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ABSTRACT

Newman's Dugdale strip-yield model for crack closure was modified to estimate the
crack-closure behavior of cracks emanating from notches. The results obtained using this
crack-tip plastic deformation model showed that the estimated effective stress-intensity ratio
Ula) (= AKerfa)/AK{(a}) does not exhibit the commonly observed "dip" caused by the noich
plasticity. A finite e¢lement procedure was used to calculate the magnitude of the notch
plastic stretches. It was found that the magnitude of notch plastic stretches is much larger
than that of the crack-tip plastic stretches, and that the notch plastic stretches are the main
source of the plastic wake when the crack length is much smaller than the notch plastic zone.

A model termed the Strip-Yield Model for Notched Compoenents (SYMNC) that
incorporates the notch plastic stretches into the original strip-yield model was proposed for
simulating the crack-closure behavior of cracks propagating in the vicinity of a notch. The
validity and the efficiency of this model was verified by comparing the predicted results with
the published experimental data of various notched components and stress-relieved
weldments.

The effect of residual stress on the crack propagation behavior was siudied using the
crack-closure concept with the SYMNC model. The SYMNC model combined the weld toe
plastic deformation and the residual stress effects, and in this form was used to study the
crack-closure behavior of as-welded joints. The fatigue lives of weldments were simulated
using the SYMNC model.



iii
ACKNOWLEDGEMENTS

Acknowledgement is due to all the faculty and staff members at the University of
Illinois for their invaluable input during the course of the author's graduate study.

The author would like to express his sincere gratitude to Professor F. V. Lawrence, Jr.
for his guidance, encouragement and many generous contributions to his personal and
professional development.

The invaluable advice and guidance of Dr. J. C. Newman, Jr. and Professor H.
Schitoglu are also sincerely acknowledged.

The author wish to express his appreciation to Dr. G. Banas, Mr. H. Y. Hsieh, Mr. G.
Fry and Mr. S. Dimitrakis for their help in preparing this report.

The author would like to express his deepest thanks to his brother K. Y. Hour for his
invaluable patience and support.

The initial funding of this research was provided by the Fracture Control Program at
the University of Illinois at Urbana-Champaign. Additional funding was provided by the
Cooperative Research Program of Edison Welding Institute, Columbus, Ohio.



v

TABLE OF CONTENTS
CHAPTER I INTRODUCTION.....ooveicereseserernseresores vvrmerrvessevevetresesstnetsesesetreane s rareenacrratren 1
1.1 BACKGROUND.... . veverreree s sreverere s retereees 1
1.2  OBIECTIVE AND SCOPE..... 1
1.3 THESIS ORGANIZATION.. . reemassarereraaraserarstean e v s nn s s b enereesebatransabatas 1
CHAPTER II: LITERATURE REVIEW....... 3
2.1 FATIGUE CRACK CLOSURE....... rereveeerarareresnes 3
2.1.1 Mechanisms of Crack (‘loqure SR
2.1.2 Theoretical and Numerical Approach for Plastlclty-lnduced
Crack ClOSUTE.....cmieeereeceeeeceseseesessesioees reereserseneran s eaas 4
2.2 FATIGUE CRACK PROPAGATION BEHAVIOR IN NOTCHED COMPONENTS...coove. 3
2.3 THE EFFECTS OF RESIDUAL STRESSES ON FATIGUE CRACK INITIATION
AND PROPAGATION OF WELDEID JOIINTS c.eveeeeee e eeosesessesesessssesssessesaseseasasreessesesssaressas 7
2.4 TFATIGUE LIFE PREDICTION MODELS FOR WELDED JOINTS.....ccooievnerereersmsesssesssessossessns 9
2.4.1 Linear Elastic Fracture Mechanics . erveraereisben s e rrrresneraronsen 9
2.4.2 Crack Initiation-Propagation APPIrOACh. ... .rccccirrsernereeenessesmsssessssasmsssssees 9
2.4.3 Crack Closure at a Notch Model.............. . .10
2.5 SUMMARY....... . et et 12
CHAPTER III: NEWMAN'S MODIFIED DUGDALE STRIP-YIELD MODEL FOR
PLASTICITY-INDUCED CRACK CLOSURE . .13
3.1 DUGDALE-TYPE CRACK. W13
3.2 STRIP-YIELD MODEL FOR CRACK CLOSURE......... 13
3.3 DIFFICULTIES WITH THE NEWMAN'S STRIP-YIELD MODEL WHEN
APPLIED TO NOTCHED COMPONENTS. ..ot eeeeeeeee e s eeseaens trereesestesesansesentesarrnnrssrreses 14
CHAPTER IV: THE DEVELOPMENT OF A STRIP-YIELD MODEL FOR A NOTCHED
COMPONENT (SYMNCQ ). eseseresereseasesenes . ereeee et eneeren e seenemeeene 16
4,1 MODIFICATION OF NEWMAN'S STRIP-YIELD MODEL TO INCLUDE THE
EFFECTS OF THE NOTCH PLASTIC ZIONE......ccorvrvrvrenrersssnsasssssessasassesensnsssessssssssaesessonssassessesen 16
4.1.1 A Method for the Determination of the Notch Plasnc Stretches
(NPS)....... 16
4.12 Comparison of the Magmtude of the NPS with the Magmtude of
the CTPS e seeeneas . . . 17
4.1.3 Incorporating the NPS into the Strip-Yield Model.. .18
4,2 COMPARISON OF PREDICTED RESULTS WITH EXPERIMENTAL DATA. ... 19
4.2.1 Sharp, Single-Edge Notch in a BS4360 50B Steel Plate......oceeeeeeeensannnens 19

4.2.2 Blunt Center Notch in a 1020 Steel PIate.. e ceesesssesessens



Y

A.1 MATHEMATICAL FORMULATION OF THE STRIP-YIELD

423 Sharp, Double-Edge Notch in a 1070 Steel PIate........covvervmermsermmermssimeesessaneness 21
4.2.4 Sharp Center Notch in a JIS SM41B Steel Plate ; . 22
4.3 SUMMARY rreermsesesemer e ane e senes .22
CHAPTER V: THE PREDICTION OF THE PLASTICITY-INDUCED CRACK CLOSURE
IN WELDMENTS USING THE STRIP-YIELD MODEL FOR A NOTCHED
COMPONENT (SYMNC)........ : . : cervenaensesse e eseenes 24
5.1 STRESS-RELIEVED WELDMENTS................ . 24
5.1.1 A Special Finite Element Mesh for Determmmg the Notch Plastic
Stretches at Weld TOES.... st isssessssissismossssnseasessesssers 24
5.1.2 Comparison of Predicted Results with the Expenmental Data of
Cruciform Weldments.... . - - . . o 25
5.2 AS-WELDED WELDMENTS.........covursrmmrerovarsssesssmsssssssessens 27
5.2.1 The Development of Strip-Yield Model Includin g Residual
Stress Effects e, coreresminesssnaoans 27
5.2.2 Comparison of Predicted Results with the Test Data: Case L. 27
5.2.3 Comparison of Predicted Results with the Test Data: Case IL....oeceverree 29
5.2.4 Comparison of Predicted Results with the Test Data of an As-Welded
T-JOINLeriniirenssiririsenens - . 31
5.3 SUMMARY ..cvticermisiisessssssisnsissssasessesssssssssssses s sssesssssesssssessesessansssssssesesssssssesmossnssassssass ssssasssssoses 32
CHAPTER VI:  DISCUSSION....c.coverermsrresesmseresremsssmsesssesmsesses .33
6.1 EFFECTS OF STRESS RATIO R ON CRACK CLOSURE IN THE VICINITY
OF ANOTCH......coe et ecrsi e ettt emsssisass st sttt st s saat s e me s smsseseeesensesen e sasesesasonsssnenss 33
6.2 GENERAL DISCUSSION OF THE SYMNC MODEL FOR FATIGUE LIFE
PREDICTIONS......cootvtritiisimmemessrnesesesstssessnasesesesessssssassssssssssssemsessss seressssasassssessssasessassorssensasson oo soss 34
6.3 COMPARISON OF VARIOUS MODEL PREDICTIONS FOR WELDMENT
FATIGUE LIFE....cciietiiuminiicecenieeeennsenisse s ssesssssssssas s sssessssssasssesessasass s ssssssesassnssnnssenens 36
6.3.1 Crack Propagation Life......ccooeerurnenes SO eeer e ren et e sen st snan 36
6.3.2 Total Fatigue Life.......cccoevvvvrrrererrrnen. " . 38
6.4 THE IMPORTANCE OF CRACK INITIATION IN WELDMENTS....c.coviuiimtsiememimeeereeemnennes 39
CHAPTER VII: CONCLUSIONS AND PROPOSED FUTURE WORK......oeeeeesiaessesmresssessesssassssonsen 41
7.1 CONCLUSIONS.. Chrebeser et e e . 41
7.2 PROPOSED FUTURE WORK.. S . 41
TABLES......ooniitummssssissssssisisssssssssessssssisssssissssssssssssssssassssasosaresesasns 43
FIGURES....uucvvuiisussuniismenssssosnasessinssssesssasasssse st s e 4t 1o 4 ek 44414481004 10058 er £ 4 4041844 e85 s8R0 0 e o8 48
REFERENCES.........covtveuuatamssceasessesssesssscssssssssssssssass st sessssontessasssessssesmssossas s sassesasass sasissssssssssnsassessesenesessaseneren 94
APPENDIX A:  ADAPTATION OF NEWMAN'S STRIP-YTELD MODEL TO ESTIMATE THR
CRACK CLOSURE OF NOTCHED COMPONENTS.. . . dersssinn e 99



vi

MODEL FOR NOTCHED COMPONENTS
A.2 CONSTRAINT FACTOR...............

APPENDIX B: INTRODUCING THE EFFECTS OF RESIDUAL STRESSES INTO THE

STRIP-YIELD MODEL...cccoceriarns

........................




ofx)
ap
O0s
GCS

vii

LIST OF SYMBOLS

Crack length

Constraint factor, global constraint factor of Newman
Fatigue strength exponent

Aspect ratio of surface crack

Paris law and modificd Paris law material constants
Notch depth

Plastic strain in the loading direction

Fracture toughness

Fatigue notch factor

Applied maximum and minimum stress-intensity factor
Crack-opening stress-intensity factor
Stress-intensity factor caused by strip yield stress
Residual stress induced stress-intensity factor
Stress intensity caused by uniform remote stress
Stress concentration factor

Residual stress relaxation exponent

Transition crack length

Crack initiation life

Crack nucleation life

Short crack propagation life

Long crack propagation life

Total fatigue life

Stress ratio

Notch radius

Effective stress ratio

Crack-tip plastic zone size

Notch plastic zone size

Fatigue strength coefficient

Unflawed notch stress distribution

Flow stress

mean stress calculated by the set-up-cycle

current value of mean stress at crack initiation site
Applied stress amplitude



AK, K’max: K‘min
AK, AK o5

AKn

Sya Su

Xc

X

CTPS
FEA
LEFM

OICC
PICC
RICC
SIF
SYMNC

viii

Current value of mean stress at crack initiation sitc
Crack initiation site mean stress

Applied maximum and minimum stress
Crack-opening stress

Plate thickness or base plate thickness of weldments
Effective stress-intensity factor ratio

Crack-face displacement

Plate width

Stress intensities in residual stress field
Stress-intensity range and effective stress-intensity range
Threshold stress-intensity range

Yield and ultimate strength of material

Coordinate system located at the moving crack tip

Coordinate system located at notch root

LIST OF ABBREVIATIONS

Crack-Tip Plastic Stretches

Finite Element Analysis

Linear Elastic Fracture Mechanics

Notch Plastic Stretches

Oxide-Induced Crack Closure
Plasticity-Induced Crack Closure
Roughness-Induced Crack Closure
Stress-Intensity Factor

Strip-Yield Model for Notched Components



CHAPTER I: INTRODUCTION
1.1 BACKGROUND

A large fraction of observed structural failures result from the development of fatigue
cracks at sites of stress concentration and particularly at the geometric discontinuities
provided by the weldments that join their components. Based on the observed fatigue
processes of crack nucleation, crack initiation, and crack propagation, various analytical
fatigue-life models have been proposed to predict component fatigue life. A linear elastic
fracture mechanics (LEFM) approach to estimate the crack propagation life has been widely
accepted for years. However, many shortcomings of this approach such as dealing with short
crack behavior and the anomalous behavior of cracks emanating from notches limit the
application of this model.

Since crack closure explains (mechanically) short crack propagation and residual
stress effects, a sophisticated crack-closure model might make better fatigue life predictions
of notched components and welded joints. Many numerical techniques for estimating crack
closure have been developed, but none of them is adequate and efficient for the design of
notched components or welded joints. This problem has to be solved before the crack-

closure concept can be widely used in computer simulations of fatigue crack development.
1.2 ORJECTIVE AND SCOPE

The objective of this study is to develop an efficient numerical technique to estimate
crack closure, and hence, to apply the crack-closure concept to the fatigue design of notched
components and welded joints. Newman's modified Dugdale strip-yield model for plastcity-
induced crack closure will be used in this study. Many improvements such as considering
the notch or weld toe plasticity, and including the effects of residual stresses will be made to
make this model more applicable to the notch and weldment problems. The validity of this
approach will be confirmed by comparing the model predictions with test data under various
condidons.

1.3 THESIS ORGANIZATION
Chapter II, Literature Review, reviews the related published papers and reports.

Important crack-closure mechanisms and the analytical models for these mechanisms are
summarized. Research dealing with the effect of residual stresses on the crack initiation and
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crack propagation are surveyed. Finally, models predicting the fatigue lives of welded joints
are presented.

Chapter II, Newman's Modified Dugdale Strip-Yield Model for Plasticity-Induced
Crack Closure, briefly describes Newman's strip-yield model and discusses the difficulty
encountered when this model is applied to notched components.

Chapter IV, The Modificd Dugdale Strip-Yicld Model for Plasticity-Induced Crack
Closure of Notched Components, focuses on the crack-closure behavior of notched
components. A finite element procedure for the notch plastic stretches is presented. The
notch plastic stretches are included in the modified Dugdale strip-yield model to study crack
closure in notch plastic zones. Various notch crack closure experimental data are compared
with predicted results.

