FATIGUE BEHAVIOUR OF SURFACE CRACKS IN BUTT-WELDED JOINTS

by

Shahram Parsapour Moghadam BSc (Eng), MSc

A thesis submitted for the degree of
Doctor of Philosophy of the
University of London, and for the

Diploma of Membership of Imperial College

February 1984

Department of Mechanical Engineering

Imperial College of Science and Technology

University of London

London SW7 2BX



ABSTRACT

The growth of surface cracks with resulting, possibly
catastrophic, failure in welded Jjoints wused for offshore
purposes has been of considerable concern in recent years.
The present thesis attempts to describe how such failure can
be predicted using linear fracture mechanics. The approach
requires fatigue crack growth data for the materials
associated with a butt-welded joint, weld metal, HAZ, and
parent material as well as a correlation for the stress
intensity factor of semi-elliptical crack propagation both

on the surface and in the through-thickness direction.

These and other properties were found for BS4360-50D,
class 6 weld metal, and HAZ associated with the parent metal
and weldment, as currently used for constructionA of North
Sea o0il platforms. The effects of stress ratio, loading
frequency, specimen geometry, and salt-water environment
were investigated. The stress intensity factor calibration
for semi-elliptical cracks that gave the best correlation
with the data from through-thickness cracks was found from

the literature.

To obtain basic crack propagation data, tests were
conducted on standard compact type specimens. Fatiqgue crack
growth tests were also performed on surface-notched plates
in bending. These tests covered the full subcritical range
of growth rates from AKthto high values of AK. The results

showed that the growth rates of surface cracks in the



weldment were higher than for the parent plate and that in
general the fatigue crack growth rates increase with
increase in stress ratio and decrease in frequency. The use
of an A.C. potential drop microgauge for «crack depth
measurements was alsou investigated. It was found that the
variation of the digital voltage with crack depth is linear,
and that 1increasing the gain results in a corresponding

increase in sensitivity without affecting the linearity.

A model which can accommodate the fatigue crack
propagation on the surface as well as for the crack in the
through-thickness direction was developed to predict the
growth of semi-elliptical cracks. The influence of initial
flaw size on the shape and size of growing fatique cracks
was investigated, together with the effect of different

width and thickness, using this model.

Finally an attempt was made to suggest ways to improve
the fatigue properties of butt-welded joints. Preliminary
tests showed that the technique developed to fabricate the
butt-welded specimens reduced the rate fatigue crack growth
when compared to the weldments fabricated by conventional

methods.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
Because of the recent expansion in sea-based

develoupment work, there has been a courresponding growth 1in
the numbers and types of offshore construction built . Such
constructions must be safely designed with respect tou a
number of poussible failure modes due to the forces acting on
them, as the structural integrity of offshoure installatiouns
and equipment 1s one of prime importance with regard to

danger to human life.

The service 1lovading which a welded steel offshoure
structure experiences derives from a large number of
sgurces, and consists of a coumbination of static, dynamic
and cyclic louads. Among these, the cyclic stress caused by
wind or waves can cause failure by fatigue. The main
o1lfi1elds in the North Sea are 1located 1in areas which
experience some of the worst weather conditions in the
world, where in winter water temperatures fall to around 4°C
and prolounged air temperatures to well below freezing, and
where 1n stormy conditions there are gusts of wind exceeding
160 km/hr and waves rise to heights of 20m. It is therefoure
very 1mpurtant to have sufficient information on the fatigue
behaviour of structural steel and welded jouints, as used 1in

structures operating under these conditiouns.
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In such wouffshoure structures, which are welded during
construction, small <crack-like defects are invariably
present from the beginning of their commissioning. The
majorlty of the data on the fatigue strength of welded
jouints have been obtained by using axially lovaded specimens,
and relatively little work has been doune with types of
specimen which contain realistic residual stress systems and
which would give the designer some idea of the influence of

such residual stresses.

Cunsiderable effort is now being expended, in different
centres for offshore research throughout the United Kingdom,
in obtaining basic fatigue data under various lovading and
envirunmental conditions relevant to the North Sea. The

present work is part of this majour programme.

1.2 OBJECTIVES

The main objective vf the present work was to generate
data for fatigue of surface cracks in BS4360-50D 1low alloy
structural steel and its weldment, as used in the North Sea.
The aim was to 1nvestigate the effect of such variables as
stress ratio, frequency and a corrosive environment on the
growth of semi-elliptical cracks as well as the relatiounship
between crack growth on the surface and in the through-

thickness direction.
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1.3 OUTLINE OF THE WORK

The work was carried out in four stages:-

1.3.1 Crack Growth Behaviour of BS4360-50D Welded Steel

The aim was to obtain basic fatigue data for threshold,
low and i1ntermediate stress intensities and to investigate
the effect of stress ratio, frequency and salt water
environment. The results showed that the fatigue crack
growth rates in the weldment were lower than thuse 1n the

base material.

1.3.2 Growth of Semi-elliptical Surface Cracks in

BS4360-50D Welded Steel

The main objective was to obtain fatigue crack growth
data for such cracks and investigate the correlation between
the results from the previous stage. The results shuwed that
the growth rates of semi-elliptical cracks in the weldment
were higher than for the parent plate. The develupment of
the shape uvf these cracks led to the third stage of the

present work.

1.3.3 Cumputer Simulation of Surface Crack Propagation

The effect of geumetry and of the initial flaw size

were factors investigated by coumputer simulation.
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l1.3.4 An Attempt to Improve Fatigue Strength of Welded

Joints

A new method which has been named sandwich welding was
develouped and 1ts effectiveness was investigated in a series
vf tests carried cvut un coumpact type and surface-notched

plate specimens.
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CHAPTER 2

SURVEY OF PREVIOUS RESEARCH

2.1 INTRODUCTION

The fatigue phenomenon and the consequent material
failure of a compounent have been toupic of intense research
during the past century. The traditional method used to
predict the life of a coumponent has been through the use of
S-N curves, where the life of a component is plotted against

the applied stress amplitude.

It is now well known that fatiqgue failure occurs in
three phases. The crack initiates at the surface or a blunt
notch and propagates wuntil a «critical size is reached,
whereafter fracture of the remaining section occurs. The
fatigue 1life of a component is determined by the sum of the
time required to initiate a fatigue crack and the time for
the crack to grow from a subcritical dimension to the
critical size before fracture occurs. The relative
proportion of times woccupied by these two phases of crack
growth may depend on surface finish, residual stresses,
material microstructure, such as inclusions, or the presence

of small cracks introduced during fabrication.

The introduction of welding as a method of fabrication
of structures has resulted 1in severe fatigue problems.

Defects within the weld and stress concentrations due to the



weld geometry are influential factors in fatigue failure.
Such defects can take many forms, such as cracks due to
residual stresses 1n the weld region, lack of penetration,
inclusions and porosity, and it 1is these which are
detrimental in terms of fatique. It 1s not therefore
suprising that many laboratory fatigue tests have shown that
fatigue resistance of welded specimens 1is considerably
reduced. This 1is because the period normally required for
the crack to initiate is virtually absent and consequently
the total fatigue life is taken up with crack propagation.
Thus an accurate life prediction can be made on the basis of
the time taken tov grow a fatigue crack from an initial
defect to a critical size which causes unstable fracture.
Hence the essence of the integrity of a welded structure or
joint is that a crack should not grow, under the influence
of cyclic loading, from the initial defects to a critical
size during the design life. The critical size will depend
on the criterion of failure, which in turn depends on the

structure and the material used.

Two techniques have been proposed to determine the
required life for a joint or structure subjected to fatigue.
These are safe-life and fail-safe. Neither can be applied in
its original form to the problem of fatigue of large welded
structures. Safe-life is formulated basically as an
extension of the S-N approach, the working stresses being
arranged such that the service 1life 1is 1less than the
predicted fatigue life (i.e., cracking does not occur). 1In

contrast, the fail-safe approach has always accepted that
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cracking will occur, but provides sufficient structural
redundancy to allow for detection and repair before large-
scale failure can take place. An alternative approvach is
also based on the safe-life criterion except that the life
is a proupagation life rather than woverall fatigue 1life.
Thus, the design should be such that if a fatigue crack does
occur, it will propagate at a rate slow enough to ensure
that either the complete failure condition is not reached in
the service life, or, if the fatiqgue-sensitive areas are
accessible, then the 1inspection and repair can be carried
out. If viewed 1in terms of practical problems of
fabrication, the criterion becomes a question of how large a

defect can be tolerated in the structure before failure.

The prediction of fatigue life based on crack growth
lies on the ability to calculate the rate at which the crack
will grow in a given position in a structure. This 1is an
extremely complex task because the rate of propagation of a
crack is dependent on its size and shape, the stress field
around - the crack, the environment and the material into
which the crack is growing. Fracture mechanics is
particularly suited to describing fatigue crack propagation
and fracture, and its use is therefore becoming increasingly
widespread. The basis of fracture mechanics is that a flaw
or a defect, such as fatigue crack growth, can produce a
stress concentration within a material and that in turn can
lead to the <creation of intensified stresses at the crack
tip. Providing the nominal stress acting upon a material is

less than 0.8 of the yield strength, and also providing that
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the region of plastic deformation ahead of the crack tip is
small relative to the total compounent size, the coumponent
can be considered as a macroscopically elastic boudy. The
state of stress ahead of the crack 1is then determined by
linear elastic fracture mechanics [l]. In this case the
stress intensity factor, K, can be used as a single
parameter to describe the elastic stress field 1in the
vicinity of the crack tip. A detailed description of the
fundamental concepts of fracture mechanics is given in the

next section.

2.2 LINEAR ELASTIC FRACTURE MECHANICS

Descriptions of elementary fracture mechanics can be
found 1in a variety of texts (see for example [1] and [2]);
the following pages present only those fundamentals of the

theory needed to understand the subsequent text.

The presence of a crack in a stressed solid can cause
it to fracture at a stress much 1lower than the ultimate
strength of the material. Early attempts to predict the
fracture strength of cracked solids were based on an energy-
balance approach [3,4]. However, a more successful approach
to the problem may be based on the elastic stress field

around the crack tip [5].

A crack in a solid can be categorized according to its

mode, as 1illustrated in Fig. 2.1l. Normal stress gives rise
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to the "oupening mode" (Mode I) in which the displacements of
the crack surfaces are perpendicular to the plane of the
crack. In-plane shear stress causes the "sliding mode" (Mode
II), 1in which the displacement of the crack surfaces is in
the plane of the crack and perpendicular to the leading edge
of the crack. The "tearing mode" (Mode III) 1is caused by
out-of plane shear stress; crack-surface displacements are
in the plane vf the crack and parallel to the leading edge

of the crack.

For an infinite plate subjected tu a remote stress, ¢ ,
(i.e., Mode I) the stress field displacements at the tip of
a sharp crack with length 2a at a pouint P(r,08) were derived

by 1Irwin [5], and Williams [6], and can be written in the

form:
Opse cos 6/2 (L - sin 8/2 sin 38/2)
s Kr cos 6/2 (L + sin 8/2 sin 36/2) ,(2.1)
Yy = o .
Txy V T cos 8/2 sin 6/2 cos 36/2

. (200 = 1) cos 8/2 - cos 36/2
" _ R& 2r s /
= ,(2.2)

(20 + 1) sin 8/2 - sin 36/2
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where g=3-4vy in plane strain and a= (2 -v)/(1:+v) 1in plane
stress, and r and 8 are the radial coordinates centred at

the crack tip.

The parameter KI is designated the "stress intensity
factor" and is independent of r and 6 . It dictates the
magnitude but not the distribution of the stress fields in
different crack configurations. For an infinite plate

containing a <crack of length 2a, subjected to a remote

tensile stress field, o , the Westergaard [7] solution gives

K, = oyra .(2.3)

In the case of finite bodies, the expression for KI becomes

more complex and is expressed as foullows

KI = YU'V Ta  (2.4)

where Y is a dimensionless parameter which varies according
to the geoumetry of the specimen, location of the crack,
proximity of a free surface, distribution of load, etc., and
is ovften found using the Griffith [3] energy criterion which
relates the energy required to increase the crack length by

an infinitesimal increment, Aa, to the elastic energy

released as a result of that crack growth. KI can be
related to the elastic stress concentration factor Kt by
K Up%
KI = lim t r (2.5)

p»0 2
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where ¢ is the radius of curvature. The above equation,
which was derived by Irwin [4], implies that KIis valid only

when a sharp crack is considered.

Thus far attention has been focused on the case of a
crack in a tensile stress field. Results analogous to
equations (2.1) and (2.2) can be obtained for the case of a

crack subjected to in-plane shear, i.e.,

o —sin 6/2 (2+cos 6/2 cos 36/2)
XX X
IT .
o = sin 6/2 cos 6/2 cos 36/2 ,(2.6)
Yy ‘/2nr
Txy cos 6/2 (l-sin 6/2 sin 36/2)

and out-uf-plane shear

T - sin 8/2
Xz “KIII )

Yz 21r cos /2

.(2.7)

Ky 'KII' and KIIIare referred to as the mode I, mode II and
mode III stress intensity factors. The subscript I will,
however, be omitted from the symbol K since only the opening

mode is assumed throughout this work.
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Once the stress intensity factor is known, the stress
fields at the crack tip in a purely linear elastic body are
completely specified. On the assumption that the fracture is
governed by counditions at the crack tip, it must be expected
that fracture will occur when K reaches a critical value,

K which latter may be obtained from a laboratory test. The

cr
difficulty in applying 1linear elastic fracture mechanics
(LEFM) lies 1in ensuring that chs obtained under crack-tip
conditions which are reproduced 1in the structure to be
analysed. For purely elastic behaviour this is no problem,
since the stress field at the <crack tip 1is completely

specified by K for all configurations. However, for a real

material perfect elasticity is never completely realised.

Equation (2.6) indicates that as r — 0, crack tip
stresses will become infinite for any value of the applied
stress. Hence, plastic deformation will occur at the crack
tip. The order of magnitude of the plastic zone, rp , can be
estimated from Equation (2.6) by setting cyy=oy, the yield

stress of the material leading, to

2

1 (X
r = 1 (X | (2.8)
P 2m ( °y>

for plane stress conditionse.
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An elastic stress distribution with a singularity at
the crack tip characterises the stress field ahead of the
crack where the plastic yielding occurs. If the extent of
the plastic zone is small in comparison with the dimensions
of the elastically stressed region of the structure, the
elastic model will closely represent the real conditions.
Since LEFM prouvides a method of measuring the fracture
strength of a brittle material, one must ensure that errors
introduced by plastic yielding are minor or can be
corrected. For plasticity effects to be negligible the
plastic zone must be small compared with the crack length
and remaining ligament. At the onset of fracture, at which
K=Kc

the error introduced by plastic yielding may be

,?

estimated from

2 2 1 (2.9
Tpo_ o1 (B 10 (2:9)
a 2ral\ o 2 E;

where Oc is the gross-fracture stress. Thus the LEFM
approuach is acceptable as long as the gross fracture stress
is small compared to the yield stress of the material. To
correct the small-scale plastic yielding effect it was
suggested by Irwin [4] that the physical crack be increased
by an amount rp to obtain an effective crack length, a

eff’
i.e.,

eff = @ * I, .(2.10)
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The fracture toughness, K is dependent on, among

cr’
other factours, the thickness of the specimen. The role of
thickness is to provide a triaxial stress field ahead of the
crack, which increases the hydrostatic stress component and
thus reduces the plastic zoune size. Experimentally it has
been verified that Kc-decreases as the thickness increases,
attaining a minimum value, ch, , corresponding to plane
strain conditions. The major effect which explains the above
trend is that the tensile stress rises as the thickness |is

increased. This favours the cleavage mode of fracture over

the shear mode, which consequently reduces Kd’

2.2.1 Application of  Fracture Mechanics to  Fatigue

Crack Propagation

Linear elastic fracture mechanics was originally
develouped to analyse static fracture, and the technique has
been applied most widely to brittle fracture. Since fatigue
crack propagation is also a fracture process, it seems
reasonable to assume that the stress intensity factor is a
suitable parameter for describing the influence of loading
and geometry on fatique crack growth rates. However, the
successful application of growth data, analysed wusing the
stress intensity factor, depends on the solution of K being

available for the complicated geometry of real structures.

The fatigue crack growth data, da/dN, where N 1is the
number of fatigue cycles, can in general be expressed as a

function of stress intensity range, AK, stress ratio, R,
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temperature, type of environment, residual stress, loading

histoury, etc. Hence

%% = f(AK,R, temperature, environment,...,) .(2.11)

Recent studies have also confirmed that da/dN is
primarily controlled by the stress intensity factor range,

AK, through Paris's expression [8]

L =c 1y ,(2.12)

where C and m are constants. Deviations from this form occur
at very low crack growth rates close to thresholad

AK values, and at rates approaching fracture. Experimental

th
investigations on a wide range of materials have reported
values of m lying in the range of 2 to 20. This range of
values 1is found because the expression (2.12) is not in
general obeyed over a wide range of growth rates. These
investigations, however, have shown that the expression
(2.12) adequately describes the fatigue behaviour 1in the
mid-range of growth rates, 1i.e., 10--6 mm/cycle < da/dN <
10-3 mm/cycle, but underestimates them at higher, and
o verestimates them at 1lower, growth rates. However, an

important factor in fatigue crack grow which could

invalidate this approvach 1is whether or not fracture takes
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place under every cycle of applied stress. If certain
features of the material inside the crack tip plastic zone,
such as microstructure, cause significant irregular delays
or accelerations in crack growth then the stress intensity
would not provide sufficient information on the state of
stress at the crack tip. If the same behaviour occurs as a
result vf changes in the plastic zone, then the stress
intensity factor should be modified to take account of this

influence.

Crack tip vyielding is a major limitation to this
statement as yielding should be small compared with other
relevant dimensions if LEFM is to be used. This 1limitation
may be particularly important in the context of propagation
of very small fatigue cracks, especially when the applied
stress and resulting plastic zone are large. Moreover, it
may well be the case that the factors which control very
small increments of crack proupagation are not described by

the stress intensity factor alone.

2.2.2 The Crack Growth Curve

The wvariation of crack growth rates with stress
intensity factor can be illustrated by a sigmoidal curve of

log da/dN versus log AK as shown for steels in [9], Fig. 2.2.

To explain the sensitivity of stress ratio, thickness,

microstructure, environment, etc., on the sigmoidal



-31-

variation of growth rate with AK, Lindley et al [9] analysed
the problem on the basis of a primary crack growth
mechanism. It is shown that in steels, for the mid-range of
growth rates (regime 1II), failure generally takes place
through a transgranular ductile striation mechanism [10,11]
and that the rate of crack growth is largely insensitive to
stress ratio, thickness, frequency, microstructure, etc. The
influence of these factors may, however, predominate in the
high and low growth-rate regimes (III and I, respectively).
At high growth-rates, the effect ovf the above factors can be
described in terms of superimposed static modes of fracture

fracture
such as cleavage, or intergranular,and microvoid coalescence

A
accompanying or replacing striation growth [12,13]. The
mechanism of low growth rates has been observed tou be
microstructurally sensitive to stress ratio, 1involving the

occurrence of induced fracture modes, such as intergranular

fracture in steels [14].

2.3 THEORETICAL ANALYSIS OF FATIGUE CRACK PROPAGATION

Fatigue crack growth laws are numerous and a
comprehensive discussion of them 1s beyond the séope of the
present work. However, a brief review will be presented

here.

Paris and Erdogan [8] concluded that such a law could
be expressed in the form of (2.12) and presented
experimental data, which favoured an exponent value of m=4 .

Barsom [15] based his model on strain energy release and
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CoD, and predicted a wvalue of m=2. Liu [16], who also
predicted a value of m=2, used dimensional analysis together

with the concept of total energy absorption to failure.

Weertman [17] applied an improved version of the
dislocation model proposed by Bilby et al [18] to fatigue
crack growth, using the criterion that fracture occurs when
accumulated plastic displacement reaches a critical wvalue
which 1is a characteristicsof the material. He found a value
of m=4. Rice[l9]} and McCartney [20] used a similar approach

and also obtained a value of m=4.

Lardner [21] predicted a value of m=2 based on the
changes of crack-tip opening displacement during cyclic
loading. Schwa!be [22] has developed a theory of fatigue
crack growth based on crack tip displacement, and obtained a

value of m=2,.

Recently Majumdar et al [23] and Antolovich et al [24]
predicted a value of m=2 wusing Coffin-Manson low cycle
fatigue correlation as a failure criterion at the crack tip,
though, using the same criterion, Duggan [25] obtained a

value of m of about 3.

From the above short review it is apparent that the

theoretical crack growth laws predict values of m in the
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range 2 to 4. However, experimental observations show that
values of m in the medium growth rates may vary between 2
and 8. This 1limitation of the theouretical growth laws has
led many investigators to use empirical 1laws for fatigue

crack-growth prediction.

The theoretical models for fatigue crack-growth briefly
discussed above do not take into account the effect ovf such
factors as stress ratio, frequency, environment, etc. These
factors are known to affect the fatigue crack-growth rates
as observed in numerous experimental results. 1In the
following section a review of these effects will be

presented.

2.3.1 The Effect of Stress Ratio

Fatigue crack-growth models which have been proposed to
account for the effect of stress ratio on crack growth rates

are all modifications of Paris's [8] expression (2.12).

Roberts and Erdogan [26] modified Paris's expression to

include the influence of Kmax , and therefore R, at high

growth rates and suggested an expression of the form:

r(2.13)
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where my and m, were both found tu be 2. Forman et al [27]
considered the cunsequence of Kmax approaching the fracture

toughness, ch and proposed the following:

m

da C2 AK

aN —{(l-R)KC.—AK}B

3

r(2.14)

where B is unity. Expression (2.14) has been successfully
applied to growth behaviour in aluminium alloys [28-31].
However, in mild steel [32], and other.alloy steels [33]
which are less sensitive to stress ratio, it over _

predicts the exaggerated growth at high AK.

Klesnil and Lukas [34] proposed an expression to
account for the behaviour observed at low growth rates. They
introduced the threshold stress intensity factor below which

no growth occurs:

da AK m, Mg
g2 = . dr LA 71 4-«x
dN 3{ (1-r) Y th}

¢ (2.15)

where Y 1is a material constant.

Branco et al [32] proposed a general expression which
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includes AKt and Kmaxeffects at low and high growth-rates

h
respectively of the form:

2 2
da C4 (1-R )(Kmax Kmax,th) .(2.16)
dN
2 2
Ko = Kpax

Recently Dover and Hibberd [35] propused a generalized

expression correlating random loading data:

m m
gé = C. (AK) 5 KmaX" Kmax;th 6 "Kmax 7.(2.17)
dN 5
K

Other growth models proposed are based on the effective
stress intensity factor range, AKeff‘ In these models the
crack closure phenomenon 1is used. Elber [36] detected
physical crack closure 1in specimens subjected to tensile
loads, and assumed that damage does not occur when the
stress singularity is destroyed by closure. He modified the

Paris expression thus:

da g (2.18)

an - Ce (BKggg) e
where

Keff = Ul AK
and

K - K
_ max CL
Ul = R — (2.19)

max min
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KCL is the stress intensity factor at which the crack opens
during the tensile part of the 1load cycle. Elber also
propused a simple relationship between Ul and R for an

aluminium alloy 2024-T3 which was experimentally tested:

U, = 0.5 + 0.4R . (2.20)

Maddox et al [33] attempted to develop a simple
relationship between Ul and R for some structural steels,
but, though fairly successful for R<O, the results for R>O0
were scattered. Subsequent studies have revealed that crack
clusure is a complicated phenomenon and is influenced by
some additional metallurgical factors in a highly complex
manner [37]. Recent results by Ohta et al [38], who measured
strains in the proximity of the «crack tip, showed that
damage does occur even when the crack is closed. Thus these
observations have cast some doubt on the understanding of

the effect of crack closure based on Elber's proposals.

