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- ‘ ‘ " THE ROLE OF STRESS CONCENTRATIONS
e e : TN STRUCTURAL FATIGUE
4 .‘_ ‘ o By
! John H. Crews, Jr.

ABSTRACT

This dissertation deals with an analysis of fatigue behavior at
stress-concentration sites under cyciic loading. Specifically, the
study treats sheet épecﬂmens containing a central hole under remote
uniaxial eyelic loading. This investigatidn was conducted in
three phases: an anal&sis of local cyclic stress-strain conditions
at the .stress-concentration site, an investigation of fatigue crack
initiation, and a study of the initiai stage of crack propagation for
2 cracks growing from the stre;s-concentration site.

Because fabigue cracks in siructures originate at stress
concentrations, rationél methods for estimating crack initiatiom
must be based upen cyclic stress-strain conditions at typical stress-
concentration sites. For the specimen configuration considered in
the present study, this point of maximum stress and strain was on the

. boundary of the hole and congequently was in a uniaxial stress state.
Cyclic stress and strein were esgtimated for this point by cycling
uniaxial coupons between calculated limits for the local stress and

* strain. The adequacy of this "analytical-control" procedure was

- demonstrated by a comparison of calculated results with experimental

results obiained on a companion specimen. Comparisons were made for

constant-amplitude, two-level, and rzndom loading.




The first level of the two-level loading was designed to produce

residual stresses that altered local fatigue damage accumilation for

. 4 ] the second loading level. This nominal stress interaction was typical

L

PR 1

of" those experienced in structures. To obtain estimates of crack

o initiation that accounted for this stress interaction, the analytical-"
B L ., control tests from the first phase were continued until. the uniaxial

‘;oupons failéd by fatigue. The accuracy of this procedure was

’ illugfrated by comparison of estimated and observed crack-initiation

! periods.

‘ To complete this study of the role of stress concentrabions in

fatigue, the initial stage of crack propagation from a stress-

concentration site was. Investigated. Short .cracks emanating from

-ty

stress-concentration zones are influénced by the local stress field

, corresponding to the stress concentration. Through the use of a
Wes%ergaard stress function for concentrated loads on a crack surface
together with a boundary-collocation technigue, a general procedure
was developed for calculating stress:;ntensity factors for cracks
growing from a hole in a sheet specimen. Stress-intensity factors
were used together with a "master curve" characterizing crack growth

- for the sheet material to calculate crack-growth curves for cracks

growing from the hole. These calculatbions were made for local stress

fields corresponding te the congbtant-amplitude and two-level loading

of the first two phases of the study. The crack-initiation tests of

. the second phase were continued to obtain experimental crack

propagation results. Reasonable correlation was found between the

calculated and experimental crack-growth curves.




The generally close correlation between calculated and observed

results throughout this study demonstrated the utility of local stress

v analyses in the prediction of fatigue behavior for structural
components containing stress concentrations. The procedures used

v herein are expected to be generally applicable for fatigue analyses

involving more complicated configurations and loading than those

considered in this investigation.

-
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1. INTRCDUCTION

1.1 General

The importance of Tabtigue considerations in the design and use of
structures has been well racognized for many years. However, in spite
of intense efforts to develop analytical methods for predicting
structuralifatigue, most fatigue evaluations must be based uwpon ad hoc
tests of prototype structures. These tests are usually time consuming
and may result in expensive design changes. Analytical predictions of
structurél fatigue would be preferred at an early design stage of a
new structure.

One of the primary deberrents to the amalysis of structural
fatigue has been the problem of local stress analysis. Virtually all
structures contain,fastehers, fillets, or other such abrupt changes in
configuration that sct as stress raisers during service loading. The
material at each of these stress-concentration sites is highly stressed
(often into the plastic range) during the cyclic loading and, con-
sequently, these sites become fatigue criftical areas. Fabtigue cracks
originate at and propagate from these critical zones. To predict the
initiation of fatigue cfacks, stress~strain conditions within these
zones must ge determined. beeover, during the early stages of crack
propagation, a crack ig under the influence of the local stress field.

Consequently, the problem of local stress analysis may also complicate-

the analysis of fatigue crack propagation.



1.2 8Specific Objectives

The present study was undertaken‘tg investigate typical effects of
stress concentrations on the fatigue behavior of sheet specimens. This
study was conducted in three phases: a study of local cyclic stress-
strain conditions at the stress-concentration gite, an investigation
of crack initiation, and an analysis of the initial stage of crack
propagation ab this site. .

Because fatigue cracks originate gt the most highly stressed zone
of a stress-concentration site, aﬁtention‘wag restricted to this zone
during the first phase of the study. As a Purther sim@&ificatién, thin
specimens containing a central hole with‘inplane loading were c;n-,
sidered. For this type of specimen, the %ici%i%y of the stress
raiser is in a state of plane stress and the fatigué.critita; zone on
the stress-free boundary of the hole is under simple uniaxial'stress.
Conditions at this critical point were referred to as "local"
conditions. As a result of this uniaxial stress state, local
conditions were investigated by simulating local cyclkic stress-strain
behavior in unnotched uniaxial specimens. This simulation was
performed by cycling the unrotched specimens between prescribed
iocal elastoplastic stress-strain limits. An equation relating local
stress- and strain-concentration factors for nonlinear material
behavior was used to calculate these limits. For an evaluation of
this Manalybical-control" procedure, local cyclic stress-strain
conditions were also determined experimentally using a "companion-
specimen” method. The calculated and experimental results were compared

for constant and variable-amplitude fatigue loading.



To demonstrate the importance of analyzing fatigue crack initia-

tion from a local cyclic stress-strain approach, loading levels and
sequences were selected to produce stress interactions. These stress
interactions were caused by residual sitresses and damage acceleration
at the stress-concentration site and were typical of those found in
service. Fatigue crack-initiation periocds for the notched specimens
were estimated by continmuing the analytical-control tests from the
first phase until pracks appeared in the unnotched specimens. The
adequacy of this prediction method was assessed by comparing estimated
results and observed crack-initiation periods in notched specimens.

The effect of the stress concentration on fatigue exists beyond
the initiation of{a fatigue.crack at the stress-concentration site.
The high stresses in the iﬁmediate vicinity of a stress raiser
incre;se the érack propagation rates for small cracks originating at
the criticé; site. In addition, for varisble-amplitude loading

3 L

involving local plasticity, residual stresses may exist in the

¢

vieinity of the stress concentra?iog that alter crack-growth behavior.

- 'Consequéntly, é third phase of this study investigated the effects of

F

stress raisers during the initial stage of crack propagation.

1
I

Through the use of a Westergaard stress function for concentrated
loads on a free crack togeﬁher with a boundary-collocation procedure,
a general procedure was developed for calculating stress-intensity
factors for cracks growing from é central hole in sheet specimens.
Stress-intensity factors for cracks propagating through residual

stress fields were determined with the aid of elastic and approximate

elastoplastic analyses of stresses near the circular hole. These stress



.t

I

" character-

intensity factors were used together with a "master curve,’
izing the crack-growth behavior for the specimen maserial, to calculate
crack;gréwth curves for several-types of constant and variable-
amplitude loading conéidered in the first two phases of this study.

The accuracy of the estimates of st}esé—interaction effects on initial
crack p%op;gation behavior was-determined by comparing estimated
crack-growth curves with test results.

The correlation between caleculated and experimental results

demonstrated in this study illustrates the utility of local stress

analyses for the prediction of fatigue lives for structural components

containing stress concentrations. The procedures used in this study
to estimate fatigue behavior are expected to be generally applicable
in fatigue analyses involving more complicated configurations and

loading sequences than those considered in this investigation.



2. LITERATURE REVIEW

2.1 General

Fatigue failures in machine and structural components
characteristically originate at stress concentrations such as bolt
holes, fillets, or other abrupt changes in configuration. Because of
this localized nature of fatigue crack initiation, rational methods
for predicting fatigue must be based upon analyses of local stress
and strain at the stress-concentration sites. In weight-critical
structures, because of tbe high design stresses, local conditions
often extend into the plastic range. This literature review will
briefly survey the problem area of elastoplastic analysis of cyeclic
stress-strain conditions at stress concentrations. In ad@ition,
methods for predicting fatigue crack-initistion periods based on local
stress are reviewed in the second part of this literature survey.
To complete the review of tﬂe effects of stress concentrations on
fatigue, the third part of this review deals with the initial stage of

erack propagation, for cracks growing from stress-concentretion sites.

2.2 Leeal Cyclic Stress-Strain Studles

The analysis of local elastoplastic stress-strain behavior at a
stress-concentration site ;s quite coﬁplicated even for monotonic
loading. For cyelic loading, the local stress and strain depend also
upon the loading sequence witich severely complicates theoretical
analyses. Furthermore, many materials exhibit stress-strain properties

that are altered by cycling. As a result of these complicating factors,



W
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mmerical or approximate téchniques‘have been used to analyze local
_conditions for cyclic' loading. -

2.2.1 Numerical Analyges

Sevefai numerical én;lyses have been conducted for plane specimens
under tyclic loading. Denke [l:l us'eii a finite-element approach to
obtain a nmumerical solution for the elastoplagtic stress distribution
near a central hole in a plate during one cycle of loading. Material
behavior was assumed to be elastoplastie during loading and entirely
elastic during unloading. From this solubion residual stress
distribubtions were determined and used to estimate fatigue behavior.

Ibrahim, McCallion, and Dudley [?J also investigated the elasto-
plastic deformation around a circular hole under ons cycle of loading.
A finite-difference approsach togeﬁhef with a relaxation method were
‘uged to obtain a plane-strain solution. Reasonable correlation was
shown between this solution and test results on a sheet containing a
central hole in plane stress. The elastoplastlc analysis was con-
ducted for both loading and unloading to account for the reversed
yielding associated with unloading.

Isakson, Armen, and Pifkg [5] applied a finite-element analysis
throughout three cycles of reversed loading of an edge-notched sheet
gpecimen. Specimen configuration, material behavior, and loading
levels were identical to those used by Crews [ﬁ] in an experimental
study of local behavior and a close correlation was found between
numerical and experimental results.

A‘finite-element technique developed by Jordan [?] was applied by

Mowbray and Slot [5] to iﬁvestigate stress and strain redistribution



in notched specimens during, cyclic loadihgli_Mbwbray and Slot selected

the gpecimen dimensions,‘m@teriél, and loading used by Blatherwick and

* ‘.

Olson [?] in an experimentalignalyéiS'of st;ain-diétyibution. ‘Cyelic

stress-strain diagrams were used as effective 'stress-strain curves to
determine stress and strain redistribubtions fesulting fxﬁm:the cyqlic
strain softening exhibited by t@e'ﬁpecimen matgrial. The mumerical

results were Tound to correlate well with measured strains reported by

Blatherwick and Olson.

2,0, gtress- and Strain-Concentration Studies

From a Tatigue point of view, attention can be restricted to the
most highly stressgd zone of a stress-concentration site without
seriously affecting the usefulness -of stress-concentration studies.
This zone becomes the fatigue critical site of the specimen for cyclic
loading. If fatigue cracks develop, they will originate in this zone.
In this study attention was consequently limited to this most critical
location. Conditions at this site were referred to as "local’
cogdit?ons. Furthermore, for the case of plane stress considered in
this investigation, the critical zone reduces to a point and the
behavior at this locatioﬁ can be conveniently described in terms of
stress- and strain-concentration factors.

In the second part of thie literature survey several fatigue
prediction methods based on the use of stress- gr strain-concentration
factors are reviewed. All of these methods are based upon either the
modified Stowell {?]'or the Weuber {éj‘equations for elzstoplastic

stress- and strain-concentration factors.
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Stowell investigated the problem of elastoplastic behavior of a

sheet with a clrcular hole and with uniform loading at infinity. To
account for local plasticity, Stowell intrcduced the ratio Eg/E,
into the elasti¢ solution where Eg is the secant modulus at the
critical location and E, is the secant modulus corresponding to the
uniform stress remote from the hole. This formulation led to the

stress-concentration facktor for elastoplastic behavior of

Kc,=1+2E—S (1)

lee]

The corresponding strain-concentration factor was found to be

‘ ' BB
K- = |1 +2 2822 2
c- e (2)

S8towell compared his results with the eiperimental*data obtained by
Griffith [10]‘ for wide 2024-T3 aluminum alloy sheets also with &
circular hole under remote uniform tension. Excellent correlation
was found for stress-concentration factors. However, theoretical
strain-concentration factors were ncticeably smaller than the experi-
mental resgults.

Hardrath and Ohman [ii] generalized the stress-concentration
factor equation (1) byfgresenting the following expression in terms

of the elastic stress-concenffation factor Xp

H L]
A
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WhETEJ o .is the maximum local stress and S is the nominal stress
at d‘remote location. This equation was used to calculate stress-
concentration factors for sheet specimens containing notches and
"'fillets, and results were compared with experimental data for 2024-T3
aluminum alloy. In addition, Hardrath and Chman compared calculated
results with experimental stress-concentration factors determined by
Box Eﬁﬁ. In general, equation (3) correlated'very clogely with
experimental results.

Crews [;é}‘and Crews and Hardrath [i%] considered the application
of the generalized Stowell eguation (3) for cyclic loading conditions.
The nominal stress sequence was divided into monotonic excursions and
equation (3) was zpplied for each excursion. The initial stress-strain
state for each monotonic excursion wés taken as the final state from
the previous excursion. A generalization of the Stowell equation used

in this procedure .can be written as

|D

Koy = “i =1+ (Kp - 1)E—§—i- (%)

&

where the subscript "i" refers to the ith monotonic nominal stress
excursion A3j. BResulits from equation (4) agreed closely with
experimental results in [}j] and [i%] for 2024-T3 aluminum alloy
specimens under one cycle of loading.

