constant amplitude samples, Fig. 115. A small amount of tearing during
overloading was noted only for 7075 at long crack length (high K).

SEM fracture appearances for high overload tests were drastically dif-
ferent from low overload and constant amplitude samples. In low-purity
materials, fissures, and numerous secondary cracks were typical at overload
sites, particularly at long crack lengths. Fracture topography between over-
load sites was reminiscent of constant amplitude behavior at reduced AK.
Typical examples of secondary cracking at high overload locations in 7075
are shown in Fig. 12.

High-purity materials typically did not exhibit large fissures and numerous
secondary cracks. Rather, high overloads in these materials produced stretch
zones followed by transition toward normal topography until the application
of the next overload. The rate of return to normal topography with crack ex-
tension after the overload varied with alloy. The greatest transition in frac-
ture appearance occurred in 7475-T7 and the slightest transition in high-
copper 7475-T7, Figs. 13a and b, respectively.

Special interrupted tests were conducted on 7075-T6 and 7050-T7 using
the overload sequence OLR = 1.8 and OCR = 1/4000. These alloys respec-
tively gave maximum and minimum life (retardation) under this spectrum.
Two specimens were tested for each alloy. The first test was interrupted im-
mediately after the overload, and the second 2000 cycles after the overload.
Half crack length at point of interruption was 2.5 cm. The crack path was ex-
amined metallographically on parallel planes near and beneath the specimen
rolled surface. Periodic crack branching was noted along the propagation
path, with one of the branches eventually dominating. The branching was
typically associated with large intermetallic particles, Fig. 14. Magnitude of
the branching was much greater in 7075-T6 than in 7050-T7. Specimens ex-
amined directly after the application of the 1.8 overload exhibited localized
deformation directed toward intermetallic particles. This localized deforma-
tion was absent in samples tested for the additional 2000 cycles following the
overload.

High- and low-purity variants of high-copper alloys containing chromium
were selected for additional overload tests. Tests were interrupted at long and
short crack lengths. Specimens were then sectioned and polished to permit
observation of the crack front into the direction of growth.

Representative photomicrographs that illustrate direct contrast of crack
front geometry with purity level are shown in Fig. 15. The presence of in-
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—A a=2.5cm
50um

FIG. 12—Typical SEM fractographs showing secondary cracks at overload sites in 7075. (a)
7075-T6 (OLR = 1.8, OCR = 1/4000), (b) 7075-T7 (ORL = 1.8, OCR = 1/8000). {Note: frac-
tured specimens sectioned at plane 45 deg to fracture surface and metallographically polished
to reveal subsurface features.)
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OVERLOADS

100um

FIG. 13—Typical SEM fractograph of high-purity 7XXX subject to 1.8 OLR, 1/8000 OCR:
(a) 7475-T7, (b) high-copper 7475-T7.
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FIG. 14—Periodic crack branching along crack in 7075-T6 subject to OLR = 1.8, OCR =
1/4000. Branching appeared to be associated with large intermetallic phases.
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termetaliic particles significantly altered crack front profile in both alloys.
The low-purity alloy, with higher volume fraction of secondary intermetallics
exhibited the greatest degree of secondary cracking. Separation of the matrix-
particle interface was generally observed, suggesting a cause and effect rela-
tionship between secondary intermetallics and crack tip geometry.

Discussion

Fatigue crack growth is comprised of several simultaneously operating
(and sometimes competing) mechanisms. Performance under a particular set
of testing conditions is controlled by the FCG mechanism that dominates
over the greatest portion of the test life. Moreover, separate FCG mecha-
nisms may dominate various stages of the FCG life (for example, low AK ver-
sus high AK). The reversals of alloy performance ratings observed in this and
other investigations suggest that controlling mechanisms are sensitive to the
interaction of alloy metallurgy and loading (stress) history. Understanding
how the material interacts with test conditions is, therefore, a necessary step
for accurate transfer of laboratory test results to predict performance in the
field.

Plastic Zone Concepts Related to Overload Interaction

Overload induced FCG retardation has been correlated, with moderate
success, to dimensions of the crack tip plastic zone produced by the overload,
for example, Ref 16. A basic assumption of this correlation is that retarda-
tion exists when the following relationship holds

(aOL+ry0L)—(a+ry) >0

where r ygr corresponds to the monotonic plastic zone developed by a pre-
ceding tensile overload at crack length, agr, and ry corresponds to the mono-
tonic plastic zone associated with the current loading at crack length a.
Retardation is attributed to crack tip compression that results from residual
deformation left by the overload. The compressive crack tip residual stress
reduces the “‘effective” AK, thereby decreasing the rate of FCG.

If a second load is introduced while the crack is still under the influence of
a previous overload, the amount of FCG retardation may be greater than if
the second overload were introduced after the crack had grown out the in-
fluence of the preceding overload [/7]. For aluminum alloy 2024-T3, max-
imum overload retardation resulted when periodic spike overloads were spaced
by an increment of crack extension at base line stresses equal to about one-
fourth the overload monotonic plastic zone size [/4]). Within the monotonic
plastic zone at the crack tip there exists a smaller region of intensive tension-
to-compression deformation that occurs during each load-unload excursion
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[18]. The distance from the crack tip to the boundary of this intense region of
deformation is also about one fourth the distance from the crack tip to the
boundary monotonic plastic zone [/9].

Plastic zone concepts were used to assess how alloy ranking in spike over-
load tests was affected by degree of overload interaction. Figures 16 and 17
plot crack length versus the ratio of crack extension per block to monotonic
or reversed plastic zone size of the overload. The monotonic and reversed
plastic zone sizes were estimated, respectively, by relationships of Irwin [20]
and Rice [19].

Overload interaction was low for materials subjected to the OLR = 1.4,
OCR = 174000 sequence. For this spectrum, crack extension during inter-
mittent cycles grew out of the monotonic plastic zone of the preceding over-
load before application of the next overload, Fig. 16. Increasing OLR to 1.8
while retaining OCR constant at 1/4000 resulted in high interaction between
successive overloads. For alloys subjected to the latter spectrum, the crack

—
o
T

T 2

&~

\\
o
~
w
o
o

- -

7050-76 /./
,‘.4 /-
14 - 707517

-~ da _

70507 — a8 ~vot

14— _a <KOL>2
T 2n\ o

7777777777

Zr TITTITIT

BELOW LINE INDICATES TIP
OF CRACK ALWAYS WITHIN
MONOTONIC PLASTIC ZONE
OF THE PEAK OVERLOAD STRESS

do
o 0.1BryoL

SIZE OF THE OVERLOAD. (da/dB)/ryo

7

BELOW LINE INDICATES TIP
OF CRACK ALWAYS WITHIN
REVERSED PLASTIC ZONE
1 N 1 1 1 OF THE 80% OVERLOAD

1.0 2.0 3.0
HALF CRACK LENGTH (cm)

o
1

RATIO OF CRACK EXTENSION PER BLOCK TO PLASTIC ZONE

FIG. 16—Crack growth per block relative to plastic zone size for periodic spike overloads with
1.4 and 1.8 overload ratio and with 1/4000 occurrence ratio.



BUCC! ET AL ON ALUMINUM ALLOY FATIGUE 69

e

-

e

-

7075-T6

da _
dB
S iy
27 \ o )

/ ZBELow LINE INDICATES TIP

OF CRACK ALWAYS WITHIN
MONOQOTONIC PLASTIC ZONE
OF THE PEAK OVERLOAD STRESS

T

da
K i OTBryOL
~

BELOW LINE INDICATES TIP

OF CRACK ALWAYS WITHIN

REVERSED PLASTIC ZONE
1 i | | {  OF THE 80% OVERLOAD

1.0 20 3.0
HALF CRACK LENGTH (cm)

RATIO OF CRACK EXTENSION PER BLOCK TO
PLASTIC ZONE 8IZE OF THE OVERLOAD. (da/dB)/ryo.
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tip remained embedded within the reversed plastic zone of the preceding
overload for the majority of the test. Alloy performance ranked differently in
spectra having high and low degrees of interaction between overloads.
Degree of overload interaction and alloy performance ranking changed again
by decreasing the overload frequency to 1/8000 while maintaining OLR at
1.8, Fig. 17.

Plastic zone computations for the eight-level spectrum indicated high in-
teraction between maximum peak overloads that occurred once every 2000
cycles. Crack extension during intermittent cycles between these overloads
never grew out of the reversed plastic zone of the preceding overload for the
majority of the test.

Results of Fig. 17 illustrate how various factors compete for control of alloy
performance. For the applied spectrum (OLR = 1.8, OCR = 1/8000), T7
alloys outperformed T6 alloys at shortest crack lengths, where AK is lowest
for the test. At the short crack length (lower AK), FCG resistance is more
sensitive to environment, and magnitude of the overload monotonic plastic
zone has major influence on the amount of FCG retardation. Both resistance
to environment and monotonic plastic zone size are greater in the T7 temper
than in the T6. At longer crack length (high AK), 7075 outperforms 7050,
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This is attributed to the more dominant role of secondary cracks as a major
retardation mechanism in 7075 that contains a greater number of intermetal-
lic particles. Secondary cracks formed at 7075 particle sites during overload-
ing tended to divide (reduce) AK to the extent that the main crack front
never grew out of the influence of secondary cracks before the next overload
was applied.

In general, when overload magnitude is relatively low, or when significant
overloads tend to act as independent events, performance of alloys having
comparable yield strength would be expected to rank similar to constant
amplitude performance. Reduction of alloy yield strength would increase
magnitude of crack-tip plasticity, and thus, favor the plastic zone retardation
mechanism. As overload interaction increases, alloy performance rankings
may change. This is typical of the example where overload magnitude is
high, and secondary crack formation is the underlying cause of FCG retarda-
tion.

Microstructure Effect on Spectrum Results

Secondary Intermetallics—High volume fraction of coarse intermetallic
particles increased FCG resistance in high overload tests. The observed effect
is explained by the illustration of Fig. 18. At short crack length, the overload
stress intensity factor is insufficient to affect constituent particles, so no ef-
fect is detected. As crack length and K increase, incipient cracks nucleate at

=memmes | OW VOLUME FRACTION SECONDARY INTERMETALLIC PARTICLES
= wmem HIGH VOLUME FRACTION SECONDARY INTERMETALLIC PARTICLES

AT PARTICLE-MATRIX INTERFACE.
MAIN CRACK 1S UNDER THEIR
INFLUENCE UNTIL NEXT OVERLOAD
IS APPLIED

w MAIN CRAGK OUT OF

< THE INFLUENCE OF THE
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FIG. 18—Effect of volume fraction of coarse intermetallic particles on fatigue crack growth
rate under loading conditions where high tensile overlpads are applied frequently.
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particle sites during overloading. The secondary cracks divide ‘“effective”
AK, thereby retarding FCG. With a lower intermetallic particle volume frac-
tion, fewer secondary cracks are produced, so magnitude of the retardation is
lower. At a particular crack length, however, stress intensity factor becomes
large enough to cause significant crack extension during overloading. Ac-
celeration of FCG rate now occurs more rapidly in material with high constit-
uent volume fraction. Then, as K approaches the material fracture
toughness, fracture instability occurs. Whether total life of a part will be
longer in material with lower or higher volume fraction of intermetallic par-
ticles depends on details of the loading (or K) history.

Dispersoids—The smaller dispersoid patticles contribute to the propaga-
tion of secondary cracks formed at intermetallic particle sites upon overload-
ing. Their effect on FCG would be similar, though on a smaller scale, than
that shown in Fig. 18 for the larger intermetallic particles. The energy
required to propagate secondary cracks in material containing chromium
dispersoids is less than that required to propagate these cracks in material
containing zirconium dispersoids. Periodic spike overload tests of alloys con-
taining zirconium and chromium dispersoids behaved similarly at short and
intermediate crack length. At long crack length, the effect of dispersoid type
was greatest in alloys containing high volume fraction of secondary interme-
tallics. In alloys containing chromium, the crack advanced appreciably more
during the overload, and FCG rates accelerated at shorter crack lengths dur-
ing final stages of the test.

Precipitates (Degree of Overaging)—Fine precipitate particles influence
FCG resistance by their effects on resistance to environment and on strength-
toughness combinations. Resistance to FCG increases with increase in degree
of overaging under variable amplitude loading where either overload stress
level is low or the overloads are applied infrequently. This improvement is at-
tributed to an environmental effect, because analogous improvement in in-
termediate constant amplitude FCG rates has been shown to be independent
of strength [7,2].

Monotonic improvement in FCG performance with increasing degree of
overaging was not generally observed in high overload tests. An explanation
for this observation is postulated in Fig. 19. At short crack length where AK
of intermittent baseline cycles is lowest for the test (Region A), compressive
residual stresses developed by overload plastic deformation retard FCG.
Amount of retardation increases with increase in overload plastic zone size,
which varies inversely to the square of the yield stength. Overaging to lower
strength, therefore, enhances FCG resistance in region A by increasing the
amount of plasticity-induced FCG retardation, in addition to increasing
resistance to environment. As K level increases with crack extension (Region
B), intermetallic constituent particles begin to separate from the matrix upon
overloading. These incipient cracks reduce “‘effective”” AK and retard FCG.
The severity of cracks induced at particle locations decreases with increasing
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FIG. 19—Schematic effect of yield strength (peak and overaged tempers) on fatigue crack
growth rate under spectrum loading.

toughness (decreasing yield stength). Consequently, in Region B, FCG is
slower in material aged to higher strength when overloads are sufficient to
cause particle matrix decohesion. Eventually, as crack length and K in-
crease, appreciable crack advance occurs at peak loads, particularly in
material having lower toughness (higher strength, Region C).

Additional Remarks on Yield Strength Effects

Inspection of Fig. 19 suggests that total lives of precracked specimens sub-
jected to spectrum loading may not change monotonically with decreasing
strength, since curves cross. An example of such behavior is shown by the
data of Fig. 20 plotted as FCG life versus yield strength of 7050 forging sub-
jected to flight simulation loading [21]. In the referenced investigation,
strength was modified by decreasing quench rate and by overaging. The ex-
perimental results suggested a trend where life initially shortened with in-
creasing yield stength, then lengthened with further strength increase before
life decreased again. This observation suggests competition between FCG
mechanisms, with a different mechanism being dominant in each of three
yield strength ranges.

The proposed trend is supported by more limited results of this investiga-
tion on 7075 peak strength and overaged tempers subjected to periodic spike
overloads, Fig. 21. These results also suggest that effect of yield strength on
FCG resistance is sensitive to the K level or crack increment or both over
which measurements are taken.



BUCCI ET AL ON ALUMINUM ALLOY FATIGUE 73

T T —
3200
o)
[
b
e 3000 .
8 PROPOSED TREND LINES
e
u £ ]
no 2800 |-
2
6P
-
L ™
>s 2600 | -
g
Ty
-
32
2400 - -
-
SN0 ]
L
o
&
U 2200 |- W
s
o
p-d
2000 |- -
1800 A 1 1 1 ]

400 450 500 550 600
YIELD STRENGTH, MPa

FIG. 20~—Effect of yield strength on fatigue crack propagation life of 7050 forging under
Slight simulation loading. (Experimental data replotted from data in Ref 21.)

Remarks on FCG Life Prediction Models

Several fracture-mechanics-based life prediction models that have been
proposed and shown to predict FCG behavior under variable amplitude
loading with moderate success [16, 22-26]. These models do not incorporate
load-microstructure interaction mechanisms directly into their computa-
tional strategy. Material input is generally in the form of constant amplitude
FCG rates, tensile, and fracture toughness properties.

Treatment of overload-retardation phenomenon in the preceding models is
based primarily on plastic zone size concepts. Thus, each model would
predict the degree of retardation to increase with reduction in yield strength.
A plastic zone interaction FCG model cannot completely explain our results.
To demonstrate this, the FCG prediction computer program, EFFGRO,
based on the Vroman retardation model [23],% was used to predict experi-

8The Vroman retardation model is similar in construction and gives life predictions com-
parable to those of the Willenborg model [22] developed by the U.S. Air Force.
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TABLE 12—Comparison of experimental and predicted cyclic crack growth lives by
flaw growth prediction model (EFFGRO).

Ne, Experi-

mental Cyclic Np, Predicted Ne/Np, Ratio Ne/Np

Life (blocks)  Cyclic Life of Experir ———m———
Alloy Type a =10.2to (blocks), a = mental to Pre- Standard
and Temper OLR OCR 33 mm 10.2 t0 33 mm  dicted Life Mean Deviation

7050-T6 1.4 1/4000 19 16 1.2 8.5 13.3
1.8 1/4000 484 17 28.5
1.8 1/8000 16 9 1.8
8-level 1516 660 2.3 s ...
7050-T7 1.4 1/4000 38 35 1.1 2.8 2.0
1.8 1/4000 225 46 4.9
1.8 1/8000 77 19 4.1
8-level 1725 1585 1.1 e Ces
7075-T6 1.4 1/4000 9 9 1.0 18.4 21.7
1.8 1/4000 485 10 48.5 .. ..
1.8 1/8000 100 5 20.0
8-level 1143 275 4.2 e e
7073-17 1.4 1/4000 28 23 1.2 6.0 5.0
1.8 1/4000 279 30 9.3 .. Ces
1.8 1/8000 145 13 11.2
8-level 1833 880 2.1
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mental lives for 7075 and 7050 subjected to spectrum loading conditions of
this investigation. Constant amplitude FCG rate data established for the
same materials served as input to the model.

Comparison of experimental to predicted lives is made in Table 12. Pre-
dicted lives varied from 1 to about SO times shorter than observed lives.
Though estimated life was generally conservative, relative performance rank-
ing between materials was not predicted correctly. The discrepancy in
predicted degree of retardation is related to omission of the secondary crack-
ing mechanism in the model. For example, Table 12 indicates greatest vari-
ability in accuracy of life prediction occurred for lower purity 7075 in the
peak strength (T6) temper, while best predictions were those for higher purity
7050 in the overaged T7 temper. In the former alloy, combinations of purity
and strength enhanced the role of constituent-overload interaction that is not
considered by EFFGRO.

Summary and Conclusions

Rankings of FCG resistance under variable amplitude loading are not
always consistent with rankings observed under constant amplitude loading
conditions. Even when ranking is the same, quantitative variations between
alloy performance may not be reliably predicted with present fracture-
mechanics-based life prediction technology. Alloy ranking is sensitive to in-
teraction of alloy metallurgy with loading parameters, such as overload mag-
nitudes, spacings, and nominal stress intensity factor.

Crack growth mechanisms attributed to overload-induced retardation
phenomena compete, and observed behavior is controlled by the particular
mechanisms that dominate. In some cases, a different controlling mecha-
nism may exist at different stages of a test (for example, short versus long
crack length). Resistance to FCG under spectrum loading cannot be con-
sistently correlated with strength or toughness because behavior depends on
the load-microstructure interaction that dominates.

Alloy fatigue response is application dependent. This circumstance, coupled
with the limited knowledge of how alloy microstructure relates to design of a
fatigue resistant part, restricts the present ability to optimize alloy design or
alloy selection or both for high FCG resistance. However, based on improved
phenomenological understanding of how alloy microstructure influences
FCG processes and mechanical property tradeoffs, one can begin to make
some crude generalizations. Thus, if the overriding fatigue failure mecha-
nism is known for a particular class of application (for example, fighter ver-
sus transport aircraft), an optimum alloy microstructure or design approach
or both might be recommended. The dominant failure mechanism might be
established by experience or failure analysis or both.

For 7X75 and 7050 type aluminum alloys, some generalities on how micro-
structure influences FCG performance under various simple loading condi-
tions are summarized in Table 13 and may be stated as follows:
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1. Overaging to T7 tempers and higher copper content increase FCG re-
sistance, in part, by reducing degradation by the environment. This attribute
is beneficial for constant amplitude loading, and for spectrum loading with
either low level overloads, high level overloads infrequently spaced, or low
nominal stress intensities. Under these conditions, performance of 7050 is
superior to performance of 7075, 7475, and 7010, while T7 tempers outper-
form T6 tempers.

2. When the structural member is highly stressed, coarse intermetallic
constituent particles in the alloy initiate incipient cracks. These secondary
cracks reduce toughness and constant amplitude FCG resistance at high AK.
However, for certain spectra (for example, simple spectra with high over-
loads frequently superimposed upon the base at moderate AK), increasing
volume fraction of intermetallic particles is beneficial. In those cases, in-
cipient cracks at particle locations introduced by overloads retard FCG at
lower stresses by dividing the “effective”” AK at the crack tip. Alloy 7075 with
higher intermetallic constituent volume fraction (iron, silicone) than 7050 or
7475 favors the secondary crack mechanism of overload induced retardation.

3. Overaging progressively decreases strength and increases toughness as
well as increasing resistance to the environment. Increased toughness has

TABLE 13—Generalities for simplified load histories®.

Typical Load History

Characteristic Dominant FCG Characteristic Remarks
Constant amplitude FCG rate controlled by resis-  Favors high-copper and over-
Low level overloads tance to environment aged tempers
High overloads infrequently  Degree of FCG retardation con- Favors 7050 over 7075 and
spaced trolled by plastic zone inter- 7475
Spectra with low nominal AKX action Favors T7 over T6 type
tempers

High overloads superimposed Degree of FCG retardation con- Favors alloys with lower

frequently upon base at trolled by secondary cracks purity
moderate AK initiated during tensile over- Favors 7075 over 7050 and
loads 7475
Favors T6 over T7 type
tempers

High overloads at high AKX FCG rate controlled by crack  Favors high-purity alloys

Large number of base line advance during high tensile  Favors 7475 and 7050 over
cycles at moderate or loads 7075
high AK Favors T7 over T6 type
tempers

9In simple spectra at low nominal stress intensity or in more complex spectra, effect of dif-
ferent microstructural features may compete. Consequently, relative ranking may change with
alloy, temper, and spectrum.
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both positive and negative effects in spectrum loading. It reduces growth of
the main crack during high overloads that is positive, but decreases severity
of secondary cracks and thus has a negative effect on retardation during sub-
sequent low stress cycles. The controlling mechanism depends on the alloy
and load history. As a generality, peak strength (T6) aging should provide
better performance in simple spectrum where the ratio of the tensile overload
to the base is high and stress intensity is moderate. Overaged T7 tempers
should provide superior performance where base stress intensity is high and
tensile overloads frequent.

Recommendations

To (a) increase probability of success for ‘“fatigue improvement” and (b) to
expedite implementation of advanced alloys into service, suitable generaliza-
tions are needed to relate results of laboratory tests to performance in the
field. Greater use of standardized reference load spectra to compare alloy
performance for a specific class of applications, for example see Refs 27-29,
is expected to address this need. Further clarification of controlling FCG
mechanisms is required. Simplified spectra like those employed in this study
are useful for the latter purpose. Life prediction methodology must include
metallurgical parameters to assure that the analysis can accommodate
material variations. Finally, we should improve the rather limited knowledge
of metallurgical factors that influence FCG behavior in the near threshold
(low AK) regime where the greatest portion of component FCG life is often
spent. This characterization is also important to consideration of overload in-
duced FCG retardation attributed to reduction in “‘effective” AK at the
crack tip.
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ABSTRACT: A procedure, which allows flight-simulation profiles to be applied under
stress intensity factor control, was used to study effects of compressive-compressive
load cycles on spectrum fatigue crack growth rate. This approach eliminates the
maximum stress-intensity factor, K .., and its associated plastic-zone size as a variable
within a given test, and allows a small amount of crack growth representing instanta-
neous conditions in conventional load control tests. Tests were performed on center-
cracked 7075-T651 aluminum alloy specimens subjected to typical flight-spectra,
simulating both transport and bomber airplanes. The results indicated that the
number of compressive-compressive cycles has little effect on spectrum-crack-growth
rate and that essentially the same results were produced by a single compressive load.
It was also found that the crack growth rate was relatively insensitive to the magnitude
of the compressive load. A saturated condition was reached at a fairly low load level.
The sequence of overload-comprensive load was also evaluated. For low stress intensity
factor, the crack growth rate obtained was slightly higher when the application of
compressive loads preceded an overload. However, the opposite occurred when the
stress intensity factor was larger.

KEY WORDS: crack-growth rate, spectrum load, retarding, aluminum alloy, fatigue
(materials), crack propagation

Analytical methodology to predict slow crack growth in aerospace struc-
tures subjected to simulated-flight loading is an essential element in the
overall fracture-control program currently being applied on fracture-critical
structures. Current predictive methodologies for such complex loading
are not precise; however, considerable effort has been, and is being,
directed toward a better understanding of the crack-growth process. From
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such efforts will evolve improved modeling of fatigue crack growth. Within
the current state of technology, it is possible to obtain an unconservative
or conservative crack-growth life prediction, depending upon the analysis
methodology and baseline data used. Consequently, current predictive
methods must be judiciously applied and substantiated by adequate test-
ing. Eventually, unconservative methods must be eliminated for reasons of
safety and structural life, and overly conservative methods must be elim-
inated since their impact diffuses throughout the entire design process to
adversely affect total performance and cost.

It is generally agreed that linear cumulative techniques, by integrating
basic constant-amplitude growth-rate data obtained from laboratory tests
on simple coupons, produce good crack-growth predictions for constant-
amplitude loading. But, when the load is of arbitrarily varying amplitude,
the linear analysis that computes an accumulation of growth under in-
dividual loads without regard for load history is often found to be overly
conservative. This is because, under variable-amplitude cyclic loading, the
crack-growth rate is affected by load-interaction effects not present in
constant-amplitude load tests. As examples, a tensile overload causes ex-
tensive plastic deformation of the crack tip which, in turn, impedes the
crack growth during subsequent lower load cycles [1,2],22 while a com-
pressive load and sometimes even a tensile underload may either accelerate
the crack growth of subsequent tensile load cycles or reduce the beneficial
retardation effect created by an overload [3~6].

The importance of the retardation produced by tensile overloads on the
accurate prediction of structural life has been recognized, and quite a few
investigations [7-14] have been stimulated in this area. A number of
theories [2,15,16] have been proposed to explain the retardation phe-
nomenon, and several models [17-23] have been suggested to account
for its effect in the prediction of fatigue crack growth. Although attempts
[21-23] have been made to account for the effect of compressive loads on
crack growth under a simple spectrum, there is practically no model that
can adequately address the effect of compressive loads on crack growth
under simulated flight spectrum loadings. When compressive load cycles
are neglected, crack growth life predictions could be seriously uncon-
servative. The purpose of this research is to develop the needed under-
standing of the effect of cyclic compressive-compressive loads on crack
growth under simulated flight loading and to provide guidance for the

2The italic numbers in brackets refer to the list of references appended to this paper.

