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Samenvatting:

Alhoewel schuine vermoeiingsscheurgroei, door middel van zgn. shear lips,
veelvuldig is waargenomen, werd de oorzaak en de betekenis ervan voor de
scheurgroeisnelheid tot op heden niet onderkend.

Het onderhavige promoticonderzoek werd primair vitgevoerd om deze dip in
onze kennis van de vermoeiingscheurgroei op te vulien. Als onderzoeks
materiaal werd de aluminium legering 2024 T351 gekozen. Enerzijds omdat dit
materiaal zeer duidelijke shear lips vertoont, en anderzijds omdat het een
belangrijk technisch materiaal betreft. Het wordt zeer veel gebruikt in
vliegtechnische toepassingen vanwege zijn lichte gewicht en gunstige
vermoeiingseigenschappen.

Voor het verkrijgen van kwantitatieve informatie over de effecten van shear lips
op de vermoeiingsscheurgroeisnelheid (da/dN) bleek de constante AK proef
onontbeerlijk. In een constante AK test groeit de shear lip naar een
evenwichtstoestand die bij deze AK hoort. Tegelijkertijd daalt de da/dN ook naar
een evenwichtswaarde. De vermoeiingsscheurgroeisnelheid kan maximaal met
een factor 3 dalen, wanneer een rechte vermoeiingsscheur wordt vergeleken met
een schuine scheur. Er wordt een model gepresenteerd dat naast scheurdrijvende
kracht (AK) ook rekening houdt met scheurweerstand en scheursluiting. Vreemd
is de rol die de frequentie van de vermoeiingsbelasting speelt. Bij 10 Hz, in
lucht, is er een aanzienlijk verschil in scheurgroeisnelheid tussen rechte en
schuine vermoeiingsscheuren bij dezelfde belasting. Indien we de frequentie
verlagen wordt dit verschil minder. Bij 1 Hz en lager is er geen verschil in da/dN
meer merkbaar.

De schuine scheur blijkt ook een aanzienlijke invloed te hebben op de kritische
K waarde, die gevonden wordt in een K test. Aangezien meestal shear lips
voorafgaan aan het uiteindelijk bezwijken heeft dit belangrijke consequenties
voor de veiligheid en levensduur van een constructie.

Van praktisch belang is verder dat het onderzoek aangeeft dat in
scheurgroeivoorspellings modellen rekening moet worden gehouden met de
breukmode (recht of schuin). Verder is informatie over shear lips van belang
voor de fractografie. Het geeft aanvullende informatie over de redenen cq

oorzaken van falen van op vermoeiing belaste constructies.
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Nomenclature

a = half crack length in a center cracked tension specimen (mm).
g = half initial crack length.

a. = half critical crack length.

c = Paris coefficient or a constant.

C1 .62 ,C3 = constants.

da/dN = the crack length increase per cycle (Lm/cycle).
(da/dN)q = da/dN at 10 mm after the start of the constant AK test.
(da/dN)egq =da/dN in the (stable) equilibrium situation.
(da/dN)ensite = da/dN in the (often unstable) tensile mode.

Aa = a crack length interval.

AK = Kmax - Kinin

AKeft = effective AK = K., - K

AN = the number of delay cycles.

AS = Snax “Smin

f = frequency of the fatigue cycles (Hz).

K = stress intensity factor (in MPaVm).

K = the critical stress intensity factor.

K¢ = the value of K where the crack is just closed.
Keqm = the mean equivalent stress intensity.

Kim = the mean mode I stress intensity.

K = the valid critical plane strain stress intensity factor.
Kiax = maximum value of K during a cycle.

Kmin = minimum value of K during a cycle.

Kop = the value of K where the crack is just fully open.
{ = transverse crack length (mm).

m = Paris exponent.

n = reduction number.

N = the number of cycles.

OL = overload.

P = load (in kN)

Prax = maximum value of the load during a cycle.

Prin = minimum value of the load during a cycle.

R = load ratio = Py /P oy = Kiin/Kmax

S = value of the stress during a cycle (MPa)

Smax = maximum value of the stress during a cycle.
Smin = minimum value of the stress during a cycle.

vii



t = specimen thickness (mm).
= shear lip width (mm).
= equilibrium shear lip width.

S,
ty : = width of tensile part of the crack surface.
U = AKcf/AK.
UL = underload.
w = specimen width.
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Chapter 1. Introduction

Introduction
1.1, INETOQUCHION ..veeeeiviecerer et tee e e e nar et et e estne e s eretne s stneesssbneassmaranasssnnes 1
1.2. Scope of this Thesis........ovvvvriviniiiiiine s 3

1.1. Introduction

The growth of fatigue cracks in plate and sheet material occurs in various
structures. The fatigue load can have the character of constant-amplitude
loading, sinusoidal in many cases, which is the more simple type of a fatigue
load. However, in many practical situations the load history in service has a
variable amplitude character. It is a well recognized technical problem how to
predict the growth of fatigue cracks under constant amplitude and variable
amplitude loading.

The possibilities for predictions of fatigue crack growth have been considerably
improved by the introduction of the stress intensity factor K. Especially for
constant amplitude loading, the literature seems to suggest that such predictions
are possible for design problems, provided that the K factor can be calculated. In
addition, the relation between the crack growth rate (da/dN) and the cyclic
variation of the stress intensity factor (AK) must be available for the material
under consideration. For variable amplitude loading the situation is more
complex, but also for that problem the stress intensity factor is generally
considered to be an essential tool for the analysis of the problem.

As a consequence of the above problem setting, the application of fracture
mechanics to fatigue crack growth prediction has seen an extensive evolution.
Our ability to calculate stress intensity factors for various geometries has been
developed considerably, notable by various calculation techniques now possible
on modern computers. The basic fatigue crack growth resistance in the format of
da/dN - AK relations has been determined experimentally for many materials. If
such a relation is not available, experimental technigues are well known and
documented in standards. The remarkable "paradox” of the development is that
many analysts have paid little attention to the fatigue crack growth phenomenon
as it occurs in plate and sheet materials. In fracture mechanics it is simply
assumed that cracks are perfectly flat and growing in the so-called mode I, i.e. in
a plane perpendicular to the direction of the main principal stress (i.e.
perpendicular to the loading direction if the fatigue load is cyclic tension).
Unfortunately, this is not always true. A slowly growing fatigue crack in a plate
is largely growing in the "tensile mode", but at both surfaces of the material
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"shear lips" are frequently observed, see figure 1.1. It is obvious that such shear
lips imply that the crack front is no longer a straight line. It is also not a curved
line in a plane perpendicular to the loading direction. In the latter case, it still
would be a mode I crack. Shear lips imply that the fatigue crack growth occurs in
a mixed mode (I+1III).

double shear

single shear

-‘:

tensile mode

fransition
region

Figure 1.1. Schematic drawing of the development of shear lips in a constant
amplitude test on a center cracked plate.

The shear lips have received some attention in the literature. Frequently it is
associated with a plane stress situation at the surface, whereas in the center of a
plate the predominant state of stress will be plane strain. Actually, until now it is
not well understood why shear lips occur or why in other cases they do not.
Moreover, shear lips need some crack growth to develop to a larger size. As will
be shown in the present study, the shear lip width is not a single function of the
cyclic stress intensity. It also depends on how fast a crack is growing. For that
reason many tests in the present investigation have been done under a constant
AK cyclic load in order to let the crack grow until a stable shear lip width is
obtained. Besides that shear lips do also depend on the environment and/or the
frequency. The frequency effect is also investigated.

The shear lips also have consequences for crack growth under variable-
amplitude loading, another problem covered in the present study.
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1.2.  Scope of this thesis

The essential phenomenon studied in this work is the development of shear lips
and the consequence of shear lips for crack growth predictions.
The contents of the thesis are as follows:

In chapter 2 basic aspects of fatigue crack growth are introduced. Shear lip
development and slant crack growth are defined. Attention is paid to the concept

of crack closure and of crack growth resistance.

Chapter 3 gives a discussion of some general measurement methods used. Where
needed, more specific measurement techniques are discussed in the appropriate

chapters.

Chapter 4. In this chapter a large amount of experimental observations on shear
lip development is presented. A number of measurement techniques are used in
measuring the shear lip width. Two thicknesses of Al 2024 T351 plate (unclad)
are chosen to account for possible thickness effects. Most of the tests are
performed at constant AK and R as this is the only possible manner to find the
steady state behaviour of shear lips.

Attention is also paid to the shear lip behaviour under constant amplitude
loading and to the effect of shear lips on da/dN.

An important variable in the shear lip development is the frequency. The
majority of the tests have been done at 10 Hz. A number of tests have been
performed at other frequencies.

At the end of this chapter some attention is paid to results of static tensile tests.
Some differences between these fracture surfaces and fatigue fracture surfaces

will be discussed.

Chapter 5 presents a model for predicting slant fatigue crack growth rate, when
the rate in the tensile mode is known. Based on the model the da/dN versus a for
constant amplitude tests at different R ratio's, thicknesses and frequencies can
also be predicted. An explanation for the observed temporary decrease of da/dN
in some constant amplitude tests is given.

Chapter 6. Tests with large numbers of underloads are performed. Larger
numbers of underloads, large enough to give rise to shear lips, give rise to

retardation effects comparable with the effects of overloads.
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Chapter 7. A pulsed direct current potential drop method is applied to measure
the crack closure level in fatigue crack growth tests on Al 2024 at different R
values. In principle the measurement method allows finding the R level above
which no closure occurs (AKgg = AK). The resulting closure equations are
compared with well-known closure relations for Al 2024 from the literature.

Chapter 8. The thesis is completed with a general evaluation of the significance

of shear lips and a number of conclusions.
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2.1. Introduction to Metal Fatigue

About a hundred years ago discussions were taking place on the fracture of
wrought-iron railway axles. It was generally accepted that the failures were a
consequence of the cyclic nature of the loading. There was also agreement about
the crystalline appearance of the fracture faces. The problem was defined as metal
fatigue, a fracture phenomenon caused by repeated loading. It is the most common
cause of failures in service [1].

Although around 1920 it was known that fatigue failure is a progressive and
localized process, involving both initiation of a crack and its progressive growth,
there was no general acceptance of the fact that fatigue consists of crack
initiation and growth. This led to considerable confusion about the nature of
fatigue. For a long time fatigue was considered as a gradual deterioration of a
material subjected to repeated loads.

Since the mid-1950s there has been considerable interest in the growth of fatigue
cracks, an interest stimulated by the realization that fatigue crack growth can
comprise a significant part of the fatigue lifetime of a cyclically loaded structure.
The treatment of this subject has been advanced by developments in the field of
fracture mechanics, the introduction of servohydraulic test systems, and the
availability of transmission and scanning electron microscopes for fractographic
examination.

In the 1950s metallurgists were actively developing fractography. In the case of
fracture surfaces created by a fatigue crack, line markings termed striations were
seen on the fracture surface in an electron microscope. The striations indicated
the position of the crack tip in successive load cycles. The striation spacing could
be shown to be equal to the local increment of growth in one stress cycle. On a
macroscopic scale other line markings, termed beach markings, were found,
indicating changes of the cyclic load. Further work elucidated the mechanisms of

striation formation and fatigue crack growth. Plastic deformation at the crack tip
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changes the geometry of the tip during each load cycle. The nature of the fatigue
crack growth mechanism means that theories cannot be based simply on the
accumulation of ‘damage’ in the material. The growth mechanism of alternately
blunting and resharpening of the crack tip explains why cracks can grow under
cyclic loads too low to cause failure under a single load application. Although
striations are not always observed, it is generally accepted that cracks grow by
the same basic mechanism except that growth is not necessarily continuous
along the whole crack front.

A rigorous definition of metal fatigue is difficult. In reference [2] it is defined
as:“ Failure of a metal under a repeated or otherwise varying load which never
reaches a level sufficient to cause failure in a single application.”

Perhaps the most significant advance in metal fatigue during the past decade is
the general realization that most structures contain crack-like defects which are
either introduced during manufacturing (especially in case of welding), or form
early in service. Thus virtually the whole life of the structure is occupied by
fatigue crack growth from flaws. An understanding of fatigue crack growth is
therefore essential for the understanding and prediction of fatigue behavior of

many structures.

Ever since the optical microscope was used for fatigue studies, it became clear
that the fatigue process had to be associated with cyclic microplasticity. A much
better picture was obtained after the electron microscope became available,
although macroscopic observations are still important. Some relevant
observations are:

- If a finite fatigue life applies, microcracks are initiated early in the fatigue
life.

- In several materials (sub)microscopic crack extension occurs in every
load cycle. If the crack extension in a load cycle is large enough, it can leave a
ridge of microscopic plastic deformation on the fracture surface (a striation). The
striation spacing indicates the local crack growth rate (Lm/cycle).

- Usually, fatigue cracks do not produce visible macro-plastic deformation.
- The fatigue crack shows a tendency to grow perpendicular to the main
principal stress, in general perpendicular to a tensile load direction. A

noteworthy exception occurs in thin sheet material, discussed later.

The fatigue process is usually divided into three stages: crack initiation, crack
propagation to a critical size and unstable fast fracture. If cycling occurs at a low
stress amplitude with an expected fatigue life of 10° cycles or greater, the major
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part of the life is consumed by crack initiation and early stages of crack
propagation. At higher stress amplitudes, when the expected fatigue life is from
10° to 10° cycles or less, the major part of the life is spent in crack propagation.
Thus the fatigue life is usually divided to cover two main phases:

1. Crack initiation period.

2. Crack growth period.

For engineering purposes, predictions for the two periods should be made
separately. The definition of the end of the second period appears to be simple. It
is the occurrence of the quasi-static failure of the remaining uncracked cross
section in the last cycle of the life. However, the transition from the first to the
second period is more problematic. The crack initiation period is supposed to
include microcrack growth until some macrocrack is present. This transition of a
microcrack to a macrocrack does not easily lead to a quantitative definition.
Three suggestions were made by Schijve [3].

@) The transition is characterized by the fact that a macrocrack is a visible
crack, whereas a microcrack is still invisible.

(ii) A second approach is based on the fact that microcrack growth still
depends on the material surface conditions, whereas a macrocrack depends on
the crack growth resistance of the material as a bulk property.

(iii)  The last suggestion starts from the idea that the stress intensity factor is
not yet meaningful for a microcrack, whereas AK can be used for macrocracks.
None of these definitions leads to a straightforward quantitative definition of the
beginning of the crack growth period. It should be pointed out here, that in the
present investigation visible cracks are considered, where application of fracture
mechanics is justified. Moreover, through cracks are studied only. For sheet
materials through cracks are important, e-specially in thin skin structures, such as

used in aircraft.

If a crack is growing perpendicularly to a cyclic tensile load, the crack is opened
perpendicular to the plane of the crack, i.e. perpendicular to the fatigue fracture
surface. This is called mode I crack opening.

According to the theory of fracture mechanics, crack surface displacements are
possible in three different ways, as shown in figure 2.1. Viewed macroscopically,
cracks in isotropic materials under essentially elastic conditions tend to grow in
Mode I under both static and fatigue loading, irrespective of their initial
orientation [2]. This can at best be regarded as a useful generalization based on
observation, and it is not a general rule. The mode I crack growth is sometimes

used, assuming elastic behavior, as a test of isotropy; or, assuming isotropy, as a
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test of essentially elastic behavior [4). An equivalent consideration is the
criterion of local symmetry.

X (1)

Z(3)

I = opening mode
I = sliding mode
I1I= tearing mode

Figure 2.1. Three modes of crack loading.

45° ; ;

Figure 2.2. Slant crack growth.
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This criterion implies that it is self-evident that a crack tends to grow such that
the crack tip stress field becomes symmetrical [5]. The main exceptions to mode
I growth are when a crack follows a plane of “material weakness”, or when a
crack grows on planes at 45 ° through the thickness. The latter slant crack growth
usually occurs in thin sheets and is sometimes called shear mode crack growth,
because the growth is on the planes of maximum shear stress in an uncracked
plate (figure 2.2). Crack propagation then occurs in a combination of mode I and

mode III. Slant crack growth is addressed in section 2.5 of this chapter.

2.2. Crack Growth Rate and the Paris Relation

As was already stated, the application of fracture mechanics principles to fatigue
permits separate consideration of a crack initiation stage, and crack propagation
and final failure stages. In many engineering applications, crack-like defects
exist when the component is put into service, eliminating the initiation part of
the fatigue life. Crack propagation behavior then becomes the most important
damage regime in developing fatigue life predictions. Normally, in a fatigue
(crack growth) test the crack length (a) and the associated number of cycles (N)
are recorded. The crack growth rate is defined as the crack increment per cycle
da/dN.

A typical fatigue crack propagation curve is shown in figure 2.3.

a{m) t
g
Yiv e
slope da/dN
N (cycles)

Figure 2.3. Typical fatigue test result.

Figure 2.3 shows a crack growth curve as it can be obtained for a center cracked
tension specimen under a cyclic load with a constant Sy, and Sy, (also called a
constant AS test, AS = S.« - Spin OF @ constant amplitude test). The slope of the
curve gives the crack growth rate da/dN. The cyclic stress implies a cyclic stress

intensity factor K for the crack tips with AK = K,y - K -
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It was found that da/dN could be correlated by the stress intensity factor K as
defined in fracture mechanics. That means that different geometries show about
the same da/dN when the same AK is applied. In other words, the same AK-cycle
will always produce the same crack growth rate da/dN (= f(AK)).

Paris [6] found a linear relation between da/dN and AK on a log-log scale for
intermediate crack growth rates, which implies:

da/dN = ¢ AK™ 2.1

The equation is frequently referred to as the Paris relation or Paris law. The Paris
law is a simplification, because other influences are not explicitly considered.
These influences were thought to be secondary to the AK effect and as a
consequence they were neglected. The stress ratio effect (effect of R, R = S5, /
Smax) Was supposed to be also a secondary effect, but later experiments have
shown that the R-effect is significant for many materials.

For low and high crack growth rates deviations from the power law occur. There
are two vertical asymptotes in a da/dN-AK diagram. The lower one, AK = AKy, ,
indicates that a minimum AK is required for fatigue crack growth. The upper one
is a consequence of static failure if K, is large enough to cause immediate
failure ( Kpax = Kiritica) = "fracture toughness”). In the middle regime of figure
2.4 the Paris relation represents the crack growth behavior rather well.
Fortunately, this regime is relatively large for many technical materials, which
implies that the power law can be used in algorithms for crack growth

predictions.
Paris regime
log | e »
=K
da/dN ~ Kmax=®¢
'\. ............................
da/dN=c AK™"
|
1
AKy log AK

Figure 2.4. Fatigue crack growth rate as a function of AK.

10
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2.3. Crack Driving Force and Similitude

As mentioned in the previous section, the crack growth rate da/dN can be
correlated by AK. AK can be considered as the crack driving force. This driving
force has to overcome the resistance of the material against cracking. If a crack
grows, it is as a consequence of a variation in K.

The correlation of AK and da/dN was a very important discovery. It means that
for every structure the crack growth rate can be predicted if the K factor for this
structure is known and if a da/dN - AK relation can be found for the material. If
it is not available, it can be obtained by measurements on a standard specimen
with a known K versus crack length relation.

The application of da/dN = f(AK) is known as the similitude approach, with AK
as a similitude parameter. The approach is defined as [7]: “similar conditions
applied to the same system will have similar consequences”.

More specifically, “a similar K-cycle applied to a crack in a standard specimen
and to a crack in a structure of the same material, will induce the same crack
length increment in both cases”.

This rule seems logical and physically sound enough, but careful examination is
needed to assure that similar conditions do indeed apply. In the case of fatigue
crack growth it is often found that besides AK the crack growth rate also depends
on the frequency, the loading cycle shape, the temperature, the mean stress , the
fracture mode and in general the load history during crack growth. If these
conditions are not satisfied, the similitude can be adopted only if these variables
do not affect the crack extension mechanism. The same system obviously
includes a similar fatigue crack geometry in the same material with the same
material structure and heat treatment. Moreover, it also includes the same
material thickness in view of having the same state of stress. One important
aspect of our problem, which is the subject of this thesis, is easily recognized. A
crack with shear lips or a fully slant crack does not have the same crack tip

geometry as a flat pure mode I crack.

2.4. Fatigue Crack Closure

One of the problems encountered with the similitude approach is the dependence
of da/dN on the stress ratio (see section 2.2).

For many materials (but not for all) different crack growth rates are obtained at
the same AK for different values of the stress ratio R (R =S / Sax = Kmin
/Knax )- A solution for this problem was found by Elber {8]. He discovered that
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Chapter 2. Growth of Fatigue Cracks

fatigue cracks are closed for a significant portion of a tensile load cycle, owing to
residual plastic deformation left in the wake of a growing crack. He introduced
an effective AK, which is the K variation during which the crack is fully open.
By using a relation, experimentally found, between AKff and the stress ratio R,
he was able to fit da/dN - AK curves at various R values into a narrow
scatterband. The similitude concept could be restored by using da/dN and AKeft
instead of da/dN and AK.

The closure phenomenon is considered to be involved in several other fatigue
crack growth phenomena, such as the R ratio effect on fatigue crack thresholds;
differences in crack growth rates in vacuum, air, humid gas, hydrogen and
corrosive environments; effects of microstructure that contribute to crack path
tortuosity; retardation due to overloads; effects of underloads and acceleration of
short cracks.

Since Elber’s discovery, hundreds of papers have been written on this subject.
Closure has made the application of the similitude approach more difficult. A
prediction of da/dN in a cracked structure not only demands that the K applied to
the structure is known, but also the previous history of K as a function of the
crack length should be known. The amount of crack closure depends on the K
history of the previous load cycles. Although models have been developed to
predict the variation of crack closure for an arbitrary K history, the problems
involved are difficult, and several assumptions are necessary.

For loading situations with a slowly changing K (low dK/da ), the situation is
less difficult, since standard relations as presented by Elber [8] or Schijve [9] can
be adopted to calculate AKqfr (see chapter 4, equations 4.6 and 4.10
respectively).

However there are still conflicting ideas about the existence of plasticity induced
closure in a plane strain situation [10,11,12]. The cause probably is that accurate
measurement of crack closure is very difficult and that the result strongly
depends on the techniques used [13,10]. Usually less crack closure is measured
in a thicker material (more plane strain) than in a thin sheet.

Elber performed his closure measurements in a loading situation where shear
lips are normally present. He performed direct measurements of the value of K-
opening or K-closure (K, and K ). He showed that the empirical relation,
between AKe¢r and R was able to shift all da/dN - AK curves, at different R
values, into one scatterband. For AKegr he used Ko -K¢j or AKeff = U(R) AK,
with UR) =0.5 +0.4 R.

12
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It is generally believed that a plane stress situation is a necessary condition for
the development of shear lips. Thus if there are shear lips the stress situation is
by definition plane stress. If there are no shear lips we do not know the stress
situation. Thus the existence of shear lips is an indication for a plane stress
situation and Elber’s crack closure formula is strictly only valid for a plane stress
situation with shear lips. The results of Elber are certainly not a proof for the

existence of crack closure under plane strain conditions.

Schijve [9] found his AKefr relation by correlating da/dN values , obtained in
tests with different R - values, with different quadratic (in R) formulas for AKegf
until one scatterband was reached. He performed no direct closure
measurements. However, Schijve used test results with and without shear lips for
the correlation. It is reasonable to assume that plane strain implies a situation
without shear lips, but a situation without shear lips is not necessarily a plane
strain situation (although it will often be the case). However let us assume for the
moment (for simplicity) that a plane strain situation is a situation without shear
lips and that the reverse is also true; this means: a situation without shear lips is
plane strain. Thus (flat) tensile mode and plane strain are equivalent concepts.
Then the results found by Schijve can be a proof for the correctness of the
closure relation and for the existence of closure also in plane strain.

The existence of closure under plane strain conditions may then be clear from the
following reasoning. Suppose that the tensile mode situation (thus without shear
lips ) does not lead to crack closure. All curves for different R values will then
show an excellent correlation with AK in the tensile mode area, because there is
no R effect, and thus not with AKeff , when for AK.fr the standard relation of
Schijve is used.

Suppose also that the shear lips have an enhancing effect on crack closure and
that Schijve’s relation correlates da/dN values in this area with AKegr . The
overall result will be a da/dN - AKf figure with a lot of divergence in the
lower, tensile mode regime and a high correlation in the higher, shear mode
regime. This was not found by Schijve, which leads to the conclusion that also in
the lower da/dN range crack closure is present. However, the present author
found some divergence in the tensile mode regime and convergence for the shear
mode regime. This is shown in figures 2.5 and 2.6 for 8 constant amplitude tests
at 10 Hz with R ratios ranging from 0.1 to 0.7. In this R-range the crack closure
relations of Elber and Schijve show about the same result.

A new crack closure model was developed by the author [14]. The crack closure
stress was calculated for each crack length for the eight tests shown in figures 2.5
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and 2.6. Then the da/dN results, experimentally found, were plotted against the
AKeft calculated from the closure stresses. The results are shown in figure 2.7.
The results in the figures 2.5, 2.6 and 2.7 show that the closure behaviour is
(somewhat) different in the plane strain and plane stress areas.

Although Elber found his empirical relation between AKegr and the nominal AK
for crack growth occurring in the shear mode , his crack closure formula is able
to reasonable correlate da/dN - AK data for different R values in the tensile mode
area. Schijve [3] proved that when there is a satisfactory correlation between
da/dN and AKe¢s (= U(R) AK, with UR)=a +bR + cRZ), exactly the same
correlation will be found for: AKegs *zq UR) AK = U(R)* AK. This result
implies that the ratios of the coefficients of the U(R) and U(R)* are the same, i.c.
a/blc= qa/qb/qc.

Thus if a good correlation is found for crack growth in the tensile mode as well
as in the shear mode, the conclusion is not that crack closure is the same in the
tensile mode and the shear mode parts. When the same correlation is found for
tensile and shear mode parts, the ratio’s of the coefficients of the quadratic crack
closure function will be the same in both areas, but it is very likely that the total
amount of closure in both area’s will be different. This means that the absolute
values of the coefficients are different. (more about this topic in chapter 4,
section 4.2.5.).

A weakness of the approaches used by Elber and Schijve is the assumption that
crack closure is responsible for all load ratio effects, and that the crack closure
ratio U = AKesr/ AK is a function of R alone.

Moreover, Schijve’s (and also Elber’s ) formula can also correlate da/dN in other
environments and at other frequencies [15].

It is assumed that there is no dependence of K of the environment, when tests

on Al - 2024 in vacuum, air and artificial seewater are compared [16,17].

The good correlation in other environments means also that the ratios of the
coefficients of the closure function U are environmentally independent. The fact
that K; was found to be independent of the environment is a strange result,
because it contradicts the findings that the shear lip width depends on the
environment, see next section, where greater shear lip width (or slant growth) is
associated with more closure [18,19,20,21], and thus a higher K . An
explanation of this inconsistency will be given in chapter 7.

The conclusion is that closure relations like that of Elber and Schijve can
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correlate da/dN - AK results from constant amplitude tests at different R ratios.
The correlation is valid both in the plane strain area and in the plane stress area,

and also in different environments and at different frequencies.

The above considerations are related to plasticity induced crack closure as found
in many metals and metal alloys. The conclusion is not necessarily true for other
(non-metals) materials. Exceptions are found for completely elastic, non ductile,
ceramic materials and for very ductile polymers.

The work of Suresh [22] in ceramics has shown that closure-like behavior can
occur without the effects of wake plasticity, which is assumed to be responsible
for crack closure in ductile materials. Another non-closure mechanism will be
responsible in this case.

A reversed R effect , meaning that a higher R leads to a lower da/dN, has been
found in some polymers. A clear effect of the stress ratio R on the fatigue crack
growth rate was measured, while the crack was macroscopically open during the
whole test [23].

In the literature other mechanisms leading to crack closure with AKefr < AK have
also been reported, such as surface roughness induced crack closure, fiber
bridging, oxide induced crack closure, etc. The material used in the present
investigation is a reasonably ductile Al-alloy (2024-T351). For this material
plasticity induced crack closure under plane stress conditions cannot be ignored.
Very recently, in reference [13] a mathematical analysis using dislocation
theories has been performed to show that plasticity induced crack closure does
not exist, except if shear lips are present.

However, the mathematical analysis only applies to constant amplitude tests or
tests with a low dK/da. The existence and role of closure after overloads cannot
be denied. So the possible absence of closure in plane strain and in plane stress
without shear lips will not have a dramatic influence on crack growth predictions
based on closure.

‘When variable amplitude test results are compared with results from constant
amplitude tests caution is needed, because the fracture mode is often not the
same. The similitude concept can now break down.

2.5. Slant Crack Growth and Shear Lips

introduction:
In thin sheets a transition from mode I crack growth to slant crack growth is
often observed. It is an exception to the generalization that crack growth tends to

take place in mode 1. The major features of the transition are shown in figure 2.8.
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After the transition crack growth occurs in a mixture of modes I and III, but in
calculations it is usual to treat it as if it still happens in mode I. The transition to
slant crack growth originates in the development of shear lips which increase in
width until they reach a material dependent maximum size [24]. In sufficiently
thin specimens the shear lips meet at midthickness, which completes the

transition to full slant crack growth.

Figure 2.8. Development of (single) shear lips.

In (static) fracture testing the transition from the tensile mode to the shear mode
is reasonably predictable, as it is related to the relative dimensions of the
monotonic crack tip plastic zone and the plate thickness [25]. Under cyclic
loading the process appears to be more complicated [26]. The transition usually
starts when a critical value of da/dN or AKc¢ for a given material and thickness
is exceeded [27,28,29,30,31). Investigations on Al 2024 T3 and Al 7075 T6 have
shown that the change in fracture mode starts at a critical rate of growth of the
order of 0.01 um/cycle. The completion of the transition occurs at higher values
(about 1 pm/cycle) [32,33,34], depending on the material thickness [30,35]. The
transition can be reversed by reducing the cyclic load level [36].