Equation (&) was rewritten by this author [ii] as

DE3 A5

Aey - (Kp - 1)

(5)

Acri = 751

E
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where Ac; and Ac; are the independent variables. For given values
of Kp and E this equation was used to estgblish the extreme values
of local stress and strain for each nominal stress excursion ASj.
These extreme conditions for local behavior were used to control the
cyelic loading of umnotched specimens. The local stress-strain curves
found by this procedure were compared with experimental results for
sheet aluminum and steel specimens with stress-concentration factors
of 2, 4, and 6 throughout one cycle of completely reversed loading.
feuber [9] presents a general theory relating stress and strain-
concentration factors for shear-strained prismatical bodies and

arbitrary stress~strain laws. Starting from the observation that
Ko > Kp.> X (6)

Neuber postulated the existence of a function, which was neither stress
or strain, but a certain combination of both with the characteristic
that its concentration.factor had the same value for all stress-strain
|laws and therefore was equal to Kp.  This function was called the

"leading function" N(T) and was defined by

. () _
5 M) Koy (7}

where T and Ty are local and nominal shear stresses, resgpectively.
The leading function was determined from the assumption that the
curvature of the notch root remained unchanged for both elastic and

general stress-strain behavior. This approach resulted in
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(7) = JF(T) (8)

where F(T) was a strain function. From equation (7) and the

definitions

K. = max

(s) -I-N

. - F(Tpax)

€ Fmwy)
W

1)

Neuber rewrote (8) as

Kp = {KKe ' (9)

For an evaluation of the leading-funétion method Neuber [ié] applied
< equation, (8) to determine stress-concentration factors for sharp
notches in pure shear and compared these results with an exact
solution. Satisfactory agreement was shown.

Neuber e§tended the leading-function method to cases of plane
stress in [if] through the use of the deformation theory of NWadai Eié]
to express the strain function for shear by the strain function for
tension. To demonstrate the accuracy of the leading function procedure
for plane stress, Neuber applied this method to determine stress-
concentration factors at a circular hole in a sheet subjected to uniform
radial tension. For comparison, Neuber followed the approach of
Budiansky and Mangasarian [}Q] to obtain an exact solubtion for this

- problem corresponding to several levels of strain hardening. For all
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cases, the values obtained by the leading-function method were very
near to those obtained for the exact theory, demonstrating the accuracy
.. cf the leading-function procedurs for plane-stress.

The Neuber equation (9) was first applied in cyelic loading by
Peterson [?Q] and later by Dolan [?i}. These authors as well as Manson
and Hirschberg [22:1 » Topper, Wetzel, and Morrow EQB:I and Wetzel [211-:]
have used the Neuber equation in fatigue studies of notched specimens.
These papers will be discussed in the literature review of fatigue
prediction methods, and are listed here to demonstrate the wide use
of equation (9) in epplications with cyelic. loading.

Crews E;ﬁ} rewrote equation (9) in terms of local stress and

strain as

_ (g osy)?

. 10)
) T Nes E (10)

where Aoy aﬁd Ae;  are the local stress and strain excursions
corresponding to the ith nominal stress excursion AS;. Equation (10)
was used to cqlculate limiting conditions for each cycle of local
stress and strain, and unnotched specimens. were cycled between these

- .o . limits to determine the local stress-strain curves. This procedure

will be described in detail in Chapter 3.

Dixon and Stannigan [25] end Dixon [26] experimentally investi-
h ‘. ‘ - gated, the elastoplastic conditions around crack tips for loading and

: ' unloading using a photoelastic coating technigue. As a result of these

. studies, they constructed expressions for sbress and strain around the
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crack tip duwring the first load cycles. For the case of notched

specimens

Ao‘ = JE—EEAUO (]—-L)

would be given, where Ag, 1is the stress excursion corresponding to

completely elastic behavior. Since

AGO=KTAS
and
Ag
E, = —
5 FAYS

equation {11) can be rewritten as

(Kp £8)2
B A B
Althougp developed hy an e‘ntirely different approach, this expression
is identical to equation (10), developed from the Neuber equation.
The close correlation found in [:25] and [26] for results obbained by
equation (11) and by photoelastic methods further demonstrated the

accuracy of the Neuber equation.

2.5 Methods for Predicting Crack Initiation in Notched Specimens

2.3.1 General
Fatigue préediction methods for notched specimens can be classified

into two general categories. The first of thesge is based upon constant
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gtress amplitude tests to geﬁerate a series of S-W curves for
specimens with various stress-concentration factors. To estimate
the fatigue behavior for a given specimen configuration, the stress-
concentration %aptor must be calculated or determined experimentally
an@ a constant stress amplitude fatigue life is obtained from the
family of B3-M curves by interpolatihg‘fgr the desired Ky value.
The second basic épproach is based on the assqution that a stress-
concentration site and an unnotched tensile specimen experience
fatigue'cracks in the same number of cycles, if they are each cycled
through the same stress-strain history. Thus, once local cyeclic
stress-strain conditions are determined for a stress-concentratlon
site, unmotched specimens can be used to estimate the fatigue crack-
initiation period for the stress raiser. The fatigue behavior of
unnotched specimens can be characterized by a family of S-N c&%ves.
The fatigue tests for the various Kp levels required by the
first approach may be quite expensive and time consuming in contrast to
simple laboratory tests of unnotched specimens used in the second
spproach. Furthermore, loading sequences in variable-amplitude tests
affect fatigue behavior of notched specimens and, as a result, a
family of S-N curves for variocus Ky values, in general, apply only
for a single loading sequence. On the other hand, the effects_of
loading sequence could be incorporated in the analysis of local stress
and a single family of S-N curves for unnotched specimgns could be used
for all types of loading. For these reasons the local stress analysis
approach will be followed in this study and will be reviewed in the

following sections.
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Because of simplifying approximations that can be made for local
conditions corresponding to tension-tension and .completely reversed
loading, the following fatigue prediction methods are grouped according

to type of loading.

2&?.2 Pyediction MEﬁhods for Tension-Tension anding

Gunn [27] applied the modified Stowell equation {3) together with
2 monotonic :si;ress-strain curve to estimate the maximum stress at a
‘stréss raiser, Gunn assumed that the local stress range was elastic
after ‘the :Eir_st eyele, that ;I.sg, A5 = Ky AS.  From the estimates of
max:_mum local dtress and Ag, Gunn predicted the manner in which
yielding lowefe& the loc’al mean stress for cases of tension~-ftension

3

loadii.ng. By ‘pﬁes,e estimates 'of local stress hehavior, Gum predicted
aitelj_r;atingwn;eaﬁ fatigue diagrams :E‘o:'c notched specimens from similar
di‘agrams for ummotched specimens. Although no provisions were made to

. account for reversed yielding or variations in cyclic material behavior,
qgqualitative agreement was found between predicted and experimental
fatigue lives.

Independently, Smith EEBJ developed & similar me‘blllod for consider-
ing the effect of plasticity on life predictions. Smith assumed that
‘the strain at>the concentration site was proportional_to nominal
stress and calculated the strain from € = KTS/E. The corresponding
notch~root stresses were found from a monotonic stress-strain curve.
Residual stress was taken as the difference between the maximum local
stress and the elastic local stress range, as in EET?J. However, to

produce agreement with 1life predictions based on these reswults, the
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. residual stresses were multiplied by an assumed ratio between

plasticaily and elastically deformed material. Local stresses found

Fl P 1

by this proéédﬁre,ﬁere used ‘together with an S-N curve for unnotched

' i
specimeéns to predict fatigue lives of notched specimens under several
<, T P ¥

levels of reversed (R'=.0) loading. Miner's linear cumulative damage
t ! sk f . N

. \ [ .
. theory [?Q] was used to combine these estimated lives for predictions

oftfatigye bepavior undéy two-level loading. TIn addition, Smith [?@]
applied the‘linea; gtrain theory from {?SJ to predict fabigue lives
for notched specimens under repeated (R = 0) block loading and
deﬁonstrgted that the highest load level in the spectrum determines
the magnitude of the residual stress to be used in estimating the
fatigue lives at all other lcad levels.

Ripp, Gomga, and Adee [?é] presénted a procedure similar to those
of Gumn and Sﬁith, however, the Neuber stress-concentration factor
Ky [32] was used instead of K.

KEp - 1

Ry =1+——2 T (12)
1+ fA

x -wlp

where A 1is a material constant, p 1is the notch-root radius, and w
is the flank angle of the notch. Because Ky < Kq, the notch-root
strains estimated by Ripp et al. were lower than those cbtained by
either Smith or Gunn. The comparisons of predicted and observed
fatigue lives in [?é] reflected the large errors in strain based upon

equation (12), especially for the low~life range.
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Each of the preceding methods is based upon the assumption of
elastic cyclic behavior at the notch rooct for cyeles beyond the first.
For R >0 and for low nominal stresses this assumption is Justified.
However, for R = 0 and moderately high nominal stresses, reversed
yjelding occurs upon unloading (see [;5]). Consequently, the fatigue
prediction procedures for tension-tension loading must be restricted
to'low nominal stress ranges for best results.

2.3.3 Prediction Methods for Completely Reversed Loading

‘ Peterson [:20] modified the generalized Stowell equation (3) for
the fatigue problem by replacing Kp by Ke

3

Ky =1+ (K - 1)E8 (13)

vhere Xp 1s the fabigue notch factor, obtained as the ratio of
fatigue limits for unmmotched and notched specimens. Peterson used
equation (13) together with a cyclic stress-strain curve to estimate
local stresses corresponding to specific levels of reversed (R = 1)
nominal loading. Starting with an S-N curve for unnotched specimens
under reversed loading, Peterson constructed an S-N curve for notched
specimens in the following manner. The fabigue 1ife was found for
each calculated o (where o is local stress) from the S-N curve
for unnotched specimens and the 8 wsed to calculate ¢ was plotted
at this new fatigue life. The procedure was repeated for a range of
8 to obtain the 8-N curve for notched specimens. The procedure was

applied for edge-rotched sheet specimens of SAE 4130 (normalized)



18

steel with elastic stress-concentration factors of 2 and 4. Close

correlation was found between calculated dlagrams and the observed

‘ S-N cu:c:\res :Lnl:53]

Ddlan [221] .g‘.uggested a procedure for estimating fatigue lives for
notched members based on the Neuber equation (9). Dolan rewrote

equation {9) in terms of cyclic amplitude of elastic strain as

Kp A8 1/2 AN
= fAe. A =Acy J——E = A, T 1k
5 [ e Gt] t Aot t (1)

vhere L€, and AQ€, are, respectively, the elastic and tetal ranges
of local -strain and F = \/Aee/aet. For given XKp and A4S the left
side of equation (14) can be evaludted. The right side of equa-
tion (14) can be found by successive approximations from a hysteresis
loop for the material. The estimate of fatigue life corresponding to
Aet can be found from a strain-life fatigue diagram for umnotched
specimens. Dolan did not investigate the accuracy of this procedure
in [21]. , : S
Manso;l and Hirschberg E?EJ presented an approximate analysis to
estimate the number of cycles required to initiate a crack and the
nunber of cyecles rec_w:ired to propagate the crack to failure for
notched specimens. Cracks were assumed to occur at the root of a
notch after a certain number of cycles dependent only on the localized
surface strain as in the previously described methods. After the

crack reached an "engineering size" it was assumed to propagate in a

manner similar to those in umnotched specimens. The number of cycles
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to initiate a crack was designated N, and was calculated for unnotched

specimens using

0.6

Ny =08p - lI-I‘If (15)

from [34], where We is the total life to fracture. Manson and
Hirschberg estimated the local strain range using the Stowell equation
in the form suggested by Peterson equation (13} and Neuber’s equa-

tion (9) after replacing Kp by Ke

Ke = VKoFe (16)

Local strain estimates were used for establishing predictions of crack
initiation at stress concentrations. ILife estimates for crack
propagation were also made with the-aésumption that crack growth
depended only on the nominal strain range and not on the s£rain-
concentration factor for the notch. Total fatigue life of a notched
specimen was the sum of the crack-initiation period and the propagation
périod. To evaluate this procedure Manson and Hirschberg calculatbed
crack-initiation and propagation perioas using eguaticn (l6)_and compared
their results with the observed behavior of TO75-T6 aluminum alloy and
ATST 4130 steel specimens having stress-concentration factors of 2 and 3.
Close éorrelation was found between calculated and observed results.

Topper, Wetzel, and Morrow [?jﬂ wrote equation (16} in the form

1/2

Koo s B2 = (20 e m)M/2 (17)
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where Ae isr the nominal strain range. Equation (17) relates the
nominal cyclic stress-strain behavior of notched specimens to the
local cyeclic stre-ss-strain behavior. For completely reversed constant-
amplitude tests detectable cracks were assumed to form in notched and
umotched specimens in the same number of c:;rcles provided

Kf(AC; Aa E)«l/ 2 for the notched specimens was equal to (Ao Ae E‘)l/ 2
for the unnotched specimens. To apply this assumption, Topper et al.
used unnotched specimens to produce a "master curve' relating

(7o Ae E)l/ 2 and fatigue lives for umnotched specimens. The life
(initiation phase) can be predicted for a notched specimen by entering

the master plot at the value of (Ac Ae E):I'/2 equal to Kp(4S de E)l/2

for the notched specimen test condition. L:I:.fe predictions were made by -

this procedure and compared with o'bse:;'ved fatigue lives for edge-notched

TO075-T6 aluminum alloy specimens reported in [35]. The close correlation

indicates that for this material the crack propagation phase can be .

neglected. |
A1l four of the preceding methods apply, in general, only to :

constant-amplitude completely reversed loading. For this special type

of load:l.ng, local stresses and strams can also be assumed (see [15])

to e@erlence complete reversals and, as a result, local mean stresses

are zero. Because of th:Ls simplification, meximum and minimum values

of :"tocal stress and strain can be calculated directly from a cyclic

sp_ress-strain C'll?;V‘e (ge;nerated. also by reversed loadingh) by either the

modifined‘ ,Stowell or the Neuber equation. Although not mentioned in ‘[2]3',

thit assumption was implicit in the procedure suggested by Dolan.
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3

2.3.4 Prediction Methods for Arbitrary Loading

5 -

To predict fatigue of notched specimens under arbitrary types of
loading using th;a loceal stress analysis approach, local cyclic stresses
and strains must be determined, in general, for each loading cycle.

This procedure is complicated by the inherent history dependence of local
plasticity and by cyelic variations in stress-strain properties.

Efforts to simplify this complex problem have led to the approximate
anaj;vses and experimentai Sstudies reviewed in this sectilon.