3Both accelerated crack growth and reduction of retardation imply an increase in the
crack growth rate. However, acceleration is used when the associate crack growth rate is
higher than the one obtained under the constant amplitude load condition, while the reduc-
tion of retardation is used when the associate crack growth rate, though increased, is still
under retarded condition, that is, less than the coresponding constant-amplitude crack
growth rate.
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development of a better analytical model to more accurately predict crack
growth under such complex loading.

Experimental Procedures

To date, all of the experimental studies conducted on the effect of com-
pressive loads on crack growth have been limited to cases where there is
only a single application of compressive load immediately preceded or fol-
lowed by the overload. In order to study effects of multiple cycles of com-
pressive loads on spectrum fatigue crack growth, a test system computer
program was developed that allows flight simulation profiles to be applied
under stress-intensity factor control on center-cracked specimens. In opera-
tion, a specified maximum stress intensity factor, K ., is assigned to the
maximum stress contained in the given simulated flight spectrum. The
corresponding maximum test load, P,,,, is then computed using specimen
dimensions (including the current crack length) and the stress intensity fac-
tor equation with a finite-width correction, that is

K nax WB
Prax = = (1)

e (T2
7I'aSC<W

where W and B are the width and the thickness of the specimen, and a is
one-half of total crack length. This maximum test load is then used to
proportionally scale down the entire spectrum profile and provide cor-
responding loads for the entire flight. The analog voltages representing
these test loads are then programmed to command the electrohydraulic
servo-controlled MTS test system. The test system contained the necessary
electronic elements, properly integrated to provide control of the servo
loop, monitor loads, and perform the fail-safe function. During test, the
specimens were fitted with Teflon-lined support bars to prevent buckling,
and crack-length measurements were made on one surface of the specimen
using an optical technique. Measurements were made to within 0.025 mm
(0.001 in.) by microscopically observing the crack tip against a reference
grill lightly engraved on the specimen surface. As the crack grew, the
computer program was periodically provided with the current crack length,
which was used to reduce the loads in accordance with Eq 1, and thereby
maintain all K-values quasi-constant. Crack length data were updated at
intervals such that the K-values were maintained constant to within one
percent. In this manner, K-values for each condition in the flight remained
essentially constant as the crack grew. This approach eliminates the maxi-
mum stress-intensity factor and its associated plastic-zone size as a variable
within a given test, and permits a small amount of crack growth represent-
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ing instantaneous conditions in conventional load-control tests. Conditions
for different crack lengths can be simulated by assigning different maxi-
mum stress-intensity factor values to the maximum stress in the far-field
stress spectrum. This approach was used on 6.35 mm (0.25 in.) thick
center-cracked specimens of 7075-T651 aluminum plate alloy to evaluate
effects of compressive-compressive load cycles on spectrum fatigue-crack
growth rate. The width and length of the test section were 101.6 and
203.2 mm (4 and 8 in.), respectively. The most frequent flight from a
multi-mission C-141 transport aircraft and a typical flight of a bomber
aircraft were selected for use in the tests. The flight profiles of the trans-
port and the bomber aircrafts are shown in Figs. 1 and 2, respectively. The
baseline transport spectrum consists of six load layers or 337 load cycles,
while the baseline bomber spectrum contains 40 load layers or 109 load
cycles. For each spectrum, two levels of the K ,,, representing the stress-
intensity factors corresponding to a wide range of crack lengths of practical
interest were used in the tests. The K values used in the tests were
10.99 and 27.45 MN/m3?2 (10 and 25 ksivin.) for the transport spectrum
and 10.99 and 21.98 MN/m3/2 (10 and 20 ksivin.) for the bomber spectrum.

Three different numbers of compressive-compressive load cycles were
used with each value of K ,,,. They represent the baseline condition (N =
4), single-underload (N = 0.5), and a large number of compressive-com-
pressive load cycles (N = 300). Three levels of the minimum stress intensity
factor (K, = 0, —0.5 and —1.0 K,,,), were tested under the single-
underload condition to evaluate the effect of the magnitude of compressive
load on spectrum fatigue crack-growth rate. Tests were also conducted
to determine how the sequence of overload-underioad affects such growth
rate.

During the tests, ten measurements of spectrum fatigue crack growth
rate, da/dF, were made for each load variation to provide statistical
significance to the data. For the transport spectrum, each measurement
is the average of 25 flights for the higher K-value and 200 flights for the
lower K-value; while for the bomber spectrum, each measurement is the
average of 17 flights for the higher K-value and 125 flights for the lower
K-value.

Results and Discussion

The results of the tests are presented in Figs. 3 through 8. In the figures,
each vertical bar represents the range of scatter of ten data measurements
and the symbols (circle and triangle) represent the average of ten data
point. Figures 3 and 4 show the spectrum fatigue crack growth rate, da/
dF, as a function of number of compressive-compressive load cycles for the
transport and bomber spectra, respectively. The data indicate that the
number of compressive-compressive load cycles has little effect on spectrum
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FIG. 3—Effect of number of compressive-compressive loads on the transport spectrum fa-
tigue crack-growth rate.
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FIG. 4—Effect of number of compressive-compressive loads on the bomber spectrum fatigue
crack-growth rate.

crack growth rate and that essentially the same results were produced by
a single compressive load. The cracks grew an average of about 12 percent
faster for N = 400 than for N = 0.5. Figures 5 and 6 show the effect of
the magnitude of the single compressive load on spectrum crack growth
rate for the transport and bomber spectra, respectively. As seen from these
two figures, the trend indicated that the spectrum crack growth rate was
relatively insensitive to the magnitude of the compressive load, and a
saturated condition was reached at a fairly low load level as was previously
obtained under constant-amplitude load conditions [6]. For example,
da/dF for the bomber spectrum (Fig. 6) increased by less than 7 petcent
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when K, /K ., was changed from —0.2 to —1.0. The results obtained here
suggested that a large number of compressive-compressive loads may be
represented by a single compressive load in the crack growth prediction.

The effect of the sequence of overload-underload on the transport-spec-
trum crack-growth rate is presented in Fig. 7, and limited data generated
using the bomber spectrum are presented in Fig. 8. The solid lines in Figs. 7
and 8 describe the spectrum crack-growth rate as a function of the number of
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FIG. 7—Effect of number of compressive-compressive loads and the sequence of overload-

underload on the transport spectrum fatigue crack-growth rate.
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FIG. 8—Effect of the sequence of overload-underload on the bomber spectrum fatigue

crack-growth rate.

compressive-compressive load cycles when the application of such compres-
sives loads precede an overload. Similar results, for the case where the com-
pressive-compressive cycles were applied immediately after an overload, were
replotted from Figs. 3 and 4 as dashed lines. It is shown that the number of
compressive-compressive cycles has little effect on growth rate, and that
practicaily the same results were produced by a single compressive load. The
other important observation from these two figures is that, for the lower level
of stress-intensity factor, when the application of compressive-compressive
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loads preceded an overload, the corresponding spectrum crack-growth rate
was higher than the one obtained when such compressive loads were applied
after the overload by an average of about 6 percent. An equal but opposite
trend was obtained for a higher level of stress-intensity factor. Physically, this
means that, for a given flight spectrum, when the crack is small (the corres-
ponding stress-intensity factor is low), the acceleration of crack growth
following the compressive-compressive loads is more significant than the re-
duction of retardation effect due to the compressive-compressive loads. How-
ever, when the crack becomes long (resulting in a larger stress-intensity fac-
tor), then the reduction of retardation effect becomes more important than
the acceleration of crack growth due to the occurrence of compressive-
compressive load cycles. Mechanically, this may be because that, when the
stress-intensity factor is low, a relatively smaller plastic zone at the crack tip
results in conditions favorable for more brittle extension, and the sharpness
of the crack is of primary importance. The application of compressive-
compressive loads tends to sharpen the crack tip and accelerate the crack
growth of subsequent tensile load cycles. When the stress-intensity factor
becomes large, the state of stress near the crack tip is dominated by an exten-
sive plastic zone and the sharpness of the crack tip is no longer primarily
important in propagating the crack. In this case, the reduction of retardation
effect due to prior overload plays a more significant role.

Conclusions

An experimental study on the effect of compressive loads on flight-simula-
tion spectrum crack-growth rate was conducted. The study provides a better
understanding of spectrum crack growth as it is affected by the inclusions of
additional compressive loads. Based on the data obtained under this study,
the conclusions reached may be summarized as follows:

1. The number of compressive-compressive cycles had little effect on spec-
trum crack-growth rate, and essentially the same results were produced by a
single compressive load. Therefore, a large number of compressive-compres-
sive load cycles may be represented by a single compressive load in the crack
growth prediction.

2. The crack-growth rate was relatively insensitive to the magnitude of the
compressive load. A saturated condition was reached at a fairly low load
level. Further increase in the magnitude of compressive load did not show a
significant change in the crack-growth rate.

3. For low stress-intensity factor, when the application of compressive-
compressive loads preceded an overload, the corresponding spectrum crack-
growth rate was slightly higher than the one obtained when such compressive
loads were applied immediately after the overload. However, the opposite
occurred when the stress-intensity factor became larger.
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ABSTRACT: The nature of crack propagation resulting from flight loading representa-
tive of military gas turbine operation is investigated. Mission stress profiles for turbine
disks fabricated from the superalloys GATORIZED IN 100 and Waspaloy contain load
sequences that produce synergistic effects on crack propagation. Major load throttle
excursions, overloads, occur routinely during flight, and a retardation in subsequent
crack propagation generally results. Such mission load interaction effects have been
addressed in crack propagation testing employing repetitive overload-fatigue sequences.
The influences of overload ratio (P,ej0aq/Pmax) and the number of fatigue cycles be-
tween overloads have been investigated for crack propagation at 649°C (1200°F), and
an interpolative model of these effects is presented. A determination of the instan-
taneous crack retardation following a mission major load excursion is accomplished
with an unconventional method. The existence of a deceleration in crack growth rate,
delayed retardation, following a mission overload is verified. Typically, this period is
greater than the total number of baseline fatigue cycles applied between engine mission
overloads, and delayed retardation is largely, if not entirely, responsible for the bene-
ficial effects of the overloading.

KEY WORDS: crack propagation, fatigue (materials), retarding agents, superalloys
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C, SINH horizontal scaling coefficient
C; SINH horizontal inflection coefficient
C4 SINH vertical inflection coefficient
da/dN Cyclic rate of crack growth
AK Applied stress intensity factor range
ANg. Number of fatigue cycles applied between periodic overloads
K Stress intensity factor
K .x Maximum stress intensity factor
K. in Minimum stress intensity factor
Koy Overload stress intensity factor
N Number of cycles
N* Number of cycles during which crack growth rate is retarded fol-
lowing an overload
Npr Period of delayed retardation
P Applied load
P..x Maximum applied load
P.ix Minimum applied load
Po.  Magnitude of applied overload
R Load ratio (Pn/Prax)

Operational loading spectra imposed on rotating disks in a military gas
turbine engine contain load sequences that differ significantly from the
high cycle loading encountered in flight of an airframe. Fatigue of a super-
alloy engine disk is a low cycle phenomenon resulting from throttle excur-
sions and associated thermal stresses. Major and minor throttle excursions
compose a load sequence from which synergistic crack propagation results,
and this load interaction is complicated by elevated temperature operation
and concomitant time dependent behavior.

Typical loading spectra are derived from service missions that include
ferry, training, and terrain following radar (TFR) activity. A mission com-
posite is presented in Fig. 1 [1].3 The loading spectra may contain frequent
single or multiple major load excursions (overloads) with a small number
(usually no more than S0) of less severe throttle excursions between over-
loads. As a result of this frequent overloading, crack growth immediately
following an overload is of increased significance, while the crack retarda-
tion commonly observed many cycles after an overload application is of re-
duced importance since this retarded growth is soon interrupted by another
overload excursion.

This paper reports the findings of an investigation into the effects of fre-
quent overloading on elevated temperature fatigue crack propagation of
the superalloys GATORIZED IN 100 and Waspaloy. An empirical model

3The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Composite mission stress profile.

of these overload effects is described, and the characteristic retardation of
crack growth that follows the frequent overloads is determined.

Crack Retardation

The crack propagation resulting under the complex conditions of loading
and environment encountered in a military gas turbine engine is not pre-
dicted satisfactorily by residual stress [2,3] or closure [4] models, and a
need for further study of this isolated problem exists. The current work has
employed an empirical model [5-7] of elevated temperature fatigue crack
propagation under spectrum loading. The philosophy of this approach is
that any complex mission spectrum can be segregated into elemental dam-
age events that can be quantitatively described. The crack propagation life
expected under such a spectrum can then be computed as a linear addition
of the damage associated with properly segregated events. Mission segrega-
tion is based on the definition of an “‘elemental damage event” as the small-
est repeating load-time sequence that results in fatigue crack propagation
not predictable by linear damage accumulation alone. A simplified mission,
consisting of a single overload followed by a block of constant load ampli-
tude fatigue cycles, is such an elemental damage event.

Figure 2 (top) presents a schematic of a crack growth curve, crack length
(a) versus number of applied fatigue cycles (¥), illustrating the common
effects of a single overload on previously unretarded crack growth. When
the crack growth produced by constant load amplitude fatigue is inter-
rupted by an overload, crack growth accelerates corresponding to the over-
load [8]. Thereafter, the rate of crack propagation quickly decelerates, and
after a small number of subsequent fatigue cycles the rate of crack growth
achieves a minimum. This deceleration to a minimum rate of crack propa-
gation is known as delayed retardation, and the period of delayed retarda-
tion is defined as the number (Npg) of post-overload fatigue cycles required
to achieve the minimum crack growth rate. Following delayed retardation,
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FIG. 2—Fatigue crack retardation resulting from the application of a single overload.
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crack growth continues at a near minimum rate for an extended period,
and the exhaustion of the retardation process is marked by an acceleration
of crack growth to regain the unretarded rate. The total period of crack re-
tardation, N*, is defined as the number of cycles during which crack growth
rate is retarded following an overload application. The nature of the tran-
sient crack propagation behavior that results following an overload is further
revealed by differentiating the crack growth curve, Fig. 2 (top), to give
crack propagation rate, da/dN, as a function of N, Fig. 2 (bottom).

Overloads that occur at cyclic intervals less than N* interrupt and restart
the crack retardation process. The beneficial effect offered by intermittent
overloads has been observed to be reduced as the number of cycles between
overloads, ANgy, is reduced to fewer than N* cycles [9,10]. As ANg be-
comes small, the relative importance of delayed retardation is increased,
and the average crack growth rate associated with the overload-fatigue
sequence increases.

Procedure

Fatigue crack propagation tests of the nickel-base superalloys GATOR-
IZED IN 100 and Waspaloy were conducted on electrohydraulic testing
machines operated under load control. All tests were petformed in air at
649°C (1200°F), and the loading waveform was that of an isosceles triangle
applied at a frequency of 0.167 Hz (10 cpm). Compact specimens (Fig. 3)
of circumferential-radial (C-R) orientation, as defined in accordance with
the ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials
(E 399-72), were machined from disk forgings representative of engine disk
material. The test specimens were pre-cracked at room temperature using

7.6 mm (0.3 in.) Waspaloy 12.7 mm
—— 12.7 mm (0.5 in.) IN10O (0.50 in.)
38.1 mm]| 76.2 mm
== 5in) — (3.00 in.)
iy
19.0 m
19.0 mm (0.75 in.)
(©0.75 in) Crack Length | 63.5 mm
(2.50 in.)

FIG. 3—Compact specimens.
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standard procedures of ASTM Test for Constant-Load-Amplitude Fatigue
Crack Growth Rates Above 10~8 m/Cycle (E 647-78T).

Testing was designed to evaluate the influence of frequently applied
periodic overloads on otherwise constant load amplitude (AP) fatigue crack
growth. A schematic of the basic loading sequence is presented in Fig. 4.
The baseline load ratio (R = minimum load/maximum load = Pp,/Ppay)
was 0.5 for all tests. The variables of test were the overload ratio (OLR =
Py /Py = 1.25, 1.50) and the number of baseline fatigue cycles between
overloads (ANgr = 5, 20, and 40).

During propagation testing, crack lengths were measured on both surfaces
of the specimen with a traveling microscope. To facilitate this procedure, the
test was interrupted, and the mean load was applied while holding the speci-
men at the temperature of testing. The increment in crack length measure-
ment was 0.50 mm (0.020 in.), and the measurement error was £0.025 mm
(0.001 in.). The resulting a versus N data were reduced with a seven-point
incremental polynomial technique [71] to produce da/dN versus A K data.

Results and Discussion

The crack retardation associated with a single periodic overload is gen-
erally reflected in a local purturbation in the a versus N crack growth curve.
However, as ANg; becomes small, the resolution in crack length measure-
ment must be increased in order to perceive the transient variations in crack
growth that occur between successive overloads. In the present experiment,
ANg is exceedingly small relative to the increment in measurement of sur-
face crack length, and no transient variations in crack growth are observed.
Rather, the collection of all a versus N data represent a trend in crack
propagation resulting from very frequent periodic overloads.

Reducing the a versus N data to the form of da/dN versus AK data and
petforming a least square regression produces analytical functions that rep-
resent the average crack growth rate for the specific combination of OLR
and ANy, . The regression equation (SINH) was based on the hyperbolic
sine function and is given as [5-7]

log (da/dN) = C, SINH [C, (log AK + Cj)] + C, 1)

where

C, = 0.5, a material constant,

C, = horizontal shape coefficient,

C; = — log (AK) at the point of inflection,

C4 = log (da/dN) at the point of inflection, and
A K = baseline stress intensity factor range.
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FIG. 4—Periodic overload fatigue.

The increased magnitude of the overload stress intensity range (AKqL) is
not reflected in the plotted value of AK. Rather, the overload is treated as
an isolated variable influencing crack growth, and its impact is revealed in
the dependent variable, da/dN. Thus, under the load sequencing of Fig. 4,
AK is defined as K 5, — Kpyin for all cycles (including the overload), and
da/dN is the calculated average crack growth per cycle (including the over-
load).

Defining fatigue with periodic overloading as a succession of repetitive
overload-fatigue missions (elemental damage events) as in Fig. 4, one may
plot a series of crack growth rate curves for the collection of test missions.
Figure S presents such data, illustrating the effect of ANg. on elevated
temperature fatigue crack propagation in GATORIZED IN 100. For put-
poses of comparison, a single regression curve (without data) representing
crack growth under constant amplitude loading has also been plotted. This
baseline crack growth is observed to be essentially equivalent to propa-
gation under periodic overloading with ANg. = 5 (6 cycles per overload-
fatigue mission). The equivalence of crack growth rates results from a
balance of overload accelerated crack growth and the subsequent crack
retardation. As ANq increases to 20 and 40, the average effect of the over-
loading becomes more beneficial than damaging, and the resultant propa-
gation rate is reduced significantly below that produced under constant AP
fatigue.

The dependence of da/dN on ANg; may be described by an interpolative
model of the associated SINH curves. The coefficients of Eq 1 are defined
as a function of AN,

C,' =a; + b,' |0g (ANOL + 1) (2)

where i = 2, 3, 4.

Thus, over the range S < ANg < 40, da/dN is given by a continuous
function (Eq 1) for which the three coefficients are uniquely defined (Eq 2).
Interpolations on ANg, define representative SINH curves giving average
crack growth associated with periodic overload fatigue of ANg; cycles be-
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FI1G. 5—Effect cycles between overloads on fatigue of IN 100, OLR = 1.5, 0.167 Hz, 649°C.

tween overloads. This permits prediction of crack growth where no actual
data exist. The relationship of Eq 2 also provides the capability for limited
extrapolation beyond the data base.

The effect of overload ratio on fatigue crack propagation may also be
described by an interpolative model of the SINH coefficients. Figure 6
illustrates this effect for periodic overloading (ANg, = 40) with overload
ratios of 1.0, 1.25, and 1.5. Data of overload ratio 1.0 is generated under
constant AP fatigue, and any interpolative model of OLR must converge
to this condition regardless of the value of ANg;. The expression that de-
fines the SINH coefficients as a function of overload ratio is

C;=d;+ e;(OLR) 3)

where i = 2, 3, 4.
Thus, for periodic overload-fatigue with ANg; = 40, the combination of
Eqs 1 and 3 uniquely define crack propagation for 1.0 < OLR =< 1.5,
Having established that the SINH coefficients are linear functions of
overload ratio for the case of ANg, = 40, it assumed that a similar linear
relationship describes the dependence of crack propagation for ANg < 40.
This allows combination of Eqs 2 and 3, permitting full interpolation over
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FIG. 6—Effect of overload ratio on fatigue of IN 100, ANg; = 40, 0.167 Hz, 649°C.

the region defined by 1.0 < OLR =< 1.5 and S < ANy < 40. The co-
efficients of Eq 1 are given by

C,- = + ﬁ,‘ (OLR) + 'yi[log(ANOL + 1)]
+ §,(OLR) [log (ANg, + 1)] (4)

where i = 2, 3, 4.

This interpolative SINH model provides capability for prediction of fa-
tigue crack propagation in IN 100 as a function of overload ratio and the
number of cycles between overloads. This interpolative model is limited to
crack retardation effects under the frequently applied overloads that are
characteristic of military gas turbine operation. The applicable range of
OLR and AN may be extended with additional testing.

Development of a similar interpolative model of crack propagation in
Waspaloy has also been accomplished. As observed in Fig. 7, the beneficial
influence of periodically applied overloads (OLR = 1.5) is much less pro-
nounced in this material than in IN 100. Crack growth in Waspaloy with
ANp;, = 5 (6 cycles per overload-fatigue mission) is considerably more
severe than propagation under constant AP fatigue, and the average effect
of the overloading becomes beneficial for ANy, = 20 and 40. In spite of
the significantly different retardation behavior between Waspaloy and IN
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100, an interpolative function of the form of Eq 2 is a satisfactory repre-
sentation of the effect of ANg; on crack growth in this alloy.

The model of the effect of overload ratio (ANg = 40) on crack propa-
gation in Waspaloy, Fig. 8, also demonstrates a much more limited effect
than was observed in IN 100. A relationship of the form of Eq 3 describes
SINH coefficients for Waspaloy crack propagation as a function of over-
load ratio. Combining the models of the effects of cycles between overloads
and overload ratio provides interpolative capability for both variables simul-
taneously (Eq 4).

The coefficients of Eq 4 are given in Table 1 for crack propagation of
IN 100 and Waspaloy at 649°C (1200°F), 0.167 Hz (10 cpm), and R = 0.5.
Substitution into Eq 1 gives crack propagation rate as a function of OLR
and ANoL.

Post-Overload Crack Retardation

An interpolative SINH model representing crack growth under frequently
applied periodic overloads is an effective method for prediction of crack
growth resulting during a specific overload-fatigue sequence. However, the
instantaneous response of a crack to the overload-fatigue block is not evi-
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TABLE 1—Coefficients of Eq 4

IN 100 Waspaloy
o 8 ¥ 6 o B ¥ [
C, 4.8410 —0.2140 0 0 —2.9984 6.8424 4.2414 —4.2414
C, —1.5448  0.1928 —0.0503  0.0503 —1.6853 0.3563 0.2780 —0.2780
C, —3.5196 0.6386  1.6534 —1.6534 —3.6536 0.0916  0.1845 —0.1845

dent. From knowledge of the process of crack retardation resulting from
application of a single overload, a hypothesis concerning crack growth in
response to frequent periodic overloading may be established.

The crack growth curve is expected to range between two general ex-
tremes depending upon the form of post-overload crack retardation. For a
given value of ANg,, these curves are illustrated in Fig. 9. Assuming
delayed retardation does not occur, the minimum crack growth rate should
immediately follow the overload. If delayed retardation is present, the mini-
mum crack growth rate should be observed some number of cycles following
the overload. If ANq is less than the period of delayed retardation, Npg,
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FI1G. 9—Fatigue crack propagation under periodic overload fatigue.

a subsequent overload interrupts the delayed retardation process, and the
minimum crack growth rate should immediately precede the overload.

Experimental determination of the nature of the instantaneous crack
growth curve in response to periodic overloading is, however, a formidable
task. As previously noted, it is extremely difficult to obtain accurate, mean-
ingful measurement of crack advance between very frequent overloads using
standard optical techniques. Additionally, measurement of crack length at
the specimen surface is complicated by any discontinuities in crack advance
due to microstructural variations. Such discontinuous fatigue crack growth
is common in Waspaloy and to a lesser extent in IN 100. Even if precise
measurement of the surface crack length were accomplished without micro-
structural interference, a question would remain concerning the shape of
the crack front. That is, does the crack front geometry remain constant
during periodic overloading, or do periodic changes in crack curvature
accompany the overloads? The latter phenomenon is certain to complicate
data interpretation. Measurement of incrementai crack growth by determi-
nation of fatigue striation spacing was prevented by formation of a heavy
oxide on the crack face during elevated temperature testing.
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It is possible to determine the form of the instantaneous crack propaga-
tion curve indirectly. Unlike direct measurement, a SINH curve describing
crack propagation under periodic overloading gives average behavior over
the period of many overloads. The SINH representation also averages crack
growth discontinuities due to variations in microstructure, crack front ge-
ometry, and judgement on the part of the technician. Thus, each curve
represents a statistical mean of the microscopic crack growth rate as AK
increases with crack length.

As noted earlier, increasing the number of fatigue cycles between succes-
sive overloads produces an increase in crack retardation and a correspond-
ing reduction in average crack growth rate. Alternately, decreasing ANqp
reduces crack retardation, and, in the limit of zero cycles between over-
loads, the da/dN versus AK curve should approach the crack growth curve
corresponding to constant overload fatigue. For the current example of
constant AP fatigue (R = 0.5) interrupted by periodic overloads (OLR =
Poy /Pax = 1.5), the parameters defining constant overload fatigue are
R = Pmin/POL = 0.333 and

AI(OL = AI(ba\seline [(OLR - R)/(l - R)] = ZAKbaseline'

The propagation curve for R = 0.333 fatigue is obtained from an inter-
polative model of the effect of load ratio [/]. Maintaining the convention
of assigning the value of AKyp,epne to all overload cycles, the R = 0.333
constant AP curve is translated by AKy,ine = AKor/2 in order to repre-
sent the case of constant overload fatigue. For IN 100, this curve is pre-
sented in Fig. 10 and its relationship to the SINH curves representing peri-
odic overload-fatigue is illustrated. A similar presentation of Waspaloy data
appears in Fig. 11.