At this moment the only generalizations that can be made with reasonable
confidence are that the attainment of a critical value of AKgfr (or da/dN ) is a
necessary condition for the appearance of shear lips, and a state of plane stress
(at the maximum load in the fatigue cycle) is a necessary condition for
completion of the transition, but neither condition is by itself sufficient [37].
The mechanisms responsible for the transition to slant growth in thin sheets are
not clear, although the actual crack growth mechanisms ( by striations) are the
same as in mode I fatigue crack growth [37,38,39].
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An argument against the association of shear lips with a plane stress situation is
the observation that higher R values promote tensile mode crack growth [40]. In
chapter 4, section 4.5, of this work it will be shown that the start of shear lips is
not dependent on K, , whereas normally the plane stress situation is assumed
to depend on K« -

Shear lips often show up on fracture surfaces of thin sheets and are sometimes
thought to result from general out-of-plane sliding which allows an antiplane
strain (Kpyy) mode of fracture to operate. This seems to occur easily in thin sheet
(tensile) specimens, because of elastic crack edge buckling (out-of-plane
displacements), which develop into concentrated shear on 45 ° planes [38].
However, the fact that shear lips are also present in thick specimens rules out
buckling as a major cause. In reference [37] it is stated that a possible
explanation of the transition is that the development of shear lips is an instability
effect.

effect of shear lips on da/dN:

Forman et al.[27] observed an effect of the fracture mode on da/dN. They
suggested that two independent equations of the same basic form (power law)
were needed to describe the da/dN - AK behavior, one covering flat fracture, and
a second one for shear mode cracking.

The present author and his co-workers [41] introduced the constant AK test to
study shear lip behavior and crack growth rate during growth of shear lips. This
type of test is the only test to get reliable quantitative information on both shear
lip width and associated da/dN behavior (see chapters 4 and 5). A decrease of
about a factor 3 in da/dN was found for crack growth in Al 2024 going from a
tensile situation to a situation of complete shear. This was later confirmed by
Ling and Schijve [42], who found a decrease with a factor 3 to 4. They also
performed constant AK tests. In their investigation the da/dN decrease was found

from fractographic measurements of striation width.

thickness dependence:

The transition can lead to a thickness dependence in fatigue crack growth
behavior [43]. Indications were obtained that the effect of sheet thickness on
da/dN mainly occurs in the transitional area {44,45]. No thickness effect on
da/dN is found for cracks in the tensile mode [46], see chapter 5 for more on this

topic.

effects of frequency and environment:
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Shear lips are often associated with plane stress conditions which exist at free
surfaces even of thick specimens. This cannot be the only explanation because
environmental effects are also reported. The transition from a tensile mode to a
shear mode fracture in Al 2024 and Al 7075 depends on the environment. A
more aggressive environment shifts the transition to higher values of AK [47,48].
Similar indications are reported for steels in air and seawater. In seawater no
transition was observed for the AK range which produced fracture mode
transition in air {49].

At least part of the environmental or frequency influence on da/dN in Al alloys
can be associated with the presence of shear lips. Before the transition is
completed, different values of the crack growth rate in dry and wet air are found,
while above this point there is no effect left [50]. The same effect has been found
for crack growth in Titanium in air and salt water [51].

practical relevance:

The width of shear lips and their growth would only be of scientific interest if
there were no effects on the crack growth rate. Some authors found higher crack
growth rates due to shear lips [19,37,52,53], while others found just the reverse
with a decrease in da/dN by a factor of 2 to 3 [30,39,54,55,56].

In most tests constant amplitude loading was used. For this type of test it is
difficult to estimate the effect of shear lips on da/dN. The authors who found
higher growth rates, did so on the basis of different slopes of the log(da/dN)-
log(AK) lines below and above the (end) transition point. After the transition had
ended the slope was found to be higher than before.

The same result was found by the present author. In chapter § it will be shown
that the slope in the transitional area is lower than beyond the transition point.
However, this fact does not mean that shear lips have an accelerating effect on
da/dN, but rather that they have a retarding effect on da/dN in the transitional
area.

The significance of the transition from an engineering point of view is twofold
[57]. First, as was already mentioned, it may cause a change of the slope in the
log (da/dN) - log (AK) relationship [27,43,54,56]. Secondly, if shear lips are
present, the R ratio sensitivity under constant amplitude conditions increases.
Under variable amplitude loading the effect of the load sequence will be much
more important when shear lips are present, because the effect of crack closure is
much larger when shear mode growth occurs [18,58,59].

Although shear mode crack growth is observed in laboratory specimens, this

behavior is rarely observed in cracks in general engineering structures. An

19



Chapter 2. Growth of Fatigue Cracks

exception is found for aerospace structures, although also here the shear lip
width development is much more limited. This means that the load sequence
under random loading is less important than might be supposed from the results
of laboratory tests involving isolated overloads. Historically the majority of
crack growth rate data have been generated under constant amplitude conditions.
Because of the simplicity of the tests it is expected that this will not change in
the future. Therefore the need remains for a method capable of predicting crack

growth in different geometries using data generated in a constant amplitude test.

2.6. Crack Growth Resistance

The crack growth resistance is defined as the resistance of the material to the
growth of cracks. In the case of fatigue the da/dN - AK curve can be considered
as a measure of crack growth resistance. The material response to the crack
driving force AK is da/dN.

An equivalent definition can be found in reference [2]. Here the crack growth
resistance is defined as (da/dN)™, that is the number of cycles dN needed to get
a crack extension da. A low value of (da/dN)", represents a low resistance, a
high value a high resistance.

In this work the resistance is defined in a more physical way.

Following Griffith and Irwin [60] the crack growth resistance is supposed to be
mainly the energy that is needed for the introduction of new crack surfaces
(surface energy term) and for plastic deformation accompanying the crack
growth. For ductile materials the surface energy can often be neglected in
comparison to the energy involved in the plastic deformation accompanying
fatigue crack growth.

For an accurate description of the effect of shear lips on da/dN behavior, the
effects of shear lips on both the crack driving force and on the crack growth
resistance have to be considered. It is very difficult to separate these effects,
because normally only the sum of both effects (for example the resulting da/dN)
is measured. However, the crack driving force can be calculated.

Recently three dimensional finite element calculations [61,62] were performed
on the stress intensity distribution in center cracked plates. A decrease of about
40% in K| was found when a complete single shear situation is compared with a
tensile situation. Even so, a translation of this result to fatigue crack growth is
difficult, because we not only have to consider crack growth resistance, but often
also crack closure as an extra complicating factor.

The conclusion is that the crack growth resistance cannot be calculated or
measured independently. There is always a need for a driving force to get a
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resistance, thus the measured effects result from both.
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3.1. Introduction

In this chapter some general remarks about the experimental procedures will be
made. More specific information can be found in the appropriate chapters.
Unless specified otherwise, all fatigue crack growth experiments were performed
on center cracked tension specimens 100 mm wide and 300 mm long with
thicknesses of 2, 5, 6 and 10.3 mm (see table 3.1). The crack growth direction
was always perpendicular to the rolling direction. The formula which is used for

Kis:
P Ta
K=—+/ma,/sec— 3.1
wt w

P is the (sinusoidal in this work) load, w is the width and t the thickness of the
plate. The accuracy of this equation is: 0.3% for 2a/w < 0.7 and 1% for 2a/w =
0.8. The fatigue tests were conducted in lab air (or vacuum) of about 20° Celsius
on computer controlled closed-loop servo-hydraulic fatigue machines made by
MTS and Schenck. All test conditions matched the experimental standards set in
[1]. Most of the tests were performed under load control. Unless specified
otherwise, mainly two types of tests were performed, constant load amplitude
tests and constant stress intensity amplitude tests, with constant AS and constant
AK respectively. The latter type of test is performed by measuring the crack
length and adjusting the load if necessary to keep AK constant. Cracks were
started from an initial sawcut or a spark eroded machined notch (with a length of
3 mm on both sides in most of the tests). First a prefatigue loading was applied
to get a fatigue crack growth increment of several mm. The prefatigue loading
was such that no shear lips were present at the start of the tests. A schematic
figure of the specimen is shown in chapter 2, in figure 2.3

3.2. Crack Length Measurements and da/dN Calculation

The crack length was measured using a direct current potential drop method or a
pulsed direct current potential drop method. Crack growth increases the
electrical resistance, thus the potential drop over the crack is a measure for the
crack length. Several fatigue tests were performed to calibrate the crack length
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measured with the potential drop against the crack length measured with a
travelling microscope directly at the specimen surfaces. A third order polynomial
was fitted through the measurement points and fed into the controlling computer
of the fatigue machine. More details about the potential drop techniques can be
found in reference [2]. With the pulsed direct current potential drop method
measurements were done in current-on and current-off situations to compensate
for thermoelectric effects. The crack length measurements were very often
checked by eye and corrected if necessary. The absolute accuracy for the Al 2024
specimens is claimed to be better than 0.4 mm [2]. In a normal fatigue crack
growth test the crack length a and the number of cycles N are recorded, see
figure 3.1 as an example. In this figure the results are shown of a constant
amplitude test with Sp,,, = 120 MPa, R= 0.1 and a frequency of 0.1 Hz. The
specimen had a length of 300 mm, was 160 mm wide and had a thickness of 2
mm. The data were recorded at intervals of An = 2 cycles. In the case of potential
drop measurements it is possible to get a large number of a(N) results. The slope
da/dN is the crack growth rate (in mm per cycle).

50

[l w B
(= o (=

crack length in mm

—
(=]

0 1000 2000 3000 4000 5000 6000

number of cycles
Figure 3.1. Crack length versus number of cycles.

The secant method for obtaining da/dN, as described in reference [1], can give
much scatter if there are many measurement points with the same measured
crack length, owing to the discrete measurement levels of the potential drop
apparatus. Due to scatter in the potential drop measurements it is even possible
to obtain negative crack growth rate values. In figure 3.2 the crack growth rates
da/dN found using the data presented in figure 3.1 are plotted as a function of the
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crack length. Due to the large spread a data reduction is needed. A computer
program (in Basic) was written to perform this task. Two data reduction and
smoothing methods were developed.

100

W
[e)

0 10 20 30 40 50

crack length in mm

Figure 3.2. da/dN versus crack length using the ASTM secant method.

In the first one a constant reduction number n is defined to find a da/dN value
defined over 2n+1 measurement points (i.e. a(N) results):

da/dN(i)=(aj+n-2j-n)(Ni4n-Nj-n) 3.2

The corresponding crack length value a(i) = (ajyn+aj_n)/2.

The advantage of this simple method is that n can be chosen significantly high to
obtain a meaningful crack increment. da/dN then has a realistic value without
much scatter. A drawback of this method is related to the choice of the reduction
number n. In the beginning of crack growth a large number of measurement
points are recorded at about the same crack length. A high reduction number n
would be needed for smoothing the da/dN. However, in the area of higher da/dN
the same reduction number covers a far greater crack length increment than in
the beginning of crack growth. A lower reduction number would then be
sufficient for a smooth result. In figure 3.3 the reduction number n =3 is
apparently too low at the beginning of crack growth, At the end a better
smoothing is reached. The choice of the reduction number is quite arbitrary. The
best n is that number that gives insignificant scatter without destroying
characteristic crack growth properties.
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Figure 3.3. Crack growth rate versus crack length.

40

.

i %}gm i {
mber n = 100

da/dN in pm/cycle
) W
S S

o
<

crack length in mm

Figure 3.4. Crack growth rate versus crack length.

Thus the choice of the value of n is based on a compromise between the
beginning and the end of the a(N) curve. In the beginning a large n is needed to
avoid much scatter; at the end a large n is to be avoided. Figures 3.3 and 3.4
show da/dN - a curves for n = 3 and n = 100 respectively, using the data of figure
3.1. Although the reduction number is high in figure 3.4, a decrease in da/dN just
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after the start of the constant amplitude test can be observed. Owing to much
scatter this effect cannot be observed in figure 3.3. Note that a high reduction
number clips a part of the da/dN figure at the highest and lowest crack lengths.

40

W
o

da/dN in pm/cycle
)
S

10

crack length in mm

Figure 3.5. Crack growth rate versus crack length.

In the second method we define a significant crack growth increment. Significant
means that we have the possibility to define an arbitrary crack length increment
for obtaining a smooth resuit, or an increment with a physical meaning with
respect to the material structure. For example in a material with very coarse
(second phase) particles it is possible to choose the increment larger than these
particles. The da/dN is taken over this crack growth increment. da/dN is defined
analogously to equation 3.2:

da/dN(i) =(aj+k-a;-k)/(Nj+k-Nj-k) 33

with the restriction that k is chosen such that aj4i - a;_ has the smallest value
just greater or equal to the crack growth increment chosen. The corresponding
crack length value a(i) = (ajk-a; k)/2. The datafile number i varies from i = k+1
to the last number minus k.

The advantage of this method is that a crack growth increment with a more or
less physical significance with respect to the material structure, or with respect to
the accuracy or smoothness demanded, can be taken . The beginning and end of
the da/dN(a) results are handled with the same accuracy. In figure 3.5 the da/dN
results for crack growth increments of 0.2 and | mm are shown. The results are
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almost the same, as they should be. These results are also based on the data
shown in figure 3.1.

double shear

Figure 3.6. Single and double shear lips.

In this work the simpler first method is used because both methods give about
the same result for the large number of measurement points made by the
potential drop apparatus. Both methods can be applied equally well to results
from constant amplitude and constant AK tests. However, in the case of crack
growth under spectrum loading care should be taken to avoid annihilation of
local da/dN variations associated with the load history of the spectrum loading.

3.3. Shear Lip Width Measurements

The shear lip width of broken specimens was measured as a function of crack
length. Specimens were sacrificed by grinding successive cross sections
perpendicular to the crack growth direction, after Aa steps of 0.5 to 2 mm. A
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transparent sketch was made or a photograph (negative) was taken of the cross
sections under a microscope. The crack length of each section was determined
by measuring the length of the remaining part of the specimen by a micrometer.
The transverse length of the tensile part t; (see figure 3.7) of the fracture surface
was measured. The shear lip width t; is defined as:

tg = (t-t)/2 34

t is the plate thickness. In figure 3.6 shear lip development in a constant load
amplitude test is schematically shown. The start of the test was in the tensile
mode.

In figure 3.7 an example is given of the shear lip width development for
increasing crack length. The data shown in this figure are from a test with a
constant AK = 28 MPavm and R = 0.067. So with constant AK the shear lips

increase with increasing crack length.

migle

2=4.0l mm g=7.48mm
o=10.51mm ¢=13.00mm g = 4. 39 mm

Figure 3.7. Transverse sections at increasing crack lengths.

Measured contours of another crack surface are shown in figure 3.8. The results
apply to a two step test with a constant K., =20.6 Mpavm during the whole
test and where R = K, i, / K;jjax has a constant value of 0.05 up to a crack length
of about a = 30 mm. Above this crack length R is increased to a constant value
of 0.52. The shear lips obtained in the first part of the test became significantly
smaller in the second part for a lower AK.
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(mm)

40

30

20

10

Figure 3.8. Shear lip development in a two step constant AK test. AK
changes at about a =30 mm.

The equilibrium width of the shear lips of some specimens was measured
directly on the fracture surface (see chapter 4, section 4.2.3).

3.4. References

1. Standard Test Method for Measurement of Fatigue Crack Growth Rates, E
647-93, Annual book of ASTM Standards, Volume 03.01, 1993.
2. F.A. Veer, Doctor Thesis T.U. Delft, October 1993.
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Table 3.1. Chemical composition and mechanical properties of the 2024 AL

materials used.

Composition :
Elements 6 mm plate | 10.3 mm 2 mm 5 mm
Cu 443 % 4.34% 4.74 % 470 %
Mg 1.40 1.36 1.58 1.62
Mn 0.70 0.63 0.63 0.64
Zn 0.06 0.07 0.07 0.05
Ni 0.03 0.03
Cr 0.01 0.01 <0.01 <0.01
Ti 0.02 0.02
Fe 0.20 0.25 0.17 0.19
Si 0.06 0.08 0.04 0.06

Mechanical Properties:

6 mm plate 10.3 mm plate
0.2 395 MPa 366 MPa
Omax 500 MPa 457 MPa
€max 17 % 19 %
E 71900 MPa 70800 MPa

33



4.

Chapter 4. Shear Lips on (Fatigue) Fracture Surfaces

Shear Lips on (Fatigue) Fracture Surfaces

4.1, INtrodUCHION ..ottt 35
4.2. Shear Lip Development under Constant AK loading ...........ccccocuee. 36
4.2.1. Shear Lip Width Results ........ccoeevcvriniiiiiiinniiiceneiiene 36
4.2.2. A Mathematical Description ..........c.ccoovvveerininnceineneneecrcnenne 37
4.2.3. Dependence of ¢ and ts,eq ON some Fracture Mechanics
Parameters........ccoiviereiivinriniiii e 43
4.2.4. Thickness Dependence.........c.coomeniiiinnininieninincnesininennne 47
4.2.5. Shear Lip Behaviour and Crack Closure............coevveiiciininnnnee, 47
4.3, Prediction of Shear Lip Width at Constant ASand R ..............c....... 53
4.4. Non-equilibrium Crack Growth Rate at Increasing Shear Lip Width .59
4.5. Frequency Effects and Slant Fatigue Crack Growth .........coccocnennnnn. 69
4.5.1. Effect on Shear Lip Width ...cccooovveeeiiiineiiiniccccnn 69
4.5.2. Effect on da/dN .......cccoviieieiiiiiciiinsiiniceiciecisrsnssnieans 70
4.6. Shear Lips on Fracture Surfaces Created During (Static)
TenSile TESS..c.covucreirriiieiiitiee e s 74
4.7. Effects of (initial) Fracture Mode on Fracture Toughness and/or
Stress INENSILY ..o.voveveecmiricriiiiiieies e 78
4.8. Some Physical Explanations of Shear Lip Behaviour ..o, 84
4.9. Chapter 4 in SUMMALY .......cccorieriiiiniriie e 92
410, REfEIENCES ...covevieiireeertiiesienreieie ettt s eteane 94
34



Chapter 4. Shear Lips on (Fatigue) Fracture Surfaces

4.1. Introduction

Shear lips obtained under constant AS loading were shown in figure 3.6. One
crack front has transformed to single shear, and the other one to double shear.
The shear lip width is defined as:

(t-t)
2

tg= 4.1
where t is the plate thickness and t; is the width of the tensile part of the surface
(see figure 3.7). Schijve [1] made shear lip width measurements on 2024-T3
specimens (t = 4.16 mm) tested in air at different R values. He proposed the
following relation:

< =0.00285 AKzyy 42
with AKgg in MPaVm. However, we know that because the tests were carried out
under constant amplitude loading, stable shear lip width values were not
obtained. Equation 4.2 thus cannot have a general validity. Based on the results
of Schijve the author and his co-workers introduced the constant AK test for
shear lip width nieasurements [2]. In the present investigation more constant AK
tests were carried out on bare 2024-T351 plate material in order to arrive at the
steady state behaviour of shear lips. It requires some crack growth before this
steady state is reached. Both the steady state and the non-steady state are
described in this chapter. The results obtained in the constant AK tests can be
used to explain the behaviour under constant amplitude loading.

Two thicknesses were used, t = 6.0 mm and t = 10.3 mm, to explore a possible

thickness effect.

It is also found that the crack growth rate da/dN decreases with increasing shear
lip width. A preliminary explanation of this phenomenon will be given in this
chapter. A more rigorous explanation follows in chapter 5.

Another important variable in the shear lip development is the frequency. The
majority of the tests are executed at 10 Hz. Using a number of tests performed at
other frequencies, it will be shown that a reasonable mathematical description of
the equilibrium shear lip width as a function of frequency and of the (effective)
AK is possible.

At the end of this chapter some attention is paid to results of static tensile tests.
Some differences between these fracture surfaces and fatigue fracture surfaces

will be discussed.
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4.2. Shear Lip Width Development under Constant AK Loading

4.2.1. Shear Lip Width Results

In figure 4.1 photographs of fatigue fracture surfaces with a typical shear lip
width development are shown.

Details of the photographs will not yet be explained here, but it will be clear
from figure 4.1 that at 10 Hz the fracture surface is rougher than at 0.1 Hz. At 10
Hz the shear lips reinitiate several times which implies that a new shear lip with
the opposite angle of about 45° with the plate surface is growing in the existing
one. The new shear lip replaces the old one when the crack grows.

Figure 4.1. Shear Lip width at test frequencies of 10 Hz and 0.1 Hz.

This process is repeated several times. The reinitiation effect is not found at 0.1
Hz. Here an existing shear lip will keep the same angle of about 45° with the
plate surface. The result is a more smooth, regular shear lip. The frequency
effects will be discussed in section 4.5. The effects of smooth and rough shear
lips are addressed in chapter 7.

The shear lip width t; as a function of the crack length a was measured in 33
tests performed at constant AK and R and a frequency of 10 Hz. The tests and
the results are summarized in table 4.1. A graphical representation of the test
conditions at 10 Hz is shown in figure 4.2. Results of some tests are shown in
figures 4.3 through 4.9. The fracture mechanics parameters that were applied in
these tests can be found in the figure captions and in table 4.1. The solid line
through the data points is discussed in section 4.3.3.
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Figure 4.2. Summary of tests performed at 10 Hz.

4.2.2. A Mathematical Description

From the results in figures 4.3 to 4.9 two empirical trends are observed.
1. There is a clear trend for the shear lip width to grow asymptotically
to an equilibrium value.
2. The rate of increase of the shear lip width becomes smaller during
this growth process.
In order to arrive at a mathematical description of the shear lip width
development, a physical assumption valid for all shear lips is adopted. This
assumption consists of two parts based on the empirical trends.
First it is assumed that for a constant AK and R test the shear lip width t will
tend to reach an equilibrium value denoted as t; oq. It can take a considerable
amount of crack growth before this equilibrium situation is reached. Further the
material must be thick enough to physically reach t; .. However it will be
shown that t ¢4 can also be found when the material is not thick enough.
Secondly it is assumed that the rate of widening of the shear lips is governed by
the difference of t; ¢q and t;. The widening rate decreases when the shear lip
width tg grows. Therefore the widening rate is assumed to be proportional to the
difference tg ¢ - ts. The widening rate thus has a maximum at the start of the
shear lip formation, when ts is zero, and it becomes nearly zero when ¢

approaches tg g4
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Figure 4.3. Shear Lip results; 6.0 mm plate thickness; ¢=0.200 mm-1;
ts,eq=1.83 mm; Ky =16.7 MPaVm and R=0.10.
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Figure 4.4. Shear Lip results; 6.0 mm plate thickness; c=0.164 mm-1;
t; eq=2.42 mm; Ky, =18.9 MPaVm and R=0.10.
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Figure 4.5. Shear Lip results; 6.0 mm plate thickness; c=0.137 mm-1;
t5,6q=2.96 mm; K, =23 MPaym and R=0.30
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Figure 4.6. Shear Lip growth and shear lip shrinkage; 6.0 mm plate
thickness; K .« =20.6 MPavm ; R=0.05 until 30 mm, then 0.52.
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Figure 4.7. Shear Lip results; 6.0 mm plate thickness; c=0.156 mm-1;
ts,eq=3-55 mm; t; oq> /2; Ky =22.2 MPaVm and R=0.10.
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Figure 4.8. Shear Lip results; 6.0 mm plate thickness; AK.¢4=16.0 MPavVm;
¢=0.080 mm1; t; (=7.00 mm; K,y =40.0 MPaVm and R=0.39.
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Figure 4.9. Shear Lip results; 6.0 mm plate thickness; ¢=0.813 mm-l;
t;,0q=0-30 mm; K, =14.0 MPavm and R=0.30.

In mathematical format the assumption implies:

dt

da=C (tseq -ts)

43

The constant ¢ has to be found, just like t eq, for each test. It is a measure of
how fast the equilibrium position tseq is reached. Integration of equation 4.3

leads to:
ty =t oq (1-e7C(@-20)) 44

a, is the crack length where the shear lip starts growing.

Equation 4.4 is valid for an initial width of t; ,=0. Before this there is a shear lip
free flat fracture surface which is called a tensile mode fracture surface. If a
shear lip width t; ,, is already present at the start of the crack growth period to be

considered, the integration of equation 4.3 yields:

ts - ts .0 = (tseq ~ts;0 )(1-e-c(a-a0)) 45

Normally t; o is smaller than tg oq. However, it will be shown that a test where

t5,0 > tg ¢q can also be described by equation 4.5.
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Most of the tests started at tg o = 0. Values of 15 eq and ¢ in equation 4.4 were
determined by a least square method. This was done by varying tseqandc
independently until the least squares sum Z (t,ca] - tsmeas)? has a minimum.
ts,cal and ts meas denote calculated and measured t; values respectively. Results of
the fitting procedure are shown as the solid lines through the data points in the
figures 4.3 - 4.9. The regression analysis can lead to problems if the shear lips
grow to a width of /2 (full slant mode). A larger shear lip width is physically
impossible. In such cases tg - a data, where tg = t/2, were omitted, because
otherwise a good fit was not obtained. It had to be assumed that t eq could
theoretically be higher than half the plate thickness t/2.

An example of such a case is given in figure 4.7 for a plate thickness of 6 mm.
For crack length values a > 18 mm, it was found that t; = 3 mm, which is half
the plate thickness. The whole crack surface then is in the shear mode. The
regression analysis leads in the case of figure 4.7 to ts eq = 3.55 mm, which is
more than half the plate thickness.

It thus seems that at high AKegr (10.8 MPaVm in figure 4.7) there is a tendency
for shear lips to grow wider than half the plate thickness. The larger shear lip
width can actually be obtained only in a thicker specimen.

For a reliable fit it is necessary to have sufficient measurement points. This
limits the magnitude of AKefr with respect to the plate thickness. Too high a
AKesf means that not enough measurement points are available before tg reaches
half the plate thickness. The fitting procedure now gives an unreliable result
because the extrapolation to find ts.eq 18 too large (see figure 4.8). These cases
have been marked with a (*) in table 4.1. The value of t; o in these cases was
estimated with equation 4.7 (presented in the next section) and the curve was
fitted through the measurement points with ¢ as the only parameter.

The best fit combinations of t; o4 and c are presented in table 4.1. The AKeff used
is the AK value corrected for crack closure using Elber’s [3] crack closure

formula:
AKefr = U AK with U = (0.5 + 0.4R) 4.6

Equation 4.6 is valid for - 0.1<R<0.7. Until now all constant AKef tests
discussed were performed in a situation of growing shear lips with tg o = 0. In
principle equation 4.5 should also be able to predict shear lip shrinkage, starting
from a higher shear lip width level t; ; and shrinking to a lower level tg g
belonging to a second AKeff applied. To test this conjecture a two step constant
AKefr test was performed. The same Kpax Was used in both steps to avoid
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overload effects. For the first step AKegr = 10.2 MPaVm was used, leading to a
situation of complete shear at 30 mm. At this crack length the test was continued
with the same Kpax (= 20.64 MPa‘/m), but a lower AKefr = 7.0 MPavm. The
results of this test are shown in figure 4.6, while the fracture surface was already

presented in figure 3.8.

4.2.3. Dependence of ¢ and ts ¢q on Some Fracture Mechanics
Parameters

In order to explore whether the values of ¢ and ts ¢q as shown in table 4.1, might
be related to fracture mechanics parameters, these values were plotted against
Kmax, AK and AKefs. The graphs for tg eq against Kmax, AK and AKefs are
presented in figures 4.10 to 4.12 respectively. For the last 10 tests in table 4.1 ac
value is not given. The ts g values of these tests were not found by the
regression procedure. They have been estimated directly from the fracture
surface.

Sometimes very narrow shear lips are present on specimens that are largely in
the tensile mode. It was decided to neglect shear lip width smaller then about 0.1
mm and to consider it to be zero.

Obviously there is a poor correlation with K,« and AK, whereas the correlation

with AKesr is surprisingly good. Linear regression leads to equation 4.7:
ts,eq = 0.67 AKefr - 3.72 4.7

where {5 ¢q i3 given in mm and AKeff in MPaVm. Equation 4.7 is based only on
the results from Table 4.1 that are found by the fitting procedure. However all

results of the table are shown in the figures.

The regression line is shown in figure 4.12. In this figure a thickness effect is not
observed. The results suggest a unique relation between shear lip width and
crack growth rate. The shear lip starts at about 5.6 MPaVm, which corresponds
to a crack growth rate da/dN of about 0.16 um/cycle, using a da/dN - AKff
relation for this material given as equation 5.5 in chapter 5. About the same
result was reported in reference [18] where 0.14 pm/cycle was found for da/dN
at the start of shear lips. In this reference a da/dN value of 0.5 pm/cycle was
found for completion of the transition in a plate with 3 mm thickness. It should
be recognized that it is often difficult to accurately indicate the completion of the
transition. However, if this result is compared with the result predicted here for
tseq = 1.5 mm, a value of AKer =7.79 MPavm is found with relation 4.7. Using
again equation 5.5 results in da/dN = 0.51 pumv/cycle, which is the same result as
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obtained in reference [18].

teq 1IN MIM
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Kpax 10 MPaVm

Figure 4.10. t; oo versus K,y
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AK in MPaVm

Figure 4.11. t . versus AK.
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Figure 4.12. t; o versus AKg.

found for the tensile mode situation. In chapter 5 a correction on AKefs due to
shear lips is discussed. The AKff correction for shear lips, with equations 5.8 |
5.9 and 5.10, should be used instead.

Here it is concluded that the same da/dN (in a stationary situation) will always
be accompanied by the same t; oy and vice versa. However, note that for other
materials the shear lips must be measured again, even for the same alloy of
another manufacturer. An example of this is a difference in shear lip width
between Al 2024 T351 from Alcoa (thickness 6.35 mm, Oys = 324 Mpa) and
Pechiney (our 2024 T351 alloy of 6 mm thickness and Oys = 395 MPa) . The
Pechiney material showed the wider shear lips.

The values of ¢ have also been plotted against AKe¢r in figure 4.13. Here the
results are less good.