Judging from the results reported in the literature on
the effect of stress ratio, fatigue crack growth in
aluminium alloys and high strength steels appears to be
highly sensitive to stress ratio whilst in low alloy steels
it is not. Recently, there have been a number of advances to
explain the effect of mean stress in mechanistic terms.
Richards and Lindley [9] have discussed at length the stress

ratio effect and the different fatigue crack growth
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mechanisms, and concluded that crack growth by a pure,
ductile, striation-forming mechanism was insensitive to
stress ratio. Other growth mechanisms, such as
microcleavage, void coalescence or intergranular separation,

were found to be significantly influenced by stress ratio.

2.3.2 The Effects of Frequency of Cyclic Loading

The results reported in the literature suggest that the
speed of cyclic loading has little effect on fatigue crack
growth in mild environments over the range of frequencies
between 4 and 100Hz [39]. At higher frequencies crack-tip
heating results in residual stress relaxation as well as
softening of the material, and causes a reduction 1in the
crack—-growth rates. At lower frequencies environmental
effects due to water vapour in the air tend to increase

growth rates.

Schij ve [40] in his early tésts showed that the crack
growth rates were about 30% faster at 0.33Hz than at 33Hz in
2024-T3 aluminium alloy. Hertzberg et al [41l] also tested
this material and also found that growth rates were higher

at lower frequencies (0.5Hz—-133Hz).

Yokobori and Sato [42] have shown that decreasing
frequency results 1in an increase in growth rates and

proposed an empirical formula to correlate their data:
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da _ - 4r) 9 M1
,(2.21)

where f is the frequency (0.0l16Hz-140Hz) and Al is a
material constant which is 0.08-0.09 for 2024-T3 aluminium

alloy and 0.12-0.14 for SM50 steel as tested.

Recently Musuva and Radon ([43] have reported growth
rates increasing with decreasing frequency only at a high

stress ratio for mild steel.

2.3.3 The Effect of Salt Solution

The effect of a salt scvlution on fatigue <crack growth
has been studied by many investigators [44-45] and is
generally known as corrosion fatique, which implies the
presence of an environment which influences the fatigue

properties uvf the material by means of a chemical attack.

The exact mechanism of corrosion fatigue is not clear
since most propused models fail to account for all
experimental observations reported. It is possible that no
single mechanism 1is responsible for the corrosion fatigue

behaviour for all metal environment systems.

Early investigatours of corrosion fatigue [46] assumed
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that cracks were initiated in the bases of large
hemispherical pits created by the currosion process on the
metal surface. Cyclic loading accelerated corrosion-pitting
and caused the develoupment of crevices or fissures. Duquette
[47] propused a crack-initiation mechanism based on
preferential load dissolution of the metal at emerging slip
steps. The dissolution unlocks the otherwise blocked slip
process, accelerating the extrusion-intrusion process which
results in premature crack nucleation and growth. Evans [48]
applied an electrochemical theory, describing the corrosive
attack on a specimen in a wet environment as an
electrochemical process in which the whole surface was

considered to be divided between anodes and cathodes.

Other suggestions concerning corrosion fatigue are
based on hydrogen embrittlement [49]. This mechanism is
encountered in steels and titanium alloys due to hydrogen
being absorbed from such sources as cathodic reduction
during aqueous corrosion which diffuses to regions within
the material where it canbe accommodated by producing less
distortion of the crystal lattice and may result in a build-
up of hydrogen at internal microcracks. Hydrogen creates
hydrostatic pressure within the cracks so that the stresses
acting upon the growing crack are increased resulting in

accelerated growth rates.

The crack growth behaviour of steel in salt water is

affected by several factors such as frequency and stress
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ratio. A brief review of these is presented below.

2.3.3.1 Frequency effect

Barsom [50] investigated the effect of environment and
loading variables on 12Ni-5Cr-3Mo maraging steel in a 3%
NaCl solution and showed that in an air and salt water
solution at room temperature the crack growth rates could be

represented by

da _ p(t) (aK)? 1 (2.22)

where F(t) 1is a function varying inversely with frequency,
attaining a constant minimum value for the frequency at
which crack growth 1is sufficiently fast 'for it to be
unaffected by the environment. He plotted logda/dN versus
log AK for the data obtained at different frequencies. The
plot gave parallel straight 1lines by which the lowest

frequency produced the highest growth rates.

However, data obtained by other investigators [51-53]
do not show such a tendency for parallel curves as Barsom's,
Vusikovsky [51] conducted tests on X-65 maraging steel,
which showed high frequency dependence at AK values above
Kisce! but no significant effect at low AK values. Austen
and Walker [52] reported similar results for 835M30 steel
which further show lower growth rates in NaCl solﬁtion than

in air at 64Hz frequéEy. Atkinson and Lindley [53] in their

study of two steels (En56C and A533B-1) over a wide range of
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frequencies (0.001-10Hz) showed that for a given AK, there
was a critical frequency at which maximum environmental
attack occurred for both steels. This critical frequency

increased with increasing temperature.

2.3.3.2 Stress ratio effect

The most significant factor affecting crack growth in a
salt water environment is stress ratio. The fatigue crack
growth through almost the entire range of AK is
significantly increased at higher mean stresses. Scott and
Silvester [54] have «counducted tests on BS4360-50D steel
immersed in sea water. The data ovbtained showed that high R
rativs (0.7-0.85) increase the crack growth rates compared
to low stress ratiov (0.1l) in a way which was not observed in
tests conducted in air. Similar results have been reported
for pressure vessel steels A533-B and A508 in water
environments typical of water-cooled nuclear reactors
[55,56]. Bamford ([57] has obtained some data on stainless
steel in a similar water-cooled reactor environment, but his
results showed no effects of stress ratio. Hibberd and Dover
[58] have reported increased growth rates with increase in
R-ratio in two alloy steels, Q1(N) and HY100, tested in sea

water under random loading.

2.4 THRESHOLD OF FATIGUE CRACK GROWTH

2.4.1 Criteria For Non-Propagating Cracks

The earliest criterion for a non-propagating crack was
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put forward by Frost [59] in the form:

Aoc7a > Al ,(2.23)

where A, is an empirical material constant which |is

obtained frum plots of A03a against log of endurance

cycles for a wvalue of A03a at which the curve becomes

horizontal.

Frost [60] reanalysed the problem wusing the fracture
mechanics approach, and obtained values ofAKthﬁor different
materials. An important observation from these results was
the lower value of AKth found for shorter cracks (0.025-

0.25mm) as compared with that obtained for longer cracks

(0.5-5mm) .

Sadananda and Shahinian [61] proposed a model which
predicts the existence of a AKth which is expressed in the

form:

AR, = A, \/ Tp* Of : ’ , (2.24)

where p* is the minimum distance that the dislocation can
exist away from the tip (taken as the Burgers vector),
O¢ is the minimum stress to nucleate a dislocation at the
crack tip, and A2 is numerically equal toV3/2 . Equation
(2.24) does not predict any variation of AKth with

mechanical, microstructural and environmental factors, which
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is consistent with the experimental data available.

Ritchie [62] has recently suggested that the fracture
stress of in equation (2.24) can be reduced by Gh in the
presence of a hydrogen-producing environment, and has

obtained:

AKth = 3 no (cf _ Uh) . (2.25)
v 2

o, Wwas calculated in terms of yield strength, stress ratio
and other parameters of temperature, hydrogen concentration
and gas constant. However, Ritchie has pointed out that it
is probably premature to wutilise this expression 1in a

predictive capacity because of uncertainty in the magnitude

of the various parameters in the final expression for AKy,.

2.4.2 Effect Of Stress Ratio on AK.,

A low rate of crack growth is generally sensitive to
stress ratio. Research on a wide range of steels and non-
ferrous materials, tested in air under ambient conditions,
shows that the value of AKthmarkedly decreases as the stress

ratio is raised from zero to a high value.

Klesnil and Lukas [34] have related the stress ratio,

R, and AKt in the form:

h

AK,. = A (1-r) Y

th Koth , (2.26)
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where AKg,, is the threshold at R=0 and y is a material
constant wvarying from 0.5 to 1 for different steels. Values
of Y close to 1 indicating a linear relationship between R
and AKth have been measured for most medium carbon steels

[63,64].

Vusikovsky [65] established a linear relationship
between AKth and R for HY130. He proposed and tested an

expression of the form

- AK - B ) (2.27)

and later it was applied successfully to data for a wide

range of steels [66].

Further expressions without such material constants as
are used above have been suggested by McEvilly ([67] and

Branco et al [32] in the form:

0 (2.28)

and

5
2
ARip = BKoip [l'R ] A r (2.29)
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respectively.

Recently, Davenport and Brook [68] proposed an
expression which also included the fracture toughness, Kc.,
and obtained a satisfactory correlation for a 0.15%C, 1l.5%Mn

steel. Their expression was of the form:

1/3

t

th AKOth K.- K

o oth . (2.30)

AK

2.4.3 Effect of Specimen Geometry on AK,

h
To date no specific results have been reported on the

effect of specimen geometry on AKt It has wusually been

he
assumed that the effects of specimen geometry are those
associated with changes in the state of stress at the crack
tip which are taken account of by the stress intensity
factor. However, small differences 1in the growth rates
between specimens of different geometry can arise because of

crack closure effects and the complexity of the stress field

ahead of the crack tip.

2.4.4 Effect of Environment Qﬂuézth

A large proportion of published data on the influence
of the environment on the threshold has been concerned with
aluminium alloys [45,69], mainly because the aircraft

industry has been most active in this field. Tests performed
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on mild steel immersed in brine, tap water and oil [70,71]
showed that for zero-tension 3loading in mild steel at
ambient temperatures, the wvalue of AKth was reduced from

7.3 MN/m>/ 2 3/2

in SAE30 o0il to 6.0 MN/m in air, and
significantly reduced to 2 MN/m3/2 in brine. Paris et al
[72,73] observed nu change in AKth between an air and a
distilled water environment on low strength steel, a result
later confirmed by Branco [32] on mild steel 1in air and

salt-water environments.

Mantz and Weiss [74] performed tests on 7050-T73651
aluminium alloy and D6ac steel in air, dry argon and wet
argon. For the D6ac steel room air produced the lowest
AKth while dry and wet argon produced identical wvalues of
AKth but higher than in air. The effect on the aluminium
alloy was, however, more significant, i.e., AKth was much

lower in air than in dry or wet argon.

Usami and Shida [75] have recently obtained results on
13%Cr cast steel. They showed that salt water did not affect
AKth at high R-values but caused a substantial decrease on

AKth at low stress ratios.

However, there are other -results which show a
significant decrease in AKth when comparing crack growth
data in vacuum and in air. Cooke et al [76] obtained

threshold data for EN24 steel and found an increase in
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MK y from 5 to 7 MN/m3/2 at R=0.1 and from 3 to 7 MN/m3/? at
R=0.7 1in vacuum compared to air. Similar results have been
reported by Irving and Kurzfeld [77] who tested BS817M40 and
SAE4340 steels. More recently, Kirby and Beevers [78]
obtained other, similar results for three commercial

aluminium alloys.

From the above results it 1is apparent that the
environmental effect on AKth depends on the nature of the
reference environment used for comparison. If dry argon |is
used as the reference environment, then there 1is no
significant effect on AKth’ at least for steels. However,
when data for a vacuum environment were compared to data in
air then significant changes in AKth are observed. It should
be pointed out that rewelding effects have been reported to

occur for cracks in a vacuum [79].

There 1is also an added complication in that in hostile
or wet corrosive environments Aﬁjlmay be raised compared
with more 1inert environments. This may arise from the
"wedging" effect, where the presence of thick corrosion
products 1in the <crack may prevent further access for
environmental elements or from certain environments which
promote crack-branching. These effects may also lead to
crack-tip blunting which may 1in some cases. cause crack

arrest [69].
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2.5 FACTORS AFFECTING FATIGUE CRACK GROWTH 1IN BUTT-

WELDED JOINTS

For a simple butt weld with the weld reinforcement
intact, fracture occurs at the weld toe, because the stress
concentration, caused by the change of cross-section, is at
a maximum at that point [80]. Newman and Dawes [81] found
that a significant improvement in fatigue properties can be
obtained by machining or grinding the weld toe. They used
this technique on some defective welds, to ensure that the
failure was initiated by the defect and not at the weld toe.
A similar finding has been reported by Mindlin [82]; he
concluded that the fatigue strength of transverse butt welds
increases in proportion to the included angle between the

weld reinforcement and the base plate.

Welter and Choquet [83] performed tests on ASTM-E373-
58T steel and observed that grinding the weld reinforcement
produced a large decrease in the fatigue strength,
particularly if the grinding scratches were parallel to the
weld and therefore transverse to the direction of applied
stress. In such cases the scratches act as stress raisers
and therefore as sites £for crack intiation either in the

weld or the heat-affected zone (HAZ).

Munse [84] investigated the effect of edge preparation
on the fatigue strength of butt-welded joints and concluded
that single-Vee and single-U welded Jjoints have rather

higher fatigue strengths than the double-Vee welded joints.
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He believes that, that 1is the result of the stress
concentration at the weld toues being in different planes.
However, Newman and Gurney [85] carried out a series of
tests on 1/2-~inch welded mild steel specimens with
6d’single—Vee, single-U, double-Vee and cluse square-butt
preparations. Very significant differences in strength were
obtained, and they attributed this wvariation to the
differences 1in reinforcement shape. They alsuv tested three
series of specimens which were prepared for welding by
machining, manual gas cutting and machine gas cutting, all
other variables, such as geometrical shape of preparation
and welding conditions being the same. They obtained a
better fatigue strength for the series with a machine weld
preparation, which they considered was due to the absence of
the undercuts remaining after welding which was a result of

the coumparatively smoother surface of the preparation.

Munse [84] has summarized the effect of the base metal
strengths on the fatigue properties of butt-welded joints

3/% A considerable

for steels with UTS of up to 758 MN/m
amount of scatter exists in his data from which it can be
concluded that the fatique strengths of welds 1in high-

strength steels are no better than those of similar welds in

mild steel.

There are a further two variables associated with
welded joints which lead to extremely high 1local stresses,

and each contributes to the poor fatique properties of
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welded jouints. These are discussed in detail below.

2.5.1 Weld Defects

Defects in the weldments induce stress concentrations.
Internal crack-like defects in weldments may be classified
intuv twu groups:

i) defects which result from the design of the

weldment, i.e., fillet or partial penetration welds;

1i) defects due to poor material properties or
inadequate welding procedures, i.e., lack of side wall
or interrun fusion, hydrogen cracking, lamelar tearing,
etc.
Internal weld defects may provide sites for crack
initiation. Examples of such defects are porosity, slag

inclusions and lack of pénetration.

Weld defects are also significant in fatigue failures
which are initiated at the external stress concentration of
the weld toe. These defects are non-metallic intrusions
which remain embedded in the weld after it cools [86].
Normally, non-metallic material such as weld slag floats to
the surface of the liquid weld metal before it has cooled
sufficiently to solidify. However, at the boundary -of the
parent plate and the weld pool, where the solid base plate
and liquid weld exist side by side, some of the weld metal
is not coumpletely liquid and non-metallic matérials cannot

float to the surface.
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In a sound weld, surface cracks will originate from the
weld toue. This is partly due to the stress concentration in
the toue region, and partly due to sharp microscopic slag
intrusiuns which are found to be an inherent feature of
welds, particularly when produced by manual arc methods

[8e].

If a weld reinforcement is removed from a butt weld the
fatigue strength is raised and failure occurs in the weld
metal. Examination of fracture surfaces has shown that
failure is then initiated at the location of weld defects
such as porosity, slag intrusions, undercutting and lack of

penetration.

In general, the fatigue properties of a weld are much
more sensitive to defects than the static tensile
properties. Clough [87] showed that a 5% defective area in a
mild steel butt weld with the reinforcement removed has a
negligible effect on the ultimate tensile stress but reduces
the fatigue strength by 30-45%. Munse [88] investigated the
effect of small and large flaws on the fatigue strength of a
butt weld in HY-80 steel. He showed that with the weld
reinforcement removed, 5% porosity reduced the fatigue
strength by 45%, and a flaw area as small as O0.1% reduced

the fatigue strength by 18%. o
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Slag inclusions have long been recognised as poussible
sites for fatique fracture initiation in welds. The first
attempts to correlate fatigue strength with defect size did
not isvlate the effect of inclusions from the effects due to
porosity and alsou could not deal with slag inclusions of
irregular shape [89]. Newman and Gurney [90] have developed
a technique for prediction of slag inclusions of
reproducible shape and size, thus permitting systematic
investigation of the effect of slag inclusions on fatique
strength. They tested butt welds 1in 1/2-inch thick mild
steel and found a close correlation between the inclusion
size and fatique strength. Increasing the inclusion length
by an ovrder of magnitude resulted in a 20-30% reduction 1in
fatigue strength, single inclusions giving slightly higher

fatigue strengths than multiple inclusions of the same size.

Harrison [91] examined the effect of three 1/4-inch
inclusions and one continuous slag line and found that the
effect of slag inclusions depended upon their location. The
effect of inclusions at the centre of the weld thickness was
diminished by coumpressive residual stresses, large and small
defects giving similar fatiqgue strengths. When the
compressive residual stresses were relieved prior to
testing, the fatigue strength increased when defects were
discrete but decreased when the defect was a continuous
slag-line. Harrison believed this was due to the stress
relief treatment, removing hydrogen from the weld defects.
Slag-inclusions near the welded surface reduced fatigue

strength by approximately 40% compared with specimens having
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inclusions in the centre of the weld.

In contrast, lack of penetration has a major effect on
fatigue properties of butt-welded joints, as the applied
stress is transverse to a partial penetration butt weld.
Newman and Dawes [81] investigated the effect of inadequate
joint preparation in 1/2-inch thick butt-welded mild steel.
Partial penetrations were 3/4 and 1% inches long. It had
been intended to test these specimens with the weld
reinforcement intact, but initial tests showed that, under
these circumstances, failure was initiated at the weld toe.
Consequently the edge reinforcement was ground flat so as to
encourage failure initiation from the defect. They found a
close courrelation between the defect size and the fatigue
strength. Increasing the defect length by half an order of
magnitude resulted 1in a 20-30% reduction in fatigue

strength.

Incomplete fusion has not been .systematically
investigated but may be expected to have a similar effect on
fatigue properties of butt-welded 3joints to that of
inadequate joint preparation, as both are essentially two-

dimensional defects.

2.5.2 Residual Stresses

Residual stresses are produced in weldments by local

thermal expansion, plastic deformation, and subsequent
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shrinkage on cooling [92-94]. The residual stresses produced
in this way are both normal to andin the direction of
welding, as shown in Fig. 2.3. In the region of the weld the
resulting tensile residual stresses may reach a level clouse
to the yield strength [95,96]. In general, the magnitude of
residual welding stresses will depend on the welding
process, welding parameters, restraint on the Jjoint, and
dimensions of the parts being joined. In a summary published
by Munse [84], it was noted that views expressed in the
literature councerning the effect of residual bending
stresses on fatigue differed markedly. There continues to be
some disagreement on this subject although many
investigators have reported that residual welding stresses

du indeed affect the the fatigue strength [84,93,97,98].

Little work appears to have been done, houwever, to
evaluate quantitatively the effect of residual stresses on
fatigue crack intiation, and even 1less on fatigue crack
growth rate. Furthermore, the conclusion that residual
welding stresses do affect fatigue life is often based on a
comparison with fatigue data ovbtained for weldments in which
residual stresses have been relieved or modified by thermal
or mechanical means. The stress-relief procedure may alter
the microstructure and therefore affect the fatique
properties. The subject is further complicated because the
magnitude and distribution of residual stresses are rarely
reported and test specimens are often removed from the
weldment in such a manner as to relieve all or most of the

residual welding stresses [97,99].
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2.5.2.1 Fatigue crack growth through a residual field

Even 1if the residual welding stresses in a coumpouhent
could be coumputed, this effect on fatigue crack proupagation
would be difficult to assess, mainly because the residual
stress distribution is often very cumplex and 1its response
to the presence of a growing crack is unclear. Underwood et
al [100] 1investigated fatique crack growth through a
measured residual stress field 1in low alloy forged steel
with a yield strength of 1210 MN/m3/2. Residual stress in
three-point bend specimens was produced by using a localised
plastic deformation process. Although the probable residual
stress distribution must satisfy the <conditions of =zero
resultant force and moment, a stress distribution that
remained linear across the full width of the specimen was
assumed which allowed the stress distribution to be
represented by superpousition of pure bending and wuniform
tension. Fatigue créck growth data were obtained for both

as-received and residual-stress relieved specimens.

An expression proposed by Underwood et al for AK which
attempted tu include the effect of residual stress took the

form:

AK

i

eff = Kpax + Kg) = (Kyp + Kp) ' , (2.31)

where AK_c. is the effective AK including effects of

i K K .
residual stress, max and min @are the extreme wvalues of
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applled K, and KR and KO are the K-values which simulate
the effect of residual stress at the points of maximum and
minimum load during the cycle. In the case of a compressive
residual stress, crack closure can occur, resulting 1in the
delayed opening of the «crack at soume point in the cycle

above the minimum load.

Underwood et al also considered both notched and
cracked specimens with their idealised residual stress
distributions. In the case of the notched specimen, the
residual stress distribution 1is shifted to the end of the
notch and is independent of the applied load. The cracked
specimen, however, can close completely under the influence
of a compressive residual stress and will transmit the load
across 1its faces. When the cracked specimen is loaded, the
residual stress distribution 1is similar to that of the
notched case, and will therefore shift depending on whether
the crack is open or closed. Using this argument they found

the following relationships:

AKeff = AK + K for cracked specimens, (2.32)

AKeff = AKapp + 2KR for notched specimens, (2.33)

Dp'lS the applied AK .

where AK
a

Two methods of obtaining K_ were suggested. The first

R
method uses the simple expression
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KR ORave\/ v ( )
where Op ye is the average wvalue of the redistributed

residual stress near the tip of a crack of length a . A
superposition of a pure bending and a uniform tension stress
intensity factor is used in the other approach. The 1latter

does not take redistribution of residual stresses into

account.

An analysis of results showed that the effects of
residual stress remained significant, even at a/w=0.3 . When
the redistributiovn of residual stress was taken into account
a reasonable agreement with stress-free results was
obtained. The results also seemed to indicate that the
effect of residual stress is independent of crack length.
The authors believe that this may have been due to the local
closing effect on the crack tip which occurs over an area

which 1s small relative to crack length.