The Renalli method was described in [35] by Silverman, Hooson,
and Saleme. 'This procedure is an extension of Peterson's method [20]
to the case of nonfully reversed loading and is based upon semi-empirical
methods for detemmining the strain amplitude and mean sfiress at the notch
root. An eguivalent fully reversed st'ra.:a‘.n amplitude giving the same
fatigue damage was determined and a fabigue life estimate was obbtained
for the equivalent strain amplitude from fully reversed constant strain
amplitude Tabtigue curves.

The Ranalli method was applied to estimate fatigue lives for
constant-amplitude tests and for simple spectrum loading. The linear
damage theox_’y (Miner;s Rule) was used for the spectrum loading tests
to account for fabigue damage at each stress level. Although based upon
semi~empirical methods for analyzing local behavior, the Ranalli method
was generally concluded to be of considerable value as a practical
fatigue design method.

Wetzel [24] applied equation (9) to calculate control conditions

i

under which unnotched specimens were made to similate fatigue behavior
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i

» i

of material at a notch root. This procedure was similar to that used

4 . 1 ' P
by Crews @_ﬂ However, Wetzel replaced Ky by Xy in the Neuber

eqﬁatio‘n to calculate the control conditions. This substitution improves

ithe fatigﬁe-breéictiongﬁ:é)sults foi; constant-amplitude loading, but
“could resul\'b’ in large errc:rs for local stress-strain calculations,
especia;lly for high KLI values where Kp and EKe are usually gquite
differerit:'h AEEndpoin‘b c’ohéitions fTor each half-cycle of local stress-
strain behavior were calculated from eque:tion (9) and an unnotched
specimen was suscessively cycled between the limits. This procedure
can be applied for complicated types of loading, since each half-cycle
of loading is handled separately. Wetze:lj applied the procedure to
similate local fabigue behavior for R =0 loading, and close correla-

tion was found between caleunlabed and 'observed results.

In [l] s local stress conditions were determined by a numerical
elastoplastic analysis but, in addition, experimental methods were used
to find local stresses for constant-amplitude R = ¢ loading.
Unnotched specimens were c¢ycled between these experimental limits and
the resulting fatigue lives were compared with lives found from fatigue
tests of notched specimens. TFor the two test conditions considered,
close correlation was found.

A more extensive e@erﬂental study of local stress behavior was
presented in [lé]. Local strains were meagsgured while notched specimens
were loaded cyciically and these measured strains were reproduced in
tests of unnotched specimens to debermine the corresp;)nding local stress

histories. For the 2024~T3 aluminum alloy investigated, local stresses
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were Tound to reach stabilized levels. TFatigue lives for notched
specimens were estimated from these stabilized local stresses and
fatigue data for wnnotched specimens.

2.4 Analysis of Crack Propagation Near Stress Concentrations

Crack initiation may occur in the early stages of fatigue life with
the result that the crack propagation phase must be considered for
accurate estimates of total fatigue 1life. Fatigue cracks initiate at
areas of high stress concentration and grow away from these areas as
cyclic loading is continued. The initial stage of this crack propagation
is influenced by the stress field due to the stress raiser, but as the
crack grows it gradually escapes 'th:i:s influence and propagates solely
under the influence of the applied nominal stress. The behavior of
fatigue cracks under applied nomingl s'tress has received much sttention
in the literature (for example, |:56], ‘[37], and [38]) and, as a result,
was not dealt with here. On the other hand, fatigue crack growih near
stress concéntrations has received"only limited attention.

Manson and Hirschherg [22:] discussed the transition period between
crack initiation and crack propagation under nominal stress. This

‘ ' ‘ period we".s included in their analysis by defining Ny, not as the number
of cycle;s to form a microcrack, but rather as the number of cycles to
‘Aform an e‘ng?neer:].ng size crack according to the eguation (15). While
Manson and Hirschberg recognized th_;a.t this gimplification was highly
questignably; t1'1e results associated with this' assumption were compared
- with :o‘psemred behavior to assess its wvalidity. In general, the

comparisons made in EEE] supported their simplifying assumption,

‘ Ay
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however, the validity of this approach is conbvingent upon the appropriate
selection of the engineering size crack,

Because this trangition phase of crack growth depends upon the
stress distribution around the stress concentration, loading sequences
that alter this stress distribution through the creation of residual
stresses also influence +this initial phase of crack growth. While
several studies have been conducted to establish the effects of prior
loadingion faﬁigue crack initiation or total fatigue life (for example,
[3?] and [FQJ), the effects of this loading on crack propagation have
uinot been analyzed. Talrs and Murakami [}i] measured crack growth from
v notcheé in-pl;tes that had been statically loaded in tension prior
to fatigue testing.

. Prior tensile loading was found ﬁo suppress the initial stage of
crack growth. Thié decrease in crack growth rate was attributed to
compressive residual stresses produced by the prior loading. However,
no analysis of this effect was presented.

In summary, although several investigabtors have mentioned the
transition phase of crack growth from s stress raiser, no deliberate
study has been made of this phase of fatigue. For some applications
this phase may represent a significant part of the fatigue Llife, and,

as a result, should be considered in fatigue predictions.
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3. ANATYSIS OF LOCAL CYCLIC STRESS AND STRATN

3.1 General

The present study of local stress and strain was undertaken to
demonstrate a procedure for esbimating local conditions and to
establish the adeguacy of this procedure by comparison of calculated
and experimental results. In addition, the local stress-strain
results developed in this study were used in the next chaﬁter, which
deals with crack-initiation behavior at stress-concentration sites.

The present interest in the analysis of local stress and strain
stems from the fact that fabtigue is a very localized process. Without
adequate procedures for calculating the local conditions at the
fatigue critical sites of a structure, predictions of fatigue 1life
are impossible. For weight critical sbtructures, the analysis of local
cyclic behavior is guite complicated. The history dependence ’of local
plasticity combined with :bhe cyclic strain hardening or’ softening
experienced by most mabterials virtually preclude exact solutions for
local stress and gtrain beyond the first few loading cycle-s.

For the purposes of this study the problem of local stress
ana.l'ysis was sin;pi:i_.fied. by considering the specimen configuration shown

in figure 3.1. (This specimen will be referred to herein as the

notched" specimen.) Because this specimen was thin and was stressed

by inpla;né loading, a plane stress condition existed. The elastic

‘_stre)ss d‘:i.str‘:i:bq.‘tion ELE] on the transverse axis is shown in figure 3.2

for ;the specimen dimensions given in figure 3.3. The fatigue critical

4

points fok this configuration lie on the boundary of the hole at

»
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Figure 3.1 — Nobtched specimen configurstion, 1oadiﬁg, and coordinste’
systen,
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Figure 3.2 — Elastic stress distributions on transverse axis.
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8 =0 and x. Because these points were on the stress-free boundary
of the hole, they were in a uniaxial state of stress which leads To
significant simplifications in this study of cyclic behavior.
Throughout the remainder of this chapter, attention will be restricted
to these points and conditions at these critical points will-.be
referred to as "local" conditions. Based on net-gsection nominal stress,
the elastic stress-concentration factor for these points is 2.57 [gé].
In addition, the comparison in figure 3.2 illustrates no effect on

.4

"1ocal condipions ﬁy the finite specimen width shown in figure 3.2.

As a resultﬂof the uniaxial stress state at the local points, the

b

local cyclic conditions can be simulated in simple unnotched uniaxial

‘iséecimbns. ' Local behavior was detefmined using this procedure.
Tﬁo meéhods %ere uséﬁ to control the.simulation. In the first method,
'rgfe;:edfto here as énalgtical-control method, limiting conditions
igvolyiné local‘gtress anﬁ strain were cglculated and the unnotched
.uniaxiai speciﬁ;hs wele cyeled between these limits. The second method
;yas*entirely experimental in nature, and was used to establish the
aécuracy of the analytical-control method. This experimental method,
called the companion-specimen method, was based upon the experimental
determination of loecal ecyclic strain 1imits and the cyclic testing of
unnotched companion specimens between these limits.
Two tyﬁes of cyelic loading were considered in this investigation.
To demonstrate the variations in locgl stress and strain due o cyclic

strain hardening and to establish the ability of the analytical-control

method to account for this material behavior, tests and analysis were
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conducted for constant-amplitude cyclic loading. The effects of
loading sequences on local behavior were studied for several simple
cases of va.rir.a.'ble-amplitude loading.

Details of procedures and apparatus are presented in the following
sections. Discussions and comparisons are made between the calculated
and experimental resulbs for an evaluation of the apalytical-control
procedufe.

2.2 Analytical-Control Method

The procedure described in this section is based upon the simula-
tion of local behavior in unnoitched specimens. Because the fatigue
critical points for the notched specimen configuration considered in
this study experienced only uniaxial s‘tress, unuotched specimens under
simple uniaxial loading were used foé the simulation of local stress
and strain. These plain specimens were cycled hetween calculated
limits, involving local stress and strain, to perform the simulation.

Two equations are currently avsilable for caleulating the limiting
conditions for local stress and strain. These are the generalized
Stowell and the Neuber eguations.

The Stowell relationship given in the literature review as

equation (k)

: E
KG=-’2-S'£=1+(KT-1)—§1 (%)

i

wag rewribtten in terms of Ao-_; and Les; as
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Nes AS.
N =S (5)
' 054
AEi - (KT - l)-ﬁ-—'

Similarly the Neuber eguation was written as
Pt F T C

. . (®r £84)2
, Ay = —= LT
L . ) o E Aey
" 1, N . L] 1]
P

(10)
Co N . ' . -
For the ;_gwpo*sg :‘o,f estab;l.i'shiilg the extreme '\.;alues of local stress and
strain fo; the analytical-control method, .either equation (5) or
equation (.'LO )' -oiould have been used. Howewver, based upon the simplicity
of equation (10} and upon the evaluation of the analytical-control
procedure for constant-amplitudeh loading performed by the author in
[3.5], equation (10) was selected for this study.

The cycle-by-cycle procedure for applying the analytical-control
method can be explained with the aid of figure 3.4. An arbitrary
nominal stress cycle has been divided into monotonic excursions in
Tigure _j:.h(a.), and the correspeonding estimates for the local stress-
strain behavior are :presen@ed in figure 3.4{(b). To illustrate the
procedure, equation (10) has been evaluated for a given Kp and E
and plotted in the first quadrant of figure 3.4(b) for AS3., This
curve for equation (10) represents the locus of maximum values of
local stress and—stra:i.n for AS;. An umotched specimen was loaded
in uniaxial tension to obtain the sbress-strain curve OGA. Point A
corresponds to the Intersection of the curve for equation (10) and the
stress-strain curve, and, as a ‘resul"c, represents the only solution

(Aoy  and Aeq) of equation (10) consistent with the material
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stress-strain behavior OA. Thus point A represents the estimated
maximum values for local stress .and strain during the first quarter
cycle.

For the second excursion of nominal stress ASp point A was
taken on the initial state. Correspondingly, equation (10) was plotted
relative to point A for ASy. This curve for eguation (10) lies in
the third quadrant. The unnotched specimen was unlodaded from point A
and loaded into compression until the resulting stress-strain curve
intersected the Iimiting curve for ASn. This intersection point C
represents the estimabte for the minimum values of local stress and
strain for this cycle of nominal stress.

Point B in figure 4(b) represents the half-cycle residual stress-
strain state and was found by plottiﬁg equation (10) relative to A for !
the removal of A4Sy from the specimen. Point D, representing the full-
cycle residual EOndition, was found in a similar manﬁer.

The local stress-strain curveg for cycling beyond the first cycle
were found by repeatedly applying the procedure used to find the

extreme points A and C.-

L Because this procedure was applied in a continuous cyele-by-cycle

manner, the history dependence of local behavior was automatically
simulsted in these tests with unnotched specimens. In addition, the
influence of the cyclic strain-hardening behavier for the material useé
in this study.wds inherently incorporated into the local stress-strain
results.‘

The unnotched specimen configuration shown in figure 3.5 was used

throughout this study. These specimens were made from 2024-T3 aluminum

! : %
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) Material: 2024-T3
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alloy sheet, and were all oriented such that their longitudinal axes
were parallel to the rolling direction of the sheet stock.

The hydraulic closed-loop, servo-control testing sygtem éhown in
figures 3.6 and 3.7 was used for cycling the unnotched specimens between
the calculated limits for local stress and strain. While this system
was capable of controlliing either load or strain, neither control mode
was used for this phase of the study. Flow control valves were
adjusted to limit ﬁhe étrain rates in the specimeng, and the loading
controls were firs£ set for capacity tensile loading. Because of a

}imited'strain rate, the stress-strain curve was slowly generated.

IWh%p this'curve intersected the limiting curve for maximum local stress
,and strain (see fig. 3.4) the loading controls were manually reversed.

Similarly the loading controls were ﬁanualky reversed when the stress-

+

strain,cpre intersgcted the limiting curve for minimum local conditions.
This procédnre was repea%edvfor each half-cyele throughout the analyti-
cal:control test.l’guideplates shown in figure 3.8 were used to prevent
buckiiﬁg during the compressive loading.

The stress-strain curves obtained in this phase of the study were
recorded ﬁsing an x-y recorder shown in figure 3.7. The load (stress)
input to this recordér was taken from the dynamometer shown in
figure 3.7. The strain input was provided by the étrain-gage exten-
sicmeters also shown in this figure. The pair of extensiometers, showm
again in figure 3.8, were used to determine the average strain over the
1-inch test section of the zpecimen. Tn addition, to reduce strain
erroxys due to bending, an average output from the two extensiometers

was used.
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Figure 3.7 — Photograph of apparatus used for analytical—control tests.
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3.3 Companion-Specimen Method

To evaluate the accuracy of the analytical-control procedure, local
stress and strain were determined experimentally by a companion-specimen
method. Local strain limits are found experimentally for each loading
cycle on the notched specimen and, these limits are used to control the
cyclic simulation of local behavior with unnotched companion specimens.

The notched specimens tested in this phase of the study were the
sheet aluminum specimen containing a central hole, as shown in figure 3.3.
The unnotched specimen configuration shown in figure 3.5 was used for
the companion specimens.

To synchronize the notched specimen and the corresponding
companion-specimen tests, the control system shown in figure 3.9 was
developed. Loading on the notched sﬁecimen was controlled by a closed-
loop servo-control system also presented in figure 3.9.