Chapter V, The Prediction of Plasticity-Induced Crack Closure in Weldments by the
Strip-Yield Model of Notched Components (SYMNC), focuses on estimating the crack-
closure behavior of welded joints. Modifications of the finite element technique for the notch
plastic swetches are made to make the approach applicable to the special condidon at the
weld toe. Residual stress effects on crack closure are considered in the strip-yield model.
Crack closure of stress-relieved and as-welded weldments is predicted and is compared with
the experimental data.

Chapter VI, Discussion, deals with the effects of stress ratio (R) on notch crack-
closure behavior. Various models are applied to estimate the crack propagation life and the
total fatigue life of T-joints. Finally, the ratio of predicted crack initiation life to the total
fatigue life by different models is compared.

Chapter VII, Conclusion and Future Work, presents the conclusions of this study and
the proposed future work directions.

Appendix A, Adaptation of Newman's Strip-Yield Model to Estimate the Crack
Closure of Notched Components, develops the mathematical formulations of the strip-yield
model for notched components in this study.

Appendix B, Introducing the Effects of the Residual Stresses into the Strip-Yield
Model, presents the approach employed to include residual stresses in the strip-yield model.



CHAPTER II: LITERATURE REVIEW
2.1 FATIGUE CRACK CLOSURE

2.1.1 Mechanisms of Crack Closure

Fatigue cracks often close during part of a load cycle. Such events are termed crack
closure. Because no fatigue crack growth occurs when the crack is closed, the effective
stress-intensity range AKegr (= Kmax - Kopen) is often used instead of the conventional fatigue
crack-tip driving force (AK) to represent the stimulus causing fatigue crack growth. The
effective stress-intensity ratio U is defined as:

AKeﬁ'(a) — Kmax(a) - Kopen(a) - Smax_ Scpax(a)

V@ = =@ ~ Ko@) —Kn @ Spm S @D
where
a = crack length
AK g = effective stress-intensity range (MPa+/m )
Kmaxs Kiin = maximum and minimum stress-intensity factor (MPa+/m )
Smax> Smin = maximum and minimum remote stress (MPa)
Sopens Kopen = crack-opening stress and crack-opening stress-intensity

factor

Various crack-closure mechanisms have been observed in fatigue crack propagation
tests. Elber [1] first reported that the residual crack-tip plastic deformations are left behind
the crack tip which close the crack faces even when the external load is tensile. This closure
mechanism has been termed plasticity-induced crack closure (PICC). The PICC has been
used to explain the mean stress effect (R ratio effect), the crack growth retardation after
overloads, the short crack behavior and the existence of non-propagating cracks at notches,
Since it is caused by plastic deformation, the PICC is dependent upon the external load,
material yielding properties, and crack length.

Walker and Beever {2] found the roughness-induced crack closure (RICC). This
crack-closure mechanism is caused by the contact of asperities on crack faces when the Mode
H displacements occur. Steward [3] and Ritchie et al. [4] found that the thin layer of fillings
produced by the corrosion products and oxides residing on crack faces cause the oxide-
induced crack closure (OICC). These two closure mechanisms are strongly affected by the
microstructure and the environments and are more significant at near-threshold conditions.
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Many models have been proposed to predict crack-closure effects caused by these
mechanisms. Suresh [5] calculated the reduction of nominal stress-intensity factor at crack
tip based on the simplified geometry of a kinked crack and concluded that a small net Mode
II displacement causes a significant reduction of stress-intensity factor. LLorca [6] used a
finite difference method to calculate the RICC based on an idealized saw-cut crack face
geometry. Suresh et al. [7] measured the thickness of oxide film on crack faces and
estimated the increase of threshold stress-intensity factor due to the OICC by calculating the
stress-intensity factor induced by the prescribed crack-face displacements which are caused
by the oxide film.

Modeling RICC and OICC is challenging. However, the nature of irregnlar
microstructures obstructs the accuracy of model predictions. It seems that the PICC is the
only closure mechanism which can be accurately estimated because of the well established
plasticity theory.

2,1.2 Th i merical Approach for Plasticity-In k Closur

Budiansky and Hutchinson [8] calculated the stable value of U{a) using the Dugdale-
type crack and theoretically proved the existence of PICC under plane-stress conditions.
They also pointed out that further analyses were required to solve the uncertainty of the
existence of PICC under plane-strain conditions. Despite the fact that the theoretical analyses
successfully predict the PICC, difficulties encountered in solving more complex crack-
closure problems limit the applicability of this approach.

Newman [9] first developed an elastic-plastic finite element technique to estimate the
crack-opening and closing stresses. In this finite element model, crack propagation was
simulated by releasing element nodes on crack path and large stiffness spring elements were
attached to the crack-face nodes to avoid the penetration of these nodes during unloading.
After Newman's original work, numerous studies by other researchers using this technique
have been reported. This numerical approach has also been used to identify the sources of
residual plastic deformation producing the plastic wake. These researches have explained the
existence of PICC under plane-strain conditions {10,11].

The advantage of FEA for the PICC is that the model can be applied for any crack
geometry and loading condition. However, when applying this technique to short cracks
propagating under plane-strain conditions, practical difficulties will arise because the element
size has to be small enough to catch the small crack-tip plastic zone. Thus, FEA methods are
laborious and costly. Furthermore, the calculated crack-opening stresses are affected by the
mesh element size and the crack-tip node releasing scheme used [12].
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Another numerical method which deals with PICC is the modified Dugdale strip-yield
model developed by Newman [13,14]. Based on the theory of Dugdale-type crack, this
model estimates the crack-face contact stresses by calculating the magnitude of the plastic
wake left behind the crack tip, and hence, the crack-opening stresses. Many researchers have
reported that this strip-yield model is capable of predicting the crack-closure behavior caused
by overloads and random loading spectrums [15,16).

A controversial issue entailed with the use of the strip-yield model is its constraint
factor (o). Originally, the theory of the Dugdale-type crack was developed for a 2-D crack
under plane-stress conditions. When plate thickness increases and the plane-stress state no
longer prevails, the stress required to yield the material ahead of the crack tip is larger than
the material yield strength (Sy) or flow stress (Go) because of the constraints from the
thickness direction. To consider plate thickness effects in the strip-yield model, uniformly
distributed strip-yield load with magnitude of (0.op) is assumed in the crack-tip plastic zone.
For plane stress, o. = 1; and for plane strain, o is 2.7 from finite element results [17]. Based
on a theoretical analysis, Irwin [18] found that ¢ is 1.73 for the plane-strain condition.

The value of o used in the strip-yield model has a large influence on the calculated
crack-tip plastic zone size (po), and hence, the calculated crack-opening stresses. For various
plate thickness, the value of o should be between the value of plane stress and that of plane
strain. In the original paper [13] of the strip-yield mode! for crack closure, Newman used o =
2.3 for plane-strain conditions. In a subsequent report, Newman [14] used a linear
relationship between o and the logarithm value of the calculated crack growth rate. Wang
and Blom [16] used a crack-tip plastic zone size (p.) dependent function for a calculations.
Because p. is dependent on o in the strip-yield model, an iteration procedure was required to
obtain o for their calculations.

22 FATIGUE CRACK PROPAGATION BEHAVIOR IN NOTCHED COMPONENTS

The LEFM approach assumes that the fatigue crack tip experiences a K-field stress
state, and Paris [19] found a simple relationship between crack growth rate and stress-

intensity factor range:
da/dN = C(AKy™ 2.2)
where

da/dN = crack growth rate

C,m = material constants
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To apply Eq. 2.2 to the case of cracks emanating from notches, one must estimate AKX
accurately. It is obvious that when a crack is long enough, the notch-stress field has no effect
on the crack-tip stress state. In this latter case, the stress-intensity factor can be calculated by
taking the notch depth as part of the crack length (see Fig. 1)

K(a) = f(a+D)S~[n(at D) (2.3)
where

fa+D) = correction factor

D = notch depth

For crack lengths which are affected by the notch-stress field, FEA with special stress
singular elements located at the crack tip is commonly used. Another numerical alternative is
the weight function method. Bueckner [20] and Rice [21] proved that the stress intensity of a
2-D crack subjected 10 a symmetrical load system can be writien as:

a
K@) = Jc(x)m(a,x)dx 2.4)
0
where
o(x) = elastic unfiawed notch-stress distribution on the crack path: see
Fig. 1
m(a,x) = weight function

For various notch geometries, 6(x) can be easily obtained by the close-form solutions using
theory of elasticity or by performing FEA. Numerous of weight functions for various crack
geometries have been published. Therefore, using of weight function method for stress-
intensity factor is simple and straightforward.

The transition from a stress-intensity factor which is influenced by notch-stress field
(Eq. 2.4) to the stress-intensity factor which is affected only by the remote stresses (Eq. 2.3)
is shown by the intersection of the two curves in Fig. 1. The transition crack length I; is
dependent on notch geometry. Dowling's notch-stress intensity equation gives /; ranging
from r/20 to r/4 [22]. Smith and Miller [23] suggested that /; should be 0.13 ~Dr.

It is well known that a higher crack growth rate than that predicted by the LEFM has
been observed at notches. To explain this anomalous crack growth behavior. many
researchers [24-27] used elastic-plastic fracture mechanics parameters to correlate the
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experimental data since the small-scale yielding assumption in LEFM is invalid in notch
plastic zone. Crack closure [28,29] has also been used and successfully explains this
anomalous crack growth behavior.

Because the closure effects reduce the nominal crack-tip driving force (AK), the
stress-intensity range during which the crack is open was introduced to the Paris equation by
Elber [1]. Hence, the crack growth rate is estimated by the modified Paris equation:

da/dN = C'(AK (@)™ = C'(U(@)AK (@)™ @.5)
where C' is the material constants for the modified Paris equation.

2.3 THE EFFECTS OF RESIDUAL STRESSES ON FATIGUE CRACK INITIATION AND
PROPAGATION OF WELDED JOINTS

Residual stresses in weldments are caused by the non-uniform thermal distortions
during the welding process. Any residual stress field must be in self-equilibrium, and the
magnitude of maximum tensile component in weldments can be as high as the yield strength
of base plate. It is known that residual stresses increase the mean stress and reduce the
weldment fatigue strength. The effects of residual stresses on weldment fatigue can be
separated into the effects on crack initiation stage and crack propagation stage.

Lawrence et al. [30] proposed a set-up-cycle procedure to calculate the mean stress
induced by residual stresses at first cycle. Because the residual stresses could be relaxed
during cycling, the mean stress at crack initiation site was corrected by [31]:

Ocs/Ops = (2N - 1)¥ (2.6)
where
O = current value of mean stress at crack initiation site
Ogs = the mean stress calculated by the set-up-cycle procedure at the first
cycle
2N = elapsed crack initiation reversals
K = relaxation exponent which is a function of applied strain amplitude

For crack propagation, Parker [32] proposed using the superposition principle to
account for the additional stress intensity induced by residual stresses. The weight function
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method is commonly used to estimate the residual stress-intensity factor Kes(a). When the
Kes(a) is introduced, the actual crack-tip driving forces during cyclic loading are:

K max(@) = Kmax(@) + Kres(a)
K'in(@) = Kinin(@) + Kres(@) 2.7
AK'(a) = Kmax(@) - Knmin(a) = AK(a)

However, the effective stress ratio R' varies as a function of crack length:

K min(2)

R(q) = —1m\%/
@ K max(a)

(2.8

Glinka [33] observed the crack growth rate under various types of residual stress field
and found that tensile residual stresses increase crack growth rate. As cracks propagate into
the region of compressive residual stress, the test data approached and merged with the
baseline data (crack growth rate tested at plain plate without residual stresses). He also used
Forman's eguation which considers the stress ratio R effects to predict his experimental data:

da _ CAK™
dN (-R)-K,

2.9)

where K is the fracture toughness. The predicted crack growth rate showed a sharp decrease
for increasing AK which was not demonstrated by the experimental data.

Nelson [34] argued that this discrepancy was due to the superposition method used.
Instead of using the superposition method, he tried to avoid this artificial effect by using the
crack-closure concept. Ohta et al. [35] tested cracks propagating in weldment tensile residual
field and found that crack closure occurred only at high compressive external load. In a
subsequent work, Ohta and coworkers [36] applied a two-step loading on a fatigue crack
propagating in a tensile residual stress field. A constant stress-intensity range was first
applied followed by another constant stress-intensity range loading. Transient crack growth
rate is expected to be observed after changing of applied load level due to change of crack-
closure level. However, no transient effects on crack growth behavior were observed
because of the tensile residual stresses. Again, they concluded that no crack closure existed
in weld tensile residual stress field. Itoh et al. [37] and Kang et al. [38] studied the crack
growth behavior influenced by residual stresses under various stress ratios. They both
concluded that crack closure successfully correlated the test data.
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Wang and Blom [16] first applied the Newman's strip-yield model to study the
problem of crack closure in residual stress fields. They converted the Krs(a) to an equivalent
uniformly distributed remote load which induces the same value of K,.s(a) at crack tip. A
total remote load (the sum of the applied remote load and the converted remote load) was
then used to predict crack growth rate affected by residual stresses in a CT specimen.