Several mathematical functions were tried to get a good fit for the ¢ - AKeff
results. A reasonable fit of the average trend can be represented by:

22.1

The excellent agreement could still be questionable, because equation 5.5 is

c=0.0167cKeif 48

with ¢ in mm! and AKegs in MPavm.
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Figure 4.13. c versus AK .

s 103 mm

——equation 4.9

0 1 2 3 4 5
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Figure 4.14. ¢ versus t; o

Figure 4.13 shows a considerable amount of scatter when equation 4.8 is drawn
through the data points.
As both ¢ and t .4 can be expressed as functions of AKefy, it seems reasonable to
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assume that the parameter ¢ depends on the equilibrium shear lip width ts ¢q. By
plotting c directly against ts ¢q a new fit was found. In figure 4.14 this fit is
shown for all available ¢ values ( one extreme point was omitted). The formula

based on the result given in figure 4.14 will be used in the present analysis;

0.22
ts,cq

c= +0.08 4.9

with tg eq in mm, and ¢ in mm-’.

4.2.4. Thickness Dependence

As discussed before, tseq can be larger than half the plate thickness t. This
surprising result means that ts 4 in such cases cannot be measured directly on
the fracture surface when 100% shear is present. In these cases only the
extrapolation procedure by fitting ts-a results can be used to find tg ¢ , ora
thicker specimen should be used. The results presented in figure 4.12 suggest
that t, ¢q is not dependent on the specimen thickness, but only on AKeft. It will
be assumed that the thickness independence has a general validity. The
consequence is illustrated by figure 4.15. The same ts ¢q value is used for three
plate thicknesses. Only in thicker plates can ts ¢q be measured directly on the
fracture surface.

The fact that ts.eq is only dependent on AKeff and not on the plate thickness is
important for the transition length, that is the crack length at which a shear lip
has grown to a complete slant mode. It will be clear from figure 4.15 that the
transition length is larger for a thicker sheet. For tg oq < t/2 there is no transition
length. The independence of t; o on the plate thickness, which leads to a longer
transition length in thicker plates, is also experimentally confirmed by references
[4] and [5] .

4.2.5. Shear Lip Behaviour and Crack Closure

The best linear and quadratic closure relations

It is well-known that for the 2024 T3 Al alloy a higher R value leads to a higher
da/dN value at the same AK. In this section it will be shown that the shear lip
width shows an analogous R effect as da/dN, i.e. a higher R shifts the shear lip
width to a higher value at the same AK. Further the best linear and quadratic
crack closure functions will be calculated using a linear t; o4 dependence of
AKesf . In figure 4.12 the relation between t; ¢q and AKesf ,using Elber’s linear

crack closure function (equation 4.6), was shown.
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Figure 4.15. Double shear lip width development in a constant AK ¢ test.
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Figure 4.16. t; o versus AK,gr using the crack closure relation of Schijve.

Another well-known quadratic crack closure function for Al-2024 is that of
Schijve [6]:

AKegr=U AK with U=0.55+0.33R+0.12 RZ and -1< R<1 4.10
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A graph of t eq versus this AKeff is shown in figure 4.16. There is little

difference between results found with both closure functions.

As discussed by Schijve [22], if there is a satisfactory correlation between AKesf
(= U(R)AK) and da/dN obtained at different R values, exactly the same
correlation will be found for AKeff = q AKeff , where q is a constant.

The relation simply implies that the AKegr scale is multiplied by a constant
factor q, which does not affect the quality of the correlation. On a logarithmic
scale it involves a horizontal shift with log(q).

The same argument applies to the correlation between t; o and AKeff . This is
illustrated by figure 4.17, which shows the same correlation for different g
values. If the AKegr values are multiplied with the same constant, it simply
means a linear scaling of the horizontal axis. The correlation is not affected, but
the slope of the best fit line changes. The normal Elber result is given by q=1. A
consequence of the above reasoning is that a good correlation with some AKegr
does not prove that a satisfactory U(R) relation correctly indicates the crack
opening stress level. A physically valid U(R) function can only be obtained by

crack closure measurements.

The AKeff equation can also be written as :

AKer "= q UR)AK= U (R)AKes with U (R)=qU(R).

In terms of the polynomial U(R) equations of Elber and Schijve it leads to:
U*R)=qa+qbR+qcR>=a" +b R+c RZ

(c = 0 for the Elber equation). In other words, the ratio of the constants (a* /b*
/c*) does not change. An improved correlation would require that a, b and ¢ are
multiplied with different factors. A computer program was written to arrive at an
improved correlation. It recognizes that crack closure should decrease for higher
R values, and disappear at R = 1, i.e. AKefr < AK for all R. This restricts the sum
of a, b and c to:

a+b+c<L1 4,16

In the computer program the constants were varied in small steps. For each
combination of a and b, or a, b and c, a linear ts ¢q versus AKefr (= UAK) fit was

assumed with:
U=a+bRorU=a+bR +cR2 4.17

The combinations were chosen suchthat 0< U< 1 forali-l<R<1.
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Figure 4.17. Lines with the same correlation for b/a = 0.8 (Elber).

The linear U formula showed maximum correlation for a/b = 1.22. The quadratic
U formula had maximum correlation for a/b/c = 4.83/3.33/1.
The best correlations for the linear and the quadratic equation were obtained for:

U
U

0.55 + 045R
0.53 + 0.36R + 0.11 R?

4.18

The ratios hardly deviate from the original ratios of Elber and Schijve, which are
a/b = 1.25 and a/b/c = 4.58/2.75/1 respectively. This is not surprising, because
the correlation in figures 4.12 and 4.16 is already very good.

In this chapter Elber’s U formula will be used, uniess specified otherwise, since
it is the simplest formula leading to a good result within the R boundaries given.

The crack closure relation of Newman

Newman [7-9] has proposed crack closure equations which include a constraint
factor o.. The constraint factor should account for differences between plane
strain and plane stress conditions. The formulae were checked with results of
constant amplitude tests on center cracked tension specimens of 2219 T851 Al
alloy sheet. We will apply his formulae on our Al 2024. If the crack opening
stress level is denoted as S, an effective R is introduced by:

Reff = So/Smax 4.19
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The material is assumed to yield in tension when the stress is 0o, and to yield
in compression for -G,. The flow stress G, is assumed to be the average of the
uniaxial yield stress and the ultimate tensile strength of the material. It has been
taken here as 447.5 MPa for the Al 2024 used (see chapter 3). Plane stress or
plane strain conditions are simulated in the model with &t = 1 or 3 respectively.
This gives an opportunity to find the difference in shear lip behaviour in both
stress situations.

Newman adopted the following equations:

Refr= Ag +A1R+A2R2 +A3R3 forR 20

Reff=Ag+ARfor-1<R <0 4.20

The coefficients, found by regression analysis, are:

1
_ B 2 o
AO =(0825-034 o0 +0.05 o )[cos(nSmax/2GO)]
Ap =(0415-0.0710)S /o 421
A2 =I-A0—Al-—A3

A3 =2A0+A1_1

The equations will be applied here on tseq results as found in constant AK tests,
instead of in constant amplitude tests. In all constant AK and R tests the shear lip
width had reached its equilibrium value ts,eq at 35 mm crack length. As Spax is
needed in Newman’s equations it was decided to calculate Spyx at 35 mm crack
length with:

K
_ max 422

S =
max Ta
nasec(—)
w

Using this Smax , values of AKe¢s are calculated for all tests:

7 — ; - eff
Aheff = UN AK  with UN = 4.23

and tg ., is plotted as a function of these AKefs values in figure 4.18. According
to equations 4.21 the value of AKefr is influenced by the constraint parameter o.
The results have been plotted in figure 4.18 for plane stress with o = 1 and for

plane strain with o = 3.
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AKs in MPavm

Figure 4.18. t; oy versus AKey using the crack closure model of Newman for
plane stress and plane strain.

5 10 15
AK, in MPaVm

Figure 4.19. t; ., versus AKgy using the crack closure model of Newman.

Neither of both o values leads to a high correlation coefficient. The best result is
found for o = 1.44 as shown in figure 4.19. Newman used o = 1.8 for correlating
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da/dN versus AKfr at different R ratios. In figure 4.20 it is shown that this o
value correlates ts,eq versus AKefr data less well than o = 1.44,

5

o=1.44 (best shear lip fit)

4
g
g 3
i= | o
g2 o=1.8 (Newman’s best da/dN fit) | "
1 i it
0 - —
5 10 15 20
AKef¢ in MPavm

Figure 4.20. t; ., versus AKqy using the crack closure model of Newman.

Apart from the fact that two different Al alloys are compared, this result can be
qualitatively explained if one thinks that the da/dN correlation was performed by
Newman with results of constant amplitude tests.

It is unlikely that the equilibrium value of the shear lip width, ts eq, Was reached
in these tests, where AKeff) was continually increasing. The shear lip width
then lags behind the current AKefr development.

As a consequence the fracture mode in a constant amplitude test is thus more in
the tensile mode than it will be for a constant AK test. The ts,eq data have been
obtained with the latter type of tests. If it is assumed that shear lips often occur
in a plane stress situation, and that the tensile mode is favoured by plane strain,
it will be obvious that o for the best t; ¢q - AKet fit is lower ( more plane stress )
than o for the best da/dN - AKgr fit.

4.3. Prediction of Shear Lip Width at Constant AS and R
Loading

For crack growth under constant AK and R loading it was found that the shear
lip width development could be described by equation 4.5. When a constant

stress amplitude (constant AS) is applied, at constant R, the AK¢¢r will increase
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continuously during the crack growth. The “constants” ts eq and ¢ in equation 4.3
will change too because they are functions of AKess. Now equation 4.5 cannot be
used to predict the width of shear lips as a function of the growing crack length
(a). Thus t lags behind the equilibrium value t; ¢

A numerical incremental method is used to predict the width of shear lips in this
case. It is based on the formula:

dt
tg (a + Aa) = tg (a) + d—; Aa 425

dt
For every small increment Aa the values of AKegf, ts eq , ¢ and Hzf are calculated

with equations 4.6, 4.7, 4.9 and 4.3 respectively, and substituted in equation 4.25
to find the new tq. It implies that for each small interval of crack growth (Aa) the
prediction is made in the same way as for a constant AK test.

The predictions are verified with the results of five constant amplitude tests (see
the following table).

The tests were carried out on 6 mm thick specimens. In figure 4.21 the result is
shown for a test with a constant Sy = 120 MPa and R = 0.1. The test was
started in the tensile mode at a = 10 mm reached by a careful prefatigue period
with AKefr <5 MPaVm. In figure 4.22 the result is shown for similar conditions,
except R = 0.4. The prediction is quite good for both tests.

Test | initial condition Smax R figure
1 10 mm prefatigue 120 MPa 0.1 4.21
2 10 mm prefatigue 120 MPa 0.4 422
3 2.5 mm saw cut 120 MPa 0.1 4.23
4 2.5 mm sawcut 120 MPa 0.4 4.24
5 10 mm saw cut 120 MPa 0.1 no figure

The prediction is not satisfactory in the two following cases, shown in figures
4.23 and 4.24. Here the same tests (Smax = 120 MPa, R = 0.1 or R = 0.4) were
performed, starting from a sawcut of about a = 2.5 mm notch length. It was not
possible to predict the shear lip behaviour from the sawcut beginning. When the
prediction was made starting at about 10 mm crack length for R = 0.1 and

14 mm for R = 0.4 the results fitted the prediction reasonably well. The start-

value of tg is non-zero now.
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Figure 4.21. Constant amplitude test, S,;,,,=120 MPa , R = 0.10.

A sawcut has two effects. First the K-factor might be lower due to the blunt
notch. Secondly, there are no mode I residual stresses on the crack flanks of the
sawcut. Thus at the start of fatigue crack growth there is no closure effect and
AKefris about equal to AK, i.e. larger than for a fatigue crack. Unfortunately
da/dN values were not available for these tests in order to check this conjecture.
The second effect is probably more important than the first one, as shear lips are
detected immediately after crack growth started from the sawcut (see figures
4.23 and 4.24).

The two series of data points in figure 4.23 are due to scatter between the left
and right cracks in the same specimen. The (small) shear lip starts at

a=2.35 mm in figure 4.23. The value of AKr using equation 4.6 is now 4.1
MPaVm. This value is too small for shear lips, because equation 4.7 predicts
AKeff = 5.5 MPavm for the beginning of shear lips. The first sawcut effect
mentioned before would make the value of 4.1 MPavm even lower, so this effect
cannot explain the presence of shear lips.

The second effect implies that AKefr= AK at the start. For a = 2.35 mm a value
of AK = 6.2 MPaVm is obtained. This effect thus can explain the immediate
presence of the shear lips, because AKegr is high enough for creating visible

shear lips.
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Figure 4.22. Constant amplitude test, S;;,,,=120 MPa , R = 0.40.

O measurements

— prediction

0 5 10 15 20 25
crack length in mm

Figure 4.23. Constant amplitude test, S;,,,=120 MPa , R = 0.10, start at
sawcut at 2.5 mm.
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Figure 4.24. Constant amplitude test, S;;,,=120 MPa , R = 0.40, start at

sawcut at 2.5 mm.

An extra complication for an accurate prediction of tg lies in the use of equation
4.9. The inaccuracy in ¢ becomes higher for lower values of AKer (0r g eq). This
may be clear from the following. The consequence of a low t5 ¢q is a fast rising
ts (a) curve, see for example figure 4.9. The fit from which c is evaluated is now
based on only a few data points before t; ¢q is reached. The parameter c is found
from the fast rising part of the t¢ (a) curve.

Thus at a low AKeff (ts,eq) the ¢ evaluation is based on only a few measurement
points leading to a larger inaccuracy than at higher AKeff. t5 q can be found
accurate for these cases, but there is a range of ¢ values with about the same

correlation.

For very high AK,gr this effect is reversed, now ¢ can be found more accurately
and ts.eq less accurately than at lower AKeff .

The tests shown in figures 4.21 and 4.22 have been started at 10 mm crack
length. The AKc¢r values at the start of the constant amplitude crack growth are
now 10.6 MPaVm and 8.6 MPavVm respectively. Parameter ¢ can be found
accurate for these AKefr values. Besides that, the ¢ has a value now that alters
only slightly when AKegr changes. In this region a AKeff that is twice as high
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only shows a little reduction of ¢ (see figure 4.13).

In view of the foregoing it is not surprising that a fifth test, performed at

Smax = 120 MPa and R = 0.1 and with a beginning of constant amplitude crack
growth from a sawcut of 10 mm length, predicted the results quite well,
comparable to figure 4.21. The results of both tests were qualitatively compared
by viewing both fracture surfaces with the naked eye. No further measuring of
ts (a) for the last test was performed.
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44  Non-Equilibrium Crack Growth Rate at Increasing Shear
Lip Width

The equilibrium behaviour is covered by chapter 5, but in this section the non-
equilibrium da/dN behaviour during shear lip growth in a constant AK test is
studied. Some examples are shown in figures 4.25 and 4.26. During the shear lip
development at constant AKefr a decrease in the crack growth rate was observed.
After a large initial decrease periodic variations in crack growth rate were
observed, although a constant AKes was applied. Also changes in the crack
growth direction were observed. The minima in the crack growth rate appeared
to coincide with the sudden changes in direction of crack growth (although it is
difficult to be sure using the potential drop method for crack length
measurement, because the up-and-down cycles in the crack growth rate were
rarely exactly in phase on both sides of the specimen).

In order to describe the da/dN decrease, a proportionality between the change of

the crack growth rate and the change of the shear lip width is assumed:

d '(éi—;) =k dt 4.26

AK ¢ = 10.1 MPaVm, AK = 16 MPaVm, R = 0.30

_:5’ — — — AKf = 9.8 MPaVm, AK = 18 MPaVm, R = 0.10
g 1 AK. = 9.2 MPaVm, AK = 17 MPavm, R = 0.10
g -
(=]
-
Z
=0.5
3
°
0

crack length in mm

Figure 4.25. Some constant AK tests at 10 Hz.

The variation of the crack growth rate da/dN during shear lip development,
starting at a = a, and tg = 0, can be given as:
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a
d
_az(ﬁ (4 (E da 4.27
dN  \dN /.. da \ dN
ay

da
(Eﬁ)tens is the crack growth rate at the beginning of crack growth under a

constant AKegy, i.¢. when the crack surface is still completely in the tensile mode.

s da . ,
For tg = tg eq, the crack growth rate is indicated as (d_ﬁ)eq . With tg according to

equation 4.4 this leads to:

—c(a—a_)
1&[2&) _(93] _[99_] lme 00 | 408
dN dN tens dN tens dN eq

This formula gives an estimate of the curve to be expected, but it cannot describe
the waviness in the crack growth rate observed in figures 4.25 and 4.26, i.e. the
process of a large decrease followed by small increases and decreases in the
crack velocity during the remainder of the shear lip development.

2

‘ frequency = 10 Hz
6 mm thickness

da/dN in pm/cycle

crack length in mm

Figure 4.26. da/dN decrease during a constant AKefr test.

One characteristic test (the da/dN result is shown in figure 4.26 and the fracture
surface in figure 4.27) will be described in detail, the other tests at 10 Hz showed
analogous behaviour. First a few related topics will be discussed.
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start second shear lip

Figure 4.27. Fracture surface of the test shown in figure 4.26.

Asymmetry of plastic zones

It was found earlier [15] that asymmetry in the plastic zone might be associated
with the presence of shear lips. To investigate this question two tests were
performed. In the first specimen two 18.5 mm long notches were made by spark
erosion. Next a small fatigue crack was grown with a low amplitude. The crack
now was in the tensile mode, i.e. the plane of the crack was normal to the
loading direction. In the second specimen notches at 45° with the surface were

made.

Figure 4.28. Symmetric plastic zone of a crack in tensile mode.

The fatigue crack was grown here with higher loads so that the crack remained
slant. After polishing the specimens were treated with a photographic lacquer.
Both specimens were loaded to 85 kN. After loading they were immersed in
warm water (70°C) for about 2.5 minutes. This procedure caused small cracks in
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the lacquer on places where the material had been strongly plastically deformed.
With a microscope (magnification about 24x) the photographs shown as

figures 4.28 and 4.29 were made. A model of the plastic zone shapes for single
and double shear is shown schematically in figure 4.30.

Explanation of crack growth deviation

Because of this asymmetry in the plastic zone, intense plastic deformation builds
up in the direction in which the crack grows when a shear lip develops. If a large
shear lip develops this plastic deformation is probably intense enough (much
strain hardening) to stop crack growth in that direction. Crack growth then starts
(reinitiates) again with shear lip growth on another plane at 45° to the plate
surface making an angle of about 90° with the first shear lip.

Another reason for crack growth stopping in a particular direction might be the
closure behaviour of the large shear lip. Crack growth continues in another
direction that lowers the amount of closure.

Probably both reasons will apply (see also section 4.8, page 88).

Figure 4.29. Asymmetric plastic zone of a crack in shear mode.

As shown in figure 4.27 a reinitiation on another shear lip plane (under about an
angle of 90° with the first one, if shear lips are assumed to make 45° with the
loading direction) occurs. In most specimens multiple reinitiations are observed
and a zig-zag growth of the crack is then found.
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;

Figure 4.30. A sketch of asymmetric plastic zone development in single and

double shear.

crack growth direktion
— i .

Figure 4.31. A possible explanation of the changes in direction of crack

growth by growing asymmetry in the plastic zones.

The process is shown schematically in figure 4.31. In figure 4.32 an example is
shown of the change in direction of the crack growth at the start of a new shear

lip.

There is a difference in the change of the crack growth direction for single and
double shear lips. Cracks growing in fully developed double shear, i.c. t; gq 2 /2,
are no longer growing in a direction perpendicular to the loading direction. The
roof type double shear crack grows in a downwards direction (see figure 4.33, an
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explanation follows in section 4.6). If a fully slant crack is in the single shear
mode the deviation does not occur and the crack growth direction remains
perpendicular to the loading direction.

Figure 4.32. Change in crack growth direction.

loading direction

initial crack growth direction

Ty
’
‘.
’

" deviation of crack growth direction

|
|
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!
|
|
|
|
'

Figure 4.33. The deviation crack growth direction of a double shear

fracture surface.

For single shear lips the crack path remains straight, with the crack growth
direction perpendicularly to the loading direction, as the shear lips are now at
both sides of the fracture. A similar behaviour of the growth direction in case of
single and double shear lips was also observed in reference [17].
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Discussion of the da/dN behaviour in a constant AK test with developing shear
lips

We will discuss a test for which the da/dN behaviour is shown in figure 4.26 and
the fracture surface in figure 4.27. The ts variation was shown earlier in

figure 4.7. For this test a steep decrease in da/dN until a crack length of about

9 mm is found. Hereafter the decrease of the growth rate is far less until about 135
mm, followed by a small increase until a crack length of about 18 mm.

From the shear lip width results given in figure 4.7 it is not clear what causes the
change of the growth rate gradient at 9 mm crack length. However, the beginning
of a more or less stationary crack growth rate at a = 18 mm seems to be
confirmed in figure 4.7, because at a = 18 mm the shear lip width t; is about

3 mm. This means that in the 6 mm plate complete shear is achieved.
Macroscopic examination of the fracture surface (see figure 4.27) shows that
from 6 to about 9 mm shear lips are growing from the surfaces of the specimen
to the middle. One side of the specimen fracture surface is in double shear, the
other side is in single shear. At a =9 mm a little shear lip is developing into the
already existing shear lip from the surface of the specimen.

The two shear lips make an angle of about 90°. This phenomenon was
discovered at both sides of the specimen with respect to the central hole, thus on
the single shear and on the double shear side. (Note that in reality shear lip
angles were found to vary between about 20° to 42° depending on AKefr [20].
Deviations of shear lip angles from 45° are neglected in this work. Only “ideal”
shear lips with 45° angles are considered.)

A deviation of the crack growth direction was clear at the side surface of the
specimen, in the area of the developing shear lip [10].

At a =9 mm a sudden change in the deviation was noticed, due to initiation of
the second shear lip. This effect can be explained by the growing asymmetry of
the plastic zone sizes in the case of growing shear lips, as was already discussed.

If equation 4.28 is used to predict the da/dN versus the crack length, figure 4.34

d - . . .
is obtained. For (ﬁ)tens the beginning of da/dN in tensile mode is used. For

d L L S
(ma)eq a value of 0.45 pm/cycle is estimated. This is an approximation as tg eq >

t/2 in this case.

It is seen from figure 4.34 that the growth rate prediction is poor. A number of
possible explanations of the crack growth rate behaviour will be discussed. The
decrease in da/dN as observed from 6 to 9 mm is ascribed to the growing of the
shear lip from the surface leading to a longer transverse crack front length and

thus to more resistance against crack growth.
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Figure 4.34. Application of equation 4.28 for prediction of fatigue crack
growth rate.

From 9 to 18 mm crack length the (total) shear lip width is still increasing, so the
first reason still holds. However the second shear lip, starting to grow into first

one, at first flattens the crack front leading to a little lower transverse crack front
length. Hereafter the transverse crack front length remains more or less the same.

Other test specimens from fatigue tests at 10 Hz showed an analogous behaviour.

Another explanation of the da/dN behaviour is based on the increasing closure
due to shear lips. The principle of it is shown in figure 4.35.

The extra closure due to shear lips increases with the shear lip width until the
shear lip is flattened by the initiation of a new shear lip in the old one. So the
closure is expected to increase from 6 to 9 mm and then to slowly decrease when
the second shear lip flattens the old one.

The decrease and temporary increase of da/dN suggest a decrease and increase of
a local crack closure effect (i.e. AKeft), and to add it to the constant applied
AKefr ,using Elber’s crack closure formula, that is responsible for the prediction
of da/dN as shown in figure 4.34. The principle of the AKeff correction is shown
in figure 4.36.
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Elastic region

Plastic Region | ./
Plastic Region

Elastic Region

Figure 4.35. Principle of extra closure due to shear lips
(from reference [11] ).

eff, applied

AK 4

start min 0 end

Figure 4.36. AK¢¢ varies linearly during the shear lip development with a
minimum AK.gr at the start of a second shear lip.

The resulting da/dN is shown in figure 4.37. Again equation 4.28 was applied,
but now the corrected value of AKegr was used. A decrease in AKegf was
necessary to get the fit result shown (from AKegr = 10.8 MPavm (applied value)
to AKefr is 9.7 MPavm (minimum value at about 9 mm crack length)). The
values taken for ag, . and a.pq (see figure 4.36) were 6 mm and 18 mm
respectively.

The results of the test discussed seem to point to the fact that crack growth stops
in one direction, after the start of a new shear lip growing into the old one. The
reasons for the decrease in da/dN at growing shear lip widths will be further

discussed in chapter 5.
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Figure 4.37. Crack growth rate prediction using equation 4.28 and a AK¢r
versus crack length function as shown in figure 4.36.

68



Chapter 4. Shear Lips on (Fatigue) Fracture Surfaces

4.5. Frequency Effects and Slant Fatigue Crack Growth

4.5.1. Effect on shear lip width

The t5 eq results in table 4.1 were obtained in tests performed at 10 Hz. The
analysis has led to equation 4.7 which gives t; ¢q as function of AK.f (Elber). In
the present section some tests at other frequencies are discussed. The results of
these tests together with that at 10 Hz will be combined to present a more
general t, ¢q formula. The tests at other frequencies all were performed at a
constant value of AK = 18 MPaVm and R = 0.1 (AKefs = 9.72 MPavVm), thus the
mechanical parameters are kept constant in these tests. The frequencies varied
from 17.5 Hz to a frequency as low as 0.05 Hz. The results are given in table 4.2.
The results of t; oy in figure 4.38 show that smaller equilibrium shear lips are
found at lower frequencies. The results suggest a linear relation between tg ¢q and
log(frequency):

t = 0.67log(f) +2.19 4.29

s,eq

teeq = 0.67 log(f) +2.19 | '

0.01 0.1 1 10 100
log (frequency(Hz))

Figure 4.38. t, ., results at different frequencies.

ts,eq

d(log(f))

This linear dependence implies that = constant for constant AKess.
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ats_eq
a(A eff)
frequency of 10 Hz . Both results suggest that t; eq should be described as a

Earlier it was shown (equation 4.7)) that = constant for a constant

function of two independent variables, AKcfr and log(f):

ts,eq = €1 AKeff + 2 log(f) + c3 4.30

where ¢, ¢ and c3 are constants. A computer program for a three parameter fit
was written and applied on the first 23 test results of table 4.1, the test results
that were found by the fitting procedure described earlier, at 10 Hz, and on the
test results of table 4.2 at AKqfr=9.72 MPaVm and different frequencies. The
best correlation was found for:

ts,eq = 0.67 AKesr + 0.64 log(f) - 4.35 (mm) 4.31

Note that we do not find exactly the same equations, 4.31 and 4.7, by
substituting AKefr = 9.72 MPaVm or f = 10 Hz respectively. The reason is that

the 3 dimensional fitting is based on more data then the separate procedures.

Another test was done later outside the range of test conditions covered by
equations 4.7 and 4.29. This test was carried out with AK = 22.2 MPaVm and R
=0.1 at 0.1 Hz; AKgr = 10.8 MPaVm in this case. The same test had already
been done for 10 Hz. The ts,eq value at 10 Hz was 3.55 mm. At f=0.1 Hz tseq =
2.16 mm was measured. Equation 4.31 gives ts,eq = 2.23 mm in this case, which
is a deviation of about 3% with respect to the measured value, which is quite a
good agreement. Of course more tests should be done for a more accurate
version of equation 4.31.

4.5.2. Effect on da/dN

During most tests (table 4.1 and table 4.2) da/dN data as a function of the crack
length were also obtained. An example for a constant AK test at 2.5 Hz is shown
in figure 4.39. It is obvious from the figure that da/dN decreases after the start of
the constant AK and R test. During this process the shear lip width tg increases.
The prefatigue period was performed with a low AKc¢f to keep t; = 0 mm.

In figure 4.39 a (da/dN)eqsite is defined. This (da/dN)ens is an unstable da/dN
value found at AKegr = 9.72 MPaVm and tg = 0 mm (tensile mode). The value is
found by a linear extrapolation as shown in the figure. In figure 4.40 the
frequency effect is illustrated by showing crack growth rate results for 2 different
frequencies for AKer 9.72 MPaym. It appears that the same da/dN in tensile

mode is indicated by the two tests.
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For all tests mentioned in Table 4.2, the crack growth rate (da/dN)ens was
determined at the beginning of the constant AK test. Secondly, the da/dN found
after 10 mm of crack growth, (da/dN)g, was also measured. The 10 mm crack
extension has been chosen since in all tests the decrease in da/dN had ended (or
da/dN showed a (relative) minimumy) after this period of crack growth. See for
example the results given in figures 4.25, 4.26, 4.39 and 4.40. However not in all
tests had the shear lip width stabilized at the minimum value of da/dN, i.e. t; o

using equation 4.4 had not been reached yet.

1
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o 0.8 " daaN (tensile) |
Q i e— ;
> e
06+ .
2. prefatigue |
044+ T _
2
=
o

0.2

0

5 10 15 20 25 30 35

crack length in mm

Figure 4.39. da/dN versus a for AKegp = 9.72 MPaVm, AK = 18 MPaVvm
R =0.10 and frequency = 2.5 Hz, specimen thickness t = 6 mm.

In figure 4.41 (da/dN)¢ens and (da/dN);q are plotted against the frequency. A
noteworthy observation is that the tensile crack velocity seems to be independent
of the frequency, whereas the shear crack growth rate, (da/dN)jg , is not.

The results indicate that for the present material/environment combination the
frequency influence on the crack growth rate must be associated with shear lip
development, i.e. when AKe¢r is too low for shear lips, there is no frequency
effect. To check the observation that tensile mode cracking is frequency
independent, three additional tests were performed at 0.1, 1 and 10 Hz at AKefr=
5 MPaVm in which case the fracture surface was expected to remain tensile. The
latter was indeed the case. The crack velocities were nearly the same which

confirmed the conclusion.
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Figure 4.40. da/dN versus a at two frequencies at AK = 18 MPaVm and
R=0.10, specimen thickness t = 6 mm.

da/dN in pm/cycle
=)
~

0.2

0.01 0.1 1 10 100
log(frequency(Hz))

Figure 4.41. da/dN versus log(frequency) at AKggr = 9.72 MPavVm.
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Independence of the start of shear lips on K,

In order to test equation 4.31 still further, five tests at increasing values of Kax
and a constant AKefr = 5 MPaVm have been performed at 10 Hz. No shear lips
were expected or found. The tests are shown in table 4.3. The K, range is
from about 10 to 50 MPavVm. This is a further proof that shear lips do not depend
on a plane stress situation only. Nor do they depend on the plastic zone size (in
fatigue). For higher K ;,,, more plane stress and a larger plastic zone size are
expected, but the development of shear lips seems to be independent of K, .It
is a very strange result that development of shear lips is not dependent on K«
or on the (forward) plastic zone size (as it is in “static” tests). The plane stress
situation may be a necessary condition for a shear lip to start but it is certainly
not a sufficient condition, not even at very high K,,,,. Shear lip development
depends mostly on AKff .