As the notched specimen was loaded, the averaged output from
two small strain gages mounted at the local points and outputs from
two.shmilar strain gages on the companion specimen were compared at the
servo-loop summing point. The difference between these two signals
served as an input to a second servo-control system that controlled
the loading on the unnotched specimen. This second control system
maintained the strain in the companion specimens equal to that
experienced at the locel point. A dual-channel x-y recorder was used
to simultaneously record the loads on both specimens and the common
local strain. Photographs of the loading system and the servo controls

are shown in figure 3.10.
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Nominal stress, S , ksi

Nominal stress, S, ksi
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Humber of cycles, N ' ||‘

"(a) Completely reversed (R = —1) loading
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Lof

Number of cycles, N

(b) Repeated (R = 0) loading

Figure 3.11 — Constent~amplitude nominal stress conditions.
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Guideplates shown in this figure were used to prevent specimen
buckling under compressive loads.

3.4 Test Program

As previously mentioned, the objective of the local stress-strain
phase of this study was twofold. An evaluation of the analytical-
control technique was sought, and, in addition, the local stress-sbrain
results from this evaluation were to be used in the analysis of crack-
initiation liwves. Loading sequences were selected with these objectives
in mind.

To investigate the adequacy of the analytical-control method in
accounting for cyclie strain hardening, two types of constant-amplitude
loading were considered. Simple fwo-level loading and a random sequence
of loading were selected as exwmples‘of variable-amplitude loading. To
demonstrate the use of local stress and strain for analysis of crack
initiation, the loading sequences and magnitudesjwere selected to
produce effects on initiation behavior due to locgl residual stresses.
Betalils of these loading conditions follow. \

3401 Constant-Amplitude Toading

Two typgs of constant-amplitude loading were studied. The first

- ofi%hese, shown in figure 3.11(a), was.completely,reversed (R = -1)

loading. Fo? the notched specimen configuration -and materials

’ iﬁves%igated, this loading produced local inmelastic behavior for both
'tensile and cpn;pféssive loading. The repeated (R = 0) loading shown

'r ih figurQrB.ll(b), created oniy elastic stresses throughout the notched

t

.specimen. As & result, this loading condition was of little interest

P
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in this phase of the study bubt played an important role in the fatigue

crack-initiation study and therefore was included here for completeness.

- 3.4.2 Variable-Amplitude Loading

The above mentioned two types of loading were combined in two-level
ioading sequences shown in figure 3.12. For these conditions residual
stresses are produced during load reversal. These residual stresses
gffect the fatigue resistance of the notched specimen during the second
1ev§l of loading.

Ll

:The‘fatigue behavior corresponding to these iwo Types of loading

13

. ; " will be discussed in the next chapter. In this chapter these loading
sequences werelused to, demonstrate the role of high stresses in creating
v ’ iogél.résidugl stresses that alter subsequent local stress-strain
f pgn&itions and to demonstrate the acéuracy of the analytical-control
- - meﬁpéd fo?rgalculating these effects. The random siress sesquence in
| Figure 3.15 was also investigabted to illustrate thé adequacy of the
analytical-control method for arbitrary loading sequences and magnitudes.
Local stresses and strain were found for each of the loading
conditiong in figures 3.11, 3.12, and 3.13 by both the analytical~
control and the companion-specimen methods. These results are

presented and discussed in the fbilowing section.

3.5 Experimental Resulis

The strain-coupled servo-control system was used to conduct
companion-specimen tests for each loading condition. A typical
£ recording from the dual channel x-y recorder is shown in figure 3.1h4.

Local stesss and strain are plotted in figure 3.1%(a) corresponding to
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Figure 3.12 - Two-level nominal stress sequences.
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the nominal stress and local strain in figure 3.1k(b). Recordings

were made throughout the first 50 load cycles. Maximum, minimum, and
- residual stresses and strains were determined from these recordings
for each type of loading. These salient local stresses and strains
were plotted for 50 cycles of loading and will be discussed in the
following sections.

In addition, elastic stress-concentration factors were debermined
experimentally for each test specimen. Prior to the strain-coupled
operation,'strain-gage readings were taken at each of 10 nominal
stress levels, as each notched specimen was loaded to 80 percent of
the local yield stress. The experimental elastic stress-concentration
factor Kexp for each specimen was the average of ‘the 10 values faqnd
for each case. These average values'based on net nominal stress varied
- from 2.5 to 2.59 with an overall average value of 2.57\Which agreed

with the wvalue given by Howland [%é] for this specimen configuration
{sig. 3.3). |

3%5.1 Constant-Amplitude Loading

-Nbiimunb'ndninmmy and residual stresses and strains for the two
cases of conséant-amplituﬁe loading are pregented in figures 3.15,
A 5.217,‘ 3.18, and 3.19. The dashed curves also shown on these figures
will be discussed later.
- ~E'Thg local stfessjof 51 ksi shown in figure 3.15 for S = 20 ksi-
:'1 'equgls'the'monoﬁonic yield stress for 2024-T73 aluminum alloy as
4

illustrated in figure 3.16. Consequently the local stress-strain

. " behavior wag initially elastic for this loading condition.
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Furthermore, the eyeclic stress-strain curve, alsc presented in
figure 3.16 (from Eyi]) indicated this local behavior to he sgtable
for repeated cyeling, which agrees with the results presented in
figure 3.15. These results could have been calculated directly Irom.
Tigure 3.16. However, bthe companion-specimen test was conducted in
the interest of completeness and also to assess the perforﬁance of the
strainjcoupled servo-control system. In addition, this local stress
history for S = 20 ksi will be used as a reference in subsequent
sections to describe the local effects of prior high loading on
subsequent load cycling at S = 20 ksi. The local effects will in

, 'tp?n beiused to explain the crack-initiation behavior during fatigue

tes%s of the'notcheﬁ gpecﬁnens.

The.appi%ca$ion of ‘S = 40 ksi 'produced local reversed plasticity
&griﬁg each cycle ds showé in figure 3.17. The cyclic strain-hardening
behavior shown in figure 3.16 for 2024-T3 aluminum alloy was also
eyident in figure, 3.17. The maximum and minimum local stresses
iﬁcreased initially with cyeling but stabilized in about 10 cycles.
Residual stresses decreased in magnitude corresponding to the increases
in maximum and minimm stresses.

The strain history in figure 3.18 again illustrates that the local
behavior for‘ S = 20 ksi was both elastic and stabilized. The strain
range in figure B.lé for 8 = U0 ksi, however, decreased rapidly for
the first few cycles before approaching a stabilized condition in

about 10 cycles.
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25,2 Variable Amplitude Loading

As previously mentioned in the discussion of the test program, the

two constant-amplitude conditions were ccmbined to form two distincet types

of two-level loading. The high loading (S = 40 ksi) was applied first and
was followed by load cycling at S = 20 ksiﬂ The local plasticity pro-
duced by the high load c¢ycling resulted in the creation of residual
stresses that altered the local stress-strain conditions for subsequent
low load cycliﬂg. 'The high loading was applied for 10 c¢cycles and ended
. on both tensile and comp?eSsive half-cyecles to produce, respectively,

,beneficial (compressive) and detrimental {tensile) residual stresses.

For the case -of beneficial two-level loading 2 compressive residual
stress of 30 ksi-was left at the end of the high loading phase,
Tigure 5.20. This residual stress acted as the minimum local stress

§

@u?ing th% segénd phasé of loading, and decreased slightly during the
first ud p&cleélpf Ioad&ng‘;tlthe low stress level. fhe maximum local
; stress correéponding to'the loading‘at 8 = 20 ksi was initially 22 kéi,
but also aéérgaséd slightly as the cycling was continued. This decrease
in maximim and minimum stress shown in figure 3.20 was beliesved to ‘be the
result of strain~gage zero shift, and thought not to be representative
of actual local stress behavior. This will be further discussed later

in this repori.

A tensile residual stress is shown in figure 3.21 for high loading
ending in compression. For this case the minimum local stress was T ksi
and the maximum local stress was 58 ksi for the cyclic loading at
3 = 20 ksi. Again for thig case, a slight decrease occurred in extreme

stresses as the c¢yeling continued.
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The local strain histories for the two types of two-level loading
a.i-e presented in figures 3.22 and 3.23. The local strain ranges
decreased during the 10 cyeles of high loading, but remained virtually
unchanged for load cycling at the low stress level. The tensile
residual strain at the end of 10 cycles in figure 3.22 produced the
compressive residual. stress shown in figure 3.20. Correspondingly, the
compressive residual strain from figure 3.23 caused the tensile
regidoal stress; in figure 3.2L.

", Meximum and minimum local stresses and strains for the random
stress sequence in figure 3.13 were deteyrmined by the compsnion-
specimen method and are presented in figure 3.24. The notched specﬁen
buckiled ﬁnder the Tirst application of -50 ksi, in spite of the gﬁide
, ?latééi For this reason the stress and strain histories were terminated
_ after gix cycles. Nevertheless, these experimental results are pre-

ge@téd=and will be used in the next section to assess the accuracy of

the analytical-control method for random loadings.

5.6 Comparison of Calculated and Experimental Results

For an evaluation of the'analytical-control method, this method
was ‘applied for each previously discussed loading condition to calculate
the local stress-strain behavior from unnotched specimens. A typical
recording of local stress-strein curves obtained by this approach are
shown in figure 3.25. The calculations. of local behaviqr by analytical
control. were continued for 50 éycles as in the companion-specimen tests.
The caleculated results are presented as local maximum, minimm, and
residual stresses and strains for comparison with sim;lar experimental

data. The analybtical-control results are represented by the dashed
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curves plo%ted together with the companion-specimen resuits in
figures .15 and 3.17 through 3.23.

3.6.1 .Constant-Amplitude Loading

""" The'calculated local stress history for § = 20 ksi was entirely
‘elastic, as'expectedaignd agreed very clogely with the corresponding
experimental results in figure 3.15. This case, of course, did not
represent a critical evalu;tion of the analytical-control method, but
was studied to obtain a reference for local conditions fof an evalua-
tlon of loading ;equenee effects during tw6~level loading. The constant-
amplitude loading at 8 = 40 ksi provided a better %est of the
analytical-control approach. The calculated results for this case
a}so correlate very well with data in figure 3.17. This correlation
demonstrates the ability of the anal&tical-control‘method to account.
for local cyclic plasticity and to inherently incorperate the cyelic
strain-hardening behavior in calculations of local cyclic stress.

As expected, the calculated and experimental strain hisﬁories
for S =20 ksi -agreed closely, as illustrated in figure 3.18. In
contrast, the calculated local strains in figure 3.19 fo£ S = 40 ksi

were somewhat in error.

1
3.6.2 Variable-Amplitude Loading

Local stress histories calculated for both types of two-level
loading correlated remarkably well with the experimental results in
figures 3.20 and 3.21. The stebilized calculated results for § = 20 ksi
support the assumpbion that the slight decreases in local experimental

stresses were due to small gtrain-gage errors. As in the cagse of
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constant-amplitude loading, the calculated local strains were noticeably
- larger than the experimental values in figures 3.22 and 3.23. The
- maximum and minimum stresses and strains for the random loading sequence
are presented in tables I and II. The corresponding experimental
results from figure 3.24 are also listed in these tables and ‘agree very

well with the calculated results.
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TABLE I.- COMPARISON OF CALCULATED AND EXPERIMENTAT,

LOCAL: STRESSES FOR RANDOM NOMENAL STRESS SEQUENCE

Maximum local stress,

Minimum local gtress,

ksi ksi
Cycle -
Wumber | Analytical- Companion- Analytical- Companion-
control specimen control specimen
method method method method
1 541, 53. 8 -55.3 -5l 1
2 50. 8 50.0 0.0 -2.0
3 56.1. 55. 8 -19.4 ~19.8 |
L 58.1 58.6 ~37.1 -34.8
5 38.7 bi.2 -64.6 -63.9
6 ~-11.3 -10.9 -37.5 ~37.7
7 48.8 48,3 ~67.. (specimen
8 55.6 : -67.0 buckled)
9 11.7 -67.0
10 21.0 =6T.0
11 '65.0 -10.5
12 15.3 -69.0
13 58.1 b2
14 63.0 -64.6
15 67.0 -50.0
16 50.0 -75.1
17 69. k4 -77.1
18 58. 1 ~6h.6
19 67.0 =729
20 - b7, +21.0
21, 70.2 -61.3
22 70.2 -T2,
23 69.4 -73.0
2l 29.9 +.0
25 71.0 -46.0
26 29.9 -67.0
27 70.2 ~67.8
28 52.5 +26.6
29 70.2 -71.8
30 48.4 -0.8




TABLE TIT.-~ COMPARTSON OF CALCULATED AND EXPERIMENTAT,

- LOCAT: STRAINS FOR RAWDOM NOMINAL STRESS SEQUENCE

Masgimum local Minimum. local
stress stress
Cycle -
Number Mnalytical- | Companion- Analytical- Companion-
control specimen control specimen.
method method method method
1 1.07 0.89 -1.06 ~1.01
2 0. 47 0.40 -0.03 . -0.11
3 1.00 0.89 0.25 0.13
4 1.57 1.75 0.9 0.65
5 1.24 1.hk2 -1.80 -1.66 . |
6 -1.3% 1.19 -1.56 -1.hp '
7 -0.38 -0.36 ~2.37 - (specimen |
- 8 -0.50 - -2.37 buckled) 1
9 -1.6h -2.37 |
10 -1.55 -2.37 |
11 1.5 0.75
12 1.00 . =1.71
13 0.11 -0.95
1h 0.60 * -1.23
15 1.92 0. 54
16 1.57 4 -2.55
T 1.9% -2.50
18 ~0. 81 -2.11
19 0.29 -2.60
‘ 20 -1.3L : , ~1.55
21 , 1.67 -0.10
22 . 1.67 -1.23
23 X 1.69 -1.22
; e 2 b ~0.20 ' -0.45
. l 25 " . 2.98 -1.61
26 . 2,37 0.70
27 2.99 0.73
. i 28 . 2.07 ‘ 1.82
- ' 29 3.13 0.28
. I "0 1.57 1.04
1 f ' . -
4




4, CRACK INITIATION AT STRESS CONCENTRATIONS

4.1 General

The analysis of fatigue in service is usnally extremely complex as
a result of the wvery localized‘nature of fatigvue. TFatigue cracks
initiate at the most severely stressed area of a machine part or
structure and this area of high stress concentration is characteris-
tically very small. A prediction of fatigue behavior must be based
upon the fatigue behavior of this highly stressed local zone. TIn
addition, fatigue predictions must account for the growth behavior of
cracks that originate and grow from this local zone, but in this chapter
attention. is focused on crack initiation.