Since residual stresses are often present in the
weldment, some work on fatigue crack growth by means of
residual stresses has been reported. In common with other
work reviewed in this section, Glinka [101] used a
superposition method, assuming that the effective stress
intensity factor, AKeff , can be computed as the sum of the
residual stress intensity factor, Kp= f(GR) , and the

applied stress intensity factor, K p=f(0). It was assumed

ap
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that residual stresses do not diminish under fatigue
loading. Glinka believed that this assumption overestimates
the residual stress effect, but i§ reasonable from a
practical point of wview. Four calculating KR in a centre-

cracked plate Kanazawa's [102] formula was used:

a
. 5
Ky = fop 0 | — 22 (rlat /) ax
W sin 0—§—) sin(w(a~x)/w) , (2.35)
-a

where a is the half-crack length, w is the plate width, and
the x-axis 1lies 1in the crack plane with x=0 when a=0. The
true residual stress distribution was approximated by
simplified rectangular distribution. Forman's [27] equation
which includes the stress ratio was used to obtain 1life
predictions. Gooud agreement with experimental results was
obtained. Glinka also notes that the effect of residual
stress on fatigue crack growth rate depends on the magnitude
of the applied lovad. The lower the applied load the higher
the residual stress effect. Also, a higher applied 1load

causes greater residual stress relaxation.

2.6 FATIGUE CRACK PROPAGATION IN WELD METAL

Fatigue cracks which are initiated at the sites of
internal defects, such as slag-inclusions or 1lack of root
fusion, may spend all their lives propagating in the weld
metal. If a crack initiates at the toe of Ehé weld, it
spends the 1initial part of its 1life in weld metal and

eventually propagates into the heat affected zone (HAZ) and
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base plate.

Early workers assumed that low fatigue strengths
associated with welded jouints were a consequence of the
metallurgical features of the weld metal and HAZ which were
in some way inferior to those of the parent plate. However,
Baxter et al [103] showed that the fatigue strengths of the

. Properties .
basic materials,were at least as high as that of the parent

metal, and the reason for the low fatigue strength of the

joints was the presence of severe stress concentrations.

It is not suprising that conflicting theories about the
fatigue proéerties of weldments should exist. The
metallurgical features of a weld Jjoint are complex and
variable through the joint; also, different weld metals and

welding processes will result in different features.

In order to be 1in a position to predict the fatigque
behaviour of welded joints it is clearly desirable to know
how much the varying metallurgical structure of a weld

influences the rate of crack propagation.

Dawes and Richards [104] investigated fatigue crack
propagation acrouss weld and parent plates of mild and low
alloy steel with particular emphasis on the rate of crack

propagation across HAZ. The plates were butt-welded using a
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K-preparation such that the weld and HAZ were at an angle of
75°to the direction of louading. Fatique tests were carried
out under a constant range of stress intensity factor. They
uobserved that the rate of crack growth was wvirtually the

same in both the parent and the weld metal.

Griffiths et al [105] investigated the influence of
mean stress on fatigue crack growth in low alloy steel weld
metal. They carried out constant-K tests and observed that
high tensile mean stresses cause an increase in the rate of
crack growth. They also carried out fractographic
examination of the fatigue-fractured surfaces and observed
typical ductile striations and areas of propagation by void
cvalescence type fatigue fracture which can only occur under

plane stress conditions.

Parry et al [106] studied the fatigue crack growth in
weldments, HAZ and parent plate of A514 steel using compact
type and single edge notch specimens. They observed that the
mean load had no effect on the crack growth rates in the
weld and suggested that fracture méchanisms other than
striation formations were also operative during the fatigue
process sou as to account for the growth rate differences

(e.g., quasi-cleavage and void coalescence).

Shahinian et al [107] performed tests on types 304 and

316 stainless steel and submerged arc weldments at roon
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temperature. In general, the resistance to crack growth of
weld metal was about the same as that of parent metal at
room temperature, slightly  greater at 427° ¢ , and
significantly greater at 593° C. They attributed the
superiority of fatigue resistance of weld metal relative to
that of base metal to microustructural differences. They
observed at high temperatures the fine duplex delta ferrite-
austenite microstructure of the weld metal with its many
phase boundaries which they believed were more respounsible
for the resistance to crack growth than the 1larger grain,

fully austenitic structure of the base metal.

The effect of load-cycling frequency and environment on
fatigue crack growth of weldments was investigated by Pouon
and Hoeppner [108]. The material they used was ASTM A533
grade B class 1 weldment material in which weldments were
fabricated by manual shielded metal arc welding procedures.
They observed no effect of frequency in laboratory air, but
reducing the frequency from 10Hz to O0.5Hz accelerated the
crack growth rates 1in a distilled water environment.
Fractographic examination of fatigue-fractured specimens
revealed no significant differences in crack growth rates.
This was because of the similar microstructure of the weld

material in both laboratory air and distilled water.

Ohta et al [109] have recently reported bn threshold
and mid-range fatigue crack growth in butt-~welded Jjoints,

and also investigated the effects of welding processes on
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fatigue crack propagation. The material used was 20mm thick
HT80 steel of which ovne series of specimens were butt-welded
by a gas metal arc welding process, and the other series by
submerged arc-welding. They coumpared the results to that of
the base plate and concluded that the fatigue properties of
welded joints were inferior to those of the base metal, no
significant differences being found between the fatigue
crack propagation proferties of welded Jjoints made by

different welding proucesses.

Finally, £fatigue crack propagation from surface flaws
in austenitic type 316 butt-welds has been studied by Lloyd
and Walls [110]. They 1investigated the effect of the
pusition of the flaw, mean stress and weld heat treatments.
A U-configquration weld preparation was used. The surface
flaws were 1introduced wholly within the weld by a
combination of spark-machining and fatigue. This preparation
gave specimens with an approximate semi-elliptical crack
with an initial a/2c of 0.2 and initial a/B ratio of 0.3. To
study the 1influence of the surface flaw they employed
different initial a/2c values. The tests were carried out at
1Hz which showed that at low values of AK an increase in
stress ratio from 0.05 to 0.6 had little effect on the rate
of crack propagation. From the variation of the crack depth-
to-length ratio a/2c with position within the plate, they
concluded that, irrespective of the initial starter defect
configuration, the crack shape changed ésymptotically
towards a/2c=0.4 for tension-to-tension 1loading; moreover,

heat treatment was not beneficial in their case. From the
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comparison of the maximum rates of fatigue crack growth in
the butt welds and wrought parent plate they concluded that

fatique crack propagation was fastest in the parent plate.

2.7 FATIGUE CRACK PROPAGATION 1IN THE HEAT-AFFECTED ZONE

(HAZ)

Must researchers mentioned in the previous section
discussed fatiguevcrack growth in HAZ as well as 1in weld
metal. In a machined butt weld fatigue cracks are usually
initiated in the base plate rather than the more brittle
HAZ, even though in some materials (e.g., low alloy steel),

HAZ may be mure notch-sensitive [111].

Dowes and Richards [104] investigated crack propagation
behaviour croussing the base plate and HAZ under constant
AK, The mechanism of fracture was the same in both base
plate and HAZ, i.e., ductile propagation with formation of
striations, but the rates of crack growth were different. As
the crack approvached the HAZ from the base plate the rate of
crack growth fell sharply until the crack reached the centre
of HAZ; from there on the rate increased and eventually
continued at the woriginal rate into the weld. Hardness
measurements showed that the welding produced a hard HAZ.
Dawes and Richards suggested that reduction in the rate of
propagation was due to the change in the yield Stress which

was reflected in the variation in hardness.
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Parry et al [106] measured the propagation rates for a
crack growing in the HAZ. They observed that the crack
growth rate was considerably 1lower in the HAZ than the
growth rate in the base metal. The tests on stress-relieved
specimens revealed that the growth rate in the HAZ increased
considerably. From these observations they concluded that

the HAZ was also under the infuence of residual stresses.

Poon and Hoeppner [108] investigated the crack growth
in HAZ of an ASTM A533 grade B class 1 weldment which was
fabricated by manual shielded metal-arc welding. They
observed that the effect of frequency was slight in
laboratory air when the data for 10Hz and 1Hz were compared.
The crack growth rate data obtained in distilled water were
compared for the weld metal and HAZ, showing that the crack
growth per cycle for a weld is slightly higher than that for

HAZ. It was also shown that the fatigue threshold,AKt for

hl
both HAZ and weldment differed only slightly.

Ishihara et al [112] measured the fatigue crack growth
rate 1in an HT80 weldment and HAZ, and examined the fatigue-
fractured surfaces by means of fractography. The 1lowest
crack growth rate was obtained in the HAZ which was
attributed to the welding residual stresses. They compared
the macroscopic growth rate and the striation spacing and
observed that for the base metal and HAZ, the‘ érowth rate
coincided with the striation spacing almost completely, but

for the weld metal the macroscopic growth rate did not
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couincide with the striation spacing at all and was
approximately twice as much as for the striation spacing
currespunding to AK. This discrepancy they believed was due
to the acceleration of macroscopic growth rate by dimple

fracture.

Kitsunai [113] determined the fatigue crack growth rate
in a steel plate 12mm thick with differing stress ratios in
the weld metal, HAZ and base plate. He concluded that the
fatigue crack growth rates in the base plate, weld metal and
HAZ above the wvalue of AK =15 MN/m3/2were about the same
regardless of stress ratio, but near threshold the growth

rate was highest in the HAZ.

Maddox ([114] investigated fatigue crack propagation in
the HAZ and weld metal. His results showed that the «crack
growth rate in HAZ is similar to or slower than that of weld
metal. Ohta et al [109] also carried out tests on HAZ. Their
study showed that the fatigque properties of HAZ were
inferior to thuse of base metal with a threshold stress
intensity factor about a quarter that of base metal. They
attributed this inferiority to the tensile residual stress

around the crack tip.
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CHAPTER 3

EXPERIMENTAL DETAILS AND DATA PROCESSING TECHNIQUES

3.1 Material and Test Specimens

Although the present investigation is concerned with
the fatiqgue cracks in butt-welded joints, it was necessary
to obtain fatigue crack propagation data for the materials

associated with welded joints.

The material used for this investigation was a 1low
alloy steel, BS4360-50D, available in hot-rolled plates of
25mm thickness. The chemical and mechanical properties of
. the material are given 1in Table 3.1. Nu additional heat
treatment was performed on either the plates or the machined

specimens.

Two types of specimen were used in this investigation;
the standard compact type (CT) and surface-notched plate
(SNP) of dimensions as shown in Figs. 3.1 and 3.2. The steel
specimens were manufactured from the supplied plates so that
the fatigue crack propagated perpendicular to the rolling
direction. In the case of SNP the notch was produced using a

30% circular cutter of 3 inches diameter.

The blanks for the butt-welded CT specimens were

prepared by the butt-welding of two plates, each about 50mm
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wide and 95mm long. Four the case of SNP geoumetry, two plates
120mm wide and 210mm long with the butt-weld running across
each plate were used (see Fig. 3.3). The joint preparation
was a double "Vee" and incorporated a 2mm root gap which is
shown in Fig. 3.4. Manual arc-welding and the wide weave
technique were employed for manufacturing the butt-welded
specimens using a C/Mn electrode of type
BS639(1976):E4311R21. The chemical composition and
mechanical prouperties of the weld metal are given in Table
3.2. The kind of prepared joint for the specimens where the
crack was to grow in the HAZ was the "K" joint, in order to
ensure that the crack stayed in HAZ during the test (see
Fig. 3.5). Butt-welding of \plates caused some angular
distortion as shown in Fig. 3.6. This angular distortion was
found to affect the results obtained for the weldment in a
bending stress field. Two sides of the welded plates were
identified and are referred tu here as the "tensile" side
and the "compressive" side (see Fig. 3.6). Therefore it was
necessary to fabricate twou kinds of SNP geumetry: one where
the notch was located on the tensile side; the other where
the notch was located on the compressive side. This will be

discussed in detail in Chapter 5.

The blanks for sandwich welded specimens were prepared
as for the conventional welded specimens described above.
Fabricating sandwich welds consists of using electrodes
which have different mechanical properties for each pass and
then stacking up a sandwich in which the outer layers are

made of the same material but having a higher yield strength
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than the middle 1layer, five-layer sandwich was wused in
fabricating this kind of specimen. The type of welding
electrodes used were BS1719:E317, BS51719:E217,
BS2926:20.9.3R. The arrangement of electrodes is shuwn in
Fig. 3.7, and the chemical and mechanical properties are

given Tables 3.3, 3.4, and 3.5.

All the welds were ground flat, and some of the welded
joint specimens were stress relieved at 650°C for half an

hour then furnace cooled to roum temperature.

The surface of one side of each specimen in the case of
CT geoumetry and the notch side for the case of SNP geoumetry
were polished tou facilitate optical observation of the crack
tip. Both geometries were found to be satisfactory for the
testing machines used and the results were sufficiently

repeatable.

The specimens used for tests 1in salt water were
specially prepared. For CT geometry the fluid was collected
via channels made from thin aluminium plates and stuck
around the specimen with Araldite adhesive (the Araldite was
made by CIBA-Geigy & Additives Co., Cambridge). The bond was
strong enough to hold the channels and yet flexible enough
not to affect the specimen compliance. A transpérent perspex
strip was stuck to the channel on the side where optical

viewing of the crack was made (see Fig. 3.8).
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For the case of SNP geumetry a rectangular reservoir
was made of rubber and stuck around the crack with Evoustick
adhesive (the adhesive was made by Evode Ltd., Stafford). To
facilitate the crack depth measurements ten pairs of probe
terminals were spot-welded onto the face and across the
notch, and ten reference probe terminals spot-welded
approximately lmm from the crack mouth (see Fig. 3.9). A
piece of tf%sparent perspex was stuck to the rubber to
facilitate the optical viewing of the crack on the surface
and to prevent the salt solution from splashing out of the
reservoir. The salt water was introduced into the notch of
the specimen wvia a thin plastic tube and the flow rate was
controlled by gravity feeding and adjusted by means of a

screw clip.

3.2 Testing Machines

The tests in the present investigation were carried out
using Dowty Electro-Hydraulic and Mayes Servo-Hydraulic

fatigue machines.

The Dowty fatigue machine type has a range of load
cycling frequencies from 0.06 up to 100Hz depending on the
applied load. The machine has three load cellsﬂ of maximum
load capacities of 15kN, 30kN, and 60kN, respectively (see

Fig. 3.10).
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The Mayes Servo-Hydraulic machine type has a range of
frequencies from O.1] to 200Hz and again the choice of
frequdcy depends on the applied lvad. The machine had a load

cell of maximum capacity 100kN ‘(see Fig. 3.11).

In all these machines, it is possible to adjust the
load while the test is in progress, and automatic switch—off
is provided when specimen failure occurs or when specimen
deflection exceeds a prescribed amount. The machines are
provided with facilities for choosing the shape of the input

load control waveform (i.e., sinusoidal, triangular, etc.).

Both machines were provided with suitable grips for
holding the compact type specimens. Also a four-point bend
rig was designed to facilitate both the Mayes and Doﬁty
machines for the use of surface notch geumetry in the

testing (see Fig. 3.12).

The Dowty and Mayes have facilities for feeding the
load signal into an external recorder and also can take
external load signals. They are equipped with a digital
voltage display of the applied 1loads, enabling the mean,
maximum, and minimum loads to be observed. The Dowty load
display reads 10 volts at maximum load for thé‘ respective
load cell, while that of the Mayes reads in a percentage of

the load. The two-decimal place display enables these
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machines to sense load changes of less than 0.01kN.

The load calibration of all machines used was checked
and found to be within allowable limits. Some check fatigue
crack growth tests were performed to ensure that the
machines used gave similar results under identical

conditions.

3.3 CRACK LENGTH MEASUREMENTS DURING FATIGUE TESTS

There are several methods which can be used to mounitor
crack length during a fatigue test. The most commonly used
methods are the optical and the potential drop techniques.
The optical method measures the crack length on the surface
of the specimen but cannot detect the crack front
configuration in the interior of the specimen. The potential
drop technique can be wused to measure through-thickness
cracks [115]. In the present investigation both the optical

and the potential drop technique were used.

Measurements of the surface crack 1length for both
compact type and surface-notch plate geometries were made
using microscopes mounted on travelling micrometric stages.
These microuscopes could measure crack increments of less
than 0.0lmm. The crack length measurements on the base metal
compact type specimen were made on one side of the specimen
since the «crack growth was uniform across its thickness.

However, with the welded compact type specimen the crack
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growth was non-uniform across the specimen thickness with
one side of the crack front leading the other; also, the
crack front curvature was sometimes substantial. Thus the
crack length measurements were made on both sides of the
specimen and after each test the specimen was opened up and
measured, and the crack length corrected for the curvature

of the crack front as recommended in ASTM standards [116].

The crack depth measurements for the surface-notched
specimens were carried out wusing an A.C. potential drop
microgauge [117]. This instrument and its performance are

briefly discussed below.

3.3.1 Crack Depth Measurement Using The Potential Drop

Microgauge

The crack microgauge is designed to detect and measure
the depth of cracks or other discontinuities in metallic
components, It can be used on both steels and aluminium
alloys with or without prior calibration depending on the
application and the accuracy required. The principle upon
which the instrument relies is that a steady current (A.C.)
field of 2 amps is generated to flow approximately normal to
the defect wunder examination. Due to the type of the field
generated, the current path is limited to the skin of the
sample under test. When a suitable measurement probe is
placed on the sample, a very accurate measurement of the
voltage drop between the probe electrodes is made. If a

fatigue crack is present in the sample, the A.C. current
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w1ll follow the surface of the metal around the crack. By
interpretation of the potential drop acruss the crack,
either directly frum the theory or using prior calibration,

a measure of crack length or depth can be determined.

A digital meter, which can read from zero to + 1999
volts 1is provided. Covarse and fine gain control adjustments
can be set tou give the most convenient reading on the panel
meter depending on the accuracy required. The instrument
also has an output facility to enablé recording of the probe
voltage on a chart recorder. This facility was not wused in

the present investigation.

The <current terminals were supplied by RS components
Ltd., London, (of type 4BA insulated terminal; 10 amps).
They were screwed into 4BA taped holes, drilled
symmetrically on either side of the specimen such that they
were perpendicular to the notch. The current terminals were
connected to the current leads using insulated bunch pin-
plugs, alsu supplied by RS coumponents. The current lead,
which was cut from a twin-cored 6.2mm diameter screened
cable with twisted core for hum reduction, was connected to

the crack microgauge using a two-way cable socket.

For the tests in air a standard 1Omm probe was used., A
probe holder was made frum perspex, which enabled the probe

to slide along and acruss the crack, and also permitted a



~-75—

direct wview of the crack (see Fig. 3.10). One side of the
holder was marked every 2mm so that the depth measurement
could be carried out at the same position for successive
readings. This also enabled measurements for different
specimens tou be compared. Twelve to twenty-five positiouns in
the direction of the crack were used for the crack depth

measurements.

For the tests performed in a salt water solution, where
the standard probe could not be used, twenty pairs of probe
terminals were spot-welded onto the face and acrouss the
notch and crack line, each pair having a pair of reference
probe terminals (see Fig. 3.9). These terminals were made
from soft iron wire of diameter lmm. A spot-welding machine
(made by Unitec corporation, U.S.A., model 1-048-03-02),
provided with 1l.6mm copper electrodes, was used for the
spot-welding process. The machine was set at 65 watt/second

for the best welding process.

The probe terminals were positioned 10mm apart equally
spaced about the <crack line. The reference terminals were
also set at 10mm apart but to one side of the crack line and
approximately 1lmm from the notch and crack 1line. The
distance between each pair of probe terminals was 5mm, and
the first probe was positioned in the middle of the notch.
The probe terminal wires were connected to the brobe lead by
soldering. The probe lead, cut from a single core of 2mm

diameter screened <cable, was connected to the crack
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micrugauge by means of a four-pin plug.

3.3.1.1 Effect of crack front shape on digital meter

reading

The effect of crack front shape on the digital meter
reading was investigated to see whether the reading needed
any subsequent adjustment. Using a specimen with growing
fatigue crack, crack depth measurements were made for
different probe positions across the width of the specimen.
After each crack depth reading the crack-front profile was
marked by changing the amplitude of loading for
approximately 10,000 cycles. At the end of the test the
specimen was cooled in a 1liquid nitrogen bath and then
broken under three-point bend loading. The crack profiles
corresponding to the crack depth measurements were then
recorded by means of a microscope. Fig. 3.13 shows the
results, from which it can be observed that the digital
meter reading consistently wunderestimated the crack depth
whatever the position of the probe across the specimen
width. This error was found to be about 10% for‘the deepest
point and increased up to about 40% near the edge of the
crack. The results from different specimens of the same
material and also for welded specimens, with the same
current and probe position, were found to be adequately

repeatable.

The effect of salt-water environment on the digital

meter reading was also investigated. The primary calibration
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on a growing fatigue <crack which was measured in air and
then filled with salt water solution showed a very small
decrease 1in digital meter reading. This slight difference
which was alsu observed by Dover [118] is because water is a
better counductor than air and sume of the field will be
transmitted through this medium as well as the steel.
However, the differences are so slight that they really make

no impact on the accuracy of the crack depth prediction.

3.3.1.2 Effect of gain setting on digital meter reading

The variation of digital voltage with crack depth was
investigated to find any wvariation in sensitivity of the
microgauge in measuring crack depth. A fatigue test was
perfourmed and crack depth measurements were made for
different probe positions acrouss the width of the specimen,
and the gain settings were adjusted from minimum to high

values. The results are shown in Fig. 3.14.

The variation of the digital voltage with crack depth
is linear, and increasing the gain results in a
corresponding increase in sensitivity without affecting the

linearity.

3.4 SCANNING ELECTRON MICROSCOPE (SEM)

A Joel-T200 scanning electron microscope was used. The
fracture surface was cut from one half of the broken test-—

piece to suitable dimensions for mounting on the SEM
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specimen holder. After cleaning the specimen with acetone in
an ultrasonic bath and allowing it to dry in the open, the
fracture surfaces were then examined wusing a seconhry
electron image at an acceleration voltage of 25 KkV, and

working distances of 20 and 48 mm.

A small amount of conducting paint (made by Achesoun
Colloids Cu., Plymouth) was applied between the specimen and
the stage to improve conduction. This was necessary and
sufficient to prevent charging when the specimen was
examined in the scanning electroun microscope. The specimen
holder was able tu move in two perpendicular directions (x
and y) so that almost any orientation and position of the
fracture could be examined. The exact position of the
specimen to be examined was located with respect to some
reference point (e.g., specimen edges) by means of two
micrometers which controul the movement along the x and vy

directiouns.

3.5 ANALYSIS OF THE RESULTS

The first step in the analysis of the test results was
to obtain the rate of crack propagation from the
measurements of the c¢rack 1length or depth, made at the
appropriate number of cycles. Various techniques have been
used tou analyse such data. A summary and brief description

of sume of these techniques is presented below.
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3.5.1 The Graphical Method

This method involves drawing the best curve through the
a versus N (i.e., crack length versus number of cycles) data
and estimating the crack growth rate by measuring the slope
of the tangent to this curve at the corresponding
experimental point. Such visual analysis of data suffers
from the error due to the individual's subjective choice of
the best-fit curve and also the best tangent through a
particular point on the curve for determination of the crack

growth rate.