Shear lips and the frequency effect

It is a remarkable observation that our results indicate no frequency effect for
crack growth in the tensile mode, whereas a systematic frequency effect appears
to occur if shear lips are present. In figure 4.40 two tests with frequencies of 0.1
and 10 Hz are shown, i.e. the frequency changes over 2 decades, while da/dN is
then reduced by approximately a factor of 2. It implies that the decrease cannot
simply be a matter of “time under load”. The crack growth rate da/dt (=
da/dN*frequency), in terms of um/second, is much more affected by the
frequency than da/dN. Nevertheless, if there is a frequency effect, there must be
a time dependent phenomenon with some influence on the crack extension per
cycle. Possibly, there is a time dependent environmental contribution to crack

growth, but we will not further speculate on this issue here.
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4.6. Shear Lips on Fracture Surfaces Created During (Static)
Tensile Tests

In this section shear lips on fracture surfaces as obtained in tensile tests will be
discussed. The shear lip width of fatigue tests is frequency dependent as was
shown in section 4.5. Using equation 4.31 it can be found that higher frequencies
lead to higher t; o values at the start of shear lip growth and thus in general to
higher da/dt values. Thus higher t; ., values can be correlated with higher da/dt
values. In order to find an upperbound behaviour for shear lips it was decided to
perform tensile tests. A tensile test is considered to represent a (very short, ¥2
cycle) fatigue test resulting in a very high da/dt. The “frequency” is considered
high due to the very short crack growth time and the corresponding high crack
growth rate and high crack length increase.

Thus the tensile test results in a very high da/dt (or “da/dN"") and thus in
principle in a very high shear lip width value. It is believed that when no shear
lips are found in a tensile test, it will also not be found in a fatigue test, with a
much lower da/dt value. Tests initiated by the author on a few different metals
(Zn, Brass, Low-Carbon Steel, Al alloys (2024 and 7075), Stainless Steel )
confirmed this trend [see reference [27]).

Already for a long time shear lips on static fracture surfaces are considered to be
a measure for the toughness of the material. The larger the shear lip width, the
tougher the material. In this investigation it was decided to do tensile tests on the

same kind of specimen as used in the fatigue tests.

Figure 4.42. Fracture surface in single shear in a tensile test.

A number of tensile tests were performed on Al 2024 6 mm thick specimens
with a central saw cut. Some of the fracture surfaces are shown in figures 4.42 to
4.44,

In figure 4.42 a single shear fracture surface is shown. The direction of the initial
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“static” failure extension is still perpendicular to the loading direction, while a
fully slant fracture occurred. There is no evident deviation of the direction of the
fracture path from a plane transverse to the loading direction (= a symmetry
plane).

Figure 4.43. Fracture surface in single shear (right) and double shear (left).

Figure 4.44. A transition from double to single shear on the right side.

In figure 4.43 the right half of the specimen is in single shear, while the other
part is in double shear. The "static" double shear fracture occurred in a direction,
which significantly deviates from being perpendicular to the loading direction,
as found previously for fatigue cracks as well, see figure 4.33.

In figure 4.44 a transition from double to single shear is shown. The single shear
part resumes the original crack growth direction transverse to the loading
direction.

The zig-zag movement of the crack, as discussed in section 4.4 for fatigue cracks
with large shear lips, is absent. The reason probably can be found in the time of
crack growth: da/dt can theoretically be as high as the Rayleigh Wave velocity
(about 3 km/s for Aluminium) [12]. However, in practice much lower values for
da/dt are found, although da/dt values of several hundreds of meters per second
are no exception.
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A simple geometric model to explain the deviation crack growth direction in
double shear mode and no deviation in single shear mode

In figure 4.45 a simple geometric model is shown to explain why a double shear
crack deviates from the symmetry plane and a single shear crack does not. The
crack extension direction is perpendicular to the paper and is assumed to start in
the tensile mode, situation 1. The shear lip situation for a few discrete increasing
crack lengths is shown.

double shear single shear
situation 4 is fictitious

Figure 4.45. A geometric model to explain crack deviation in double shear
and no crack deviation in single shear.

First the double shear situation will be discussed. A few crack growth situations
have been shown in the figure. Situation 1 is in tensile mode, situation 2, at a
larger crack length, is partial shear. In this situation the tensile part of the crack
is still in the symmetry plane. Situation 3 shows the transverse section at a crack
length with the first attainment of complete shear. The shear lips cannot become
wider. There is a large asymmetry in the plastic zone size now as discussed in
section 4.4. Unlike a fatigue crack, there will be in general no reinitiation (i.e. no
zigzag growth) of another shear lip in most cases (one exception, however, has
been chosen to show in figure 4.44, almost at the end of crack growth, as a good

example that the single shear resumes the original crack growth direction).
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Probably a lot of kinetic energy, due to the very fast crack growth, is also
involved in the vertical (shear) crack flank movement. This energy is sufficient
to avoid another crack growth direction and to overcome the resistance due to
the asymmetry (another possible explanation is given in section 4.8).

The attempt for both parts of the double shear lip to become larger than half the
plate thickness causes a deviation from the symmetry plane as in situation 4. See
also figure 4.15. The model explains that the roof of the double shear surface
always points in a direction opposite to the deviation direction. Because shear lip
width in Al 2024 has a maximum size of about 5 to 6 mm [20] there should be
no deviation of the crack growth direction for double shear lips in a plate with
ts,eq <t/2. This was experimentally checked in a tensile test on a center cracked
tension specimen of 25 mm thickness. A situation as in figure 4.45 number 2
was found without any other deviation of the main crack growth direction.

In single shear, situations 1, 2 and 3 are comparable to the double shear case. In
situation 4 a very unlikely situation would occur with a vertical crack surface in
the middle of the specimen. This is never observed. Probably the (kinetic)
energy is not enough to reach such a high energy consuming situation, as this
vertical plane is parallel with the loading direction and there are no shear
stresses along this plane. Thus situation 3 is the utmost of shear lip development
in single shear. This means that the center C of the crack always stays in the
symmetry plane, perpendicular to the loading direction, irrespective of the crack
length.

Theoretically the shear lip angle can increase after the single shear situation 3.
This also is not observed.

Figure 4.46. Single shear lip width development on the fracture surface of a
plate with 10 mm thickness

A good example of a developing (single) shear lip width in a tensile test on a
10 mm thick specimen is shown in figure 4.46. In this 10 mm specimen a shear

lip width development is clearly visible extending over several mm of crack
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growth. The maximum shear lip width is smaller than 5 mm or the plate width is

to low.

4.7. Effects of (Initial) Fracture Mode on Fracture Toughness
and/or Stress Intensity

Throughout this work a competition is indicated between the effects of shear lips
on the crack driving force (K or AK) and on the crack growth resistance (K or
da/dN). In order to shed some more light on the relation between crack driving
force and crack growth resistance, the influence of the fracture mode on the
fracture toughness and/or stress intensity is studied in a few exploratory tests.
Two kinds of “static” tensile tests have been performed.

First the critical K (= K¢) found in fatigue tests on 10.3 mm thick center cracked
tension specimens of Al-2024 is discussed.

Secondly K¢ (or K¢} found in a tensile test on a 12.3 mm thick compact tension
specimen of Al-7075 is considered. The latter specimen normally is used for Kjc
tests according to the ASTM E-399 procedure [13], but the specimens have been
modified here in order to compare different extremes of the fracture mode. The

fatigue tests were performed in “lab air” at 10 Hz.

Fatigue tests on Al 2024 T351 specimens

A survey of the tests on the center cracked tension specimens of 2024 T351 is
given in the table below. The specimens had a length of 300 mm and a width of
100 mm.

Fatigue loading parameters Results at instability failure
type of load R Number | a (mm) shear Kinax
of tests fraction (MPa\/ m)
CA 0.10 2 36.0/36.0 | complete | 61.8
| Spax = 120 MPa 0.70 1 34.0 partial 56.5
Smax = 120 MPa variable | 1 335 very small | 55.3
AKeff = 5 MPavm

Two constant amplitude tests were performed with Spax = 120 MPa at R = 0.10
and R = 0.70 respectively. In these tests Kpay increases with increasing crack
length. The specimen fails when Kpnax > Kc. Also AKegf increases as the crack
grows. Complete shear (single) was found in the tests at R = 0.10, while for

R = 0.70 the shear lip width was much smaller at the point of instability. The
crack lengths at the onset of instability were 36.0 mm, 36.0 mm and 34.0 mm for
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R =0.10 (2 tests) and R = 0.70 (1 test) respectively.

Another test was performed with AKegr= 5 MPaVm and Smax = 120 MPa, which
implies that R must increase during the growth of the crack. This was achieved
by computer control of the minimum load using a potential drop signal for the
crack length measurement. The applied stresses Smax and Smin , and Sep (using
Elber’s formula 4.6 ) are shown in figure 4.47. The fracture surface remained in
the tensile mode almost until the beginning of instability. Slightly before
instability occurred, the crack probably moved so fast that the pulsed direct
current potential drop method was not fast enough to enable full control of the
required cycle load. That means that just before instability AKesr could increase.
Very small shear lips were observed in this area.

The resulting crack length at instability for this specimen was 33.5 mm. In all
tests the stress Smax was held at 120 MPa. This led to Kpax values at the point of
instability that are shown in the last column of the above table.

The results show that smaller shear lips and thus more tensile mode failure, has
led to a smaller crack length at the moment of final failure, and thus to a lower

Kinax value at failure.

150

100

stress in MPa

50
0 10 20 30 40

crack length in mm

Figure 4.47. Values of S5, Sop and Sy, in a test with Sp,y = 120 MPa and
AKggp = 5 MPavm.

However, the effect on the failure strength (K.« at fracture) is still fairly small.
Note that for the ductile 2024 T351 alloy the K, values are well above the
valid Ky, which for 2024-T3 is about 40 MPaVm (see the table above). That is
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not surprising, because the specimen thickness has to be more than twice as
much for obtaining a plane strain situation needed for a valid K.

The results indicate that the ratio of Kp,ax (at the fracture instability) for a crack,
which is completely in the shear mode, and a crack in the tensile mode (with
small shear lips) is 1.12. If K, at fracture instability is defined as K then the
conclusion is that the crack has to grow longer before K is reached in a shear
mode sitvation. This suggests that K in the shear mode is at least 12% lower
than K for the tensile mode.

In theory K and thus K is assumed to be only valid for tensile mode cracks, thus
K. = 55.3 MPavVm for this thickness of the material.

Tests on 7075-T6 specimens

In order to study the effect of shear lips on the critical value of K in plane strain
(Kjc) , tests were carried out on compact tension specimens of the high strength
7075-T6 Al alloy. The experimental procedure was as close as possible to the
ASTM E-399 standard, except for the initial slit and initial fatigue crack. The
material thickness was 12.3 mm, which is sufficiently large to find a valid Ky,
value for this material using the standard compact tension specimen with a
chevron notch. The aim was to compare specimens with a tensile mode
prefatigue crack, with specimens with single shear and double shear cracks. In
order to obtain this, some of the specimens had to be modified. As shown in
figure 4.48 a slotted hole was made in these specimens to allow the spark
erosion apparatus to make the necessary notches of about 3 mm length. A
prefatigue crack was grown in the specimens afterwards. The prefatigue zone
could not be too large because the effect of the slant cracks diminished by the
growing of tensile mode zones in the shear lips. A too short notch led in some
cases to a prefatigue crack in a corner of the slotted hole, instead of in the
notched middle of the specimen. The chosen 3 mm notch length appeared to be a
good compromise. The length of the prefatigue zone was about 2 mm. A survey
of the tests is given in the table below. Detailed results are given in table 4.4.

Six tests were carried out for each type of specimen shown in figure 4.48. The
standard specimen was used to get a calibration for the K-factor of the
specimens with a slotted hole and to have the possibility to compare results with
results from the literature. The critical K-factors found for test specimens of type
a and b, using in both cases the K solution for a compact tension specimen of
type a, are the basis for the correction factor.

The nominal K, (i.e. calculated with the K-equation for a compact tension
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specimen ) rose from 25.8 for the standard compact tension specimen to 29.8 for
the slotted hole compact tension specimen , an increase by a factor of 1.16 (see

table below). This factor was then applied to the specimens with slant cracks.

The corrected values in the last column of the table below indicate a large effect
of the fracture mode, much larger than found from the previous (fatigue) tests on
2024 T351 specimens. The explanation may be that linear elastic fracture
mechanics is more relevant to the high strength 7075-T6 alloy.

This is confirmed by the K. value of 25.8 MPavVm obtained for this material,
which agrees very well with the valid Ky, of about 25 MPaVm, usually found for
this material in the literature. For all test results it was checked whether they
satisfied the ASTM 399 standard (as far as possible for the test specimens with a
slotted hole). The tests of specimens of type a satisfied the conditions for a valid
K¢ test. Results of two tests of the type ¢ specimen and one of the type d
specimen could not be used since an unsuitable prefatigue crack grew in the
specimen.

The corrected K, results in table 4.4 or in the table below, indicate that the
highest K, is found for specimens with an initial single shear crack. The ratios of
K¢ slant and K¢ tensile are about 1.5 and 2 respectively for the double shear and
single shear cases. Thus single shear cracks show the largest effect.

specimen type of crack | Number | Nominal K. | Corrected K | Ratio
of tests (MPa\/m) (MPa\/m) of K¢

CT tensile mode 6 25.8
CT with tensile mode 6 29.8 25.8 1
slotted hole
7075-T6 single shear 4 59.2 51.0 2
t=12.3 mm

double shear 5 44.4 38.3 1.5

81




3 mm

Chapter 4. Shear Lips on (Fatigue) Fracture Surfaces

56 mm 12.3 mm

-

@)

25 mm A\mm

} 54 mm L 18 mm

O | O

a) standard specimen with chevron b) initial tensile mode fatigue crack.

notch.

O O

<

O O

{

¢) initial single shear fatigue d) initial double shear fatigue crack.

crack.
Figure 4.48. Compact tension specimens used for K, evaluation.

Qualitatively the same trend was observed in fatigue tests. After overloads with
an overload factor of about 2 on center cracked tension specimens, fatigue crack
arrest occurred. However, when after many cycles the crack growth started
again, the growth always reinitiated from a crack tip which was in double shear.
A single shear crack did not grow any further [15].

It is remarkable that the results found in the "static" tensile tests differ much
from the results found in the fatigue tests described earlier in this section. In the
fatigue test the single shear case found resulted in a 12% higher K, at
instability, in the tensile test in a 100% higher K compared with the K, found
for a flat (tensile mode) crack. A satisfactory explanation cannot be given at the
moment. The slant mode, apart from leading to a lower crack driving force for

our specimen with slotted holes, might also be associated with a higher crack
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growth resistance for static crack extension in the shear mode. Further different
materials were used in both cases. The maximum shear lip width in 2024 is
estimated to be about 5 to 6 mm [20], in 7075 it is about 1 mm. This latter effect
was clearly visible on the fracture surfaces of the slant specimens. The large
initial shear lip width decreases rapidly during crack growth until a width of
about 1 mm.

This means that for the Al 7075 specimens an initial very unstable situation with
a five times too high shear lip width is created. The instability can also be seen
on the fracture surfaces in the area of the fatigue zone, where small tensile parts
grow in the big slant notch made by spark erosion.

Both initially double and single shear fracture surfaces transform to flat tensile
surfaces during the unstable growth with a resulting shear lip width of about

1 mm on the edges.

Of course it might also be assumed that for the "static" tensile tests K is a
material property (dependent on the thickness) that is independent of the initial
fracture mode. The results then indicate that K for a single shear slant crack is
100% lower than for a flat tensile mode crack. Both considerations, a higher K
or alower K, give mathematically the same result. At this moment it is not
possible to choose between both descriptions that lead to a similar trend.

In a recent paper Bakker [16] shows, using finite element calculations, that the
difference in Ky for a fully single shear slant crack and a flat crack is about 40%
at the utmost. The difference found here is lower (12%), as found from the
fatigue tests on Al 2024, or higher (100%), as found from static tensile tests on
Al7075. For the latter case it might be possible that the method used to find the
K-factor for the specimen with a slotted hole is not accurate enough, although
very recent finite element calculations show the same result within 1% accuracy
[23]. Another difficulty lies in the fact that a slow test (fatigue) is compared with
a fast test (K,).

Anyhow, the effect is large enough to be relevant for cracks in aircraft
components of the 7075-T6 alloy. Although the valid K|, for mode I cracks
probably implies conservative residual strength predictions, a further study
seems to be of practical interest.
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4.8 Some Physical Explanations of Shear Lip Behavior

Based on the following facts a few answers have to be found.

Observed facts

*

no shear lips are found on fracture surfaces of materials with a hexagonal
structure (Mg,Zn) or in materials where it is to be expected that slip on planes
at 45° with the plate surface will consume much energy.

in a constant amplitude test on Al 2024 in vacuum we always immediately
detect shear lips, independent of AK.

in air in a constant amplitude test first tensile mode crack growth is found at
lower AK, followed by shear lips at higher AK.

at lower frequencies in air more tensile mode area is found and a higher AK is
needed to get shear lips than at higher frequencies.

at a fixed frequency the shear lips start to grow at a AKeff given by equation
4.31. There is no dependence on K, -

in a constant AK test the shear lip width increases during crack growth until
an equilibrium value is reached.

the frequency has influence on the fracture surface appearance. Smooth shear
lips are found at lower frequencies, rough shear lips at higher frequencies.

at a fixed AK the tensile mode crack growth rate is frequency independent.

Related questions

*

E 3

Why do shear lips develop?

Why is there a dependence of the start of shear lip width development on
AKegs and not on K, (i.¢. on plane stress)?

Why is there an effect of the environment and/or the frequency on the shear
lip width development?

Why is the tensile mode crack growth rate independent of the frequency in a
constant AK fatigue test?

Why does the shear lip width growth result in an equilibrium value tg ¢ in a
constant AK fatigue test?

Why is there an upperbound shear lip width development in a "static" tensile
test?

Why is there a continuous out-of-plane growth for a double shear lip fracture
surface in a "static" tensile test, and often a zigzag growth in a fatigue test?
Why does the frequency affect the fracture appearance?
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Why shear lips develop

The reason why shear lips develop in some materials and not in other materials
probably has its origin in the material structure and the type and amount of
texture. It is well-known that the stress situation near a through-crack on the
plate surface is plane stress [12]. Therefore a simple mechanical explanation is
that the process is induced by a situation of plane stress at the specimen surface,
which leads to maximum shear stresses on planes inclined at 45° to the specimen
surface. A situation of plane stress is considered a necessary condition for the
initiation and growth of shear lips, necessary but not sufficient. Materials with a
face centered cubic or a body centered cubic structure have many possible slip
systems. There will always be a slip possibility near the direction of maximum
shear stress (except in a theoretically extreme texture case). Shear lips will form
easily in these materials. An exception was found for austenitic stainless steel, a
material with a face centered cubic structure, where no shear lips were found in
tensile and fatigue tests. The reason probably is a martensitic transformation in
this material near the crack tip. The tetragonal structure of the martensite
probably has no easy slip systems near the directions of maximum shear stress.
For hexagonal closed packed materials the situation is analogous because there
are only three slip systems composed of three closed packed directions <1000>
and the closest packed {0001} planes. Quite often the texture in plate geometries
of hexagonal materials is such that {0001} is parallel to the plate surface. There
is thus no easy slip system near the maximum shear stress direction. Shear lips
are not detected for these materials. The conclusion is that shear lips will form
always unless there is a hindrance of the necessary slip under 45° with the plate

surface.

Why shear lip start depends on AKy and not on K.

In this chapter a satisfactory mathematical description of shear lip width
behavior under constant stress intensity loading could be given. It was found that
the equilibrium shear lip width depended on AKff (equation 4.7), and that the
start of shear lips did not depend on K, .

This is a remarkable result, because shear lips are present both on fracture
surfaces made in fatigue tests and on fracture surfaces made in static tests. In
section 2.5 it was concluded that a situation of plane stress was a necessary
condition for the forming of a shear lip.

The amount of plane stress is influenced by K, , at higher K., there is more
plane stress. Why thus should the shear lip width be dependent on the fatigue
crack driving force AKefr and not on K5, ?

An answer to that question might be found using a time dependent description of
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the fatigue crack growth process with growing shear lips. We will assume that
the initiation of shear lips needs some crack growth. In fatigue (in the Paris
regime) we have some crack growth in every cycle. It is generally thought that
crack extension is not a continuous process during one cycle. There is only crack
growth during the increasing part of K. The crack growth rate increases with K
during this process. Somewhere near the maximum value of K the crack growth
rate will start to decrease and is assumed to become zero when K is decreasing.
The process of crack growth during the increasing part of the K cycle and no
crack growth and resharpening of the blunted crack during the decreasing part is
repeated for the next cycles.

Suppose that we have a tensile mode situation of crack growth in a constant AK
test. In every cycle we have the same (discontinuous) crack length increment.
When will shear lips develop? It may be clear that the shear lip growth has to
occur (start) during this small period of crack increment in one cycle, thus during
the increasing K period. If the crack length increment in one cycle is too low for
the initiation of shear lips, this will also be the case in the next cycles.
Apparently there is no “history” effect for shear lip initiation as long as the crack
surface is in the tensile mode. The reason for this is that in every cycle the crack
grows a certain amount, making a new fresh (sharpened) crack tip area for the
shear lip to try to initiate in the next cycle. Moreover, initial dislocation
movements, needed for the start of shear lip growth, are (partly) reversed during
the unloading K period of the fatigue cycle. Thus we need a certain continuous
crack length increment (which is equivalent to a certain da/dN or AKcff) to
initiate a shear lip. Below this value initiation of shear lips will not occur even
after a large number of cycles. This is in agreement with equation 4.31.

When at a higher AK the crack increment is sufficient for initiation of shear lips

in a cycle, then it will also be sufficient in the following cycles.

From this model we learn that we need a certain amount of crack growth in a
cycle (i.e. da/dN) to get shear lips. Therefore the initiation of shear lips depends
on AKesr and not on K, » because da/dN does not depend on K, -

This reasoning also explains that in a constant amplitude test we first find tensile
mode crack growth followed by shear lip development at higher AK, because
da/dN increases during a constant amplitude test.

For 10 Hz we found that shear lips develop in a constant AK test above AKegr =
5.5 MPaVm, irrespective of the value of K, - The (tensile mode) crack growth
rate for AKefr= 5.5 MPavVm is 0.16 um/cycle. Thus at 10 Hz there seems to be a
“delay” of 0.16 pm/cycle between normal (2 dimensional) fatigue crack growth

and shear lip crack growth. For a shear lip to develop a (continuous) crack

86



Chapter 4. Shear Lips on (Fatigue) Fracture Surfaces

growth above 0.16 pm is needed. The tests performed in this work were all done
with sinusoidal loading. It would be interesting to also do tests with a positive
sawtooth (i.e. with a short increasing period and long decreasing period) and a
negative sawtooth (i.e. with a long increasing period and short decreasing period)

loading to find its effects on shear lips.

Effect of frequency and/or environment on the start of shear lips

For materials that form shear lips a dependence of the forming of shear lips on
the frequency (environment) was found. When the loading frequency is lowered
(or the environment is made more agressive, e.g. by change from from air to salt
water), it was found for Al 2024 that start of shear lip width development is
shifted to higher values of AK. Flat tensile mode crack growth is favored when
the frequency is lower (or the environment is more aggressive).

What can be the explanation for this phenomenon? Remembering the foregoing
discussion about the necessity of a slip possibility in the directions of maximum
shear stress a possible explanation can be that the more aggressive environment
has an impeding effect on (the start of) dislocation movement along the slip
systems near the plate surface.

There are two possible causes for the impeding effect. First the effect can be
thought to result from foreign atoms or ions, products of a corrosion reaction
near the surface, diffusing into the matrix. They settle near dislocation lines
where the lattice spacing is higher than elsewhere. The settlement of foreign
elements (substitutional or interstitional) near the dislocation lines has a
lowering effect on the total internal energy , i.e. it costs energy to move the
dislocation lines out of this environment. The (start of the) movement of
dislocation lines has become more difficult. When a dislocation line has freed

itself from its environment of foreign elements it can move very fast.

Another possibility might be that dislocation lines near the crack tip surface are
pinned by the oxide layer on the surface, for example they are lying slant through
the oxide layer surface [24]. This oxide layer will have more “pinning” effect
when the frequency is lower, because the oxide layer will have more time to
grow. Thus the hindrance of initiation of dislocation motion probably is a surface
effect. The environment is not directly important in the interior of the material,
but it is indirectly, because the situation at the material surface is also of great
importance for the material interior as shear lips always grow from the surface
inwards. There probably has to be a little initial slant growth at the surface before
shear lips can grow to a larger width. If this initial shear lip growth is prevented

by hindrance of dislocation movements near the surface shear lips will only start
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to grow at higher AK .

I will not further speculate on this issue here and assume that there is a frequency
dependent prevention of initiation of dislocation motion, i.e. a lower frequency is
assumed to prevent initiation of dislocation movements needed for shear lip
forming more than a higher frequency.

Besides the foregoing discussion, Vogelesang and Schijve [19] postulated that
tensile decohesion is promoted by foreign ions near the crack tip. The reason for
this is probably a lowering of the surface tension for the atomic layer at the crack

tip surface.

Thus the effect of a corrosive environment consists of two parts:
1. a promotion of tensile decohesion.

2. an impeding of dislocation movement needed for shear lip growth.

The result of these assumptions is that the delay between continuous crack
increase and shear lip growth is found to be frequency (and environmentally)
dependent. The delay results from a competition between a tensile rupture (or
other tensile promoting) mechanism and a shear decohesion mechanism. An
aggressive environment lowers the surface tension at the crack tip and promotes
tensile decohesion. At the same time dislocation movement, needed for shear lip
formation, is obstructed, because there are more (dislocation) pinning points
resulting from foreign atoms and ions made by a corrosion reaction or resulting
from the oxide layer near the intersection of the crack tip surface and the edge of
the specimen. Thus the delay is higher for a more aggressive environment (and
for a lower frequency, because there is more time for the environment to react
with the material).

The larger delay for shear lip growth in an aggressive environment (or at lower
frequency) means that a larger continuous crack growth increment is needed for
the start of a shear lip. Thus da/dN at the start of shear lips is higher and herewith
also AKefr . The shear lip development will be later and less.

In vacuum there is hardly any delay, because there is no promotion of tensile
decohesion by foreign atoms or ions, and because there is also no oxidation of
the edge material at the tip. There are no obstacles for dislocation movements
needed for the start of the shear lip growth. Shear lips develop almost
immediately when the crack grows, even for a very low AKegr and for a low
frequency.

However there exist conflicting views with some recent corrosion fatigue
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theories. A corrosion fatigue theory by Henaff et al.[25] assumes that adsorption
of water vapor molecules on fresh crack surfaces is the main mechanism in the
increase of the crack growth rate of a stage II fatigue crack (i.e. in the Paris
regime) in a corrosive environment. The effect of the adsorption is thought to
result from a competition between the transport of active species to the tip, the
adsorption consumption rate and the crack advance kinetics. Adsorption may not
be viewed as an embrittling process but rather as a mechanism inducing
enhanced plasticity of the cyclically strained material at the crack tip.

Lynch [26] assumes that adsorbed hydrogen weakens interatomic bonds at the
crack tip and thereby facilitates injection of dislocations from the tip. Crack
growth occurs by alternate slip, which promotes coalescence of cracks with
small voids nucleated just ahead of the crack tip. These voids have been detected
on fatigue crack fracture surfaces at high magnifications.

In both views the environment (lower frequency) leads to more active slip
systems. Alternate slip by cooperative slip systems promotes tensile mode crack
growth both in the plane strain middle as well as on the plane stress edges of the
specimen. At sofar the theories fit with the facts, i.e. more tensile mode crack
growth in a more aggressive environment. However a higher AK will lead to
more slip systems and enhance the activity of systems that already exist, so even
more tensile mode crack growth is to be expected at higher AK. This expectation
is not fulfilled, we now get development of shear lips. Also a higher K., is
expected to have an enhanced effect on the activity of (more) slip systems,
however shear lip behavior is not found to depend on Ky, -

We remain in support of the conclusion therefore that shear lips will form always
unless there is a mechanism that prevents the necessary dislocation movements
on the planes of maximum shear stresses and that the hindrance of the necessary
dislocation movements is promoted by a more aggressive environment.
Otherwise it should be expected from these theories that the tensile mode crack
growth rate would be frequency dependent even at the applied higher AK cycles,
which is not the case. In order to find a way out of this dilemma it is possible
that these corrosion theories do not apply so much in the (high) AK area where
the shear lips are active.

Why is the tensile mode crack growth rate independent of the frequency in a
constant AK fatigue test?

In a lot of papers devoted to corrosion fatigue a large effect of the frequency
(environment) is found on the crack growth rate. The investigations described in
these papers normally don’t describe a situation where shear lips are present.

Tensile mode crack growth at a much lower AK is described.
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The present author found that the tensile mode crack growth rate is not a
function of the frequency at a fixed AK test for a AK as high as 18 MPaVm and R
=0.1, see figures 4.39 and 4.41.

The reason for this behaviour probably can be found in the shape of da/dN-AK
curves at different frequencies in air and in vacuum. At lower AK there exists a
large difference in crack growth rates between air and vacuum, while at higher
AK there is a tendency to convergence of all curves. Probably the applied AK of
18 MPavm (R=0.1) is high enough to be in the area of convergence. The whole
difference in constant amplitude crack growth rates can now be explained with
difference in shear lip widths in this area, because tensile mode crack growth

rates are the same.