-In principle, fatigue crack initiation at a stress concentration
can be predicted by calculating local stresses for each cycle of loading
and by estimating the corresponding "local" fatigue damege from a
cunulative damage theory and a fatipgue crack-initiation diagram for
unnotched specimens. This approach is complicated by local plasticity
and attendant residual stresses, by interactions of one local stress
level with the damage caused at another locael stress level, and by a
size effect.

Local plasgticity and the resulting residual stress behavior were
illustrated in figures 3.20 and 3.21 and discussed in the prgvious
chapter. From a fatigue point of view, residual stresses influence
local damage-accumulation rates by altering local mean stresses.
Because fabigue damage increases with meen stress, the prior loading

in figure 3.21 should have a detrimental influence on the local fatigue

67
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behavior under S = 20 ksi loading. On the other handi the prior
loading for figure 3.20 should improve the fatigue performance under

the low level. These nominal stress-interaction effects may be accounted
for only by accurate éalculations for local siresses. As indicated

in Chapter 2, such calculations are guite complicated and, as a result,
approximate methods are usuvally reqﬁired.

In addition to the stress interaction due to residual stresses, a
second type of stress interaction is produced by damage acceleration.
Dolan and Corten [Fﬁ] and Manson, ¥Freche, and Ensign [ﬁ%} described
damage acceleration in terms of microscopic crack initiation caused by
a high stress level that enabled low stress cycles to readily propagate
the initiated microcrack. A considerable fraction of the life would be
required in constant-amplitudercycliné at the low stress level to
create a similar microcrack. Consistent with this explanation, a few
high stress cycles have been observed to noticeably accelerate the
damage accumulation for subsequent cyecling at a lower stress level.
Freudenthal and Heller Eﬁﬂjdescribed damage acceleration in terms of
the increased crack-propagation rate at each stress level caused by
interaction with all higher stress levels. In both explanations
damage acceleration was related to microscopic plastic deformation at
the high stress that enabled the lower stresses to do more damage than
they could octherwise do.

Both types of stress interaction were simulated in unnotched
specimens by the analytical-control procedure from Chapter 3. By

continuing an analytical-control test until fatigue cracks initiate,
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these interaction éffects can be automatically incorporated into the
resulting estimate for fatigue crack initiation. Furthermore, the
fatigue damage accumulation in the unnotched specimen simulates that
for the material at the notch root, eliminating the need for a cumula-
tive fatigue damage theory. BEstimates of crack-initiation periods were
found by this analytical-control épproach and are compared with data
in this chapter.

The analytical-control procedure for estimating crack initiation
does not account for the gize effect that causes Xp < Kp. This size
effect results from the fact that when local stress is simulated in
unnotched specimens, a large volume of matérial is highly stressed,
although only a small volume is similarly stressed at the actual stress-
concentration site. From a statisticé.l point of view, the large volume
of material in the unnotched specimens contains a larger microscopic
flaw than the smaller volume at the stress-concentration site. This ,
larger flew in the unnotched specimen grows to a macroscopic size faster
than the smaller flaw at the stress concentration and, as a resuls,
for the seme stress hisfory, the crack-initiation period for the
unnotched specimen is shorter than for the stress concentration.

Wetzel [2@ replaced Kr by Kp in'the Neuber equation (9) fo account
for this size effect and conseguently, €§ improve fatigue estimates.
Although for cases of coﬁétant-amplitude, Wetzel ha% improved estimates

of crack initiation.'rThis'apprdach leads to large discrepancies

- % .

between simulated and actual local stresges; especially for high
stregs~concentration factors vghere Kp dis usually sién_ifican‘bly smaller
. : ‘ ,

4

4



than Kp. These discrepanciles in local stress would alber both of the

previously explained stress interactions for variable-amplitude loading.

’

! . ¥ .
For this reason no correction was made.for' size effect in the present

.

f

. study.

H

L.2 Observed Crack-Initiation Periods

The sheet specimens conbtaining a central hole from Chapter 5 were

“tested under fatigue loading until fatigue cracks developed at the

stress-concentration site. Testé were conducted for the two levels of
consbant-amplitude loading and the two combinations of two-level loading
considered in Chapter 3.

Microscopic cracks usually develop at an early stage of fatigue
life. However, a considerable fraction of the total fatigue is often
required to propagate these small craéks to a macroscopic size. From an
engineering point of view, very small cracks (that do not alter the load
carrying capacity of a structural member) may be ignored. From this
point of view, the crack-initiation 1ife 1s often defined as the number
of cycles required to produce a macroscopic crack, detectable by con-
ventional inspection methods. For the presen£ study, crack-initiation
life was defined as the number of cycles necessary to crezte a
0.03-inch crack at the stress-concentration site. This "initial” crack
size of 0.03 inch was selected from crack propagation considerations
{see section 5.2), but nevertheless, is representative of the minimum
size detectable by inspection methods currently in service.

Because of difficultieg,in direct detection of small cracks

(0.03 inch) at the stress-cohcéntration site for each fatigue test, an

i , .
» ' . I8
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indirect approach was used to establish crack-initiation lives. The
total fatigue life, Np, of notched specimens was assumed to consist of
two parts: the number of cycles required to produce the 0.03-inch crack,
Np, and the number of cycles necessary to propagate this crack to
failure, Nép' As part of the crack propagation study in Chapter 5,

Neop was experimentally determined for the notched specimen configura-
tion for each loading sequence used in the present study of crack
injtiation. For eac@ fatigue test in this chapter, the crack-initiation
life, N,, was found by subtracting the corresfonding constant value of
Nop from the obsérved tdfal 1i£e, ‘Ne.  These Nep values were:

%000 cyeles for the case of no prlor loading (8 = 20 ksi), 34,000 cycles
for benef1c1al prlor loadnng, and 3000 cycles for detrimental prior
1oad1ng.* Errors associated W1th>the assumptlon of a constant W,

cp
value for each test condltlon were belleved to be small, since for all

“

test cgnd%tiqns thé%e NCP' va@ueS'weye less than 5.6 percent of the
correspon&iﬁé geometric mean’ values of. .Np.

Tot,g,i fatigue lives and the c;;rres'ponaing crack-initiation periods
are presented in table IIT and figu%é 4.1 for each of the four test
conditions. In all %ests cracks are initiated at the zone of h?ghest
stress concentration. In addition 4o 12-inch-wide specimens, L-inch-
wide specimens were used as indicated in table II; and illustratéd in
figure 4.1 by open symbols. The constant-amplitude loading conditions
resulted in initiation lives with geometric means of 331 cycles for

= 40 ksi and 129,000 cycles for S = 20 ksi. The high-low combina-

tions of these two stress levels produced different fatigue lives.
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TARLE I1T.- FATIGUE CRACK-INITTATION DATA FOR NOTCHED SPECIMENS

Totghed | Fatigue inftr'a;:;on Geometric mean
Test condition ‘ specimen |life, Ny, 1ife, () Ny, of crack initiztion
; * number(é-) - eycles cs,rcles lives, Ny, cycles
: .108-1, 300 288
S = 40 kel - 98 . 312t 300 331
R=-1 . '1121:2 ©hot k15
) . .
(% ep = iz cycles)
'y . 93 L 9"[‘:700 90, 700
£103 78, 000 74,000
: 108 ;  |".14h,700 140, 700
S = 20 ksi 112, | 118,%00. | 114,300 129,000
R=0 ! 93-L 189, 600 185,600 '
. 103-1 157, Q00 153,900
(Nop = 4000 cycles) 103-3 190,000 186,000
100 267, 300 £33, 300.
102 303,100 . 269,100 -
. 933 590,.200 556,200
Beneficial 1ig-3 910,000 876,000 610,000
prior loading 93-4 1,003,100 969,100
' 97-% 11,063,000 | 1,029,000
(Wop = 34,000 cyeles)| 108~2 11,071,000 | 1,037,000
. 97-1 54,200 51., 200
 Detrimental. 109 65,000 62,000
prior  loading 108-L 66,000 63,000 65,400
112.1 775 300 Th, 300
(NCP = 3000 cycles) 93-3 78,000 75,000

(a)Hyphenated numbers indicabe h-inch-wide specimens with 0.672-inch-

diameter hole.

(b)Crack-initiation lives found by subtracting crack propagation period:

Nep (see first colum) from total life Fps




(Nojvertics;}. 5%_5'19) Material: 202h—T3 , @— 12 in-wide specimens
——— ) . O ~4 in-wide specimens
'S = ko ksl  fmem e - @O — - - — - — - - -
R =-1 . ®
§ = 20 ksi - : .
. ®Zo - - - - - - - CHENO —— - -
" Beneficial A . :
prior leading i : > - iR °e-O0®  —
' (see fig. 3.128) ) 3
Detrimental . .
prior loading - : - - - aw - -
(see fig. 3.12b)
1 'Y I 1 ] . - 1 - 5 ] ' - i 3 |
10t ) 107 103 10” 10° 106 107

Fatigue crack initiation life, No’ cyelés

- Figure 4,1 -~ Obgerved crack initiation behavior for notched specimens,
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As expected from the analysis of local stress-strain conditions, the
loading sequence in figure 3.12(a) resulted in a fatigue life larger
than the reference case of constant-amplitude Joading, while the
sequence in figure 3.12(b) produced a shorter life. That is, the prior
loading in figure 3.12(a) was beneficial_and the prior loading in
figure 3.12(b) was detrimental. To emphasize this stress interaction

the linear cumulative damage rule (ref. 29)

M
e zi (18)

i=1

i_l

was applied where M 'ig’' the mumber of stress levels, n4 1is the

mumber of applied cycles for the ith stress level, and N; 1is the

constant-amplitude fatigue life for that stress level. For the case

of beneficial prior loading

2
Z__lz__l B2 _ 10 4 610,000 _ )y o
N; Ny Hp 331 129,000 )

and for detrimental pricr loading

n 1]
M. B2 _ 10 4 65,k00 _
N, Np 331 129,000 0.5

These results illustrate the nonlinear damage accumulabion caused
by residual stresses not accounted for by the linear cumulative damage
rule. The difference in the last half-cycle of prior loading for these

two cases (compare figs. 3.12(a) and 3.12(b)) caused approximately an
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order of magnitude difference in crack-initiation lives. For service
loading sequences, which in many cases are similar to the random
sequence of loads in figure 3.13, residual stresses are being creafed
and eliminated throughout the entire crack-initiation life. Fatigue
predicetions for such cases must be based on the analysis of local
stress-strain conditions to account for the complex residual stress

effects. The applicabtion of the Ivinear cummilative damage rule based

con nominal stresses leads to meaningless results for these service

loading conditions.

4.3 Prediction of Fatigue Crack Initiation ‘

To obtain estimates of crack-initiation periods for the notched
specimen, the anaj_ytical:control procedure presented in Chapier 3 was
continued until the vnnotched specimens failed in fatigue. As
previously illpqtrated (figs. 5.17; 3,20, and 3.21), local stress~strain

conditions stabilize 'for repeated load cycling. For convenience,
: . D -
after -stabilization occurred the testing procedure was changed from

[3

andlytical control to stress control and continued in the stress

v ) N . 1 + N
- N » . .

control -mode until failure ‘occurred. Since crack-initlation life for
A e ;

the Potche@ specimens was defined as the mmber of cycles required to
prodﬁée & 0.035-inch crackz theS% tests with unnotched specimens should
have been continﬁedjﬁntil a crack of this same size developed. However,
preliminary tests showed that these unnotched specimens failed st@éically
for small crack lengths, comparable to the 0.03-inch "initial" size

crack. Consequently, for convenience crack propsgation was not

menitored in these %ests, and the estimates for crack-initiation lives
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were taken as the number of cycles for complete failure of the
unnotched specimens.

The errors introduced in N, predictions by these simplifying
assumptions were beliévea to be small compared to the effects of loéd
interactian. Bbtﬂ the residhal stress and the damage acceleration
stress interactions were accounted for by th§~analytical-control
fatigue tests. It is believed oﬁly the unaccounted for size effect
resu%te@_in sigﬁifiéant er?org.

.'Analyticai~control7tests were conducted for the four tesk condi-
tions and resulting estimates. for Ng are presented in table IV
and figure 4.2. The beneficial and detrimental effects of residual
stress &re reflected by the results in figure %.2. These results are
further discussed inféhe next section and are compared with the observed
crack-initiation periods.

h.h  Comparison of Predicted and Observed Results

For an assessment of the accuracy of the analytical-control method
for estimating fatigue, the observed and predicted results from
figures 4.1 and 4.2 were combined in figure 4.3, The predicted crack-
initiation pericds reflect the general trends displayed by the observed
results, however, the previocusly mentioned size effect and stress
interactions combine o produce conservative predictions. These effects
are each brlefly discussed in the following‘analysis of the discrepancies
between predicted and observed crack-initiation periocds.

The analytical-control method as presented in this report does not

geeount for the size effect on the fatigue crack-initiation behavior.