From the collection of curves for a single material, one may deduce an
approximation to the instantaneous form of post-overload crack propaga-
tion due to periodic overloading. One assumption is required: the form of
the post-overload crack propagation curve is similar for ANg, = 5, 20,
and 40. Noting that the increase in crack length between successive over-
loads is very small, the associated increase in AK is determined to be corre-
spondingly small and of little significance. Calculating crack growth rate at
a specific value of AK from each of the overload curves gives the average
advance per cycle under the indicated loading condition. The crack growth
during each of the individual overload-fatigue missions is then calculated,
and the difference in the crack growth for two different missions defines a
point on the post-overload da/dN versus N curve. For example, by sub-
tracting the crack advance due to a 21-cycle mission from the crack ad-
vance due to a 41-cycle mission, the Aa corresponding to Cycles 21 to 41
after the overload is obtained. The average value of da/dN for the cycle
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FIG. 10—Effect of cycles between overloads on fatigue of IN 100, OLR = 1.5.

interval of 21 to 41 cycles after the overload may now be obtained by di-
viding Adayq 1o 4; by the corresponding ANy 1, 4;. This procedure is given by

da/dNyy o 41 = [41 (da/dN)y — 21 (da/dN)y1/(41 — 21). ()

The value of da/dNg , 2y may be obtained similarly, and da/dN, ,, ¢ may
also be determined by subtracting the standard crack growth for one cycle
of fatigue at the overload conditions from the six-cycle mission data.

Plotting the calculated values of da/dN at the midpoints of the cycle
intervals (for example, N = 31 for the interval of 21 to 41 cycles) gives an
approximation of the instantaneous crack propagation rate following an
overload. For IN 100 and Waspaloy at AK = 22 MPavm this data is pre-
sented in Fig. 12. While the exact path of the immediate post-overload
crack propagation rate curve is unclear, as indicated by the broken line,
the existence of delayed retardation is confirmed. In each alloy, the crack
growth rate is maximized at the time of the overload and the average crack
growth rate decreases in each of the subsequent cycle intervals, that is,
1to 6, 6 to 21, and 21 to 41.

This finding is verification of the general crack behavior that was hy-
pothesized earlier for mission crack growth subject to delayed retardation.
That is, in IN 100 and Waspaloy a crack subjected to constant load ampli-
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tude fatigue interrupted by periodic overloading will display a general de-
crease in the average macroscopic crack propagation rate, but, as illustrated
in Fig. 13, the instantaneous response of a crack to such overloading is
more complex. The full extent of crack retardation does not develop im-
mediately following the application of an overload; rather, post-overload
crack growth rate decelerates throughout the period of delayed retardation.
Typically, this period is greater than the total number of baseline fatigue
cycles applied between mission overloads, and delayed retardation is re-
sponsible for all beneficial effects of the overloading. Since crack growth
rate decelerates during the entire period of delayed retardation, fatigue
cycles immediately following an overload are considerably more damaging
than later cycles.

This behavior deviates significantly from the general long-term effects of
an overload on fatigue crack propagation; therefore, mission crack growth
in IN 100 and Waspaloy is difficult to predict by any retardation model
that is developed solely from experimental measurements of the total period
of retardation N* Modeling of N* addresses the ultimate effects of the
crack retardation process, while retardation under mission loading is domi-
nated by delayed retardation that is a transient response. Only a model
that contains this transient capability is expected to effectively predict the
synergistic effects of the frequent overloading that are common to engine
operation.

Conclusions

The rate of elevated temperature fatigue crack propagation of IN 100
and Waspaloy, subjected to constant load amplitude fatigue interrupted by
periodic overloads, decreases with increasing overload ratio and number of
cycles between overload.

The combined effects of overload ratio (1.0 < OLR < 1.5) and number

Macroscopic Crack Propagation

aK

\

F1G. 13—Fatigue crack propagation with frequent overloads.
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of cycles between overloads (5 < ANg, < 40) on crack propagation of
IN 100 and Waspaloy are effectively described by an interpolative model
based on the hyperbolic sine function.

Post-overload crack retardation resulting from frequently applied over-
loads (OLR = 1.5, ANy, =< 40) exhibits delayed retardation in IN 100
and Waspaloy. The delayed retardation is not exhausted between the suc-
cessive overloads and is entirely responsible for reduction in crack growth
rate in these alloys.
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ABSTRACT: This paper describes results of an elevated temperature fatigue crack
growth study in IN-100, a nickel-base superalioy. The objective of this study was to deter-
mine if conventional fracture mechanics techniques can predict crack growth under con-
ditions expected to occur in jet engine turbine disks. Results are reported for two types of
experiments. The first group of tests examines isolated load events that may occur in a
turbine disk load history. The influence of tensile overloads, compressive underloads,
overload/underload sequences, and periods of sustained load on subsequent constant
amplitude fatigue crack growth are discussed. The second group of specimens was sub-
jected to a spectrum load history that combines many of the isolated load events. Cu-
mulative damage crack growth predictions are performed by several procedures and
shown to agree quite well with the experimental resuits. The influence of specimen
thickness is considered for both the isolated event and the spectrum loading experiments.
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Increased performance requirements for U.S. Air Force (USAF) gas tur-
bine engines have resulted in components that see high operating stresses
and severe service environments. It is not uncommon for cyclic stress levels to
exceed the material yield strength or for operating temperatures to activate
time-dependent processes such as creep or oxidation or both. Thus, ad-
vanced engine designs may result in finite life components, such as turbine
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disks, that need to be periodically replaced during service in order to ensure
structural integrity.

Traditionally, turbine disks have been designed and managed to a low
cycle fatigue (LCF) “‘crack initiation™ criterion. Because of the statistical
nature of the fatigue behavior of most engineering alloys, significant scatter
accompanies the number of loading cycles required to initiate a crack at a
given stress level. For design purposes, this problem of material properties
scatter is usually eliminated by degrading the failure curve to a conservative
“'design allowable” level where the probability of failure (that is, crack initia-
tion) becomes very low. From a safety standpoint, this approach has gener-
ally been very successful, since a built-in safety factor is attained by assuming
all components are manufactured from materials possessing minimum prop-
erties. However, lifetimes based on time to crack initiation for minimum
properties are extremely conservative and may require the user to incur
significant economic penalties. Use of advanced materials and manufactur-
ing processes in modern turbine engines, for example, results in disks that
are quite expensive. Premature retirement of structurally sound components
may result in unnecessary economic penalties.

Retirement for Cause

In an attempt to reduce maintenance costs through longer component
service lives, the USAF is investigating an alternate approach to optimize
utilization of certain gas turbine engine members. This new concept, referred
to as retirement for cause (RFC), differs from current practice in that each
component would be removed from service only after its LCF crack initiation
life is exhausted [/]3. Thus, an individual turbine disk would be replaced
only when a crack has initiated in the LCF critical location. Following a com-
ponent inspection in which no cracks are detected, a disk would be returned
to service for a specified period, after which it would be reinspected.

Determination of the safe operating time until the next inspection is the
key for RFC to provide an effective life management tool, and requires that
several technology areas are suitably developed. These include: an engine
usage tracking capability that provides a definition of the flight spectrum ex-
perienced by the respective components, stress analysis methods capable of
establishing localized stress-temperature-time histories at critical locations
within the disks, reliable nondestructive inspection methods for detecting
fatigue crack initiation, and finally, the capability to predict crack propaga-
tion in turbine disks that are subjected to setrvice loading. The objective of
this paper is to discuss this latter problem of predicting fatigue crack growth
for turbine engine load histories.

3 The italic numbers in brackets refer to the list of references appended to this paper.
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Load Spectrum Variables

A variety of in-service variable amplitude load histories may be experi-
enced by advanced turbine disks. These histories may consist of periodic
overloads, overload/underload combinations, and periods of sustained load
interspersed among relatively constant amplitude loading. The absolute im-
portance of each loading event can depend on several factors. For example, it
has been shown in a previous study [2] that in IN-100, a nickel-base
superalloy disk material, the amount of retardation due to a tensile overload
decreases as temperature increases. Further, the magnitude of retardation
exhibited at the higher temperatures was found to be relatively small for
overload values generally exhibited in a turbine disk load spectrum. Thus,
retardation effects may not be as significant at higher temperatures as at in-
termediate temperatures where fatigue crack retardation may be more pro-
nounced. Similarly, periods of sustained load may or may not contribute
significantly to crack extension, depending on the load-temperature-time
history.

The present paper describes results of an experimental study conducted to
identify the importance of load spectrum variables on elevated temperature
crack growth in IN-100. One set of experiments examined the isolated effects
of peak tensile overloads, overload/underload sequences, and periods of sus-
tained load on subsequent constant amplitude fatigue crack growth. A
separate set of precracked specimens were subjected to a simplified turbine
disk load history. Variables within this latter study included test tempera-
ture, specimen thickness, and length of sustained load period. Crack growth
life predictions were performed for these spectrum loading experiments and
compared with the experimental results.

Experimental Procedures

The experimental work reported here was conducted on Gatorized*
IN-100, a fine-grained powder metallurgy nickel-base superalloy used for a
turbine disk material. The material was manufactured to production
specifications {3} in the form of a flat disk forging. All testing was conducted
on servo-hydraulic closed-loop fatigue machines operated under load con-
trol. Gaertner traveling microscopes with digital displays of crack length
were used to measure crack lengths on both specimen sides (front and back).
Using this system, crack length measurements within £0.025 mm (0.001 in.)
were attainable. Although tunneling was often observed on the fracture sur-
faces (the crack front was slightly longer in the specimen interior), all crack
length measurements reported here are averages of the front and back sur-
face measurements.

4Trademark of United Technologies.
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Isolated Events

Several experiments were conducted to isolate the effects of overloads,
underloads (negative loads), overload/underload combinations, and periods
of sustained load on subsequent steady-state (constant A K) fatigue crack
growth. The isolated event tests employed two types of specimens. The effects
of tensile overloads, tensile overload/compressive underload combinations,
and compressive underloads were studied with through-the-thickness centet-
crack specimens [4] nominally 7.6 mm (0.3 in.) thick as shown in Fig. 1.
Comparative tensile overload tests were also performed on 7.6 mm (0.3 in.)
thick modified compact tension (MCT) specimens [5] as shown in Fig. 2.

These tests were conducted at a common temperature of 732°C (1350°F).
A wire-wound resistance furnace was used for the MCT specimens. Quartz
windows mounted in the furnace walls allowed crack length measurements to
be made without disturbing the temperature distribution in the specimen.
Temperature control was maintained by spotwelding four thermocouples
(two on each side of the specimen) on the respective specimens above the an-
ticipated crack growth plane. The maximum temperature variation with
specimens tested in the wire wound resistance furnace was +2°C (£ 3°F).
Induction heating was employed for the center-cracked specimens (CCS).
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FIG. 1—Through-the-thickness center-cracked specimen used for overload, underload, and
combined overload / underload testing.
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FIG. 2—Modified compact tension (MCT) specimen used for overload testing and spectrum
crack growth testing. (All dimensions in centimetres.)

The induction windings were oriented parallel to the crack growth plane. The
maximum temperature variation along this plane was maintained constant
within +15°C (£ 27°F) by spotwelding an array of thermocouples along the
projected plane of crack growth and controlling the specimen temperature
with the thermocouple nearest the crack tip. Both crack tips were measured
on the CCS specimens (again front and back surfaces) and averaged to yield
a single measure of crack growth. Load shedding was employed for both
types of specimens to maintain the baseline cyclic X ,,, constant (within +1
percent) at 25.3 MPa-m!/2 (23.0 ksi-in.!’2). The cyclic load frequency was
fixed at 2.5 Hz, with a load ratio, R (R = minimum/maximum load), of 0.1.

A preliminary study of the effects of relatively short periods of sustained
loading on constant amplitude cyclic crack growth was performed on a 12.7
mm (0.5 in.) thick MCT specimen. The fatigue crack was extended at 2.5 Hz
with K., fixed at 38.5 Mpa-m'/2 (35 ksi-in.!”2) and R = 0.1. Specimen
temperature was maintained at 723°C (1350°F) by induction heating. After
steady-state fatigue crack growth was established, a period of sustained K,
was imposed. Cyclic loading was then continued until steady-state conditions
were resumed. Following this procedure, the effects of sustained load periods
of 60, 100, and 201 min were examined.

Spectrum Crack Growth

All spectrum crack growth experiments were conducted on MCT speci-
mens in laboratory air using the resistance furnaces. Three specimen thick-
nesses, nominally 3.3 mm (0.13 in.), 7.6 mm (0.3 in.), and 25.4 mm (1.0 in.)
were tested at 649°C (1200°F). A single thickness of 7.6 mm (0.3 in.) was
tested at 732°C (1350°F). Temperature control for these tests was the same
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as that described earlier for isolated event tests conducted in the resistance
furnace.

The load spectrum used in this study is shown in Fig. 3. This spectrum was
used in earlier programs [6-&] aimed at developing cumulative damage life
prediction methods for gas turbine engine applications. The load history con-
tains periods of both cyclic loading (Segments 1, 3, and 5) and sustained
loading (Segments 2, 4, and 6). The total duration of the spectrum shown in
Fig. 3 is 30 min. The periods of sustained load (Segments 2, 4, and 6) make
up 62 percent of the flight time. The experimental details for the respective
spectrum test variables are given in Table 1. It is noted here that Specimens
2, 4, 6, and 8 were tested to the complete load history, while the sustained
load Segments 2, 4, and 6 were deleted from the load histories of Specimens
1,3,5, and 7.

Discussion of Isolated Events

As described earlier, several sets of experiments were conducted in an at-
tempt to isolate the effects of certain load spectrum variables on elevated
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1 1(PN - 0.20
2 - 120 SEC. -
3 1CPM - 0.46
4 - 306 SEC. -
5 1CPM - 0.52
6 - 578 SEC. -

FLIGHT DURATION WITH HOLD TIMES-30 MINUTES
FLIGHT DURATION WITHOUT HOLD TIMES-11 MIN. 16 SEC.

FIG. 3—Description of a simple load spectrum used to simulate in-service loads experienced
by a rurbine disk.
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TABLE 1—Spectrum crack growth results.

Flights Between

Crack Lengths, mm a = 20.68 mm
Speci- Thickness, Tempera- Spec- ———————— Actual and

men mm ture trum? Initial Final Flights a = 43.92 mm
1 31 649°C A 16.43 47.65 1828 1174
2 3.86 649°C B 20.45 46.02 1237 1187
3 7.59 649°C A 20.58 47.07 1088 1053
4 7.54 649°C B 20.63 47.07 1007 984
5 25.25 649°C A 20.47 46.33 953 921
6 25.20 649°C B 20.68 46.23 1031 1013
7 7.54 732°C A 20.34 44.68 208 196
8 7.59 732°C B 20.64 43.92 178 174

¢Spectrum A = no hold times, Spectrum B = with hold times.

temperature fatigue crack growth in IN-100. The general approach followed
was to first establish steady-state fatigue crack growth behavior by applica-
tion of a period of constant A K loading. This baseline loading was then per-
turbed by an isolated load event or sequence (for example, tensile overload,
tensile overload followed by a negative load, period of sustained load), and
the change in constant amplitude crack growth due to the isolated load
occurrence was measured. The results of these fundamental studies are dis-
cussed in the following two subsections.

Overload/Underload Experiments

The parameters used here to characterize the effect of isolated overloads or
underfoads or both are defined in Fig. 4. The descriptive parameters
employed in this discussion are the overload ratio (Uor = Kor/K max) and
the underload ratio (UyL = Pyr/Pmax)- Here K and P are the relevant stress
intensity factor and load applied by the test machine. The data shown in Fig.
4 provides a comparison of delay in crack growth (retardation) caused by a
peak tensile overload (Ugr = 2) with the retardation caused by a tensile
overload/compressive underload sequence (Uyp = —1). The delay in
fatigue crack growth (Np) is defined by extrapolating the re-established
steady-state growth, following delay, to the crack length at which the
overload or underload or both is applied. This definition of N represents the
change in fatigue crack propagation life of the specimen caused by the
overload or underload event or both. Since Np is a quantity often subject to
considerable scatter, the experiments described here were duplicated, and
the average delay period reported in Figs. 5 and 6. Figure 5 summarizes the
observed delay cycles as a function of overload ratio Ugy for the following
conditions: (a) single peak tensile overloads applied to 7.6 mm (0.3 in.) thick
CCS specimens (square symbols in Fig. §); (b) single peak tensile overloads
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FIG. 4—Typical fatigue crack growth curves and load history definition employed for
overload /underload experiments.

followed immediately by an equivalent compressive underload (that is,
Uy = —Ugy), using 7.6 mm (0.3 in.) thick CCS specimens (circles); (¢)
single peak tensile overloads applied to 7.6 mm (0.3 in.) thick MCT
specimens (diamonds); and (d) single peak tensile overloads applied to 12.7
mm (0.5 in.) thick MCT specimens (2] (triangles).

Figure S indicates that for overload ratios between 1.2 and 2.0, the greatest
cyclic delay is caused by single peak overloads imposed on a center-cracked
specimen. Above overload ratios of 2.0, the number of delay cycles becomes
increasingly sensitive to the level of overload. Apparent crack arrest (no
crack growth in 250 000 cycles) was observed at an overload ratio of 2.3.

Underloads following an overload event have a relatively insignificant in-
fluence on retardation behavior. The large compressive underloads shown
here (Py, = —PgqL) are unrealistically high for normal turbine disk opera-
tions. Thus, since practical underload ratios at fracture critical locations are
considerably smaller, they would be expected to have even less influence on
the cyclic delay caused by prior overloads.

More significant differences in crack growth delay are found when com-
paring the results from the CCS and MCT specimens. As shown in Fig. 5,
crack growth delays experienced in CCS tests were substantially greater than
from MCT specimens of the same thickness. These differences are par-
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FIG. 5—Summary of delay cycles versus overload ratio data, Kpex = 25.5 MPa-m'”?, T =
732°C.

ticularly apparent at high and low overload ratios. This apparent dependence
of fatigue crack retardation on specimen geometry suggests that, for ele-
vated temperature applications in IN-100, caution should be exercised in
using laboratory specimens to model cumulative damage effects in actual
components.

Figure 5 also compares the effect of single-peak overload applications for
MCT specimens of different thickness. Note that the number of delay cycles
is substantially less in the thicker specimen. This dependence of fatigue
crack retardation on specimen thickness is consistent with prior studies in
other materials [9].

The effect of single-peak compressive underloads was also studied in the
test matrix but is not included in Fig. 5 because of their relative in-
significance. Fatigue crack growth delays of no more than 120 cycles were
measured for all underload ratios between —2.2 < Uy < —1.2. For all
practical underloads, the effect on fatigue crack growth is within the ex-
perimental resolution.
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FIG. 6—Summary of data showing effect of compressive underloads on fatigue crack retarda-
tion caused by an overload ratio of 2.0, Kmax = 25.5 MPa .m!?2, T = 732°C.

Figure 6 presents the effect of various overload/underload sequences in
which Ug, was fixed at 2.0, and the magnitude of the subsequent com-
pressive underload was varied. For underload ratios between zero (no
underioad) and —4.0, the underload ratio appears to be linearly related to
the cyclic delay, Np. A maximum reduction in Np of approximately 80 per-
cent was observed at the highest compressive loading (Uy, = —4). However,
since Uy rarely exceeds —1 in service, the effect of underloads following
peak tensile overload cycles may not be important.

Cyclic /Sustained Load Transition

This subsection describes the results of constant amplitude fatigue crack
growth experiments that were interrupted by a sustained load period as
shown in Fig. 7. The crack growth data shown in Fig. 7 were obtained for the
100-min hold time. In this figure, the average surface crack length is plotted
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FIG. 7—Typical crack growth curve for cyclic/sustained load interaction experiment, sus-
tained load period = 100 min, Kmax = 38.5 MPa-m'’2, T = 732°C.

as a function of the number of applied fatigue cycles. After 1900 fatigue
cycles, the 100-min period of sustained load at KX ,,,, was commenced. Upon
completion of the sustained load period, cyclic loading was resumed. After
200 additional cycles (total cycle count of 2100 cycles), the crack length was
measured. The linear steady-state relationship between crack length and
cycles is indicative of the constant K, fatigue loading applied to the
specimen. Testing, and subsequent plotting of the data, in this manner pro-
vides a convenient method of establishing the crack growth increment (Aa in
Fig. 7) associated with the various periods of sustained load. The results in-
dicate 0.64 mm (0.025 in.), 1.35 mm (0.053 in.), and 3.43 mm (0.135 in.) of
crack extension associated with the 60, 100, and 201 min hold times, respec-
tively. In Fig. 8, the crack growth increment (Aa) is shown as a function of
the period of sustained load. The solid line exhibits the relationship between
crack growth increment (da) and period of sustained load predicted from
steady-state sustained load crack growth test results for K, = 38.5
MPa—m'/2(35 ksi—in.1/2) at 732°C [7, 10]. In Fig. 8, the numbers in paren-
theses indicate the difference between expected da and the measured Aa for
each sustained load period tested.

Figure 8 indicates that for intermittent periods of sustained load exceeding
60 min, the rate of crack growth is equal to that associated with continuously
applied sustained load testing. Although the rates are equivalent for the tests
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FIG. 8—Comparison of sustained load crack growth increment resulting from cyclic/sus-
tained load interaction experiments with pure sustained load data.

reported (60 min < ¢ =< 201 min), the absolute value of crack extension is
less than measured under continuously applied sustained loading conditions.
This observation (Aa < da) leads one to conclude that equilibrium sustained
load crack growth does not commence immediately upon application of the
sustajned load but only after some period of time has elapsed (for example,
incubation period). For the test parameters investigated here, the incubation
period, although not well defined, appears to be in excess of 20 min. Addi-
tional testing at shorter sustained load periods is required for an accurate
definition of this transition period.

The fracture surface of the specimen used for this study is shown in Fig. 9.
The crack propagation direction is denoted by the arrow in the figure. The
regions of fatigue crack growth are labeled Region A, while regions of sus-
tained load growth are labeled Region B. Two important features of the frac-
ture surface are readily observable. First, there is a distinct difference in
crack surface morphology between regions of cyclic and sustained load crack
growth. The fracture surface associated with fatigue crack growth is ex-
tremely smooth (Region A). This smooth crack surface morphology is
characteristic of Gatorized IN-100 fatigue crack growth surfaces over a
temperature range from 25°C (77°F) to 732°C (1350°F). Conversely, a very
rough or ridged fracture surface is seen in the areas of sustained load crack
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FIG. 9—Fracture surface of specimen used to study cyclic/sustained load transition behavior
in IN-100 at 732°C.

growth (Region B). Again, this is characteristic of fracture surfaces
associated with sustained load crack growth in Gatorized IN-100 [11].

The second important feature is the change in degree of crack front cur-
vature when going from cyclic to sustained load crack growth. For the test
parameters used here, there is limited crack front curvature associated with
the fatigue crack growth process. The degree of curvature exhibited during
sustained load crack growth is much larger, as readily evidenced in Fig. 9.
Note that during each hold time, significant growth occurred in the interior
of the specimen, while limited crack extension occurred at the specimen free
surface. This behavior is especially evidenced in Fig. 9, for the 201-min hold
time. Post-test measurements were made on the fracture surface to deter-
mine the maximum crack growth increment occurring in the specimen in-
terior for each period of sustained load. The results indicated 1.6 mm (0.061
in.), 2.3 mm (0.089 in.), and 3.8 mm (0.151 in.) of growth at the maximum
extension point for the 60, 100, and 201 min hold times, respectively. Recall
that the crack growth increment calculated earlier from the a versus N data
(Fig. 7) is a net or average crack extension increment associated with the
respective periods of sustained load. As expected, the increment measured at
the maximum interior point is larger than that calculated earlier. It is also
worthwhile mentioning that the maximum crack growth increment measured
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at the specimen interior for each hold time is larger than the growth incre-
ment (da) calculated from continuous sustained load data (the solid line in
Fig. 8).

In light of these observations (that is, change in crack surface morphology
and crack front curvature), it is not surprising that the transition from
equilibrium fatigue crack growth to equilibrium sustained load crack growth
does not occur immediately. The importance of the transition behavior and
its impact on life calculations for spectrum crack growth are discussed in the
following section.

Discussion of Spectrum Loading

This section discusses the results of the MCT specimens subjected to the
load history described in Fig. 3, and the corresponding fatigue crack growth
predictions. The objective of these experiments was to determine the ability
of conventional fracture mechanics methods to analyze elevated temperature
crack growth in IN-100, as might be required for implementation of retire-
ment-for-cause management of turbine disks. As described earlier, the test
spectrum employed here has been used in previous studies {6-8] as a
simplified example of a load history that may occur in turbine disks.

Experimental Results

Test parameters and the results of all spectrum crack growth testing are
summarized in Table 1. In reviewing this data, one is able to evaluate the im-
pact of two test variables. First, the importance of the sustained load
segments within the spectrum, and, second, the effect of specimen thickness
on crack growth behavior. The spectrum crack growth lives recorded in
Table 1 represent the total flights associated with the various specimens. For
the purpose of evaluating the effects of hold times and specimen thickness,
comparative lives were determined over the crack length interval from a =
20.68 mm (0.81 in.) toa = 43.92 mm (1.73 in.). These lives are also listed in
Table 1. It is important to note here that the applied load was normalized by
specimen cross section to yield identical stress intensity histories for each
specimen.

A typical result from the evaluation of effects of hold times on spectrum
crack growth is shown in Fig. 10 for the 7.6-mm (0.3-in.) thick specimens
tested at 649°C (1200°F). Note that the specimen tested to the spectrum with
no hold time exhibits only a 7 percent longer life than the companion hold
time specimen. The thicker specimens (nominally 25.4 mm (1.0 in.) thick)
exhibited the opposite result (see Table 1), where the hold time specimen had
a longer life (1013 flights) than its companion tested without hold times (921
flights). The thinnest specimens (nominally 3.3 mm (0.13 in.) thick) ex-
hibited nearly identical lives. At 732°C (1350°F), the hold time specimen had
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FIG. 10—Typical crack growth data showing effect of hold time on spectrum crack growth
behavior, T = 649°C.

an 11 percent decrease in life in comparison with the specimen tested to the
spectrum without hold times.