3.5.2 Finite Difference or Secant Method

This method involves calculating the sloupe of the
straight line connecting two successive data

points, (a,,N;)and (ai+1’Ni+l)'i'e"

da 2341 T 34 -(3.1)

This technique can result in erratic gradients at times
because of the inherent scatter in the experimental fatigué
data. It should, however, be noted that when a large number
of data pouints are available, taken at suitable intervals of
aiand'Ni, the scatter in da/dN data can be considerably
reduced using the secant method 1in conjuction with a
graphical method, as was observed in éhe present

investigation.



-80-

3.5.3 Modified Difference Method

This method estimates derivatives of an unknown
function from derivatives of either an nth-order polynomial
passing through a number of adjacent pivotal points or by a
Taylor's series expansion of unknown functions. This
technique uses sets of successive data pouints over the range

a. ~.<a<a. .to calculate da/dN at the mid-point, a..
i-2 i+2 i

3.5.4 The Incremental Polynomial Method

This method estimates crack growth rates by fitting a
second order polynoumial tou sets of seven successive data

points. The form of the equation for the local fit is [119]:

- - 2
- bo N bl ( N _ CN].' )+ 4b2 ( N .c, 'CNl‘ ) 5.2
N2 N2 1 (3.2)
where bO’ bl and b2 are regression parameters which are

determined by the least square criterion over the range
a; 3 £a s aj.q. The parameters Cyq =(N, 5+N. 3)and
CN2=(Ni+3_Ni-3)are used to scale the input data, thus
avoiding numerical difficulties in determining the
regression parameters. The rate of crack growth is obtained

from the derivative of Equation (3.2) which is given by the

expression

da _'by , 2by (N; - Cyy)/ Cyy
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3.5.5 The Total Polynomial Method

This method involves fitting a high order polynomial to
selected data pouints (typically 20 to 70) covering the
entire range of data. The curve-fitting model is of the

general form:

1 i~i r(3.4)

where the curve-fitting functions Fi(N)are power functions
whose expounents are determined by the min-max criterion,
that minimises the maximum deviation between the observed
and the fitted values of the crack length. The regression

parameters, B.

i r are subsequently determined by the least

square criterion. The rate of crack growth at each data
point 1is estimated from the derivative of the above

expression.

3.5.6 Discussion of Data Processing Methods

The scatter of the <crack growth rate data obtained
using the various methods discussed above will depend on the
degree of variability in the raw experimental data. If, for
example, the data points 1lie on a smooth curve then the
secant method may prove satisfactory. 1If, however, the
experimental data are subjected to a great amount of

scatter, a curve-fitting method is to be preferred.

Gurney [120] attempted to analyse his results with a

computer, by fitting a curve to the crack propagation data
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and obtaining da/dN by differentiation. However, the method

failed because of scatter in the results.

Davies and Fedderson [121] attempted to present their
experimental data using polynomial curve-fitting but
observed that the fitted curves oscillated about the
experimental data in such a way that the gradients estimated
by differentiation were seriously in error. They also
observed that the secant method in their case produced

better results.

McCartney and Cooper [122] have developed a least
square method of estimating growth rates by making use of a
spline function (a piece-wise continuous polynomial). Though
they obtained comparatively gooud results, nevertheless

oscillation about some points was observed.

Wei et al [123] statistically compared crack growth
rate data obtained by using the finite difference method and
by some incremental polynomial techniques. They observed
that the incremental polynomial method generally introduced
a systematic bias into the da/dN data. However, in practice,
the bias may not be significant in terms of probable errors
in predicted fatigue lines. The finite difference (secant)
method and parabolic curve-fitting procedur; (Simpson's
rule) did not show significant bias, although these methods

produced greater scatter. The secant and the incremental
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polynomial methods are recommended by ASTM standards [116].

In the present investigation, the raw data with a
considerable amount of scatter were averaged out and the
secant method was used. However, for the raw data with less
scatter, the curve-fitting procedure was found satisfactory.
The amount of scatter in crack growth rate data 1is also
influenced by the interval of <crack length measurements
[123]. Although large measurement 1intervals might produce
acceptable variations in da/dN data, they could severely
limit the number of observations made during fatigue tests
on a single specimen and affect the precision of computing
AK . Therefore, the choice of measurement interval |is
important and depends on a realistic assessment of
measurement precision, which should be established
experimentally for individual situations. 1In the present
investigation it was established that measurement intervals
vof the order of O0.5mm produced satisfactory results for
crack growth rates using either the secant or the curve-
fitting techniques. It is also observed that the scatter in
the raw data could be significantly reduced by first
averaging the data before calculating the crack growth rates
using the secant method. Thus it was decided that the secant
method for raw data with little or no scatter, or graphical
averaging followed by the secant method, would be used to

determine crack growth rate in the present investigation.
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3.6 DETERMINATION OF STRESS INTENSITY FACTORS

The crack growth results, in the present investigation,
have been analysed using the fracture mechanics approach.
Thus, it was necessary to establish an expression for the
stress intensity factor, K, for the particular geometry

studied.

3.6.1 Compact Type specimen

For this geometry, K is given by [124]:

Bw*

where P is the applied load, B is the specimen thickness, w
is the specimen width, a is the crack length and f(a/w) is a
measure of the compliance of the specimen. For a constant
ratio of specimen height, H, to specimen width, w, the
function £f£(a/w) can be expressed.in a polynomial form as a
function of dimensiounless crack length (a/w). The compact
specimens have H/w equal to 1.2 and £(a/w) can be expressed

by [124]:

1/2 3/2 5/2 - 7/2 9/2
f(a/w)=29.6(a/w)-185.5(a/w)+655.7(a/w)-1017.(a/w)+683.9 (a/w)

r(3.6)

for

0.3<a/w<0.7 .
Expression (3.6) covers a limited range of crack length, but
calibrations covering a much brouader range have recently

been developed. Willson [125] has obtained an expression for
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f(a/w) for lengths of a/w>0.8 of the form:

_ 2 (1+a/w) 1
fla/w) = +
1 - (a/w)3/2 2 (1-a/w) /2

«(3.7)

A K-calibratioun expression valid for 0.2<a/w<0.925 has been

given by Srawely [126]:

£la/w) = (i +/aj§/2{(3.886 + 4.64(a/w) - 13.32(a/w)? + 14.72(a/w)°
- 5.6(a/w)4} .(3.8)

3.6.2 Semi-Elliptical Surface Cracks

Values of the stress intensity factor as the <crack
propagates through a plate are necessary for the reasonable
prediction of the life and mode of failure of a structure.
Since there exists a stress gradient across the thickness of
a plate, and the shapevof the crack is usually that of an

ellipse, a three dimensional -analysis is essential.

Much of the earlier effort has been confined to two-
dimensional analysis because of the complexity of the three-
dimensional case. Investigators have used experimental or
approximate analytical methods to obtain stress intensity

factors for surface cracks under tension or bending loads.
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The surface flaw 1s the moust prevalent type of flaw in
many classes of structures, particularly welded structures.
Weld defects are the usual origin of surface flaws in welded
joints. It may be argued, however, that since most of the
life of welded structures is spent at low stress intensity
factors and with short cracks, estimated values derived from
semi-elliptical cracks in a finite thickness plate subjected

to bending will provide adequate results.

The solution of Irwin [127] provides a useful example
of such an approach; For a semi-elliptical flaw in an
infinite elastic plate subjected to uniform tension with
major and minor axes 2c and 2a respectively (a being in the
through thickness direction), the wvalue for the stress

intensity factor at an angle 6 to the axis is given by:

o 2
K=1.12 —254%%;— (Sin2 3] +’§§ cosze)l/4 r(3.9)

c
where E(k)is an elliptical integral of the second kind and
may be approximated by

005

1.64 ] .(3.10)

E(k) = [1 + 1.47 (a/c)

The figure of 1.12 in (3.9) is a correction factor to allow
the crack tip and

for the presence of a free surface ahead of , the crack tip

plasticity. The maximum error in the stress intensity factor

from wusing (3.10) 1is about 0.13 percent for all values of

a/c [128].
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The surface crack in a finite plate is shown in Figqg.
3.2 . The width of the plate, w, is usually large with
respect to the crack 1length. The form of the stress

intensity factor is given by:

gvTma

_'EW F(a/tr a/c' c/w, 6) r(3.11)

where F is the boundary correction factor, which takes
account of the influence of the front face, back face, and
finite width on the stress intensity factor for a crack in
an infinite solid. Many investigators have tried to
determine the correct expression for F through approximation

techniques.

Shah and Kobayashi [129] estimated the correction
factors from an empirical front face magnification and an
analytical back face magnification. They obtained a solution
for an embedded elliptical crack approaching the free

surface of a semi-infinite solid.

The alternating method was used by Smith and Sorensen
[130] to calculate the variation of the stress intensity
factor along semi-elliptical surface «cracks in a finite
thickness plate. They obtained the stress intensity factor
as a function of position along the crack border for a
variety of <crack shapes and crack depths. They concluded

that the effects of the front and back surfaces and the
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interactiun between them are all important in the analysis.
They alsou found that the maximum stress intensity does not
necessarlly occur at the deepest point along the border of a

shallow semi-elliptical surface crack.

Raju and Newman [131] obtained a correction factor by
employing a finite element method with singularity elements
for completely embedded elliptical cracks in large bodies
and for semi-elliptical cracks with aspect ratios ranging
from 0.2 to 2.0 in an infinite-thickness plate. To verify
the accuracy of the finite element method, completely
embedded <circular and elliptical cracks were analysed. The
stress intensity factors for these <cracks were generally
within 1.0 percent of the exact solution [132]. Huwever, for
the elliptical crack the calculated stress intensity factors
in the region of sharpest curvature of the ellipse were
about 3% higher than for the exact solution. Raju and Newman
also found that fur the semi-circular surface crack the
maximum stress intensity factor occurred near the
intersection of the crack with the free surface, but, for
the semi-elliptical surface crack, the maximum stress
intensity factor occurred at the deepest point, and for both
the semi-circular and semi-elliptical surface cracks the
stress intensity factors were larger for larger values of
crack-depth to plate-~thickness ratio. In a later publication
[133] they repourted stress intensity factors from a three-
dimensional, finite element analysis for shailow and deep
semi-elliptical surface <cracks in finite elastic ©plates

subjected to tension or bending loads which covered a wide
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range of configuration parameters. The effect of plate-width
on stress intensity factor variations along the crack front
was also 1investigated. For ease of computation an equation
for the stress intensity factor of a surface crack in a
finite plate subjected to tension and bending loads was
fitted to their finite element results. They claimed that
for all cofigurations for which ratios of crack-depth to
plate-thickness do not exceed 0.8, the equation was within
+5 percent of the finite element results and single edge

crack solution.

Hayashi and Abe [134] have recently proposed a solution
for the stress intensity factor and compared their results
with those from two other scources [135,136]. The agreement
at the surface point for a semi-circular crack is
suprisingly good. However, at the deepest point the

disagreement between the authors is more marked.

McGowan et al [137] compared the results of some recent
stress intensity factor studies on surface flaws in a plate
under remote tension and bending. These results were of high
precision because of the sophisticated numerical techniques
used, and McGowen et al arrived at a best estimate of the
stress intensity variation along the £flaw border. The
geometry of the semi-elliptical sufface flaw examined had
depth-tou-length ratio of 0.25and25 and 75 peréent relative
crack depths (i.e., a/t =0.25, etc.). The derived best

estimate curve for the stress intensity factor was believed
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to be within 3 percent of the actual value along the crack
front. The comparison of the best estimate curve with
experimental data gave an error of +10 percent which they
considered was largely due tou the difference 1n geumetry and

Puoissoun's ratio.

Koterazawa and Minamisaka [138] estimated the stress
intensity factours of semi-elliptical surface cracks 1in a
plate of finite thickness subjected to bending by taking
account of the free surface magnification factor for the
stress intensity coumponent due to linearly varying pressure,
which they claimed was neglected in a calculation by Shah
and Kobayashi [139]. The authors believed that the stress
intensity factors obtained were soumewhat smaller than those
given by Shah and Koubayashi, and gave a reasonable estimate

of the propagation rate of part-through cracks by fatigue.

Holdbrook and Dover [140] found a correlation factor
for deep surface cracks wunder both tension and bending
loads. They analysed the problem by first cdsidering the
variation of K around the perimeter of a surface crack and
then obtained a correlation with standard fatigue crack
growth data by applying simple correction facturs to the
existing infinite plate solution. It was possible to
correlate fatigue crack growth data measured on surface

crack plate specimens with conventional through-crack data.
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In a recent review by Scott and Thorpe [141], the
accuracy of several theoretical stress intensity solutions
in predictive fatigue crack growth calculations was tested
by using the develoupment of the shape of the fatigue <crack
as a diagnostic tool. They have suggested that the stress
intensity factor solutions for uniform tension by Raju and
Newman [131] and that ovf Koterazawa and Minamisaka [138] for
pure bending are the most accurate for the semi-elliptical
cracks 1in finite thickness plates of 1infinite surface
dimensions. It was alsou suggested by the authors that the
correction factors evaluated by Holdbrook and Dover [140]
for finite width plates made a significant contribution to
crack tip stress intensity wvalues calculated £from the
solutions identified (i.e., [131,138]) and thét these
corrections were essential for correlating crack propagation
data for the same material with simple, through-thickness

specimens such as the compact type.

Therefore, £from the above brief review of stress
intensity factor solutions, it can be observed that these
sovlutions do not agree with each other particularly well and
that the basis for the chousing which one i% best has not
been established. However, based on the judgement of Scott
and Thorpe [141] the stress intensity factor solution of
Koterazawa and Minamisaka [138] and the correction factors
propused by Holdbrook and Dover [140] have been used
throughout this work and indeed, as is shown 15 subsequent
chapters, this approuach seems to give the best correlation

with the through-thickness results obtained from compact
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type specimens.

The equations used are as follows:

Ko = Mjp 9¥™ B¢ ;(3.12)
E(k)

Ky = Mp M3 OV T Bf ;(3.13)
E(K)

where:

M1o = [M] (1-0.3 a/B)(1-(a/B)12)] + [0.394E(k)(a/B)12Vb/a] ;(3.14)

M} = [1.21 - 0.1(a/c) + 0.1(a/c)4] ‘/a/c :(3.15)
My = [1-1.36 (a/B) (a/c)0-1] :(3.16)
M3 = 1.13 - 0.07 (a/c)0-5 , .(3.17)

The form of E(k) used is the same as in equation (3.10). The

correction factor Bf proposed by Holdbrook and Dover is given by:

f(a/c) G (c/w) H (a/B)
Bf =1+ 1(3.18)
(0.2745)2

F(a/c) = 0.381 - 0.141(a/c) - 0.366(a/c)2 + 0.569(a/c)3 - 0.248(a/c)4

;(3.19)

G(c/w)

I

-0.239 + 1.434(c/w) - 2.984(c/w)2 + 7.822(c/w)3 :(3.20)

H(a/B) = -0.0113 + 0.323(a/p) + 0.749(a/B)2 -0.535(a/B)3  .(3.21)
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TABLE 3.1

STEEL BS4360-50D

(a) Chemical Camposition (by weight)

Element C Si Mn P S Cr
$ 0.180 0.36 1.40 0.018 0.003 0.11
Element Mo Ni Al Cu Nb
$ 0.020 0.095 0.035 0.16 0.039
(b) Mechanical Properties
Direction

Through-

Longitudinal Transverse Thickness

Yield strength (MN/m2) 386 382 388
Ultimate tensile strength (MN/m2)| 560 551 563
$ elongation (GL equals 3") 30 29 18
% reduction in area 74 68 61
(c) Fatigue properties
Cyclic yield strength, oyc 415 MN/m?2
Strain hardening exponent, n 0.19
True fracture strain (or fatigue
ductility coefficient), eg 1.35
l
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TABLE 3.2

Welding Electrode BS 639 : E 4311 R21

Chemical Camposition (by weight)

Element C Mn Si S P

$ 0.06 0.58 0.43 0.02max 0.03max

Mechanical Properties

Yield strength N/mm?2 448
Ultimate tensile strength N/mm2 510
$ Elongation 22
% Reduction in area 50
Charpy V-notch at RT (20°C) 80 joules
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TABLE 3.3 : Vortic Marine BS1719 : E317

Camposition Mechanical Properties
c 0.08 Yield strength 445 N/mm2
Mn 0.44 UTS 508 N/mm?2
Si 0.10 Elongation 26%
S 0.02 Reduction of 58%

area
P 0.03

TABLE 3.4 : RADIAN BS1719 : E217

Camposition Mechanical Properties
C 0.07 Yield strength 460 N/mm2
Mn 0.46 UTS 514 N/mm?2
Si 0.12 Elongation 22%
S 0.02 Reduction of 64%

area
P 0.03

TABLE 3.5 : Armoid 1 BS 2926:20.9.3.R

Camposition Mechanical Properties
C 0.08 Yield strength 587 N/mmé
Mn 1.5 UTS 319 N/mm?
Si 0.7 Elongation 30%
Cr 20.0 Reduction of 43%
area
Ni 9.0
Mo 3.3
S 0.02
P 0.03
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Figure 3.1 Compact type specimen geametry used in

the experimental programme.
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Figure 3.3 Welded joint specimens
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exaggerated shape of the plates after welding
final shape of the plates after machining

Figure 3.6 Original and final shape of the specimen
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1. Vortic Marine BS1719:E317

2. Radian BS1719:E217

3. Armoid 1 BS2926:20.9.3.R
7 3
~3

Figure 3.7 The arrangements of electrodes

for sandwich weldment
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Figure 3.8 CT specimen with channels to accommodate

salt water flow.
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Figure 3.13 The effect of crack front on digital voltage
reading of the crack microgauge
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CHAPTER 4

CRACK-GROWTH BEHAVIOUR OF BS4360-50D WELDED STEEL

4.1 INTRODUCTION

The analysis of fatigue crack growth developed by Paris
[8], using linear elastic fracture mechanics, indicated that
the fatigue crack growth rate, da/dN, 1is primarily
contrulled by the stress intensity range, AK , through the
well-known Paris expression (Equation (2.12)). As has been
described earlier, the actual situatiuvn 1is far more
complicated than that represented by the Paris expression.
It has been fouund that the Paris exponent m (see Equation
(2.12)) 1is nout constant but increases at high and luw growth
rates tou give a sigmuidal shape tu the crack growth curve.
This sigmouidal relationship predicts the existence of a
threshold, AKth’ for nun-proupagating cracks. Although this
information 1is wvital for determining safe non-destructive
inspection intervals 1n certain engineering structures, most
vf the fatigue <crack gruwth data, however, have been

generated four growth rates greater than lO—Smm/cycle.

The basic fatigue crack growth data for BS4360-50D
steel and its welded jouint were obtained using a coumpact
type specimen. The effect of variables such as stress ratio,
frequency, salt-water environment, and welding residual
stresses were studied from threshuvld to the mid-range of
crack growth rates, and the results are presented and

discussed in this chapter. It has been established 1in
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Chapter 2 that certain mechanical, environmental, and
metallurgical factors affect fatigue crack gruwth rate, the
role of R-ratiu, frequency, environment, and welding
residual stresses being of some significance. The test
conditions in the present investigation were therefoure

varied to ensure that coﬂ}ehensive results were obtained.

4.2 EXPERIMENTAL PROCEDURES

Tests were carried cut using Dowty electrohydraulic and
Mayes servohydraulic fatigue machines on both parent metal
and weldment by means of CT geometry, details of which are
given in the previous chapter. The tests were performed 1in
laboratory air and, in the case of welded specimens, in 3.5%
sodium chloride solution. All tests were performed under
ambient conditions (i.e., at room temperature of 20°C and at
about 50% relative humidity). As pointed out earlier some
check results were made to ensure that all machines gave

similar results under identical testing conditions.

The method used tu obtain low crack growth rates and
thresholds was what 1is referred to here as the "stepping-
down load" technique. This method, which has been widely
used for determing AK., , involves the value of AK being
progressively reduced by steps of 10% or less. During each
AK step in fhe present case, the crack was allowed toc grow
past the plastic zone created by Kmax°f the previous step.
Several readings of crack length against number of cycles

were taken before making the next AK step. This procedure
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was continued until threshold conditions were attained. The
threshold value, AKth.’ was considered to have been reached
if, after the 1last AK-step, "no growth" was recorded in
about 1 million cycles. This represented growth rates of the
order lxlo_%m/cycle within the limits of accuracy of the

crack length monitoring equipment (i.e., 0.0lmm).

To investigate the effect of stress ratiov, tests were
performed at R equal to 0.08 and 0.7 at a «cyclic frequency
of 30Hz. Additional tests were performed on the weldment at

R=0.5 and 30Hz tou confirm the experimental trend.

To investigate the effect of frequency soume other tests
were performed at a loading frequency of 0.25Hz and stress

ratios of 0.08 and 0.7 for both parent metal and weldment.

The effect of dressing on the fatigue crack growth rate
of the weldment was investigated and additional tests were
performed on specimens in "as-welded" condition at a loading

frequency of 30Hz and stress ratio of 0.7.

The effect vf a salt-water environment was investigated
only for the weldment. Corrosion fatigue tests were
perfurmed at stress ratios, R, of 0.08 and 0.7 and at
loading frequencies of 30Hz and 0.25Hz wusing a sinusoidal

wave form. The fluid was introduced into the specimen at a
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flow rate of approuximately 1.5 ml/min.

To characterize the effect of residual stresses on
fatigue crack propagation, tests were performed on stress-
relieved specimens in both air and salt-water solution at a

stress ratio of 0.7 and loading frequency of 30Hz.

In all the foregoing tests the specimen was prepared as
described 1in the previous chapter. The specimens were
precracked at a suitably higher frequency using a low 1load
range giving a K not exceeding 20 MN/m3/2 for the

max
base metal and about 25 MN/mB'/2

for the weldment.
Subsequently, the fatigue c¢rack was propagated at the
required loading conditions (i.e., stress ratio, frequency,
etc.) for some 2 to 3mm before the actual test readings were
started. This process ensured that uniform growth at the
particular lovad range was attained and thus eliminated
either the influence uf short cracks at the original notch,
or that of load histories on fatigue crack growth rate. All
the tests were performed at fixed 1load 1limits, i.e.,
constant R-ratio alléwing the crack to grow from its
original length to the final length required. For some tests
at low frequency (0.25Hz) and growth rates below _'lxlo-5
mm/cycle, the "step-up" or the "stepping-down lcad"
techniques were used to shorten the investigation. For each
step the value of AK was adjusted upwards or downwards by

not more than 10% and the crack allowed to grow by more than

the existing plastic zone produced by previous loading
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conditions. Plastic zoune size r&) can be calculated from:

.(4.1)

At least two readings of the crack length and corresponding
number of cycles were taken for each step before the first
reading was taken. This process ensured elimination of load

histoury effects.