2.4 FATIGUE LIFE PREDICTION MODELS FOR WELDED JOINTS

241 Linear Elastic Fracturg Mechanics

Because the preexisting crack-like defects or serious geometry discontinuities in
weldments, cracks are assumed to be presented at the first load cycle. Thus, the fatigue life
devoted to propagating these initial cracks to final failure is assumed to be the total fatigue
life (N1) of weldments. The LEFM approach using Eq. 2.10 with a proper initial flaw size a;
is commonly used to estimate Nt of welded joints:

% da

Nr=Npp =
TR ), cAk™

(2.10)

2.4.2 Crack Initiation-Propagation Approach
Based on the facts that the observed fatigue strengths of weldments are always higher

than those predicted using Eq. 2.10, which indicates that N1 can not be predicted by only
considering the Np>. Lawrence et al. [39-41] proposed that N1 of welded joints shouid be
composed of a crack initiation life (NVy) and a crack propagation life (Np,):

Nr=Ni+ Np; (2.11)
The fatigue life spent to initiate a crack was estimated by the Basquin-Morrow

equation assuming that the stress state at the crack initiation sites is KfAS. The simplest form
of this equation for N is:

1
b
Nl[_uf_] 2.12)
2 G'f - Gm

where
K = fatigue notch factor



10

c',_- = fatigue strength coefficient (MPa)

b = fatigue strength exponent

Sa = stress amplitude (MPa)

On = mean stress at crack initiation site (MPa)

At about the same time, Dowling [22] also suggested the same concept of crack
initiation-propagation for notched components. Because K\AS was used for the notch-root
stress, the estimated crack initiation life was always a small fraction of the estimated total
fatigue life (K = Ky) at any stress level. In a different crack initiation-propagation approach
developed by Miller and coworkers [42], they estimated Nt and Np; by calculating the notch
root and crack-tip shear deformations.

Another important difficulty with the I-P model is defining the crack length at which
the crack initiation stage ends. This crack length is used as the initial crack length a; for the
integration of the Paris equation, therefore, controls the estimated Npy. Because the transition
from crack initiation to crack propagation is not well defined, Lawrence et al. [40,41]
assumes this is an arbitrary chosen "engineering-size" crack (=~ (.25 mm) for weldments.
Taking notch depth D as part of crack length, Dowling assumed crack initiation ends at the
existence of a crack emanating from notch root with a crack length of I;. Therefore, crack
length of D+, is used as g; in Eq. 2.10 for notched components. It is evident that different
definition of a; leads to different perspectives of crack initiation: see the different stress states
assumed at crack initiation sites between Lawrence et al. and Dowling. Socie et al. [43] used
notch depth D as g; to avoid the complicated short crack propagation and also obtained good
predictions for Nr.

24 k Cl Notch Model

Newman used the modified Dugdale strip-yield model to calculate U(a) [14] and
estimated the N1 of notched aluminum plates by integrating Eq. 2.5. Based on other
rescarcher's results, Ting and Lawrence [44,45] determined the U(a) for cracks emanating
from notches and calculated the crack propagation life and threshold stresses of notched
components. They termed this approach as crack closure at a notch (CCN) model. Figure 2
shows the concepts of the CCN model. Assuming that crack closure is the dominant factor
for crack growth behavior in notched components, they estimated the total crack propagation
life (Mg, including both the short crack propagation life, Np1, and long crack propagation life,
Np2) using Eq. 2.5. Hence, an important concept regarding the total fatigue life partition of
notched components has been brought out by the CCN model:
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N7 =N+ Npp = (NN +Npy) + Npy = Ny + (Np; + Npp) = NN+ Np (2.13)

where Ny is the crack nucleation life which is assumed to be small compared with the total
fatigue life and is neglectable.

Obviously, the U(a) is the most important function in the crack-closure approach.
Acquainted with the fact that the U value is affected by the notch plastic zone, Ogura et al.
[46] normalized the measured U/ values of various load levels by the cyclic notch plastic zone
size and showed that U/ value reached its stable value after crack length is larger than the
cyclic notch plastic zone size. Verreman et al. [47] also idealized the U(a) by a linearly
decreasing function in the notch plastic zone after which they assumed U(a) is a constant.

After modifying the original formulation for cracks in smooth specimens, Newman
[14] applied his strip-yield model to estimate U(a) for cracks propagating in an aluminum
notched panel. However, his formulation was restricted to circular notches and center cracks.
The weight functions used by Wang and Blom [16] provided a chance to apply this crack-
closure model 1o various nuich geometrics, but they focused their study on the overload and
block loading effects and the notch cases they studied never went beyond circular notches.

McClung and Sehitoglu [48] studied the crack-opening stresses of circular and
elliptical notches (K, = 3 and 7) by finite element method and concluded that the anomalous
short crack effects can occur even beyond the notch plastic zone. This observation indicates
that the calculated U(a@) was not stablized when the crack tip reached the boundary of notch
plastic zone. Based on the calculated results of FEA, Sun and Sehitoglu [11] gave the
Sopen(@) for cracks emanating from various notches as a function of maximum applied load,
stress concentration factor, and stress ratio R.

Ting and Lawrence [44,45] modeled U(ag) by combining two sets of equations for
notched components. The Sopen functions proposed by Sun and Sehitoglu were used to
account for closure effects caused by notch and crack-tip plasticity. The RICC and OICC at
near-threshold regime was considered by converting Tanaka's equation [49] for the
reladonship between threshold stress-intensity range (AKX ) and the crack length. This
approach offered more applicability of crack-closure model for the fatigue behavior of
notched components.

Lacking information on U(a) for cracks emanating from a weld toe, Hou and
Lawrence [50] used an equivalent notch concept which transformed a weld toe notch to an
elliptical notch to estimate U(g) of weldments using Ting's U{(a) approach. However, lack of
the numerical results for plane-strain conditions in steel plates of Sun and Sehitoglu's Sopen
function and the nature of differences between a weld toe notch and an elliptical notch limit
the validity of this equivalent notch concept for welded joints.



12

2.5 SUMMARY

The plasticity-induced crack closure is the only crack-closure mechanism which can
be analytically modeled without invoiving the uncertainty of microstructural etfects. Finite
element technique and Newman's modified Dugdale strip-yield model are two approaches to
estimate PICC. Difficultics may be encountered when applying the finite clement technique
to weldments. Newman's strip-yield model is an efficient approach to estimate PICC.
However, modifications must be made to apply this model to notch components and welded
joints.

The crack-closure model is a possible alternative method for estimating total fatigue
life of welded joints. The crucial function U(a) for weldments is unavailable, and some
simple method for its calculation must be found before the crack-closure concept can be
widely used for the computer simulation of fatigue crack development in weldments.
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CHAPTER III: NEWMAN'S MODIFIED DUGDALE STRIP-YIELD MODEL FOR
PLASTICITY-INDUCED CRACK CLOSURE

3.1 DUGDALE-TYPE CRACK

As shown in Fig. 3(a), a Dugdale-type crack in a plate subjected to remote load
contains two regions: (1) plastically deformed material ahead of crack tip (darkly shaded
area), and (2) regions other than this region which remain elastic. The crack-tip plastic zone
size (p.) which will be subsequently seen to control the crack-closure phenomenon can be
calculated by assuming a fictitious crack of length a+p. loaded by two load systems: (1) the
remote load S (see Fig. 3(b)) and (2) the uniformly distributed flow stress (0p) extending
from a to a+p. (see Fig. 3(c)). These two loading conditions produce stress-intensity factors
K5 and K at the fictitious crack tip. Because the stress intensity experienced at the fictitious
crack tip must be zero, the value of p.can be obtained from the relation:

Ks+Ks=0 G.D
where
Ks = the stress-intensity factor at the fictitious crack tip caused by the
o remote load
K¢ = the stress-intensity factor at the fictitious crack tip caused by the strip-
yield load

For elastic-perfectly plastic materials, the material yield strength Sy is used as the strip-yield
load (or flow stress) og for a Dugdale-type crack under plane-siress conditions. To make this
model applicable to strain-hardcning materials such as steel, the average of yield strength and
ultimate strength is often used for Gg

3.2 STRIP- YIELD MODEL FOR CRACK CLOSURE

The permanent deformations parallel to the loading direction produced by crack-tip
stress field are termed the "crack-tip plastic stretches” (or CIPS, see Fig. 3(a)). During the
fatigue process, fatigue cracks propagate by breaking a small regions of the CTPS ahead of
the crack tip. This broken CTPS becomes a "plastic wake" left behind the crack tip. During
unloading part of every loading cycle, contact stresscs along the crack faces arc induced duc
to the compatibility requirements of the plastic wake and the plastic deformations in the
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crack-tip plastic zone. These contact stresses are related to the crack-opening stress of next
load cycle (see Fig, 4). Based on the theory of the Dugdale-type crack, Newman [13]
developed a numerical scheme (the modified Dugdale strip-yield model for crack closure) to
simulate the PICC by calculating the magnitude of CTPS and the height of plastic wake.
Contact stresses along crack faces at minimum load and the crack-opening stress were then
calculated. Newman's original formulations as described above were modified in this study
10 estimate the PICC of cracks emanating from notches.

3.3 DIFFICULTIES WITH THE NEWMAN'S STRIP-YIELD MODEL WHEN APPLIED TO
NOTCHED COMPONENTS

It is well known that application of an overload to a fatigue-cracked component
induces crack-growth retardation. Crack closure successfully explains this phenomenon.
Fleck [51] found "bumps" on crack faces after an overload was applied. He concluded that
these bumps were caused by the larger crack-tip plastic deformations induced by the overload
and that these "bumps" were responsible for the observed change of crack-closure levels.
The "bumps" canse larger crack-face contact stresses doring unloading, and hence, induce
larger crack-closure effects; therefore, as shown in Fig. 5(a), many test results exhibit a
pattern in which U(a) shows a "dip" after an overload is applied.

For cracks propagating from notch roots, experimental values of U(a) frequentdy
show a "dip" similar to that observed in overload experiments (see Fig. 5(b)). Many
researchers suggest that this dip is due to the plasticity induced by the notch. This idea is
reasonable because the notch plastic zone produces loading-direction permanent
deformarions which are similar 10 the "bumps” caused by overloads.

If one neglects the above mentioned phenomenon, the PICC of cracks emanating
from notches can be easily calculated using Newman's strip-yield modell. Figure 6(a) shows
the calculated crack-closure levels for a cracks emanating from circular notches of various
radii. All the predicted closure levels reach the same stable state after cracks propagate a
sufficient distance. This distance increases as the notch size increases. This notch-size effect
results from the fact that the (elastic) notch-induced stresses extend larger distances for larger
notches. Figure 6(b) shows the calculated results for different load levels. The results of Fig.
6(b) are consistent with the results of other researcher’s works which show that different load
levels induce different stable closure states and different distances to reach the stable state.
Based on the results obtained from these two cases, it is apparent that the closure level at any
crack length (a) is strongly dependent on the notch size and load level.

1See Appendix A for details of the formulation of the strip-yield model in this study.
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Unfortunately, the above mentioned "dip" of U(a) is not captured by Newman's strip-
yield model: see Fig. 6. The absence of the "dip” is believed due to the fact that the strip-
yield model accounts for crack-tip plasticity but does not consider the plastic deformation
contributed by the potch itself during first quarter cycle. This notch plasticity would add to
the crack-tip plasticity, and hence, it must affect the closure levels for cracks propagating
within the noich plastic zone.

Thus, Newman's original formulation should be modified to estimate the PICC of
cracks emanating from notches.
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CHAPTER IV: THE DEVELOPMENT OF A STRIP-YIELD MODEL FOR A
NOTCHED COMPONENT (SYMNC)

4.1 MODIFICATION OF NEWMAN'S STRIP-YIELD MODEL TO INCLUDE THE EFFECTS OF THE
NOTCH PLASTIC ZONE

Since the crack-tip plastic deformations parallel to the loading direction (CTPS) are
the key concept of Newman's strip-yield model for the calculations of the PICC caused by the
crack-tip plasticity, a simple way to gauge the effects of the notch plastic zone on crack
closure would be to determine the monotonic notch plastic stretches (NPS) and (in some
way) add these to those caused by crack-tip plasticity, that s, to superpose the NPS on the
CTPS.

4.1.1 A Method for the Determination of the Notch Plastic Stretches (NPS)
First consider a notched plate (Fig. 7) loaded by a remote load § which induces a

notch plastic zone: see Fig. 7(a). Next, a crack of length ay is introduced: see Fig. 7(b). The
introduction of this hypothetical crack would result in crack-face displacements ug a(aax):
see Fig. 7(c). Now, consider a second notched plate having a preexisting crack of the same
length: see Fig. 8(a). This second notched plate is then loaded by remote stress S (Fig. 8(b));
however, a different set of crack-face displacements u,g(aa,x) would result: see (Fig. 8 (c)).

FEA! was used to calculate uza(aa,x) and ung(aa,x): see Fig. 9. Figure 10 shows
typical exaggerated crack-face displacements upa{@a.x) and u;p(@a.x) obtained from FEA.
The NPS as a function of the distance from the notch root (x) is:

NPS(x)
2

=up(ap,x) —tpa (@4,X) “4.1)

1The commercial software PATRAN was used to generate the finite element mesh, and ABAQUS was used for
the elastic-plastic FEA. The plate was 100 mm wide and had a circolar notch with radius r = 5 mm. The
constant strain triangle element was chosen, and the mesh around the notch is shown in Fig. 9. The material
was assumed to have an elastic-perfectly plastic stress-strain relationship with a flow stress 6, = 400 MPa. The
Young's modulus was 200 GPa, The isotropic hardening rule and the Von Mises criteria were employed in the
calculations. The crack-face displacements 1,5 (a,,x) and u;n(as.x) were calculated at load levels of Sjog =
0.38, 0.5, and 0.63 for both plane stress and plane strain conditions. Since the hypothetical crack coincided with
the boundary conditions (no displacement in the loading direction), which were located at the symmetrical line
of the plate, the hypothetical crack in the first plate was introduced by releasing the constrained nodes up to an
arbitrary chosen node which was located beyond the monotonic notch plastic zone,
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Since the upa(@a,x) and uzp{aa,x) are the one-haif of paired crack-face displacements, the
calculated results of Eq. 4.1 are half the total value of the NPS.

412 mparison it f the NPS wi Magni f

As discussed in Sec. 3.3, both the NPS and the CTPS are the sources of the plastic
wake left on the crack faces as cracks propagate from notches. To understand how these two
types of stretches might contribute to the plastic wake, the size of the CTPS at any crack
length (a) was compared with that of the NPS at a corresponding distance? (x) from the notch
root NPS(x = a).

Consider a moving coordinate system with its origin located at the crack tip. The
magnitude of the CTPS at any distance x. from the crack tip3 is CTPS(x;). Figure 11 shows
the CTPS as a function of distance from the crack tip. The NPS as a function of distance
from the notch root is also shown in Fig. 11. The CTPS(x; = 0) was chosen as an index of
the size of CTPS for a crack of length (@) and is compared with the value of the NPS atx =g,
that is, NPS(x = a), in Fig. 12.