From these results it is concluded that for the spectrum evaluated here at
649°C and 732°C, the periods of sustained load had only a minor contribu-
tion to the crack growth process. Recognizing that nearly 62 percent of the
30-min flight history consists of periods of sustained load, one might have an-
ticipated a greater difference in life times between the spectrum with and
without the hold times. But, remembering the earlier discussion concerning
the cyclic/sustained load transition behavior in this material, the minor
changes in life are not so surprising. It was noted earlier that at 732°C
(1350°F), when the sustained load stress intensity was equal to the cyclic
loading K .4, equilibrium-sustained load crack growth did not occur im-
mediately during the dwell loading period, but only after some time in excess
of 20 min.

In the spectrum tests conducted here, the sustained load portions of the
spectrum (Segments 2, 4, and 6 in Fig. 3) occurred at stress intensity levels
below the previous cyclic K ,,, and, in addition, the longest dwell was less
than 10 min. Thus, these factors would tend to minimize any contribution of
the sustained load portions of the spectrum to the crack growth process, as
observed here.
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The effect of specimen thickness on spectrum crack growth at 649°C
(1200°F) is shown in Fig. 11 for the spectrum tests without hold times. It is
seen that as specimen thickness increases, the spectrum crack growth rate in-
creases. The same behavior was exhibited in the tests conducted with hold
times in the spectrum. This thickness dependence is consistent with the
overload experiments described earlier in Fig. 5, and with prior studies [6-8]
that indicate the crack growth rate behavior of Gatorized IN-100 is thickness
dependent.

Crack Growth Predictions

Two procedures were used to predict crack growth lives for the spectrum
loading experiments: a simple linear summation method, and a direct ap-
plication of the cumulative damage analysis computer code CRACKS IV
[12]. In the linear summation approach, constant amplitude fatigue crack
growth was modeled by the hyperbolic sine equation (SINH) described in
Ref 6.

da

I
8 IN

Here da/dN is the fatigue crack growth rate, AK is the cyclic range of the
stress intensity factor, and C,, C;, C3, and C, are empirical coefficients that
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FIG. 11—Typical crack growth data for spectrum loading (no hold times) showing effect of
specimen thickness, T = 649°C.
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may depend on the test frequency, stress ratio R, and temperature. Baseline
testing sponsored by the Air Force Materials Laboratory [6-8,13] has
established these coefficients for IN-100 for the 649°C (1200°F) test condi-
tions employed here. Since complete baseline data were not available for
732°C (1350°F) crack growth, predictions were not made for those spectrum
tests.

Computing da/dN on a cycle-by-cycle basis via Eq 1 gave the crack exten-
sion for the cyclic portion of the load histories. Simple estimates for the hold
time effects on crack growth were performed in a similar manner by employ-
ing the sustained load crack growth rate da/dt versus stress intensity factor
relationship established for the test temperature [7,10]. The cyclic and sus-
tained load crack growth increments were then summed linearly to give the
total crack growth per flight of loading. Repeating this process over the range
of crack growth in each test gave the total number of flights to failure. Note
that this procedure does not attempt to account for cyclic history effects
(fatigue crack retardation) or potential interactions between the sustained
and cyclic portions of the load history (incubation period).

The second life prediction method employed direct application of the
CRACKS IV computer program developed at the Air Force Flight Dynamics
Laboratory. This computer code is an updated version of the CRACKS pro-
gram described in Ref 14, and represents a state-of-the-art method for
predicting variable amplitude fatigue crack growth. CRACKS 1V provides
several options for fatigue crack growth laws, retardation models, and
specimen geometries. In the present work, the constant amplitude fatigue
crack growth behavior was represented by the Forman equation [15], where

da _ CAK™
dN (1 - R)K,— AK

(2)

Here da/dN, AK, and R are as defined before, while C, m, and K, are em-
pirical constants. These constants were obtained by fitting Eq 2 directly to
the fatigue crack growth data obtained from Ref 13.

The CRACKS 1V computations involve cycle-by-cycle integration of the
fatigue crack growth law over the desired range of crack growth as before. In
addition, it provides the option to estimate cyclic load interaction effects.
The Willenborg [16] crack retardation scheme was selected from the library
of CRACKS IV load interaction models to account for peak overloads. No
provision is given in the current version of CRACKS 1V to estimate crack
growth during the periods of sustained load, so the holdtimes were ignored
for these calculations.

A typical comparison between the predicted and experimental fatigue
crack growth curves is given in Fig. 12 for one of the “‘no hold time” ex-
periments. As indicated, CRACKS 1V predictions are shown for two condi-
tions: with and without the Willenborg retardation model. Note that the
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Willenborg retardation model does not predict a significant retardation ef-
fect for this particular load spectrum. The other prediction, labeled “FLT-
BY-FLT” in Fig. 12, was obtained by the simple linear damage summation
procedure that employed the SINH model (Eq 1) for constant amplitude
crack growth. As expected, this curve closely matches the linear damage
CRACKS IV prediction.

The fatigue crack growth life estimates for all of the 649°C (1200°F) tests
are recorded in Table 2. Note that the two linear summation procedures
(employing the SINH and Forman crack growth models) give similar results
that generally agree well (within 25 percent) with the experimental lives. The
Willenborg retardation model predicts a slight increase in specimen life
(about 7 percent), indicating that the load spectrum used here does not con-

-3
e
g .
649¢ as
SPECIMEN 3
gl B=7.59MM{0.30IN.) LT-BY-FLT B
s \ CRACKS IV °
CRACKS IV 4z 2
= o " (wittinsore) - >
L _=
2 ¢ 152
o o
z -2
- o o
- 2 T [V Ry
= s z
-~ b
~ o
12
o
O' o
2 1 3
o
o Tw
: 1 | ] 1 ) 1 1 [ °
~0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

THOUSANDS OF FLIGHTS

FIG. 12—Comparison of fatigue crack growth predictions with test results for spectrum
loading (no hold time), T = 649°C.

TABLE 2—Results of spectrum crack growth predictions.

Linear Summation CRACKS
Predictions v

Crack Length, mm CRACKS Predictions
Speci- Test With Without v with

men Initial Final Flights Hold Time Hold Time Predictions Retardation
1 16.43 47.65 1828 e 1708 1843 1963
2 20.45 46.02 1237 437 1159 1168 1249
3 20.58 47.07 1088 e 1173 1185 1266
4 20.63 47.07 1007 436 1140 1139 1218
5 20.47 46.33 953 e 1212 1234 1466
6 20.68 46.23 1031 403 1278 1194 1275
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tain a significant load history effect. Linear summation predictions for the
influence of holdtime (by addition of da/dt as computed from the da/dt
versus K relation) greatly underestimate specimen life. As discussed earlier,
an incubation period evidentally exists in IN-100 at 649°C (1200°F) that
prevents the holdtimes from immediately contributing to crack growth in this
particular load history.

Conclusions

1. The results of the overload/underload experiments suggest the follow-
ing conclusions regarding crack growth behavior in IN-100 at 732°C
(1350°F):

(a) The amount of fatigue crack retardation caused by single-peak tensile
overloads depends on both specimen thickness and geometry. Greater delay
was observed for the 7.6-mm (0.3-in.) thick specimens than for the 12.7 mm
(0.5 in.) thickness, while the center-cracked specimens showed more delay
than the MCT geometry.

(b) Isolated compressive underloads had little, if any, effect on subse-
quent constant amplitude fatigue crack growth.

(c) A compressive underload that followed a tensile overload did reduce
the retardation period due to the overload, although this effect was small for
underload ratios expected to occur in practical turbine disk load histories.

2. The effects of sustained load hold times on elevated temperature crack
growth suggest there may be an incubation period required for sustained
loads to contribute to crack growth in IN-100. This observation was consis-
tent with both the simple dwell experiments, where sustained K ,, periods
did not immediately cause crack growth as predicted by a simple summation
of fatigue and sustained load cracking mechanisms, and for the spectrum
loading experiments where dwell periods did not significantly alter the
fatigue crack growth life.

3. The relatively simple analysis methods of flight-by-flight linear summa-
tion using the hyperbolic SINH crack growth rate model and cycle-by-cycle
linear summation using the Forman crack growth rate model (as incor-
porated in CRACKS IV) provided good crack growth life predictions, (that is,

predicted flights
actual flights

0.93 <

for the IN-100 specimens tested to the simple turbine disk load history at
649°C (1200°F).
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ABSTRACT: An engineering model has been developed to assess the impact of load
spectrum variables on fatigue crack growth in metal structures. The model is based on
the effective stress concept of Willenborg et al and Gallagher et al, and has been ex-
tended to accommodate retardation/acceleration phenomena peculiar to transport spec-
tra. Development was accomplished by consideration of basic principles and previously
reported results of simple overload/underload spectrum testing. The mode! does not rely
on additional empirical parameters except material constant amplitude crack-growth
rates. Formulation is such that flight-by-flight crack growth may be assessed without
recourse to cycle-by-cycle integration. '

Predictive accuracy of the model was compared with the results of crack propagation
testing conducted on 28 center-cracked 7075 and 2024 aluminum specimens subjected to
transport wing and fin load spectra. Mission parameter variables investigated in this
testing were: altitude, gross weight, flight duration, speed, and touch-and-go landings.
Use of the model produced improved accuracy over that exhibited by other models cur-
rently in use in the industry. The capability of the model to accurately predict accelera-
tion effects is considered unique.

KEY WORDS: fatigue (materials), acceleration, crack propagation, cyclic loads,
damage tolerance, residual stress, retardation

The increasing emphasis on damage tolerance analysis for certification of
aircraft has expanded the requirement for reliable and cost effective crack-
growth analytical schemes. Two aspects of conventional flight-by-flight
crack-growth analysis were identified as contributory to the high cost and
sometimes discouraging accuracy of the results: (1) requirement for cycle-by-
cycle integration of crack growth, and (2) lack of a reliable model to predict
acceleration/retardation effects. Procedures have been developed in an effort
to rectify these problems and are reported herein.
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Elimination of Requirement for Cycle-by-Cycle Integration

Current engineering techniques for prediction of crack propagation under
spectrum loading are based on the cycle-by-cycle integration of constant
amplitude material growth rate data. An additional level of complexity is in-
troduced by the use of the techniques of Ref. /, 2, and 33 that require that
the active plastic zone boundary and the instantaneous crack tip location be
continuously monitored. This has the twin disadvantages of increasing com-
putational/bookkeeping requirements and tends to obscure the analyst’s ap-
preciation of the salient spectrum features. It will be shown that this level of
complexity is not required for most transport spectra and that a model based
on the assumption that the crack tip does not advance significantly between
overloads and underloads will produce a high degree of accuracy. While the
derivation presented is for the case of applied overload, similar arguments
may be advanced for treatment of underloads and result in similar conclu-
sions.

In comparing calculated plastic zone sizes with retarded crack growth due
to flight segment stresses (computed by use of the Willenborg model), it was
observed that the segment growth is generally a small fraction of the plastic
zone size. Using the assumptions listed below and the equations of Ref 7, the
following argument is advanced in support of this observation. It should be
noted that use of equations from Refs 2 and 3 will produce similar conclu-
sions.

The assumptions used in the derivation are based on characteristics ob-
served to hold true generally for transport aircraft wing lower surfaces
fabricated from aluminum alloy. They address the significant parameter of
material yield stress, material crack growth rates, range of percent damage
caused by the ground-air-ground cycle, and the limits of K,,,, at which the
majority of crack growth life is expended.

Assumptions

1. Material yield stress, g,, ranges from 345 to 517 MN/m? (aluminum).
2. Where material fatigue crack growth rates may be expressed in the
form, da/dn = CK,,,", the limits of variability on C and n are

15 X107 0<C=<49 X 10710 4 =35

28 X101 <C=<1.1X10710 p, =40

3. 0.35 da/dF < da/dGAG < 0.66 da/dF
where

da/dF = total crack growth per flight,
da/dGAG = total crack growth due to GAG, and

3The italic numbers in brackets refer to the list of references appended to this paper.
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GAG = maximum stress excursion caused by ground-air-ground
segments.

4. The majority of crack growth life is accumulated at K., < 16.5
MN/m3/2,

Derived Relations (Using Equations from Ref 1)

1. The plastic zone size, r,, is given for plane strain by

Lo (K
Y 4V2 o,

The smallest plastic zone that may be anticipated is then
ry = 2.1 X 1077 K o
where y = 517 MN/m2,
2. If da/dGAG = 0.35 da/dF and da/dF = da/dGAG + da/dSEG
where da/dSEG = crack growth due to all flight segments

da
dSEG

= 1.86 da/dGAG = 1.86 CK,,,,"

3. fC=1.1X10"19 5 = 4, and K,,, = 16.5 MN/m?*2, then

da
dSEG

= 5.57 X 10-8K?

4. da/dSEG/r, = 5.57 X 1078 K2/2.1 X 1077 K? = 0.26

It is seen that the upper bound for the total crack growth due to all flight
segments is a quarter of the plastic zone created by the GAG cycle. To
evaluate the impact of the observation that the crack length does not change
appreciably throughout the flight, consider the following.

The Willenborg model postulates that the effective stresses, o', .. and
0’ cmin » Of the cyclic stress under consideration, o¢,,, and o, , is given by the
following relationship

alcmax = Ocmax — Ores (1)
U’cmin = Ocmin — Ores (2)

where

Ores = Oap — Ocpax (3)
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where 0y = the stress required to produce a plastic zone, ry,,, sufficient to
terminate retardation.
0.p may be represented by the following relationship, as can be seen in

Fig. 1.
. — 1/2
)
Ty

a,; = overload stress,
a, = crack length at any time following overload, and
a,; = crack length at overload application.

Ifa, = ay + 8a = a, + 0.26r,, then

where

Oup = 0 {1 — 0.26)12 = 0.86 ,,

It can be seen that o,, is reasonably close to o,;. Recourse to the relation-
ships presented in Egs 1, 2, and 3 indicate that g,, operates on the crack
growth relationship through a reduction in the effective stress ratio
(0 cmin/ 0 emay)+ Since most structural materials are relatively insensitive to
changes in effective stress ratio, this places an upper bound on the potential
error. Crack growth analysis conducted to date indicate that the error in-
troduced by the assumption of a stationary crack tip is less than 8 percent.
Results of several transport wing lower surface crack growth analyses where
crack tip location is analytically accounted for are compared, in Fig. 2, with
analysis incorporating the assumption of constraint g,,,.

The conclusion that o,, = 0, is significant inasmuch as the use of g,, as a

STRESS

CRACK

CRACK LENGTH

LY i 3, + ry

FIG. 1—Schematic of 0,y following overload.
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FIG. 2—Comparison of life predictions—impact of assumption of stationary crack tip.

constant value, equal to the overload stress, frees the analysis from necessity
of tracking the crack tip location for each stress cycle. It may then be inferred
that the sequence of loading following an application of overload is im-
material. Thus, for analytical purposes, flight segment stresses following ap-
plication of an overload may be range-pair counted and calculated as block
loadings.

The observation that cycle-by-cycle integration is not required for typical
transport spectra damage calculations is valid only when the previously
stated assumptions are satisfied. Thus, the following guidelines are
presented for use of a stationary crack tip in analysis: (¢) a check must be
made to ensure that all conditions are conducive for its utilization (that is,
0. = 0gy), or (b) an occasional analysis that tracks the crack tip through the
plastic zone be made for comparison.

1t is believed that a relationship exists between the validity of this postula-
tion and the amount of crack growth accrued by the GAG cycle. Further in-
vestigation of this possible relationship is warranted.
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Development of Acceleration/Retardation Model

The existence of retardation phenomena in spectrum loading is well
documented, and some engineering models have been developed [1,4] that
provide credible predictive accuracy for those spectra that exhibit net retar-
dation. Spectrum crack growth testing reported in Refs 4, 5, and 6 provides
clear evidence of acceleration for some spectra. It is postulated that the
variables responsible for acceleration are present in most aircraft spectra;
thus, use of a model insensitive to these variables may lead to gross inac-
curacies.

Recent literature concerning load sequencing effects was reviewed to ascer-
tain the predictive ability of existing analytical load interaction models [/-4]
and to formulate, if possible, an improved engineering model. Correlation
between test data and analysis using the referenced methods indicated that a
revised mode! was required to better represent test results. The effective
stress concept of Ref I and 2 was selected as the basis for formulation of an
improved model due to its ability to produce predictions that adequately cor-
relate with most test data. In addition, the concept lends itself to easy
understanding and manipulation.

It was previously shown (Eqs 1, 2, and 3) that in the retardation process
the reducing stress level, g,,, is a function of the maximum cyclic and the
preceding overload stress levels (0,,, 0,). Thus, Eq 3 may be rewritten in a
general form as

Ores — (Uol - aCmax)"

where 7 = overload effects parameter (note, » = 1.0 for Willenborg and
Gallagher models).

Based on the results of numerous single-spike overload spectra tests
[4,7.8], it was postulated that n may not be unity, but rather dependent upon
the relative magnitude of the overload and maximum cyclic stress levels.
Hence, the effective stress reduction would be a function of o,;, 0, and n as
depicted in Fig. 3.

It was also observed that crack growth data obtained using single-spike
underload test spectra is faster than that exhibited without underloads [4, 5].
(An overload is defined as any stress level lower than the minimum of the
cyclic stresses under consideration and may have a positive value.) The driv-
ing function of these acceleration effects appears to be dependent upon the
relative magnitudes of the underload and minimum cyclic stress in a manner
correspondent to the retardation phenomena. Hence, a similar effective
stress concept was utilized to increase the cyclic stress levels to account for
acceleration effects (Fig. 4). It was postulated that the amount of stress level
increase is a function of the minimum cyclic and preceding underload stress
levels.
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FIG. 4—Effective stress concept (underload effects).
Oinc = Iaul - UCminIB

where

Oinc
effects,
g, = underload stress level, and
8 = underload effects parameter.

= the increase in effective stress to account for acceleration

The effective maximum and minimum cyclic stress levels due to accelera-

tion effects would then be determined by
U,Cmax = Ocmax + Oinc

! p—
0 cmin — Ocmin + Oinc

In order to utilize the preceding information relating to retardation and
acceleration effects in a working mode, it was further postulated that both ef-
fects may be linearly superimposed (that is, no cross coupling exists). Hence,

the effective stresses used for the revised load sequence model become
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! p— —_

O cmax — Ocmax Ores T Oinc
! P— —_—

O cmin ™ Ocmin Ores T Oinc

These effective stresses are then used to calculate the stress intensity factor
for use with any appropriate material crack-growth rate relationship.

Determination of 4

The overload effects parameter, , was determined from the reduction of
simple, constant amplitude/periodic single overload test data as reported in
Refs 4, 7, and §.

A wide scatter in the reduced data exists. A systematic variance capable of
explaining this scatter is not evident. The functional relationship between 5
and o,;' /0.y, that provides the best correlation with test data is presented in
Fig. S. However, crack growth predictions are not found to be sensitive to
cure fitting technique used to define 7.

1t should be noted that the model predicts complete retardation (shut-off)
at 6,/ 0cy,, ratios of 2.3 or greater. This corresponds quite well to crack
growth shut-off ratios observed for aluminum alloys [2, 5].
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FIG. 5—Overload effect parameters.
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Determination of 3

The underload effects parameter, 3, was determined from the reduction of
constant amplitude/single-spike underload test data reported in Refs 4 and 5
and from Boeing test results. The functional relationship between and |o,; —
Ocmin] Shown in Fig. 6 appears to be well behaved. Only a limited amount of
data was available for use in the development of . For this reason, and
because crack growth predictions are found to be sensitive to variations in 3,
additional verification of this parameter is warranted.

Transport Spectra Test Correlation

The developed model was applied to various transport aircraft test spectra
to verify its accuracy and define any potential areas of concern. For this cor-
relation, the results of crack propagation testing conducted on 28 center
cracked 7075-T6 and 2024-T351 aluminum specimens subjected to transport
wing and fin load spectra were used, (Ref 6 and Table 1). In these programs,
effects of various transport aircraft usage parameters (that is, mission type,
altitude, gross weight, flight duration, speed, etc.) were investigated. Mis-
sion profiles were based on U.S. Air Force bomber/transport utilization.
Loads were derived from existing KC-135 response data. Mission types in-
vestigated include: (a) conventional transport (seven mission profiles), and
(b) AMST (advanced medium STOL transport) low-level operation (five low-
level profiles). In addition, three quasi-conventional transport mission types
were synthesized from the low-level missions by elimination of the low-level
cruise segment to permit assessments of contribution of those segments on
crack growth.

Correlation between test results, using the developed model and the
Willenborg, Wheeler, and Porter models [1,3,4], are shown in Fig. 7 for the
following groups of mission types that are characterized as follows: conven-
tional transport (wing, net retardation); benign (wing, net acceleration); low-
level operation (wing net retardation); and low-level operation (fin net retar-
dation). Additional correlation results for individual missions are presented
in Tables 1 and 2.

The results show that all models except the Porter model [4] predict crack
growth for conventional transport mission types about equally well. This is as
expected, since acceleration effects are small in comparison to retardation
effects for this mission group.

The developed model provides excellent correlation for benign mission
types. All other analytical models, as well as linear analysis, significantly
overpredict life for this case because of their total insensitivity to the accelera-
tion phenomena.

Each of the load interaction models investigated, except the Porter model
[4], predicted much faster crack growth than observed for low-level mission
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FIG. 7T—Correlation between test results and analytical predictions.
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types (wing). No clear explanation for this deficiency is readily apparent.
However, it is believed that stress intensity threshold effects that are not
presently incorporated in the model may be a contributing factor.

Low-level mission (fin) analysis-test results show that the Wheeler model
[3] provides the best correlation. However, it must be noted that these fin
tests were used in part to determine the empirical shaping exponent required
by that model. Predictions made using the developed model were acceptable,
whereas those made using the Willenborg and Porter models [1,4] signifi-
cantly overpredicted life.

Conclusions and Recommendations

The developed model is capable of making reasonable crack growth
predictions for most transport aircraft type spectra while producing signifi-
cant economics in computational resources. The predictive accuracy for
spectra producing net retardation is judged at least as good as that obtained
using alternate engineering methods, and its capability for predicting ac-
celeration effects is unique.

A potential area of concern over the formulation of the model exists in its
insensitivity to the effects of multiple overloads/underloads. Analysis of a
number of transport aircraft wing loads spectra indicates that the. existence
of multiple overloads is infrequent and hence of minimal interest. While
multiple underload conditions, due to ground operation, are frequent oc-
curences, it has been reported by McGee and Hsu [5] that multiple
underloads have a very small impact on subsequent crack growth. It is
therefore believed that the effect of multiple overloads/underloads can be
neglected in determining the retardation/acceleration phenomenon.

A major area of concern is the lack of acceptable predictive accuracy found
for spectra containing low-level cruise segments. Although this mission type
is not an operational requirement of conventional transport aircraft, it is a
constituent of AMST utilization. Further development of the effective stress
concept presented herein may well be required.
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ABSTRACT: The effect of spectrum loading variations on crack growth were evaluated
analytically and experimentally using C-15, KC-10A, and DC-10 transport aircraft wing
loads spectra and 7475, 2024, and 7075 aluminum alloys. A total of 134 spectrum varia-
tions were generated in the following categories: (1) baseline spectra; (2) mission mix; (3)
sequence of missions; (4) individual flight length; (5) flight segments; (6) exceedances
spectra; (7) design stress level or usage severity; (8) valley/peak coupling; (9) low-load
truncation; (10) high infrequent loads; (11) clipping of large loads; (12) miscellaneous
variations, including the effect of flight loads alleviation system; and (13) combined
variations. Spectra were generated as random cycle-by-cycle, flight-by-flight loading se-
quences. Crack growth tests, with cracks starting as through-thickness or corner cracks
on one side of a hole, were performed on 47 of these spectra.

Analysis to test correlation shows 40 percent or better accuracy 78 percent of the time.
However, different crack growth models had to be used to match the three aircraft
baseline spectra: linear (C-15 and DC-10) and modified generalized Willenborg (KC-
10A). Crack growth due to spectrum loading, with respect to loads interaction effects,
appears to be a function of retardation and acceleration phenomena. An analysis model,
incorporating both of these phenomena, is needed to properly predict spectrum variation
effects.

Largest effect on crack growth life due to spectrum variations, as measured in flight
hours, was due to mission mix, flight length, design stress level or usage severity, high in-
frequent loads, load alleviation system, and a change from a wing type to a vertical tail
type specttum. Using spectra variations that could be expected in service, fleet-wide
crack growth variations by factors in the neighborhood of 100 and 10 could be experi-
enced, depending on whether a short-term or a long-term spectrum variation is con-
sidered.

KEY WORDS: fatigue (material), spectrum loading, crack growth, aluminum alloys,
transport aircraft, crack propagation

Unit chief-Design, Douglas Aircraft Co., McDonnell Douglas Corp., Long Beach, Calif.
90846.

143

Copyright© 1980 by ASTM International WwWw.astm.org



144 EFFECT OF LOAD SPECTRUM VARIABLES

Crack growth in aircraft structures varies as a function of material,
loading spectrum, and environment properties. Loading "spectrum and en-
vironment properties vary as a function of aircraft type, aircraft usage,
variability between the same type of aircraft within a fleet, and the type of
structure. This paper presents the highlights of several studies [1-3]2 on the
effect of transport aircraft wing lower surface loading spectrum variation on
crack growth. The effects were evaluated experimentally and analytically.

The study described in Ref I involved the generation of 116 spectra varia-
tions representing the C-15 STOL transport wing lower surface loading; 33 of
these spectra were tested on a 7475 aluminum alloy crack growth specimen.
The KC-10A tanker/cargo aircraft wing lower surface loads spectra were
developed in the Ref 2 study. Crack growth tests were performed on 12 dif-
ferent spectra using 2024 and 7075 aluminum alloy specimens. The effect of
a DC-10 wing loads alleviation system on fatigue crack initiation and propa-
gation was the objective of the study in Ref 3. Tests were performed on 2024
and 7075 aluminum alloy specimens. In all of these studies, the spectra
generated were of the random flight-by-flight type. The spectra variations
ranged from realistic variations that might be expected among operational
aircraft to variations to investigate spectrum development procedures. Tests
represented crack growth out of an open hole.

Loads Spectra

The loads spectra were developed using commonly accepted procedures in
the transport aircraft industry: definition of aircraft utilization-mission pro-
files, establishment of load factor exceedances spectra on segment-by-
segment basis, calculation of the load factor-stress transfer function for the
structural element being considered, and the generation and editing of the
flight and cycle sequence. The generation and editing of the random se-
quence of flights and cycles was accomplished using the computer program
described in Ref 4. The random sequence is obtained through the use of a
standard computer random number generation subroutine. Some of the
basic terminology used in the generation of the spectra, and used throughout
this paper, is illustrated in Fig. 1 and is defined as follows:

Peak—the point at which the first derivative of the load-time history
changes from positive to negative sign.