Crack 1length measurements were made using a microscope
mounted on a travelling micrometric stage as discussed
previously. The experimental data were recorded in terms of

crack length, a, and corresponding number of cycles, N.

To calculate the crack growth rate, da/dN, from the
experimental data, a combination of graphical curve fitting
and finite difference (secant) methods was used. When the
readings showed 1little scatter of da/dN data, the raw
experimental readings were used to calculate the growth
rates. However, when the scatter was substantial, smoocth
curves were fitted (graphically) to the experimental data
and points on these curves used to calculate da/dN using the
secant method. This process reduced the scatter in the raw
data. It was alsu observed that scatter was much reduced by
taking readings at crack increments of between O.5mm and
imm, and hence these were used for all subsequent

calculations of da/dN.
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An attempt was made to apply the incremental polynoumial
method using least squares [142]. A computer program was
develuped from which da/dN and corresponding AK wvalues
could be calculated. This procedure was satisfactory when a
large number of experimental points was available and/or
scatter was minimal. However, this method was unsuitable for
short tests and for results containing a considerable amount
of scatter. Therefore, for consistency of results all the
data repurted here were analysed wusing only the secant

method.

The stress intensity factor, K, was calculated using
the apprupriate standard expression for CT geometry, i.e.,
using Equations (3.5) and (3.6). The crack length, a, used
to calculate K is the average of the two successive readings

used to calculate the corresponding da/dN.

4.3 RESULTS

The experimental results are plotted in terms of da/dN

versus the corresponding AK values for all the tests.

4.3.1 Base Metal

Fig. 4.1 shows a typical a versus N curve obtained
during threshold tests using the stepping-down load

technique.
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The threshold and mid-range fatigue <crack growth
results in air have been represented 1in terms of da/dN
versus AKX as shown in Fig. 4.2, which shows the data
vbtained for a 24mm-thick specimen tested at stress ratious,
R, of 0.08 and 0.7 and loading frequency of 30Hz. The
results show the considerable influence of stress ratio on
low crack growth rates and thresholds (i.e., growth rates

increase with stress ratio, and AK values decrease with

th
stress ratio). However, this effect diminishes with increase

of crack growth rates.

Figs. 4.3 and 4.4 show the present results at 30Hz in
air compared with the mean line through Musuva's and Radon's
[144] results obtained in air for a 25.4mm-thick specimen of
the same material. The authors used the "increasing R"
technique at 30Hz. Their results compare very well with the

present results.

For K_ values of 6.25 MN/m¥2 and 11.33 MN/m/2 ,

max,th
correspondig to R-values of 0.08 and 0.7, respectively, were

found.

Results at a cyclic frequency of 0.25Hz are shown in
Fig. 4.5. These results show an increased effect of stress

ratio at lower frequency when compared to the corresponding
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data at 30Hz, and alsu show that only growth rates at high
stress ratiu are significantly affected by the change in

frequency.

Figs. 4.6 and 4.7 show the present results at 0.25Hz in
air compared with the mean 1line through Musuva's [143]
results obtained in air for a 25.4mm-thick specimen of the
same material at 0.25Hz. His results compare very well with

the present results,

The effect of frequency was evaluated by drawing the
best fit lines through the results of Figs. 4.2 and 4.5,
which are shown in Fig. 4.8. The crack growth rates
seem to be affected by the frequency change from 30Hz to
0.25Hz at R=0.08, apart from the region of low crack growth
rates. However, at R=0.7 the growth rates are much higher at

low frequency, and here the influence is appreciable.

4.3.2 Weldment

Fatigue crack growth of the weldment at the threshold
and 1in the mid-range in air have been represented in terms
of da/dN versus AKX, as shown in Fig. 4.9. This shows the
data for a 24mm-thick welded joint specimen tested in air at
stress ratios, R, of 0.08 and 0.7 and loading frequency of
30Hz. Additional tests were performed on the weldment at
R=0.5 and 30Hz loading frequency to confirm the experimental

trend and are shown in Fig. 4.10. The results show a
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significant effect of stress ratio on crack growth rates for

buth threshold and mid-range.

Figs. 4.11 and 4.12 shows a comparison between the
results obtained for weldment and parent plate tested at
30Hz. The crack growth rates in the weldment were, however,
lower than the growth rates in the parent material, probably

due to favourable residual stresses.

For Kmax’th,values of 14.75 MN/m3/2 ,17.0 MN/m3/2 , and
22.33 MN/m3/2, corresponding to R-values of 0.08, 0.5 and
0.7, respectively, were found. The relationship between

stress rativ and  AK.y is shown in Fig. 4.13.

not
Fig. 4.14 represents the effect of,dressing on the

fatigue crack propagation rate of the weldment. The test was
conducted in air at stress ratio, R, of 0.7 and loading

frequency of 30Hz.

The results at a loading frequenéy of 0.25Hz in air at
stress ratios, R, of 0.08 and 0.7 are shown in Fig. 4.15.
The effect of frequency in this case is more pronounced,
when coumpared to the corresponding data at 30Hz. The results
show that the growth rates are significantly affected by the
change of frequency at "~ R—value . of g8, as shown in Fig.

4.16.
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Figs. 4.17 and 4.18 show the results for the weldment
compared with the results for the parent plate tested at
0.25Hz. They clearly indicate that the crack growth rates in
the weldment are slower than or similar to the crack grouwth

rates in the parent metal.

The results of tests in air on stress-relieved
specimens are shown in Figs. 4.19 and 4.20. Fig. 4.19 shows
a comparison of results obtained for a stress-relieved weld,
and for an as-received weld tested at R=0.7 and 30Hz loading
frequency, indicating that the «crack growth rate |is
accelerated in the stress-relieved specimen for wvalues of

AK bpetween approximately 6 MN/mEV2 and 14 MN/m3/2

. Fig.
4.20 is a comparison of results for the stress-relieved weld
and the parent plate and it shows that the crack propagation
rate in the stress-relieved weld is still lower than for the
parent metal at AK wvalues ~above 8 MN/m3/2; Fig. 4.21
illustrates the effect of residual welding stresses on
fatigue crack propagation and was evaluated by drawing the

best line through the results obtained for the parent metal,

as-received weld and stress-relieved weld.

4.3.3 Weldment in Salt-Water EVironment

.Typical a versus N curves for a salt-water environment
are illustrated in Figs. 4.22 and 4.23. Fig. 4.24 shows the

effect of stress ratio on a weldment in a salt-water
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environment at cyclic frequency of 30Hz and stress ratios of

0.08 and 0.7.

Fig. 4.25 shows corresponding in-air data. The results
at both stress ratius (0.08, 0.7) indicate lower growth
rates in salt-water solution as compared to in-air results.

3/2

AK for R=0.08 was observed to increase from 13.75 MN/m

th
in air to approximately 22 MN/m3/2 , and for R=0.7 from 6.70
MN/m 3/2 to 9.5 MN/m3/2 in salt-water. It was found that
introduction of salt-water into a crack previously growing
in air at AK wvalues below 14 MN/m?’/2 at R=0.08 and 7.0
MN/m3/2 at R=0.7 caused a rather unexpected arrest in crack

growth. The crack stopped very suddenly, for example, after

a very short growth.

The results of tests conductéd in a salt solution at
0.25Hz and two stress ratios (i.e., at 0.08 and 0.7) are
shown in Fig. 4.26. These results show that, 1like the
results obtained in air at the same frequency, stress ratio
has a significant effect on crack growth rates. The results
are again compared with those obtained in air which are

shown in Fig. 4.27.

The effect of frequency is shown in Fig. 4.28 at stress
ratios, R, of 0.08 and 0.7. These results show that reducing
the frequency from 30Hz to O0.25Hz gives similar fatique

3/2
crack growth rates at AK wvalues below 35 MN/m'/ and 18.5
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2MrR01008,07
MN/m3/A, respectively. Above these AK values the growth

rates tend tou increase with decrease in frequency.

The results of tests performed on stress-relieved
specimens at R=0.7 and 30Hz 1loading frequency in salt
solution are compared with the corresponding results
obtained for as-received specimens and are shown 1in Fig.
4.29. These results are also compared with the data obtained
for the stress-relieved weld 1in air, see Fig. 4.30. They
indicate that the growth rates for a stress-relieved weld in
a salt-water environment are lower than in air at 8K wvalues

below 8 MN/m3/2 .

Finally, a cumbination of results for stress-relieved
and as-received welds in air and salt-water environments is

presented in Fig. 4.31.

4.4 FRACTOGRAPHY

The weldment fracture surfaces of fatigue cracked
specimens 1in air were sectioned and mounted for observation

in the scanning electron microuscope (SEM).

All the wvariations of the fracture surfaces were
examined; it was found 1in particular that dendritic
formations might be responsible for the differences in the

crack lengths as measured on the sides of the specimen. This
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was attributed tu the difference in the cooling rate of the
weld beads. Fig. 4.32 shows a typical surface close tou the

specimen's side.

The cracks showed a tendency to branching (Fig. 4.33).
It can be seen that these branches were random in direction,
but there is no evidence to show that the main crack path
was a result of a series of random paths. Also, a high
proportion of secondary cracks was often found in a more

brittle fracture observed at low AK values.

The failure surfaces showed a number of welding defects
which may have a bearing on the results obtained. The most
common was of worm-holes originating from the root of the
weldments. The size of these defects varied from a pin-hole
to a gruss defect (Fig. 4.34). Some of these defects arose

from porosity (Fig. 4.35).

The fracture mechanisms observed in the Paris regime
were microvoid coalescence and striations. A microvoid
coalescence area 1is shown in Fig. 4.36 and a typical
striated area at AK=20 l‘v‘IN/m:J"/2 » R=0.7 and 30Hz is presented
in Fig. 4.37. Transgranular cleavage-like fracture was
observed at very low values of AK (7 to 10 MN/m3/2 ) close

to the near threshold region as shown in Fig. 4.38.
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4.5 DISCUSSION

4.5.1 The Effect of Stress Ratio and Frequency in Air

on Parent Metal

It 1is generally believed [145] that stage II fatigue
crack propagation is largely independent of the stress
ratio, R, or mean stress. A dgreater such dependency,
huwever, in the threshold or stage I region has been
observed by various authors and their results are reviewed

in Section 2.4.1.

Tests at constant stress ratio, R, have been conducted
[38,146-148] in investigating the effect of mean stress on
fatigue crack propagation, while, 1in contrast, tests at
constant mean stress have been made [32-35] to investigate
the effect of stress ratio. The results of constant stress
ratio can be easily transformed into the other (i.e.,

constant K ) using the following equation:
mean

_ 1 (14R) . .(4.2)
Knean = 2 (1-R) AK

Tests at constant stress ratio are more easily performed on
the specimen geometry wused in this investigation and also
they are more appropriate to life-span calculations for non-
redundant structures where the R-value remains constant with

increasing crack length.

The present investigation has shown that crack growth
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rates generally increase with stress ratiov at low stress
intensities. The stress ratiov effect at low growth rates
obtained in the data shown in Fig. 4.2 is similar to that
reported by Cook et al [76], Paris et al [72,73], and Mackey

[149] for other steels.

The effect of stress ratio on 1low growth rates has
usually been explained in terms of either environmental
interactions or crack clusure phenomena [36]. The reported
data for different kinds of environment are not conclusive
as to the actual contribution of the -environment to the
effect of stress ratio observed in steels. Nevertheless, by
examining fatiqgue crack growth behaviour of high strength
steels, where the primary mechanism of environmental attack
during fatigue crack growth in moist air and salt-water
environments 1is hydrogen embrittlement [49], soume seemingly
consistent explanations have been put forward [62] which are
supported by certain data obtained in inert environments
(such as vacuum) and show a lack of, or at least a markedly
reduced, effect of stress ratio at low growth rates [76-78].
It is also argued by the above authors that the 1lack of
stress ratio effect at higher stress intensities, where the
crack velocities are tou fast for environmental factors to
have any effect, is consistent with the above explanation.
However, such an explanation of fatigue crack growth
behaviour in low strength steels at low stress intensities,
solely in terms of hydrogen embrittlement, may be
questioned. In these steels, and especially at low stress

intensities, the hydrogen enrichment ahead of the crack tip,
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as predicted by Ritchie [62], would be very small owing to

the lower magnitude of hydrostatic tension.

Musuva and Radon [144], who tested the same material
(i.e., BS4360-50D) in salt-water, reported no significant
environmental influence. The decrease in growth rates at low
stress ratios they observed was attributed to the possible
effects of fluid corrosion and corrosion products at the
crack tip. Their results seem to support the general view
[32,45,70-73] that, in low alloy steels, 1low growth rates

and AK are not strongly affected by the environment.

th
Although exceptions have been reported [69,71,150] where a
courrosive environment was found to enhance the growth rates,

more data is needed before any general conclusions can be

drawn on the precise influence of the environment.

In view of the above results on both air and corrosive
environments no firm conclusion could be drawn and
environmental arguments alone cannot adequatly explain the
observed effects of stress ratio. Therefore an alternative

explanation, namely the crack closure concept, is advanced.

The crack closure concept was first reported by Elber
[36] who proposed that closure of the crack surface may
occur at tensile loads during the loading cyclevas a result
of plastic deformation left in the wake of a growing crack

at high stress intensities. This phenomenon reduces the
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effective stress intensity factor causing crack growth.
Since then the councept has been used to explain the effect

of stress ratiov [36,39,72,144].

Muost of the initial experimental work on crack closure
was performed on thin sheet metal where crack tip conditions
approuximated to plane stress [36,151). Lindley and Richards
[152] sectioned SEN specimens parallel to the loading axis
to reveal the crack profile in the thickness of the
specimen. This demonstrated that under plane strain
conditions in the centre of the specimen, the crack was
vpen, but was locally closed at the surface, where
conditions will approximate to plane stress. Closure
therefore at Jlow stress intensities and under plane strain
conditions, which are the conditions prevailing at 1low
fatigue crack growth rates, should be insignificant.
However, Fleck and Smith [153] in a recent study developed a
new compliance technique which was capable of monitoring the
crack closure response at the centre of the specimen, and
they conducted tests on the compact type specimens of a low
alloy steel. From these tests they concluded that the crack
clusure was not just a surface phenomenon, could also occur
in the body of a test-piece (i.e., plane strain regions). In
particular, for the material they tested, fatigue cracks
were closed for a significant portion (20%) of the load

cycle.

Hence it appears that a simple application of the
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clusure concept tou explain stress ratio effects during
fatigue crack growth must be made with caution, as these
effects are most marked in the low AK region, where it is

most usual for plane strain conditions to exist.

In laboratory air at low stress ratios, clear evidence
has been found for the build-up of a corrousive oxide product
on the fracture surfaces of cracks growing close to

AK [154]. The presence of such a layer of oxide particles

th
in the crack will also increase the load in the fatigue

cycle at which crack closure occurs [72]. Hence the
effective AK will be 1lower than that applied, leading to
lower crack growth rates and higher apparent threshold
values. Further evidence of the importance of fretting
corrosion debris is provided by the work of Paris et al [72]
who found a similar dependence of AKth on stress ratio in
laburatory air with A533B. and A508 steels. In distilled
water, however, AKth was greater than in air, an 1increase

which they alsou suggested may be due to corrosion products

limiting cyclic stress intensities.

The present results have shown that stress ratio can
greatly influence fatique growth rates at near-threshold
stress intensities. However, its effects are considerably
reduced at higher «cyclic stress intensities ( AK > 10

MN/mY 2y .
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The effect of stress ratiov on growth rates oubserved at
lower frequencies (0.25Hz) in air may be explained in terms
of the hydrogen embrittlement mechanism. It 1is known that
hydrogen in moist air can cause embrittlement at the crack
tip, this resulting 1in increased growth rates. Hydrogen
atoms 1in steel <can diffuse to the regions of maximum
hydrustatic tension ahead of the crack tip, thereby lowering
the cohesive strength of the lattice [49]. This process,
causing faster <crack growth rates, is more significant in

high strength steels.

It is pussible that fatigue crack growth rates could be
caused by the increase in stress ratio, since the higher

value of Km. creates a large stress gradient to promote

ax
hydrogen diffusion. However, tests at high frequency (such
as 30Hz) and high crack growth rates would not provide a
favourable condition for hydrogen to diffuse to the crack
tip 1in time to cause embrittlement, since the crack is
advancing at a high velocity. This argument is supported by

comparing Fig. 4.2 with Fig. 4.5, and is presented in Fig.

4.8.

4.5.2 The Effect of Stress Ratio and Frequency in Air

on Weldment

In most of the welded Jjoint specimens the crack
deviated slightly from the plane of symmetry. However, it
stayed within the weld for the total crack length (about

40mm) , and the maximum deviation from the plane of symmetry
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was about 1lmm. The influence of a slightly curved path on
the stress intensity was considered to be insignificant and

was consequently ignored.

In order to achieve 1low growth rates and true
thresholds unaffected by 1load history effects, it was
necessary to make sufficiently small load changes and to
test for sufficiently long periods. The present tests were
performed on specimens with relatively short cracks (i.e.,
0.3<a/w<0.45), where the change in specimen compliance with
crack 1length was small, and performed also to allow an
adequate number of crack increments between 1load steps
without too great a change in the value of the stress
intensity factor. 1In the present investigation it was
observed that reducing AK by more than 10% at higher growth
rates, and more than 5% at low growth rates, caused long
crack growth delays and sometimes arrest resulting in a

false threshold value due to load history effects.

Although it 1is widely accepted that the fatigue of
weldments is insensitive to mean stress, such a conclusion
is not applicable to all weld details and stress ratios. For
a weldment containing severe stress-raisers and subjected to
pulsating tension, the fatiqgue properties are insensitive to
mean stress [155]. However, fatigue of weldments can be

sensitive to stress ratio, especially negative stress ratios

[156].
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The present results illustrate that crack growth rate
increases -with stress raéio. This effect is most pronounced
at low stress intensities and diminishes with increase in
gruwth rate. The stress ratio sensitivity for weld material
at low growth rates and high frequency is presented in Fig.
4.10.  The present AK,, results are compared with some
recently reported investigations on steel and weldments (see
Fig. 4.13). These results indicate that no simple
relationship between AKth and R seems to exist. However, it
appears that for ferrite-pearlite steel [72,75] and HT80
steel welded joints [109], the results tend to point towards
a limiting value of 8Ky, , A§$ ¢h r reached at a high positive
stress ratio. Although this trend contradicts the present
results the data obtained by Branco et al [32], Davenport
and Brook [68] and the suggestion by Blacktop and Brook
[157] that AKth can be extrapoclated tov zerc at an R-value

of 1 seems to support the present results but is not correct since

AKth losses its meaning .

As discussed previously the crack closure phenomenon
has often been used to explain the observed effect of stress'
ratio on fatigue crack growth rate . According to this
concept, at low stress ratios, the crack clousure stress
intensity factor,KCL r is greater than the minimum applied

stress intensity factor,Km.  and thus the effective stress

in
intensity factor range responsible for the crack growth is
substantially reduced. At high stress ratios, the «crack
remains open for the whole or for the larger part of the

load cycle and thus the crack-closure effect becoumes 1less
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pronocunced.

Following this argument it would seem reasonable to say
that crack clousure can be significant in weldments depending
on the magnitude of residual welding stresses which exist in
welded joints. The stress intensity factor, K, 1is a
characteristic parameter for stresses and strains in the
crack tip region only if tensile stresses and strains are
produced by the applied load. Fatigue crack grouwth rates,
when characterized by K, can be assumed to exist when they
are caused by that part of AK which, when applied, results
in tensile stresses and strains at the crack tip. Applying
this strain characterization analogy to crack closure, the
minimum stress intensity factor corresponding to zero
stresses and strains will be defined as the crack closure

stress intensity factor, KCL'

Thus, the effective stress intensity factor range
responsible for crack growth in a material with negligible

residual stresses is given by

= - ' (4.3)
AKeff Knax KCL for Kmin < KCL o
AKeff = Kpax ~ Kmin for Kmin > KCL ' .(4.4)

The stress intensity factor range for a welded joint with

cumpressive residual stresses is given by
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AK

]
>
=

|
>
=

app res  (4.5)
or

AK=K - K _, - AK .(4.6)

The effective stress intensity factor range responsible for
the crack growth in a butt-welded juint with compressive
residual stress field is of the form:

= - ‘ . ] 4,
AKeff Kmax (KCL * Kres) » for Km1n<.KCL , (4.7)

AKeff - Kmax - (Kmin + AKres) for Kmin> KCL - (4.8)

The coumparison of the present data obtained for the parent
material, Figs. 4.11 and 4.12 at 30Hz and Figs. 4.17 and
4,18 at 0.25Hz, indicated the existence of a compressive
residual stress field, thereby suggesting the weld metal to
be superior than base metal in terms of crack growth rate.
To verify this, tests were performed on stress-relieved
welded specimens, from which it was observed that the crack
growth rate was significantly increased and became
comparable to the crack growth rates in the parent metal
(see Figs. 4.17-4.19). It follows from this argument that it
is reasonable to assume that the crack closure in butt-
welded joints 1is primarily due to compressive residual

stresses induced in the plate during the welding process.

The above analysis shows that, depending on the
magnitude of the compressive residual stress, it tends to

maximise the crack clusure effect at low growth rates,
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although at high growth rates this effect diminishes
apparently because of redistribution of these residual

sStresses.

At this pouint in the discussion, it 1is important to
note that most researchers have attributed the decrease in
fatigue crack growth rate in the weldment to favourable
residual stresses normal to the crack [109,158,159]. This is

discussed futher below.

Fig. 2,3 shows a simplified pattern of residual
stresses for a butt-welded test section. The most
significant residual stress component 1in the weld is the
longitudinal component s, which can reach the magnitude of
yield strength. The transverse stress component Oy is
usually substantially smaller, although no measurement of

the residual stress was made. A qualitative discussion of

the influence of the residual stress follows.

Although transverse stresses (i.e., parallel to the
crack plane) do not influence the stress intensity factor,
they have been shown to influence the plastic flow around
the crack tip [160]. A tensile stress component parallel to
the crack will decrease the plastic flow and a compressive
stress component parallel to the crack will increase the
plastic flow around the crack tip upon 1lcading. The net

effect over one <cycle 1is not easily predicted. The
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redistribution of longitudinal residual stresses 1in the
direction perpendicular to the crack may induce a clousing
moment which will resist the opening of the crack and

therefore tend to decrease the crack growth rates.

In some specimens, especially at 1low AK (7-15
MN/ma/z), the crack growth is faster on the side of the
specimen where the first bead was deposited. On that side
the transverse residual stresses ought to be lower than on
the side where the second bead was deposited. Also, when
grinding the specimen, some of the transverse residual
stresses may be released and therefore the crack growth

rates should be lower (see Fig. 4.14).

Observations of frequency effects 1in the weldment.
confirmed the general trend discussed in Section 2.3.2.
Increasing the loading frequency from 0.25Hz to 30Hz caused
a reduction in crack growth rates above AK values of 22
MN/m> 2 and 15 MN/m3/2 at R=0.08 and 0.7, respectively (see

Fig. 4.16).