Why there is an equilibrium value t; ,, at a constant AK test

For higher values of AKe¢f the crack growth increment per cycle is large enough
to start shear lip growth. When in a cycle a shear lip is initiated, the stress
situation (initiation of mode III stresses) at the tip has changed. Every cycle adds
a small shear lip increment to the already present shear lip width. It was shown
in section 4.4 that growing shear lips lead to a decrease in da/dN. Suppose that
we start fatigue crack growth from a tensile mode prefatigue crack at a high
constant AK. Already in the first cycle the shear lip growth starts. Then in the
next cycle there is an initial shear lip width (very smail), which leads to a lower
da/dN than in the first cycle. The lower da/dN in the second cycle leads to a
lower increase of shear lip width (dt) than in the first cycle. In the next cycles, in
every single cycle the increase of shear lip width and the decrease in crack
growth rate are smaller than in the previous cycle. This process is going on until
the changes (per cycle) in t; and da/dN are very small (about zero), the
equilibrium values t; oq and (da./dN)eq are now reached (see figure 5.1 of chapter
5). The value of (da/dN),, depends on t; ., and reverse.

Why there is an upperbound shear lip width behavior in a "static" tensile test
compared with fatigue tests?

In a “static” tensile test we have a very large continuous crack growth increment.
The crack growth increment will always be amply sufficient for starting shear lip
development and growth. Besides that there is no change in the loading
direction, i.e. K keeps increasing when the crack grows. This large continuous
crack growth is the reason that the shear lip width found in a static test
experiences an upperbound behavior compared with shear lip width results from
fatigue tests at all frequencies. With upperbound behavior we mean that if we do

not find shear lips in a "static" tensile test, we certainly will not find them in
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fatigue tests at all frequencies. At this moment we do not exclude that besides
the large continuous crack growth increment also the very high K (much larger
then K ) and/or the very high da/dt influence the shear lip behavior.
Displacement controlled tests at different constant displacement rates are
planned at this moment to investigate the separate influences of the continuous
crack growth increment, the K value and the crack growth rate da/dt.

Why is there a deviating growth direction of a double shear lip fracture in
“static" tensile tests and fatigue tests, and why are there smooth and rough shear
lips?

Another phenomenon that has yet to be discussed is the deviating crack growth
direction of cracks with double shear lips, and why there is (sometirﬁes) a
reinitiation of shear lips in fatigue tests (zigzag growth) and not in “static”
tensile tests. Possible explanations are based on the asymmetric plastic zone
when shear lips are present.

Recently Schijve [21] suggested that the deviating crack growth direction of the
“static” double shear failure indicates a preference to grow in the direction of the
larger plastic zone. This is a consequence of the asymmetry in plastic zone of a
crack with shear lips. The large plasticity in the asymmetric zone leads to voids
around inclusions, followed by coalescence of voids during crack extension. The
crack path follows the coalescence of the voids. This explanation seems valid for
(double) shear lip deviations in "static" tensile tests.

During fatigue crack growth a similar void formation (i.e. in the direction of the
large asymmetric plastic zone) probably does not occur, but the asymmetric
plastic zones remain a valid argument. The zigzag pattern of fatigue crack
growth (at higher frequencies) still has to be explained.

The cause of the difference in out-of-plane growth of “static” tensile and fatigue
cracks will again be explained with a time dependent behavior. Dislocation
movements, i.e. start of movement and movement itself, needed for the creation
of voids around inclusions and for coalescence of voids are time dependent. In
"static" tensile tests we have to do with a large crack growth increase at a very
large value of K. During the crack growth the K value will probably not (much)
decrease. Voids will have ample possibilities to grow (high stresses) even for
fast crack growth after instability, because dislocations start easily (high stresses)
and dislocation velocities are high.

In fatigue crack growth the continuous crack growth increment is very short
compared with a "static" tensile test. Crack growth only occurs when K
increases. Crack growth stops when the K will start to decrease. The dislocations

will have more difficulties to start in fatigue and make voids because the stresses
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are lower and reverse soon (i.e. dislocation movements will also be reversed if
possible).

For higher fatigue frequencies there is probably no time enough for the making
of large voids, needed for further crack growth, during the increase of K. Thus in
fatigue crack growth at higher frequencies there are no such large weak sites
with coalesced voids that promote crack growth as in a fast "static" test . Now a
modest plasticity, with its dislocation network, will be probably sufficient to stop
(“pin™) further dislocation movements that accompany plastic deformation and
crack growth and lead to crack arrest. The crack growth has to reinitiate then in
another direction with less plasticity.

For lower frequencies there is more time to make voids and for coalescence of
voids. Now the zigzag pattern of crack growth is not observed. The shear lip
appearance is smooth as in a "static" test. Probably crack stop does not occur in
this case, the shear lip can grow further as in the “static” case.

Thus the time dependence of the dislocation processes involved (i.e. mainly the
time needed for initiation of dislocation motion, the making of voids and next
coalescence of voids), and the reversing of the stresses in fatigue ( much lower
stresses than for "static" tensile tests), make that for a "static" tensile test and a
fatigue test at lower frequency the crack grows in the direction where the
plasticity has a maximum. For the fatigue crack growth at higher frequency the
crack growth stops on the large asymmetric plastic zone, and has to reiniate in
another crack growth direction for continuing its growth. The zigzag growth is

often adressed as a rough fracture surface.

4.9. Chapter 4 in summary

In the present chapter various aspects of shear lips on fatigue fracture surfaces
have been analyzed, based on a large number of test series, mainly on 2024 T3
center cracked tension specimens. In view of the present status of understanding,
it is useful to summarize the major findings, both experimental observations and
mathematical correlation’s.

1. Although shear lips were recognized long ago, only limited systematic
empirical investigations were reported in the literature. The present investigation
clearly shows that constant AK tests are essential to describe fully the shear lip
development, and to realize that an equilibrium shear lip width is obtained in
such tests. At the same time, it became evident that under constant AS loading,
shear lips will have a non-equilibrium size depending on the AK history of the
growing fatigue crack. This aspect was largely overlooked previously.
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2. In the past shear lips were often ignored in investigations of certain
influences on fatigue crack growth, although it is quite obvious that fatigue
cracks growing in the tensile mode (no shear lips) and fatigue cracks growing
(partly) in the shear mode (i.e. with shear lips) should not necessarily be affected
in the same quantitative way by certain fatigue load conditions. Even
qualitatively, different phenomena might be active. This point of view is
supported by crack growth results from the present investigation. They show that
under nominally identical loading conditions the growth rate of a crack growing
in the tensile mode may be about three times larger than the growth rate of a
crack in the shear mode.

3. The results of extensive shear lip width measurements have revealed a
number of interesting observations:

a Under constant AK loading the shear lip width increases until an
equilibrium width (t; o) . For different R-ratios ts,eq Shows a good correlation
with AKefr , and not with AK or K, .

b The equilibrium shear lip width t5eq is independent of the sheet thickness.
Obviously, it can only directly be measured if ts eq < /2 (t = sheet thickness).

c For the initiation of shear lips on a fatigue fracture surface which is still in
the tensile mode a critical AKegr value is required. This value accounts for the
effect of the stress ratio R, but it is sensitive to the environment and the test
frequency.

d If the fatigue fracture is still in the tensile mode (no shear lips), the crack
growth rate is independent of the cycle frequency. However, if there are shear lips,
a higher crack growth rate is found for a lower frequency. It appears that the
frequency effect and the occurrence of shear lips are interrelated.

4. Although shear lips are a complication of the fatigue crack growth
phenomenon, it turned out that the shear lip width development shows certain
systematic trends during constant AK tests. This allows a mathematical description.
Based on the assumption that dty/da is proportional to (ts,eq - ts ) (tg is the current
shear lip width), a linear equation was obtained for tseqas a function of AKesf .
Also a satisfactory relation was obtained for the frequency effect showing that ts.eq
is a linear function of log(frequency).

5. The equation obtained for tg as a function of AKegf, based on constant AK
test results, could predict the shear lip width development during constant AS
experiments.

6. Observations were made on the so-called zigzag crack growth
phenomenon as well as on the deviating crack growth direction for double shear
fatigue cracks. It appears that asymmetric plastic zones, introduced by shear lips,
play a significant part for these phenomena.
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The above summary gives a kind of inventory of shear lip behavior. Apart from a
further analysis the observations are already relevant to technical problems in
order to see which kind of influences are associated with or affected by the
presence of shear lips. However, the question arises whether our observations
can be modeled in terms of fracture mechanics parameters, also in view of
prediction procedures. An inherent difficulty is present, which is associated with
the following consideration. All observations are related to fatigue crack
extension, which is a consequence of some crack driving force on one hand (e.g.
a AKefr ), and a material resistance to crack growth on the other hand. The
present analysis of our results indicate that AKe¢ is an important parameter.
Probably this should not be considered to be surprising, since cyclic plastic
deformation around the crack tip should be controlled by AKefr.

The material resistance with respect to crack growth resistance is usually
characterized by da/dN- AKcgr graphs. Our problem now is how the shear lips
affect the crack driving force and how they affect the material resistance. This is a
most intriguing question, especially because the two concepts can not be measured
separately. In experiments we always find the combined result of both. From finite
element calculations, we know that K depends on shear lips, as would be expected.
Our static K, tests indicate quite significant effects of shear lips on K. The
frequency effect should be associated with some time dependent mechanism in the
material, and thus with the material resistance. It seems to be plausible that crack
growth is faster at low frequencies, but this was found for shear mode cracking

only, and not for crack growth in the tensile mode.
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Table 4.1. Results of constant AK and R tests on 6 and 10.3 mm thick plates
(c.c.t. specimens); a (*) indicates that only ¢ has been fitted; a (-) indicates that
ts,eq is estimated directly from the broken specimens; frequency = 10 Hz.

plate AK R Kmax AKeff ts.eq ¢
thicknes| (Elber)

(mm) | (MPaVm) (MPaVm)| MPaVm) | (mm)| (I/mm)
10.3 9.43 | 0.64 26.00 7.12 1.01 0.263
10.3 11.95 | 0.54 26.00 8.56 2.12 0.157
10.3 14.87 | 043 26.00 9.98 3.04 0.164
10.3 18.58 | 0.29 26.00 | 1141 3.78 0.098
10.3 24.67 | 0.05 2600 | 12.84 4.90 0.093
103 14.40 | 0.10 16.00 778 1.42 0.498
103 18.00 | 0.10 20.00 9.72 2.78 0.184
6.0 12.00 | 0.10 13.30 6.47 0.55 0511
6.0 9.74 | 0.30 14.00 6.06 0.30 0.813
6.0 11.40 |0.50 23.00 8.00 1.75 0.187
6.0 15.00 | 0.10 16.70 8.11 1.83 0.203
6.0 16.00 | 0.30 23.00 9.95 2.96 0.137
6.0% 23.00 | 0.08 25.00 | 12.24 4.48 0.103
6.0 20.00 | 0.10 2220 10.80 3.55 0.15€
6.0 18.00 | 0.10 20.00 9.72 2.74 0.245
6.0 17.00 | 0.10 18.90 9.18 2.42 0.164
6.0 12.65 | 0.56 29.00 9.18 2.40 0.194
6.0% 24.38 {0.39 40.00 | 16.00 7.00 0.08(
6.0% 15.83 | 0.68 50.00 | 12.24 4.48 0.153
6.0 11.73 | 0.71 40.00 9.18 2.42 0.189
6.0 1241 | 0.65 35.00 9.41 2.60 0.164
6.0 19.64 | 0.05 20.64 | 10.20 3.04 0.154
6.0 18.00 |0.10 20.00 9.72 2.80 0.163
6.0_ 10.00 | 0.10 11.10 5.40 0 -
6.0_ 9.74 | 030 14.00 6.05 0.15 -
6.0_ 12.00 | 0.10 13.30 6.48 0.60 -
6.0_ 8.70 | 0.62 23.00 6.50 0.60 -
6.0_ 14.00 | 0.10 15.60 7.56 1.20 -
6.0_ 11.40 | 0.50 23.00 8.00 1.50 -
6.0_ 11.50 | 0.50 23.00 8.05 1.50 -
6.0_ 15.00 | 0.10 16.70 8.10 1.50 -
6.0_ 17.00 | 0.10 18.90 9.18 2.10 -
6.0_ 18.00 | 0.10 20.00 9.72 3.00 -
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Table 4.2. Results of constant AK = 18 (MPaVm) and R = 0.1 tests on 6 mm
thick plates at different frequencies: AKegr = 9.72 (MPa\f m).

frequency te og c Cleeq |

(Hz) (mm) (1/mm)

17.50 2.92 0.170 0.49

10.00 2.80 0.163 045
5.00 2.47 0.203 0.50
2.50 2.22 0.188 042
1.00 2.30 0.209 0.48
0.50 2.02 0.209 0.42
0.25 1.94 0.188 0.36
0.10 1.48 0.190 0.28
0.05 1.37 0.177 0.24

Table 4.3. Five constant AK tests at AKefr = 5 MPaVm and increasing K« »

6 mm plate. No shear lips were detected.

AK R Kmax AKef AKeff
(Elber) (Schijve)
(MPaVm) (MPavm) | (MPaVm) | (MPaVm)
9.28 0.10 10.28 5.0 5.4
6.61 0.64 18.33 5.0 5.4
6.20 0.77 26.67 5.0 55
6.01 0.83 35.00 5.0 5.5
5.86 0.88 50.00 5.0 5.5
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Table 4.4. Results of K¢ tests.

type prefatigue K¢ Kc corrected
mean value
a(mm) (MPaVm) (MPavm)
a 22.9 26.3
a 22.6 25.9
a 22.6 255 25.8
a 224 25.1
a 22.5 26.2
a 22.5 25.5
b 22.5 27.7
b 21.3 304
b 21.1 30.1 25.8
b 22.2 28.9
b 20.8 31.7
b 20.9 30.2
C 23.0 58.7
c 22.8 64.5 51.0
[ 22.5 63.4
c 23.3 50.0
d 234 47.2
d 23.8 40.5
d 232 44.0 38.3
d 23.1 45.1
d 23.3 45.2
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A Model for Predicting Slant Fatigue Crack Growth in Al
2024
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5.1. Introduction

The development of shear lips during fatigue crack growth was the subject of the
previous chapter. Various constant AK tests were carried out in order to obtain
such results as qualitatively presented in the graphs of figure 5.1. The results of
numerous shear lip width measurements on 2024 T351 specimens have led to
equations 5.1 to 5.3, being equations 4.4, 4.7 and 4.9 in chapter 4. It was shown
that for constant AK test results:

tS = ts,eq (1 ~C 'c(a'ao)) 51
The constants ¢ and t; . were found to be functions of AKeg :

ts,eq = 0.67 AKeff - 3.72 52

¢ =0.22/t5¢q + 0.08 53

where ts eq is in mm , AKeff in MPavVm and ¢ in mm™; a is the crack length and
ag the crack length at the beginning of shear lip development.

In this chapter a simple model will be presented to predict the crack growth rate
under mixed tensile/shear or complete shear circumstances using the flat, tensile
mode crack growth data. First the equilibrium relations for da/dN and shear lip
width will be described. Later in this chapter the theory will be applied to predict
non-equilibrium constant amplitude crack growth. Thickness effects and
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frequency effects will be considered too.

Also in this chapter the crack closure formula found by Elber [1] is used for

AKeffi
AKesr= (0.5 + 0.4 R)AK 54
where the validity is restricted to - 0.1 <R <0.7.

5.2. Experimental procedure

Constant AK tests were performed on center cracked plate specimens of

Al 2024 T351 at 10 Hz. Two thicknesses, 6 and 10.3 mm, were used. The center
cracked specimens were 100 mm wide and 300 mm long. The direction of crack
growth was perpendicular to the rolling direction. All specimens were
prefatigued at such a low AK that the fracture surface was in the tensile mode at
the start of the constant AK test.

prefoﬁgué -------------

UUU\: constant AK

a
ts
tg=0 | ts,eq
l K_I—_
N[ a
da/dN shear lip development

|
| (da/dN)

/l q
|
decreasing crack growth rate
a
Figure 5.1. Schematic figure of shear lip width increase and crack growth

rate decrease in a constant AK test.
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In table 5.1 a survey is given of the tests performed. Some of these tests were
already presented in figure 4.2 of chapter 4. For these tests the measured shear

lip width is also given.

5.3  Tensile mode crack growth rate

When shear lips are not yet present the fracture surface is flat (tensile mode). In
all constant AK tests we started in the tensile mode. The crack growth rate at first
decreases almost linearly with the crack length when shear lips develop. This
linear decrease enables us to find da/dN in the tensile mode even when the
applied AKefr is too high for a stable tensile mode situation of crack growth. We
define the tensile mode crack growth rate (da/dN). e as the rate that is found
by extrapolating the linear decreasing part of da/dN back to the start of the
constant AK test (see figure 5.2).

1

da/dN in pm/cycle
]
(9]

. constant AK test

0 10 20 30 40
crack length in mm

Figure 5.2. Definition of the extrapolated tensile da/dN and the equilibrium
shear mode da/dN.

This procedure was already adopted in chapter 4, see figure 4.38. A reliable
extrapolation was not possible in all tests (in Table 5.1 this is shown by
indicating no value for (da/dN);engile)- The (da/dN)engije Plotted against AK
showed a large amount of scatter probably owing to the different R values(see
figure 5.3). Results of Petit [5] on 10 mm thick compact tension specimens of Al
2024-T351 have also been plotted in figures 5.3, 5.4 and 5.5 for comparison.

A much better result was obtained by plotting against AK.¢ using Elber’s
equation 5.4., see figure 5.4.

102



Chapter 5. A Model for Predicting Slant Fatigue Crack Growth

'
W

da/dN in mm/cycle
)

i

[
o
oo
I

10 100
AK in MPaVm

[u—

Figure 5.3. Tensile da/dN versus AK.

In references [2,3] it is assumed that the crack growth rate is proportional to the
plastic zone size. This plastic zone size is in turn proportional to AK?. We adopt
here an analogous procedure for (da/dN)ensite- The tensile mode crack growth
rate will be plotted as a function of (AK - AKjpreshola) instead of AK in order to
incorporate threshold effects too [4]. However scatter was large again, probably
due to the different R - values used.

A reasonably good fit is achieved for the log-log plot results shown in figure 5.5
by adopting AK¢ minus a constant ( = AKff threshold ) @S @ variable. With a

quadratic function, equation 5.5 is obtained:
- -5 2 55
(da/dN)gepsite = 1.88x 10~ (AKqg - AKeff,th )

The value for AKegs i = 2.6 MPavm was found by linear regression. Equation
5.5 has been plotted in figures 5.4 and 5.5. The value of 2.6 MPaVm means
physically an effective threshold AK value at da/dN = 0. This is a remarkable
result as it implies that an effective threshold AK can be found from extrapolated
tensile mode da/dN data.

However, it should be noted that also other fits with an exponent unequal to 2
are possible instead of equation 5.5. Equation 5.5 is just the best fit with an

exponent of 2.
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da/dN in mm/cycle
=
n

i s s

equathn 5.6 § mﬁgg

Jr—
o
o

1 10 100
AK,¢ in MPaVm

Figure 5.4. Tensile da/dN versus AKg;.

P—
o
)

da/dN in mm/cycle
=
n

AK,sr - AKess g in MPaVm

Figure 5.5. Tensile da/dN versus AKege - AKegr ¢p -

Another question that should be answered is the problem of closure build up
after a transition in the loading. We cannot expect that directly after the start of
the constant AK test the closure situation is stable. It will probably take some
mm of crack growth at the applied constant AK before we reach a stable
situation. Thus at first sight it is not correct to plot the (da/dN}ensile Versus AKess
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because Elber performed his measurements in a “more or less stable” situation.
Elber’s formula is not valid for such startup effects. Nevertheless the present
author decided to plot (da/dN);epsije @gainst AKesr using Elbers crack closure
relation without a correction. There were two reasons to do this.

At first the plasticity induced crack closure is assumed to be small compared
with shear lip induced crack closure [29,30,31]. Secondly the tensile mode da/dN
is found by an extrapolation procedure. Most of the experimental results used in
the extrapolation procedure probably have reached a stabilized plasticity induced
crack closure situation, because these measurements are made several mm of
crack growth after the loading transition (see also chapter 7, section 7.4). The
closure situation for the shear lip will not be a stable one, but that is one of the
topics of this chapter.

In both figures 5.4 and 5.5 results of 6 mm and 10.3 mm thickness are given.
There is no obvious thickness effect on (da/dN) (.nsite- Apparently, if the fatigue
crack grows fully in the tensile mode a thickness effect is not observed or it is

very small. As will be discussed later this is no longer true if there are shear lips.

5.4. A model for predicting the crack growth rate in a mixed
square/slant mode

As was already mentioned the tests were performed with constant AK and R. The
formula used for K is:

K=—P—\/ﬁwfsecE 5.6
wt w

where P is the load and w the plate width. If no shear lips develop the crack
growth rate da/dN (= (da/dN) (sile ) should stay the same under these
circumstances. However, when AK is high enough shear lips will develop. A
decrease in da/dN is then observed (see figures 5.1 and 5.2). Eventually, both the
shear lip width and the crack growth rate reach an equilibrium value, which we

denote as t oq and (da/dN),, respectively.

Causes of the decrease in da/dN with increasing shear lip width

One could think of several causes to explain the phenomenon of the decrease of
da/dN. Four possible reasons for a reduction in the crack growth rate will be
discussed. Two are based on the influence that shear lips might have on the crack
driving force. The other two are based on the possible influence of shear lips on

the crack growth resistance.
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o Factors that are assumed to affect the crack driving force are:

1. A direct influence of the slant crack on K leading to a decrease in AK ,
i.e. equation 5.6 is not valid for a slant crack, K is lower then.

2. A different crack closure behavior of the shear lip parts compared with
tensile parts, i.e. the crack closure stress level is higher in the shear lip
parts leading to a lower overall AKefs .

e Factors that are assumed to affect the crack growth resistance are:

3. A different crack growth mechanism is active in the shear lip parts
compared to the tensile parts, which can lead to different resistance to
crack growth in both modes.

4. The total crack growth resistance increases due to a longer crack front
line in the case of shear lips, implying that more fresh surface will be
made when shear lips are present, leading to more resistance.

Of course combinations of these factors are also possible.

Cause 1, a direct influence of the fracture mode on K, is based on the fact that
the mode I K for a slant crack is lower than the mode I K for a tensile crack,
which follows from Finite Element calculations [6,7].

A lower AK for a slant crack also can be based on the following considerations.
In a constant AK test, the energy release rate AG, which means the energy that is
available for crack extension per unit thickness and per crack length increment,
is assumed to be constant and independent of the fracture surface mode. This
means that we assume that the amount of energy which is "pumped" into the
specimen by the fatigue machine is independent of the fracture mode. In the
tensile mode AG = AGy(y) . In the shear mode mode II and III components will
also arise which will consume part of the available energy:

AG = AG (1) = AG y(5) + AG [1(s) + AG 111(s) 57

This formula implies that AGy(s) < AGy(y) and thus AKj(s) < AK[(g). A
complication is that now we can expect mode II and mode III fatigue crack
growth too. As we do not expect a high mode II component of crack growth we
neglect this. The pure mode III crack growth rate is less than one tenth of the
pure mode I crack growth rate at the same crack opening level [12], so it seems
that it can be neglected too. However, because we have here a combination of
mode I and III, the mode III crack growth rate might be higher than one tenth of
the mode I, because the high mode III crack closure will play a less important
role when the crack is opened by the mode I loading. At this moment we do not
have any data about the crack growth mechanisms under combined mode /111
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loading. We will therefore neglect this and consider only mode I crack growth to
be relevant.

Cause 2, a different crack closure behavior, suggests that the amount of crack
closure is different for the shear lips and the tensile mode parts. This seems
logical because shear lips occur in an area with predominantly plane stress
conditions. Therefore the plastic zone sizes will be larger than at mid-thickness.
Besides that, it seems logical to assume that shear lips combined with a little
mismatch between fracture surfaces will lead to extra crack closure. As a
consequence the crack closure stress level will be higher at the shear lips. As a
proof of this assumption, black oxide spots on the shear lips are frequently
observed, which are supposed to be due to fretting oxidation due to (enhanced)
closure.

There is some agreement in the literature that in general shear lips can be
associated with more closure [8,9,10,11]. A possible mechanism leading to extra
closure due to shear lips was already shown in chapter 4, figure 4.35.

In chapter 7 measurements will be presented about closure with and without
shear lips. It will be shown that only certain types of shear lips lead to extra
closure. For the moment we do not exclude that there is extra closure in the case

of shear lips.

Cause 3, another crack growth mechanism, refers to a possibly different crack
growth mechanism in the tensile and the shear mode parts. In the tensile part
striations are very often found which do not show up in the shear lips unless
higher R-values are used [12]. Probably the shear lips are crunched by the crack
closure wedge leading to destruction of the striations. This crunching effect will
of course be less at higher R values.

If striations are found in both parts then probably similar basic growth
mechanisms, i.e. fatigue crack growth by a striation mechanism in each cycle,
might be operative in both tensile and shear mode parts, leading to about the
same crack growth resistance.

Striations in shear lip parts have also been found by the present author, which
supports the conclusion that the actual crack growth mechanisms ( crack growth
by striations) in the shear mode parts are the same as in mode I (tensile) fatigue

crack growth. This is also confirmed in the literature [13,14,15].

Cause 4, a higher crack growth resistance due to a longer crack front line, was
suggested by Schijve [16] and also in reference [17]. They implied that a longer
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crack front line results in more resistance to crack growth and thus in a lower
apparent stress intensity factor AK. Their suggestion forms a mix between crack
growth resistance and crack driving force. An increasing resistance is assumed
and next translated to a decreasing driving force. Therefore in a situation with
shear lips more fresh fracture surface is made then in the tensile mode situation
per crack extension unit. Here we assume a higher crack growth resistance owing
to the longer crack front line only.

However, note that all causes together lead to less fresh crack surface made per
cycle in case of shear lips. In a transition from tensile mode to full (100%) shear
mode a decrease in da/dN with a factor of about 3 is observed, whereas the
transverse crack front length is about V2 times longer. As a consequence, when
we compare a situation of tensile growth with a situation of pure shear growth, at
the same applied AK, in the latter (shear lip) case less fresh surface per cycle is
made, i.e. :

da/dN gensiley*t > da/dN(eq)*tN2.
Thus in reality in the tensile mode area more fresh surface is made per cycle than

in the shear mode area.

A connection between AK ¢ and the shear lip width.

The above discussion leads us to the conclusion that the driving force influences,
causes 1 and 2, will influence the crack growth rate. The discussion of resistance,
causes 3 and 4, eliminates different mechanisms being operative (cause 3), but
does not exclude that the longer slant crack has a different resistance compared
with a tensile crack (cause 4). Causes | and 4 connect AK and the transverse
crack length /.

Because we observe a decrease in da/dN for larger ¢, we try a very simple
formula, connecting both quantities, AK.¢ = constant. This formula is of course
only allowed if the same crack growth mechanisms apply to the tensile mode
and the shear mode parts, as pointed out in the discussion of cause 3. Itis a
simplification, because extra closure in the shear lip parts (cause 2) is not
included.

The effects of shear lips on AK and crack growth resistance (causes 1 and 4) and
on the amount of closure (cause 2) probably are the reasons for the observed
decrease of da/dN. That suggests to use an effective AK as a characterizing
parameter instead of AK. This parameter contains elements of both K and crack
closure. Of course it is difficult to estimate the relative amounts of both

contributions. The following simple assumption is adopted:
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AKgr - £ = constant 5.8

where £ is the transverse crack front line length. All three causes discussed
earlier, K, closure and resistance, the latter due only to crack front length and rot
to a different mechanism, are combined in equation 5.8. Equation 5.8 predicts
the dependence of AKer on the transverse crack front length and thus on the
shear lip width. For £ = t (no shear lips) AKe¢f has the normal Elber value. When
shear lips develop £ is larger and a correction on AKegt is needed according to
equation 5.8.

We will compare the situation at the beginning of the constant AK test, when the
crack front is still in the tensile mode, with the equilibrium situation when the
shear lip width t; ¢ and the corresponding equilibrium crack growth rate in the
shear mode, (da/dN) . , have reached a steady state value. Although we have the
same applied AK in both cases, the real AKesr, "as felt by the tip", will be lower
in the slant case. From equation 5.8 it follows that:

AKeff, tensile _ _transverse length slant crack ¢ 59

" transverse length tensile crack Tt

Keff, eq

When it is assumed that the shear lips make 45° with the loading direction then:

%=1+2(~/§—1)t5’% 5.10
AKeff rensile 1S the AKeyr at the beginning of the test, where the surface is in
tensile mode. It is equal to the applied AK ¢ ,using equations 5.6 and 5.4, thus
equal to the normal Elber value. AK,feq is the AKegr at the end of the test, when
shear lips have reached their equilibrium value. AKff ¢q thus depends on tgeq.
We define AKff e with equation 5.9.

(Reversed) Similarity

In the previous discussion it was assumed that besides an influence on K (cause
1) shear lips also have an influence on the amount of crack closure (cause 2) and
on the crack growth resistance by the longer crack front length (cause 4). These
arguments led us to adopt equation 5.8.

In order to be able to predict da/dN in a situation of shear lips, an approach is
followed using a sort of similarity (= similitude, see chapter 2) concept. The
similarity concept states that similar crack driving forces (AK or AKefr ) lead to
the same da/dN. Here the reversed argument is also thought to be true, equal

crack growth rates are a consequence of equal values of AKefy irrespective of the
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fracture mode.

At the start of the constant AK test there are no shear lips and the AK can be
described with equation 5.6. After some crack growth shear lips will develop. In
general AK can not be found now from equation 5.6 as this formula is valid only
for a tensile mode crack. It may be obvious also that for a crack with shear lips,
standard relations of AKff can not be used, because normally in these standard
relations the fracture mode situation is not a variable, except for the tensile mode
case where AK is defined with equation 5.6.

The AKegf relation of Elber, equation 5.4, led to a reasonable result for the tensile
mode crack growth rate as was shown in figures 5.4 and 5.5. Therefore it will be
assumed that AKegr for the tensile mode situation can be defined using equation
5.6 for AK and using equation 5.4 for the crack closure correction.

The reversed similarity concept states that when a crack in shear mode has the
same da/dN as a crack in tensile mode for both cases the same AKegs will apply.
This gives an opportunity to define AKesr for a slant crack and to use it in a crack

growth law.