Valley—the point at which the first derivative of the load-time history
changes from negative to positive sign.

Range—the algebraic difference between successive valley and peak load.

R—loading ratio: the valley load divided by the following peak load.

Cycle—the portion of loading history from a valley to the next peak to the
next valley.

2The italic numbers in brackets refer to the list of references appended to this paper.
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RANGE

FIG. 1—Fatigue loading terms.

Flight—the portion of aircraft usage from engine-on to engine-off; nor-
mally involves one landing, except that a training flight may involve more
than one in the form of touch-and-go landings. A mission may consist of one
or more flights.

Baseline Spectra

The basic features of the aircraft usage, used in the three programs to
generate the loads spectra, and the basic features of the baseline spectra are
given in Table 1. Note that the C-15 has a high wing (landing gear in the
fuselage), as opposed to the low wing on the KC-10A and DC-10 aircraft. As
a result of this, the C-15 experiences higher compression stresses. Also, it
should be noted that the KC-10 stresses in the baseline spectrum, as well as
spectra variations, were increased by 20 percent above the nominal
calculated values. The highest peak in the spectrum repeatable sequence
(one-tenth of the projected service life) is the peak that occurs at least 0.5
times in that interval. The number of cycles per flight hour in the spectrum is
influenced by the aircraft usage, stress level, and range truncation (RT). The
large number of cycles in the C-15 spectrum is due to a very severe gust loads
environment in the C-15 usage in the form of a low-level penetration mission.
RT represents the cycle stress range that is used to eliminate all cycles with
ranges below that value,

A portion of the C-15 baseline spectrum BS6 is shown by Fig. 2. The
distributions of the peak, range, and R-values of this spectrum are given in
Table 2. Note that most cycles have high positive R-values and relatively
small stress ranges. The negative R-value cycles are the ground-to-air transi-
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tion cycles. The KC-10A and DC-10 baseline spectra are similar, to the
C-15 spectrum except, due to smaller compression stresses, the ground-to-
air transition cycle negative R-values are smaller.

Spectra Variation

The spectra variations studied and tested in the three programs are sum-
marized in Table 3. The variations are grouped into the following fourteen
categories.

Baseline Spectrum (BS)—A typical average spectrum used as a reference
spectrum, based on projected usage, see Table 1.

Mission Mix (MM )—Different mission mixes from that in the baseline
spectra, including spectra based entirely on one flight type.

Sequence of Missions (SM)—Different mission/flight sequences from that
in the baseline spectra, including specific ordered sequences.

Flight Segments (FS)—Simplification of the flight profile by elimination
or combining of segments.

Exceedances Spectra (ES)—The number of occurrences or the slope of
the flight loads exceedances spectra increased or decreased by 15 percent.

Design Stress Level (DSL)—All stresses in a baseline spectrum increased
or decreased by the same percent. Can be also viewed as representing a
change in usage severity.

Valley-Peak Coupling (VPC)—Specific coupling of valleys and peaks as
opposed to the random coupling in the baseline spectra.

Low-Load Truncation (LLT)—The range truncation (RT) level was in-

TABLE 3—Spectra variations.

C-15 KC-10A DC-10

Variations Analysis Tested Analysis Tested Analysis Tested

1 1 3 1
3

Baseline spectrum (BS)
Mission mix (MM)

Sequence of missions (SM)
Individual flight length (FL)
Flight segments (FS)
Exceedance spectra (ES)
Design stress level (DSL)
Valley-peak coupling (VPC)
Low-load truncation (LLT)
High infrequent loads (HIL)
Clipping of large loads (CLP)
Load alleviation system effect
Miscellaneous (MISC)
Combined (COMB)

Total 116
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creased or decreased relative to the values used in the baseline spectra (see
Table 1): 20.7 to 34.5 MN/m? (3 to S ksi) in the C-15 spectra and 8.6 (1.2) to
24.1 (1.2) MN/m? (1.25(1.2) to 3.5(1.2) ksi) in the KC-10A spectra. All
cycles with stress range below the RT level are eliminated from the spectrum.

High Infrequent Loads (HIL)—The frequency of occurrence or magnitude
or both of the ten highest peaks in the baseline spectrum were increased.

Clipping of Large Loads (CLP)—All loads above or below a selected value
set equal to that value.

Load Alleviation System Effect—The effect of wing load alleviation system
on fatigue loads spectrum is to increase the 1.0 g stresses and to decrease the
cycle stress ranges. These effects on the spectrum were arbitrarily assumed
for the C-15 spectrum and calculated for a hypothetical system for the DC-10
spectrum.

Miscellaneous (MISC)—A number of miscellaneous parameters were in-
vestigated in this category: (1) the averaging interval of the maneuver and
gust spectra—Ag = 0.05 and 0.20 versus 0.10 in the baseline spectrum; (2)
spectrum length—shorter spectra than the baseline; (3) ignoring of the nor-
mal flight segment sequence to study the effect of cycle sequence within a
flight; (4) removal of taxi, landing impact, and GAG cycles to show their
combined effect; and (5) simplification of a baseline spectrum.

Combined (COMB)—Combinations of some of the preceding variations:
VPC + LLT, LLT + DSL, HIL + LLT, HIL + DSL. Also, the baseline
spectrum representing the wing was drastically changed to simulate a vertical
tail loading.

Basic features of the spectra that were tested are given in Table 4.

Experimental Procedure

Crack growth tests were performed to evaluate the effect of loads spectra
variations. A total of 47 spectra were tested using 63 wide-panel unstiffened
specimens. Three aluminum alloys were used: 7475-T651, 2024-T351, and
7075-T651. The scope of the testing and a more detailed description of the
test specimens are given in Table 5.

Specimens

The specimens are described in Table S. In the C-15 and KC-10A pro-
grams, a precrack was generated from a mechanical notch in a 4.76 mm
(0.1875 in.) diameter hole, using constant amplitude axial loading of §,,, =
82.7 or 89.6 MN/m2 (12 or 13 ksi), R = 0.01. Afterwards, the hole was
reamed to a 6.35 mm (0.25 in.) diameter, leaving a pure fatigue crack at
the edge of the hole. The DC-10 program specimen was not precracked.
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Testing Equipment and Procedure

The specimens were tested in a Douglas-designed testing system consisting
of a 1.5-million-pound test fixture with five individually controlled 150
000-pound capacity jacks using closed-loop electrohydraulic servosystems.
The system allows for testing up to five specimens simultaneously under five
different loading spectra. The loading spectra, in terms of valley and peak se-
quences, were input into the testing system from a magnetic tape through a
computer.

The specimens were tested most of the time in groups of five. Antibuckling
plates were used to prevent buckling under compression loads. The loads
were applied at 4.0 Hz frequency. The loads accuracy was spot-checked
through a strip chart recorder trace and monitored automatically through
the computer with respect to a preset tolerance level.

In most tests, the crack was propagated at least to a length of 12.7 mm (0.5
in.). Surface crack lengths were measured approximately every 1.3 mm (0.05
in.) of crack growth. The measurements were made with a X40 optical
microscope within an accuracy of 0.025 mm (0.001 in.).

Test and Analysis Results and Correlation

Test and analysis results of the spectra that were tested are given in Tables
6 and 7. The results are in terms of life to propagate a crack on one side of
the hole a specified length, in most cases 12.7 mm (0.5 in.). Some of the C-15
test data reflects also a small amount of cracking on the other side of the
hole, but the effect on the reported data is negligible. Flight hours were
chosen as the units for life, because it is the most commonly used parameter
to measure service life of transport aircraft. Use of other parameters, such as
“landings,” “flights,” or “cycles” can produce in some instances a different
interpretation of the results when comparing lives due to different spectra.

Analysis

Crack growth analyses results shown in Tables 6 and 7 were performed us-
ing the linear model for KC-10 and a modified generalized Willenborg
(MGW) model for the KC-10A and DC-10 spectra. The linear model does
not account for any loading interaction effects, such as retardation or ac-
celeration phenomena. The modification of the generalized Willenborg
model (Refs 5 and 6) consists of using different stress intensity factor
threshold values for different R value da/dN curves. Stress intensity factors

were calculated as
} wa
K = .
o |[masec < W> B

0 = gross area stress,
a = crack length (measured from edge of hole),
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TABLE 5—Test specimens and scope of testing.

Specimens* Number of
Spectra Specimens
Program Material® Initial Notch Tested Tested
C-15 7475-T651  through-thickness 0.76 mm (0.03 in.) 33 35

crack on one side of open hole; two
holes in specimen

KC-10A  2024-T351  corner® crack on one side of open hole; 12 12
7075-T651 one hole in specimen 12
DC-10  2024-T351 open hole (no precrack) 2
7075-T651 2 2
Total 47 63

2Unstiffened 228.6 mm (9.0 in.) wide panel with a 6.35 mm (0.25 in.) diameter hole in center.
bBare, 6.35 mm (0.25 in.) thick, aluminum alloy plate.
c

—-”"‘r 1.27 mm (0.05 in.)
I H

— 3.3 mm (0.13 in.)

W = panel width,
8 = correction factor for specimen and crack geometry,
= Bowie solution (Ref 7) for the thru-thickness crack on one side of the
hole, and
= Fujimoto solution (Ref 8) for the corner crack on one side of the hole.
Switch from Fujimoto corner crack to Bowie through-thickness solu-
tion was made after the corner crack grew through 80 percent of the
specimen thickness.

The da/dN data used in the analysis were generated mainly with center-
cracked panels from the same batch of material as used for the spectrum
loading test specimens. The data covers all R- and K-values of the loads
spectra.

Test and Analysis Correlation

Test results show substantial crack growth rate variations due to many of
the loads spectra variations. The accuracy of predicting these effects with the
state-of-the-art crack growth analysis methodology is indicated in Tables 6
and 7 in terms of the correlation factor

RN = (AN1gs1/ANjnaL)
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TABLE 6—C-15 test and linear analysis results (7475-T651 aluminum alloy; see Table 5 for
specimen description).

AN“ AN
EST
Ryy— B0
Spectrum Test Analysis ANjNAL
C15.BS1 15 365 16 255 0.95
C15.BS2 67 208 78 347 0.86
C15.BS3 1368 1124 1.22
C15.BS4 4 044 3518 1.15
C15.BSS 6 992 8 124 0.86
C15.BS6 4 140 4212 0.98
C15.BS4. MM8 3957 3011 1.31
C15.BS6.MM13 15 635 14 457 1.08
C15.BS1B.FL3 32702 27 600 1.18
C15.BS6.ES4 7 992 7 006 1.14
C15.BS6.DSLI 3475 2 460 1.41
C15.BS6.DSL3 13 310 15 415 0.86
C15.BS6.DSL4 1740 1373 1.27
C15.BS3.VPCI 1247 1024 1.22
C15.BS3.LLTI 1510 1199 1.26
C15.BS3.LLT2 816 864 0.94
C15.BS6.LLT2 4 334 3 559 1.22
C15.BS6.LLTS 3499 4213 0.83
C15.BS6.LLT6 S 310 4 589 1.16
C15.BS6.HILI1 5929 4190 1.42
C15.BS6.HIL2 7136 4160 1.48
C15.BS6.HIL3 6 772 4 206 1.61
C15.BS6.HIL4 4920 4210 1.17
C15.BS6.HILS 9819 4 001 2.45
C15.BS6.CLP3 S 679 4 451 1.28
C15.BS1.MISC9 10 265 12 721 0.81
C15.BS6.MISC2 2937 2179 1.35
C15.BS6.MISC6 4298 5029 0.85
C15.BS6.COMB3 2438 1 900 1.28
C15.BS6.COMB6 529 S5 261 1.01
C15.BS6.COMBI1 12 922% 4 836* 2.67*
C15.BS6.COMBI12 3522 3344 1.05
C15.BS6.COMB13 2 908** 873%* 3.33%*

?Flight hours to propagate the crack @ = 0.76 — 13.46 mm (0.03 — 0.53 in.), except as
noted below:
*a = 0.76 — 4.78 mm (0.03 — 0.188 in.)
**g = 5,41 - 9.45 mm (0.213 — 0.372 in.)
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where AN is the life to propagate a crack over a specified crack length. First,
let us look at the prediction accuracy for the baseline spectra in Table 8.

The scope of the C-15 spectrum program called for the use of the analysis
mode] that correlated best with the baseline spectrum BS6 test result. The
linear and the generalized Willenborg models were evaluated and the crack
growth curves are shown in Fig. 3. The linear model produced excellent cor-
relation and was used throughout that program. However, the KC-10A spec-
trum program produced just the opposite results. The modified generalized
Willenborg (MGW) model gave good correlation, whereas the linear model
predicted significantly shorter lives. Lastly, in the DC-10 spectrum program,
the linear model produced excellent correlation, although the MGW model
gave reasonable prediction for the 7075 material.

The obvious question is why the linear model predicts better in the two
cases, but not fo the KC-10A spectrum. In general, it is believed that the
linear model will give a good prediction if: (a) the retardation and acceler-

TABLE 8—Prediction accuracy for the baseline spectra.

Ran = (ANTesT/ANjNAD

Modified
Generalized Generalized
Spectrum Material Linear Willenborg Willenborg
C-15 (BS6) 7475 0.98 0.64 ..
KC-10A 2024 2.89 ... 1.01
7075 2.55 ... 1.30
DC-10 2024 0.93 .. 0.66
7075 1.05 ... 0.81
3048 T T T T 12
TEST: SPECIMEN A1 -0
SPECIMEN A2 — A /A
S I e 7 10
~ SIDE OF HOLE:
= SPECIMEN A1 = 6.76 MM (0.266 IN.) [}
s 2032} SPECIMEN A2 = 18.64 MM (0.734 IN.) o 08
I ANALYSIS: LINEAR MODEL —_— s
- GENERALIZED WILLENBOR Geme e e a
O 1524 | —~06 &
% 10.16 P 04 =
2 Iy ‘V - - ©
o —
(3] N> L~
5.08 545> —— 02
| T e
o Y -
o——] 0
0 1000 2000 3000 4000 5000 6000 7000

N=(FLIGHT HOURS)

FIG. 3—Test versus analysis crack growth comparison, Spectrum C15.BS6.
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ation features of the loading spectrum tend to offset each other, (b) the stress
intensity factor solution accurately represents the test specimen and crack
geometries and is compatible with the da/dN data, and (c) the da/dN data
represents the actual material and thickness being considered. It is obvious
that an appropriate combination of the three conditions produced a good
prediction in the case of the C-15 and DC-10 spectra. Note, that in both
cases, we are dealing with a through-thickness crack, same as da/dN data.
The explanation in the case of the KC-10A spectrum might be some incom-
patibility of the da/dN data (through-thickness da/dN data versus corner
crack), as well as some basic differences in the spectrum that produced an
overwhelming net retardation that only the retardation oriented MGW
model could match. For example, KC-10A compression stresses are signi-
ficantly lower than C-15, although they are about the same as DC-10, see
Table 1. Also, a distinct difference exists in the average number of flight
(tension-tension) cycles for each ground-air (compression-tension) cycle: 43
and 61 in the C-15 and DC-10 spectra compared to 7 in the KC-10A spec-
trum. Also, the range truncation level of the three spectra are different.

From these results, it must be concluded that no single presently available
linear or retardation oriented model can accurately predict crack growth
under different spectrum loadings. This could be accomplished only by a
model that properly accounts for the retardation and also acceleration
features of the loading spectrum. As further evidence of this, let us look at
the test to analysis correlation of all the spectra variations, using the analysis
model that produced the best correlation for the baseline spectra. Figure 4
shows the distribution of the correlation factor R, 5. In the majority of cases,
71 percent of the time, the predictions are conservative, R ,>1.0. It is also
of interest to see which of the predictions deviate most from the test results.
Looking at results that deviate more than 40 percent (R,y>1.4), it is not
surprising to see, in the linear analysis results, spectra with variations on
high infrequent loads (HIL) or design stress level (DSL). These changes pro-
duced more retardation, and the linear analysis can not account for that.
More surprising is the large deviation of the BS6.COMB11 and COMBI13
that represent drastically changed spectra from that of the baseline. These
spectra, simulating vertical tail loading, have an overall mean load of zero,
with the R-value of all cycles around —1.0. The largest deviation between
test and the MGW model analysis results with the KC-10A spectra also occur
with similar spectra variations: HIL and DSL changes, as well as mission mix
(MM) variations. The MM spectra deviations can be attributed to a large in-
crease in the +R to —R cycle ratio: from approximately 7 in the baseline
spectra to 252 in MM1 and 20 in MM2. The reduction of the acceleration
features of these spectra are not accounted for by the MGW model.

In all subsequent discussion of analysis results in this paper, unless other-
wise noted, reference is made to linear analysis for the C-15 and DC-10 spec-
tra and the MGW model for the KC-10A spectrum.
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NUMBER
OF
TESTS

.

HILY DSLI

2 1 / MM3 HIL2
7

1 / MM1 HIL2

o LI/ A1/ / /]

A
09 10 11 12 13 14 15 16 1.7V2.4 25
Ran = (AN 1gp/ON anar !

NUMBER
OF
TESTS

Aav//7 I BSGHILI

Bo.08L3

3 4 / -
BS6. B8S6.
1 4 / BSG.HIL3_h BS6.HILS COMB11 COMB13
wi A/A v/ J\,Y/f Y

0
08 09 10 11 12 13 14 15 16 17 24 25 26 27 v3.3 34
RAN =(AN TEST/AN

ANAL'

FIG. 4—Test versus analysis crack growth comparison: (top) KC-10A, modified generalized
Willenborg analysis. 24 tests; (bottom) C15 and DC-10, linear analysis, 35 tests.

Discussion of Results

The level of significance of the loads spectra variation effects on crack
growth are summarized in Table 9. The levels are classified as,

not significant if (R 'an — 1)| < 0.2
significantif 0.2 < |(R',y — 1)| = 1.0

very significant if (R "yx — 1)| > 1.0
where
R’ sn = (ANyap/ANgs);

AN = life, in terms of flight hours, to propagate the crack a specified
length;
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VAR = refers to spectrum variation being considered; and
BS = refers to the baseline spectrum or a reference spectrum to which
the variation is being compared.

The classification is primarily based on test results. However, analysis
results were also used (as long as they were considered to properly predict the
trend) where no test data were available or when testing did not encompass
the entire scope of variations considered in a given category. Following is a
discussion of the individual spectrum variation categories, according to the
significance level.

Not Significant

Sequence of Missions—Negligible effect of having different random or
ordered sequences of individual flights.

Flight Segments—Reduction of the number of climb and descent gust
segments, application of cruise segment load factor-stress transfer function
to climb and descent segments, or elimination of landing impact cycles pro-
duced small effect.

Low-Load Truncation—Compression Loads—Increasing the number of
compression-compression taxi cycles in the C-15 spectrum from 3.5 to 25.9
per landing decreased life 15 percent. This is a test result. Analysis shows no
effect in varying the number of compression-compression cycles in the spec-
trum. For other data with respect to compression loads, see Fig. S.

Spectrum Length—Negligible effect resulted from the variation in the
C-15 repeatable spectrum length from 2500 to 293 flight hours, where 2500
flight hours are one-tenth of required service life.

Simplified Spectrum—Simplification of the C-15 random spectrum into
an equivalent flight-by-flight spectrum, with a low-high-low block cycle ‘ar-
rangement within a flight, produced good correlation with the random spec-
trum, only a 4-percent increase in life (test result).

No Ground and GAG Cycles—Elimination of ground compression and
GAG cycles produced only a 15-percent increase in life (analysis result).
This appears to be a representative value as indicated by experimental data

Ran
NO COMPRESSION STRESSES 137 5679
TAXI COMPRESSION CYCLES PER LANDING:
35 1.00 4,140

259 085 3499

FLIGHT HOURS

FI1G. S—Effect of compression stresses, Spectrum C15.BS6, test results.
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in Ref 9, where GAG cycles were shown to represent anywhere from 7 to 24
percent of the total crack growth.

Clipping Large Loads—Tension—Life decreased approximately 10 per-
cent (test result) when the ten highest peaks in the spectrum were reduced to
the level of the tenth highest peak. This is the result of reducing retardation
features of the specttum. More life reduction would be expected, up to a cer-
tain point, with further reduction of the clipping level.

Significant

Exceedance Spectra—Increasing or decreasing the number of cycles of
flight loads by 15 percent produced approximately the same percentage
decrease and increase in life. However, variation of the flight loads ex-
ceedance curve slopes by 15 percent produced life changes up to 66 percent.

Valley/Peak Coupling—The random valley/peak couplings in the C-15 six
baseline spectra were changed to a restricted coupling. In five of the six spec-
tra, the effect was small (a decrease in life up to 9 percent), but in one spec-
trum, the decrease was 22 percent.

Low-Load Truncation—Range Truncation—Elimination of cycles that do
not contribute to crack growth (or crack initiation) is desirable in analysis
and testing from cost and time viewpoints. The largest number of candidate
cycles to be eliminated are those at the low-load end of the spectrum scale.
The cycle stress range was used as the cycle elimination parameter. The C-15
and KC-10A baseline spectra range truncation levels were increased
and decreased to study this effect. The effect is shown by Fig. 6. All data is
normalized with respect to spectra truncated at 27.6 MN/m?2 (4 ksi) stress
range. The optimum range truncation appears to be in the vicinity of 15.5
MN/m?2 (2.25 ksi). In a typical spectrum, the number of cycles is increased
more than fivefold when the range truncation is decreased from 27.6 to 15.5
MN/m? (4 to 2.25 ksi). The corresponding life decrease approaches 50 per-
cent. Analysis predicts the general trend and, in most cases, the magnitude,
fairly well.

Clipping of Compression Loads—Clipping all the loads below zero (all
compression loads excluded) produced a 37 percent increase in life (test
result). This effect, together with the effect of compression-compression taxi
cycles, is illustrated in Fig. S.

Cycle Sequence in Flight—The cycles within a flight were chosen at ran-
dom from any flight segments, without regard to the normal sequence of
flight segments. The result (test) was a 33-percent decrease in life.

Loads Averaging Interval—The averaging interval of the incremental load
factors in the exceedance spectra of the baseline spectra was Ag = 0.10. The
variations were generated with Ag = 0.05 and 0.20. Use of Ag = 0.05 pro-
duced no effect. Use of Ag = 0.20 resulted in a 48 percent decrease in life.
Use of Ag < 0.10 in transport spectra development is recommended.
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SPECTRUM |MATERIAL| TEST | ANALYSIS
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7475
C15.8%6 O |—m——u
2024
KC-10A A
7075 a [ —
34.5 5
27.6 4
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6.9 1
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an = (AN yag/AN geg)

FI1G. 6—Effect of range truncation.

Combined variations—Combined variations of valley/peak coupling,
design stress level, and high infrequent loads with different range truncation
level from that of the baseline spectra produced life variations with changes
up to 63 percent. In some instances, the combined variation effect is approx-
imately equal to the sum of individual variation effects.

Very Significant

Mission Mix—Different mission mixes, including individual flights, pro-
duced large life variations, ranging from a 74 percent decrease to an
eightfold increase in life. The five C-15 individual mission spectra, identified
as Spectra BS1 through BS3, are included here.

Individual Flight Length— Variation of C-15 Mission 1 flight lengths from
approximately 0.5 to 4.0 h produced up to fivefold increase in life as
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measured in flight hours. However, if life is measured in terms of landings,
see Fig. 7, this increase in flight length reduces life only up to 30 percent, in-
dicating that the crack growth per flight is less sensitive to flight length when
other factors are held constant or adjusted to reflect the flight length.

Design Stress Level—Changing the loads spectrum by multiplying all the
stresses in the spectrum can be viewed as the effect of basic change in design
stress level or change in usage severity. Decreasing the stresses by 26 percent
or increasing by 35 percent produced a life increase of at least 266 percent
and a decrease of at least 67 percent, see Fig. 8. Analysis to test correlation is
good.

AN — FLIGHT HQURS = ———~—

OR LANDINGS
4 & Y 9
!
3 ( i
FLIGHT 13-7/ g
FLIGHT /| \+——FLIGHT 1A — 7
-
LENGTH, 2 & d A ~ 0%
FLIGHT / _bem
HOURS Y -
1 rA =1 =
-
o’ 2 o---T J
0
0 25,000 50,000 75,000

AN

FIG. 7—Effect of flight lengths. C-15 Mission 1 individual flights.
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FIG. 8—Effect of design stress level or usage severity. C15.B56 and KC-10 spectra.



ABELKIS ON TRANSPORT AIRCRAFT WING LOADS 165

High Infrequent Loads—Increase of the magnitude or frequency or both
of the 10 highest peaks in the baseline spectra produced retardation effects
that produced lives up to 3.5 times longer, see Fig. 9.

Load Alleviation System—Simulation of a load alleviation effect on flight
loads in a C-15 spectrum (14-percent increase in 1.0 g stresses and 10 percent
decrease in incremental stresses) produced only 5 percent decrease in life, as
established by analysis. A more realistic development of the load alleviation
system effect on the DC-10 wing spectrum at three different stations pro-

PECTRUM| MATERIAL

]
OO | c1s 7475

A KC-10 2024

a 7075
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FI1G. 9—Lffect of high infrequent loads, test resulits.
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duced the crack growth results in Table 10. These results indicate that a wing
flight loads alleviation system will increase crack growth life along the whole
span of the wing, with the largest increase in the outboard portion of the
wing. At Station 433, the effect of the loads alleviation system was to reduce
the flight 1.0 g stresses approximately 8 percent, while the incremental
stresses were reduced anywhere from 25 to 65 percent depending on the seg-
ment and whether gust or maneuver loads were considered.

Combined Variation—Design Stress Level and High Infrequent Loads—
The large effect on crack growth life, from 43-percent decrease to 223-per-
cent increase, established by analysis, represents only a partial effect, since
the linear analysis does not account for the HIL variation effect.

Combined Variation— Vertical Tail Spectrum—A drastic change from a
C-15 wing lower surface spectrum to one typical of a vertical tail loading pro-
duced a very large increase in life (up to 655 percent). The linear analysis did
not predict this effect.

Conclusions

Effect of spectrum loading variations on crack growth were studied using
C-15, KC-10A, and DC-10 wing lower surface loads spectra and 7475, 2024,
and 7075 aluminum alloys. The following conclusions were reached on the
basis of the analytical and experimental results.