Yokobori's formula (Equation (2.21)) implies a
reduction of about 30% over the same frequency range and a
further 6% reduction in changing from 10Hz to 30Hz. However,
the reduction in crack growth rate with increasing frequency
is a relatively minor effect in the low growth rate regime,

but it serves as a warning against accelerated tests at high
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growth rates and frequency, which may not give consistent

results.

The increase in crack growth rate with decreasing
frequency was explained by Bradshaw and Wheeler [161] as
being caused by an environmental effect obtained in the
reaction between the surrounding air and freshly exposed
metal at the crack tip. Thus at lower frequency there is
more time available for the reaction between constituents of
ordinary air such as oxygen, nitrogen, and water vapour, and
the metal. Therefore, this effect should be more pronounced
at lower AK levels. Although there is considerable evidence
in support of environment-controlled processes causing the
frequency effect, the concept of a simple time-dependent or
cycle-dependent interaction may be misleading. The present
results do not support the above conclusion. 1Indeed, for
AKX values below 22 MN/m?’/2 and 15 MN/m3/2 r corresponding
to stress ratios of 0.08 and 0.7, respectively, at 0.25Hz
the crack growth rate appears to be the same as at the
higher frequency (i.e., 30Hz). Therefore for a weldment in
air the sensitivity to frequency is less at lowAK values.
The environmental influence is more likely to be related to
dislocation-transport of hydrogen [162], which is a rate-

sensitive process, rather than to any active path corrosion.

4.5.3 The Effect of Salt-Water Environment on Weldment

The phenomenon of crack growth delay 1is normally

related either to a residual stress field present at the
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crack tip [163], crack closure [36], or to a combination of
these mechanisms. This effect has been widely investigated
by means of applying overload/underload cycles in the
constant amplitude test. The effect of the overload cycle is
to introduce a relatively large plastic zone ahead of the
crack tip which in turn produces a compressive residual
stress field intu which growth must proceed for a number of
cycles before the crack "breaks free" of this coumpressive
field. Underlouads are not suitable as a means of building up
residual stresses because of the relatively small plastic

zone they produce.

There are other factors which can contribute to this
retardation behaviour, in particular the interaction effect
of courrusive media . Previous work by Rhodes and Radon
[164] suggested two distinct processes by which crack
propagation may occur. One is due to chemical action at the
crack tip, enhanced by the presence of a tensile stress,
referred to as "stress-assisted dissolution". The other is
due to local mechanical failure, enhanced by the presence of
an adverse environment, "environment-assisted fracture".
These two processes are mutually competitive. Stress-
assisted dissolution, by the action of microbranching and
blunting, actually inhibits mechanical fracture. Conversely,
if mechanical failure proceeds sufficiently rapidly, there
is no time for dissolution to take place before the crack
tip passes any particular point in the material. Thus the
two processes are not simply superimposed. Either one or the

other will dominate crack propagation. Both mechanisms will
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influence the rate of crack growth.

Under actual working conditions, some structures will
experience alternating environmental conditions. For
example, as a result of tidal wave action, part of a
supporting offshore structure will be alternately exposed to
air and immersed in sea water. The effects of this alternate
wet-and-dry environment have been the subject of several

investigations.

Barsom and Novak [165] investigated this effect on A514
steel. First, the specimen was stressed at 0.2Hz under full
immersion conditions 1in a 3% NaCl solution, then the NaCl
bath was removed and the specimen was left to dry in air at
room temperature overnight. The specimen was then replaced
in the formef salt solution and the test continued as
before. Barsom and Novak observed that the life of the

specimen was doubled due to delay equivalent to 115000

cycles.

Johnson et al [166] conducted tests on BS4360-50D steel
specimens subjected to an environmental cycle of 6 hours
immersed in sea water followed by 6 hours in air. Crack
growth delay was also observed during the drying period.
They suggested that partial drying out of the specimen would
concentrate the level of salt in the crack and hence lead to

an increase in temperature. Both effects might combine to
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increase the corrusion rate and to cause plastic blunting of
the crack tip, which effectively 1lowers the effective

A K values.

Morgan and Bretherton [167] also performed tests on
BS4360-50D Steel specimens subjected to intermittent
immersion. The results they obtained indicated that in
situations where the temperature in the vicinity of the
notch rouse significantly during the "dry" periods, crack
retardation and even total arrest occurred. They attributed
this retardation to a reduction in effective stress
intensity at the crack tip due to crack tip blunting by
increased corrousion. They also concluded that increasing the
"dry" to "wet" time ratio appears to delay the onset of
accelerated growth, and that 1large "dry" to "wet" time

ratios could cause total crack arrest.

Other experiments conducted by Hodgekiess [168] showed
similar retardation under extremely low or negligible

fatigue loading in place of exposure to a dry environment.

During such experiments, it is often necessary to stop
tests overnight. The effect of a rest period in an
environmental fatigue test is to blunt the crack so that
crack growth may be delayed when load cycling restarts.
After re-initiation, the crack, however, progresses

eventually as if nothing had ‘happened. 1In the present
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investigation, this rest period did not seem tu affect the
growth rate severely; however, after such a period the
cuorrosion fatigue crack was propagated for soume 2-3mm before

the actual readings were taken.

Fig. 4.22 shows a versus N at R=0.08 and loading
frequency of 30Hz. It is interesting to note that there was
a delay period of about 1.5 million cycles. At a crack
length of about 22.25 mm, the crack was suddenly arrested
for no apparent reason (i.e., no overlocad or other transient
influences were noted or introduced prior to arrest).
Although no fractographic evidence is available, it appears
that either microstructural inhomogeneity and/or excessive
micro-crack branching occured. Fig. 4.23 also shows a delay
of approuximately 2 million cycles at R=0.7 and cyclic
frequency of 30Hz. This delay may be attributed to the
deposited salt in the crack when the specimen was 1left to
dry during shackle replacement (approximately 5 hours).
Drying out the specimen will obviously increase the salt
concentration at the «crack tip. The retardation behaviour

would most probably be caused by blunting of the crack tip.

The results obtained at loading frequencies of 30Hz and
0.25Hz and two stress ratios (i.e., 0.08 and 0.7) showed a
considerable decrease of crack growth rates when compared to
the corresponding air data (see Fig. 4.25). The retardation
observed in a salt-water environment could be explained in

terms of solution chemistry and the mechanical interaction
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between fluid and crack tip geometry [169]. It 1is possible
that due to the nature of the channels used to collect the
fluid, the slow flow rate resulted in a rapid mixing of the
crack and bulk solution. This could result in a difference
in pH between the successive solutions at the crack tip
and/or the possibility of the wused fluid and corroded
products being depousited at the crack tip and causing
blunting which 1in turn reduces the growth rates. At lower
values of AK , the crack growth rate is low, and blunting
could occur as a result of general corrosion. However, at
higher values of AK the growth rates are higher and it |is
poussible that in this range the -environmental action

cumplements the mechanical stresses to enhance growth rates.

Tu and Seth [170] explained the retardation of fatigue
cracks 1in corrosive environments at low AK values in terms
of the effects of depusited corrosion products at the crack
tip which form a protective film and effectively reduce the
amount of further corrosion agents entering the crack tip,
thus causing a slower crack growth rate at low values of
A K and thresholds. At high values of AK where the growth
rate is higher the <corrosion products do not have enough
time to pile up, and corrosive agents can enter the fresh
fracture surfaces created during the loading cycle to cause

further embrittlement without delay.

Radon et al [171] suggested a dissolution process which

leads to crack blunting, the same mechanism responsible for
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the lower crack growth rate in sodium chloride solution than
in air at 1low test frequencies. The dissovlution process
contributes mainly by increasing the radius of curvature at
the crack tip, for which at high growth rates a longer time
will be necessary, since a larger volume of material will
have tou be removed. Thus, high growth rates do not favour
crack tip blunting. This explanation agrees well with the
present results, as there is less retardation at high growth

rates.

A stress-assisted dissolution model proposed by Rhodes
and Radon [164] suggested the occurrence of extensive
microbranching and crack tip blunting as a result of metal
dissolution. Both mechanisms, which have been previously
discussed, will influence the rate of crack growth. In the
present investigation, it appears that stress-assisted
dissolution dominated the process of crack growth. However,
no fractographic examination was made, and hence the
mechanism of micro-branching cannot be confirmed in the

present study.

It is interesting to note that where crack growth
continues at a reduced rate, a critical value of AK exists,
irrespective of loading frequency, beyond which rapid growth
ensues. This was observed for "as-received" welds. These
A K values are approximately 32 MNﬂn3/2at R=0.08, and 20

3/2

MN/m at R=0.7; however, more tests are needed on stress-

relieved welds in order to come to a general conclusion.
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The data summarized in Fig. 4.27 show that the
frequency effect woccurs only at high growth rates. At near
threshold and intermediate growth rates the data tend to
bunch together. This observation confirms those of other
investigators [43,51]. The results suggest two distinct
regions which are identified [51] as "frequency-independent"
and "frequency-dependent”, regions I and II, respectively.
In region I, where the growth rate 1is only AK-dependent,
the exposure of clean metal surface at the crack tip is a
rate-controlling mechanism. In region II, where the crack
growth rate 1is only frequency-dependent, it is likely that
some reaction-step in hydrogen-metal interaction at the

crack tip controls the growth rate.

4.6 CONCLUSIONS

The linear elastic fracture mechanics approach was used
to characterize the effects of stress ratio, frequency, and
salt-water environment on fatigue crack behaviour in BS4360-
50D steel butt-welded joints tested under ambient conditions
at 21°C. From the results obtained in the threshold and

8

medium growth rates (3x10~ mm/cycle <da/dN<2xlO-3

mm/cycle), the following conclusions may be drawn:-

l) Stress ratio and frequency of 1loading significantly
affect crack growth rates both in the parent material and

the weldment for the load range investigated. In general,
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the fatique crack growth rate increases with increasing
pusitive stress ratic and/or with decrease 1in cyclic
frequency for both parent plate and the weldment tested in
air at a given value of AK. The effect of frequency is more
pronounced at high stress ratios for the parent plate. The
effects of stress ratio and frequency can be adequately
described in terms of the crack closure concept and the

environmental effect of moist air.

2) A comparison of rates of fatigue crack growth in both the
"as-received" and "stress-relieved" weld material and the
parent plate in air suggest that fatigue crack propagation
will be faster in the parent plate due to £favourable

residual stresses in the weldment.

3) Fatigue crack growth in a weldment is highly sensitive to
change of AK, as shown in the data obtained (e.g., Fig.

4.10) by the narrouw range of stress intensity factor.

4) Salt-water solution does not enhance fatigue crack growth
rates in the weld material at low values of AK, The salt-
water enhancement of growth rates occurs only at mid and
high AK values (i.e., AK>30 MN/m3/2 at R=0.08 and AK>20

MN/m3/2 at R=0.7). High testing frequency and stress ratio
in welded joint specimens and iﬁ salt-water environment
produces transient effects showing characteristics of stress
corrosion in the region of 9< AK<12 MN/mP/z. Corrosion
fatigue crack growth rates increase with increase of stress

ratio and decrease of frequency. However, frequency produces

no effect at low AK values. A reasonable and conservative
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estimate of the fatigue crack growth rate 1in the weldment
can be made using growth rate results in the base material

as an upper bound and is represented by:

8

da - 9,0x 1078 (ar)3-°

dN

5) The decrease in crack growth rates of weld material 1in
salt solution at low values of AK can be explained by a
dissolution process as discussed in Section 4.5.3 which

leads to crack tip blunting.

6) Stress-relieving does not change the shape of the curves
in both air and salt-water environments, but only reduces
the stress intensity factor range, AK, showing
characteristics of compressive residual stress acting at the

crack tip.
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Figure 4.34 Weldment fracture surfaces showing a number
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Figure 4.35 Fatigue fracture in welded specimen across

a region of porosity
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Figure 4.36 SEM photograph showing area of microvoid

coalescence in the Paris regime

Figure 4.37 A typical striated area in the Paris
regime AK=20 MN/m3/2, R =0.7, £ = 30Hz
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Figure 4.38 SEM photograph in the threshold region

illustrating transgranular cleavage-like

fracture
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CHAPTER 5

SURFACE CRACK GROWTH OF BS4360-50D WELDED STEEL

5.1 INTRODUCTION

It has been increasingly widely recognized that defects
in welded structures introduced .during fabrication or
developed in service may become potential sources of
catastrophic failure. During the last decade much analytical
and experimental research has been accomplished on the
fatigue crowth and fracture of surface flaws and - the
development of accurate stress intensity calibrations for
semi-elliptical - cracks .in structures. This effort was
undertaken Dbecause the surface flaw has Dbeen the most
prevalent type of flaw in many classes of structure,
particularly in welded structures. Weld defects are the
common origin of surface flaws 1in welded Jjoints. Other
origins of surface flaws are inclusions, arc strikes,

corrosion pits, weld-border cracks, tool marks, etc.

A surface flaw may be completely embedded in a
structure or it may have grown to0 one surface or have
originated at a surface. Surface crack propagation is an
important problem which involves the development of flaws
just after their initiation. In many cases it can be shown
that a major part of the propagation time elapses while the
crack is a part-through crack. Analysis of fatigue crack

growth from a surface flaw of any configuration is usually

performed by considering the flaw to be a semi-elliptical
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crack for the sake of simplicity. The fatigue crack growth
properties are generally measured with specimens containing
through-thickness cracks, due to the fact that with them it

is easier to make crack length measurements and to
characterize the stress intensity factor, as well as to the

relatively low cost. It is important to confirm that the
same laws can be applied in. the case of crack growth in

specimens containing surface cracks.

To investigate the characteristics of crack growth,
surface crack propagation should be studied, and variations
in the shape of the crack and type of loading must be
carefully considered. Unfortunately, the fatigue data of
surface cracks is difficul£ either tc analyse or to obtain.
The problem 1lies, analytically, in the crack tip stress
intensity factor solution as described in Section 3.6.2 and,
experimentally, in the fact that crack propagation inside
the specimen cannot be measured directly since such

propagation is not visible to the naked eye.

Initial measurement of the growth rate of surface
cracks was made by surface observation using an optical
technique. Evaluation of crack depth, and therefore the
crack shape, was done by a heat tinting procedure [172], or
by an overload technique [173] which marks successive

fronts. It has been established +that the load level can

influence the crack shape and subsequent rate of fatigque

crack growth [174]. The development of potential drop
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calibration [117] facilitates the continuous monitoring of
the crack depth without interruption of the desired fatigue
loading. The present work employs the potential drop
technique to monitor the growth of cracks in the through-
thickness direction and to verify the validity of the stress
intensiti:éoiution recommended [138] for surface cracks in a
bending stress field. The emphasis of the analysis has been

on establishing a correlation between these growth rates and

those obtained from compact-type specimens.

5.2 EXPERIMENTAL PROCEDURES

Four-point bend tests were carried out using Dowty
electrohydraulic and Mayes servohydraulic fatigue machines
on parent metal, weldment, and heat affected =zone (HAZ).
These teéﬁéluéed SNP geometry, details of which are given in
Chapter 3. All the tests were performed in laboratory air at
20 ° C under ambient conditions. In the case of welded-joint
specimens and parent metal, some tests were performed in a

3.5% sodium chloride solution.

The method used to obtain low crack growth rates and
threéholds has been described in Chapter 4. It is, -however,
worth pointing out here that, for the notch geometry used in
this investigation, the deepest point of the crack front was

in a higher stress state than that at the surface since the

state of deformation for semi-elliptical surface cracks
varies from plane strain at the deepest point of the crack

front to conditions approaching plane stress where the crack
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front intercepts the free surface. It was assumed that a

higher stress state at the deepest point together with plane
strain conditions would produce a plastic zone size
comparable to the one on the surface where the conditions
are those of a lower stress state and plane stress, which
implies more extensive yield regions. Thus, the calculation

of +the plastic zone size was based on the K experienced

max
at the surface point.

The effect of stress ratio on surface cracks was
investigated, and tests were performed at R-values equal to
0.08 and 0.7 at a cyclic frequency of 30Hz. To investigate
the effect of frequency, some other tests were carried out
at 0.25Hz and stress ratios of 0.08 and 0.7 for parent

metal, weldment, and heat affected zone.

To evaluate the effect of residual stresses on fatigue
crack growth, tests were performed on stress-relieved
specimens at a stress ratio of 0.7 and cyclic frequency of
30Hz. The effect of residual bending stresses was
investigated, the tests Dbeing performed on welded joint
specimens with the notch located on both the compressive and

the tensile sides as discussed in Section 3.1.

Corrosion fatigue tests were performed on the parent
metal, and on both as-received and stress-relieved weldments

at R-values of 0.08 and 0.7 and a loading frequency of 30Hz
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in a 3.5% salt-water solution. The fluid was introduced into

the specimen notch at a flow rate of approximately 1.5

ml/min.

The details of specimen preparation and the rig used

are discussed in Chapter 3. All the specimens were pre-

cracked at a cyclic frequency of 30Hz using a low load range

/2

not exceeding 20 MN/m3
/2

giving K for the base metal, and

max

about 15 MN/m3 for the weldment and heat affected zone.

The propagated fatigue crack was allowed to grow for some 2
to 3mm at the required loading conditions (i.e., stress
ratio, frequency, etc.) before the actual test readings were
taken. This process ensured the elimination both of the
influence of short cracks at the original notch and of that
of load history on fatigue crack growth rate. All the tests
were performed at fixed load 1limits, i.e., constant load
amplitude, thereby allowing the crack to grow from its

original length to the final length as required.

The crack along the surface was measured using a
microscope mounted on a travelling micrometric stage, and
depth measurements (i.e., crack length in through-thickness
direction) were made using an A.C. potential drop microgauge
as discussed in Chapter 3. The experimental data were
recorded in terms of crack length, 2c¢, crack depth, a, and

corresponding number of cycles, N.
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A finite difference (secant) method was used to
calculate the crack growth rates, da/dN, dc/dN, from the raw
experimental data, which was possible because they showed

little scatter.

The stress intensity factors,Kc and Ka’ were calculated
using the solution proposed by Koterazawa and Minamisaka
[138] in conjunction with the correction factor proposed by
Holdbrook and Dover [140]. The half-crack length, c, and
crack depth, a, as used to calculate Kc and Ka' were derived
from the average of two successive readings as required to

calculate the corresponding crack growth rate.

5.3 RESULTS

The experimental results are plotted in terms of crack
growth rates, da/dAN and dc/dN, versus the corresponding

AK values for all the tests.

5.3.1 Base Metal

Figs. 5.1 and 5.2 show typicel a or c versus N curves
for the tests conducted in air at stress ratios, R, of 0.08

and 0.7, respectively, and loading frequency of 30Hz.

The threshold and mid-range surface crack growth

results in air are presented in Fig. 5.3. This shows the

results obtained for an SNP specimen tested at stress
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ratios, R, of 0.08 and 0.7 and loading frequency of 30Hz.
The results reveal the critical effect of stress ratio on
low crack growth rates and thresholds. However, at higher
growth rates there appears to be only a slight stress ratio
effect (i.e., the effect of stress ratio decreases with
increasing growth rates). From these results it is also
apparent that lowering the crack growth rate at the free

surface results in lower growth rates at the deepest point.

Fig. 5.4 shows the results obtained at a cyclic
frequency of 0.25Hz for R-values equal to 0.08 and 0.7. The
effect of stress ratio is slightly more pronounced at this
frequency at high growth rates than those of 30Hz. The
effect of frequency is illustrated in Fig. 5.5, which shows
that the growth rates increase with decrease in frequency.
From these results it is evident that the effect of stress

ratio increases inversely with loading frequency.

Figs. 5.6 and 5.7 show the present results at 0.25Hz in
air compared with the mean line through +the Thorpe et al
[175] results obtained from tests performed on a 38mm thick
SNP geometry.specimen of the same material. These authors
used a three-point bend rig and a cyclic frequency of O.lHz
at stress ratios, R, of 0.1 and 0.7. Their results compare
very well with the present results at 0.25Hz and an R-value
of 0.08, but not with those for 0.25Hz and stress ratio of

0.7 in which the differences between the results are

manifest.
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The present results are also compared with the results
obtained for CT geometry and are shown in Figs. 5.8 and 5.9
for loading frequencies of 30Hz and 0.25Hz and stress ratios
of 0.08 and 0.7, respectively. The results generally compare
very well, especially the low frequency tests, indicating
that the K-calibration used yields accurate data. However,
the tests at 30Hz, the low crack growth rate regime and
thresholds (i.e., the SNP results), indicate higher
AKth values. These AKth values were found to be 4.1 MN/m3/2
and 8.2 MN/m3/2 at stress ratios of 0.08 and 0.7,
respectively, and are average values of AK at the surface

th
and deepest point of the crack.

Fig. 5.10 shows the results of tests conducted in a
3.5% salt-water solution at 30Hz and R-values of 0.08 and
0.7. It indicates that,unlike the results obtained in air,
stress ratio has no significant effect on crack growth rates
in a salt-water environment at a loading frequency of 30Hz
for the load range investigated. These results are compared
with those obtained in air, Fig. 5.11. This clearly shows
that crack growth rates are higher in salt-water than in air
at both low and high stress ratios for AK values above 18

MN/mB-/2 at R=0.08, and 15 MN/m3/2

at R=0.7. However,

extrapolating the data obtained in the salt-water
. -5 c o

environment below 1 x 10 mm/cycle indicates that the crack

growth rate is the same and/or lower in a salt-water

environment compared to air. For example, at R=0.7, it
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appears that the crack growth rate 1is approximately three
times slower in a salt-water solution than in air (- see

Fig. 5.11).

Fig. 5.12 shows the present results for a salt-water
environment compared with the mean line through Musuva's
[144] results. He performed tests with the same material in
a salt-water environment using a 25.4mm-thick CT specimen
under identical loading conditions. His results for 1low
stress ratio compare very well with the present results.
However, at high stress ratios the present results indicate

a higher growth rate (about four times at AK=20 MN/m3/2).

5.3.2 Weldment

The threshold results for welded joint specimens tested
in air af stress ratios of 0.08 and 0.7 and a loading
frequency of 30Hz are shown in Fig. 5.13. As with the Dbase
plate, +this also illustrates the effect of stress ratio on
low crack growth rates and thresholds, which appears to

diminish at higher crack growth rates.

2
K values of 6.52 MN/m3/ 3/2

d 14.33 MN
max,th an /m

corresponding to R-values of 0©0.08 and 0.7, respectively,

were found (-see Fig. 5.13). These K values are the

max,th

averages of K obtained for the surface and deepest
max,th

point of the crack.
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The results obtained at a cyclic frequency of 0.25Hz in
air at stress ratios, R, of 0.08 and 0.7 are shown in Fig.
5.14. The effect of frequency is illustrated in Fig. 5.15 by
drawing the mean line through the results of Figs. 5.13 and
5.14. The results show the general trend observed, that is,
a decrease in frequency results in an increase in growth

3/2

rate at AK-values above 5 MN/m . Below this value the

frequency does not seem to have any effect on growth rate.