Application of the model

The similarity approach enables us to use equation 5.5 as a calibration equation
to find da/dN from AKefr and vice versa. It enables a quantitative prediction of
da/dN in a shear mode situation, i.e. it means that we can substitute AK¢f oq in
the tensile mode equation 5.5 to find da/dN = (da/dN), .

The principle yields:

(da/dN)eq =1.88 107 (AK fpeq -2-6)° 5.11

with AK g o according to equation 5.9.

The calculation procedure is explained in figure 5.6. The problem is to predict
da/dN in a situation with shear lips, when (da/dN)esije is known. We start at a
given crack length (a) and calculate AKeff tensile (= the normal Elber value) and
(da/dN);epsile sUSing equation 5.5

Using equation 5.9 we find the effective AK in the presence of shear lips,
AKeffeq - Then using equation 5.5 again we find point 3, representing the da/dN
based on a tensile crack front geometry. Next point 2 can be constructed, being
the predicted (da/dN)eq .

Note that we applied (reversed) similarity in the last step, by assuming that for
points 3 and 2, at the same da/dN values, we will have the same AKeft values.
Next the crack length is increased with Aa and the calculation is repeated for the
new crack length. The value of t . , which we need to calculate AKefgeq ,
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follows from equation 5.2 using AKqgr = AKeft epsile -

tensile line
log
(da/dN)
shear line
/
A Keff,eq A Keff tensile log(AK cff)

Figure 5.6. Graphical presentation of the calculation procedure.

This is allowed because equation 5.2 is found in chapter 4 using only the
standard Elber function for AKegr .

Lagging behind of shear lip parts

We assumed AK.¢ to be inversely proportional to the transverse crack front
length, equation 5.8. In practice it is often found that the shear lips on the edges
of the specimen lag behind the tensile middle during crack growth. The crack
front line length is longer now than the value of ¢ calculated in equation 5.10. In
the calculation of £ we do not correct for this effect, because £ is found from ts.eq
(equation 5.10) and because the shear lip width measurements were made

perpendicular to the crack extension direction.

However, note that the crack growth resistance will not be a function of the crack
front line length, but of the fresh crack surface area (plus the accompanying
plastic deformation zone) that is created per unit crack extension. This means
that we assume that AK g is inversely proportional to a crack area that is formed

per unit crack extension, thus:
AK.¢ * the cracked area per unit crack extension = constant 5.12

With this interpretation, which is physically more acceptable than the association

of the crack growth resistance with a one dimensional quantity such as the crack
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front line length, the cracked area is not dependent on the amount of lagging
behind of shear lip parts.

crack extension

A B
Figure 5.7. Crack resistance area in case of shear lips.

The same fresh crack surface is made for a situation with tunneling due to shear
lips and for a situation where the crack front lies in a plane perpendicular to the
side surface of the plate.

The conclusion thus is that with this considerations it remains possible to use
equation 5.8 also in the case of tunneling due to shear lips. As a necessary
consequence of this the transverse crack front length, £ in equation 5.8, has to be
interpreted as the projection of the transverse crack front line on a plane
perpendicular to the crack extension direction (plane ABCD), i.e. length £ in
figure 5.7.

Thickness effects

Our simple model predicts a ratio AKeff ensile /AKcf,eq that is only dependent on
the ratio tg ¢/t (equation 5.10). Thus at the same percentage shear there is no
dependency of the plate thickness. For pure tensile mode £/t = 1 and there is no
thickness effect. For pure shear, where t; .q = 0.5 t, the ratio £/t =2 and thus
also:

AK .
eff, tensile  _ ﬁ 5.13

AKeff, eq

There is again no thickness effect, and AKegr in the tensile mode is about 40%
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higher than in the shear mode.
During the transition from pure tension to full shear £ /t varies from 1 to V2 and
the effect on AK.¢f and da/dN can now be calculated. In this transitional area

there is a thickness effect, because £ /t depends on t now.

10.00 e %
vf,‘j ’ ,M ! il § 3 -
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‘E t i 1 ‘-fr—v—”‘
% 0.10 O tensile data
3 © shear data
R oE = tensile line
i — prediction (shear) line
001 4o 1L R B R
1 10 100
AK,¢r in MPaVm

Figure 5.8 Prediction of da/dN versus AKg for t = 6 mm.

In figures 5.8 - 5.10 the results of the calculation are shown. (da/dN)eg is
calculated for small steps of Aa. The experimental crack growth rates , in the
tensile mode and in the equilibrium shear mode, are also shown, in figure 5.8 for
6 mm plate thickness and in figure 5.9 for 10.3 mm thickness. Note that the
shear line is the predicted equilibrium da/dN line. Note also that for complete
shear the shear line is parallel to the tensile line. The line for complete shear is
shifted by a AKef increase of V2 as compared to the tensile line.

Two slopes can be observed in the shear data, one for the intermediate
tensile/shear range and a larger one for the complete shear range. The latter slope
is equal to the slope of the tensile data. This change in slope is often found and
reported in the literature, see also the discussion in section 5.5.

In a normal constant amplitude test we will find three slopes, one for the tensile
mode situation, a lower one in the transition range and next a higher one in the
complete shear lip range. The model is capable to predict these slopes (figure
5.8).

In figure 5.10 only the lines of the calculations are plotted for three plate
thicknesses: 2, 6 and 10.3 mm, to illustrate the thickness effect of the calculation

in the transitional area.
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It should be recalled that each data point in figures 5.8 and 5.9 is the mean crack
growth rate in the "stable" shear lip situation, i.e. where tseq 1S reached (ie.
(da/dN)eq in figure 5.1). Every measured (da/dN)eq point is the result of a
complete test on a center cracked tension specimen. The results cannot be fully
compared to the results of a constant amplitude test in which AK increases,
because the real shear lip width lags behind the equilibrium width in such tests.

10.00 e o s e bt
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B
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0.01
1 10 100
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Figure 5.9. Prediction of da/dN versus AKgs for t = 10.3 mm.

The general trends, however, that are found here, are expected to be valid for
constant amplitude loading too. The greater the thickness, the more the tensile
crack growth rate line will be approached. In the case of constant amplitude
loading the shear line will lie somewhat above the shear line at constant AK

loading because in the constant amplitude case the shear lips are smaller.

Thus the shear line is the real line, which represent the results in a situation of
stable shear lips as found in tests. The tensile line is a more theoretical line,
which in principle describes a non-stable situation (see figure 5.2). However, the
tensile line is not unimportant. In a lot of practical variable amplitude situations
flat tensile fatigue fracture surfaces are found. In these cases it is recommended
to use the tensile line for fatigue crack growth predictions.

Especially for very high load excursions a larger Aa will then predicted, which is
correct in view of the absence of shear lips. Constant amplitude test results that
refer to a situation of complete or partial shear, are not to be recommended

because of the difference in fracture mode.
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Figure 5.10. Calculated results for 2, 6 and 10.3 mm.

5.5 Implications for Mode I, II and III crack growth

At present it is generally assumed that (part of) fatigue crack growth can be

described by the equation of Paris:

da m
—_— = C<AKeff) 5.14

dN
In this equation AK,fr is the nominally effective AK , corrected for crack closure
using standard relations like the Elber equation. In this chapter we use
AKeft ensile (introduced in the previous section) to denote the nominal AKefs .

For the experimental results (tensile data) in the normal Paris regime, i.e. for
AKesr values between 5 and 10 MPay m, the slope m of the da/dN - AK¢r data on
a log-log scale is about 3 (see figure 5.8).

Note that the value of m for the tensile line, equation 5.5, (which is the same as
the value for the shear line with complete shear lips) varies from 3.5 for AKefr =
5 Mpavm to 2.7 for AKefs = 10 MpaVm, as follows from differentiating the

tensile curve equation 5.5.

The da/dN decrease, going from the tensile line to the complete shear line at the

same AKegr is found by:
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(E?_) .
dN tensile — AKeff,tensile_2'6)2

AK off oq — 2.6

(e
It varies from 2.74 for AKefr = 10 MPaVm to 2.36 for AKegr = 16 MPavVm.
Bakker [6] calculated the influence of the slant mode on K by performing finite
element calculations for situations without shear lips and with double and single
shear lips. He calculated the effect of shear lips on the mean (i.e. mean through
the plate thickness) equivalent stress intensity and on the mean of the mode I
stress intensity factor, Keq m and Ky p, respectively. The equivalent stress
intensity is defined as the mode I stress intensity which has the same energy
release rate as the actual combined mode I, II and III loading.

The results of the calculations for complete shear are summarized in the next
table (Kiepsile i the Ky value for a situation without shear lips):

shear lip type Keq,m/ Kiensile | Kim/ Keensile

double 0.839 0.601
single 0.838 0.624

When K r is responsible for the crack growth rate, and when the 3 modes have
the same da/dN for equal AK, the results from the table predict a decrease in
da/dN by a factor of about 1.7, when a Paris exponent m = 3 is taken. However,
when only Kj , is responsible for the crack growth rate the decrease is by a
factor 4.1 for single shear and 4.6 for double shear. The real value of about 3, as
found in this work (see also the discussion, section 5.7), lies between these limits
(1.7 for Keq iy and larger than 4 for Kj i, alone), indicating that Kyp and/or Kyy
also have a contribution to the crack growth rate. This contribution is lower than
the contribution of K; for equal values of AK.

The causes of the lower contributions of AKyy and AKyyy can be the lower crack
growth rates of these modes and/or the higher sensitivity of these modes for
crack closure due to (irregular) shear lips.

The results of Keg m / Kiensile in the table are about equivalent with AK .V =
constant (i.e. AG .£ = constant). The results of Ky, / Kiesile in the table are
about equivalent with AK .V£3 = constant.

Fracture mechanics terms are not well defined for a situation of complete shear.
Thus when we compare a tensile mode situation with a situation of complete
shear in a “constant AK” test the only quantity that remains the same is the load
P (at the same crack length). To be able to attack the slant crack problem with
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fracture mechanics parameters we load two center cracked tension plates, with
thicknesses £ and £ = x £ with the same load P. For this situation with the
same load AK .£ = constant is valid, independent of the value of x. When a value
of the Paris exponent m = 3 is assumed we get a ratio of the crack growth rates in
both plates of:

(da/dN), _3

(da/dN)g
For a “pseudo” shear lip configuration with x = V2 this leads to a decrease in
da/dN with a factor 2v2, which is about 2.74 as found above. Thus this very
simple consideration can predict the da/dN decrease that is found in practice,
when the “pseudo, two-dimensional” shear lip configuration with x = V2 is
considered equal to the three-dimensional real shear lip situation.

The conclusion is thus that we can explain the experimental result in two ways.
One with AG .£ = constant (i.e. AK NO= constant), when the modes II and/or III
have a contribution to the crack growth (however with a lower (unknown)
growth rate than mode I) or we can explain the result with AK .£ = constant,
when only mode I contributes to crack growth, where AK is the mode I stress
intensity cycle.

For many tests performed on Al 2024 by various authors m values of about 3 are
found. The slope in the transitional part is thickness dependent. For 6 mm it is
about 1.4 and for 10.3 mm thickness it is about 1.8.

It should be noticed that for constant amplitude loading the values in the
transitional area will be somewhat higher. The change in slope for constant
amplitude loading is reported in many papers, references [18,19,20,21]. In some
references [22,23,24,9] the increase in slope after the transitional area is
considered to be a proof that shear lips have an accelerating effect on fatigue
crack growth. From the foregoing it may be clear that this conclusion is not
correct. The first lower slope is due to shear lip development in the transitional
area. It is followed by the normal, higher slope after completion of the transition.

5.6. Application of the model to constant amplitude fatigue crack
growth

In references [25] and [26] in a constant load amplitude test a temporary
decrease in fatigue crack growth rate was found while AK was increasing. The
effect was attributed to shear lip development. We will apply the model to test its
capability to predict such a decrease in da/dN, at increasing AK, and to determine
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the conditions relevant to such a situation. In chapter 4, section 4.3, a method is
described to calculate the actual shear lip width during a constant stress
amplitude fatigue test. The shear lip width tg lags behind the equilibrium value
t5 eq- The amount of delay is determined by the rate d(AKefs)/da.

The da/dN calculation procedure is the same as described for constant AK except
that now the momentary shear lip width tg is used instead of the equilibrium
value t oq. We assume that the model can also be applied for the non-stationary
situation of constant amplitude growth. Of course the closure behavior in a
constant amplitude test will be slightly different from that in a constant AK test
due to the continually changing AK with increasing crack length. This effect is
expected to be small and it will be neglected. Lagging behind of the shear lip
width under constant amplitude circumstances will lead to a slightly higher AKeg¢
as found from equation 5.7 because £ is lower now.

1.5

—

da/dN in pm/cycle
(o]
n

crack length in mm

Figure 5.11. Calculated results for 5 R-values; t = 2 mm, Sj,5x = 120 Mpa.

Calculations are shown in figures 5.11, 5.12 and 5.13 to show thickness and
frequency trends without comparison with experimental results.

In figure 5.11 the constant amplitude calculation results are shown for da/dN
versus crack length (a) for 5 different values of R for a 2 mm thick plate. The
calculation starts with a crack of 5 mm in the tensile mode.

In figure 5.12 the results of similar calculations are given for a 10.3 mm thick
plate. Figure 5.11 shows that a change in slope is possible. The change in slope

is not present in the 10.3 mm thick specimens.
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Effect of frequency on the calculation
In chapter 4, section 4.5 , the effect of frequency on tseq and da/dN has been
shown. The equilibrium value t; ., was found to be a function of AK,¢ and

frequency f:
tseq = 0.67 AK 45 + 0.64 log f - 4.35 (mm) 5.15
f in Hz, AKggr in MPaVm.

1.5

oy

da/dN in pm/cycle
o)
Ln

crack length in mm

Figure 5.12. Calculated results for 5 R-values; t = 10.3 mm, Sy, = 120
MPa.

With this tg ., formula and the equation for ¢ (equation 5.3) we are able to
predict constant amplitude fatigue crack growth rate results at different
frequencies. The tensile crack growth curve (equation 5.5) was assumed to be
frequency independent as substantiated in chapter 4, section 4.5. In figure 5.13
calculated values of da/dN for 5 different frequencies are plotted to show the
frequency effect. A decrease in da/dN is possible. For thicker specimens the
calculated frequency effect is less pronounced.

Two constant amplitude tests on 160 mm wide specimens of 2 mm thickness
were carried out to verify the frequency effect (see figure 5.14). The specimen
length was 300 mm. Two frequencies were used, 25 Hz and 0.1 Hz. Both

constant amplitude tests started in the tensile mode, made by a prefatigue
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procedure at low AK. For the test at 25Hz a decrease in da/dN is observed in the
beginning. This is not observed in the test at 0.1 Hz.

da/dN in pm/cycle

0 10 20 30 40 50
crack length in mm

Figure 5.13 Calculated results for 5 frequencies; t = 2 mm, R = 0.70,
Smax = 120 MPa-

10 e
i

O frequency = 25 Hz

a4 frequency = 0.1 Hz

T T

da/dN in pm/cycle
W

15 20 25

crack length in mm
Figure 5.14. Results of two c.a. tests; R = 0.10; S,;,,, = 120 Mpa; t = 2 mm.

For 25 Hz the shear lip development is much faster than for 0.1 Hz which can
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explain this result.

Apparently for the former case AK,¢ drops faster due to the increasing shear lip
width than it is increasing due to the constant amplitude loading. When the
increase of the shear lip width becomes less the constant amplitude increase of
AKgr will begin to dominate, leading to an increasing da/dN.

5.7. Discussion

In section 5.4 we have mentioned several possible causes for the reduction in
crack growth rate during shear lip development. It was suggested that the amount
of crack closure is different for shear and tensile parts. As was discussed it seems
logical to assume that shear lips will have another crack closure behavior than a
tensile mode crack.

It was shown that the crack growth rate in the shear mode could be reasonably
predicted by a sort of similarity approach and by the assumption AKef .£ =
constant. If however AK.£ = constant is also adopted, then both assumptions lead
to the conclusion that the crack closure behavior is the same in the tensile and
shear parts (i.e. U is not a function of £ ). If alongside of AKefr £ = constant also
AG.¢ = constant is adopted (as resulted approximately from the finite element
calculations by Bakker[6]), a different crack closure behavior in tensile and shear
parts is implied. For this case U is a function of £ with U.V£ = constant.

This leads to Ugpen, = —\/——IT—Z—UW‘SHe . When this result is applied to the crack

closure function of Schijve, assuming that this closure formula is valid in the
tensile mode, we get Ugpea= 0.46 + 0.28R + 0.10 R? (see also chapter 7,
equation 7.6).

Over a limited range of AKefr values it is possible to find a Paris type equation
for the tensile line, as defined in equation 5.14. For the ratio of (da/dN)epgile/
(da/dN)eq the model (AKfr .£ = constant) predicts a value of 2¥2 form = 3,
which was about confirmed by the measurement results. Thus the effect of shear
lips on K (mode 1) is 41% at the utmost, when extra closure due to shear lips is
neglected. Compare this result with the results of Finite Element calculations
from the literature. In reference [6] a decrease in K| of about 40 % was predicted
for the transition from tensile mode to complete shear.

The change in slope for constant amplitude loading is reported in a lot of papers.
In reference [27] slope values of 4 or higher are found for low and high AK
regions. For intermediate AK values a slope between 2 and 3 was found. The
specimen thickness was 0.25 inch. In reference [28] a slope m=4 is found for
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higher AK values. Also in chapter 7 of this work an m value of 4 or higher is
found for higher AK.

Most tests have been performed on 6 mm plate, so figure 5.5 is our most
important figure to test the model. As we did not use a fit factor in the model the
results are good at low AK¢. For high AK.gr , where complete shear is reached,
the prediction does not fit the results so well. Examination of the fracture surface
reveals that the shear lip often reinitiates on another 45° plane at high AK ¢ (see
chapter 4, figure 4.27). The direction of the crack growth now is not along a
straight line, but it fluctuates above and below it. Examination of transverse
sections of the specimens reveals that reinitiating has a locally flat making effect
(see chapter 3, figure 3.8). This will have an influence on the transverse crack
length and it also will influence the (extra) closure behavior of shear lips and
thus AKesf . In the model, however, we assume for high AK. a situation of total
shear with a transverse length £ = tV2.

Hence the model will underestimate (da/dN),q for higher AK . Measuring of
the real transverse length instead of using the shear lip width will improve this
deviation. This will also correct for the fact that the shear lip angle is not always
45° as assumed in the model. The differences in transverse length after
"completion” of the shear lip, caused by the reinitiating of shear lips mentioned
above, are also responsible for the observed changes in the growth rate [32,33].

From figure 5.10 it is clear that the thickness effect found is largely a shear
effect. The thicker the specimen is, the less influence a certain shear lip width
has and the more the tensile crack growth line is approached. In a situation of
pure tensile mode no thickness effect is observed. This is also assumed to be true
for complete slant growth.

The calculated results for constant amplitude tests (figures 5.11, 5.12 and 5.13)
can be understood from the fact that t; ¢ is a function of AKfr only (at a
constant frequency) and shows no dependence on thickness, whereas da/dN
(through AKeff gpeqr) depends on ty/t . During a constant amplitude test AK ¢
increases, so da/dN will increase. Above a certain AKgr level t; 4 also increases
and thus t¢/t increases, so da/dN will decrease. Which of these effects will
dominate depends on the maximum (constant load) stress amplitude S, on the
R-ratio and the plate thickness t. Frequency has an analogous effect. A higher
frequency leads to a higher ts,eq and thus through ty/t to a lower crack growth
rate. When applying this model to other 2024 alloys, or even other materials,

one has to check if equation 5.2 and equation 5.3 are valid for these materials.
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5.8. Conclusions

The conclusions we draw from this chapter are:

1. An increase of the shear lip width decreases the crack growth rate
da/dN.

2. The two slopes in the da/dN versus AK curves on log-log scale are
due to the impeding action on da/dN of growing shear lips in the transitional area
between pure tensile mode and pure shear mode.

3. The formula found for the tensile mode crack growth, equation
5.6, is important for fatigue crack growth prediction under variable amplitude
loading where the fracture surface is expected to remain flat.

4. The crack growth rate in the case of shear lips can reasonably be
described by AKeff ./ = constant and by adopting a similarity approach.

5. The thickness effect on da/dN is dependent on the change of the
transverse crack front length; for low AK ¢ (pure tensile mode) no thickness
effect is observed. It is expected to be true too for high AK ¢ (pure shear mode).

6. The tensile growth rate can be described by Elber’s crack closure
formula. A good description requires an effective threshold value.

7. An explanation for the observed temporary decrease of da/dN in
some constant amplitude tests is given.
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Table 5.1. Results of constant AK tests on 6 and 10.3 mm thick plates.

AK R thickness | da/dN(t) | da/dN(s) te.eq
(MPavm) | (mm) (mm) (mm/c) (mmy/c) (mm)
14.4 0.10 10.3 5.10E-04 |3.70E-04 | 1.42
18.0 0.10 103 8.70E-04 |540E-04 [2.78
14.0 0.22 103 3.40E-04

16.0 0.25 10.3 2.00E-04
9.40 0.64 10.3 2.20E-04 |1.01
12.0 0.54 10.3 550E-04 |3.90E-04 |2.12
21.3 0.10 10.3 1.90E-03 1.35E-03

149 0.43 10.3 950E-04 |5.40E-04 [3.04
18.6 0.29 10.3 145E-03 |830E-04 [3.78
6.0 0.10 6.0 9.60E-06 | 9.60E-06

6.5 0.10 6.0 1.88E-05 1.88E-05

7.0 0.10 6.0 3.73E-05 | 3.73E-05

8.0 0.10 6.0 6.67E-05 | 6.67E-05

9.0 0.10 6.0 1.07E-04 | 1.07E-04

10.0 0.10 6.0 146E-04 | 1.46E-04

11.0 0.10 6.0 1.72E-04

12.0 0.10 6.0 2.23E-04

13.0 0.10 6.0 2.70E-04

14.0 0.10 6.0 2.94E-04

15.0 0.10 6.0 3.23E-04 1.83
10.0 0.10 6.0 1.29E-04

12.0 0.10 6.0 2.00E-04
23.0 0.08 6.0 192E-03 |9.20E-04 |[4.48
12.0 0.10 6.0 3.00E-04 | 2.12E-04

28.0 0.07 6.0 3.50E-03 1.65E-03

9.74 0.30 6.0 2.40E-04 | 140E-04 [0.30
14.0 0.10 6.0 6.20E-04 | 2.10E-04

11.4 0.50 6.0 2.60E-04 | 175
15.0 0.10 6.0 6.40E-04 | 3.00E-04 1.83
16.0 0.30 6.0 1.00E-03 |4.70E-04 |2.96
20.0 0.10 6.0 1.67E-03 | 5.90E-04 | 3.55
20.0 0.10 6.0 1.35E-03

126




Chapter 5. A Model for Predicting Slant Fatigue Crack Growth

18.0 0.10 6.0 1.25E-03 4.20E-04 2.74
18.0 0.10 6.0 8.60E-04 4.00E-04 2.80
17.0 0.10 6.0 7.20E-04 3.80E-04 2.42
17.0 0.10 6.0 7.50E-04 3.70E-04

28.0 0.07 6.0 3.60E-03 1.40E-03

9.28 0.10 6..0 1.00E-04 1.00E-04

11.5 0.74 6.0 3.60E-04

6.61 0.64 6.0 7.47E-05 7.00E-05

6.20 0.77 6.0 7.50E-05 7.50E-05

6.01 0.83 6.0 8.00E-05 8.00E-05

11.7 0.71 6.0 6.40E-04 5.10E-04 2.42
12.4 0.65 6.0 4.70E-04 2.60
11.7 0.71 6.0 6.00E-04 4.60E-04

26.7 0.39 6.0 5.40E-03 2.30E-03

11.3 0.77 6.0 6.70E-04 5.10E-04

13.7 0.43 6.0 4.60E-04

12.7 0.56 6.0 6.90E-04 5.00E-04 2.40
12.7 0.56 6.0 6.40E-04 4.20E-04

5.90 0.88 6.0 9.00E-05

28.0 0.07 6.0 3.50E-03 1.40E-03

19.6 0.05 6.0 4.10E-04 3.04
19.6 0.05 6.0 1.00E-03 3.20E-04

9.90 0.52 6.0 2.00E-04

7.90 0.34 6.0 1.05E-04 1.05E-04

12.1 0.10 6.0 3.20E-04 2.10E-04

12.1 0.10 6.0 3.45E-04 2.25E-04

5.64 0.57 6.0 3.70E-03 3.70E-05

11.5 0.29 6.0 3.70E-04 2.40E-04

15.8 0.10 60 3.30E-04

9.30 0.10 6.0 1.20E-04

9.30 0.10 6.0 1.23E-04

127




Chapter 6. Retardation of Fatigue Crack Growth after Blocks of Underloading

Retardation of Fatigue Crack Growth in Al-2024 after Blocks
of Underloading

6.1, INtrOQUCHON ...ecovevieiriiriicrcricci e 129
6.2. Experimental Methods ........cccccivviimnciiieinnninsinieneennens 131
6.3. Calculation of Delay Parameters..........ccveeivirirenenieiorcnennnsscnsseenes 133
6.4. RESUILS ....oveuereieieccrerire ettt sas s s 134
6.5. The Effect of Type of Overload and Frequency on Crack Growth
Retardation ........ccciiiiinciiinicniie e 141
6.6. Explanation of Crack Growth Retardation after Underloads ............ 143
6.7. A Simple Model to calculate the Crack Growth Rate during and after
UnAerloads ......coverenmeereiriae st 145
6.8. DISCUSSION ..cuveviereniriereerinerecsesiecnssseerest st r st enb s saeasbas 147
6.9. CONCIUSIONS .....oveveiiire ettt 149
6.10. References .......covivrnerrciieneneninninsinnsiinsenesrssaneseisesss s 150

128



Chapter 6. Retardation of Fatigue Crack Growth after Blocks of Underloading

6.1. Introduction

The beneficial effect of overloads on fatigue life has been widely recognized,
e.g. [1]. Large retardation’s in fatigue crack growth rate occur when cycles with
a high stress intensity Kpax are followed by cycles with a much lower Kpax. The
most well-known explanation is based on the effect of residual plastic
deformation, which leads to compressive stresses before the crack tip and
increases the crack opening load on subsequent crack growth (crack closure).
Sometimes blunting of the crack tip is also held responsible for crack growth
retardation after a reduction in Kpyax-

In contrast with overloads it was found that underloads (compressive
overloads) tend to accelerate crack growth, e.g. [2]. Moreover, if a tensile
overload is followed immediately by an underload the beneficial effect of the

overload may be significantly reduced.

Several materials show a transition from fatigue crack growth on a normal
(90°) crack surface to a slant (45°) crack surface at increasing AK, as
discussed in previous chapters. This slant fatigue crack growth surface has
been found to have an influence on retardation after load changes [3-7]. The
Al 2024 alloy is particularly sensitive to this kind of fracture mode change. In
this chapter we will investigate how a change of the fracture mode affects
acceleration or retardation after underloads. Tests are carried out with large
numbers of underloads because a small number of underloads does not
change the fracture mode. Tests with overloads were also performed for
comparison purposes.

The type of tests are shown in figures 6.1 and 6.2. Figure 6.1 shows blocks of
underloading cycles and overloading cycles that will give rise to shear lips
(slant mode) when the number of under(over)loads is high enough. Figure 6.2
shows underloading cycles and overloading cycles that will not give rise to
shear lips (slant mode) because the AKefr applied is too small. All tests were
performed at constant Kpyax and K. During the low AK cycles AKegr is
sufficiently low to have no shear lip forming (tensile mode only). The
underload and overload cycles in figure 6.1 , type a and type b, will both give
rise to shear lip formation. Their effects on crack growth in the high cycle
block and the subsequent low cycle block can then be observed. All low AK

cycles have been chosen to have the same effective AK using [8]:
AK, = (0.55 + 0.33R + 0.12R*) AK 6.1

R is the stress ratio Kpin/Kmax-
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Figure 6.1. Principle of underload and overload tests in shear mode.
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Figure 6.2. Principle of underload and overload tests in tensile mode.

The low (applied) AKesr value is 5 MPavm. For the high AK of the
underload and overload cycles different values are used, viz. AKeff = 8, 10
and 16 MPaVm respectively.
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For AKeff = 16 MPaVm only underload tests were performed, since overload
tests at this level will immediately result in crack arrest in the subsequent low
AK block. A survey of the block program tests is given in figure 6.3.

A few tests of the kind shown in figure 6.2, type ¢ and type d, were also
performed. All AKe¢r levels in these tests have the same value of 5 MPavVm, so
that no shear lips are expected, see chapter 4. K, and K., values are the same
as in figure 6.1. With the results of tests of types a and ¢ underload situations
with and without shear lips can be examined. The same applies for tests of types
b and d for overload situations. However, underload tests as shown in figure 6.2
(type c) will probably not show crack growth in the underload period, since
Kmax in this period is smaller than the opening K of the preceding cycles. For
the sake of completeness some tests were still performed.

For a test of type a no significant (residual) plastic deformation interaction is
expected, since Kpnax is the same for the underload cycles and the preceding and
subsequent cycles. A larger reversed plastic zone is, of course, formed during the
underloads, but this is more likely to result in acceleration rather than retardation
in the subsequent low AK cycles. The reversed plasticity will reduce the effect of
the monotonic (forward) plastic zone. If there is a retardation effect after the
underloads it is probably caused only by the presence of shear lips, which have
been formed during the underloads.

For a low number of underloads the fracture mode will not change enough. Now
theoretically an acceleration of crack growth rate after the underloads is possible,
as the action of the crack closure wedge is reduced by the underloads. For a
higher number of underloads there can be a substantial fracture mode change.
The retardation due to incompatible crack growth and/or crack closure can
outweigh the acceleration due to the reduction of the closure wedge by the
underloads. The sum of both processes results in a delayed retardation, as will be

shown. For a test of type b we expect both shear lip and overload effects.