1. The effect of spectrum variations on crack growth were rated as not
significant, significant, or very significant, on the basis of whether the effect
on crack growth life in terms of flight hours was less than 20 percent between
20 and 100 percent, or more than 100 percent of the baseline or reference
spectrum crack life:

Not significant—sequence of missions, flight segments, low-load trun-
cation—number of taxi cycles, clipping of tension loads, spectrum length,
and simplified spectrum.

Significant—variation of exceedances spectra, valley/peak coupling,
low-load truncation-—range truncation, clipping (elimination) of com-
pression loads, cycle sequence in flight, and loads averaging interval.

Very significant—mission mix, individual flight length, design stress

TABLE 10—Load alleviation system effects.

R'sn = (ANwa/ANgs)

Wing

Station Material Analysis Test
164 7075 1.07
433 2024 1.11 1.32
433 7075 1.25 1.19

827 7075 2.30
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level or usage severity, high infrequent loads, load alleviation system, and

change from wing to a vertical tail type spectrum.

2. Loads spectra variations that could be expected to occur in service
among individual aircraft, or during different time intervals on the same air-
craft, produce large crack growth rate variations, Table 11. Short-term
variation is viewed as the variation between spectra over a short period of
time, say one tenth of lifetime or less on the same or different aircraft in the
fleet. Long term is viewed as the variations between spectra of different air-
craft over a time period approaching the service life of the aircraft. Short-
term variations pertain to crack growth in structures with frequent inspection
requirements, while the long-term variations are considered to apply to slow
crack growth structures that require very few or no inspections during the
lifetime of the airplane.

3. No single analysis model was able to predict crack growth of all three
baseline spectra. Linear model gave the best prediction for the C-15 and
DC-10 spectra while a modified generalized Willenborg model was needed
for the KC-10A spectrum. Spectrum variation effects were predicted by these
models within 40 percent accuracy 78 percent of the time, mostly (71 percent
of the time) on the conservative side. Crack growth due to spectrum loading,
with respect to loads interaction effects, appears to be a function of retarda-
tion and acceleration phenomena. The only analysis model that will predict
the crack growth trends properly is one that will incorporate both, the retar-
dation and acceleration features. Retardation is normally associated with the
effect of higher loads on the crack growth at lower loads, whereas accelera-
tion is considered to be due to compression loads and, in some ways, due to
higher loads following lower loads.

4. Comparison was made in Ref / between transport, bomber, and fighter
aircraft wing lower surface loads spectra. Transport and bomber spectra
were found to be sufficiently similar so as to consider the findings of the
transport spectra variations to be applicable to the bomber spectra, but not
to the fighter.

5. Generation of spectrum loading sequence should be as realistic as pos-
sible with respect to cycle and flight-mission sequence. The following
guidelines are recommended for generating the loading sequence.

a. Make a length of the spectrum repeatable sequence approximately
one tenth of the projected service lifetime requirement. This implies that

TABLE 11—Loads spectra variations.

Crack Growth Rate < High >
Spectrum
Variation High  Baseline  Low Low
Short-term 3.9 1.0 0.047 83
Long-term 3.0 1.0 0.27 11
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the highest loads in the spectrum are those normally encountered in that

time interval. Increasing the length would increase the highest load

magnitude and produce more retardation. This would tend to produce a

slower crack growth rate dependent on encountering the higher loads.

This could be viewed as unconservative. On the other hand, decreasing

the length would tend to produce conservative crack growth estimates,

unless the less frequent loads are added in after a number of the spectrum
repetitions.

b. Unless there is a specific requirement, sequence the missions in a
random manner.

c. Unless there is a specific need to do otherwise, choose the sequence
of cycles within a segment in a random manner. Use the actual sequence
of segments.

d. Use the random valley/peak coupling.

e. Use of the preceding guidelines will produce random cycle-by-cycle,
flight-by-flight spectrum. In any simplification of such spectrum, if
desired for cost effectiveness in testing or analysis, retain the 25 highest
peaks as they were, average other loading cycles into a fewer number of
different loadings while retaining the same number of cycles, average
transition cycles of large periodic mean load changes (such as GAG cycle)
separately from other loading cycles, retain flight-by-flight format, and
use a low-high-low sequence of cycles within a flight. Distribute the 25
highest peaks in the spectrum at equal intervals.

f. Use Ag < 0.10 as the averaging interval in the incremental load fac-
tor exceedance spectra usage. Use of Ag = 0.05 intervals is recommended
for Ag < 0.25.

g. In order to eliminate cycles that do not contribute to crack growth,
exclude tension-tension and tension-compression cycles with ranges less
than approximately 15.5 MN/m? (2.25 ksi). The optimum truncation level
is a function of spectrum type, material, structural detail, and crack
length. The value quoted here is considered to be applicable to aluminum
alloys of 2000 and 7000 series.

h. Compression loadings. Retain all compression valleys (do not clip)
in compression-tension cycles. Compression-compression cycles appear to
increase crack growth rate. Range truncation level was not established for
these types of cycles.

6. With the availability of computers for analysis and testing, simplifica-
tion of random cycle-by-cycle, flight-by-flight realistic sequence spectra
should be kept to a minimum. Simplifications will always raise the question
of equivalence.
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ABSTRACT: Active controls can be used to reduce gust induced loads on transport air-
craft wings. Fatigue tests under flight simulation loading were done on simply notched
sheet specimens made of ALCLAD 2024-T3 to assess the fatigue life increase that can be
obtained by gust alleviation. Test results did show an important increase in crack initia-
tion life. However, crack propagation life was hardly affected. The observed effect on
fatigue life could be reasonably well predicted by Miner type life calculations. Miner type
calculations, however, are bound to fail in predicting the effect of spectrum-variations
such as deletion of ground-air-ground cycle or small gust cycles.

KEY WORDS: gust alieviation, fatigue tests, fatigue (materials), flight simulation,
fatigue life prediction, crack propagation

Active control technology, which has developed very rapidly during the last
few years, may be applied to reduce structural loads due to atmospheric tur-
bulence [1].2

Gust load alleviation offers the possibility of either extending the service
life of an existing structure or reducing the structural weight in the design
stage of an aircraft. An important structural part that could be affected in
this way is the lower wing skin of a transport aircraft. The loading history of
this lower skin is illustrated in Fig. 1. On the ground, the lower skin is loaded
in compression; during flight variable loads due to gust are superimposed on
a mean tensile load associated with undisturbed flight. The transition from a
mean compressive ground load to a tensile load in flight is an important load
cycle in itself, usually indicated as ground-air-ground (GAG) cycle {2, 3].

'Head, Loads Department, and research engineer, respectively, National Aerospace Labora-
tory, Nationaal Lucht en Ruimtevaart Laboratorium, Amsterdam, The Netherlands.
2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Stress history in the lower wing skin of a transport aircraft.

This paper describes a series of fatigue tests under flight simulation
loading on simply notched sheet specimens, intended to evaluate the effect of
gust reduction, while leaving the GAG cycle essentially unchanged. To in-
vestigate the influence of various parameters, tests were also carried out in
which the GAG cycle and small gust cycles were deleted, respectively.

In addition, fatigue life calculations on the basis of Miner’s rule were made
in order to assess the ability to predict the effect of spectrum changes by
analytical means.

The results will be presented and discussed and the paper ends with a
number of conclusions.

Gust Load Spectrum Twist

The standard load sequence TWIST (transport wing standard) has been
developed by the Nationaal Lucht en Ruimtevaart Laboratorium (NLR) and
the Laboratorium fiir Betriebsfestigkeit (LBF) [4]. It is considered as a
representative load sequence for transport aircraft wing tension skins near
the main landing gear attachment.

The sequence TWIST includes 4000 different flights. There are ten types
of flight, ranging from “stormy” (A) to “‘tranquil” (J) conditions. Ten dif-
ferent gust load levels are considered. Table 1 gives the frequency of occur-
rence of each flight type and each load level within each flight.

The load spectrum pertaining to TWIST is shown in Fig. 2. It may be
noted that the load scale is expressed as a relative stress S/S,,,, where S is
the mean stress pertaining to undisturbed flight at 1 g.

In the present investigation, TWIST was used as basic load sequence,
referring to “‘nonalleviated” conditions. TWIST includes approximately 100
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FIG. 2—The load spectrum pertaining to TWIST and Mini-TWIST.

load cycles per flight. This is a relatively high number, causing long testing
times. For this reason the LBF and NLR recently established a shortened ver-
sion of TWIST, indicated as Mini-TWIST.

As shown in Fig. 2 and Table 1, the main difference is that Mini-TWIST
contains considerably less load cycles of the smallest amplitude, resulting in
approximately 15 load cycles per flight. To assess the effect of deleting small
load cycles, some tests with the Mini-TWIST load sequence were done.

Variations of the Basic Spectrum

Gust Alleviation

The response of an aircraft to continuous atmospheric turbulence is de-
fined by the response parameter, A, and the number of zero crossings Ny,
where A is the ratio of root-mean-square incremental load to root-mean-
square gust velocity, and Ny is the total number of gust-induced loads per
unit distance flown.

It may be assumed that the effect of a gust alleviation system on the air-
craft response will predominantly be a reduction of the response parameter,
A, with little change in the number of zero crossings. In other words, the
magnitude of gust-induced loads will be reduced, but their total number re-
mains unchanged.

In accordance with this, in the present tests the effect of gust alleviation on
load experience was simulated by reducing all stress amplitudes, S, by the
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same percentage, leaving their total number of occurrences unchanged. In
the present tests, reductions of amplitudes to 80, 60, and 40 percent of the
original values were considered.

Deleted GAG cycles

At the end of each flight contained in the TWIST sequence, the load is
reduced from the in-flight stress level, S, to the ground stress level Sgroung
= —0.5 Smf.

The GAG cycle is known to have a considerable influence on fatigue life
and crack propagation. To quantify this influence, tests were done with the
TWIST sequence in which the transitions from in-flight-to-ground stress
level between two successive flights were deleted.

Test Specimens and Test Procedures

The specimen configuration is given in Fig. 3. The effective stress concen-
tration, K,, due to the holes is 2.66, based on net section stress.

The material was 2-mm ALCLAD 2024-T3 sheet. The specimens were
clamped into a 250 kN frame fitted to a Material Testing Systems (MTS) ser-
vohydraulic testing machine. Buckling under compressive loads was
prevented by felt-lined anti-buckling guides. The nominal test frequency was
15 Hz, the temperature was approximately 20°C, and the environment nor-
mal air was 40 to 60 percent relative humidity. Each specimen contains four
potential crack initiation points, namely, the left and right side of either
hole.

During testing, visual observation was used to determine the instant of
crack initiation and to record subsequent crack propagation. Testing was
continued until complete failure over a cross section through either one of the
holes. In all cases, crack initiation had also occurred near the other hole.

To process the crack propagation data, observed half crack lengths, /,
were plotted against number of flights, n. A smooth curve was drawn
through all data points pertaining to specimens tested under the same spec-
trum. Values for di/dn versus ! were derived from this plot by measuring
tangents to this curve. These data were reduced to dl/dn versus K, using the
expression

K,y = Syy~Nwlsecal/W

Overview of Tests and Test Results

Table 2 gives an overview of the tests and main test results. It may be
recalled that the stresses in TWIST are expressed on a relative basis; the ac-
tual stress level is defined by the magnitude of the mean stress, S,
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The first group of tests presented in Table 2 was intended to evaluate the
effect of gust alleviation; these tests were done at a mean stress, §,,;, (gross
section stress) of 70 MPa.

Results are also depicted in Fig. 4. Gust alleviation turns out to have a con-
siderable influence on crack initiation life. Reduction of the gust to 60 per-
cent of the original value increased the crack initiation life by a factor of 3.
As no cracks were found after 97 000 simulation flights, reduction to 40 per-
cent appears to increase the crack initiation life by at least a factor of 9.
Unexpectedly, however, gust alleviation did not result in a reduced crack
propagation rate: the crack propagation life even tends to become shorter
with decreasing gust severity.

In the second group of tests, the effect of stress level variation has been in-
vestigated. The results for the test with gust loads reduced to 60 percent are
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FIG. 4—The influence of gust alleviation on crack initiation, crack propagation, and total life.

plotted in Fig. 5. Increase of stress level leads to a decrease of crack initiation
life and crack propagation life in approximately the same ratio. Deletion of
the GAG transition turned out to cause an increase of both initiation and
propagation life by a factor of 3.5.

Finally, the last test results shown in Table 2 indicate that the ‘‘damage
per flight” for Mini-TWIST is approximately half as big as that for TWIST.
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FIG. 5—The influence of mean stress level on crack initiation, crack propagation, and total life.
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Fatigue Life Calculations

To assess the ability of simple analytical tools for predicting the effect of
spectrum variations, life calculations on the basis of Miner’s rule were made
for all loading cases included in the experimental program.

NLR test results were used as basic S-N data obtained from open hole
sheet specimens with a K,-value of 2.43, made of the same 2024-T3 ALCLAD
sheet of 2-mm thickness (see Fig. 6). This S-N curve was corrected for the
proper K,-value of 2.66 and approximated by two linear segments in a
double-logarithmic grid, see Fig. 7. The endurance limit pertaining to a K-
value of 2.66 is equal to S, = 22.1 MPa.

A Miner calculation based on this S-N curve will attribute zero damage to
all load cycles with amplitudes below the endurance limit. As experience has
shown, such load cycles actually contribute to cumulative damage, and it is
usual to modify the S-N curve for cumulative damage calculations by extend-
ing the sloping part below the endurance limit [6, 7].

In the present investigation, various extensions were evaluated; the one
giving the best agreement with the obtained test results was the simple
straight extension of the sloping part, indicated in Fig. 7. Calculations were
carried out in the usual way. For each flight, a separate GAG cycle was in-
cluded. The maximum stress taken for this GAG cycle is the maximum stress
reached once per flight on the average or S, (see Table 1 and Fig. 2).

An example calculation is given in Table 3, and Table 4 presents a sum-
mary of the calculation results. Calculated lives are compared with total lives

{NLR TEST RESULTS K;=2.43, HOLE DIAMETER & =10 mm)

T e T

- . l
o
2024 ~ 73 Aleled K
6 Sm= 7.0 kg/mm? HT
0 SPECIMEN DID NOT FAIL___
5
So (kg/mm?)
4
3
‘
}
o L 1
104 105 106 107 108

N (eyeles)

FIG. 6—Reference S-N curve.
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TABLE 3—Example of fatigue life calculation.®

Column 1 Column 2 Column 3 Column 4 Column 5
Load Cycles per Damage per Damage per 4000
Level Sa/Smj» S,, MPa 4000 Flights Cycle, I/N Flights, n/N
I 1.30 104 1 5.65 - 5 5.65 —~ 5
11 1.30 104 2 5.65 — 5 1.13 — 4
111 1.30 104 S 5.65 — 5 2.83 — 4
v 1.15 92 18 3.68 —5 6.62 — 4
\% 0.995 80 52 2.26 — 5 1.17 — 3
VI 0.84 67 152 121 — 5 1.84 — 3
VII 0.685 S5 800 6.08 —6 4.86 — 3
VIII 0.53 42.5 4170 247 — 6 1.03 — 2
X 0.375 30 34800 7.29 — 7 2.54 — 2
X 0.222 17.8 358665 1.17 — 7 4.20 — 2
Sum damage gust cycles  8.67 — 2
GAG
cycle 1.015 81.2 4000 238 — S 9.51 — 2
Total damage per 4000 flights £ n/N = 1.82 ~1

Predicted life (£ n/N = ) : 4000/0.182 = 21978 flights

“Spectrum = TWIST; gust level = 100 percent; stress level = §,,, = 70 MPa (gross section
stress); and S,,,f (net section stress) = 160/(160 — 20) X 70 MPa = 80 MPa.

Legend

Columns 1 and 3 from Fig. 2 and Table 1.
Column 2 = Column 1 X 80.

Column 4 : I/N = 2.5 X 1077 X (§,/22.1P*5, see Fig. 7.

Column § = Column 3 X Column 4.
— Spround /2 = S,y (1 + 0.53 4 0.50)/2.

S

4GAG

=§

+ S

mf

avVHI
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TABLE 4—Results of fatigue life calculations.

Column 1 Column 2 Column 3 Column 4 Column 5¢ Column 6°
Calculated Test Life,
Test Life, Life, Calculated Life,

Loading Code flights flights LN Z[n/Nl  Z[n/Nlka
7T 1.0 23 897 21 978 1.09 1.00
7TO0.8 33630 34 057 0.99 0.91 ...
7TO0.6 42 259 S0 844 0.83 0.76 1.00
8TO0.6 29 519 31931 0.92 0.85 1.11
9TO0.6 18 615 21 064 0.88 0.81 1.06

10 T 0.6 12 907 14 659 0.88 0.81 1.06
8T1.0 16 485 13 848 1.19 1.09

NoGAG 77 618 46 678 1.66 1.52

Mini-TWIST 50 932 30 091 1.69 1.55

4Column S = L n/N related to outcome for case 7 T 1.0.
bColumn 6 = I n/N related to outcome for case 7 T 0.6.

obtained in test rather than crack initiation lives, because S-N data also refer
to total lives.

A first observation to be made is that the fatigue life predictions except for
the NoGAG and Mini-TWIST case are reasonably accurate, the ratio of test
life and calculated life ranging between 1.19 and 0.83 (Column 4).

The prediction of the stress level increase effect is remarkably good; the
life decreased by a factor of 3.3 due to the rise in stress level from 70 to 100
MPa (gust levels 60 percent) was predicted within 6 percent (Column 6). The
calculations overestimated the effect of gust alleviation, but the predictions
are still reasonable. For example, the reduction in gust level to 60 percent,
resulted in an actual life increase by a factor of 1.78 instead of the predicted
factor of 2.31.

Finally, the results obtained with the NoGAG case and Mini-TWIST are
interesting as they reveal some inherent weaknesses of the Miner hypothesis.

It may be recalled that Mini-TWIST differs from the normal TWIST in
the deletion of the majority of the smallest load cycles. In the present case,
these smallest cycles had an amplitude of 17.8 MPa that is markedly below
the established endurance limit of 22.10 MPa. Still, their deletion resulted in
a life increase by a factor of 2.13.

Although this observation is not new, the damage of small cycles is usually
included in cumulative damage calculations by means of extending the slop-
ing part of the S-N curve below the endurance limit [6,7]. In the present
calculations, the ‘“‘straight’’ extension used still yielded an underestimation
of the small cycle damage.

However, it will be clear that modification of the S-N curve is a rather arti-
ficial way ‘‘to obtain correct answers.”” Small cycles are damaging because
they can cause cracks to grow, both on a micro- and a macro-scale, that were
started by larger load cycles. In other words, their damage is interrelated
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with the occurrence of other larger load cycles. As Miners hypothesis is essen-
tially based on the concept of a “damage per cycle” that is assumed to be in-
dependent of other cycles, it is by its very nature unsuited to reflect interac-
tion effects.

Deletion of the GAG cycle, as in the NoGAG case, resulted in a test life in-
crease by a factor 3.25. This was considerably more than predicted by the
Miner calculation, namely, 2.12. In other words, the calculation underesti-
mated the effect of the GAG cycle. The observed life increase of 3.25 would
imply, according to Miner-type reasoning, that in the complete program
1/3.25 part of the total damage is caused by the gust cycles and 2.25/3.25 by
the GAG cycle.

Hence, deletion of all gust cycles while maintaining the GAG cycle would
result, according to the same reasoning, in a life increase by only a factor
3.25/2.25 = 1.44.

However, returning to the result obtained with the Mini-TWIST program,
it appears that deletion of only the smallest gust load cycles leads to a life in-
crease by a factor of 2.13. These seemingly contradictory results show where
and why Miner calculations are bound to fail.

The GAG cycle is a large load cycle and thus damaging in itself; this part
can be taken into account in a Miner sum. However, the major effect of the
GAG cycle is in its interaction with the damage caused by the gust load
cycles. Due to the presence of the GAG cycle the damaging effect of the gust
cycles is increased. This may be explained by the fact that favorable residual
compressive stresses induced after high tensile loads and associated local
plastic deformation are reduced or eliminated due to reversed plastic flow
under the compressive loads associated with the ground condition [7].

Discussion

The alleviation of gust loads in the present test series resulted in a con-
siderable increase in crack initiation life. However, no increase or even a
decrease in crack propagation.life due to gust load reduction occurred. For
fail-safe type structures, this will mean that no gain in terms of inspection
periods can be expected from gust alleviation, at least not for the type of
material under consideration.

The same tendency is observed with regard to possible stress level increase.
Indeed, if the gust loading is alleviated, the overall stress level might be in-
creased and structural weight reduced while maintaining an acceptable
fatigue crack initiation life. Taking the unalleviated condition with 70 MPa
mean stress (Code 7 T 1.0) as reference, it may be noted that with a gust load
reduction to 60 percent the same crack initiation life will be obtained at a
mean stress level of 95 MPa. However, the crack propagation life would then
be drastically reduced, from 8600 flights in the reference condition (7 T 1.0)
to approximately 3000 flights in the alleviated condition.
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According to our current design philosophy, which demands fail-safety or
“damage tolerance” as it is also called, sufficiently slow crack propagation in
relation to inspection periods and inspectability is the essential prerequisite
for structural safety. Hence, the increase in stress level, allowable from the
point of view of fatigue life, might well turn out to be unfeasible because of
the resulting unacceptably high crack propagation rate.

Simple Miner type calculations gave reasonably accurate predictions of the
fatigue life. The question may be raised whether our current analytical tools
would have been able to predict the crack propagation behavior observed in
the present tests. With regard to the results obtained with stress level in-
crease, this is indeed the case.

Figure 8 shows that the observed crack propagation rates plotted versus
K, reasonably fell on one straight line in a double-logarithmic grid. The
line, dotted in Fig. 8, depicts the expression

dl/dN = —1075 (K}

where diI/dN is given in mm/flight and K,,; in MPa Vm.

S

mf
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FIG. 8—Crack propagation rate as a function of K for different mean stress levels.
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This behavior is represented by a simple Paris-type crack propagation law,
where the retardation effect associated with spectrum loading is covered by
an ‘“‘average’’ retardation factor, which is a function of the spectrum shape
[81.

The large retardation effects of high loads on crack propagation in
2024-T3 ALCLAD under flight simulation loading is well known. For exam-
ple in Ref 5, it was found that truncation of the applied load spectrum from
Samax = 88 MPa to S, max = 44 MPa resulted in a decrease of crack propa-
gation life by a factor of 3.9 compared to a decrease in crack initiation life (to
2 mm) by a factor of 1.5, The alleviation of gust loads considered in the pres-
ent tests also implies a reduction of the magnitude of the retarding high
loads. Obviously, the associated decrease of the retardation effect just com-
pensated for the decrease in crack growth that resulted from the overall
decrease in alternating stress level. It is clear that this behavior can only be
predicted by crack growth models that account for retardation effects in a
realistic manner.

In the author’s opinion, crack closure plays a predominant role in crack
growth retardation. Hence, accurate results can only be expected from
models that include the crack closure phenomenon.

Conclusions

The effect of gust load alleviation on the fatigue properties of 2024-T3
aluminum alloy was investigated by means of flight simulation tests on sim-
ple notched sheet specimens.

1. Gust alleviation turned out to have a beneficial effect on fatigue life,
but hardly influenced the crack propagation life.

2. If the favorable effect of gust alleviation on fatigue life is used to in-
crease the mean stress level, S, short crack propagation lives can be ex-
pected.

3. The change in fatigue life with gust alleviation and stress level variation
or both were reasonably well predicted with analytical means.

4. The difference in damage per flight between the standard programs
TWIST and Mini-TWIST was found to be large, both with regard to initia-
tion life and crack propagation, and was considerably larger than predicted
by analytical means.
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Prediction Model for Fatigue Crack
Growth in Windmill Structures

REFERENCE: Finger, R. W., “Prediction Model for Fatigue Crack Growth in
Windmill Structures,” Effect of Load Spectrum Variables on Fatigue Crack Initiation
and Propagation, ASTM STP 714, D. F. Bryan and J. M. Potter, Eds., American
Society for Testing and Materials, 1980, pp. 185-204.

ABSTRACT: The 30-year life requirement of the Boeing Mod II windmill results in a
service life load spectrum having an excess of 200 million cycles. Determination of
allowable stress levels for the type of steels being used in construction of the systems,
requires a detailed knowledge of their crack growth behavior under representative
spectrum. A spectrum load test program was conducted, using uniaxially loaded
surface flaw specimens, to provide the data needed to ascertain the impact of dif-
ferences in load spectra on crack growth behavior.

A total of four different load spectra were tested to provide enough diversity in
test parameters to ensure that the actual load spectra for the system would be enveloped
by those tested. The test results were analyzed using different crack growth models to
determine which produced the best correlation between actual and predicted results.
Excellent correlation between predicted and actual test results was obtained when a
crack growth model containing both a threshold and retardation term was used. This
model can be used to estimate the spectrum load crack growth behavior of steels
covered by the ASTM Specification for General Requirements for Rolied Steel Plates,
Shapes, Sheet Piling, and Bars for Structural Use (A 6-76a) and Specification for
General Requirements for Steel Plates for Pressure Vessels (A 20-76b).

KEY WORDS: fatigue (materials), spectrum load, crack growth, steels, windmilis

The rotor structure of a windmill is subjected to an extreme number of
cycles during a lifetime. For example, to provide optimum service, the
Boeing Mod II system must survive an excess of 200 million cycles during
its 30-year service life. The loads on the blades are a combination of the
centrifical dead weight and wind loadings. The dead weight and wind gust
loads provide the oscillatory position of the loading. Determination of
allowable operating stresses for this type of environment demands a detailed
knowledge of the effects of load spectra variables on fatigue crack growth
behavior. Spectrum load crack growth data were not available for this

1 Specialist engineer, Boeing Engineering Company, Seattle, Wash. 98124.
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specific problem. The existing data were for load spectra having signifi-
cantly fewer cycles.

A test program was conducted to provide the data needed so that allow-
able operational stresses could be determined. The experimental program
consisted of spectrum load tests on uniaxially loaded surface flaw speci-
mens for up to 200 million cycles. A total of four different load spectra
were tested to obtain data on the effects of variations in R ratio, low-
load truncation, and the impact of negative R ratio cycles. Although four
alloys were tested, the majority of the program was conducted using AS33
steel with additional tests on A572, A633, and AS88 steels. All tests except
one were conducted on parent metal specimens with a test of a weld metal
included to confirm the similarity in behavior between the two. The results
of the tests were used to derive a crack growth model that accurately
correlates the test results and can be applied to other load spectra.