To evaluate the effect of bending residual stresses,
tests were performed on welded Joint specimens with the
notch orientated on the "compressive" side at R=0.08 and
cyclic frequency of 30Hz. This is shown, together with
results obtained from the specimens with the notch on the
"tensile" side, in Fig. 5.16. As can be seen the crack
growth rates in the specimen with the notch orientated on
the tensile side are higher than those in the specimen with
the notch orientated on the compressive side. This makes
clear that the notch orientation has a significant effect on
fatigue crack propagation in welded joints, and can result
in considerably different fatigue data when compared with
those of the parent plate. This can be seen in Fig. 5.17,
where there is no difference in fatigue crack propagation of
thé base plate and of the welded joint specimen with the
notch located on the "compressive" side, suggesting that the
compressive bending stresses reduced the effective stress

intensity factor at the crack tip.
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The comparison of growth rates in weld and base metal
given 1in Figs. 5.18 and 5.19 shows that, generally, cracks
grew more slowly in the parent material than in the weld
metal. The faster growth of cracks in the weld metal
suggests the presence of tensile residual stresses. The
difference in growth rates between the weld metal and parent

plate seems to increase inversely with frequency.

The present results are also compared with the results
obtained for CT specimens (see Chapter 4), as shown in Figs.
4,20 and 4.21 for loading frequencies of 30Hz and 0.25Hz,
respectively. These results do not agree with each other,
unlike the results for the base plate obtained for different
geometries. Nevertheless they indicate the important role of
residual stresses in fatigue crack propagation of butt-

welded joints.

Hardness measurements across the welded specimens in
"as-received" condition revealed the existence of a very
hard HAZ, with V.H.N.s of 232 at the centre of the weld and
approximately 360 in the HAZ. Hardness measurements were
also taken across the "stress-relieved" welded specimens.
These results are shown in Fig. 5.22, and indicate that

stress-relieving did " causeslight softening of +the parent

material.
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The results of tests on "stress-relieved" welds at
R=0.7 and 30Hz are compared to the corresponding results
obtained for "as-received" welds and are presented 1in Fig.
5.23. The Dbeneficial influence of stress-relieving, when
AK<10 MN/m 3/2mus*t: be attributed to the lowering of the

tensile residual stresses.

The effect of a salt-water environment on crack growth
rates at stress ratios of 0.08 and 0.7 and a cyclic
frequency of 30Hz is illustrated in Fig. 5.24. A comparison
with the corresponding in-air data is presented in Fig.
5.25, which indicates a salt-water enhancement of growth
rates at AK values above 10 MN/m3./2 . These data are also
compared with the results obtained from CT geometry in a

salt-water environment and are shown in Fig. 5.26.

The effect of salt-water on "stress-relieved" welds was
also investigated and is presented in Fig. 5.27, together
with the corresponding in-air data and, in Fig. 5.28, is
compared with the results for “as-received" welds in salt-
water solution. As can be seen from the summary graph in
Fig. 5.29, the salt-water enhancement only occurs after a
certain AK value is reached, but the effect of stress-

m3/2

relieving increases this value of AKto 16 MN/ , while for

the case of welded Jjoint specimens in "as-received"

3/2

condition, it is found to be 10 MN/m , probably due to the

nature of the residual stresses acting at the crack tip.
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5.3.3 Heat-Affected Zone

Fatigue crack growth results for HAZ in air are
presented in Figs. 5.30 and 5.31 for stress ratios of 0©0.08
and 0.7 and 1loading frequencies' of 30Hz and O0.25Hz,
respectively. These results indicate a considerable effect
of stress ratio on crack growth at low crack growth rates
and thresholds at 30Hz. This effect becomes less marked with
increase in crack growth rate. However, the effect of stress

ratio appears to increase with a decrease in frequency. For

R wvalues of 0.08 and 0.7 at 30Hz, K values of 6.52
max ,th
3/2 3/2. . N
MN/m and 14.3 MN/m , respectively, were obtained.

The effect of frequency is illustrated in Fig.5.32,
which confirms the general +trend observed, that is,

decreasing frequency resulting in higher crack growth rates.

These results are compared with the corresponding
results obtained for the base metal and the weldment and are
shown in Figs. 5.33 and 5.34 for a loading frequency of
30Hz, and in Figs. 5.35 and 5.36 for 0.25Hz, at two stress
ratios, 0.08 and 0.7, respectively. These results indicate
that the growth rates are generally higher in HAZ +than the
base metal after a certain AK\is reached, below which the
growth rates appear to be the same. These AK values are 10
MN/m3/2 and 6 MN/m3/2 at 0.25Hz and 30Hz corresponding to R-

values of 0.08 and 0.7, respectively.
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A comparison of results for HAZ with those for the
weldment indicates that the crack growth rates in HAZ are in
general similar to +those for the weldment at a cyclic
frequency of 30Hz. At low cyclic frequency (0.25Hz) and low
stress ratio, the curves for both HAZ and weldment tend to
run parallel, with the crack growth rates in HAZ being the
lower. However, at a stress ratio of 0.7 the growth rates in
HAZ and weldment are the same for AK values less than 5

MN/m3/2.

5.4 DISCUSSION

The primary task of the present investigation has been
to obtain accurate values of surface fatigue crack
propagation data for weldment in conjunction with suitable
computer simulation of such cracks. The descriptions of such
simulation and of the characterization of the shape of a
growing crack are given in Chapter 6, and the present
chapter is accordingly 1limited to a discussion of the

results presented.

5.4.1 Base Metal

The results for «c¢rack growth in air are plotted for
both surface and in-depth crack growth in Figs. 5.3 and 5.4.
The crack growth rates show good agreement with the results
of the CT tests, although there appears to be a slight over-
estimate of the threshold stress intensity factor range

AKth(see Figs. 5.8 and 5.9). This would seem to indicate a
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slight load history effect. The plastic deformation
associated with a crack tip exposed to mode I 1loading is
generally more extensive in plane stress than when a state
of plane strain prevails. In plane stress the absence of
lateral constraint creates more extensive yield regions
[176]. In the case of a2 semi-elliptical surface crack, the
state of deformation varies from plane strain at the deepest
point of the crack front to conditions approaching plane
stress where the crack front intercepts the free surface.
This 1is so because, since the state of deformation varies
along the crack front, so does the degree of plastic
deformation. A number of models have been proposed for
determination of the plastic zone size. A Dbrief discussion

of these models is given bellow.

Rice [177] estimated the plastic zone size under plane
stress conditions and perfect plasticity for a semi-infinite
crack in a large plate. The maximum dimension of the plastic

zone involved,rp . was found to be

T, = — [Oy] ,(5.1)

where K is the stress intensity factor and Uy the uniaxial
yield strength. Under conditions of plain strain, the
problem has been treated by Keer and Mura [178], who studied
a circular crack of radius a subjected to a remote uniform
tensile stress field. They found the plastic zone size to be

given by



24-%
— 1 - o .(5.2)
rD = a o -1
Yy

A number of other models have been proposed fcr
estimating the plastic zone size under small scale yielding

and plane strain conditions, among them that of Irwin [179]:

r = 0.053 ( —%_ )2 ,(5.3)
p oy

and that of Liu [180]:

_ K 2 (5.4
r, = 0.13 (Oy ) (5.4)

These models are based on a two-dimensional representation
of the crack geometry and hence their applicability to the
surface crack configuration, where free surface effects are

predominant, is dubious.

Ayres [181] +treated +the problem using a finite-
difference technique for determination of the three-
dimensional stress and deformation field in the neigbourhood
of a semi~-elliptical surface crack in a thick plate. The
material was assumed to be elastic and perfectly plastic. He
showed that the plastic zone at the deepest point of a
surface crack having an aspect ratio of 0.5 at a high
applied stress of 0.88 Oy’ penetrates to the back surface.
However, the critical crack depth when the plastic zone

reaches the back surface can be approximated for semi-

elliptical surface crack in bending stress field as follows.
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Stress intensity factor at the deepest point of a

surface crack is given by Koterazawa and Minamisaka [134] as

U\/E‘— ,(5.5)

172 E (k)

where M; and M, are correction factors, a is crack depth and

0 1is the bending stress.

The elastic stress field ahead of the crack tip is

given by:

o =K /\/Zvr ,(5.6)

where r is the distance from the crack tip. The plastic zone

size can be written as
= 2r , (5.7
o P ( )

where rp is the radius of the plastic zone and which can be

calculated by substituting 0 = 0/ (yield stress) into

Equation (5.6).

When the plastic zone reaches the back surface, the

critical depth &5 is given by

a =B—p .(5.8)
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Substituting Equation (5.7) into (5.6), we obtain

,(5.9)

K
V TP
K = Oy ‘v ﬂ (B—ap) .(5.10)

From (5.5)

o Tap _
My M, —%g—e = oyv Tr(B-ap) (5.11)

R L I =‘/' m (B-ap) (5.12)
E (K) o -
v nap
o B
MM, ——mr = — -1 (5.13)
12 cyE(K) OY

5
or (—aB— - l) = Mle (-—O‘—E—'.P(;R)— ) .(5.14)
p Y

Therefore, the required value of ap can be numerically

obtained from Equation (5.14).

Thus, from the foregoing brief discussion of the

problem of plastic =zone size, it can be seen that most of
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the formulée estimate the size of plastic zone only in two
dimensions. In the present investigation the threshold crack
growth rate measurements were based on the crack at the
surface of the specimen where plane stress dominates. The
plastic zone size was calculated using Rice's formula
(Equation (5.1)), which appears to underestimate the size of

the plastic zone and hence resulted in high AKthvalues.

These results also jndicate a slight overestimation of
the stress intensity factor at the deepest point of the
crack. To reach the threshold stress intensity factor range,

A the stepping-down load technigue was used. It was

Kth'
expected that taking the crack at the surface to low growth
rates and thresholds would have led to AKth at the deepest
point. However, as the crack increases in depth, the
stresses at the crack depth become smaller because of the
stress gradient due to the bending stress field, and the
rate of growth becomes less; nevertheless, the crack 1length
is not exposed to a change in stress as the applied stress
at the surface is constant. Therefore, it is expected that
the change in crack depth with respect to crack length will
become smaller as the crack becomes larger, which would
result in very low growth rates and a much higher threshold
stress intensity factor. A simplified model of bending

stress distribution would predict that the crack depth would

asymptotically approach the mid-thickness where the stress

is zero but compressive beyond the mid-thickness.
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The crack growth data for semi-elliptical cracks appear
to show a higher stress ratio dependence than those of the
previous CT specimen. This can be discussed in terms of the
crack closure concept. Although the detailed mechanism of
the interactions between the growth of the crack and plastic
flow 1is beyond the scope of present work a brief discussion

follows.

Due to the ductility of the material used, cyclic
loading produces a plastic zone at the crack tip. Rice [19]
has subdivided this plastic zone into two parts: a forward
plastic zone and a reverse plastic zone, with the tensile
deformation in the forward plastic zone being compressed in
the reverse plastic zone, and the reverse plastic zone
containing most of the deformation generated during a load
cycle. It is thought that the reverse plastic zone is mainly
responsible for the residual tensile displacement at the
crack's free surfaces, and for the compressive stresses
which ultimately 1lead to crack «closure at lower applied
stresses. Increasing the R-value at constant Qmax leads
to a reduction of crack growth rate and also decreases the
size of the reverse plastic zone, since.AK gets smaller.
Thus the residual tensile displacement also decreases
gradually with increasing crack depth ( AK decreases
gradually also with increasing crack depth due to the stress

gradient in the bending stress field) until new appropriate

zone sizes are obtained. Therefore, it is expected that
blunting behind the crack tip increases at any constant R

with increasing number of fatigue cycles and consequently
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leads to more crack closure.

A change in growth rates depending on the test
frequency was observed for both stress ratios between the
two sets of results (see Fig.5.5), the crack growth rate at
0.25Hz being approximately two-and-half times faster than at
30Hz, for AK=15 MN/m3/2 and stress ratio of 0.08, and three

times at AK=8 MN/m’ 2 at R=0.7.

This reduction 1in crack growth rate as a result of
increase in loading frequency was the same for all specimen
types. However, this frequency dependence was more
pronounced for surface cracks (see Fig. 5.5). Hydrogen
embrittlement 1is often used to explain this effect. In this
an extra active mechanism is necessary to rationalize the
retenticn of the frequency dependence of growth rate to
higher AK, despite the observed similarity of the growth
rates obtained for different geometries. Such a mechanism,
which produces uniformly accelerated growth with a decrease
in frequency, has been ascribed at high temperature to an
environmental interaction for which an activation energy can
be measured [182]. It is therefore suggested that these
observations can be rationalized in terms of further
parameters which determine the crack growth rate in the
intermediate and high regimes. Firstly, at high stress
intensities, where crack extension is very rapid due to

purely mechanical effort, static parameters such as yield

strength and fracture toughness would be expected to
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uniquely define a particular growth rate. Secondly, at low
stress intensities, a further mechanism needs to be active
to hinder the both inherently faster and environmentally
enhanced crack growth rate that has been proposed for the

intermediate range.

In this context it has been proposed by Walker and
Beevers [183] that growth rates can be significantly
modified by a "non-closure" mechanism arising from the
combination of out-of-plane c¢rack growth and a relative
displacement between the fracture faces. Clearly, the degree
of "non-closure" would be accentuated at low AK values
where the crack-opening displacements are small. This model
has been extended by Suresh et al [184] to include fretting-
enhanced oxidation of the newly produced crack faces,
leading to an accumulation of very fine debris and therefore
increased contact at the minimum applied load, in particular
adjacent to the «crack tip. This would imply that the
inherently faster, less out-of-plane, growth at 0.25Hz could
be counter-balanced by increased non-closure resulting from

oxidation products.

For growth rates belowlxloa%dcycle, divergence of
growth rates can be seen between the +two crack
configurations (i.e., CT and SNP). The occurrence of these

reduced growth rates at 1low stress intensities, and
therefore at necessarily short crack 1lengths and low

stresses, suggests the possibility of an error in either the
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stress intensity calibration or the correction factors used.
However, threshold tests which were based on the surface
position of the crack tip by varying the applied load‘range,
resulted in very low growth rates. This low rate correlated
well with the value to be expected from the subsurface
position, AKth,but the stress intensity calibration at this
position decreases with respect to the surface value for
long crack lengths. Hence, it might have been expected that
taking the crack at the surface to low stress intensities
and thresholds would have led to a decrease in growth rates
at the deepest point. Therefore, the observed behaviour may
be interpreted as representing an effective acceleration in
growth rate followed by a deceleration of subsurface crack
growth with increasing crack length at the surface position.
This indicates that there is no systematic error in the
stress intensity calibration, rather, the actual growth rate
changes due to the stress gradient. It is likely that these
changes could arise either from some feature of the crack
front curvature or from the rates of plane stress to plane
strain growth, which are greater for the surface notched
geometry. It could also possibly be due to the fact that the
mechanical properties in +the transverse and through-

thickness directions are different (see Table 3.1).

Hence, it is proposed that, even if the shape of the

crack has an effect on crack growth rate, the greatest

proportion of the high AK retardation at the deepest point

of the crack as observed arises from the effect of +the

stress state on fatigue crack propagation. Moreover, should
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the plane stress growth be brought about by a significantly
different mechanism than that due to the bulk of the test-
piece, then the degree of retardation produced could well be

further increased.

Despite using standard A.C. potential drop microgauge
monitoring probes, it was estimated that linearity and hence
predictability in crack depth calibration was only achieved
with crack depths in excess of O0.5mm. Nevertheless, the
ability to measure crack depth without recourse to
predictions based on such microgauge readings was considered
highly desirable, particularly for threshold tests (i.e.,

very low growth rates).

The results of the present investigation are compared
with those of investigations carried out by Thorpe et al
[175] on the same material and specimen geometry under
three-point bend tests. It is found that the results of both
tests are comparable under similar test conditions (i.e.,
environment - see Figs. 5.6 and 5.7). However, Thorpe et al
carried out tests on 38mm~-thick plates and growth rates

higher than 1xlO--5 :

mm/cycle at R=0.1, and 1x10 -"mm/cycle at
R=0.7 i.e., only over one order of magnitude. There is a
considerable difference between the present results at R=0.7
for the deepest point of the crack front and the results of
Thorpe et al, the present results giving much higher growth
rates than those of the other authors; for example, at a

3/2
AKX of 10 MN/m the growth rates of the deepest point of
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the crack front in the present results are one order of
magnitude higher than those obtained in the latter
investigation. Although the authors used the same K
calibration as in the present case, it appears that their
measurements of crack depths were in serious error. However,
as 1s shown 1in the next chapter, computer simulation of a
surface crack predicts a much higher growth rate for a 38mm-
thick section than for a 24mm, the present case. Ideally the
crack growth rate data for a 38mm-thick section should be

consistently higher than the present data.

The results of corrosion fatigue are shown in Fig.
5.12. They indicate that the BS4360-50D steel studied is
slightly sensitive +to a change in stress ratio in a salt-
water environment and that the relationship describing the
intermediate range of growth (i.e., Paris equation) has an

exponent of 2.7, a value arrived at by other workers [143].

The results obtained at a frequency of 30Hz in salt-
water solution showed increased growth rates for AK values
above 15 MN/mB/2 compared to in-air results. However, on
the basis of extrapolating the growth curves there appears
to be a lower growth rate for lower AK values (<15 MN/mB/2 ).
This indicates that the effect of the environment is more
important in the intermediate stages than in the early

stages of crack propagation. This viewpoint has been shared

by many investigators [e.g., 185, 186], who are of the

opinion that the predominant effect of environmental attack
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is experienced when crack length, and hence growth rates,

are comparatively large.

The role of the environment in producing enhanced crack
growth rates has been viewed as essentially the same
mechanism in both true corrosion fatigue and stress
corrosion fatigue, but with differing effects in the latter
[52]. In aqueous environments and in hydrogen-bearing
environments, the mechanism of environmental enhancement of
crack growth rates 1is seen as the result of hydrogen
embrittlement. Briefly, a reaction takes place between the
surrounding medium and the freshly exposed metal surface at
the crack tip, leading to the absorption of atomic hydrogen.
These hydrogen atoms diffuse into the metal to recombine at
a suitable site within the plastic =zone and hence cause
embrittlement localised in the crack tib region. The
production of hydrogen gas in specimens in which the metal
sur faces were not completely dried has been reported
previously (1871, and indicates that a hydrogen
embrittlement mechanism must be considered a wvalid

proposition.

Holder [188] attributed the reduction in fatigue crack
propagation rate in the presence of a corrosive environment
to adsorption of salt-water molecules on the ultra-clean
surface of the newly formed slip-steps. This adsorption
model for corrosion fatigue requires a surface-active

species of solution which becomes attached to a metal-metal
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bond and reduces the total energy balance in the system
[189], and is therefore thermodynamically favourable. This
may be the source of the energy required to transport salt-—
water molecules adsorbed on the notch surface towards the

active crack front.

Musuva [143], who conducted tests on BS4360-50D steel
under identical mechanical and environmental conditions
using CT geometry, did not observe any effects of stress
ratio. His results compare well with the present results at

/2

AK values below 20 MN/m3 However, the present results,
for example at R=0.7, predict a crack growth rate three
times faster than that which he predicted. This acceleration
of the crack growth can be attributed to the types of
specimen used under different loading conditions (i.e.,
tension and bending). Surface cracks in bending appear to be
more sensitive to corrosion-product wedging and thus allow a
more meaningful assessment of corrosion fatigue. However,
once accelerated surface crack growth has been initiated,
crack extension seems to be more rapid than for the through-
thickness cracks, as the corrosion products can build up a
higher stress intensity and consequently a higher effective

stress intensity factor in the surface-notched specimens in

bending, and hence give rise to a higher growth rate.

5.4.2 Weldment

The relationship of crack growth rate to AK for a

surface notched weld specimen is shown in Figs. 5.13 and
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5.14 for loading frequencies 30Hz and O0.25Hz. It may be
clearly seen that, wunlike the case for CT geometry, the
fatigue crack propagation rate did not vary substantially
despite the change in the stress ratio from 0.08 to 0.7 at
30Hz. These results suggest that the tensile residual
stresses 1in welded joint specimens are large enough to pull
the crack fully open but to induce no effects of tensile

mean stress on the fatigue crack propagation properties.

This is in agreement with an investigation carried out
by Maddox et al [33] on the effect of stress ratio on
structural steel. They studied the crack-closure phenomenon
by observing the behaviour of strain gauges fixed alongside
the c¢rack path. They found that it was not quite true to
suppose that crack closure occurred at zero stress. For
steels studied they observed that closure always occurred
towards the bottom of the tensile part of the cycle, but
while the applied stress was still tensile. By studying the
closure stress they were able to propose an effective stress
intensity factor range,AKeff , which was that part of the
AK range over which the crack tip remained open. Harrison
[190] related this behaviour to the effect of residual
stresses, and suggested that, if the residual stress 'is at
yield in tension, there will be 1little effect of an
externally applied R-ratio since the local stress ratio will
be positive. However, 1if the local stress range is large
(i.e., greater than yield), the local stress ratio could be
negative. Therefore, for a welded specimen, if the applied

stress range is small, the effective R-ratio is positive,
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but, 1if the stress range increases, the effective R will
decrease until, when the stress range is equal to yield, the

effective R will be zero.

Observation of the effect of frequency in the present
study (see Fig. 5.15) confirmed the general trends discussed
above. Increasing frequency from 0.25Hz to 30Hz caused a

reduction in crack growth rates.

As mentioned in Chapter 3, butt-welding of plates
usually causes some angular distortion. The reasons for this
angular distortion are these: the first run of weld cools,
contracts, and draws the plates together; the second run has
the same shrinkage effect, since the contraction forces are
resisted by the solidified first run which acts as a fulcrum
for angular distortion; however, subsequent runs increase
this effect and are only slightly influenced by the

counteraction of the capping welding.

Although the use of a double-Vee preparation is
recommended [191] in order to balance the shrinkage stresses
about the neutral axis of the section, with consequent
elimination of angular distortion, some angular distortion
will still be present. Such a joint preparation was used in
this study, but it was found that most of the plates were
still slightly distorted. Angular distortion suggests the

existence of residual bending stresses. Grinding to make the
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sides of the plate parallel would release some of these
residual bending stresses. In fatigue tests under Dbending
loads, the remaining residual bending stresses appear to
have a considerable effect on crack growth rates, depending
on the side measured (see Fig. 3.6) where the residual
bending stress is either in the direction of the applied
bending stress or 1in the opposite direction, referred to
here as the "tensile" side and the "“compressive" side,

respectively.

In order to investigate the effect of these residual
bending stresses on fatigue crack propagation, tests were
performed on specimens with the notch located on either the
"compressive" side or the "tensile" side. The results show
the importance of these residual bending stresses and their
effect on the fatigue crack growth (see Fig. 5.16). From
these results it appears that when the notch is positioned
on the "compressive" side the resultant bending stress is
less than the applied stress, as the applied and residual
bending stresses are in opposite directions. In contrast,
the notch on the "tensile" side increases the resultant
bending stress at the crack tip since both the applied and
the residual bending stresses are in the same direction. An
interesting feature of fracture surfaces of welded specimens
with the notch located on the compressive side was the
observation of a "“turn-back zone" which is shown in Fig.
5.37. Curse et al [172] who studied the development of the

shape of the semi-elliptical surface cracks by the heat-

tinting method also observed the turn-back =zone. They
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attributed +this effect to the residual compressive stresses
at the specimen's free surface. The surface compressive
stresses appear to keep the crack tip (at the free surface)
closed during a part of the cyclic loading, thereby reducing

the cyclic damage for a given amount of remote loading.