TABLE IV.- PREDICTED CRACK-INITIATION PERTCDS FROM

L ¥

ANALYTTCAL -CONTROL TESTS WITH UNNOTCHED SPECIMENS
5 . . i

1 Test condition

Umnotched

Fatigue life

s nnt. | Geometric mean.
for notched specimen [ fi%ﬂtiﬁﬁ:ii of fatigue lives,
specimen . nu.;mbgr * eyeles cycles.
B53 %
- . ESL. | 166 155
S = b0 ksi D52 232
JR= -1 :
- G55 : 19, 200
G5L 22,700
S = 20 ksi "53 43, 500 35,100
R=0 112-A 48,100
51 58, 400
M51 140,000 '
A53 181,000 191,000
Beneficial F53 273, 200 . .
prior loading
C51 17, 300
Detrimental D51 23,100 22, hoo
prior loading F51 28, 800




(No vertical scale)
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(see fig. 3.12a)
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~ (Bee fig. 3.12h)

Predicted fatigue crack initistion life, J , cycles
)

Figure b,2 — Predicted fatigue crack initiation periods for notched specimens.
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Material: 2024-T'3

@ —irest datar £or 12 in-wide specimen

O —Tést data for h~in-widé spegimen

: ‘ | O —Predicted initiatidn periods
§rhoksl e O OO - = g -
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t L l. 1 I L] ] i | . L 1 6 nl- ] 7 ;
~ . 2 N - >
w0 1o 10° 10" 107 10 10 g
N Fatigué crack initiation life, No’ cycles
Figure 4.3 — Comparison of predicted and observed crack initiation periods.
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The unnotched specimens:used to estimate N, contained a much larger
volume of highly stressed material than notched specimens with the

result that observable fatigue cracks initiated earlier in the

unnotched specimens, as previously explained. This effect is attenusted

somewhat by local plastibity because a larger volume of material
(within the local plastic zone) experiences thé high local stress.
This trend was present in the predicted N, values in figure k.3 for
constant-amplitude loading. The estimate of N, for S = 20 ksi was
approximately one;fourth the corresponding observed value (see
tables ITI and IV for .actual values). In contrast, the estimate for
S = LO ksi, which produced local plasticity, was nearly one-half the
observed Np. To illustrate the effect of plasticity on the sizg-of
the highly stressed local zone, the elastic stress distribution in
figure 3.2 was used iﬁ equation (11) together with the stress-strain
curve in figure 3.16 to obtain the stress distributions in figure 4.k,
The stress distributions in figure 4.1t for prior loading show that the
size effect should also be diminished for both cases of two-level
loading. For these two test conditions the pfedicted Ny values were
approximately one-third as large as the observed N, wvalues (see
£ig. 4.3 and tables TIT and IV).

The size effect is ﬁsuglly expressed in tems of Kp, the ratio of
fatigue strqgses ﬂgrxunnotched"and notched specimens at a given fabigue

1

1ife. Auxiliafy fatigue tests were conducted with unnotched specimens

to establish the 'value of Kp for this study. Results from these tests

vt oy .
are listed in table V and afe plqtﬁed in, figure 4.5 to create a segment

¢ #




TABLE V.- FATIGUE LIVES FOR CONSTANT-AMPLITUDE TESIS

OF UNNOTCHED SPECIMENS.

‘Constant~-amplitude
test ditd £
uﬁiotggzdls;:ﬁmegz Unnotched | Fatigue | Geometric mean
specimen life, of fatigue
Maximim Mindmum number cycles | iives, cycles
stress, ksi | stress, ksi
C53 166,600
40.0 0 K52 187,000 211,000
112-B | 293,200
M55 83, 800
45,0 0 155 128, 800 115,000
. 103.B 137,000
. G53 19,200
5.5 .0 G51 22,700 35,100
) ’ : 53 l[-5,-500
112-A 48,100
51 58, 400
: K53 | 270,900{ -
C@l.3 -%0.1 J53 276,900 |, 302, 000
. I51 361, 700
H51 28, 300
6l.1 +10.5 J51 32, 400 31,600 -
I52 3k, 600
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Figure 4,5 ~ Comparison of crack initiation lives fér notched and unnotched specimens.
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of the S-N curve for unnotched specimens. On this curve a stress of
13.5 ksi corresponds to the geometric mean of the lives for notched
specimens at S5 = 20 ksi. The ratio of stresses at this life yields

Ke = 2.i8 in contrast to Ky = 2.57 from Chapter 3. This value

of K could have been used in eguation (10) in place of Kp to
improve estimates of N, for constant-amplitude tests as suggested by
Wetzel [219, however, this substitution would have introduced noticeable
errors in the local stress-strain calculations for the cases of two-
level loading. These errors probably would not have seriously affected
the N, estimates for the present study because the above Kp is

85 percent of Kp. However, for _l:ligh K‘I‘ values, the difference
between Ke and Kg islusualiy ;uiteﬁlarge and Wetzel's approach
would be unacceptghlq for vﬁriable-amplitude-1oading, becanse of
inappropriaté stress-interactioﬁ ?ffegts.. Argenerél correction
procedure for the size effect must be accomplished through approﬁriate
adjustments o? thé,eétiigted ﬁb %oundkﬁy'cycling unnotched specimens
through the,mgst accuraﬁg local stress (or straiﬁl sequence obtainable.

]

To enable an'evaiuatiph oé %he'effects of séreSS‘interactions on
the analytical-control tests,‘adqi%ionél coiétant;amplitude~test results
in table V and figure 4.6 were obtainéd. These tests were designsd
to illustrate separately the residuai stresé effect and the damage
acceleration effect. Unnotched specimens were cycled betwsen the
constant~amplitude local stress limits corresponding to S = 20 ksi

for the two-level tests to directly assess the effects of residual

stress. These stress limibts were determined from analytical-control




. 7 Constant—émplitpde tests

: . > — Constant-amplitude tésts with 10 cycles
- of prior loeding (see figs. 3,20 and 3.21)

(No vertical Scale) *~ ' Material: 2024-T3 . *
‘6___ =515 ksi |- - .
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Fatigue life, N, cycles

Figure ¥.6 — Effects of mean stress and prior loading on fatigue of unnotched specimens.
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results in figures 3.20 and 3.2L. The analytical-control estimates.
for Np fi-om' table IV were also presented in figure 4.6 for compari-
son. These aina.ly‘tical—céntrol results reflect the effects of both
types of stress iqteraction. . Consequently, the difference between

“ %
these results and the constant-amplitude ‘results is a measure of the

damageiéccei‘.erati'on' effect for each test condition. For comparison the

analytical-con‘brol results corresponding to constent-smplitude S = 20 ksi

“ ]

are also presented :|.n figure k.6,

The residual stress effect increased the geometric mean of the
estimate for N, from 35,100 to 302,000 cycles in the case of bene-
ficial prior loading. However, damage acceleration caused by the
10 cycles of high load reduced this estimate to 191,000 cycles as shown
in figure 4.6. The net effect was an increase in life due to the
decrease in local mean stress caused by the 10 cycles of prior loading.
These effects agree generally with results obtained by Topper and
Sandor @6_] in a parametric study of the effects of mean stress and
prestrain on fatigue damege accumulation in 202L-Th aluminum z1loy.

For the case of detrimental prior loading, corrésponding constant-
amplitude tests produced a mean life of 31,600-cycles and simulation
tests resulted in a mean life of 22,400 cycles. The residual stress
effect decreased the life estimated from 35,100 to 31,600 cycles, and
damege acceleration further decreased the simulation results to a mean
life of 22,400 cycles. These effects arej also in general agreement with
results obtained by Topper and Sandor '[hé_]‘and, in addition, further

illustrate the relative magnitudes of the two stress interactions.
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In summary, the role of stress concentrations in stress-interaction
effects has been demonsgtrated in this chagter by crack-initiation tests
with notched specimens. The stress inberactions considered in this
study were shown to be the combined result of residual stress effects
and damage acceleration caused by large excursions of local stress and
strain. The procedure described for predicting crack-initiation lives
accounted for both of these effects and produced estimates that
reflected the genezal stress-interaction effects. However, these
predictions were'consistenfly'shorter than experimentally determined
crack-initiation lives for nétche& specimens. This trend was attribubed
to the large diff’erejnce in volumes of highly stressed material for the
notched speéimens and thefunnotched specimens used to obtain the
predictions. Additional research is required to assess this size effect
and to develop rational procedures for éccurately‘predicting crack

initiabion at stress-concentration sites.



5.. CRACK PROPAGATION NEAR STRESS CONCENTRATIONS
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The role of a t:ypical' stress éoncentré:bion in :bhe fatigue -crack-
initiation process was introduced and discussed in Chapter’ 4. Local
s*_bresses at a stress-concentration site Were’calculated and used\
together with umnotched specimens to predict fatigue crack-initiastion
periods. To complete the fatigue analysis for this Typical stress
concentration, the behavior of these fatigue cracks was investigated
as the cyclic loading was continued beyond that required for crack
initiation. The ‘initial stage of growth for a crack emanating from a
stress-concentration site is influenced by the stress distribution
caused by the stress concentration. However, for repeated loading the
crack eventually attains a length for which the influence of the
stresses due to the original. stress concentration may be ignored, and
the crack then may be assumed to propsgate solely under the influence
of the applied pominal stress. This Thase of crack growth has-received
muach attention in the literature (for example [47], ELS] R and @9]) and
was not specifically investigated in this study. PEmphasis was placed
on crack growth under the influence of the stress concentration. This
initial phase of crack growth from a stress-concentration site has
received very limited coverage in the lite:ra.ture; as indicated in
Chapter 2.

The present study was undertaken to provide an experimental and
theoretical investigation of the initial stage of crack growth from a

typical stress concentration. For this purpose, the notched specimen

] o
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and the fatigue lcading discussed in Cﬁaptef-B (figs. 3.3, 3.11, and
3.12} were used for convenience and, as a result, the study of crack

growth was a logical extension of the fatigue analysis presented in

t

1

Chapter L. ‘The éas‘e: of constant-amplitude loadimg for S = 20 ksi

was studied to‘id.emonstra‘.te the effect of étressf concentrations on crack

propagation f‘ora cémplétely' el!agt“ic\"l‘ocal éonditions and, in addition,

this case served as'a reference :E‘ox;' this evaluation of the stress

interaction effec‘-ts!t‘an initial cr?,ck groﬁh ‘under two-level loading.
The theore"bice;.l‘ jphase' of Zt}".lls sbudy resulted in the development

of a method for calculating initial crack growth for an arbitrary

elastic stress distribution near the stress concentration. This method

was applied for the reference case of constant amplitude, 8 = 20 ksi

loading, and the calculated results were compared with observed crack-

growth behavicr. A4s a more critieal evaluation of the method, calculated

and experimental results were compared for beneficial two-level loading.

‘These calculated and cbserved crack-gr'owth results are presented and

discussed in the following sections.

5.2 Observed Crack Propagation Behaviori Near a Circular Hole

A specimen with a central hole eontaining cracks is presented in
figure 5.1 to illustrate typical crack location and to indicate the .
two schemes for defining crack length. Crack propagation tests were
conducted by continuing the crack initiation tests from Chapter 4
beyond the initiation phase. Crack lengths were measured during these

tests with a machinist scale and a low magnification (10X) microscope.

In most tests, cracks did not simultaneously initiate on both sides of
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Figure 5.1 - Specimen coi)figuration for crack propagation study.
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the hole as shown in figure 5.1l. To produce the desired symmetry, after
one crack initiated a second crack was simulated on the other side of

the hole by a small saw cut with a sharp nick at its root. A jeweler's

>
L)

sew and a sharp razor blade were used to produce this artificial crack.
In all cases a.fatigue-crack '_pI‘OI!l;E;‘i’le initiated at the root of the saw

cut and symmetrical crack growth followed.
i

I

The crack-growth curves, mcludlng the mltlatlon periods, are
presented in f:Lgu.re 5e 2 for the two constant-ampl::.tude test conditions.

¥

For gimplicity, a t;;plcal F:urve ;was plot“l;eii ?or each j:est condition.
Local cyclic élas%icity acéém"pgnied; the ini:bial ‘crack growth for

= 40 ksi 1oading,‘ prc}aclud:ﬁug; an analysis oé this case. In contrast,
local behavior at the holetwa;s'l éompl;tely eléstic during the cycling
at 8 = 20 kei, and enabled use of Fracture Mechanics theory. The
crack-growth curve for S = 20 ksi was used as a reference for
establishing the effects of two-level loading on initial erack
propagation. For this purpose this curve will be subseguently replotted
with an expanded cycles scale.

Prior loading was demonstrated in Chapter 4 to be either detrimental
or beneficial to crack initiation, depending on the sense of the
residual stress at the end of the prior loading. This behavior is
again displayed by the typical crack-growth curves in figure 5.3 for
two-level loading. To separate these curves into crack-initiation and
propagé,tion stages, the initiation period was assumed to equal the
munber of cycles reguired to produce a crack length of 0.03 inch

_(the smallest crack length for which crack propagation dsbta were
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obtained for all three loading conditions). The crack lengths beyond

this initial value were plotted in figure 5.t against the mmber of
cyeles for crack propagation Ngp. Starting at the same initifgl length,
+the beneficial prior loading decreased the initial crack-growth rates as
compared to the reference case of constant-amplitude loading. The
detrimental prior loading caused the crack-growth rates to increase.
Beyond a crack length of approximately 0.7 inch, crack growth was
nearly identical for all three cases, indicating the localized nature
of the influence of the stress concentration. A procedure is presented
in the next section for evaluating this iqfluence.

5.% Procedure For Calculating Crack Propagation Behaviox Wear a
Circular Hole

Paris, Gomez, and Anderson [1L9] postulated the existence of a
unique relationship between stress-intensity factor and rate of crack
propagation. Thus crack growth could be predicted from calculated
stress-intensity factors and "master" crack propagation rate curves,
characterizing the crack-growth properties of the maberial. Stress-
intensity factors can be cglculated from elastic analyses of bodies
containing cracks. The "master" crack-growth rate curve can be
established by measuring crack-growbh rates cé)rresponding to knowm
stress-intensity values using simple laborabtory specimens. This general °
approach. was followed by Figge and Newman [50:' to predict crack growth
for complex specimen configurations and loadings. A generally close
correlation was found between predicted and ex_pér:‘mental results.

In the present study, this gene;c-al stregg-intensity approach
was used to predict crack—groﬁh curves corresponding to the .
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constant-amplitude loading for 8 = 20 ksi and the case of beneficial
prior loading.

5.3.1 Caleculation of Stress-Intensity Factor For (rack Emanating
From a Circular Hole

Bowie‘[?i] developed polynomial mapping functions for use with the
complex stress functlon technique to solve the problem of cracks
emanating from a circular hole in an infinite sheet. For the case

of two cracks emsnating from a circular hole (see fig. 5.1) Paris and

- 8ih [5%] presented Bowie's solution in the fom

k= oy VT F(%’-) (19)

]

where Oz 1s the gross nominal stress and L 1is crack length. This

stress intensity is plotted in figure 5.5. The stress-inténsity

. solution

»

for a éfack of length 2ay without the circular hole, is also plotted
in-figuré 55 for coméérisqn. Beyond L/p = 0.25, the curves for
equations §£93 phﬁ,(EO) are in rather close agreement. Consequently
for L/p > 0.25 ‘the presence of %he hole may be ignored and the
9rack~groW£h behavior ajpfoximated by that of a simple crack with
a=p-+T, again illustrating the localized effect of stress
concentrations.