6.2. Experimental Methods

The material used in the tests was Al 2024 T351 . The chemical composition
(%wt) was: Cu 4.75, Mg 1.18, Mn 0.67, Zn 0.19, Cr 0.004, Ti 0.03, Fe 0.14, Si
0.34, remainder Al. The mechanical properties recorded in the longitudinal
direction of the plate were: yield stress 353 MPa, tensile strength 459 MPa,
elongation to failure 21% and Young’s Modulus 71.9 GPa. The overloads and
underloads were applied mostly at the same frequency (10 Hz) as the low
amplitude cycles, without stopping the fatigue machine at the load transitions.

Some tests were performed at other frequencies. In these cases only the
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frequencies of the underloads or overloads were changed. The low amplitude
cycles before and after the underloads and overloads were in all cases kept at 10
Hz.

| Block programmes with Underload cycleqd Type 1a

» 5-16-5
Type 1a Type 1a ®

AK,q Sequence 5-8-5 5-10-5

—b cycles
Type 1c

K® K in MPaV¥m

[ Biock programmes with Overload cycles|

Type 1b Type 1b Type 1d
5-8-5 5-10-5 5-5-5
20 20 20/ o |
K
1% 15 18
10 10 10
5 t1d 5
—b> cycles

Figure 6.3. Test program of the underload and overload tests.

We did not stop the fatigue machine because an effect could be measured when
the fatigue machine was stopped to apply the overload or underioad blocks.
There was no overshoot or undershoot of the load at the transition points. The
cycle numbers for the start and end of the over(under)loads were recorded by the
computer. The specimens were center cracked tension specimens, 100 mm wide,
6 mm thick and 300 mm long. The specimens were center notched to 2a = 10
mm using a spark discharge technique.

The tests were performed in lab air conditions at about 20°C. The overall test
program for tests at 10 Hz is listed in table 6.1. Results for tests at other
frequencies are shown in the appropriate figures. The principle of the
measurements is presented in figure 6.4. It shows the result of a test with 12200
underload cycles at AK ¢ = 16 MPaVm. Two delay variables, Aa and AN, are
defined in this graph. Aa and AN represent the (delay) effect on crack length and
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Figure 6.4. Definition of delay variables Aa and AN.

6.3. Calculation of Delay Parameters

The calculation procedure will be explained using the test result shown in
figure 6.5. In this figure the parts AB and DE represent normal unaffected
crack growth at the low AK cycles before and after the application of
underloads respectively. BC is the crack increment during the underload
cycles. CP is a part with delayed crack growth. The number of cycles that is
needed for crack growth from C to P is denoted as ANy . The corresponding
crack length increment as Aa;. These parameters thus represent the number of
cycles and the crack length increment that are influenced by the underloads.
The problem is now to determine the tangency point P.

The following calculation steps are:

Find the equation of DE by a linear regression:
a=CN+C, 6.2

Calculate the standard deviation o of the linear regression line as:

2 J(E) 2

c =L S {a() - (CN + C)} 6.3

J=i(D)

where n is the total number of data points between D and E.
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Figure 6.5 A test with 2270 underloads.

Find point P. This is achieved by extrapolating line ED until for all

subsequent points:

da > o© 6.4

then point P is found. da is the difference between the a value of a

measurement point and the corresponding a value given by equation 6.2.

4.

5.

Calculate AN, and Aa, from:
AN, = N(P) - N(C) 6.5
Aa, = a(P) - a(C) 6.6
Calculate AN and Aa from:
AN = M ~ N(@©) 6.7
Cl
Aa=C| AN 6.8

6.4. Results

The calculated delay variables AN are shown in figure 6.6 for overload and
underload cycles of the test AK,fr sequence 5/8/5 MPaVm . Because the crack
length delay factor Aa is linearly proportional to AN, similar trends are
indicated by Aa, see equation 6.8. The results found for AN} and Aa; show a
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large amount of scatter and are not shown. The calculation procedure

probably is too sensitive to scatter of the crack length measurements. The

values of Aa; are listed in table 6.1.
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Figure 6.6. Results of number of delay cycles (AN) for AKef sequence 5/8/5.

In figure 6.7 AN results for the AKefr sequences 5/10/5 MPavm have been
plotted for underloading only, because a number of overloads > 100 results in
crack arrest for overloads on one side of the specimen, leading to a strongly
asymmetric crack growth,

The results cannot be used then any more. Underloading at AKegt = 10

MPaVm does not present such a problem for larger numbers of underloads.

For AKe¢s sequence 5-16-5 MPavm no overload tests were performed. The
results of the underloading at this AKesr sequence are shown in figure 6.8.
Underloading at AKeft= 16 MPaVm results in fast-growing shear lips. At higher
numbers of underloads the crack surface reaches a situation of complete shear.
However, there is a frequency effect as shown in the figure,

For a number of underload cycles (at 10 Hz) larger than about 3000 the crack
growth temporarily stopped on one side after the underloading. Only after
several mm of crack growth on the other side did the crack growth reinitiate

again on the temporarily non-growing side.
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Figure 6.7. Results of number of delay cycles for AK¢fr sequence 5/10/5.
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Figure 6.8. Results of number of delay cycles for AK¢gr sequence 5/16/5.

The crack then had become strongly asymmetric. It follows that crack growth
becomes asymmetric in the case of overloading after more than about
100 cycles at AKefr= 10 MPaVm, and in the case of underloading after more
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than about 3000 cycles at AKeff = 16 MPaVm (at 10 Hz). It is interesting to
note that crack arrest occurred most at a crack tip with a single shear lip. The
growing side always showed double shear lips. This is in agreement with

earlier findings [9].

The effect of the shear lip can be noticed during the underloading block and
afterwards. The results in figures 6.9 and 6.10 show that there is a retardation
effect after the application of 12200 underload cycles at AKefr=16 MPavm at

10 Hz. Application of the same number of underloads at 0.1 Hz did not lead

to any obvious retardation (figure 6.10). This can be understood from

previous chapters.

As discussed in section 4.5, the shear lip width is frequency dependent. A lower
frequency results in a lower shear lip width, and according to chapter 5 the lower
shear lip width results in less decrease of da/dN. Besides that, the frequency also
has an influence on the shear lip fracture appearance and thus on crack closure
(see chapter 7 ). In figure 6.10 the effect of the underloads on da/dN is shown for
both frequencies. For underloads at 10 Hz there is a strong decrease in da/dN
during the underloads. This is not observed for underloads at 0.1 Hz. Figure 6.11
shows a magnified part of figure 6.10. It shows a delayed retardation that has
occurred after the underloading at 10 Hz. For comparison figure 6.12 shows
crack growth results before, during and after the application of 3000 underload
cycles at AKefr=16 MPaVm at 10 Hz and 0.1 Hz. The same trend with respect to
the frequency of the underloads can be observed in this figure. The test at 10 Hz
shows much more retardation.

In figure 6.13 the effect of frequency is shown on the retardation after the 3000
underloads in more detail by da/dN results. Besides the frequency the retardation
is also dependent on the number of underloads as was already shown in figure
6.8 for the underload sequence 5/16/5. The da/dN behavior after the underloads,
for a different number of underloads, is shown in figure 6.14. Because da/dN
decreases during underloading at 10 Hz it can be expected that the mean da/dN
during the underloading period will be dependent on the number of underloads.
The mean da/dN of the underloading period was calculated from the a-N results.
In order to obtain accurate a values at the beginning and the end of this period,
two least square regression lines over 50 data-points just before and just after the
underload period were calculated. In the formula of these lines the cycle
numbers at the start and the end of the underload period are substituted. This
results in accurate values of crack length a at the start and finish of the

underloads,
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Figure 6.9. Fatigue crack growth during 12200 underloads at
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Figure 6.10. Fatigue crack growth rate during 12200 underloads at
AKegr = 16 MPavm.
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Figure 6.12. Fatigue crack growth before, during and after
3000 underloads at AK.g = 16 MPavVm and frequencies of 10 Hz and 0.1 Hz.
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Figure 6.15. Mean crack growth rate during underloads.

The mean da/dN is found by dividing the difference between these two crack
lengths and the number of underloads. This procedure was used in order to avoid
scatter in individual a values as measured by the potential drop method. The
number of 50 data points was chosen to give a reliable result.

In figure 6.15 the results of the mean da/dN values are shown as a function of
the number of underloads. It is clear that the mean of da/dN during the
underload block decreases more for larger AKesr values and an increasing
number of underloads. For underloadings at the lowest AKefr (=8 Mpa\/m ) the
effect is very small.

6.5. The effect of type of overload and frequency on crack growth
retardation

In this section the difference between type b and type d overloads will be
discussed, based on tests with AKefr sequences 5/10/5 and 5/5/5 of type b and
type d respectively. The number of overloads was limited to a maximum of 100,
because higher numbers of overloads led to asymmetric growth for the 5/10/5
sequence. The effect of the frequency of the overloads was also measured. In
both sequences we have the same value of K., for the cycles before, during
and after the overloads. The only difference is the value of K;;;, during the
overloads. Type b overloads were chosen to lead to shear lips, whereas for type d
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this was not expected. However, no shear lips were detected for either case
because of the low number of overload cycles.

The test results are presented in figures 6.16 and 6.17 (these tests are not
presented in table 6.1). It is clear that type b overloads lead to much more
retardation after the overloads than type d. Moreover, the retardation for type b
is more strongly dependent on the number of overloads than for type d. Type d
does not show a clear frequency dependence, while for type b a tendency is
observed for more retardation at a lower frequency of the overloads. Probably
for both types the number of overloads is too small to find a real effect of the
frequency.

If both figures (6.16 and 6.17) are compared in more detail, it turns out that the
number of delay cycles are about equal for low numbers of overloads. Linear
extrapolation to one overload cycle leads for both to about 40000 delay cycles.
However, for about 50 overloads the difference is already a factor of 3, about
120000 cycles for type b and 40000 for type d. The number of type d overloads
has no effect on the number of delay cycles for overload numbers under about
75. An explanation of the effects will be given in section 6.8.
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O g i e i
0 50 100

number of overloads

Figure 6.16. Test results from type b overloads.
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Figure 6.17. Test results from type d overloads.

6.6. Explanation of Crack Growth Retardation after Underloads

It is generally accepted that crack growth retardation after an overload can be
explained by the higher crack closure wedge due to the larger plastic zone size
formed during the overload cycle. More overload cycles result in a longer crack
closure wedge and thus more crack growth retardation. The reason why a large
number of underloads can also give retardation is not directly clear. Kyax , and
thus the forward plastic zone size, is the same before, during and after the
underloads. Therefore plasticity induced crack closure cannot be held
responsible for the retardation. It is suggested here that the shear lips that are
formed during the underloads are causing retardation.

As discussed before the effect of shear lips on da/dN can be considered to
result from the effect of the slant crack surface on K and/or crack closure
and/or crack growth resistance (see chapter 5).

Crack closure in the presence of shear lips is considered to be the sum of
plasticity-induced closure and a term due to irregularity and mismatch
resulting from the shear lips. Only the latter term is of relevance in the
underload situation at constant Kyax , since in principle the plastic zone size

does not change.
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In chapter 5 shear lips were assumed to have an effect on the AKegr .Using
the assumption:

AKeff . £ = constant
6.9

with £ the length of a transverse section of the crack front as found on
specimens with shear lips, the da/dN in constant AK tests could be very well
predicted. Equation 6.9 was sufficient to describe the effect on da/dN. As we
will see this mechanism cannot directly explain the results found in underload
tests.

We will discuss the results of a test with 40009 type a underloads at AKesr=
10 MPaVm. At this AKefr level of underloading the crack growth remains
symmetrical.

The shear lip vanishes very rapidly after the underload period (within 2 mm).
The crack length affected, Aay, is found to be 5.45 mm, which is much larger.
Thus the effect of the shear lip extends beyond its physical presence. This
rules out the possibility that the effect on K alone is the major contributing
cause. It also rules out the applicability of equation 6.9, because then the
crack length affected would be 2 mm at the utmost.

The large crack closure wedge due to mismatch, surface roughness and
irregularity of the shear lips, formed during the underloads block, apparently
results in an affected crack length of 5.45 mm after the underloads. It may be,
however, that in the crack length area, just after the underloads, where the
shear lip width decreases (they vanish within 2 mm) there is, besides a
closure effect, also a K-effect.

In order to separate the two mechanisms (effect of shear lips on K or effect on
crack closure) we also performed underload tests at 0.1 Hz. Here too before
and after the underloads (at 0.1 Hz) the same AKeg = 5 MPaVm was applied
at 10 Hz. At 0.1 Hz shear lips also developed, but they were smoother and
more symmetrical than at 10 Hz. An example of da/dN during 12200
underloads at 10 Hz and 0.1 Hz was already shown in figure 6.10. It is clear
that the growing shear lips are accompanied by a decreasing da/dN for
underloads at 10 Hz, whereas this is not the case for 0.1 Hz. The smooth
shear lips occurring at 0.1 Hz did not lead to a decrease in da/dN. After the
underloads at 0.1 Hz very little retardation was measured. The conclusion is
that only rough and irregular shear lips are responsible for crack growth
retardation and that the major retarding mechanism is crack closure due to
surface roughness and mismatch of the shear lips.
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The fact that a larger number of underloads result in more retardation can be
explained by a longer crack closure wedge.

6.7. A simple model to calculate the crack growth rate during
and after underloads

The model is qualitative and has no pretension to predict exactly the crack
growth rate. Only trends will be shown. The basis of the model is equation 6.9.
Further use is made of some results found in chapter 5, equations 5.8 - 5.11.
Because use is made of AK ¢ . £ = constant, it may be clear that unless a special
interpretation is chosen, an affected crack length after the underloads which is
larger than the zone of decreasing shear lip width cannot be the result. Because
in almost all tests the affected crack length is 2 to 3 times larger than the zone of
the decreasing shear lip width we have to adopt a special interpretation of the
length £ in equation 6.9. The length ¢ is dependent on the shear lip width. For
constant amplitude and constant AK loading, in which cases the shear lip width
always increases or is approximately constant, £ is dependent on the momentary
shear lip width at the tip.

For the areas of decreasing shear lip widths we follow another approach. As was
shown in the previous section, the shear lip effect is largely a crack closure
effect, owing to irregular shear lips. The larger the shear lip width, the larger the
closure effect will be. This means that for increasing shear lip widths the major
crack closure causing shear lip width is the shear lip width at the very crack tip.
This will not be the case for decreasing shear lip widths. Here a competition
between shear lip width and the higher crack opening further from the tip will
exist. The closure behavior of a decreasing shear lip width is therefore more
dependent on the crack growth history than the closure behavior of an increasing
shear lip width. In fact the whole crack growth history, starting from the initial
saw cut, should be incorporated. This is worked out in reference [10] and more
in detail in a forthcoming paper. Here we only deal with the shear lip behavior.
This consideration is implemented in the model as follows. For increasing shear
lip widths or shear lip widths that are more or less constant with crack growth
we assume that £ is found from the shear lip width at the crack tip. For
decreasing shear lip widths we assume that £ is found from the mean of the
shear lip widths over an area of several mm crack length behind the tip. The
length of this crack length area is a parameter that has to be found by comparing
with actual results and to match calculations with the experimental results. In
figure 6.18 the result of a calculation with 1000, 2000 and 3000 underloads (type
a) at AKefr = 16 MPavVm is shown. In this calculation example a shear lip crack
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closure crack length of 3 mm was adopted, i.e. the mean of the shear lip width
was taken over 3 mm behind the tip. The ¢ value found from this shear lip width
was substituted in equation 6.9 to calculate da/dN and then a versus N. The
qualitative trends are predicted quite well in the example. More underloads lead
to more retardation afterwards.

In figure 6.19 both the measurements and the prediction of a test with 5000
underloads with AKesf= 16 MPavVm at 10 Hz are shown. Two prediction curves
are shown, one with the special treatment of ¢ for decreasing shear lips and one
without this treatment.

In the calculations use is made of an experimentally obtained Paris curve for this
material, based on only a few constant AKe¢r values and the appropriate da/dN:
da/dN = 0.000082 (AKesr > .where AKeg is measured in MPaVm and da/dN in
wm/cycle. The curve is estimated for the tensile mode, i.e. use is made of
extrapolated da/dN values as was already done in chapters 4 and 5. The Paris
exponent is rather large, i.e. larger than found in chapter 5. It should be noted
that the AKe¢r of 16 MPaVm is also much larger than the values used in chapter
5. It may be that already some plasticity effects influence the Paris curve .

The calculation starts at an initial crack length a = 8 mm crack length and an
initial number of 120000 cycles, estimated from the actual results.

crack length in mm

0 200000 400000 600000

number of cycles

Figure 6.18. Calculation of a versus N using a simple model.
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Figure 6.19. Measurement and prediction of the a-N curve with 5000
underloads, underload sequence 5/16/5 at 10 Hz.

6.8. Discussion

As pointed out previously the effect of a shear lip by its closure effect extends
over a larger distance than the distance where the shear lip is present. This is
specially true for tests at 10 Hz where the shear lips were rough and irregular.
At 0.1 Hz the shear lip effect was much less. The shear lips were smooth at
this frequency. It seems that only rough shear lips have a noteworthy effect on
crack closure, which then leads to an affected crack length significantly larger
than the lengths where the shear lips are present. The length of the affected
zone (Aaj in Table 6.1) is often 2 to 3 times larger than the zone of the
decreasing shear lip width. It is also much larger than the monotonic plastic
zone size of the underloads.

For the underloads at AKesr= 8, 10 and 16 MPaVm, the plastic zone size is
1.0, 1.0 and 2.2 mm respectively. Irwin's formula for the plastic zone size was
used:

2p, = ——max_ 6.10

Thus the plastic zone size cannot directly be the cause of the highly affected
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In order to separate the combined effect of shear lips and overloads in tests of
type b, we also performed some tests with tensile overloads, tests of type d. A
remarkable result was obtained in two comparable tests of types b and d. Four
overload blocks at AKefr= 10 MPaVm (type b) and at AKegr= 5 MPavVm (type
d) with the same overload ratio Kimax high/Kmax,low = 1.8 were applied at
crack lengths of 10, 15, 20 and 30 mm respectively. The number of overloads
in each block was the same and so low that no shear lips could be detected in
the case of test b (with the naked eye). The number of cycles needed for crack
growth between 8 and 35 mm crack length was 866231 cycles for test b, and
592523 cycles for test d, i.¢. a longer crack growth life for type b.

Because shear lips were absent in both cases, the reverse was expected, i.e. a
shorter life (in cycles) for b than d due to the faster growth in b during the
overloads. The retardation after the blocks of overloads should have been
about the same (or less for the test of type b because the crack closure wedge
is more compressed), as the same overload ratio was used. An explanation of
this phenomenon, based on plasticity induced crack closure, can be given.
The mean crack growth rate of the overloads at AKesr = 10 MPavm is about
10 times higher than the mean crack growth rate of the overloads at AKeff= 5
MPavVm, This results in a 10 times longer crack closure wedge in the first
case. The longer crack closure wedge is probably responsible for the longer
life in the test of the type b,

The longer crack closure wedge also explains the different retardation
behavior in tests of type b and d with different frequencies as found in section

6.5.

Tests of the type ¢ showed no crack growth during the underload cycles, as
was expected. Large numbers of underloads, up to 20000, showed no crack
growth for a stress intensity ratio Kmax low/Kmax high = 0-35. Also no delayed
crack growth retardation could be measured after the underloads. The crack
growth rate before and after the underloads was the same. Thus crack closure
models which predict no crack growth after a load transition, where Kmax is

lower than Kop, calculated with equation 6.1, indicate the observations quite

well.

An interesting phenomenon is the effect of the irregularity in the forming of
shear lips in tests with underloads at higher frequencies, viz. 10 Hz. This is in
contrast to tests at lower frequencies. At 0.1 Hz the shear lip development

was very regular. Very smooth shear lips were formed. The width of the shear
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lips was also more symmetrical with respect to the front and rear side of the
specimen than for tests at 10 Hz. It was surprising that at 0.1 Hz hardly any
reduction in da/dN could be measured, even for high numbers of underloads
at AKegr= 16 MPavm. There was still a delayed retardation effect after the
underloads, but the retardation was much smaller than for tests at 10 Hz. It
was also found that asymmetric growth did not occur or hardly occurred after
underloads at this frequency. Probably the irregularity of the shear lips is the
major crack growth delaying cause. A smooth shear lip has a much smaller
effect.

6.9. Conclusions

With respect to retardation in fatigue crack growth in Al 2024 after blocks of
overloads and underloads we conclude:

L. The application of overloads always cause delayed retardation on
subsequent crack growth. Larger numbers result in more retardation.

2. The application of large numbers of underloads always cause delayed
retardation on subsequent crack growth when the applied AK of the
underloads is so high that shear lips are found on the fracture surface. Larger
numbers and a high frequency enhance the retardation.

3. The application of one or a small number of underloads has no effect
on subsequent crack growth.

4, The crack length affected by the underloads extends far beyond the
physical presence of shear lips, indicating that shear lips not only have an
effect on K but certainly also on Kop. The affected crack length is
significantly larger than the monotonic plastic zone size.

5. Tests with underloads at a lower frequency indicate that the reduction
in crack growth rate during application of the underloads and the delayed
retardation are largely caused by irregularities of the shear lips. A smooth
regular shear lip is found at 0.1 Hz, which has only a slight effect, indicating
that crack closure caused by an irregular shear lip is the most important

delaying mechanism.
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Table 6.1. Listing of tests performed at 10 Hz.

a. Underload tests (type a

baseline underload humber of  pelay crack
Kmax Kmin AKeff | Kmax Kmin AKeff | Start anderloads  pngth, Aag
MPavm MPavm mm cycles mm

19.85 13.89 51 19.85 8.71 8 10 10010 0.69
19.85 13.89 5| 19.85 8.71 8 20 10020 3.08
19.85 13.89 5| 19.85 8.71 8 10 5010 0.66
19.85 13.89 51 19.85 8.71 8 20 5010 4.08
19.85 13.89 51 19.85 8.71 8 10 3010 2.84
19.85 13.89 5] 19.85 8.71 8 20 4010 3.91
19.85 13.89 5| 19.85 3.52 10 10 51

19.85 13.39 51 19.85 3.52 10 15 507 0.42
19.85 13.89 S| 19.85 3.52 10 25 4991 3.27
19.85 13.89 51 19.85 3.52 10 10 48 0.18
19.85 13.89 5] 19.85 352 10 15 510 3.97
19.85 13.89 51 19.85 3.52 10 25 4999 2.59
19.85 13.89 51 19.85 3.52 10 10 9649 1.79
19.85 13.89 5| 19.85 3.52 10 20 20023 432
19.85 13.89 51 19.85 352 10 10 40009 545
19.85 13.89 51 1985 3.52 10 10 30013 542
19.85 13.89 5] 1985 3.52 10 10 50000 5.16
29.09 23.51 51 29.09 0 16 10 12200 522
29.09 23.51 51 29.09 0 16 10 3730 4.20
29.09 23.51 51 29.09 0 16 10 2270 7.25
29.09 23.51 51 29.09 0 16 10 5430 4.75
29.09 23.51 51 29.09 0 16 10 500 0.46
29.09 23.51 51 29.09 0 16 10 59 13.85
29.09 23.51 51 29.09 0 16 10 100 3.95
29.09 23.51 51 29.09 0 16 20 200 2.67
29.09 23.51 51 29.09 0 16 30 315 2.18
29.09 23.51 5 29.09 0 16 10 811 1.22
29.09 23.51 51 29.09 0 16 20 1205 2.45
29.09 23.51 51 29.09 0 16 30 1603 3.13
29.09 23.51 51 29.09 0 16 10 1496 11.73
29.09 23.51 51 29.09 0 16 10 7486 5.25
29.09 23.51 51 29.09 0 16 10 2998 9.04
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b. Underload tests (type ¢}

19.85 13.89 51 11.01 352 S 10 5015 4.49
19.85 13.89 51 1101 3.52 S 20 10006 4.01
19.85 13.89 5| t1.01 352 5 30 20002 3.04
c. Overload tests (type b)
15.13 8.71 51 19.85 8.71 8 10 10013 1.82
15.13 8.71 51 19.85 8.71 8 20 20065 3.30
15.13 8.71 51 19.85 8.71 8 10 60 0.67
15.13 8.71 51 19.85 8.71 8 20 503 0.33
15.13 8.71 51 19.85 8.71 8 10 530 0.83
15.13 8.71 51 19.85 8.71 8 20 5010 2.07
15.13 8.71 51 19.85 8.71 8 10 5020 1.01
15.13 8.71 51 19.85 8.71 8 20 10010 297
15.13 8.71 5| 19.85 8.71 8 10 60 0.44
15.13 8.71 51 1985 8.71 8 20 60 0.95
11.01 3.52 51 19.85 3.52 10 10 49 093
11.01 3.52 5 19.85 3.52 10 15 52 1.08
11.01 3.52 5] 19.85 3.52 10 20 50 2.46
11.01 3.52 5| 19.85 3.52 10 30 48 1.79
11.01 3.52 51 19.85 3.52 10 10 42 1.18
11.01 3.52 S| 19.85 3.52 10 20 107 2.65
11.01 3.52 5| 19.85 3.52 10 30 156 0.82
d. Overload tests (type d)
11.01 3.52 5 19.85 13.89 5 10 56 1.86
11.01 3.52 5| 19.85 13.89 5 15 49 1.64
11.01 3.52 S| 1985 13.89 5 20 49 1.31
11.01 3.52 S| 19.85 13.89 5 30 48 2.00
11.01 352 S| 1985 13.89 5 10 42 0.74
11.01 3.52 S| 19.85 13.89 5 20 81 2.02
11.01 3.52 5| 19.85 13.89 5 30 107 1.57
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Crack Closure Relations of Al 2024 with and without Shear
Lips
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7.1 Introduction

The objective of this chapter is to investigate the closure behavior of crack flanks
with and without shear lips. This is done by performing constant amplitude and
constant AK fatigue crack growth tests in air and vacuum. The closure behavior
of rough and regular shear lips is investigated by doing tests at different
frequencies. Moreover a new technique for crack closure measurements is
introduced.

In references [1-4] it is found that there is more crack closure in vacuum than in
air and that crack closure can depend on the crack length. Elber [5] observed
crack closure under cyclic tension loading on Al 2024 T3 specimens. He
introduced the effective stress intensity interval AKegr . The crack growth rate
da/dN is assumed to be a function of this AKeff = U AK only. Elber found
empirically:

AKggr = (0.5+40.4R)AK 0.1 <R<0.7 7.1
AKesr is also defined as:
AKetf = Kimax - Kop 7.2

Kinax is the maximum value of K. Kop is the value of K where the crack is just
fully open. Kop is a measure for the crack opening behavior. An equivalent
parameter is K¢ , the value of K where the crack starts closing. Several methods
to measure crack closure are discussed by Schijve [6]. In this chapter we use the
potential drop method for closure measurements. Similarly to all other methods,
this method has its specific difficulties. Significant aspects are oxide layers on
fracture surfaces, asperities causing electrical short-circuiting and the effect of
plasticity on the electrical resistance. The important question is whether an
“electrically closed” crack is also “mechanically closed”. Because it is difficult

to answer this question, another approach is used. Instead of the situation of a
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closed crack, an open crack is considered. It is assumed that when there is no
electrical contact there will also be no mechanical contact, thus an “electrically
open” crack is always “mechanically open” too. This is not necessarily true for
an “electrically closed” crack, i.e. an “electrically closed” crack is not always
“mechanically closed”.

It turned out to be impossible to measure crack closure contact continuously in
Iab air during constant amplitude or constant AK tests with the potential drop
technique, probably due to corrosion (oxidation) of the crack flanks. Oxide
layers are a very good electrical insulator and that violates our basic assumption
about the equivalence of “electrically open” and “mechanically open” cracks.
However, with a special technique the closure measurements were possible in
lab air, after loading transitions (at the same Kyax and lower R = Kpin/Kmax )-
The closure level can then be measured during a short number of the underload
cycles. The results are compared with results from tests performed in vacuum.

7.2 A New Crack Closure Measurement Technique

The closure measurements are performed on center cracked tension specimens
(width 100 mm, thickness S or 6 mm ) of 2024-T?3 in lab air and in vacuum with
the pulsed direct current potential drop apparatus (Howden), that is normally
used for crack length measurement. In the latter case the crack length is found by
triggering the apparatus to measure the crack length at the maximum value of the
force signal.

The apparatus can also be used to measure the crack length at the minimum
value of the force signal. The difference between the two crack lengths is an
indication for the amount of closure, but it does not allow to find K, or K . To
find these K-values we use an external trigger signal to get a large number of
crack length measurement points in a full fatigue load cycle. The points where
the crack starts closing (Kcy) and where the crack is just fully open (Kop) can
then be obtained. In figure 7.1 results of about 30 cycles are shown for a test
performed in air. During every single cycle 400 measurements of the crack
length were made. A loading transition with the same Kiax and an R transition
from 0.7 to 0.1 is shown. As soon as the potential drop signal decreases there
must be some electrical contact of the crack surfaces and thus crack closure has
started.

The frequency of the fatigue machine is lowered from 10 Hz to 0.05 Hz just
before and in the closure measurement period to get more data points per cycle,
i.e. 400 measurements in 20 seconds. The crack length contact area for the first

cycle just after the transition was about 3 mm, according to the calibration curve
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of the potential drop signal versus crack length.
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Figure 7.1. Potential drop (crack length) and Force signals. Test in air with
load transition. K,,, = 29.09 MPaVm.
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Figure 7.2. Detail of figure 7.1.
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Note that the value of 3 mm crack length contact area is the same as was needed,
in section 6.7, for the shear lip crack closure crack length to fit the calculation
results with the experimental results.

In air the amplitude of the potential drop signal reduces quickly owing to crack
closure enhanced oxidation. This is illustrated in figure 7.1 by the fast increasing
minimum value of the potential drop signal with the number of cycles. In figure
7.2 a detail of Figure 7.1 is shown.

With this underload measurement technique it is possible to measure the closure
level (K. ) in air under some restrictions. During the underloads the value of

K nax OF Smax (€.a. tests) has to be the same as before the underloads in order to
have the same closure build up during crack growth. Also the fracture mode can

be of influence as will be shown later.
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Figure 7.3. Tangency construction for measuring Kqp and K¢j. R=0.1.