This paper presents the load spectra, detailed test results, derivation of
the crack growth model, and comparison between actual and predicted
results. Primary emphasis is placed on the crack growth model develop-
ment and verification. The significances of variations in load spectra are
also examined.

Procedures

Tests were conducted on uniaxially loaded surface flaw specimens having
either one or two flaws per specimen (see Fig. 1). The surface flaws were
introduced by growing a fatigue precrack at the root of a starter notch
produced by electric discharge machining (EDM). The two flaws were
introduced separately. The flaw in the low-stress region was initiated
first, followed by the flaw in the high-stress region. This was necessary
because the load levels required to produce the fatigue precracks were
different for each area. The load level for the low-stress region was approxi-
mately 10 percent greater than for the high-stress region. The flaw in the
low-stress region was not affected by the procedure applied to the high-
stress region.

After the fatigue operation, the specimens were subjected to a thermal
treatment to relieve the plastic zone at the tip of the crack. This procedure
has been developed at Boeing [/]2 and is used when specimens that are
free of retardation effects associated with the precracking plastic zone are
needed. The procedure consisted of heating the specimens to 1339 K and
holding for 1.0 h and then air cooling to room temperature. The speci-
mens were then free of any overload retardation effects that might have
been imposed by the preparation of the fatigue crack. For their size, the

2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Test specimens.

flaws were then representative of the worst possible defects that might be
encountered during fabrication since they were cracks.

The selected size of defect for testing was based on the inspection pro-
cedures and capabilities to be used on the structure. Having selected a
size, the intent here was to produce the worst possible defect of that size.

All tests were conducted using closed-loop, servo-actuated, hydraulic
test machines programmed for one of four different load spectra. The
machines were capable of applying individual load blocks at 30 Hz and
averaging approximately 25 Hz for an entire load spectrum. These tests
were conducted in laboratory air at these load frequencies.

The specimens were prepared using conventional machining procedures
to the configurations presented in Fig. 1. When the flaw in the high-stress
region of dual-flaw specimens had grown to the point where failure was
imminent, the test was interrupted, the high-stress flaw was removed, and
the specimen was remachined to the single-flaw configuration. The majority
of the specimens were produced from AS33 material. With the exception
of one A533 weldment (Specimen W16) all of the tests were conducted on
parent metal. All of the machining, pre-cracking thermal treatment, and
testing procedures were identical for all of the materials including the
weldment.

Experimental Work

Tables 1 through 4 present the four different load spectra used in the
test program. Each load spectrum is presented in nondimensional terms.
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TABLE 1—Load Spectrum A.

Load, % of maximum

Maximum Minimum Cycles per Layer
43.4 6.2 9076
49.7 -0.2 3328
38.4 11.2 6 050
46.4 31 10 588
S2.6 —3.0 908
$5.0 -85 303
88.1 44.7 6133
92.4 40.5 588
85.3 47.4 19 513
78.3 54.1 11 150
82.9 49.9 16 725
90.4 42.4 1673
64.5 19.3 2373
79.9 39 4153
74.1 9.8 3 560
91.9 —8.1 356
96.9 —13.1 119
86.4 —2.5 1305
83.9 —47.2 34
71.1 —34.4 370
44.8 —8.0 673
63.3 —26.5 1178
56.2 —19.5 1010
77.9 —41.2 101
89.0 52.1 13 050
97.7 43.4 1308
84.2 56.9 8 700
91.9 49.2 15 225

100.0 41.1 435
95.0 46.1 4785
52.8 20.7 9267
70.3 3.2 1390
62.7 10.9 16 217
58.9 14.6 13 900
73.3 0.2 463
66.7 6.8 $097

The maximum and minimum load in each block is presented as a per-
centage of the maximum load in the entire spectrum. Load Spectrum B is
a truncated version of Spectrum A. Spectrum D is a variation on Spectrum
B. Spectrum G is unique and has not been derived from any prior spectrum.

The reduction of Spectrum A to produce Spectrum B was accomplished
by eliminating the positive R ratio cycles that were furthest below the
estimated threshold. Sixty-five percent of the load cycles in Spectrum A
were discarded in producing Spectrum B. The life in terms of total spectra
for specimens subjected to either Spectra A or B was expected to be very
similar because the deleted cycles were below the threshold. Deletion of
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TABLE 2—Load Spectrum B.

Load, % of maximum

Cycles per

Maximum  Minimum Layer
49.7 0.2 3328
S2.6 —3.0 908
$5.0 —5.5 303
88.1 44.7 6133
92.4 40.5 558
90.4 42.4 1673
79.9 39 4153
74.1 9.8 3 560
91.9 —8.1 356
96.9 —13.1 119
86.4 —-2.5 1305
83.9 —47.2 34
71.1 —34.4 370
44.8 —8.0 673
63.3 —26.5 1178
56.2 —19.5 1010
71.9 —41.2 101
89.0 S2.1 13 050
97.7 43.4 1305
91.9 49,2 15 225
100.0 41.1 435
95.0 46.1 4 785
70.3 3.2 1390
73.3 0.2 463
66.7 6.8 5097

those cycles that are originally below the threshold and therefore not
producing damage was not expected to impact the number of load spectra
the specimens could endure because most of the life occurs during the
initial crack growth.

Spectrum D is a variation of Spectrum B and was obtained by decreasing
the delta loading and increasing the maximum loads. The delta loads of
Spectrum D on a percent of maximum load basis, are 65 percent of the
delta loads of Spectrum B. The maximum load in Spectrum D were also
increased over the maximums in Spectrum B. The increase in maximum
loads was not a fixed percentage as the change in delta loads were. Spectrum
D was designed to provide data on all positive and generally fairly high R
ratio spectrum.

Load Spectrum G was not derived from the other spectra. Spectrum G
includes the shutdown load cycles that were not included in the other
spectra. The two groups of the load spectra (A and B) are representative
of operating and shutdown at low winds (A) and operating and shutdown
at high winds (B). Although all the R ratios are positives, as in Spectrum
D, the cycles are generally applied at lower R ratios than in Spectrum D.
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TABLE 3—Load Spectrum D.

Load, % of maximum

Maximum Minimum Cycles per Layer
67.2 34.5 3328
69.0 32.7 908
70.6 31.1 303
92.2 63.9 6133
95.0 61.1 558
93.7 62.4 1673
86.9 37.2 4183
83.0 41.0 3 560
94.7 29.4 356
98.0 26.1 119
91.1 33.0 1305
89.5 3.8 34
81.1 12.1 370
63.9 29.4 673
76.0 17.3 1178
71.4 21.9 1010
85.6 7.7 101
92.8 68.7 13 050
98.5 63.0 1 305
94.7 66.8 15 225

100.0 61.5 435
96.7 64.8 4 785
80.6 36.8 1390
82.6 34.8 463
78.3 39.1 S 097

The main consideration in the development of the load spectra was to
have large variations in major parameters affecting crack growth behavior.
An analysis procedure that accurately correlates with such a wide range of
test results should be accurate when applied to other load spectra that are
enveloped by those tested.

The targeted initial flaw size was 1.27 mm deep by 6.35 mm long. The
flaw was monitored visually throughout the test. Most tests were terminated
when the flaw had reached a length of 20 mm or the total cycles were
equivalent to a life-time. The tests were terminated at a crack length of
20 mm to avoid damage to the second flaw in the multiple-flaw specimens
and because at this point the crack growth rate had accelerated to the
point where the remaining life was negligible. The low-stress portion of two
of the multiple-flaw specimens were tested twice. This was done when there
was no evidence of fatigue crack growth on the fracture face of the high-
stress flaw. Specimens B3 and B1 were originally tested using Spectra A
and B, respectively. Testing of the low-stress flaw of each was then con-
tinued using Spectrum D.

The post-cracking thermal treatment, used to eliminate overload effects,
was developed at Boeing [1] and has been used successfully on other alloys
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TABLE 4—Load Spectrum G.*

Load, % of maximum

Maximum Minimum Cycles per Layer Group
59.1 11.0 64 A
70.1 11.0 13 A
70.5 35.0 2 A
83.1 35.0 64 A
90.6 42.5 60 A
97.2 49.2 10 A
84.6 28.0 17 A
59.1 11.0 64 A
90.6 36.2 14 A
73.0 25.6 10 A
83.1 35.0 64 A
99.6 51.6 21 A
83.5 22.0 33 A
84.3 36.2 S5 A
97.2 36.6 2 A

100.0 22.0 2 A
84.3 22,0 4 A
84.3 36.2 S5 A
78.3 30.3 60 A
90.0 41.5 200 B
85.0 31.5 30 B
89.8 36.2 60 B
90.0 41.5 200 B
85.0 41.7 10 B
91.2 37.2 30 B
95.7 0 1 B

4Load Spectrum G is produced by:
1. Start from 0, go to 70.1, then cycle through Group A. Do this 9 times.
2. Start from 0, go to 70.1, then cycle through Group A and B.
3. Go to 1 and repeat.

including Inconel, aluminum, and PH steels. Elimination of the plastic
zone associated with the precracking procedures makes it possible to
conduct spectrum load or constant amplitude tests at low initial stress
intensities without concern that the precracking procedure is biasing the
results.

Table S presents the summary of the test results. The flaw sizes presented
in this table were measured visually with the aid of a microscope from the
fracture face of each specimen. The stress levels reported are the maximum
(100 percent stress) for that test. The cyclic lives are presented both in
terms of total cycles and equivalent lifetimes.

Discussion of Results

The objective of this program was to develop a crack growth model
that accurately correlates the results of the spectrum load test and could
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be used in the analysis of similar spectra. To accomplish this, an initial
review of appropriate constant amplitude data [2-5] was conducted, and
the following equation was derived for constant amplitude tests

da/dn = 5.74 X 1079 (1 — R)?* (K 1a0)*°

where

da/dn = crack growth rate (mm/cycle),
R = minimum stress/maximum stress, and
K ,ax = maximum stress intensity (MPavm).

The problem was then to translate this equation into a form that would
accurately reflect the effects of spectrum loading. Two different procedures
were originally considered. First, the inclusion of a retardation term to
account for load interaction effects and, second, the inclusion of a threshold
term. The first approach, inclusion of a retardation term alone, had been
found to be adequate for predicting spectrum load test results of 17-4PH
steel [1]. These tests, however, were conducted at higher initial stress
intensities and, therefore, for significantly shorter times. Additionally,
constant amplitude tests for the 17-4PH material had produced cyclic
crack growth at maximum stress intensity levels as low as 2.75 MPavm,
which is significantly below the apparent threshold levels presented in
Refs 2, 3, and 4 for Grade A steels. The adequacy of the retardation term
alone could therefore be a consequence of a reduced threshold in the
17-4PH material as compared to that reported for the Grade A steels in
the references as well as the high initial stress intensities.

The initial attempts at the data correlation were made using only a
retardation term and excluding any potential threshold effects. This pro-
cedure results in a straight line relationship between log stress intensity and
log cycles (or life). This procedure was discarded early, because it failed to
adequately correlate with the long-term test results (see Fig. 2), although
it did provide reasonable correlation with the short-term tests.

The second procedure investigated was the inclusion of a threshold term
alone. The threshold stress intensity versus R ratio relationship was esti-
mated in the following manner. First a plot of stress intensity versus R
ratio was made for Specimen B1b using the initial flaw size. Since there was
flaw growth in this specimen, at least one of the plotted points had to be
above the threshold. Next, the stress intensity versus R ratio relationship
for Specimen B3b was added to this plot. Since Specimen B3b did not
experience any flaw growth, all of the points for the specimen had to be
below the threshold. Using the plot and estimate of the threshold, stress
intensity was made and then used to analyze all of the data. The originally
estimated threshold did not provide satisfactory correlation between actual
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FIG. 2~Initial maximum stress intensity versus lifetimes.

and predicted results, therefore another estimate was made and the data
was analyzed again. This procedure was repeated until a satisfactory
correlation between actual and predicted results were obtained. Since most
of the life would be accumulated during the early stages of crack growth,
it was felt that elimination of the retardation term would not significantly
impact the accuracy of this procedure. Although this threshold model
produced good correlation with the long-term test results, it did not ade-
quately correlate with the tests of shorter duration. These two attempts
made it apparent that it was not possible to discard either the load inter-
action effects of the retardation model or the threshold effects of the
threshold model if good correlation between predicted and actual results
was to be obtained.

The third and final crack growth model investigated contained both a
threshold and retardation term. The crack growth model has the following
form:
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for K ., > K pax threshold (see Fig. 3). The threshold stress intensity is
presented both in terms of maximum and delta stress intensity versus R
ratio in Fig. 3.

K.\ 20
da/dn = 5.74 X 107% (1 — R)24 (K p,y) 30 <ﬂ>
Ko

For K ,x = Knay threshold and da/dN = 0
where
da/dn = crack growth rate, mm/cycles,
R = minimum stress/maximum stress,
K ., = maximum stress intensity for a layer of load cycles, and
Ky = maximum stress intensity in the spectrum
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FIG. 3—Threshold stress intensity versus R ratio for A572, A588, A633, and A533 steels.
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For negative R ratios let (1 — R)24 = 1.0, that is, there is no difference
in crack growth behavior between R = 0 and negative R ratio cycles.

Using this model, the maximum variation between actual and predicted
test results, when the comparison was made on the basis of actual stress
to that stress that would predict the test life, was 12 percent, and the
average variation for all the tests was 1 percent. The predicted stress was
obtained by an interactive process. First, the actual test conditions (initial
flaw size, stress level, and cycles) were used in the integration of the crack
growth model to determine the predicted final flaw size. If the predicted
final flaw size was larger than actual, a lower stress actual stress was selected
and the integration repeated. If the predicted final flaw was larger than
actual, a lower stress level was selected and the integration was repeated.
This process was continued until the predicted final flaw size was the same as
the actual. The stress level for which the predicted and actual final flaw
size are the same is predicted stress level. The comparison was made in
this manner rather than the typical comparison of cycles, actual and pre-
dicted, because of the threshold effect. If a comparison of actual to pre-
dicted cycles is made, a very slight variation in threshold can resuit in an
actual finite test life while an infinite life was predicted. This procedure
does not present a true picture of the correlation because seemingly large
errors are a consequence of very slight variations in threshold between
specimens. The objective of the test program was to develop and verify
a procedure that could be used to determine allowable operating stresses
for a 30-year life. Because the structure will have to operate near or below
the threshold and also the objective is to be able to determine allowable
stress levels, the data correlation was done on the basis of stress levels.

In Fig. 4, the ratio of actual stress to predicted stress for the tests are

Each bar represents a test data point
Except as noted the test material was A533

1.25 F A spectrum B spectrum D spectrum G spectrum
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FIG. 4—Comparison between actual and predicted results.
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evenly dispersed about the 1.0 line, where the actual and predicted stresses
are identical. The threshold stress intensity versus R ratio relationship is
the dominant factor in determining life. Since this relationship will ex-
perience a slight variation from specimen to specimen, similar to the varia-
tion in other fracture properties (fracture toughness, crack growth rates,
etc.), the correlation (average error 1 percent with a 12 percent maximum
error) presented in Fig. 4 is considered excellent.

The majority of the tests were conducted on the AS33 material along
with the tests on other materials to confirm the ability of the prediction
procedure to handle the other steels. The analysis procedure was identical
for all of the tests, regardless of the specimen material. Since all of the
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FIG. 5—Results of application of Finger crack growth prediction model to Spectra A,
B, and D compared with experimental fatigue test results. Material is AS533 steel. Arrows
attached to symbols indicate no observable crack growth during test.
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materials are similar in composition and strength level, it was anticipated
that the accuracy of the procedure would not be influenced by material.
The analysis procedure did work equally well for all of the materials tested.
One specimen was also tested to provide data on weld metal. The behavior
of this specimen was identical to a parent metal specimen.

Accurate correlation between predicted and actual test results for load
spectra and life requirements similar to those presented here can only
be obtained when a threshold and retardation crack growth model is con-
sidered. For shorter life, higher initial stress intensity problems, the thresh-
old effects are inconsequential and can be ignored. The significant vari-
ables, therefore, become the stress ratio and maximum stress, since these
are the control factors in the crack growth equation.

For long-term consideration, the threshold effect becomes dominant.
Service life requirements, therefore, can only be obtained when, initially,
the majority of the cycles are below the threshold stress intensity level.
Here again, R ratio is a major parameter in determining when the stress
intensity range is below the threshold stress intensity range. For as-welded
structure, cracks initiate and grow in areas of high tensile residual stress.
In these areas, the maximum stress is approximately yield and, therefore,
the R ratio is primarily dependent upon the stress range applied, because
the maximum is fixed near yield. Therefore, for as-welded structure, the
stress range appears to be the dominant factor. For stress-relieved struc-
ture, both maximum stress and R ratio are important. This can only be
accomplished by consideration of both the maximum stress and stress
range, since the threshold stress intensity is a function of not only maximum
but also delta stress intensity. Because the delta threshold stress intensity
decreases with increasing maximum stress intensity, the allowable stress
range for infinite life decreases as the maximum increases.

Conclusions

It has been shown that accurate correlation can be obtained between the
predicted and actual results for a long-term test when a combined thresh-
old and retardation crack growth model is employed. The model presented
in this paper is applicable to Grade A steels, both parent and weld metal,
for stress-relieved structure. Use of the model in predicting life behavior of
as-welded structure for which the residual stress pattern is not known
should be avoided. For stress-relieved structure, only the tensile load cases
need be considered, because the model presented treated negative R ratios
the same as R ratio of zero.
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DISCUSSION

W. F. Brown, Jr., B. Gross, and J. E. Srawley! (written discussion)—We
offer the following comments on Mr. Finget’s interesting paper. In assessing
his proposed crack growth model, he neglects the ratio N,/N,, of experi-
mentally observed to predicted cyclic life at a given maximum stress, S, on
the grounds that this ratio is highly sensitive to slight variations in the
threshold K-value between specimens. Nevertheless, it seems to us that
this ratio is of considerable interest in judging the adequacy of the available
experimental data and of even more importance in assessing the usefulness
of the model in predicting structural life. Thus, if the cycle life of speci-
mens is highly sensitive to slight variations in their threshold K-value, the
life of the structure should exhibit a similar sensitivity. Accordingly, we
applied the model to each of the specimens in Table 5 that could be identi-
fied as failed by reference to Fig. 4. This entailed repeated layer-by-layer
numerical integration of the model equation to obtain and accumulate
the increments of crack growth for each layer until a crack length of 20
mm and depth of 9 mm was reached, as prescribed by Finger.2 For each
specimen, we ran the integration first at the experimental stress level, S,
and then at a number of additional selected stress levels until we obtained
a value of N, within 1 percent of N,; the predicted initial stress level, S,
was then within a small fraction of 1 percent of the exact value correspond-
ing to N,. We were thus able to calculate N,/N, and S,/S, for each speci-
men, as given in Table 6.

There are some discrepancies between our stress ratios and those given

!Fracture Mechanics Section, Structures and Mechanical Technologies Division, National
Aeronautics and Space Administration, Lewis Research Center, Cleveland, Ohio 44135.

2Certain information necessary for the numerical integration but not contained in his
paper was furnished to us by Mr. Finger.
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TABLE 6—Results of application of Finger crack growth model to specimens.

Initial Stress

Intensity ,
Specimen Factor, Life in Life Ratio, Stress Ratio,
Spectrum Number MPavm Spectra No/N So/Sp
A Wla 9.3113 47 0.90 0.97
A Wi1b 9.4094 47 0.91 0.97
B B9a 7.6143 145 0.97 0.99
B Bda 7.3638 461 2.72 1.12
B B4b 6.5412 756 1.58 1.03
B B9b 6.7219 225 0.60 0.95
D B2a 8.8104 328 1.60 1.11
D B2b 8.1193 371 1.23 1.0
D B6b 7.3046 359 0.63 0.93
D BSb 7.0280 556 0.69 0.96
D B1b 6.8342 650 0.60 0.95
G w2 6.7491 1402 0.36 0.94
G AS72 6.9511 5475 3.22 1.07
G AS88 6.4810 6697 0.97 1.00
G A633 6.5419 3500 1.03 1.00
Mean 1.201 1.013
Standard
Deviation 0.803 0.061

by Fig. 4. We have no explanation for this other than a possible difference
in precision of the respective numerical integration procedures. It is notable,
however, that the means and standard deviations of the two sets of stress
ratios are in good agreement if one considers only those specimens that
failed. The standard deviation of 0.061 (Table 6), is, of course, a much
more meaningful measure of the dispersion of the results than is Finger’s
“average error’’ (presumably the algebraic sum of the deviations divided by
the total number of results). If one were to use the model to predict safe
operation stresses, it would be prudent to reduce the predicted value by
about 20 percent (approximately 3 standard deviations).

The mean of the life ratios N,/N,, 1.201, in Table 6 indicates that the
model generally tends to underpredict the specimen life, and to that extent
is on the safe side. On the other hand, the large value of the standard
deviation, 0.803, reflects a degree of scatter in the experimental data that
requires a large margin of safety to be applied to the model predictions
in order to ensure an acceptable probability of survival at a high level of
confidence. Indeed, it seems to us that it would be desirable to run many
more actual tests than are reported by Finger in order to provide a better
basis for statistical analysis. Under Spectrum A, only two specimens were
tested to failure; under Spectra B and G, four each; and under Spectrum
D, five. These sample sizes seem very inadequate for estimating allowable
stresses in a very large structure that is expected to survive 200 million
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cycles of loading. Further, we believe that it is unrealistic to assume that
weld behavior will be equivalent to that of the parent metal on the basis
of results from only one welded specimen. It should be noted that a large
amount of welding is involved in steel spar windmill blade construction
and that welds will be likely sources of failure origins.

For Spectra A, B, and D, we obtained enough model prediction results
to be able to plot the curves in Fig. 6 of the number of cycles endured,
N, versus the initial stress intensity factor, Kopo. All the experimental
data points are also shown for comparison. It is clear from this figure that
the model predicts that the life in terms of cycles for Spectrum A will be
two to three times as great as for Spectrum B. Since the number of cycles
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FIG. 6—Results of application of Finger crack growth prediction model to Spectra A, B,
and D compared with experimental fatigue test results. Material is ASTM/ANSI A533 steel.
Arrows attached to symbols indicate no observable crack growth occurred during test.
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per spectrum is 2.8 times as large for Spectrum A as for Spectrum B, this
means that the predicted life in terms of spectra should be about the same
for Spectrum A as for Spectrum B. This is clearly due to the manner of
truncation of Spectrum A to obtain Spectrum B, as suggested by Mr.
Finger. The experimental data, however, is quite inadequate to confirm
or deny the prediction.

It can be deduced from a detailed comparison of Spectra B and D that
the model equation should predict a rate of crack growth under Spectrum D
of about one-third of that under Spectrum B at any given crack size. This
is consistent with the relative positions of the curves for Spectra B and D
in Fig. 6. In this comparison, the experimental results do tend to support
the prediction.

We note that Mr. Finger's model treats negative R ratio load cycles as
equivalent to load cycles with R = 0. The experimental data presented
cannot be used to test this assumption. However, we wish to point up that
constant amplitude data presented by Hudak et al® for 2219 T851 aluminum
alloy show crack growth rates at very low AK values to be higherat R = —1
than for R ratios greater than zero, and at high AK values the reverse is
true.

We are somewhat concerned about the heat treatment applied to the
precracked specimens to relieve the crack front plastic zones. This is stated
to consist of heating to 1339 K (1950°F), holding for 1.0 h, and cooling to
room temperature (rate unspecified). By comparison, ASTM/ANSI Speci-
fication for Pressure Vessel Plates, Alloy Steel, Quenched and Tempered,
Manganese-Molybdenum and Manganese-Molybdenum-Nickel (A 533-78)
calls for austenitizing at 1550 to 1800°F, water quenching, and subsequent
tempering at not less than 1100°F. It seems that these two heat treatments
should produce quite different structures, and we therefore wonder whether
the present results are representative of AS33 Type B steel when supplied
according to the ASTM/ANSI specification, or as used in windmill con-
struction.

Finally, we wish to point up that the steels tested by Mr. Finger are
subject to accelerated crack growth in the presence of moisture. For ex-
ample, the results by Atkinson and Lindley* for A533-B steel tested in the
presence of distilled water show a two-fold increase in the crack growth
rate when the frequency of loading is decreased from about 25 Hz to
about 0.3 Hz, which is characteristic of the rotating speed of large wind-
mills. These results relate to constant amplitude tests carried out at R
= (.05 and apply to a AK of 45 ksi-in!2, Because it is doubtful that large

3Hudak, S. J., Saxena, A., Bucci, R. J., and Malcom, R. C., “Development of Standard
Methods of Testing and Analyzing Fatigue Crack Growth Rate Data,” AFML-TR-78-40,
Air Force Materials Laboratory, May 1978.

4 Atkinson, J. D. and Lindley, in The Influence of Environment on Fatigue, Mechanical
Engineering Publications Limited, New York, 1977, p. 65.
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windmill blades can be effectively protected from moisture over many
years, it is important to know to what extent the moisture effects reported
by Atkinson and Lindley will occur at lower AK values and to what extent
moisture will affect the threshold K values.

R. W. Finger (author's closure)—In response to the discussion, the
author wishes to offer the following comments. The purpose of the test
program and model development was to define a methodology that could
be used to determine allowable operating stresses for windmill structures.
The first step was to develop a model that reliably predicted test specimen
behavior. Having accomplished this, the model could then be used to
predict the typical behavior of the structure for an assumed set of conditions
(operating stresses, initial flaw size, etc.). Appropriate factors could then
be applied to make sure that the actual conditions in the structure were
sufficiently different from the assumed so that the service life requirements
would be assured. Time and budgetary considerations limited the size of
the test program, and these limitations are reflected in the factors being
used for the actual design. A larger test program, as suggested by the
reviewers, would probably allow some relaxation in the conservatism used
in the selection of these factors. The purpose of this paper was to present
a crack growth model and spectrum load crack growth data that are
applicable to windmill type load environments, not to supply aliowable
operational stresses. The generation of allowable operational stresses
requires a knowledge of the inspection techniques, fabrication procedures,
and acceptance criteria being used for the actual structure.