Bowie's solution could have been used to predict the crack growth
for the reference case of S = 20 ksi constant-amplitude loading,

because the local conditions at the hole were elastic, However, for
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FMgure 5.5 — Stress ihtensi‘ty factors for cracks emanating from e circulsr hole,
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the two-level loading sequence, residual stresses altered the stress
distribution around the circular hole, and consequently changed the
stress-intensity factors for the cracks growing from the hole, as
avidenced by the crac'k-gﬂrowth curves in figure S5.4t. To account for
the effects of residual stresses on crack growth from circular holes,
a general stress-intensity solution was developed for an arbitrary
stress distribution o(x) along the plane of the crack. This stress-
intensilty analysis is presented in the following development and is
specialized in the next section for the élastic reference cage and
f:OI{ the case ;of ‘beneficial prior loading.

The analysis off s‘brgss intensity foxr the cracked specimen and
1oading' in: figure 5.Y6'(e\c) was based on the separation of this problem
inbo 1,:h'ose given in figure 5.6(b) and fig. 5.6{(c). The stress
dtistributi;m in figure 5.6(b) along the plane of the crack was
‘des;'%gnated a(x‘}l The‘“s‘uperposi’cion of this internal sitress ofx)
%‘rom iflgure 5.6(b) and the -(.I(‘X) shown in figure 5.6(c), acting on
the crack boundary, resulted in the stress-free crack surface shown in
Tigure 5.6(a). Becaulse the specimen in figure 5.6(b) did not contain
a crack; 'bh;e stress~intensity factor for figure 5.6(a) was equal to
that for figure 5.6(c). The stress-intensity factor for figure 5.6(c)
was found by an additional superposition scheme used together with a
boundary collocation technique. Irwin ~53 presented the Westergaard
stress function

1/2
71 (z) oPg [ae - bEJ (21)

at (2 -~ p2)[22 - 22
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for .the Problem shown i;l figure 5.7 for symmetrical concentrated loads
. ona crack surface. ‘This solution was used to représent theé ofx)

from figure 5.6(c) by a statically equivalent system of forces shown

typigally in figure 5.8. The radial: stresses Opye  and shear stress
Tpg along.thé circle of unit radius were found for each concentrated

force from the following equations, developed in Appendix A.
1 “ . 4

4

~
= 2 r 2
Opp = [:ReZl' - y%zﬂcos 8 + [ReZl + Y%Zijsm B
- 2yReZi sin 6 cog ©
? (22)
and
Tyg = yEEImZi sin 8 cos 6 - ReZi(cosge - sin29)J J
The Oppe and Trg stress components for all concentrated forces were

summed to obtain the stress distributions along the unit circle,
corresponding t6 the o(x) in figure 5.6(c). Following a boundary
collocation procedure presented by Newman Ejlﬂ a second set of Gpp

and T.5 was expressed as (see Appendix B)

M
Ty = op e o (2n-1)8+p
rr n_—Zl nrgn-l\/—ﬁ.fé [ .-.L]
- _(gn__L s:.n[(En 2)6 +Bl] I sin E(En- h)e +32]

21’1- / (1‘11'2 )3

- 1 any .o 1
+ oB |- g~ - e -
Bn[ cos 2n = sin(2n - 1)6 cos{(2n 2)9:’ (23)

r r r
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The 0, and Tfé from equations (25i and (Eﬁ) were eﬁuﬁﬁéd,to
corresponding sum of the stresses from‘eduation {22) a£‘§isgrete_p;ints
on the circular arc and coefficients A, and B, were dgéérmi?ed from

' the resulting set of equations. Thus by su@erposition,‘thé two sets!of

radial and tangential stresses cancelled each other at intervals along

the circular arc of unit radius to effectively creabte a stress-free

boundary. This superposition is illustrated in figure 5.9. The o,y

and Trg on the unit circle in figure 5.9(b), due to the concentrated

loads, opposed the a,, and T, in figure 5.9(c) from equations (23)

and (24), and, as a result, the stress-free hole with cracks in .

figure 5.9{a) was simulated.

The stress-intensity factor for the case presented in figure 5.6(c)
and ggain in figure 5.9(a) was found by superposition of the stress-

intensity factors for figures 5.9(b) and 5.9(c). The stress-intensity

factor for each concentrated force was given by Paris [5?] as
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) = — 2L Va (25)
e a2 - b2

therefore the stress-intensity factor for figure 5.9(b) was

_Five Ve (26)

k = i
2 2
i=1 wbya“ - by

>

where }M: was the number of cencentrated loads. The stress-intengity

factor for. the loading shown in figure 5.9(c) was writben in terms of

2(z) by.Paris and 8ih [52] as

¥

k=2V2 lim /z - a @(z) (27)

Z—a

Therefore from equations (26) and (27) we obtain,

2Py VB
= —_—— + 22 lim fz - a 3(z) (28)
;Z; /a2 - bE Z — 8

which represents the stress-intensity factor for the case shown in

k

figures 5.9(a) and 5.6(c) and consequently for the original case,
illustrated in figures 5.6(a) and 5.1.

Equation (28) was evaluated with the aid of a digital computer for
diserete crack lengths and for the corresponding wvalues of c(x).- The
stress-intensity factor was plotted for each crack length and a curve
was drawn through these points to obtain a curve similar to that
presented in figure 5.5 but for a general stress distribution, o(x) »

along the crack plane. For an evaluation of this general approach
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.o(x) was specialized for the elastic distribution and the stress-

v

intensity results were compared with the curve from figure 5.5. The
close 'corré.'léation in figure 5.10 beﬁeen these results from equation (28)
and Bowie's solution demonstra.teci the adequacy of the superposition and
boundary colloecation techniques applied in the development of
equation (28).

T-hese resulbs, also presented in table VI, show that beyond a
crack length of 0.7 inch less than 6 percent difference exists between
the stress-intensity factors for the two cases. Consistent with these
results, for all loading conditions nearly identical crack-growth
behavior was observed for cracks larger than 0.7 inch, as shown

previously in figure 5.k

5¢3.2 C(Caleuwlation of C;-ack—Growth Curves From Stress-Intensity Solutions
The correspondence between stress-intensity factor and crack-growth
rate demonstrated by Figge and Ne;wmén Ej(ﬂ was ubilized to caleculate
erack propagation curves. The basic crack-growth behavior of 2024-T3
aluminum slloy was experimentally esfablished through laboratory tests
of centralily cracked sheet sgpecimens for which crack-growth rates were
measured and the corresponding stress-intensity factors calculated
from equation (20) using the Irwin-Westergaard finite width correction
from [52] Experimental resulbs are- présen'ted. in figure H.11 to
characterize the crack-growth behavior for this material. This curve
in figure 5.11 together with the stresguﬁn‘bensity golution for a
given &(x) were u‘sed to caleculate crack length against cycles curves

k]

as follows.: Stress-intensity factors were found forxr crack lengths s
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TABLE VI.- CALCULATED STRESS-INTENSITY FACTORS

Stress intensity factors, Xk, ksiyin.

Crack
length | gonstant-amplitude | Beneficial prior
L/e S = 20 ksi loading
.0 0 0
0.01 - 5. 970 2.523
0.02 6.683 2,017
0.03 8.008 $.611
C.0L 9.284 k319
0.06 1. 30 5.578
- " 0.08 12.8 6.684
) 0,10 13.78 .64
0.15 ‘16,04 10.01.
~0.20 17.30 12.12
! 0. 30 19.21 15.79
‘ 0. ho 20. 36 18,02
0.50 2T, 21 1.9.40
, 0:60, 21.93 " 20. 37
+ 0,70 22,56 21.20
0.8 ;0 231k 21. 97
1.00 2k, 3p 23,306
. 1.50 26.74 26.54%
2.00 ! 29.07 29,28
‘| 300 33. 33 34,19
%.00 37.17 38,39
5.00 ho.68 o1k
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and a + Aa and corresponding crack-growth rates were found from the
master curve in figure 5,11, The number of cycles required to extend

the crack by 2Aa was debermined from

NY = 208 (29)
daj  da
| d‘Na dn atig

The total number of cycles required to grow the crack to a given length
was found by dividing the crack inte intervals Aa, and by suming the
AV from equation (29) associated with each Aa. For the present study,
a digital computer was used in this procedure to calculate curves for
_crack lené;th against‘ cycles. These results are presented in the next

- section{and are cémpared with obgerved resulis of Section 5.2.

- 5.4 Comparison of‘Calpulaie& gnd Observed Crack Propagation Behavior
Compérisong are made in this section between calculated and

observed craék-growth'results for the reference case of constant-
ampiitude, 'S = 20 ksi, ioading and for the case of two-level beneficial
prior ioading.' The stress distributions, o(x), on the transverse axis
were found, respectively, by elastic and elastoplastic analyses for
these two cases, and the methods from Section 5.3.1 were used to
develop stress-intengity factor solwtions. These stress-intensity
results were then utilized together with the master crack propagation
curve in figure 5.11 to calculate crack length against cyeles curves

similar to the experimental curves in figure 5.k.
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5.4.1 Constant-Amplitudé (S = 20 ksi) Loading

A system of concentrated forces was developed to simulate the

elastiec stress_distriﬁution on the transverse axis by the procedure

5 te

presentedaiﬁ Appendix C. fhis force system was used to develop the
.stress-intensity cdfve previously presented in figure 5.10 for an
evaluation of the a;cﬁracy of the stress-intensity analysis. This
stress-intensity solution led to the crack length against cycles
curve presented in figure 5.12. Because of the inherent gcatter in
crack propagation.data in figure 5.11 upper and lower Limits were
used to characterize this crack propagat;on behavior as shown. Thesé
Lliwits were used to calculate the corresponding range of crack-growth
behavior for ﬁhe case of constant-amplitude, S = 20 ksi loading.
This expected range of behavior is indicated by the shaded zone in
figure 5.12. The solid curve within this shaded zone represents
average behavior found from the corresponding sverase curve in
figure 5.11.

The symbols in figure 5.12 represent test data. For ﬁhe two tests
conducted with no prior loading (constant-smplitude) one get of test
results fall slightly outside of the range of cazleculated behavior.
The second set of results is within this venge end the average of
these two sets of daba was within the shaded zone. Because of large
errors in crack length against cycles behavior that may result from
rather small errors in gtress-intensity factors (and therefore crack
propagation rates) for short crack lengths, the correlation between
experimentgl and calculated results in figure 5.12 is exceptionally

close, t
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5.4.2 Beneficial Two-Level Loading

An approximate analysm is presented i Append:.x C for the stress

distribution corresponding to benéf:.cmal two—level loading. This stress

distribution was discretized and algo simlated by a system of con-

- centrated forces. This force system together with the procedures

ocutlined in Section 5.3.1 resulied in the stress-intensity solution
listg:d in table VI and plotted in figure 5.10. | The low stresses cal-
culated in Appendix C for small values of x produced sitress-intensity
factors that Wer-e lower than those for the constant-amplitude case.

As expected, these low values of stress intensity created a large
crack propagation 1life, as shown in figure 5.12. Again the resulbs are
presented as a range of calculabted beha.vio'r; For this case, however,
the si'ngle experimental crack length against cycles curve did not lie
within the calculated range. This discrepancy may have been the result
of scatter in mabterial behavior (note that data points fall outside of
the 1imits used in figure 5.11 to characterize the assumed scatbter).
Additional tests are required for a critical assessment of this
analytical approach, however, the single experimental curve in
fTigure 5.12 illustrates reasonable asgreement bebween calculated and
observed results. As previously mentioned, small variations in sitress-
intensity values for short cracks produce significant changes in
predicted crack propagation lives. TFor this reason, minor refinements
in the elastoplastlc ana.lys::.s of the stress distribution or in the
simlation of th:r.s stress distribution. b:y' concen‘trated forces could
noticeably improve the correlation between expermental and calculated

results in figure 5.12. . ',

4
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6. CONCLUDING REMARKS

An analysis of the role of a typical stress concentration in
structural fatigue has been presented. The analysis considers the
cyclic stress-strain behavior at stress-concentration sites, the
initiation of fatigue cracks, and the initial stage of propagation
for cracks growing from the stress~goncentration site. The stress
concentration dealt with in this study was that produced by a circular
hole in a sheet specimen under remo%e load. The behavior of this
specimen was investigated for constant-amplitude loading and two-level
loading, that created stress interactions typical of those experienced
by structures in service.

For the analysis of stress-strain conditions st the stress-
concentration site, attention was focused on the point of maximum
Vstress concentration, and conditions at this point were referred to
as "local" conditions. Cyeclie local stress and strain were gimulated
in simple unnotched sp§cimens by loading these specimens between cal-
culated limits for local behavior. This simulatibn,was performed on

C
a cycle-by-cyclelbasis and, é? a result, residual stress effects and
eyelic variations in‘material behavior, that generally complicate
local gbndifions; We?e automatically accounted for in quantitative
estimates of iqeaisstress:aﬁd's£réinz For -an evaluation of the
simﬁlation‘pyééedpfe, local cyélic stress~strain behavior was experi-
meptaliy determinéd:by‘@'cqm a;ion-specgneﬁ ?ethod and the two sets

. i '
of results were compared.

LI ¥

11k
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The simulation procedure was continued until the unnotchied
specimens failed by fatigue. Because the stress-strain conditions in
these ummotched specimens were assumed to be identical to the con-
ditions at the stress-concentration site, these fatigue lives were
used as estimates for fatigue crack-initiation lives for notched
specimens. Notched specimens were tested in fabtigue to obtain observed
crack-initiation lives which were used for quantitative assessment of
stress)—-interaction effects predicted by the simulatlon procedure.

The effects of prior high loading on cracks growing from stress
concentrations were demonstrated: by tests with notched specimens.
Crack length against cycles curves were experimentally determined
Trom these tests and were compared with similar predicted curves.
Predicted curves were calculated by expressing the state of stress
near the crack tip in terms of stress-intensity factors and by using
these stress-intensity factors together with an experimental curve

generally characterizing the crack propagation behavior of the specimen

material. o . L .