The strip-yield model was used to calculate the values of CTPS(x) for a crack
emanating from the S mm radius circular notch discussed previously?. The ratios of CTPS(x..
=0) to NPS(x = a), that is CTPS/NPS, are plotted versus the ratio of the crack length to the
notch plastic zone sizeS (a/py) in Fig. 12. All the curves show a similar trend. The values of
the ratio CTPS/NPS vary from 10-2 ata/p, = 0 to over® 10 at a/p, = 1. The value of the ratio
CTPS/NPS becomes unity for crack lengths about 15~30% of notch plastic zone size. When
crack length is less 10% of the notch plastic zone size, the ratio decreases drastically; and the
CTPS becomes insignificant.

From these results, it is cvident that for very small cracks (a/p, < 0.05), the entire
crack-tip plastic zone is embedded within the notch plastic zone; and the CTPS are much
smaller than the NPS. Hence, the plastic wake left behind the crack tip is mainly due to the
NPS at this stage. As the crack becomes larger, the size of CTPS becomes comparable to
that of the NPS; and the CTPS also contribute an important part of the plastic wake. Finally,
when the crack propagates beyond the notch plastic zone, the CTPS control the plastic wake.

2Note that the NPS(x = 4) is a quantity which is not related to the crack length.

3Note that x. is confined to the crack-tip plastic zone, i.e., 0 <x¢ < pe.

4A plate thickness of 2.5 mm was assumed for the plane-stress cases. Hence, the constraint factor o = 1 for the
ordinary plane stress conditions was not employed (see Fig. A.2, the values of ¢, for plate thickness of 2.5 mm).
5The notch plastic zone sizes at load levels §/0, = 0.38, 0.5, and 0.63 are 0.5, 1.6, 3.2 mm for plane stress and
are 0, 0.8, and 1.5 mm for plane strain, respectively. The case of 5/a, = 0.38 under the plane-strain condition
produced no notch plastic zone; therefore, no curve is shown for this case.

6The values of the ratio CTPS/NPS should be infinite when a/p, = 1, but the numerical errors in the FEA have
yielded finite values.
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Although there is no direct proof that this is a correct procedure, it seems reasonable
to linearly superpose the calculated CTPS (from the theory of Dugdale-type crack) and the
NPS (from the results of FEA) together to form the total plastic stretches (TPS) in the plastic
zone’:

TPS(x.) = NPS(a+x.) + CTPS(x.) 4.2)

Figure 13 shows three cases which are encountered in the strip-yield model for a
crack propagating in a notch plastic zone. Figure 13(a) is the case in which the calculated
crack-tip plastic zone (p.) is fully embedded in the notch plastic zone (p,). The NPS and the
CTPS located behind the crack-tip have become the plastic wake, hence, the "proper” plastic
zone size should be pp-a. Figure 13(b) shows the case that part of the two plastic zones

overlap. Since the boundary of the crack-tip plastic zone is located beyond the notch plastic
zone8, the proper plastic zone size for this case is p.. Figure 13(c) shows the case when the

crack propagates out of the notch plastic zone. In this case, the plastic zone size is p. and the
TPS(x.) = CTPS(x.) because the NPS(a+x.) equals zero.

The model incorporating the NPS into the strip-yield model is termed strip-yield
model for noiched components (SYMNC model). This new model was created to strengthen
the weakness of Newman's strip-yield model when it is applied to notched components. This
improved model is expected to give more rational results in predicting the crack-closure
behavior in a notch plastic zone. The model is also expected to offer an efficient alternative
to the elastic-plastic FEA when the crack-closure concept is used for the fatigue design of
notched components.

7'Note that the NPS shown in Eq, 4.2 is calculated based on the coordinate system located at the notch root and
the TPS and the CTPS are based on the moving crack-tip coordinate system.
8 1t is evident that NPS(a+x,) = 0 when x, is located out of the notch plastic zone.
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4.2 COMPARISON OF PREDICTED RESULTS WITH EXPERIMENTAL DATA

In following sections, the reported experimental data® are compared with the results
predicted!? using the developed SYMNC model. Figure 14 and Table 1 through 3 show the
considered notch geometries, material properties and the required information for
predictions!!. For all the cases studied, the U(a) was calculated starting from an initial crack
length of 0.01 mm. All the calculations were performed in HP-UX workstations. The CPU
time was 5-25 minutes for an entire {/{g) curve cxcluding the analysis of the NPS.

421 i -

Shin and Smith [28] measured a series of U values for cracks propagating in various
sharp, single-edge notched plates. They tested three materials (BS4360 50B steel, BS1470
S1C aluminum, and AISI 316 stainless steel) and reported that the measured crack closure
most favorably explained the anomalous crack growth behavior in BS4360 50B steel. In
current study, two single-edge notched specimens made of BS4360 50B steel (see Fig. 14
and Table 1) were chosen to compare the tested and predicted results. Both specimens had
notch depth (D) of 35 mm and the notch radii (r) of 0.4 and 1.4 mm, respectively. These
notch geometries induced stress concentration factors of 29, and 16.8. Remote stress range
of 90 MPa was applied at stress ratio R = 0.05. Because large plastic zones were produced
around the notch root at such high stress concentration notches, the crack-closure behavior
was affected by notch plasticity. A notch-free crack with an initial crack length of 35 mm
was also tested. It is obvious that the tested crack closure of this notch-free crack was
affected only by the crack-tip plasticity.

g'Many crack closure experiments gave goud comelations between the measured closure quantties and crack
growth rate, however, not every experimental result reported in literature shows this favorable conclusion for
crack closure. Since using a crack-closure model implicitly assumes that crack closure is the only factor which
influences the crack growth in notched components, it is important to note that all the notch fatigue testing cases
chosen for comparison are those which good correlation have been reported between measured crack growth
rate and measured crack-closure quantities.

1045 stated in Appendix A, the required crack-tip plastic zone sizes and the crack-face displacements in the
strip-yicld model were bascd on the formulations of single-edge cracks in this study. Therefore, the calculated
U(a) was entirely based on this specific crack geometry. For cases other than cracks emanating from a single-
edge notched plate (such as center noiched plate or double-edge notched plate), the single-edge crack
formulations are only valid for a crack length which is smaller than the transition crack length (). For
simplicity, when predicting U/ values of other types of crack, the single-edge crack formulations were still used
for crack length larger than [, based on an assumption that no large differences occur in the predicted U values
for various crack geometry formulations. However, when predicting the crack growth rate using the modified
Paris equation (Eq. 2.5), large crrors might be introduced if the single-cdge crack stress-intensity factor range
was still used for other types of cracks. Therefore, for a crack length which is larger than I, the stress-intensity
factor for any type of crack was estimated using Eq. 2.3 with the proper correction factor fla+D).

11 Al the C* and m values in Table 2 were obtained from da/dN versns AK .« plots given in the literature.
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Since the monotonic strain hardening properties of the BS4360 50B steel were given
in Shin and Smith's paper!2, these properties were adopted in FEA for the NPS. The results
of FEA based on plane-stress condition gave the notch plastic zone sizes approximately 5.2
mm for both notches. The calculated NPS are shown in Fig. 15(a).

Figure 15(b) shows the measured U values and the predicted results. The test data of
radius 1.4 mm notch and those of notch-free crack cluster together and were given by a
scatter band. The test data of smaller root radius notch (r = 0.4 mm) showed a significant
"dip" and merged with the scatter band at a crack length of approximate 8 mm.

Miller et al. [23] estimated the transition crack length /4 as 0.13 ~Dr. The transition
crack lengths of the two notches using Miller's equation were approximate 0.9 and 0.5 mm
for a notch radius of 1.4 and 0.4 mm, respectively. Based on these estimates, cracks
(propagating in the notched or notch-free specimens) exhibited the same crack-tip stress-
intensity factor for @ > 0.9 mm. Since the strip-yield model (without considering the NPS)
calculates the CTPS based on the stress-intensity factor, the predicted crack-closure level
should be the same for all specimens when g > 0.9 mm. Hence, though not shown in Fig.
15(b), the predicted U(a) curves of notched plates would be close to the notch-free crack
curve when the crack length is larger than 0.9 mm if the NPS are not considered. In Fig.
15(b), it is obvious that the U(a) curves for the notched specimens predicted by the SYMNC
model extending the deviations from the predicted notch-free crack curve in a crack length
range approximately equals the notch plastic zone size. Despite the fact that the predicted
"dip" for the = 0.4 mm notched specimen is not as pronounced as the one observed in the
test results, it is apparent that this model successfully predicted a similar crack-closure effect
as the observed in the test data for all cases.

The curves for 7 = 0.4 and 1.4 mm exhibited almost the same predicted nowh crack-
closure behavior due to the fact that the calculated NPS and notch plastic zone sizes were
close for these two notches: see Fig. 15(a). Figure 15(c) shows the predicted crack growth
rate and the test data. It is apparent that the anomalous crack growth behavior of short crack
is predicted by the crack-closure concepis.

422 BluntCen h inga 102 1 Pl

Sehitoglu [29] studied the behavior of cracks emanating from a blunt center notch (X
= 4, see Fig. 14). The material considered was 1020 steel with a flow stress of 325 MPa.
Four stress levels (Spmax = 96, 117, 146, and 166 MPa) tested at R = -1 were chosen to
compare the predicted crack growth rate with the experimental results.

12Grain hardening exponent » = 0.2 and strength coefficient K= 1042 MPa.
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For simplicity, the plane-stress condition was used in the FEA despite the fact that the
plate thickness was 5.7 mm. The results showed that no notch plastic zone was developed at
notch root for the cases of Spax = 96 and 117 MPa. The notch plastic zone sizes were 0.7 and
1.2 mm for the other two stress levels. The calculated NPS is shown in Fig. 16(a).

The predicted U(a) curves are shown in Fig. 16(b). For all load levels, the U(a)
curves first decreased and then increased as crack length became longer. It seems that this
trend is a notch-plastic-zone-induced dip. However, there are two reasons to reject this
proposition: (1) the minimum values of U(a) of all load levels take place beyond the notch
plastic zones and (2) if an infinite plate (W = <) was used in the calculations, the U(a) would
stablize. Since the predicted U curves showed no "dip" induced by notch plastic zone, it
seems that the crack closure levels are not affected by notch plastic zone for the cases
considered. The reason for this lack of a dip will be discussed in Sec. 6.1. Figure 16(c)
shows the predicted anomalous crack growth rate which compared favorably with the test
data.

42 Double- hinal 1Pl

Sehitoglu [29] tested another type of specimens made of 1070 steel. Sharp, double-
edge notches (K = 11, see Fig. 14) were machined in the specimens. Four load levels (Spax =
172, 207, 276, and 345 MPa) at R = -1 were chosen to compare the predicted crack growth
rate with the experimental results.

FEA results show the monotonic notch plastic zone sizes were 0.03, 0.04, 0.13, and
0.22 mm corresponding to the maximum stress levels considered. The calculated NPS are
shown in Fig. 17(a).

Again, no notch plastic zone induced dip is shown in the predicted U(a) curves: see
Fig. 1'7(b). Figure 17(c) shows that the predicted crack growth rates were much higher than
the experimental data for crack length range a/D < 0.5 (or a < 0.3 mm). However, for longer
crack lengths, the predictions fit the test data well. Because of the inaccurate predictions in
the early crack growth stage, the predicted U/ values at that stage are doubtful. Since the
measured U values were not presented in Sehitoglu's paper, these values were recalculated
based on the given measured Sopen for the case of Spax= 172 MPa in his paper. The results
showed that the measured U values for early crack growth ranged from 0.25 to 0.3. The
predicted values ranged from 0.4 to 1 and were much higher than the measured values (see
Fig. 17(b)).

Based on the test results of 1020 plates and 1070 plates, Sehitoglu concluded that the
anomalous crack growth bchavior was obscrved in blunt notches but increasing crack growth
rate with increasing crack length was observed in sharp notches. Apparently, the SYMNC
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model predicts the anomalous crack growth behavior for both types of notches. To verify the
validity of the strip-yield model for sharp notches, another set of experimental data were

compared.

4 Sh n i M41B 1 Pl
Tanaka and his coworkers [52] fatigued notched specimens to investigate the
threshold stresses of various notches. One of the notches was center notch (see Fig. 14) with
a stress concentration factor of 8.48. The material was JIS SM41B steel with a flow stress of
309 MPa. Because determining the notch threshold stresses was the object of this study, low
stress levels (Smax = 40, 45, 55, and 65 MPa) at stress ratio R = -1 were applied. At such
stress levels, crack growth rates between 106 to 10-% mm/cycle, i.e., Stage I crack

propagation, were observed. To predict the crack growth rate at Stage I and Stage II, two sets
of material constants for modified Paris law (C' = 2.02x10-2, 5.37x 10 and m = 24.8, 3.2
for Stage I and Stage II, respectively) were used. These constants were obtained from the
tested da/dN versus AKfr curve of long crack propagation which is given in Ref. 52. The
intersection of the two straight lines defined by these two pairs of material constants (in the
logda/dN versus logAK ¢ axes) was used as the transition AK ¢ value above which cracks
propagate from Stage I to Stage II, i.e., AKef wan = 3.7 MPam _

Figure 18 shows the Tanaka's test data and the predicted results of the SYMNC
model. Cracks which started from notch root may arrest when the AK ¢ris less than the

effective threshold stress-intensity range AKX 5. The reported value of long crack AKegrin
was 3.06 MPavm. Experimental data in Fig. 18(a) show that AK ¢ decreased as crack
length increased and became less than AKg p for the cases of Spax = 40, 45, and 55 MPa.
Apparently, the model predicts the exisience of a non-propagatng crack only for the case
Smax =40 MPa. The anomalous crack growth behavior was shown both in the test data and
in the model predictions: see Fig. 18(b). The predicted crack growth rate compared well with
the experimental data despite the fact that the model gave poor predictions for the threshold
stresses. Based on the predicted crack growth rate of these cases, it is obvious that the
SYMNC model can still be used for sharp notch problems.