The underloads are obtained by lowering the R-value. For closure measurements
as a function of the crack length this procedure can be applied every 5 mm for
example. It implies that K during a fatigue test is periodically obtained by
inserting a small block of underload cycles with the same K, - Note that we
measure the closure of the underloads. The results are found by taking the mean
values of the underload cycles (normally about 5 to a maximum number of 10).
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The number of underloads is much too small for the development of shear lips.
The measurement technique is thus only capable of finding closure values for a
crack in the tensile mode. There is in practice no systematic change in closure
results during the small number of underloads. It seems that crack closure adjusts
itself immediately in the tensile mode. It is possible to find both K¢ and Kop by
this procedure. The principle of the measurement technique is shown in figure
7.3 for one underload cycle of a test in air. In this figure the potential drop signal
is converted to open (apparent) crack length in mm. There is a small phase
difference between the crack length signal and the force signal, see figure 7.2. It
is assumed that the minima of the load signal and the potential drop signal have
to be synchronized. The correction is achieved by setting the minimum values of
both signals at the same time. Figures 7.3 and 7.4 are corrected for this phase
difference. K| and K, are then obtained by adopting the three tangent lines
presented in figure 7.3.

The tangency construction is somewhat ambiguous. The horizontal line
represents the time that the crack is fully open. The horizontal line can be found
by taking the mean of the points on the plateau. It will be clear from figure 7.1
that this time is not much influenced by oxidation, contrary to the minimum
crack length measured. A small change of the plateau width is probably due to a
change of the closure level after the load transition. This change in closure level

is probably due to enhanced oxidation by fretting.

In figure 7.5 the signals are presented in a more conventional way by plotting the
open crack length as a function of the load by eliminating the time. The closure
level can then be found as the load where the graph becomes horizontal (i.e. no
change of opened crack length). This latter method is not used in this chapter.
The method described in figure 7.3 is preferred because more information is
found about K, and K separately. In figure 7.5 a large number of cycles is
chosen to show qualitatively that the closure level remains the same for all these

cycles.

In figure 7.4 the result for a test in vacuum is shown . In vacuum the measured
minimum crack length remains the same. We do not need underloads then for
the closure measurement.

The measurement technique in vacuum can be the same as in air (figure 7.3),
although the method of figure 7.5 ( same test result as given in figure 7.4 ) can

also be used.
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figure 7.4. Apparent Crack Length and Force Signals. Test in Vacuum.
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figure 7.5. Apparent Crack Length against Force. Test in Vacuum.

7.3 Crack Closure Relations

In section 4.3.5 it was shown that a closure function U = a +bR (+cR2) had the
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same correlating abilities for t; ., and da/dN, as long as the ratio of the
coefficients in the U relation is the same. Therefore an infinite number of U
functions exist with the same correlating potential. It is necessary to have (at
least) one absolute measurement of AKefr to find a realistic U relation. With the
new closure measurement technique we can achieve an absolute value of AKe¢f
in two ways. The first was already discussed and the principle was shown in
figure 7.3. In the second method R is varied (increased) until no “electrical”
crack closure can be measured. The lowest R that shows no electrical contact of
crack flanks is assumed to be the R value for which AKgfs = AK or U = 1. In this
way the general U relation can be scaled up to a realistic U relation. Both closure
measurement methods are used below in the evaluation of test results obtained in
vacuum. Later we will discuss some results from tests in air.

In figure 7.6 da/dN results as a function of AK are presented for 3 constant
amplitude tests at R-values of 0.7, 0.3 and 0.1 respectively. The tests were
performed in vacuum (about 107 Torr = 133 10 N/m? ). The frequency was 10
Hz. The same results are plotted in figure 7.7 against AK ¢ calculated with the

quadratic crack closure relation found by Schijve in air (2). This relation is:
U =0.55+0.33R + 0.12R? -l1<R<«1 7.3

The correlation of the da/dN data by the crack closure function AK.4 = UAK is
reasonable. This means, as discussed above, that at least the ratio of the three
coefficients in equation 7.3 with respect to each other are correct. The absolute
value of the coefficients however can be different from the values found by
Schijve in air, i.e. multiplying all coefficients in equation 7.3 by a factor q gives
the same correlation. Of course it will be possible to find other U relations that
correlate the data somewhat better. We will not use such “exotic” relations,
because relation 7.3 is good enough and has a general acceptance in the

literature.

The coefficients in equation 7.3 are normalized. Their sum equals 1. It implies
that it was assumed that AKesr = AK for R = 1.

It is amazing that relation 7.3 found for tests in air can also correlate tests in
vacuum so well. However, we cannot assume a priori that equation 7.3 is also

absolutely valid for crack growth tests in vacuum.
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Figure 7.6. da/dN versus AK for R=0.7, 0.3 and 0.1 from left to right
respectively. Tests in Vacuum at 10 Hz.
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Figure 7.7. da/dN versus AKegf for R=0.1, 0.3 and 0.7 from left to right
respectively. Tests in Vacuum at 10 Hz.

In order to find the absolute values of the coefficients of the quadratic crack
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closure formula we performed some constant amplitude fatigue tests in vacuum
at higher R-values.

In vacuum it is not necessary to use underload cycles as in air to measure crack
closure. There is no oxidation of the crack flanks and stable signals are obtained
as shown in figures 7.4 and 7.5. The intention was to find the R value above
which no crack closure effect could be measured.

The effect disappeared in the noise of the potential drop signal for R 2 0.7. The
effect for a test with R = 0.7 is shown in figure 7.8. The crack length measured
by the potential drop apparatus remains about the same between the maximum
and minimum Joads. A test with R = 0.8 showed the same result with the same
amount of noise (equivalent to about 0.4 mm crack length). A test with R = 0.65

showed a small effect.
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Figure 7.8. Crack Closure Test in Vacuum. Same Scale as in figure 7.5.
Result from 50 cycles.

Based on these observations it is assumed that for R = 0.7 the crack closure
effect does not occur any more in vacuum.

This means that AKesf = AK and U = 1 for R =0.7. The consequence for the
quadratic U relation is that all three coefficients have to be multiplied by a factor
q with: q(0.55 + 0.33R + 0.12R?) = 1 for R=0.7. This leads to a new crack
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closure relation for fatigue crack growth tests of Al-2024 in vacuum:
U =0.66 + 0.39R + 0.14R2 74

However, there is a problem because equation 7.4 implies less crack closure than
in air (equation 7.3). It was expected that K. and K, are higher in vacuum than
in air, due to the rougher fracture surfaces in vacuum. More crack closure would
not be contradicted by the well-known fact that da/dN is lower in vacuum. This
consideration leads to the conclusion that the coefficients in relation 7.4 have to
be lower with the same mutual ratio. Apparently there is a contradiction.

The absolute value of U can also be found with the other method. We performed
crack closure measurements for a test in vacuum with R = 0.1 (shown in figure
7.4). The mean results for a number of cycles are Ug,e, = 0.50 and Ugjosyre =
0.35, which is less than found in air with equation 7.3. If this result is compared
with that of equation 7.4, the conclusion is that there probably is some closure at
higher R-values (above R = 0.7), which is lost in the noise. Equation 7.4 is then

not correct.

If we calculate the K| and K, values for the test in air shown in figure 7.3, the
mean results for a number of cycles are Ugpen = 0.67 and Ugjogyre = 0.62, which
is more than U = 0.58 predicted by equation 7.3 for R = 0.1 for the underloads in
this test. The width of the plateau where the crack is fully open is a measure for
the closure. This width is not influenced by oxidation (as far as the effect is

measurable in air).

If we use the test results for air and vacuum of K and K, and take the mean

values of Ugpe and Ugjosyre We find:

U=0.61+0.36R +0.13R? 1.5

for the test in air. For the test in vacuum we find:

U =0.40 + 0.24R + 0.09R? 7.6

In both cases the same ratios of the coefficients as in equation 7.3 are used. In
order to understand the result in air (equation 7.5) it should be remembered that
the result was found in a test using R = 0.7 followed by underloads at R = 0.1 to
measure the crack closure (K and K, ). The fracture surface geometry was flat
tensile mode due to the high R-value. A similar test at R = 0.1 alone will induce
a complete shear lip development after some crack growth. Thus we performed a
closure measurement during the unstable tensile mode situation. This is the
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reason that U in equation 7.5 is higher than U found by Schijve, equation 7.3.
This means that the closure measurement technique in air is not able to measure

the stable situation with complete shear lips at R = 0.1.
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Figure 7.9. "Electrical” crack length dependence of a decreasing Force.

The conclusion is therefore that we can measure crack closure in vacuum
directly, but that in air crack closure can only be measured during a few cycles in
the unstable tensile mode.

In reference [11] a ratio of about 3 is reported for da/dN in air and vacuum over a
large range of AK values. At higher AK values the da/dN - AK curves coincide.
The same ratio is found by the present author, compare for example the results
shown in figure 7.7 (in vacuum) with the results shown in figure 2.6 (in air).
Because we also found a da/dN ratio of about 3 between fatigue crack growth in
the tensile mode and complete shear mode(see chapter 5), we will investigate if
the different U relations for crack growth in air and vacuum can be related by a
shear lip correction.

The relation adopted in section 5.4, AKefr .£ = constant, is used. With this
relation it is possible to correct U (equation 7.5), which was found for a tensile
mode situation, to be valid for a complete shear situation. For a shear lip angle of

45° we calculate for U in air with complete shear lips:

U = 0.43 + 0.25R + 0.09R2 1.7
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This result is almost equal to the vacuum U function (equation 7.6) found. Thus
it seems that the effect on U by changing to fatigue in vacuum can be attributed
mainly to surface roughness caused by shear lips. This can be an explanation for
the fact that the same values for K, and K have sometimes been found in air
and vacuum in the literature. Probably then in both cases shear lips were present.
Thus the same K, and K are expected when in both environments fracture

surfaces are in the complete shear mode.

To explain the difference between the closure relations in air, equation 7.5 for
tensile mode and equation 7.7 for shear mode, with the Schijve closure function
given in equation 7.3, it can be noted that the latter closure function was found
from constant amplitude tests performed in air. The crack started in the tensile
mode and slowly transformed into the shear mode as the crack length increased.
It is not strange therefor that this U relation lies between the limits representing
flat tensile mode and complete shear mode.

A matter of concern for the present closure measurement technique is formed by
the fact that there might be an influence of the amount of crack flank pressure. In
order to investigate the effect of premature contact or pressure on the crack
flanks on the results of the potential drop method another experiment was
performed. A center cracked tension specimen was prepared with an initial notch
(saw cut ) of about 5.2 mm length. After this the crack was allowed to grow in
vacuum by constant amplitude fatigue cycling until it had a length of about 42
mm length. The growth was then stopped at the maximum value of the load (26
kN). Next the load was reduced slowly until a compression of about -35 kN. The
result is shown in figure 7.9. The crack length as recorded by the potential drop
apparatus, reduces from 42 mm, where the crack is fully open, to 5.2 mm at the
initial saw cut, meaning that the fatigue crack is completely closed. The initial
notch length is reached at about -15 kN. Without closure (and of course plasticity
before the tip) we would expect to reach the initial notch length at 0 kN. It seems
logical to assume that a certain amount of pressure is needed to reach the original
crack length, owing to plasticity and the crack closure wedge that has grown
during the crack growth period. Increasing the pressure until -35 kN does not
change the outcome of the potential drop apparatus any more, meaning that the
amount of pressure is not an important factor in this test method.

7.4 Crack Closure of Smooth and Rough Shear Lips

Recent constant amplitude tests in vacuum indicate a frequency dependent
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behavior of the shear lips similar to the behavior in air [8-10]. In chapter 6,
figure 6.10, it was shown that application of constant AK (under)load cycles at
AKesr= 16 Mpa\/ m resulted in a considerable decrease of da/dN at 10 Hz and no
decrease at 0.1 Hz for a test in air. A study of the fracture surfaces showed a very
rough surface with big shear lips at 10 Hz. A continuous initiation of new shear
lips within older ones occurred. This phenomenon was discussed in chapter 4,
section 4.4, and it was shown in figure 4.27.

The fracture appearance at 0.1 Hz was different. Smooth shear lips without
initiation of new ones occur. There is no change (no decrease) in da/dN as a
function of the crack length (see figure 6.10).

Figure 7.10 shows the da/dN result of a constant AK test at 0.5 Hz. A decrease of
da/dN, as found in this work ( see chapters 4, 5 and 6) for tests at 10 Hz at AKefs
> 5.5 Mpavm, is absent at 0.5 Hz, probably due to the regular shear lip forming.

The aim of the present section is to investigate if the closure behavior of smooth
and rough shear lips is different, as should be expected from the da/dN behavior
mentioned above. As we did show, the closure behavior of a crack in the tensile
mode and in the shear mode is different. It is suspected that also the crack
closure behavior of cracks with smooth shear lips is different from that of cracks
with rough shear lips.

In order to shed more light on the crack closure phenomenon, as affected by the
loading frequency and the type of shear lips (smooth or rough), the following test
series of constant AK tests were carried out. Tests were performed in air until a
crack length of 25 mm was reached. Then a sawcut (with a width of about 3 mm)
was made along the fatigue crack to remove the plastic deformation in the wake
of the crack. This eliminates the material responsible for the occurrence of crack
closure. The saw cut was stopped at a short distance behind the existing fatigue
crack (at a =25 mm). Then the fatigue test was continued to see the effect of the
crack flank material removal.

In the case of a tensile mode crack, and a crack with smooth shear lips, removal
of crack flank plasticity until 1 mm behind the crack tip showed no change in
da/dN (see figures 7.11 and 7.12). The crack flanks had no contact in the areas of
the removed material. In the case of rough shear lips it was more difficult to
remove crack flank material. Here an effect on da/dN is visible, as shown in
Figures 7.13 and 7.14. In these tests material was removed until 3 mm and 1 mm

behind the tip respectively.
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Figure 7.10. da/dN in case of smooth regular shear lips, test in air at 0.5 Hz.

0.5

e
W

0.1

da/dN in pm/cycle

crack length in mm

Figure 7.11, da/dN in tensile mode, test in air at 20 Hz. At a=25 mm the crack
flank material is removed until a= 24 mm.
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Figure 7.12, da/dN in case of smooth regular shear lips, test in air at 1 Hz.
At a=25 mm the crack flank material is removed until a= 24 mm.
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Figure 7.13, da/dN in case of rough, irregular shear lips. At a=25 mm the
crack flank material is removed until a= 22 mm.
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Figure 7.14, da/dN in case of rough, irregular shear lips. At a=25 mm the
crack flank material is removed until a= 24 mm.

In figures 7.10 - 7.14 the same scale intervals were used for the da/dN axis in
order to allow a direct comparison of the scatter in these figures. From the tests
where crack flank material was removed we can conclude that fatigue cracks in
the tensile mode and fatigue cracks with smooth shear lips experience a very
localized closure effect (if at all), namely within | mm from the crack tip.
Beyond 1 mm from the tip no effect is measurable, i.e. crack flanks do not touch
in these areas. For rough shear lips the closure effect extends more than 3 mm
from the tip. An analogous test with removal of crack flank material until 10 mm
from the tip showed no jump in da/dN. This implies that the closure
contributions start from a distance from the crack tip less than 10 mm and more
than 3 mm. For both tests with crack flank removal until 1 and 3 mm the jump in
da/dN is about the same (0.16 pm/cycle). If a slope m=4 in the Paris law for
da/dN versus AKesr is used (see figure 7.7), it follows that the jump in figures
7.13 and 7.14 leads to a change in AKegt of about 8%. The total crack closure
effect is probably much larger, since the contribution of the dominant last mm
closest to the tip cannot be measured in this way. By performing other tests at
different frequencies it was generally found that tests at frequencies below 1Hz
show smooth shear lips in air, whereas above 2.5 Hz they become rough. In
vacuum the transition frequencies for smooth to rough shear lips are somewhat
lower, about 0.2 Hz to 2 Hz
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7.5  Conclusions

1. It is possible to find the onset of crack opening and closure with the
potential drop apparatus.

2 It is at this moment possible only to find an approximate upper bound R
value above which the crack flanks make no electrical and thus no mechanical

contact.

3. The quadratic closure function for fatigue tests on Al 2024 in vacuum is :
U= 0.40 + 0.24R + 0.09R2

4. The quadratic closure function for fatigue tests on Al 2024 in air (flat

tensile mode) is :
U= 0.61 +0.36R +0.13R2

5. The quadratic closure function for fatigue tests on Al-2024 in air,

corrected for the presence of shear lips is :
U= 0.43 +0.25R + 0.09R2

This is about the same as in vacuum. Thus the effect on U in vacuum can be
attributed mainly to the surface roughness caused by shear lips.

6. Schijve's crack closure function was found from constant amplitude tests
that started in the tensile mode and slowly transformed to the shear mode. This U
relation lies between the limits of U in the flat tensile mode and in complete

shear mode in air:

U =0.61 +0.36R + 0.13R2 (tensile mode)
U =0.55+0.33R + 0.12R2 -1<R<1  (Schijve)
U =043 +0.25R + 0.09R2 (shear mode)
7. Crack closure is a localized phenomenon for fatigue cracks in the tensile

mode and in the shear mode with regular shear lips. It is not found to extent
more than 1 mm from the crack tip.

8. Crack closure in the shear mode with irregular shear lips extends over
more than 3 mm and less than 10 mm behind the crack tip for the loading
situation discussed in this chapter.

9. The appearance of shear lips, in air as well as vacuum, depends on the
frequency. Higher frequencies promote irregular shear lips with high closure,

lower frequencies promote regular shear lips with little crack closure.
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8.1. Introduction

It is remarkable that crack closure as a phenomenon was overlooked for a long
time before it was discovered by Elber.

The occurrence of shear lips on fatigue fracture surfaces was recognized long
ago. However, the effect of shear lips on fatigue crack growth was largely
disregarded, probably in view of so many other complicating influences,
especially the predominant effect of crack closure. The present investigation was
primarily carried out to fill this gap in our knowledge. The 2024 T3 Aluminium
alloy was chosen for testing, because fatigue crack growth in this alloy does
clearly exhibit the shear lip phenomenon. Moreover, the 2024 T3 alloy is
abundantly used in aircraft structures because of its favorable fatigue damage
tolerant properties.

In this last chapter the major observations of the present investigation and their
significance are summarized first. The last section recapitulates specific

conclusions in detail.

8.2. General observations

Shear lips have been extensively observed in large numbers of fatigue crack
growth tests. Several systematic trends of the shear lip development were found.
In this chapter an attempt will be made to come to a synthesis of some important
facts discussed in the previous chapters. Fatigue crack growth is a complex
physical process. In this process an important role is played by fatigue crack
closure. Unfortunately, the results of measuring crack closure often depend on
the measurement technique used.

In chapter 4 it is found that shear lips grow in width in a constant AK test until
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an equilibrium value of the shear lip width is reached. The width is dependent on
AKefr , and in a certain sense also on the material thickness. The frequency also
has an influence on the equilibrium shear lip width.

During shear lip growth the crack growth rate da/dN decreases. The wider the
shear lip, the larger the decrease of da/dN.

In chapter 5 it was shown that the crack growth rate, going from tensile mode to
complete shear, decreases by a factor of 3. Finite element calculations indicate
that shear lips can reduce the mode I K factor by about 40%. This fact alone can
lead to a decrease in da/dN by a factor of about 7 to 8 when a Paris curve with a
slope m= 4 is used, or about 5 when m=3 is used. Thus the effect of shear lips on
Kj alone cannot explain the observed decrease in da/dN.

Therefore a model, also involving crack closure and crack growth resistance, is
presented in chapter 5. The model explains a da/dN decrease by a factor 3, when
a Paris exponent of 3 is used, and also gives an explanation for the two slopes in
log da/dN - log AK relations as are often quoted in the literature. The lower slope
of the two is material thickness dependent. The crack growth mechanism is
assumed to be the same in tensile and shear parts, while the reduction in da/dN is
attributed to a shear lip effect on AK, on crack closure and on crack growth
resistance.

In chapter 6 the results indicated a significant role of (extra) crack closure due to
shear lips. To explain the results it was necessary to assume a long part of the
crack length to be closed at K;;,, . However, it was not immediately clear why.
The concept of smooth and regular versus rough and irregular shear lips was then
introduced. The retardation after underloads was found to be due to a significant
crack closure wedge accompanying rough shear lips.

In chapter 7 it was shown that the tensile mode and regular, smooth shear lips
have no or only a small effect on da/dN in a constant AK test, while the
development of irregular, rough shear lips has a much larger effect. It was also
shown that the higher crack growth rate in air, compared to that in vacuum,
could be largely explained by the presence of rough shear lips in the latter case.
The difference becomes nearly zero when rough shear lips develop also in air at
higher AK.

8.3. The Interaction of Crack Driving Force, Crack Growth
Resistance and Crack Closure in the Case of Shear Lips

An inherent problem of the analysis of the various shear lip observations is the
question whether certain influences are due to changes either of the crack driving
force, or the crack growth resistance, or both. In this respect the following facts
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were ascertained:

o there is a shear lip effect on K (chapters 4, 5)

o there is a shear lip effect on closure (chapters 4, 5, 6, 7)

o there is a shear lip effect on crack growth resistance (chapter 5).

Let us assume that when a shear lip is formed (regular or irregular) there is a
decrease in Kj of 40%, as indicated by finite element calculations. Let us also
assume that mode II and mode III crack growth can be neglected in comparison
with mode I growth in the situation of a growing crack in a center cracked
tension specimen under uniaxial tensile loading conditions. For smooth shear
lips (obtained at low frequencies) no decrease in da/dN, in a constant AK test
with growing shear lips, is found despite the reduction in K. For smooth shear
lips also little or no (extra) closure is found (chapter 7). These facts point to the
conclusion that the effect of shear lips on crack growth resistance must cancel
the effect of shear lips on K.

This conclusion is supported by some reasonable physical arguments. The crack
growth resistance is mainly due to the energy involved in plastic deformation at
the crack tip. The plastic zone size depends on K. Then it seems reasonable to
expect that if there is a decrease in K, thus a lower driving force, there will also
be a smaller plastic zone, leading to a lower crack growth resistance. Thus the
lower driving force will be partly compensated for by a lower crack growth
resistance in the case of smooth shear lips. Of course this explanation is very
rough.

For rough shear lips, at higher frequencies, the same argument with respect to
driving force and crack growth resistance can be adopted. The only difference
now is that a significant crack closure is present. This closure is responsible for
the observed decrease in da/dN at growing shear lips and for retardation in da/dN

after underloads.

An alternative explanation on the difference in behavior of smooth and rough
shear lips can be given based on a contribution of Ky to crack growth. Finite
element calculations predict both a decrease in K for mode I of 40 % and an
increase in K for mode I of zero to 40% of the original mode I K value. If mode
III crack growth is not neglected in the case of shear lips, then smooth shear lips
are expected to lead to higher crack growth rates than rough shear lips do. The
reason is the much higher mode III crack closure in the case of rough shear lips.
It seems reasonable to expect that in the combined mode I plus mode III crack
growth the mode III crack growth rate is higher than in pure mode III, because
the tensile loading that opens the crack in mode I reduces the mode III crack
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closure. For smooth shear lips this opening of the crack is possibly just enough
to find a da/dN that is about equal to da/dN resulting from mode I loading at the
same AK. For rough shear lips the mode III closure may be too high to be
overcome by the mode I opening.

8.4. Implications for Failure Analysis and Fractography

In chapter 4 relations between the equilibrium shear lip width tg e, and AKefr
(using the standard Elber formula) were found. A given AKeg value ultimately
leads to a unique t; o4 value. This relation can be reversed and used as a basis for
extra information in the case of failure analysis and fractography. When a failed
component shows a shear lip, the width of the shear lip is an indication for da/dN
or for the applied AKe¢r , or AK. This is in general not true for tests with large
changes in AK, where da/dN and t; .4 are both dependent on the load history and
not a measure for the momentary applied AK.

From the shear lip width it is possible to get a global impression of da/dN, and
from striation measurements we get a local da/dN. Of course caution is needed in
the interpretation of the results, as different loading conditions can lead to the
same shear lip width, just as it is possible with da/dN found from striation
measurements. Information from shear lip width is thus not sufficient but
supplementary to other characteristics like striation width measurements, beach
markings, etc. Another parameter accompanying shear lips is the roughness or
smoothness of the shear lips. This factor gives information about the frequency
and about the amount of crack closure. Fluctuations in shear lip width indicate
loading transitions. The conclusion of this section is that large shear lips point to
a high AKeff (high loading) and that rough shear lips point to a high frequency.

8.5. Implications for Fatigue Crack Growth Prediction Models
based on Closure

In fatigue crack growth prediction models based on crack closure results from
laboratory constant amplitude tests are often used. During variable amplitude
loading in practical situations the loading spectra seldom result in large shear
lips. The cracks are mainly in the tensile mode. Under laboratory circumstances
constant amplitude tests often show a transition from tensile to slant crack
growth. It is shown in chapter 5 that a crack in the tensile mode propagates about
three times faster than an equivalent crack in a completely slant situation. Thus
when results from constant amplitude tests are used in the prediction this is only
allowed when the fracture modes of constant amplitude test specimens and

variable amplitude specimens are the same. When the fracture surface is not
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considered there can be a breakdown of similitude. In practical situations with a
very low number of high load excursions the effect will be negligible. If the
number of loading “spikes” is high it is better to use the extrapolated tensile
mode data (see chapter S). Another very simple safety procedure would be to
magnify the da/dN of all “spikes” by a factor of 3, to be conservative.

8.6. General Conclusions

1. A satisfactory mathematical description of the shear lip width behavior
under constant stress intensity loading could be given. Relation 4.3 is the basis of
the description.

2. It was possible to predict shear lip width behavior under constant stress
amplitude loading by using the mathematical description found in constant AK
tests.

3. The effect of frequency on the shear lip width could be described. Both
AK and frequency effects could be combined in a general shear lip width
description (equation 4.31). The da/dN in tensile mode was found to be
independent of the frequency. The effect of the frequency on da/dN could be
associated with the effect of the frequency on the shear lip width.

4. An explanation could be given of the fracture path (in fast static
fractures) of fracture surfaces in single and in double shear.

5. An effect of the fracture mode on K (and/or K¢) was found. The large
difference between the results found in fatigue tests and in tensile tests could not
be explained satisfactorily

6. The increase of the shear lip width under constant AK loading decreases
the crack growth rate da/dN.
7. The two slopes in the da/dN - AK curves on a log-log scale are due to the

impeding action on da/dN by the growing shear lips in the transitional area
between pure tensile mode and pure shear mode.

8. The formula found for the tensile mode crack growth, equation 5.6, is
important for fatigue crack growth prediction under variable amplitude loading
where the fracture surface is expected to remain flat.

9. The crack growth rate in the case of shear lips can reasonably well be
described by a model based on AKegf .£ = constant (£ is the transverse crack
front length) and by adopting a similarity approach.

10.  The thickness effect on da/dN is dependent on the change of the
transverse crack front length; for low AK ¢ (pure tensile mode) and high AK ¢
(pure shear mode) no thickness effect is observed.

11.  The tensile growth rate can be described by Elber’s crack closure
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formula. A good description includes an effective threshold K value.

12, The prediction of da/dN in the shear mode is based on the transverse
crack front length.

13. An explanation for the observed temporary decrease of da/dN in some
constant amplitude tests could be given, based on the transition of the tensile
mode to the shear mode.

14. The maximum reduction in da/dN, from a pure tensile situation to a
complete shear situation, is by a factor of about 3.

15.  The application of overloads always causes delayed retardation on
subsequent crack growth. Larger numbers result in more retardation.

16.  The application of large numbers of underloads always cause delayed
retardation on subsequent crack growth when the applied AK of the
underloads is so high that shear lips will develop on the fracture surface.
Larger numbers and a high frequency enhance the retardation.

17.  The application of one or a small number of underloads has no effect
on subsequent crack growth.

18. The crack length affected by the underloads extends far more than the
physical presence of shear lips, indicating that shear lips not only have an
effect on K but also on Kop. The affected crack length is also much larger
than the monotonic plastic zone size.

19.  Tests with underloads at a lower frequency indicate that the reduction
in crack growth rate during application of the underloads and the delayed
retardation after the underloads are largely caused by irregularities of the
shear lips. A smooth regular shear lip as is found at 0.1 Hz has only a slight
effect, indicating that crack closure caused by an irregular shear lip is the

most important delaying mechanism.

20. It is possible to find the onset of crack opening and closure , in air and
vacuum, with the potential drop apparatus.

21 It is at this moment possible to find only an approximate upper bound R
value above which the crack flanks make no electrical and thus no mechanical
contact.

22.  The quadratic crack closure function for fatigue tests on Al-2024 in

vacuum is :
U= 0.40 + 0.24R + 0.09R2

23. The quadratic closure function for fatigue tests on Al-2024 in air (flat

tensile mode) is :
U=(0.61+0.36R +0.13R2)

176



Chapter 8. General Discussion and Conclusions

24. The quadratic crack closure function for fatigue tests on Al-2024 in air,
corrected for the presence of shear lips is :

U= 043 +0.25R +0.09R2
This is about the same as in vacuum. Thus the effect of vacuum on U can be
attributed mainly to the surface roughness caused by shear lips.
25. Schijve's crack closure function was found from constant amplitude tests

that started in tensile mode and slowly transformed to shear mode. His U relation

lies between the limits of U in the flat tensile mode and in the complete shear

mode in air:
U= 0.61 +0.36R +0.13R? (tensile mode)
U= 0.55+0.33R + 0.12R2 -1<R<l (Schijve)
U= 0.43 +0.25R + 0.09R2 (shear mode)
26. Crack closure is a localized problem for fatigue cracks in the tensile

mode and in the shear mode with regular (smooth) shear lips. It is not found to
extend more than 1 mm from the crack tip.

27. Crack closure in the shear mode with irregular (rough) shear lips extends
over more that 3 mm and less than 10 mm from the crack tip for the loading
situation discussed in chapter 7.

28. The appearance of shear lips, in air as well as in vacuum, is dependent on
the frequency. Higher frequencies promote irregular shear lips with a high
closure influence, lower frequencies promote regular shear lips with little crack

closure influence.
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