+ " N -

Based on anaiytical and experimental results presented in this

- study, the following conclusions are presentéd. .
. .

-

. .
1. Prior high loading on a notched specimen may dramatically
=y, ., i .
alter the,locél‘mean strefs corresponding £0 subsequent loading. Prior
. - . V .
loading may bé;sglected tofeiﬂher'incféaée or decrease this local mean

‘ i GoF
stress. ) . ! o

L}

2. The compahion -specimen method together with the strain-
coupled servo-control system présented in this study provide means

for experimentally investigating local cyclic stress and strain.
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3. The simula#ion procedure for approximating local eyclic

stress-strain behavior ;dequately accounts for local plasticity.
Furthermore, changés in stress—stfain properties due to cyeling are
inherently incorporated in the calculations of local behavior.

4, The increase in crack-initiation lives for tensile prior
loading on notched specimens is the result of the net effect of
beneficial compressive residual stresses anq the detrimental effect
of damage acceleration caused by large excursions of local strain at
the stress-concentration site during prior loading. For comp;eséive
prior loading, detrimental tensile residusl stresses and damage
acceleration combine to decrease crack-initiabion lives.

5. 'The simulation procedure for estimating crack-initiation
lives for stress concentrations using unnotched control specimens
‘accounted for the effects of stress interactions and, aé a result,
yielded reasonable estimates. These estimates were, however, conserva-
tive for both constant-smplitude and two-level loading due to a size
effect not accounted for in this simulation procedure.

6. The initial stage of crack propagation for cracks emanating
from a stress-concentration site may be altered by prior loading during
the crack-initiation phase. Prior tensile loading decreases initial
crack propagation rates and compressive prior loading increases
propagation rates. l

Ta -Rgasdnaﬁle predictiohs of ,crack length against cycles were
obtained for the iniﬁial,stage of crack growth when the stress state

near the crack tips were defined by étress-intensity factors which

were used to establish c%@ck Propagation rates.

/
L
.

. .
.
Al
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Although the procedures and conclusions in this study are applicable
only for sheet specimens with stress concentrations, it is possible that
they will prove useful in fatigue analysis of more complicated con-

figurations and loading.
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8. APPENDIX A - DEVELOPMENT OF STRESS EQUATIONS

FOR COWCENTRATED FORCES ON A CRACK BOUNDARY

Trwin [ﬁjﬂ presented the Westergaard stress function

1/2
2Py, a2 - Be | .
Zq = = (Al)
1(2) 2o (22 - he)Le N 3,2] |

. Tor the problem shown in Tigure 5.7. The- stress components in

Cartesian coordinates were written as

e = BTy - VI |-
c-w{:= ReZ; + yImZ{ T
. . “ N - (22)
and X .
—_ 1
TXy = yRéZl J

For the purpose of calculating stresses along Y‘the cirele of unit

radius equation (A2) wes transformed %o polar coordinates by

\
Opp = coseecXX + 2 gin 0 cos eTxy + sineecyy
= et ; 20 _ atnlg) ] ;
Tre = -8in 0 cos chx + (cos<8 sin e)Tky + gin 9 cos eoyy;

The substitution of -equation (A2) into equation (A3) yielded
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) Opr = E%eZl - Y%nzﬂcosee - 2yReZj sin 6 cos ©
+ [Rez; + yI, 73 Jsine
and
Tpg = yEBTmZ:'L sin 6 cos @ - ReZi-(cos26 - singe):l

\

>

J

(al)



9. APPENDIX B ~ DEVELOPMENT OF STRESS EQUATTIONS

FOR BOUNDARY COLLOCATION PROCEDURE

Maskhelishvili [55] -expressed stress components in Cartesian
coordinates in terms of the stress functions @(z) - and, ¥{(z) by

the equations

H

013 * Oop.

2¢ () + 7 (=) ] )
it ‘ _ : >
I |

Opp - Upq + 20Ty =j2'[§¢f‘ (z) + ¥ (=)
. ‘ /

»
Al 1

or with R S

i

- ¥z) = ¢'(z), Tz).=v'(z).

Muskhelishvili rewrote equations (Bl) as
Oy7 T Opp = E_EI’(Z) + (D(z):l

and > ’

Opp = Ogq + 24T, = 2{z8'(z) + T(z)
22 = 11 12 = 2[2 . )] J
The introduction of Q(z) also from [55]
z) = F(z) + 28" (z) + T(z)

yields
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(BL)

| (z2)

(B3)

(BY)
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011 + Oon = EEP(‘Z) + Q(Z)j

and : . ) (B5)

0'22 - Un + EiTle = 2[(-2— - Z')q‘)’ (Z) - @(Z) + -ﬁ(Z)]J
In eylindrical coordinates equations {(B5) become
Opp T Ogg = EEE)(Z) + @(z)']

and | _ | > ‘ (B6)

Ogg = Opp + 2iTyg = 2[:(2 - z)8'(z) - o(z) + ﬁ(z)]egie .
.

Subtracting equations (BA) yields
Oy = iTpg = a(z) + o(z) - E'E - z)0 (z) - @(z)_—l-ﬁ(z)]eﬁe (B7)

‘Newman presented expressions for @(z).- and (z) in reference Elg
following a genersgl fomm developed by Erdggan E56] for a platé con-

taining a, crack. From E5J+] o Lo : ‘.'

i ) ‘ . \ PR ‘
M . ' .

o(z)

i}
L]
|
o
R
. i__, .
=
Nm ﬁ‘
(N |
.gam,
: +
q
. [

and i | R :" o 7 ’ > - - (B8)

il

Q(z)
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where a is the half crack length and A, and B, are arbitrary
constants. For the present study these Mugkhelishvili stress functions

were subsbituted into equations (B7) and real and imaginary parts were

separated to obtain expressions for oy, and Tug.

Equations (B8) were rewritten in exponential form using a chenge

of variables.

7 = peib

t
!

a=rel ' © (89)
zZ +a= 1‘28192
‘as illustrated in Figure Bl. From equations (B8) and equations (B9)

one «obtains

M An exp §-i [(Qn 1)e ¥ —h-l- } -0
_ Bne ine
&(z) = Z Py ™ (B10)

n=1. ) =X :E'lr2 . r

Differentiating &(z) from equations (B8) and substituting from

equations (B9) yields ) ,
— ‘, [
M ( ) . : 6 e *
18,(-2n + L ‘ : 8o
o (z) = Z -n-—--—- exp -i(Ene +.?1 +§)}
net| ¥ frme R

¢ . ’ : ‘

) Ay exp -:L[:(En - 2)9 +391+322]}_ 2B,

il - exp { ~i(en + 1)0 Y
pea-2 -‘/(rlre) . pantl { }




128

¥
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(X:Y)
rp
- rl
81
8o @
. } -
[ a Ptk 8 :I

Figure Bl — Illustration of coordinate system referenced to erack tips.
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The conjugate &(z) is

_— ) 2inod
- - @(Z)=Fﬁ——exp{i|}2n-l)8+%+%]} -}-Bﬂe_gn
e vV ¥ire o
(B12)
and
(z) = 2(z) . (BL3)
By substitution from equations (B8), (BLO), (B1), (Bl2), and (BL3)
into equation (B7) with the introduction of By and [32‘
\
0 (:]
— L 2
: L= 7%
o 291, 382 T
P22 % |
v,

one obtains



;  zig(en-1) { . : }
+ {il{en-1)e+p - exp (-if(2n -2)0'48
xp {1[ 2 l]} ey —SICCICR

] 2y o {qi,(eﬁ--h)ﬁ ¥ }
B2 o LT

M
+ Bn {—@-21119 +e21n9:] -—E%I-I—‘_% exp (-i(2n - 1)9}
n=1 .
ﬂwﬁ exp {-i-(zn _2)9}} . .‘ : (B15)

3

Separation of real and imaginary parts( of equation (B15) leads to the

following trigometric forms for ‘U:r:r a.nd"’ fre‘
R 1 (211
O = N N cosB2n :L) +Bl] -——_- i n[(2n 2) “31]
n=1 |5 Ve s - oyiite. -
Ce T e v I8
- sin|(en - k)0 +]32:|; +2B |-=- cos 2né
I.2n-2 (ryr )3 l; e
1 . , e .
Al i .
2n. \
- Y sin (2n-1)6 4 cos(2n - 2)8 . (R16)
I,En 1 r2r1 '
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T = z oa, |28 = DY oo5fion - 2)0 + py] | :
2n -
n=1 Ir I Tro . PR o
: L
3 2
+ e cos [GEn - g + [32] + 2B, W cos(on - 1)0

r2n+l

£2n-2 /(rlre)a

+ L sin(en - 2)8
el

Equations (B16) and (BL7) are the expressions for o, and Tpg

used in the boundary collocation procedure.

(BL7)
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10. APPENDIX € - CALCUTATION OF CONCENTRATED FORCE SYSTEMS

STMULATING STRESS DISTRIBUTIONS ON TRANSVERSE

AXTS OF SPECIMEN

10.1 FElastic Distribubion for S = 20 ksi

The slastic stress distribution for the specimen configuration
used in this study was nearly identical to that for an infinite sheet
a8 illustrated previously in figure 3.2. Therefore, for convenience

the elastic solution [58]

G =4 e 4 .
g = =L+ (2) +|1+3(5) cos 26 (c1)
o 2 T e r .

t

for‘an :n.nf:u.m:be gheet w:.th a clrcular hole of ra.dlus o was ‘used. -
Equation (Cl) was. evalusted for cg = 20.ksi and G 0, and opg
was plotied for the full w:i.d.:th of the specmen.~ As ‘b:y‘_p:x.ca.lly
illugtrated in figure Cl, 'bh::.s stress dlstrlbutlon was divided into

discrete segments. The a.verage stress (Uee for each segment was

used Go eaﬂ.éulate a statlc;a.]_"l.y. equ:.valent cgncentrated. :E‘once.v P; from
Py = Mbt(oge)y. e (c2)

where + 1is specimen thickness and 24b = 0.0025 inch. By this
procedure & system of concentrated forces was developed to appreximate

the elastic stress distribution for 8 = 20 ksi.

10.2 Elastoplastic Distribution For Beneficial Prior Loading
The prior loading produced localized plasticity as previously

illustrated in figure k4. The procedure used to calculate the stress
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distribution in figure L. is described in this section. The elastic
stresses corresponding to the prior loading stress level (S = 40 ksi)

were determined from equation (Cl) and

»
.

-

g 2 2 b
=871 - (Y o |1 - 1B} + 3(B) |cos 28) 53
Orrq > (I') ” 3 T C (c3)
N . K . . ’
along the transverse axis. The effective stress %, corresponding
to this elastic solution was found from. . ;o o
x12 ’ PR
eo = E’rfo = Orro%ee, T “ae] " (k)

- , 1 % K
An approximate elastoplastic analysis was based on’these elastic stresses
‘ : ;

using the approach presented "py_D:i’.xon and 'Strannigank,[%].l -,F—rom

equation (11) in Chapter 2 an expression for. ogg Was, written as

¥
'

] * ¥ v
s
5

",,‘ ) X ES - w r“-
%4 = %aq\ [ T R (e5)
¥ [ .-

i

where Eg is the secant modulus from the uniaxial stress-strain curve
corresponding to the effective stress o0g. This effective stress og

was found from

Ge = Geo ""E' : (06')

The elastic effective stress o, was found from equation (Ck), bub
because Eg depended on' og, equation (C6) could not be solved

directly for the Eg required in equation (C5). A graphical procedure
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was used to obtain Eg, as illustrated in figure hCE. The curve of o
against Eg/E was constructed from the uniaxial stress-strain curve
for 2024-T3, and equation (C6) was plotted for a given ogo. The
intersection of these two curves represents s simultaneous graphical
solution for equation (C6) and the stress-strain relationship. This
value of ES/E and  dgg,» corresponding to the oy wused %n
figure 02, were substitubted into equation (C5) to obtain Ogge ToO
account for the eyclic strain hardening displayed by 2024-T3 (see
for example fig. 3.20), 'the cyelic stregs-st;ain curve from figure 5.16
i was used in this graphi?al p:éceduré. ¢ .
The sgbove procedure was fépea@edly’gbplied to~constru£ﬁ the
plastic portion of the stréss distr;ﬁutioh)in figure'hi for

N S = ko kéi.' Because plasticityfyas accouﬁted foxr by‘;ftgnuatiné
. elastic stresses this proc;@ure madé no correction to the elastic
portion of the elastopl;sﬁi;'stress distribution. To satisfy equilié
brium the elastic portion of~tﬁis strgss’dié££iﬁution,£us% be altered
to account for the decrease in area under the;curvé caﬁseq by fhe
attenuation of stresses due to plasticity.. For the présént analysis'
thé elastic pértion of the curve was ralsed uniformly until the l
iﬁcrease in area under this part of the curve was approximately‘equal
to the above mentioned decrease in area. This minor alteration to the
stress distribution is shown in figure C3.

" The residual stress distribution in figure C5 was found by
- subtracting stress range values corregponding to elastic unloading

from the elastoplastic stress distribution, and by applying the above
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‘1.0 T T T = e
Ty
——
~ -
Obtained from cyclic
8F stresg—-strain eurve
(see fig. 3.16)
btained from envelope
of reversed cyclic
stress—strain behavior
.6 {see [15] )
o
1
%0
. Materiel: 202k-T3
2F
1 L - 1 n 1 ]
Y 20 ko €0 8o 1006 120

Stress range, Ac, ksi

Figure €2 — Graphical procedure for obtaining \’ES/E .
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procedure tc make a small correction for reversed yielding. The

1

resultant .stress distribution {(for epplication of § = 20 ksi,

following the unloading from 8 =:10 ksi) was obtained by adding
- - 3 5 ’ . { !

elastic stress range values for- §5.= 20 ksi to the residual stress

-
v

distribution.

' %
The system of concentrated forcesg sjmziatingf‘qhi:s‘_ si;ress

J b +

distribution was calculated us:i.ng equation (C2) and'.:tﬁe procedure
" Y - i - ) .g i
in figure Cl. et T . '
a - * 3 .
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