4.3 SUMMARY

Analyses of notch plastic stretch (NPS) show that the plastic wake left on crack faces
is mainly attributed to notch plasticity when crack length is much smaller than the notch
plastic zone size. As cracks become longer, crack-tip plasticity controls crack-closure

behavior.
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By considering the notch plastic stretches, the strip-yield model is capable of
correctly predicting the crack-closure behavior of a small crack in a notch plastic zone. The
predictions made using the SYMNC model were verified by experimental data reported in
the literature. It appears that the SYMNC model is an efficient and useful tool for caiculating
the fatigue crack-closure behavior for a crack emanating from a notch.
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CHAPTER V: THE PREDICTION OF THE PLASTICITY-INDUCED CRACK
CLOSURE IN WELDMENTS USING THE STRIP-YIELD MODEL FOR A NOTCHED
COMPONENT (SYMNC)

5.1 STRESS-RELIEVED WELDMENTS

5.1.1 A Special Finite Element Mesh for Determining the Notch Plastic Stretches at

Weld Toes

To account for the influence of the weld toe plastic deformations on crack closure, the
procedure of the two notched plates used in notch problems can be used to calculate the weld
toe NPS. However, unlike a symmetrically notched plate discussed in the previous chapter,
the path of a crack which starts from weld toe is not a line of symmetry, i.e., a line on which
the finite element boundary condition nodes are located (see Fig. 19, the normal mesh).
Hence, the hypothetical crack of the first notched plate cannot be introduced by releasing
boundary condition nodes in the weldment FEA.

Modifications have been made in the finite element mesh to make the procedure for
the analysis of the NPS applicable to weldments. Figure 19(a) shows a normal finite element
mesh around a weld toe. Assume that the hypothetical crack lies on the mesh line denoted as
0. Mesh lines on the right side of the crack line are denoted by ascending numbers and by
descending numbers on the opposite side. An elastic-plastic FEA of this mesh can only give
plastic strains around the weld toe. To obtain the NPS, a mesh line (0*) (see Fig. 19(b), the
special mesh) is inserted between line 0 and line 1. One of the ends of line 0* is located at
the hypothetical crack tip which is an arbitrarily chosen element node on line 0 and is located
beyond the weld toe plastic zone. The other end is located at the nominal line of base plate
and has a very small distance from the corresponding end of line 0. Every node on line () has
a corresponding node on line 0+, A series of very slender clements formed by the nodes on
line 0 and line 0% are inserted. After being loaded to produce the weld toe plastic zone, the
hypothetical crack is introduced by removing these slender elements to produce a pair of
crack-face displacements uap(aa.x) and uao(aa.x). The other weldment mesh with no
element inserted between line 0 and line 0* is loaded to obtain another pair of crack-face
displacements ugo(aa.x) and upp*(aa,x). Then the differences between uagaa,x) and
ugo{aa.x), and the differences between uag*(aa.x) and upo*(aa.x) are the weld toe NPS.

Crack-closure behavior at a weld toe can be calculated by the strip-yield model with
the calcunlated weld toe NPS. It is important to note that the formulations of the strip-yield
model and the current technique for weld toe INPS are based on 2-D through-width cracks.
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The use of the 2-D crack to estimate crack closure in weldments is a simplified approach
since 3-D surface cracks are commonly observed in weldment fatigue tests.

1.2 mparison of Predi Results wi Experimental D f iform

Weldments

Verreman and his coworkers [47,53,54] used strain gages to measure the crack
lengths and crack-opening stresses of non-load carrying, automatic welded cruciform joints.
Uniform through-width cracks were observed in their tests, therefore, the experimental
results can be used to verify the validity of the current 2-D SYMNC model for weldments.
Since the residual stresses of the tested specimens were released by heat treatment, residual
stress effects on crack propagation were not considered in the predictions.

The base plate was ASTM A36 steel and the geometry of the weld is shown in Fig.
20(a). Table 4 shows the required material properties in the predictions. Four-node
quadrilateral elements were used for the FEA of weld toe NPS. The element formed between
line 0 and line 0° at the hypothetical crack tip is not a quadiilateral element but is a constant
strain triangle element (see Fig. 19(b)). For simplicity, the lack of penetration was not
modeled in the meshes. Figure 20(b) shows the meshes around the weld toe which was
50um!. The line 0 and line O+ are so close (the distance between the top ends of these two
lines was 0.1 pum) that they cannot be distinguished in the mesh.

It is apparent that the special mesh is a substitution of the normal mesh for the NPS at
weld toe. Since the NPS are related to loading direction plastic strains, the monotonically
loaded weld toe plastic strains calculated from the special mesh without removing slender
elements were compared with those obtained from the normal mesh to check the validity of
the special mesh. The isotropic hardening rule and the von Mises yickling criterion were
used in the elastic-plastic FEA. Because the slender elements in the special mesh caused
divergent solutions if they behaved elastic-plastically, all the slender elements were assumed
to behave elastically. Axial load levels of Syax = 147 and 177 MPa were applied. Loading
direction plastic strains at the intersections of mesh lines (line -4 to line 2) and the horizontal
dash lines (AA', BB', CC") were calculated by interpolation of the plastic strain values at
element nodes (see Fig. 19). Line AA' was coincident with the nominal line of base plate.
Lines BB' and CC" were 0.05 and (.1 mm below line AA', respectively. The node strains on
line 0 of the normal mesh are presented by the corresponding node strains on line 0 and 0* in
the special mesh, therefore, the average of the node plastic strains along line 0 and line 0%

1The weld we radius was reported w be 50 pun or less. Verreman et al. also performed FEA for the weld o
plastic zone based on both the cyclic and monotonic properties of base plate. They concluded that the crack-
closure behavior was strongly affected by the size of the monotonic weld toe plastic zone,
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were compared with the corresponding plastic strains along line 0 calculated from the normal
mesh.

Figure 21(a) and (b) show the ratios of loading direction plastic strain from the special
mesh (Ep.spe) to those from the normal mesh (€p,nor) of the two load levels. Almost all of the
points where the plastic strains were recorded had ratio values of approximately unity except
for a sudden drop along line 0. This result indicates that the presence of the slender elements
in the special mesh caused a strain field discontinuity. Although the strain-field disturbance
exists, the special mesh can still be used to calculate the plastic stretches at weld toe. This
assertion can be explained as follows:

Figure 22 shows that the plastic stretch on a horizontal line crossing the weld toe
plastic zone can be obtained by a simple integration. The differences of the plastic stretch
obtained by these two meshes can be written as:

Y2
ANPS(x) = | (€pepe(%,Y) —Epnor (X, ¥))dY (5.1)
N

It is obvious that ANPS(x) depends both on the & spe(X.Y)-Epnor(x,y) and the small interval
(dy) where the two strain values differ. Since the disturbance of strain field in the special
mesh only occurs in a small range around line 0 and line 0%, it is believed that the NPS
calculated from the special mesh will be close to the NPS in the normal mesh.

Figure 23(a) and (b) show the calculated uao(aa.x), upo(aa.x), uao (@a.x) and
ugo*(aa,x). The shaded area between uap(@a.x) and upp{aa.x), and the area between
uaot(aax) and ugp*(aa,x) are the weld toe NPS on the both sides of the hypothetical crack. It
is obvious that the calculated sizes of the two sets of NPS are different2, Since the plastic
stretches considered in the strip-yield model are symmetric about the crack line, the average
of the calculated NPS on two sides of the hypothetical crack was adopted in the model for
estimating crack closure in a weld.

Figure 24 shows the predicted U(a) curves of the two stress levels (Smax = 147 and
177 MPa) at stress ratio R = 0. The crack closure caused by the weld toe plastic zone causes
the dips in the predictions. Apparently, the experimental data also show these dips. For
stress ratio R = -1, the U(a) curves of three stress levels (Smax = 118, 137, and 177 MPa) were

2This difference is due to the weld toe plastic zone which is not symmetric abont the hypothetical crack line.
Since the weld toe plastic zone is divided into two parts by line 0 and line 0%, the calculated NPS on each side of
the hypothetical crack is dependent on the magnitude of plastic strains and the size of the divided plastic zones.
Because the divided plastic zone sizes depend on the location of the hypothetical crack, the calculated NPS on
each side will be different if another mesh line (such as line -1 w -4) is chosen as the cruck ling, However, the
calculated total NPS of the two sides will not change because the weld toe plastic zone size does not change
when different mesh lines are chosen as the crack line.
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calculated. The predicted results and the measured data are shown in Fig. 25(a). Despite the
fact that the weld toe NPS were considered in the calculations, no plastic-zone dip is shown
in the predicted U(a) curves. Experimental data for all stress levels decreased first and then
slightly increased. These dips are not as significant as those observed in the R = 0 cases.

From the experiment data, it is obvious that the dips of U(a) curves are of different
types for R =0 and R = -1 cases. For the cases of R = 0, the U values reach the stable state at
crack length g = 0.3 mm and 0.5 mm for the two considered load levels. These two values
are close to the calculated weld toc plastic zone sizes: sce Fig. 23 for the extent of the weld
toe NPS. For the cases of R = -1, it seems that the tested U(a) curves show, though
insignificant, larger crack length to reach the stable state. It is worth noting that the applied
maximum load levels for R = -1 cases are close to those of R = 0 cases, hence, the monotonic
weld toe plastic zone sizes should be also close to R = 0 cases. If the dips of R = -1 cases are
mainly due to the weld toe plastic zone, the U values should stablize before cracks propagate
to 0.5 mm. Therefore, it seems that the occurrence of the insignificant dip in R = -1 cases is
not likely entirely due to the weld toe plastic zone. These phenomena have been discussed in
the notch cases of previous chapter and will be discussed further in Sec. 6.1. Figure 25(b)
shows the predicted and the measured crack growth rate.

5.2 AS-WELDED WELDMENTS

The fatigue behavior of as-welded weldments reflects residual stress effects. Since
the role played by residual stresses is the same as the role of mean stress (which can be
explained by the crack closure), the strip-yield model for crack closure is capable of
predicting the crack propagation behavior in a residual stress field.

The model for residual stress used in this study is shown in Appendix B. In Sec. 5.2.2
and 5.2.3 this model was used to predict the crack-closure behavior of center cracks in
smooth plates containing residual stresses. In Sec. 5.2.4, crack closure in a weld toe plastic
zone in a residual stress fields was considered when the U(a) curve of an as-welded T-joint
was predicted using the SYMNC model.

2 mpari i Resul ith th
Kang et al. [38] studied crack propagation in a tensile residual stress field and focused
on the effects of negative R ratios. The cracks were oriented perpendicular to the weld.
Because the initial crack tip (initial crack length g; = 8 mm) was beyond the HAZ, the crack
propagation behavior was not affected by the microstructural differences between the base
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metal and the HAZ and was only affected by the residual stresses. The specimen, the crack
geometries, and the shape of the measured residual stress distribution are shown in Fig. 26.
The Krs(a) was calculated using the following equation with the residual stress distribution
given in their paper:

1/2

25 m{a+x)
a sin W
Kres(a) = B O e (X) o M—asin a2 dx (5.2)
w

The base metal was JIS SM50A steel. The thickness of the specimen was 6 mm. The
mechanical properties and the constants for the modified Paris equation of this steel are listed
in Table 5. The applied stress ratio ranged from R = 0 to R = --=. Because the applied stress
levels were not given explicitly in the paper, this information was obtained by converting the
given K. + K5 versus crack length relationship to the applied stress levels. The results
showed that Spax was 50, 33.3, 25, and 16.7 MPa for stress ratio R = 0, -0.5, -1, and -2,
respectively.

The calculated R' using Eq. 2.8 is shown in Fig. 26(a). Initally, cracks propagate in
tensile residual stress region. The values of R’ are strongly affected by the residual stress
field, and all the values cluster at 0.65 to 0.75 despite the fact that the nominal R values
ranged from 2 to 0. At these high effective stress ratios, little crack closure or even no crack
closure should be expected since it is well known that cracks tested at high nominal stress
ratios (without residual stresses) exhibit no crack-closure effects. As cracks become longer,
the effects of residual stresses decrease and the values of R' approach their nominal R values.
Figure 26(b) shows the predicted U{a) curves. Note that the U values are initially unity
which correspond to high R' values, that is, i.e., no crack closure occurs. As cracks propagate
a distance, the U values start to decrease indicating the occurrence of crack closure. This
distance is dependent on the nominal R values. For more negative nominal R values, crack
closure takes place at a shorter crack length. Figure 26(c) shows the predicted and observed
crack growth rate at various nominal R ratios. The test data cluster when nominal AK < 13
MPa+/m indicating that the crack growth rate is independent of the nominal R values. This
trend indicates that no crack closure exists, i.e., no crack-tip driving forces reduction occurs
at the crack tip. Therefore, all cracks tested at various R values are subjected to the same
AK ¢ (Which equals the nominal AK)) and show the same crack growth rate. As the cracks
become longer and crack closure takes place, the crack growth rates separate and show the
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known effects of stress ratio (R) on da/dN versus AK. Apparently, the predicted crack growth
rate shows the same trend as the experimental data.

2 i f i Results wi Test Data;

Glinka [33] tested three types of welded specimens to study crack propagation in
various residual stress fields. Figure 27 shows the geometries of those welded specimens.
Specimen U was a smooth plate with a center crack. Specimen L and Specimen P were
welded plates with center cracks propagating in directions perpendicular and parallel to the
weld, respectively. The shape of the residual stress fields along the path of crack propagation
are also shown. The measured maximum magnitude of the residual stresses were 200 MPa
and 90 MPa, and the tensile residual stress regions extended approximate 20 mm and 40 mm
away from the center line of the weld for Specimen L and Specimen P, respectively. Figure
28 shows the calculated K.s{a@) using Eq. 5.2. It is obvious that the residual stresses of
Specimens L and P still cause stress intensity despite the fact that the crack tips are in a
compressive residual stress field.

The base plate was 18G2AYV steel: see Table 6 for material properties. The thickness
of specimens was assumed to be 2.5 mm since the actual value was not given. The applied
stress range was 111 MPa at stress ratio R = 0.35 and 107 MPaatR =0.5.