The assumption that negative R ratio crack growth rates are the same as
R = 0 rates is consistent with the data presented by Hudak et al for 10Ni
steel in reference cited by the reviewers. It is also consistent with my
experience on numerous tests of surface flaw specimen under both uniform
and spectrum load conditions. The reviewers comments were based on a
single test of an aluminum specimen, either a center-crack or a compact-
tension type. The test was conducted using a decreasing K procedure,
therefore, the low AK region had the longest crack length. In light of the
wide precrack starter notch in both configurations, compression loading
on either specimen type can result in tension at the crack tip for long
fatigue cracks. This problem will be especially acute for the compact
tension specimens, because the specimen halves will tend to rotate about
the initial portion of the fatigue crack. The application of compression
loads would thereby induce an additional tension load cycle (of some
unknown magnitude) that is not accounted for in the calculation of crack
growth rate. The validity of data generated in this manner is questionable
at best.

The thermal treatment procedure used to relieve the effect of the crack
front plastic zone was developed at Boeing and has been used on other
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steels, aluminums, and nickel alloys. Comparisons have been made of the
crack growth rates for specimens that have and have not received this type
treatment. These comparisons have not revealed any difference in the crack
growth rates. Although changes in heat treatment can have a significant
effect on conventional fatigue behavior, the author has not seen this effect
on crack growth behavior.
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ABSTRACT: The purpose of this program was to systematically evaluate the effect
of variations in flight stress spectra on crack propagation using analysis in conjunction
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Variations in applied load spectra have been shown to significantly
affect crack propagation behavior, It is important, therefore, to quantify
and evaluate load spectra effects to improve crack propagation prediction
capability and aid in the formulation of design, analysis, and test spectra.
The range of load history variations that needs to be considered is limited
because each aircraft in a fleet has similar weight and performance limits.
A load history sensitivity study is realistically constrained to a basic spectrum
with parameter variations on the order of 10 to 20 percent. As an example,
within a fleet of aircraft with a design limit load factor of 8 g’s, it would be
normal for the majority of aircraft to experience that level of load factor
a relatively few times in its life. Out of the remainder of the fleet, it may
be possible to find a few aircraft that had experienced no more than 6.5 g’s

!Section chief-Technology and senior engineer-Technology, respectively, McDonnell Air-
craft Co., St. Louis, Mo. 63166.

2Aerospace engineer, Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force
Base, Ohio 45433.
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or more than 9.5 g’s (this range of usage could result in factor of three on
life).

Thus, study of spectrum effects is limited to determining the sensitivity
of crack growth life to small representative variations from a baseline
history. The primary purpose of this study was determination of this
sensitivity. Identification of load history variables that have a large effect
on crack growth can significantly influence development of load histories
used for design verification testing and requirements for recorder systems
to track structural damage.

During the design phase of an aircraft, reliance is placed on analytical
approaches to determine crack growth life, with limited supportive testing.
Knowledge is required of both the sensitivity of crack growth life to spectra
variations and the accuracy of crack growth prediction methodology. A
secondary purpose of this investigation was to determine the capability
of existing crack growth analysis methods to predict growth behavior under
realistic loading conditions.

The investigation is reported in detail in Ref /.3 Over 100 spectrum
variations were generated, derived from four baseline load factor spectra
for F-15 aircraft lower wing skins. These baseline spectra are air-to-air,
air-to-ground, instrumentation-and-navigation, and a combination, the
design mix. Stress exceedance curves for the lower wing skin of the F-15
aircraft were used to develop the baseline stress spectra. Cycle-by-cycle
stress histories were generated using techniques based on random noise
theory to obtain realistic coupling of peaks and valleys. Computer programs
used to create each of the load histories were documented in Refs 2 and 3.
Using these computer programs, it is possible to exactly duplicate each
of the over 100 load histories used in this study.

Crack growth was predicted prior to test for each spectrum using the
Willenborg model [4] as the primary analysis method. The contact stress
model [5], which accounts for crack closure effects, was used as a secondary
method. It was improved to account for residual stress effects at the hole
and large scale yielding to correlate with trends observed in test. Hence, in
general, the predictions of the contact stress model were more accurate
than those of the Willenborg model. Three constant amplitude and 30
spectrum tests were performed to verify the predictions, to evaluate the
effects of spectrum variations, and to provide data useful for defining
guidelines for structural verification of future aircraft.

Baseline Exceedance Curves

Design missions of the F-15 aircraft were used as the basis for generating
fatigue stress spectra. The design mix spectrum was based on a mission

3The jtalic numbers in brackets refer to the list of references appended to this paper.
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analysis of expected usage and included 365 air-to-air missions, 355 air-to-
ground missions, and 96 instrumentation-and-navigation training missions
per 1000 h. External wing loading distributions were defined for each
flight condition by speed, altitude, gross weight, and airplane configuration.
The baseline stress spectra and their variations were defined at fatigue
and fracture critical locations of the F-15 lower wing skin outboard of the
manufacturing splice at butt line 15S. Baseline stress exceedance curves
are shown in Fig. 1. The spectrum also contains compression loading
representing ground loads. The baseline limit stress used in the program
was 207 MPa (30 ksi), gross.
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FIG. 1—Baseline stress spectra.
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Test Program

Aluminum alloy 7075-T7351 was the test material. Specimens (Fig. 2)
containing through-thickness cracks emanating from open holes were used
for the spectrum tests. Electrical discharge machined (EDM) starter notches
were created at pilot holes located as shown in Fig. 2. Specimens were
pre-cracked until the visible length of the longest crack was 0.13 cm.
Subsequently, the pilot holes were reamed to a diameter of 0.635 cm.
This procedure left a fatigue pre-crack of approximately 0.05 cm emanating
from one of the holes in the specimen. During the testing, surface crack
lengths were optically monitored and recorded at intervals of S00 spectrum
flight hours. In addition, during one 1000-h block of simulated flight
hours on each specimen, the crack length was measured every S0 spectrum
hours.

Impact of Spectrum Variations

The impact of spectrum variations on crack growth life and the accuracy
of the Willenborg and contact stress crack growth models in assessing this
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FIG. 2—Open hole specimen.
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impact is summarized in Table 1. For purposes of comparison, the crack
growth life in each case was determined to be the amount of flight hours
necessary for the crack to grow from 0.13 to 1.27 cm measured from the
edge of the hole. Variations shown to have the greatest impact are those
affecting the maximum peak loads. These variations include mission mix,
high- and low-load truncation, exceedance curve variations, and limit
stress variations. Variations shown to produce lessor impact include those
that affect all but the highest peak loads throughout the spectrum, such as
sequence of missions, compression loads, and peak and valley coupling.
Spectrum variations shown to produce little effect are reordering of loads
within a mission and flight length variations.

Spectrum variations generated in this program apply to the lower wing
skin of a fighter aircraft, therefore the assessment of these variations may
not apply to other structural areas.

Some of the more significant spectrum variations are described in the
following paragraphs.

Sequence of Missions

The effect of this variation is shown in Fig. 3 where the missions were
sequenced based on the highest load in each mission, either in increasing
order of loads (Lo-Hi), or decreasing order of loads (Hi-Lo). Both models
predict reductions in crack growth life with either Lo-Hi or Hi-Lo se-
quencing. Tests were performed using Hi-Lo sequencing and results were
in agreement with predictions of the models.

Mission Mix

The ratio of air-to-air missions to total missions in the 1000-h design
mix spectrum was varied. The analysis and test data presented in Fig. 4
indicate that the effect of this variation is to reduce life as the number of
air-to-air missions increases.

High- and Low-Load Truncation

These variations had the greatest impact on crack growth life of all the
variations. One variation is that of truncation of cycles having small peaks
from the design mix spectrum. As shown in Fig. 5, life with the design mix
is sensitive to the truncation level imposed. When cycles with peaks below
45 percent design limit stress (DLS) were removed from the spectrum
(51 percent of the cycles) very little effect on life was predicted. However,
when cycles with peaks less than 50 percent DLS were removed (65 percent
of the cycles), crack growth life was predicted to increase markedly. Life
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increased a factor of two over the baseline when cycles with peaks less
than 65 percent DLS were removed from the spectrum (91 percent of the
cycles). Test results agreed well with predictions of these variations.

Another truncation variation affected the highest loads in the design
mix spectrum. Variations involving addition of a single overload cycle to
the 1000 flight hour block had the most significant impact on the crack
growth life of all variations tested. As shown in Fig. 6, a single cycle with
a peak stress level of 135 percent DLS applied once every 1000 h increased
the crack growth life by more than a factor of six. In contrast, clipping
the highest load in the spectrum to some lower level decreased the crack
growth life; for example, when loads were clipped to 85 percent DLS, the
life was 75 percent of the baseline value.

The crack growth models predicted the trends of high- and low-load
truncation results.

Compression Loads

Compression loads were found to have moderate effects on crack growth
life. Data in Fig. 7 indicates the effect of ground load variations on life as
compared to the design mix spectrum life. The design mix spectrum includes
ground loads of —5 percent DLS and —10 percent DLS and negative
maneuver loads up to —27 percent DLS. Increasing these loads to —30
percent DLS reduced life by 20 percent, while setting all compression
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FIG. 6—High- and low-load truncation. Effect of modifying highest load level in spectrum
on crack growth life.

loads (including ground loads) to zero increased life by less than 10 percent.
The Willenborg model as used in this study could not account for compres-
sion load variations. However, the contact stress model predictions were in
reasonable agreement with the test results.

Exceedance Curve Variations

Exceedance curve variations are among the most common variations
encountered during aircraft design and analysis. Variations included three
exceedance curves of lesser maximum stress and three curves of greater
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FIG. 7—Compression loads. Effect of ground load variation on crack growth life.

maximum stress (Fig. 8). Figure 9 depicts the effect of these variations on
crack growth life of the air-to-air baseline spectrum. The results indicate
that crack growth life decreases monotonically with increasing maximum
stress. The agreement between analysis and test is close.

Limit Stress

The effects of limit stress became apparent during the performance of
the test program when it was found that the prediction errors of the Willen-
borg model could be correlated with the maximum stress level in each
spectrum as shown in Fig. 10. In order to assess these effects, two speci-
mens were tested to the design mix spectrum, one at 137 MPa (19.8 ksi)
and one at 277 MPa (40.2 ksi) limit stress, with all the spectrum stresses
decreased and increased accordingly. Results of these tests and analyses
are also shown in Fig. 10. The Willenborg model does not correlate well
with these limit stress test results.

Summary

In conclusion, spectrum variations involving mission mix, high- and
low-load truncation, exceedance curves, and stress level appear to have the
greatest impact on crack growth life. These factors probably encompass
the main ingredients of spectrum development and could be expected to
have the greatest impact on fatigue and fracture analyses. The Willenborg
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model appeared to be reasonably accurate in accounting for spectrum
variations. With the exception of the case of the 135 percent overload,
the contact stress model was as accurate as, or more accurate than, the
Willenborg model.
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ABSTRACT: The results of an analysis petformed to evaluate damage rates at several
locations in an airplane structure subjected to usage variations are presented. The results
reveal not only the response of several locations to spectra variations, but also the correla-
tion of damage rates at remote locations with the damage rate of a reference location.

KEY WORDS: fracture mechanics, damage index, spectrum variables, damage
tolerance, fatigue (materials), crack propagation

In an attempt to maximize the structural useful life of its airplane weapon
systems, the U.S. Air Force has introduced a concept called force manage-
ment. The objective of this concept is to provide the methods and procedures
for defining all force maintenance actions. These actions include structural
inspections, structural rework if required, component replacement as re-
quired, and retirement. The mission of force management is to program
these actions to optimize economic and safety considerations. The specifics
of force management are delineated in MIL-STD-1530A.2

This standard provides for a fracture mechanics approach to the airframe
durability/fatigue life evaluation problem. That is, it is assumed that the
structure has initial production flaws or cracks that require monitoring or
tracking throughout the airframe’s usage to preclude crack growth to critical
proportions. Attendant requirements are also defined in MIL-STD-1530A

!Senior engineering specialist, senior engineering manager, and senior engineering specialist,
respectively, Vought Corporation, Dallas, Tex. 75265.

2¢Aircraft Structural Integrity Program, Airplane Requirements,” MIL-STD-1530A, U.S.
Air Force Aeronautical System Division, Dec. 1975.
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and supporting specifications concerning the design of new airframes for in-
spectability, fail safety, and materials selection (for slow crack growth).

The basic elements of force management include an individual aircraft
tracking program (IAT), a loads and environment spectra survey (L/ESS),
and a force structural maintenance plan. The investigation described in this
paper applies to, and was done in support of, the IAT functions of force
management.

A primary objective of an IAT program under MIL-STD-1530A is to
predict the potential growth of flaws in critical areas of each airframe. The
flaw growth data are then used to derive maintenance intervals for individual
aircraft. Before fracture mechanics techniques were available, this task was
accomplished by methods based on accumulated fatigue damage. This has
resulted in two categories of IAT programs, one based upon fatigue damage
and one upon crack growth damage calculations, depending upon when the
aircraft was designed. Only one fighter/attack aircraft (the F-16) has been
developed under the MIL-STD-1530A requirements, although several have
been evaluated using the methods of fracture mechanics.

The individual aircraft usage data for U.S. Air Force aircraft is acquired
by use of an “activity indicator.” There are presently two recording devices in
use: the counting accelerometer (CA) and the mechanical strain recorder
(MSR).

A counting accelerometer is a device consisting of a transducer that senses
aircraft center of gravity vertical acceleration and a digital indicator that
displays the cumulative occurrences of specific acceleration levels. An MSR
is a self-contained mechanical device that senses and records total deforma-
tion over the effective gage length of the structure to which it is attached. A
tensile deformation of the structure causes a stylus to scratch a metal foil
tape contained in a cartridge. The excursion of the stylus is proportional to
the deformation. The tape advances as successive recordings are made.

The basic objective of IAT is to use the data acquired from the airplane ac-
tivity indicator in a fashion that allows periodic calculation of a damage in-
dex. This capability is the heart of the force management concept and is
receiving considerable attention in an attempt to produce reliable and ac-
curate results. The problem is basically one of having a very small amount of
information in a case where a large amount is needed. Generally, an airplane
will have only one indicator and a large number of structural locations that
require tracking. The implementation of IAT then requires a transfer func-
tion that relates indicator data to damage at a reference location and
methods for predicting damage at remote locations.

A fundamental difference between the CA and the MSR is that the CA re-
quires one additional transfer function relating acceleration to stress at the
reference location. That is, the stress that is calculated from a given load factor
for the purpose of damage prediction assumes some average value for impor-
tant flight parameters such as weight. An MSR records the stress (obtained
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from strain) directly without knowledge of the maneuver or flight condition
that causes the load.

The study reported here was directed at two questions inherent to the IAT
process using CA and MSR. (1) How much error is introduced by use of the
CA relative to the MSR in damage index calculations or life expended? (2)
Can the damage rate at remote locations be correlated with the calculated
damage rate at the reference location?

Analysis

The approach to investigating the questions at hand consisted of choosing
several structural locations in an airplane and analyzing the response of each
location to usage spectra variations. This analysis was guided by the MIL-
STD-1530A assumptions of initial flaws in safe crack growth structure,
Failure was assumed when the applied stress intensity factor reached the
critical stress intensity factor for the part thickness.

The airplane selected for this study is the U.S. Air Force A-7D. The struc-
tural locations chosen are the eight described by Figs. 1 and 2. The baseline
usage spectrum chosen was derived during the A-7D U.S. Air Force Aircraft
Structural Integrity Program. Stresses were calculated by a finite element
analysis of the structure.? The structural locations were selected not because
of their criticality, but to give a reasonable distribution of points in the
airplane. In fact, to produce failure at the points selected, the theoretical
stresses were increased to produce the final spectra.

Table 1 itemizes the nine spectra variations used in the study. These varia-
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FIG. 1—Location of fuselage analysis points. Force management analytical points: (1)
longeron at FS 480, (2) wing attach lugs, (3) horizontal tail, and (4) vertical tail.

3White, D. J. et al, “Flight Spectra Development for Fighter Aircraft,” Technical Report
NADC-76132-30, July 1977.
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478.00

FIG. 2—Location of wing analysis points. Force management analytical points: (1) WS 32, (2)
WS 53, (3) OWP lugs, and (4) stub hole.

TABLE 1—Spectra variations used in analysis.

w 1.075 W (one standard deviation of A-7D weight)

w 1.15W

MN = 1.15 MN (one standard deviation of A-7D Mach number)

. ALT = 1.15 ALT (one third of a standard deviation of A-7D altitudes)

- NZ = 1.15 NZ

. 30-30-40 mix (the baseline spectrum was a 30% general, 50% air-to-ground, and 20% air-
to-air mix)

. 10-50-40 mix

. 50-50-0 mix

NovswN -

0 Qo

tions represent reasonable variations in airplane mission parameters. For ex-
ample, reprogramming of fuel usage can cause weight variations of the
magnitude shown.

The vertical and horizontal tail locations are made of 4340 steel while the
remaining six locations are 7075-T6 aluminum. The initial flaw lengths are
seen to be 0.01 in. for the steel and 0.05 in. for the aluminum. The EFFGRO
fracture model* with the Vroman retardation option was used for the crack
growth analysis.

A unique stress spectrum for each of the eight structural locations was
generated for each of the ten mission variations. A total of 80 EFFGRO
crack growth analyses were then accomplished. Figures 3 and 4 are included
to characterize the results of these crack growth histories. The end point of

4Crack Propagation Analysis by G. Vroman’s Model,” North American Rockwell Report
NA-72-92, prepared by M. Szamossi, 1 Feb. 1972.
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FIG. 4—Crack growth at WS 53.
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each curve notes fracture. It is seen that the content of the different spectra
impact the crack growth rates as well as the critical crack lengths.

Dividing the (spectrum) time to failure for each of the spectra by the time
to failure under the baseline spectrum results in the normalized crack growth
life data of Table 2. The variations in life range from a —88 percent in the
case of the horizontal tail under Spectrum 4 to +800 percent for the same
location under Spectrum 3. Variations of this magnitude are difficult to ex-
plain physically and likely point out that the analysis is method limited in the
case of the horizontal tail. That is, the method of predicting the horizontal
tail stresses possibly fails for variations of this magnitude in the spectrum
parameters. It is judged that trends in the results are preserved, however.

The significance of the data of Table 2 is that large changes in life are ap-
parent under the influence of relatively small changes in Mach number and
weight. The counting accelerometer is blind to both these variables. The
counting accelerometer is at least partially blind to the mission variations
represented by Spectra 8, 9, and 10. The Mach number and weight ex-
perience effective variations by shifting the time spent in the subject mis-
sions. The MSR has an obvious advantage in these cases, since it reflects the
actual load experienced at the location.

Figures 5 through 8 address the remaining question with respect to
TIAT—that of being able to track the damage state at locations remote to the
reference location. In these figures, the crack growth curve data is normal-
ized to give an indication of the rate of damage at the stations remote to wing
station (WS) 32, the reference for the A-7D. The data is normalized as
follows. For a given location, the minimum failure crack length was read for
each spectrum. Each of the spectrum times corresponding to these lengths
were divided by the time it took to reach the minimum length for the baseline
spectrum. The normalized values of each of the locations are plotted against
the values of the reference station, WS 32. Note that the 45-deg line on the
graphs represents perfect correlation of the damage at the various locations
with the damage at the reference. Note also that the lower half of the divided
quadrant represents conservative comparisons while the upper half is non-
conservative.

An examination of the data in Fig. 5 through 8 reveals that the error in the
damage rates of WS 53, pylon stub hole, and the outer wing panel, relative to
the reference is especially good. The average of the variations in damage rate
for these locations is S percent. For the wing attach lug, the variation from
perfect correlation is about 10 percent and for the longeron, about 18 per-
cent. These variations are considered moderate when taken as an average,
but the maximum variations for particular spectra are 27 and 48 percent,
respectively. These large variations make the usefulness of such damage
transfer somewhat tenuous for these stations. The variations in the damage
rate correlations for the two tail stations are considered completely out of
order.
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FIG. 5—Normalized rate of crack growth at WS 53 and pylon stub hole.
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FIG. 8—Normalized rate of crack growth at vertical and horizontal tails.

Conclusions

The conclusion concerning the relative superiority of the CA versus the
MSR for IAT is that the MSR is considerably more efficient and accurate in
terms of providing a damage index per se. A thorough cost analysis and com-
parison of the two methods could mitigate this ranking to some extent. For
example, it could be that the supposed higher cost of the data retrieval and
processing for the MSR could outweigh the accuracy liabilities of the CA.
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Also, the CA accuracy can always be improved by frequently updating the
stress to acceleration relationship. This process is a cost item, however. For
purposes of this investigation, the MSR is chosen as the superior method.
A conclusion with respect to the second IAT question is much more dif-
ferential. It is seen that some remote locations can be damage tracked
through a reference station while others cannot. Gross indications here are
that locations associated with the wing track well, the fuselage not so well,
and the tails not at all. For airplanes having critical structure only in the
wing, it follows the successful IAT is highly likely with a single activity in-
dicator. For airplanes with a wide distribution of critical locations, muitiple
indicators may be required. In any event, careful analysis is required.
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Summary

Virtually every life analysis method that exists is based on assumptions of
the analyst as to the significance of one of the spectrum variables over
another. Over the recent past, ASTM Committees E-9 and E-24 have
published state-of-the-art documents on the effect of overloads, truncation,
block loading, and other specific fatigue considerations, but there has been
no systematic documentation of the effects of representative variations in the
loads spectra on fatigue life. The majority of those past publications that
have addressed spectrum fatigue have been documentations of the fatigue
performance of structures under specific loads spectra with very little varia-
tion in any of the loads parameters.

The purpose of this symposium was to document the significance of load
spectra variation on structural life as measured by crack initiation and crack
growth. The papers presented herein represent the efforts of individuals to
determine the specifics of these effects within their structures’ usage environ-
ment.

This special technical publication presents an excellent state-of-the-art of
the service spectrum fatigue technology. This field encompasses the
technologies of loads environment characterization, knowledge of typical
variations in structural usage, materials characterization, and initiation and
crack propagation prediction analysis under other than non-constant am-
plitude conditions.

Socie and Artwohl describe a method of drastically truncating service load
histories analytically while retaining the original fatigue damage. The
authors use simple notched coupons for their test elements. Truncation of
this sort is normally done to reduce the number of cycles necessary to
simulate the structural life in a laboratory test. As a result of this study, these
authors conclude that the method to be used in low-load truncation should
be different for the crack initiation and the crack propagation phases of the
structures life.

Carroll reports an interesting study of apparent time-at-load dependency
in fatigue behavior under simple periodic overload, underload, sustained
load, and also flight-by-flight loading conditions. In this study, direct
measurements indicated time dependent changes in notch strain with sus-
tained compression loading. These notch strain changes were related to
changes in the local notch stress (or residual stress) levels. Subsequent testing
determined that the sustained load levels could change the fatigue life by a
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factor of ten if periodically applied. Carroll found no major sustained load ef-
fect in flight-by-flight loading, though.

Bucci, Thakker, Sanders, Sawtell, and Stanley discuss the difference
found in attempting to rank experimental heats of aluminum alloy materials
under constant and non-constant amplitude loading. Inconsistency in
variable amplitude fatigue crack growth rate indicated to the authors that
there were competing damage growth mechanisms with controlled changes in
basic microstructure and temper.

The paper by Hsu and McGee describes an extensive study of the effects of
compressive load cycling on spectrum fatigue crack growth. Their study in-
dicated that multiple compressive cycling gave approximately the same crack
growth rate as a single compressive cycle in flight simulation tests of center
cracked panels. This paper adds significantly to the knowledge of crack
growth under the typical condition of primarily tensile fatigue loading with
periodic compression cycling.

Larsen and Annis present the results of a series of tests incorporating
military turbine engine mission type loading. Their studies indicate that this
type of usage produces a high load relatively often (more than once per mis-
sion) giving crack growth behavior that is heavily affected by the delayed
retardation phenomena.

Macha, Grandt, and Wicks studied crack growth for military turbine
engine load spectra using an approach of isolating the loading events. Using
this approach, Macha et al monitored the effects of overloads, underloads,
and sustained load on crack growth at elevated temperature. They found that
retardation was produced that was proportional to the level of the overload.
Underload level within the range found in actual structures were found to
have a relatively insignificant effect on the crack growth behavior. Crack
growth for a sustained period within an applied load history was at the same
rate as during a continuous sustained load test following an incubation
period of slower growth.

Wozumi, Spamer, and Lambert compared crack growth predictions, us-
ing several methods, to spectrum test results for the purpose of evaluating
and improving their analytical capability. Improvements were made to the
most promising analytical method based on their evaluation of its perfor-
mance in these spectrum conditions.

Abelkis describes an exhaustive study of spectrum loading effects for
transport airframes. The effort covered 134 variations in usage, high- and
low-load truncation, compression loads, flight loads alleviation, and sus-
tained loading under realistic flight-by-flight loading. The most important
features for transport airframes, as measured by crack growth rate, were
found to be mission mix, flight length, usage severity, and high load levels.
The least important effects were mission sequence and ground or compres-
sion cycles.
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deJonge and Nederveen compared fatigue behavior for a basic transport
history and variations simulating a feedback controlled system for reducing
the amplitude of gust induced loads. They also studied the effect of deleting
the ground-air-ground load cycle from the load history. The authors
discovered that the gust alleviation system resulted in an increase in crack
initiation life but no change in crack propagation life (flights from 24 to 60
mm total crack length out of 20 mm hole). The elimination of the ground-
air-ground cycle resulted in a 3.5 times increase in both initiation and crack
growth life.

Finger discusses the effect of windmill load spectra variation on crack
growth. He created four different load spectra based on the extremes of wind
condition and conducted crack growth tests to develop their prediction
capability. The tests indicated that a crack growth prediction methodology
required both stress intensity threshold terms and retardation behavior
modifications to produce excellent correlations with results.

Dill, Saff, and Potter describe a combined analytical and experimental
study of crack growth with multi-mission fighter aircraft load histories. In
this study, the authors created over 100 load spectra based on typical and ex-
treme usage of an advanced capability aircraft. Variations were made in load
sequence, design stress level, high- and low-load truncation, mission mix,
and other usage variables. The load spectrum variables that were found to be
most significant were those that affected the basic usage and the highest
stress level; for example, design stress level, high-load truncation, and mis-
sion mix. Least significant were sequence of loads and compression loads.

Larsen, White, and Gray describe a primarily analytical study of the effect
of spectrum variables on crack growth. In this study, the authors developed
basic loads spectra for specific locations on a fighter aircraft and variations
to those spectra based on their knowledge of the statistics of fleet usage dif-
ferences. Thus, they have produced a set of analytical predictions of crack
growth changes as a function of specific fleet “‘standard deviations” of usage.
This unusual approach results in the ability to better define the crack growth
potential of the extreme usage aircraft in a large fleet under changing condi-
tions.
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