Because of the different residual suress ficlds in Specimens L and P, cracks
propagatinig in these two types of specimens showed different behavior. In Specimen P,
cracks propagated in a tensile residual stress field throughout the crack length range
considered (a < 40 ~ 45 mm). However, cracks in Specimen L propagated in a tensile
residual stress field first and then in a compressive field. The experimental results showed
that the measured crack growth rate of Specimen L was initially close to those of Specimen P
and then merged with test data of Specimen U3 : see Fig. 29. Using Forman's equation (Eqg.
2.9) for the crack growth rate, Glinka concluded that the test data of Specimen L merged with
those of Specimen U because the crack propagated into the compressive residual stress field.
However, the tested crack growth rate of the Specimen L started to deviate at AK = 25
MPa+/m which corresponds to a crack length of approximate 15 mm. At this crack length,
the crack tip was still in the tensile residual stress field. Furthermore, the Kres(2) curves in
Fig. 28 show that the cracks in Specimen L experience larger residual stress-intensity when a
= 15 mm. This finding indicates a larger R' value, i.e., higher mean stress effects, which
implies that a higher crack growth rate should be observed in Specimen L. This behavior is

3This phenomenon is similar to the Case I studied in the previous section: the test data cluster for all nominal
stress ratios.
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not observed in the test data. Therefore, the LEFM approach based on the concept of R' can
not explain the observed crack growth rate in Specimen L.

Nelson [34] used the crack-closure concept to explain crack propagation behavior in
Specimen L. Without the entire U(a) curve, he assumed that the value of U for cracks
propagating in tensile residual stresses was unity, i.e., no crack closure. A stable U value
obtained from Newman's calculations was used for cracks propagating in the compressive
stress field. For the transition region from tensile stresses to compressive residual stresses, an
ambiguous region was postulated because the U values were not available. In a subsequent
publication, Keyvanfar and Nelson [55] were able to calculate the crack-closure effects of
Specimens L and P with a ligament model. In their results, the ligament model predicted the
cracks remained open over the whole range of crack lengths for the case of R =0.5.

The entire U(a) can be predicted using the current strip-yield model. The predicted U
values were unity throughout the entire crack length range considered for Specimen P. The
model also predicted that the cracks in Specimen L experienced no crack closure (U(a) = 1).
Since no crack closure was predicted, the da/dN versus AK curvest of Specimen P and L
coincide: see Fig. 29. However, little crack-closure effect was predicted in Specimen L as
the crack propagates deeply into the compressive residual stress field for the case of R = 0.35.
This crack-closure effect is shown in Fig. 29(a) in which the predicted crack growth rates
start to deviate from the predicied curve of Specimen P when AK =~ 45 MPav'm.

Since neither crack-closure models are capable of giving good explanations of the
crack growth behavior in Specimen L., it seems that crack closure in Specimen L. was affected
by other factors. Lawrence et al. [30] modeled the mean stress (due to the residual stress)
relaxation resulting from plastic deformation at weld toe. Pang and Pukas [56] used a hole
drilling strain gage method to measure the residual stresses in a cruciform welded joint. Pang
[57] concluded that the residual stresses "shake down" when Spax/Sy > 0.25. In Glinka's
tests, Smax/Sy was 0.24 and 0.30 for R = 0.35 and 0.5, respectively. According to Pang's
conclusions, these applied stresses are the stress levels at which the residual stresses begin to
relax. In Fig. 28, it is apparent that Specimen L experienced larger residual stress-intensity
when a < 22 mm. Therefore, despite the fact that the two types of specimens are subjected to
the same nominal stress-intensity factor, cracks in Specimen L experienced more sericus
plastic deformations at its crack tip. This result indicates that the residual stresses in
Specimen L arc morce likely to relax. Hence, the actual Kyes{a) of Specimen L might
gradually decrease due to stress relaxation and finally becomes zero. Stress relaxation must

4With the tested da/dN versus AK relationship of Specimen P at R = 0.5 as a base line, the values of C and m
were calculated. This operation is based on the facts that little crack closure takes place at such high R ratios
and that the da/dN versus AK is similar to the da/dN versus AK .
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cause the crack growth rate to approach that of Specimen U much earlier than the crack-
closure model predicts. This argument can also explain a phenomenon exhibited by the
measured crack growth rate of Specimen L tested at the two different stress ratios. It seems
that in Fig. 29 the crack growth rate approaches Specimen U faster in the case of R = 0.5.
This phenomenon might be explained by the fact that the value of Spax/Sy for R = 0.5 is
larger than that of R = 0.35. Thus, larger crack-tip plastic deformation is expected for R =
0.5, that is, faster residual stress relaxation.

To incorporate residual stress relaxation in the strip-yield model requires a detailed
understanding that how the residual stresses relax under the crack tip-plastic deformation.
Unfortunately, to author's knowledge, it seems that information is scarce.

24 mparison of Predi Results with the Test Data of an As-Welded T-Join

Unlike a well-defined notch, the measurement of crack closure in a welded joint is
much more difficult because the locations where surface cracks start are unknown.
Furthermore, some accurate techniques for crack closure measurement, such as crack-tip
strain gauge and crack-tip clip gauge, are not applicable to welded joints.

It has been shown in previous sections that crack closure in a weld is affected by both
the weld toe plastic zone and the residual stresses. The numerical techniques to solve these
weld toe plastic zone and residual stress problems have been developed separately and will
be combined to predict crack closure in an as-welded joint. Note that the developed strip-
yield model is not capable of predicting the crack closure of a surface crack. Therefore, the
predicted through-width crack closure is assumed to be the same as that of a surface crack of
same crack depth.

Otegui, Mohaupt and Burns [58] placed ten stain gauges close to the weld toc of a
welded T-joint to detect crack initiation and early crack growth. These strain gauges were
also used to measure the crack closure. The geometry of the T-joint is shown in Fig. 30. The
average flank angle and weld toe radius were reported to be 40° and 0.5 mm. The
mechanical properties of base plate are listed in Table 7 and were used in the predictions.
The applied bending stress range was 305 MPa at stress ratio R = 0.1.

Because the residual stress distribution is complex in a weld, a simple shape of the
residual stress along the base plate thickness direction was assumed:

Oresd) = S, C05C) (5.3)
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Although tensile residual stress as large as the yield strength of the base plate was assumed as
the worst case for weldments, Otegui et al. stated that the maximum tensile residual stress at
weld toe should range from one third to one half of the base metal yield strength. Therefore,
42% of Sy was used in Eq. 5.3 instead of Sy.

FEA results showed that the weld toe monotonic plastic zone size was approximate
0.45 mm.

Both crack closure with and without residual stress were calculated. Figure 30 shows
thar no crack closure was predicted when the residual stresses were considered.  The "big
dip" of the results in the absence of residual stresses was due to the large crack length
compared with the plate thickness3. The scatter in the meagured data shows the nature of the
difficulties in measuring the crack closure in a weld. Itis obvious that most of the measured
crack closure data were bounded by the two predicted curves.

5.3 SUMMARY

A special finite element mesh was used to calculate the NPS around a weld toe. The
calculated weld toe NPS were incorporated into the strip-yield model for the crack-closure
behavior in a stress-relieved cruciform weldment. The predicted crack closure results show
the model accurately capuures the crack-closure phenomenon and compared favorably with
the experimental data.

The predicted results of strip-yield model show that the tensile residual stresses in a
weld increase the effective stress ratio R and eliminate crack closure. The relaxation of
residual stresses due to the crack-tip plasticity may be significant but is not considered in this
study.

Most of the measured crack-closure levels of a T-joint are bounded by the predicted
results of the SYMNC model for the case of: (1) no residual stress, and (2) U(a) = 1.

SThis is the same situation as for the predicted U(a) curves in Sec, 4.2.2,
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CHAPTER VI: DISCUSSION
6.1  EFFECTS OF STRESS RATIO R ON CRACK CLOSURE IN THE VICINITY OF A NOTCH

For some notched specimens studied in Chapter I'V and the stress-relieved cruciform
weldment mentioned in Chapter V, it was seen that the experimentally observed crack-
closure "dip" in a notch or a weld toe plastic zone was not predicted by the SYMNC model
for R = -1 (see Fig. 16(b) and Fig. 25(a)). Studies were made to understand the reason for
this unexpected result, and the findings are discussed below.

As detailed in Chapter HI, the strip-yield model predicts the crack-closure effects
from the contact stresses along the crack faces at minimum load of a loading cycle. The
cruciform weld studied in Sec. 5.1.2 was used to compare the contact stresses calculated from
the model with and without the NPS incorporated. Figure 31 shows the contact stress
distributions! on crack faces at minimum stress for the case of R = 0. The magnitude of
contact stresses near the crack tip are approximately the same for both cases. This fact
indicates that the addition of the NPS to the CTPS causes no significant change in the stress
state near the crack tip. However, the contact stresses at a distance away from the crack tip
are higher for the case with the NPS incorporated. This increase is a result of the fact that the
addition of the NPS 10 the CTPS produces a larger size of plastic wake. Since larger contact
stresses result, the calculated U(a) curve in Fig. 24 shows the value of U at that crack length
is 0.68. Recalculation of the U(ag) curve without the NPS incorporated shows the value of U
is 0.77 at that crack length. Since the value of U is smaller when the NPS is incorporated, the
"dip" appears in the predicted U(a) curve.

For the case of R = -1, the calculated results of both the strip-yield model and the
SYMNC model show that the plastic wake always yields at minimum load. Because elastic-
perfectly plastic material properties are assumed, the contact stress distributions calculated by
both models are the same, i.e., Ge,wNPSX) = Oc w/oNPs(x) = -0¢. Therefore, the calculated
Ul(a) curve of the strip-yield model curves are not influenced by incorporating the NPS in the
calculations, and hence, the "dip" of U(a) predicted for R = O cases is not observed for the R
= -1 case.

The above discussion leads to the conclusion that the notch plastic deformations
should not increase crack-closure effects for R = -1 or more negative values. Many
researchers measured the U values for cracks emanating from notches. Those measured U
values show significant "dip" are always those tests performed at R 2 0 [28.53,59]. There are

1These results correspond to the case of S, = 147 MPa and a crack length of 0.15 mm (entirely embedded in
the monotonic weld toe plastic zone).
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also measured data that showed no "dip". When one checks the loading conditions of these
experiments, it is not surprising that the applied stress ratios are always R = -1 or more
negative values [46,53,64].

Obviously, the effects of load ratio on the crack-closure behavior in notch plastic
zones are similar to the crack-growth retardation caused by a tensile single overload. Most
research work on the overload effects was performed for an overload followed by R = 0
constant amplitude loadings. This condition is similar to the discussed notch components
subjected 10 R = 0 loadings and the "dip” of U(a) curves is related. However, when the
tensile single overload is followed by constant amplitude loads with R < -1, no larger crack-
closure effect is expected to be caused by the overload crack-tip plastic zone. Hence, crack
growth retardation effects should be insignificant for this condition. This observation may
explain the experimental results of Stephens et al. [60] which showed negative stress ratios
reduce crack retardation effects.

6.2 GENERAL DISCUSSION OF THE SYMNC MODEL FOR FATIGUE LIFE PREDICTIONS

It is well known that using of the LEFM approach may overestimate the crack
propagation life of notched components since the anomalous crack growth behavior at
notches cannot be explained by LEFM. Crack-closure concepts explain the anomalous crack
growth behavior, and hence, using the SYMNC model with the modified Paris law may give
more rational fatigne life predictions for notched components and welded joints.

There are two main steps in using the SYMNC model for fatigue life predictions:

»  Find the NPS using the elastic-plastic FEA procedure proposed in Sec. 4.1.1.

»  Determine crack-closure load using the strip-yield model and determine the
values of NPS using the procedure proposed in Sec. 4.1.4.

Thereafter, the calculated U(a) curves can be used to predict the crack growth rate using the
modified Paris equation.
The required informatoen for the SYMNC model includes:

. Notch and plate geometries: notch depth (D), notch radius (r), plate width (W)
and plate thickness ().

. Material properties: "flow stress” (the average of the yield and ultimate
strengths - Gp), Young's modulus (£), modified Paris equation constants (C', m).

. Loading conditions: applied maximum and minimum stresses (Spax, Smin)-



35

As discussed in the previous section. the NPS have no effect on the predicted U(a)
curves for R = -1 cases. This observation indicates that it is unnecessary to perform the NPS
analyses for the cases of R = -1 or more negative values. For R = 0 cases, the NPS are not
important at the threshold stress range since the notch plastic zone is insignificant. At high
stress levels or high stress concentration notches in which the notch plastic zone effects are
significant, the estimated U values with the NPS considered may range from 75% to 100% ot
the estimated U values without considering the NPS2. Assuming that m = 3 for the modified
Paris law and assuming that the U values considering the NPS arc always 75% of the U
values without the NPS, the ratio of the estimated crack propagation lives is:

Ngsnps / NEwjones = 1/(0.758 = 2.37 6.1

This number is an overestimate because the ratio of the U values should be larger than or
equal to 0.75 for any crack length. Hence, the effect of including the NPS or the ratio of
N wnps / NFwionps should be 2 or less.

Since determining the NPS is quite difficult and involves an elastic-plastic FEA, this
step for the SYMNC is unnecessary if the inaccuracy resulting from ignoring the NPS is
tolerable. However, it is worth noting that when a notched component is subjected to
variable amplitude load, the need for an analysis of NPS is inevitable because an overload
may induce a huge notch plastic deformation which will significantly affect the crack-closure
behavior, and hence, the fatigue life.

It should also be noted that the SYMNC model considers PICC only. At the
threshold stress level, OICC and RICC become more important and should be considered.
Therefore, care must be exercised when the model is used near the threshold stress level.

Since crack closure alone cannot entirely explain the microstructurally small crack
propagation, the initial crack length used in the integration of modified Paris law is still
controversial and arbitrary. In this study, as will be seen, the crack length used was 0.1 mm
which corresponds the size of one to several grains. Smaller initial crack lengths are not
recommended for estimating fatigue life since the application of fracture mechanics to micro-
structurally small cracks is probably inappropriate.

2Estimated from the results of the cases studied in Sec. 4.2.1 and Sec. 5.1.2.
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6.3 COMPARISON OF VARIOUS MODEL PREDICTIONS FOR WELDMENT FATIGUE LIFE

3.1 Crack P ion Life:

Many efforts have been made in last twenty years to apply the LEFM approach to
estimate the Np, of weldments, or to estimate N if the crack initiation stage is neglected.
The straight-front crack is always assumed for calculations of stress-intensity factors in this
approach: see Fig. 32(a). Since multiple crack initiation and coalescence of surface semi-
elliptical cracks (see Fig. 32(b)) are commonly observed in the fatigue of shiclded metal arc
weldments, many researchers have measured the crack-shape development in weldments by
the ink-staining technique. Bell and Vosikovsky [61] gave an empirical forcing function to
account for the crack-shape development:

alc =¢e* (6.2)

where a/c is the aspect ratio (the ratio of minor axis length to the major axis length) of the
semi-elliptical crack and k = 2.09 X 106 (K Spax)! . The stress-intensity factor at the deepest
point of a semi-elliptical crack can be calculated by the weight function procedure proposed
by Niu and Glinka [62]. Two models based on the LEFM approach are used in the
comparison of mode!l predictions:

Model A - LEFM, straight-front crack assumed.
Model B - LEFM, with crack-shape development.

When one applies the crack-closure concept to the fatigue life prediction of
weldments, residual stresses must be considered. Figure 33 shows the residual stress
distributions parallel and transverse to a weld. It is obvious that if a crack is initiated at weld
toe close to the center of the plate (location A), the crack is fully embedded in a tensile
residual stress field. As discussed in the Chapter V, the tensile residual stresses easily open
the crack, hence, crack closure is unlikely to develop under this condition. Of course,
residual swess relaxation could decrease these tensile residual stress and create an
environment for the occurrence of crack closure. As the crack propagates into a compressive
residual stress field, crack closure is certain. If the crack starts from a location close to the
edge of the plate, i.e., location B, which is in the compressive stress field of the residual
stress distribution parallel to the weld, the compressive residual stresses reduce the nominal R
values and will induce crack closure in the early stage of crack propagation. These
observations suggest that crack closure in an as-welded weldment is a complex phenomenon
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because the crack initiation sites are unknown and the residual stress distributions are
uncertain. To simplify the uncertain effects of residual stresses, two crack propagation
models based on the crack-closure concept are used to bound the possible values of Npy:

Model C - Crack-closure model, crack-shape development, U(g) = 1
assumed.

Model D - Crack-closure model, crack-shape development, Gy =0
assumed.

For the crack propagation life predictions, the weld toe radius used in stress-intensity
factor calculations is important when the weight function method is applied because the
localized unflawed stress state around weld toe is affected by the weld toe radius. In this
study, the reported average value of measured weld toe radius (0.5 mm [58]) was used for the
weld-toe, crack-free stress distribution and the stress-intensity factor calculations.

Bell et al. [61] performed a series of three-point bending tests on various base plate
thickness of T-joints. The tested results of base plate thickness ¢ = 16 and 78 mm specimens
were chosen for comparison with the model predictions. Using of the strain gage technique,
they claimed that cracks of 0.5 mm depth were detected. The fatigue life from this crack size
to the final failure and the total fatiguc life were both recorded.

An-initial crack depth of 0.5 mum was used in Model A to D to estimate Npp of these
specimens. Material properties for crack-closure calculations and constants for Paris
equation are listed in Table 8. Figure 34(a) and (b) show the predicted® and experimental
results of Np;.

Yagi et al. [63] also tested T-joints and cruciform welded joints to study weldment
thickness effects. They measured the crack propagation life from crack size of 1~2 mm to
final failure. The Sy and S, of the base plate are close to the values listed in Table 8. Model
predictions for the Np; of T-joints were made for the specimens with base plate thickness of
22 mm. The initial crack length used for Np; predictions was 1.5 mm. Figure 34(c) shows
the predicted and experimental results.

In comparing the predicted S-N curves with thc obscrved data, it is cvident that
Model A predictions are conservative for all three plate thicknesses. Model B in which the
crack-shape development is considered still predicts smaller Npy than the observed results.
However, it should be noted that using this model and stress-intensity factors calculated

31t should be noted that C and C listed in Table 8 should be dependent (C'=CfUm). Since these values were
obtained from different studies, the listed numbers are not related. This difference causes the predicted lives
using the crack-closure concepts to be higher than those obtained by LEFM, which is contradictory to the
expected results that the L EFM overestimates the crack propagation life.
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using the finite element technique, Bell et al. {61] obtained predictions that agreed well with
the test data: see Fig. 34(d). Most experimental data are bounded by the predicted S-N
curves of Model C and D except the cases of ¢ = 22 mm.

<32 Total Fatigue Life:
Four crack propagation models and the I-P model were used to estimate Nt of the T-
joints discussed in the previous section:

Model A' - LEFM, straight-front crack and g; = 0.1 mm assumed.

Model B' - T.EFM, crack-shape development and g; = 0.1 mm assumed.

Model C' - Crack-closure model, crack-shape development, O =0, linear
modified Paris law and g; = 0.1 mm assumed.

Model D' - Crack-closure model, crack-shape development, G, =0,

bilinear modified Paris law, and g; = 0.1 mm assumed.

Model E I-P model, with crack closure, crack-shape development

considered for Npy and g; = 0.25 mm assumed.

Because of the bilinear modified Paris law assumed in model D', an additional set of material
constants? for the modified Paris equation are listed in Table 8 to account for the Stage I
crack propagation. The required material properties for estimating Ny using the I-P model are
also listed in Table 8.

Figures 35(a) to (c) show the model predictions and the observed data obtained from
Bell et al. and Yagi et al.. Again, Model A’ predicts much lower fatigue strengths than the
tested data. Model C' to E predicts more favorable results except that they are slightly higher
at 106 ~ 107 cycles. The results of Model D' deviate from those of Model C' in the long-life
regime. This deviation is due to the bilinear modified Paris law employed in Model D".
These deviations increase with decreasing base plate thickness. Model E predicts a same
rend as Model D', that is, the slope of the predicted S-N curves becomes less in long-life
regime. However, if one doesn't assume a bilinear modified Paris law, Model C' predicts no
slope change in the long-life regime. The issue on the change of the slope of 5-N curves is
very important for predictions at lives larger than 107 cycles.

4These data are scarce in literature. The values used were obtained from the test data of Verreman etal. (53] for
ASTM A36 steel weldments.
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6.4 THE IMPORTANCE OF CRACK INITIATION IN WELDMENTS

Improvements of crack length measurement technique have made the measurement of
smaller crack lengths in weldments possible. This possibility has stimulated the study of
fatigue crack initiation in welded joints. However, even with the current technology, it is
difficult to monitor early crack growth in weldments. In Bell's tests, many strain gages were
placed close to the weld toe region, and yet the smallest detectable crack size was 0.5 mm. In
Yagi's tesis, fewer strain gages were used. Yagi defined the end of crack initiation as a 5%
drop of strain gage readings, which corresponds to the existence of a crack with size of 1~2
mm. This information, while still too vague for understanding crack initiation, may provide a
means of checking the validity of the crack initiation life predictions.

Model C' and Model D' were used to estimate Nt and Nt for this study. The total
fatigue life is the calculated crack propagation life from ag; = 0.1 mm to ar = #/2, i.e., Nr=
Ng(0.1-#/2). Thereafter, N; = Ng(0.1-0.5) for Bell's cases and Ny = Ng(0.1-1.5) for Yagi's
cases, respectively. The I-P model, i.e., Model E, for which Ny is calculated using the
Basquin-Morrow equation was also used to estimate the value® of Ny/NT.

The results of the model predictions on the NNt for the Bell's tests (f = 16 mm) are
shown in Fig. 36(a). Model C' predicts an increasing then a decreasing trend as Ny increases.
The results of Model D' arc closc to those of Model C' when the total fatigue life is less than
9x 10 cycles. For longer fatigue lives, the resulis of Model D' increase as Ny increases.
This increase is due to large portion of Stage I crack propagation being involved in the crack
initiation stage. Model E predicts an increasing trend of NyNt as Nt increases which is
consistent with the results of Model D' in long-life regime.

The value of Ny/Nt from Bell's test data show that the value of the ratio Ny/Nt is not
dependent on the observed total fatigue life. Their values of the ratio ranged from 10% to
40% and the average was 26.6%: see Fig. 36(b) and (¢). The calculated values of NNt from
Yagi's test data also showed that no strong relationship exists between the values of the ratio
and the total fatigue life. These results are shown in Fig. 36(d).

Figure 36(b) to (d) show the predictions of Model C', E and the test data. Neither of
the two different wends shown by Model C' and E arc exhibited by the test data. The
predicted Nt and Nt based on Model A' (straight-front crack assumed) considering crack
closure was also calculated in Yagi's case. The calculated results of Ny/Nt show no

SNote that Ny calcubated by the I-P model is defined as the existence of a crack with a size of 0.25 mm. To make
the definition of the crack initiation consistent with those experimental conditions, the calculated Np, from crack
length 0.25 mm to 0.5 mm, and 0.25 mm to 1.5 mm were added to the calculated N; for the Bell's cases and the
Yagi's cases, respectively.
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dependence on Nt: see Fig. 36(d). Therefore, the increasing and decreasing trend of Ni/Nt
predicted by Model C' was entirely due to crack-shape development.

From the discussion above, it is apparent that a definitive prediction for the value of
Ny/Nt is stll not possible using the current models. However, both observed data and the
predictions showed that the crack initiation of weldments is important and should be
considered when estimating the total fatigue life.
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CHAPTER VII: CONCLUSIONS AND PROPOSED FUTURE WORK
7.1 CONCLUSIONS

Analyses of notch and crack-tip plastic stretches showed that notch plasticity is the
main source of the plastic wake when the crack length is small compared with the
notch plastic zone. As the crack length increases, crack-tip plasticity increasingly
contributes to the plastic wake. A model termed strip-yield model for notched
components (SYMNC) was developed to consider the effects of notch plastic

deformations on the crack-closure behavior at the vicinity of a notch.

A special finite element mesh was developed in this study which can be used to
estimate the plastic stretches around an asymmetrical notch such as a weld toe. Using
these calculated weld toe plastic stretches, the SYMNC model offers a simple and
efficient numerical approach for calculating crack-closure in weldments.

The residual stress effects on crack propagation can be explained using the SYMNC
model. The weld tensile residual stresses were found to increase the mean stress
effect, and hence, reduce the crack-closure levels. The crack-closure behavior of an
as-welded joint is complicated by the fact that the crack initiation sites are unknown
and the residual stress distributions are uncertain,. However, most of the measured U
values of an as-welded weldments were bounded by the predicted results of the
SYMNC model considering: (1) no residual stress, and (2) U{a) = 1.

7.2 PROPOSED FUTURE WORK

Because the SYMNC model considers both the notch plasticity and the crack-tip
plasticity, this model should be capable of capturing the interaction of a notch plastic
zone and a crack-tip plastic zone, and hence, the SYMNC model could be extended to
simulate the crack-closure behavior under variable amplitude loads.

The importance of OICC and RICC increase when the applied stresses are closc to the
threshold stress. A thin film of material can be added to the depth of the plastic wake
to simulate these two crack-closure mechanisms and, hence, to include environmental
and other near-threshold effects in the SYMNC model.
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As a crack propagates in a residual stress field, residual stress relaxation may occur.
Neglecting the residual stress relaxation may overestimate the crack growth rate, and
hence, underestimate the crack propagation life. Therefore, understanding how
residual stresses relax near a crack tip would allow the effects of residual stresses to
be more accurately simulated.
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Table 4 Material properties of ASTM A36 steel [53].

Yield strength, Sy (MPa} 224
Ultimate strength, S, (MPa) 414
C 8.20x 10-11*
m 4.56

* The values listed give the unit of da/dN in mm/cycle.

Table 5 Material properties of JIS SM 50A steel [38].

Yield strength, Sy (MPa) 330
Ultimate strength, S, (MPa) 510

C 1.0x108*
m 3

* The values listed give the unit of da/d¥N in mm/cycle.

Table 6 Material propertics of 18G2AYV steel [33].

Yield strength, S, (MPa) 625
Ultimate strength, S, (MPa) 784
o 1.34x 1011
m 429

* The values listed give the unit of da/dN in mmy/cycle.
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Table 7 Material properties of the base plate of the as-welded T-joint [58].

Yield strength, Sy (MPa) 421
Ultimate strength, Sy (MPa) 509

Table 8 The material properties for fatigue life prediction of the T-joints [61].

Yield strength, Sy (MPa) 421
Ultimate strength, S, (MPa) 509

C*, m (for LEFM) 5.36x109,3.2
C'* 1.5x 109 [58]

6.1x10-12** [53]
m 3.2 |58]
6.3** [53]
of = 1.5S, + 345 (MPa) [65] 1109
b= ---;—logZ(l + 1‘3:;1) [651 0,077

* All the C' values listed give the unit of da/dN in mm/cycle.
** Constants for the Stage I crack propagation.
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FIGURES

o(x)

K(a)
SND

Fig. 1 The unflawed notch-stress distribution and the transition of notch stress-
intensity factor to the remote smress-intensity factor.
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Bilinear Paris Law

Fig.2 An illustration of the CCN model .
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Crack length from notch root
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Fig.5 Crack-closure behavior: (a) after an overload (b) of a crack emanating
from a notch.
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Fig. 6 The calculated U(a) using Newman's strip-yield model (£ = 200 GPa,

oy = 400 MPa) (a) various notch sizes (S max/Gy= 0.5, R=0) (b) var-
ious load levels (r= 5 mm, R =0).
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one quarter of the plate was analyzed

(@)

(b)

Fig.9 (a) The geometry of the plate for FEA and, (b) the mesh around the notch.
All dimensions are in mm.
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Fig.12 The ratios of the magnitude of the CTPS to that of the NPS:
(a) plane stress (b) plane strain.



(c)a+p, >p, -anda >p,

Fig. 13  Incorporating the CTPS with the NPS under various conditions: (a) the
crack-tip plastic zone is entirely embedded in the notch plastic zone (b)
part of the crack-tip plastic zone is beyond the notch plastic zone (c)

the crack tip is located beyond the notch plastic zone.
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Notch plastic stretches, NPS(x)/2 (mm)
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Fig. 16 Blunt center notch: (a) the calculated NPS (b) the predicted

Uvalues.
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Fig.17 Sharp, double-edge notch: (a) the calculated NPS (b) the
predicted U values.
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Normal mesh

crack path

+ Al --—
hﬁ!’:‘:%%:_ _____ Bl

(a)

Special mesh
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shaded elements: very slender elements,
behave elastically, removed after the
plastic zone formed around weld toe

nominal line of
base plate

, nominal line of
base plate

hypothetical crack-tip node

(b)

Fig. 19 Finite element meshes around a weld toe: (a) the normal mesh

(b) the special mesh.
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for finite element mesh
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Fig. 20  The crack closure in a stress-relieved wele: (a) the geometry of the cruciform
weldment (b) the finite element mesh around the weld toe.
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Fig. 22 The integration of weld toe plastic strain for the NPS.
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Fig. 23 'The calculated crack-face displacements: (2) S max= 147 MPa

(b) Stnax= 177 MPa.



76

SIS () = ¥
10J SINSAI DAISIL A Y3 s2AInd (1)) pasotpaxd oyl Jo uosuedwod 3yl ¢ ‘S

(wu) 2 ‘gI8u9) yoe1)
c ¢l 1 0
| | |
suonomard ‘BJN LLT =8
» suonoward ‘BdW Ly =" 8§ ——
[ec] erepisor ‘ed LLT = S o
[€5] mep1sal ‘RN L] =S @
N ° o
0, . g®
||||||ll1|||:6|| . °
L
| |

0

9°0

XV/I¥Iv=n



'SI8RD [-= Y
103 SYNSAI PIASI O YIM SSAMD ()] pa1otpard oy jo uostreduoo o4y, (2)$T 'S

77

(ww) v “qi3ua] yorr)
z ¢'1 I €0
T _ ] 0
suonopad ‘BN LLT =°US - - - - -
suopopad ‘BdN LET = 8 ——
B suonopard ‘BN gII =" S .
KBUIL N O
[cslwmepisan BdN LLT = § X
[€5] e1ep 1591 ‘BN LET =S
[€€] erep1sal ‘BN BIT =*°US o

n

¥V/¥yv



78

001

SINSA PAISAL AL Y3im el ypamold yoeld payorpad o Jo uostredwos oy {Q)sz S

'§958D [-= ¥ IO]

(WARIN) YV ‘23uer Asud)ul-ssang

suonopaid ‘ediy LL] ="*"§

suonoaipaxd ‘ediy LET = **WS —

suonotpard ‘ediy §TT =" 8 ———

[gS] e1ep 1501 ‘I LLT =" S

XBUI

{cc] B1ep 1591 ‘Bgy LEL =8
[gs] e1ep 159l ‘edIL 81T =8

I M 1 L I " L

L0

¢01

)i

¢01

(s1oAofurt) NP/OP ‘eI IMOIS HoBID)



Kmin+K 5
max+K 3

AK. g [AK

U

79

| |

10 20 30
Crack length, ¢ (mm)

(@

0.8

0.6

04

02}

Crealx)

10 20 30
Crack length, @ (mm)

(b)

Fig. 26 The crack-closure behavior in a residual stress field: (a) the

calculated R'(a) (b) the calculated Uia).
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predictions test data [33]
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w2b | —---- 0 Specimen P ,
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Fig.29 The predicted crack growth rate and the test data in residual

stress fields: (a) AS = 111 MPa, R = 0.35 (b) AS = 107 MPa,
R=0.23.
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crack plane
W the originally initiated cracks
4 ¥ the coalesced crack

crack pilane

the straight-front crack

(@ )

Fig. 32  (a) Straight-front crack in a weld toe, (b) Multiple crack initiation and
crack coalescence.

Fig. 33  The residual stress distributions in a welded plate.
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Fig. 34 Comparison of the model predictions with the observed crack
propagation hife: (a) ¢ = 16 mm (b) t =78 mm.
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- - - - B - LEFM, crack-shape development
———- C - Crack-closure model, {a) =1
— - = D- Crack-closure model, Gyes =0
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103
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~— 0
~ O
N L .a
10? T
o Testdata [63]
A - LEFM, straight-front crack
- - - = B - LEFM, crack-shape development
—— C - Crack-closure model, U@) =1
— - - D - Crack-closure model, Ges= 0
10! f |
10* 10° 108 10’ 10
Crack propagation life, Np (cycles)
©
10°
10
o Testdata[61]
- - = = SIF based on finite element analyses {61]
———— SIF based on Glinka's weight function
10* 10° 10° 10’ 108

Fig. 34 (cont.)

Crack propagation life, Np (cycles)
(d

Comaprison of the model predictions with the observed crack
propagation lifc (¢) = 22 mm (d) comparison of the results
between different approaches for the SIF calculations for the
case of = 16 mm.
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a; = 0.5 mm I

M Nt (%)

M /Nt (%)

- B~ = -

&~ -

) </

—o— Basquin-Morrow equation based model
20 |-} ——o— Crack-propagation based model, linear Paris law |~
- - & ~ Crack-propagation based model, bilinear Paris law
0 | i
10t 10° 106 107
Total fatigue life, Ny (cycles)
(a)
100 ) 1
—a— Basquin-Morrow equation based model
80 —o0— Crack-propagation based model, linear Paris law
] e Testdata [61] T
60 o
e N
40 — .
®
] ° e
20 .
|ai =0.5mm I
0
10* 10° 10° 10’

Total fatigue life, Ny (cycles)
(b)

Fig.36 The predicted values of Ny /Nt for a T-joint with plate thickness
of 16 mm: (a) comparison of model predicted results (b) com-
parison with test data,
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—-o— Basquin-Morrow equation based model
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Fig. 36  The predicted values of Ny /N1 from the Basquin-Morrow
equation based and crack-propagation based model for Ny
()t =78 mm (d) t =22 mn.
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APPENDIX A: ADAPTATION OF NEWMAN'S STRIP-YTELD MODEL TO
ESTIMATE THE CRACK CLOSURE OF NOTCHED COMPONENTS

A.1 MATHEMATICAL FORMULATION OF THE STRIP-YIELD MODEL FOR NOTCHED
COMPONENTS

Since cracks emanating from notches is our concern, the effect of the notch-stress
field on crack closure has to be considered. 'This problem suggests the use of the weight
function method to calculate the required stress-intensity factors and crack-face
displacements based on the notch-stress distributions. All cxpressions arc based on a single-
edge crack because short cracks propagating in notches should be weated as edge cracks even
if they start from center notched specimens or double-edge notched specimens. Despite the
fact that the single-edge crack formulation for crack closure of other types of long cracks is
inadequate, it is believed that the calculated U values using the single-edge crack formulation
will be close to the values obtained using the correct formulation which corresponds to the
crack geometry considered. Therefore, for simplicity, the crack-closure behavior of long
cracks is entirely calculated using the single-edge crack formulation in current study. The
equations below show the modifications of Newman's original strip-yield model. The details
of the model and the significance of these equations are discussed in Ref. 13.

The weight function derived by Petroski et al. [66] for a single-edge crack was used to
calculate notch stress-intensity factor K(a):

K@= _"_ ro(x)%(_e’.f).dx (A1)
K. (a)Jdo da

where
Ki{a) = the stress-intensity factor of a reference crack subjected to an

arbitrarily chosen reference symmetrical load system

udax) = the known elastic crack-face displacement corresponding to the
arbitrarily chosen reference symmetrical load system
ox) = the unflawed notch-stress distribution on crack path

H = E for plane stress
E/(1-v2) for plane strain
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A single-edge crack in a smooth plate subjected remote stress § was used as the arbitrarily
chosen reference system: see Fig. A.1(a). Because the corresponding #,(a,x} is not readily
available from stress-intensity factor handbooks, an approximate equation for u(a.x) given in
Ref. 66 was used. The i (a,x) was calculated by the approximate equation:

a2 (a— x}2 G 12, 302
u(a,x) = HJ._[4F ( ) (a—x) +G,(W)a (a—x) ] (A.2)
where
al_ a a\? ay al
F, (“:V_) =112-0.23 1(%—) -+ 10.55(-@,—) - 21.72(-‘;) +30. SQ(W) (A.3)
G,(%) = [Il(a) ~4F, (-%;)am L (a)]al"z!@ (@) (A4)
a a 2
L) —ﬁnSL Fr(ﬁ,-) ada (A5)
(@)= I:O'(x)(a— x)M2dx (A.6)
L(a) =joao(x)(a— x)2dx (A7)

The required notch-elastic, crack-face displacement functions were obtained by
following procedure. Since u{a.x) was calculated based on K{a) using Eq. A.2, the same
procedure can be applied to calculate the notch crack-face displacement (caused by remote
stress, see Fig. A.1(b)) u1(a.x). Therefore, after the notch stress-intensity factor K(a) is
calculated, the u;(a,x) was obtained using Eq. A.2 and Eq. A.3 through A.7 with the F (a/W)
and Gy(a/W) replaced by F(a/W) and G(a/W). The F(a/W) was calculated by:

)52

Note that K(a) was obtained by Eq. A.1 using the notch stress 6(x). It is important to replace
the crack length a by a+p. from Eq. A.2 through A.8 because all the equations are applied to
the fictiious crack with crack length of a+p.. Since erroneous results were reported [67] for
crack-face displacement caused by yield-strip load using Eq. A.2, the uz(a+pox) (caused by
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the strip-yield load ahead of the crack tip, see Fig. A.1(c)) was calculated by a double integral
equation:

J‘a+p, J-a+m
a+p.x)=0. he,a)Yh(x,adYda'dce
uz(a+p,,x) =Gy o . (A9)

a; = max{c,x)

where h(c,a) and h(x,a) are the weight functions derived by Bueckner for single-edge cracks
[68]:

h(a,x)=% 1 {1+m1(1—§]+m2(1--§)2] (A.10)

X
a
a 2 a 6
my = 0.6147 + 17.1844(-—“;-) + 8.7822(W) (A.1D)
a 2 a 6
my = 0.2502+3.2889) — | +70.0444{ — (A.12)
w W

The influence function g(x;,x;) (the crack-face displacement at x;, i.e., element i, caused by a
uniformly distributed unit load applied at x;, i. e., element j, see details in Ref. 13) was also
obtained by the double integral equation:

x4k

L eatp,
gm)=[ 2 [ hed)hxa)dade
a,
2

Xy

(A.13)

a; = max(c,x)

where
w; = width of element j

A.2 CONSTRAINT FACTOR
Since the constraint factor & used in the strip-yield model is controversial and has a

large influence on the calculated results (see detailed explanation in Sec. 2.1.2), Newman et
al. {69] rationalized the role of & by performing a series of 3-D FEA for cracks in plates of
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various thickness. They recorded and averaged the loading direction stress values of the
yielded elements due to crack-tip stresses and normalized the averaged stress value with
respect to O to obtain a global value oty The values of oy are dependent on plate thickness,
stress-intensity factor, flow stress, and plate width. Their results are shown in Fig. A.2. In
the present study, the variable o values used in the strip-yield model were obtained from
these curves.



103

K(a)=F, % Svwa

¥2 V2 AN 12, 302
u (ax)= H\fﬁ 4F, W)a (a-x)" " +G, W {a~x)
(a)
aur(a',x) a
K(a K() —L="2dx =F - Svma
S V2 12 ay-_in 32
ul(a’x)_Hﬁ 4F W)a {a=x)""+G | — (a—x)

(b

a+p, pa+p,
wy(a+pe,x)= Goj I hic,a')h(x,d Yda'dc
0 a

a; = max(c,x)

(c)

Fig. A.1 The equations for the strip-yield model: (a) The arbitrarily chosen single-edge
crack system (b) The notch-stress intensity and crack-face displacement caused

by remote load (¢) The crack-face displacement caused by the strip-yield load.
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APPENDIX B: INTRODUCING THE EFFECTS OF RESIDUAL STRESSES INTO THE
STRIP-YIELD MODEL

The basic concept for considering the effects of residual stresses using the strip-yield
model is similar to the superposition of the stress-intensity factors: see Eq. 2.7. However,
instead of using a stess-intensity factor, crack-face displacermnents are superposed.

The K, .s(@) was obtained by the weight function method, i.e., Eq. 5.2 for a center
cracks in smooth plates. For welded joint, Eq. A.1 was used to obtain the K . (a) for cracks
emanating from weld toes. The crack-tip plastic zone size at Syax was obtained by
substituting Kpax(@)+Kres(@) into K5 in Eq. 3.1.

Crack-face displacements caused by residual stresses exist before the external load is
applied. This residual crack-face displacement u.s(a+p.x) was calculated using Eq. A.2
with K(a) and o(x) replaced by K .s(a) and o;.s(x). Therefore, at any load level, the
Ures(@+pc,x) was added to the calculated crack-face displacement caused by the external load:

W max(@+PeX) = Umax(@+HPoX) + lres(@+PoX) (B.1)
U'min(@+0e,X) = Umin(@+PeX) + Ures(@+pox) (B.2)
where

W nax@+HPoX), Wnin(d+poX) maximum and minimum crack-face
displacements due to the external stresses and
residual stresses

maximum and minimum crack-face

Umax(@+PoX), Umin(@+PoX)
displacements duc to the external stresses

Note that Umu(@+pex) and Umin(a+pc.x) are calculated from the elastic crack-face
displacements uj(@+p,x) and uz(a+pox). It is apparent that the effective stress ratio R’
caused by the residual stresses is accounted for by the local crack-face displacements in the
current approach. This approach differs from the approach used by Wang and Blom [16]
who considered the residual stress effects by converting the local crack-tip stress intensity to
a uniform remote load: see Sec. 2.3 for details.