Burk and Lawrence [192] observed that small joint
distortion resulting from welding can induce significant
bending stresses. They calculated such stresses by partially
straightening the specimen under load, and concluded that
the induced bending stresses depend upon Young's modulus and
the size of the joint distortion, and should be taken into
account in the calculation of the fatigue crack propagation

time.

To extend the safety margin for design, all the results
reported here were obtained with the initial notch
positioned on the "tensile" side, with the exception of
those obtained in investigating the effect of residual
bending stresses. Therefore, the results presented are

somewhat conservative.

The inferiority of the fatigue properties of welded
joints to those of base metal has been attributed to the
tensile residual stress of the welded joint used in as-
welded condition [109]. Many investigators [e.qg.,

109,193,194] have measured +the welding residual stresses
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parallel to the longitudinal direction of welding wusing an
X-ray technique. They found that the residual stress was
tensile near the middle but compressive near the edge of the
test-piece. This trend persisted after machining the
specimen. Ohta et al [109] also measured the crack closure
and observed that the crack was fully opened during the
whole range of 1loading in welded specimens and suggested
that the effective stress intensity factor range, AKeff’
was equal to the stress intensity factor range, AK, in
welded specimens, while 8K ¢r was smaller than AKX in the
base metal specimens. Since crack growth rates depend upon
AKeffraised to some power, these closure results explain why
crack growth rates in the welded Jjoints are larger than
those in the base metal. The observation of crack closure
also confirmed the suggestion that the stress ratio effect
in the Dbase metal will diminish in welded Jjoints as

discussed earlier.

A comparison of the weldment results with those for the
parent metal indicated the presence of tensile residual
stresses at the crack tip in the direction of the applied
stress. These stresses were superimposed on the applied
stress and increased the resultant stress at the tip of the
growing crack which resulted in an increase in the rate of

growth.

To confirm the assumption that the tensile residual

welding stresses were the main cause of fatigue crack growth
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change in the weld as compared with the base metal, the
characteristics of fatigue crack growth in stress-relieved
welds were determined. From the evaluated experimental
results it follows that in the stress-relieved specimens the
rate of fatigue crack growth decreased and approached the
growth rates of the base metal. Further confirmation of high
tensile residual stress and/or the combined effect of
residual bending and tensile stresses is indicated by the
observation of local yielding on the surface of welded joint
specimens (see Figs. 5.38 and 5.39) which took place at
applied stresses much lower than yield stress (oappzo'40y ).
Furthermore, to ensure that the 1local yielding was not
caused by overloading but was indeed the result of residual
tensile stress, a weld specimen was prepared with the notch
located 40mm away from the weld axis and on the base plate.
Fatigue tests were carried out under the same loading
conditions, and it was observed that local yielding occurred

around the weld, as shown in Fig. 5.39.

In the present investigation attempts were made to
measure residual stresses; this proved to be difficult,
however, the only reasonable conclusion that could be
reached, based on the results from stress-relieved weld and
from observation of local yielding, being that the residual
stresses may be of +the order of magnitude of the yield

stress. Nevertheless, it would be worthwhile measuring such

stresses since the observed differences in fatigue crack

propagation rate might thus be quantified more accurately.
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Comparison of the results obtained for SNP geometry
with those for welded joint CT specimens demonstrated the
fact that the residual stresses acting at the crack tip have
differed, most probably by going in opposite directions,
thereby resulting in the superiority of the fatigque crack
propagation rate of CT geometry and the inferiority of SNP

geometry to those of the base plate.

The introduction of a salt-water environment was found
to have a significant effect on fatigue crack propagation
rates in welded Jjoints in a Dbending stress field for
AK values greater than 8 MN/m3/2; below this AK  value the
crack growth rate in the weldment appears to be the same as
or lower than the in-air data. As with the results in air
the stress ratio does not have a significant effect in a
salt-water solution because of high tensile residual
stresses. Higher crack growth rates in salt-water have been
reported before [195], but there is evidence that at 1low
stress intensity values (i.e., low values of crack depth,
length and stress range), crack growth rates in air and
salt-water do not differ substantially [196]. As low stress
intensities account for the major part of fatigue 1life,
there 1is only a negligible influence from the salt-water

environment and this was confirmed in [197].

The effect of a salt-water environment on crack growth

rates increases slightly with increasing stress ratio. At
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R=0.08 the environmental acceleration of crack growth in the
weldment is about the same as for the in-air data. However,
at the highest stress ratio of 0.7, the crack in a salt-
water environment grew faster than in air. This effect was
also observed by Vosikovsky [198], who tested HY130 steel

weldments in air and 3.5% NaCl solution.

5.4.3 HAZ
As indicated earlier, crack growth rates are higher 1in
the HAZ than in the parent metal. For example, at AK =20

MN/m3/2

. the growth rates in HAZ are 3 times higher than the
corresponding values in the base material. This trend holds
true for +tests at 30Hz, a fact which directs our attention
immediately to two variables as possibly having a critical

effect on growth rates in HAZ, namely, residual stress and

microstructure, as discussed below.

The residual tensile stresses appear to interact with
the applied opening 1loads, resulting in a considerably
higher value for the critical crack tip stress intensity.
Fatigue cracks in HAZ started from the machined notch at an
angle of between 2° and 5° from the plane of symmetry away
from the weld. This deviation appears to be caused by non-
symmetric residual forces on both sides of the crack plane
and a non-symmetric plastic zone at the crack tip which are

caused by the different flow strengths of the weld metal and

the base material. As the crack advances, the crack tip

appears to deviate towards the softer regions. This results
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in a greater rate of growth and a corresponding larger
plastic zone [104]. Just how much of the deviation effect
can be attributed to the variation of flow stress and how
much to the residual stresses clearly needs further

research.

The possible deleterious effect of microstructural
changes during the welding process is highlighted by the
extreme susceptibility of the hard HAZ structure developed
in the steel investigated. It has been suggested that a very
small heat input, such as if the weld bead were small, or in
thick plates (i.e., the bulk of cold material surrounding
the weld would have a higher cooling rate), will result in a
very hard HAZ and a brittle microstructure [199]. However,
it should be borne in mind that such unfavourable welding
conditions can hardly be avoided in practice when

fabricating large welded structures.

The dominant role of microstructure in determining the
mechanism by which fatigue cracks propagate in HAZ and the
associated material is clearly indicated in the results
given in Fig. 5.22. The hardness of HAZ is attributed to the
presence of large grains containing martensite. This is the
hardest constituent found in steel and its presence accounts
for the high hardness recorded. Its formation is due to the
rapid fall in temperature of welded plate during cooling.

The fracture surfaces of HAZ specimens were dgenerally

rougher and were crystalline in appearance.
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Some authors [200] suggest that +the fatigue «crack
growth rates 1in HAZ are independent of microstructure and
are only influenced by the residual stresses. However, the
fractography of the failed HAZ specimens revealed regions of
intergranular and trangrsanular fracture (see Figs. 5.40 and
5.41). Fatigue cracks propagate more rapidly and over large
distances mainly because of the intergranular fracture
mechanism acting on large grains. Hence, it appears that the
average rate of fatigue <crack growth under a mixed
intergranular and transgranular fracture mechanism will be
higher than for a crack which propagates th?ough the
transgranular mechanism alone. This was also observed by
Maddox [201] who studied crack growth behaviour of HAZ in
BS968 steel. He found that the rate of crack propagation was
reduced by thermally stress-relieving the HAZ. The
fractography of fracture specimens showed some areas of
intergranular fracture but the proportion of intergranular
fracture was much less than that observed in the as-received
specimens. He attributed the lower growth rate of the crack
propagation obtained from stress-relieved specimens to the
lower incidence of intergranular fracture. This was the case
in the present investigation, which indicates: that the
variation in microstructure at a weld shéuld be taken into
account as well as the residual stresses when analysing

fatigue in welded structures.

Although a limited amount of work has been carried out
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and the conclusions are somewhat tentative, the evidence
does point to the fact that fatigue safety in welded joints
depends on the HAZ having a similar hardness to that of the
base metal. Therefore, pre-heating precautions should be
taken where possible, before welding such materials, to

avoid hardened HAZ.

Due to the difficulty in determining the exact residual
stress distribution in a structure, and also due to the
inherent variability of such stresses in even strictly
controlled welding processes, it seems reasonable to use the
upper bound of the scatter band for the weldment as a
conservative estimate for the fatigue crack growth rate in

regime II of HAZ. This is given by

da
dN

= 1.35 x 1078 (ak)?-2

.(5.15)

5.5 CONCLUSIONS

1) The stress intensity factor solution used for surface
cracks in 24mm-thick specimens gave a good correlation with
the results obtained for specimens of the same thickness
containing through-thickness cracks in the parent metal.
However, at low values of AK there was a marked difference
between the results, which was probably due to the failure
of the correction factor at 1low values of AK and/or

underestimation of plastic zone size due to the complexity
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of plastic zone effects on surface cracks.

2) For the parent plate, crack growth both at the surface
and 1in the through-thickness direction generally increased
with stress ratio, this effect being most significant at low
growth rates, can be explained in terms of crack
closure. The comparison of growth rates for surface cracks
and through-thickness cracks indicated that the surface
cracks are more sensitive to stress ratio in regime II than

through-cracks.

3) The effect of frequency in the 24mm-thick BS4360-50D
steel was the same as observed in the CT geometry tested,
that is, decreasing frequency results in increased growth
rates. However, comparing the results obtained er different
frequencies, it appears that frequency has no effect at low

values of AK and thresholds.

4) A comparison of present results with those obtained by
other investigators [175] on the same material showed a good
agreement at low stress ratio(i.e., R=0.08); however, at
high stress ratio of 0.7 the present results predict higher

growth rates.

5) A salt-water solution (3.5% NaCl) enhanced fatigue crack

growth rates for AK values above 18 MN/mB/2 at R=0.08 and 15

3/2 .
MN/m / at R=0.7. Corrosion fatigue «crack growth rates
increase with stress ratio. However, from extrapolating

corrosion fatigue curves it appears that for early stages of

. . . -5
crack propagation 1in a salt-water environment (<10



-218-

mm/cycle) the growth rates are lower than in air.

6) For butt-welded specimens the surface crack growth was
faster than in the parent material due to the tensile
residual stresses. This was confirmed by observation of
local yielding which took place on the surface of welded
specimens, suggesting the presence of tensile residual
stresses. Moreover stress-relieved specimens showed better
fatiqgue properties, and their surface crack growth rates
were comparable to those of parent material for a given

value of AK.

7) The crack growth rate data obtained for part-through
cracks in butt-welded Joints did not correspond to the
results obtained from CT geometry. They showed much higher
growth rates when compared to the latter. This indicates
that the resultants of residual stresses acting on the crack
tip were in opposite directions. It is therefore the case
that the inferiority of the properties of butt-welded joints
used in the investigation must be due to tensile residual
stresses within the welded Jjoint specimen used in as-

received condition.

8) To obtain consistent data from fatigue tests on
laboratory sur face-notched butt-welded specimens under
bending loads, it 1s important to use the same notch
orientation for all specimens, as there exist bending
residual stresses which are added to the applied bending

stress (i.e., increasing the effective stress intensity at

the crack tip) on one surface of the specimen, and
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counteract the applied stress if the notch is located on the

other surface of the specimen.

9) Enhancement of crack growth rates because of salt-water
environment in welded joint specimens appears to occur at
AK values above 7 MN/m3/2 , below which the growth rates
seem to be lower in salt-water than in air. The same
behaviour was observed for stress-relieved specimens in salt
solution, but the cross-over from lower to higher growth

3/2

rates occurs at AK values of approximately 10 MN/m .

10) There was no significant difference in crack growth rate
data obtained for SNP geometry for the weld metal and HAZ at
30Hz. At cyclic loading of 0.25Hz, however, the crack growth
rates in HAZ seem to be lower than in the weld metal. In
general, crack growth rates in HAZ are higher than those in
base metal at high frequency. However, at 1low frequency

(0.25Hz) and 1low AK wvalues (<9 MN/m3/2

at R=0.08 and <4.5
MN/m3/2 at R=0.7), the crack growth rates in HAZ approach

those in the base material.

11) The higher crack growth rates in HAZ as compared with
the base metal are attributed to the presence of, tensile
residual stresses and the microstructure of HAZ. The
hardness test showed the presence of very hard HAZ, which is
associated with large grains containing martensite.
Fractography of the failed HAZ specimens revealed regions of

both intergranular and transgranular fracture.
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Figure 5.38 Local yielding on the surface of welded
specimens as a result of high residual

tensile stress

Figure 5.39 Local yielding around the weld in a specimen
with the notch away from the weld



-258-

Figure 5.40 SEM photograph of HAZ illustrating

intergranular fracture

Figure 5.41 HAZ fracture surfaces showing

transgranular fracture mechanism
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CHAPTER 6

COMPUTER SIMULATION OF SURFACE CRACK PROPAGATION

6.1 INTRODUCTION

Surface notches and flaws in welded structures have
long been recognised as major sources of potential failure.
The subcritical or stable flaw growth stage usually involves
complex geumetric shapes and varying stress intensity levels
along the flaw border, resulting in a very complex class of
three-dimensional cracked boudy problems. However, progress
in numerical methods of analysis and improved computer
storage capacities are resulting in more powerful

approximate methods.

In predicting crack growth, the linear elastic fracture
mechanics approach 1is wusually adopted. This approach is
especially convenient 1if the stress intensity factor
distribution along the surface crack perimeter has been
established. As Adiscussed in detail in Chapter 3, the
solutions obtained for the stress intensity factor for a
surface crack by different investigators disagree with each
other, 1in some cases considerably. Therefore it can be
concluded that a correct prediction of the growth of surface
cracks depends on an exact calibration of stress intensity
as well as on the uniformity of the material resistance to
cracking. If crack growth is estimated under these
conditions, the results are more 1likely to agree with

experimentally observed crack development.
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Surface cracks are known to change shape as they grow,
under certain conditions. Thus it is desirable to be able to
predict the changes of shape, as related to flaw shape,
width and thickness, in order to determine if fracture will

vccur either as a part-through crack or as a through crack.

Analysing the fatigue data obtained during this
investigation for surface cracks, it was shown that the
stress intensity calibration (Equations (3.12) and (3.13))
correlated well with the results obtained for CT geometry.
This foundation gives confidence in predicting the growth of

surface cracks.

6.2 FATIGUE CRACK GROWTH MODEL

Paris [8] first proposed a fatique crack propagation

law as:-

2 - ¢ ™ .(2.12)

Subsequent investigators [32-36] have modified Equation
(2.12) to take account of a variety of factors including
stress ratio, crack closure, threshold stress intensity and
the <critical stress intensity of fracture. One of these

modifications, proposed by Branco et al [32], is given by:-

~da _ o (6.1)
ay -~ A !
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2 2
5 - (1-R®) (AK™ ~ AK AKth)
2 2 2
ch. (1-R)” = AK 1 (6.2)

where A and o are constants.

Equation (6.1) is used in the present investigation to
predict crack growth and prupagation life. This is achieved
by a computer program that numerically integrates the
equation cyclé by cycle to obtain the crack increment and
hence the crack length. The constants wused 1in Equations

(6.1) and (6.2), A, d, and A were determined

Ken
empirically from the results of the fatigue tests on the
base metal and weldment described in the previcus chapter;
ch-for base metal is given by Radon [202] but was estimated

for the weldment. It was assumed that the threshold wvalues

of stress intensity for 0.25Hz and 30Hz are the same.

As discussed in Chapter 5 there was a slight difference
in the slope of the growth rate curves for the crack at the
free surface and at the deepest point of the crack €front,
probably due to different states of deformation (i.e., plane
stress and plane strain), resulting in slight differences in
A and d. Equation (6.1), which was used to obtain the new
crack shape and size at the (i+1) th increment of

ANi cycles crack growth, was expressed in the form of:-
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o
_‘a
a;,; = a; +A,® (a;, c;, 6=0)7 ANy s (6.3)
T “e
Ci+l = c. + AC 0] (ai, c,, 6= 7) ANi r(6.4)
Nj4p= Ny + ANy ,(6.5)

where subscripts a and c¢ dencte fatique crack properties

through the thickness and at the free surface, respectively.

The wuse of Equation (6.1l) implies a relationship
between log(da/dN) and log(AK)from a threshold stress

intensity factor, 8K., , to fracture.

6.3 PREDICTION OF SURFACE CRACK GROWTH UNDER BENDING

LOADS IN STEEL AND WELD METAL

Cumputer runs were made in which the crack growth rates
for a given applied stress, plate geometry and initial crack
configuration were simulated by allowing the crack to grow

for between 100,000 and 200,000 cycles.

Figs. 6.1 to 6.4 coumpare experimentally determined
relationships between ¢ and a with the results obtained from
computer simulation for both steel and the weldment.

Predicted values of a and ¢ were obtained from the numerical

integration of Equation (6.1), and an applied bending stress



of approximately 0.40y
weldment. The

relate predicted a and c for
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secound

are as follows:-

For BS4360-50D steel,

a=-=6.79
a=-7.66
a=-5.79
a=- 6.95

For the

a=-5.48
a=->5.76
a=-=6.69
a=-5.99

+ 0.87¢c - 0.90

+ 0.92c - 0.93

+ 0.79¢c - 0.81

+ 0.87c - 0.89

weld metal,

+ 0.85¢c - 0.93
+ 0.89¢c - 0.96
+ 0.96c - 0.12
+ 0.88c - 0.99

was applied to

different

10-2¢2

10-1c2

10—2¢c2

10-2¢2

10-2¢2

10-2¢2

10-1c2

10-2¢2

testing

r (6.7)

,(6.11)

.(6.13)

steel and the

order equations obtained in order to

conditions

,(6.6) at R=0.08

R=0.7 } f=30Hz

.(6.9) R=0.7 } f=0.25Hz

,(6.10) at R=0.08

R=0.7 }f%30Hz

,(6.12) at R=0.08

R=0.7 }f=0.25Hz

The correlation coefficient between the above equations and

the experimental a and ¢ is in excess of 0.98.
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The predicted crack propagation contours are presented
in Figs. 6.5 and 6.6 for the base plate and weldment,
respectively. As can be seen in these figures, for the
initial crack configuration wused the crack growth rate
appears to increase from the surface to the centre of the

crack.

To 1investigate the behaviour of the «crack when it
penetrates across the width of the plate, the problem was
treated as a single-edge <cracked bend specimen using the

appropriate stress intensity calibration recommended [203]:-

K=Y g7 ,(6.14)

1.99 —2.47(a/w)+12.97(a/w)2—23.l7(a/w)3+24.8(az/sw)ll;)

]
fl

where a/w is no greater than 0.6 and M is the bending moment
in three-point or four-point bending. The results are
presented in Fig. 6.7 for the base plate showing that when
the crack on the surface penetrates the width it cqntinues
to grow on the sides of the plate until it is reasonably
straightened. The final contours shown in Fig. 6.7 appear to
be part of an ellipse, but more work is needed to come to

any firm conclusion on this.
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6.3.1 Effect of Geometry

Fatigue of surface crack propagation was predicted for
two thicknesses, i.e., 19mm and 38mm sections. The crack
propagation contours are shown in Fig. 6.8. It can readily
be seen from this figure that the 1life of the plate is
counsiderably reduced by increase in thickness. Comparing the
life of the 38mm plate to that of the 24mm plate used in the
experimental study, there 1is a reduction of approximately
15% in the total number of cycles to failure in identical

mechanical conditions.

The effect of width on a surface crack was also
predicted for three widths, i.e., 500mm, 1000mm and 1500mm.
The surface crack propagation contours are presented in Fig.
6.9. A cumparison of these results is especially interesting
since they indicate that a surface crack in a bending stress
field does not appear to transform to a through-thickness
crack. The results also 1indicate that increase in width
increases the 1life of the plate, for example, the total
number of cycles to failure for widths of 1500mm and 1000mm
areup by 69% and 44% respectively, than that for the 500mm-

wide plate.

6.3.2 The Influence of Initial Flaw Size and Shape

The ratio of a/c can be controlled either by adjusting
the «crack length and keeping the crack depth constant or by
changing the crack depth and keeping the crack 1length

constant. Both procedures will yield the same values of a/c
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but, as will be seen later, will result in considerably
different crack growth rates and propagation profiles. This
adjustment is referred to here as "fixed a" when c¢ is
changed, and "fixed c¢" when a is changed, to produce an

initial crack configuration.

Two initial crack configurations were wused 1in the
simulation of fatigue crack growth, namely, a/c=0.1 and
a/c=0.8. The crack propagation profiles are shown in Fig.
6.10 for fixed c and in Fig. 6.11 for fixed a for the case
of parent plate. The equivalent results for weldment are
shown 1in Figs. 6.12 and 6.13, respectively. A considerable
difference in crack growth rates can be observed between the
initial crack configurations produced by fixed a and fixed
c, and there 1is also a significant difference in growth
rates both in the through-thickness direction and at the
free surface for a particular value of a/c produced by fixed
a and fixed c. It is interesting to note that for a fixed
value of a/c the life of the secfions seems to increase at
fixed c¢, for example, at a/c= 0.1, and that fixed c¢ failure
occurs at 1.4x10° cycles which is 71% higher than for the
case of fixed a. Therefore it appears that elongated
inclusions or a collection of round inclusions 1lying side-
by-side may be particularly detrimental to the fatigue
strength of butt-welded joints. Comparing initial a/c ratios
of 0.1 and 0.8 at fixed ¢, it can be seen that the crack
commences to grow in the through-thickness direction when
a/c is small (i.e., 0.1). However, the wvariation in

propagation of the deepest point at a/c=0.8 seems to be
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minimal. This is probably due either to the large difference
between the stress intensity factors experienced by the
crack at the free surface and at the deepest point of the
crack, or to the stress gradient due to bending, or a

combination of bouth.

The prediction of the pattern of growth for any crack
is defined by the initial crack configqguration as shown in
Figs. 6.14 and 6.15 for the base plate, and in Figs. 6.16
and 6.17 for the weldment, for fixed ¢ and fixed a,
respectively. An interesting feature of all growth curves at
fixed a is their tendency to join a common curve. This trend
has been observed previously by Corn [204] and Burk [205].
Corn has 1labelled it the ‘"preferred propagation path".
However, at fixed ¢, extrapolated growth curves tend to
intersect at a point with a/B approximately equal to 0.65.
The growth curves a/c<0.5 for fixed a and a/c<0.3 for fixed

¢ appear to emanate from the origin.

The straight line result for a/c=0.1 at fixed a for the
parent plate is due to the notch geometry used in the
experimental part of this investigation, as at fixed a
(i.e., a=5.5mm), the crack length at the free surface needed
to produce an initial a/c of 0.1 would be 110mm. Therefore
an elongated initial crack is produced which is analogous to

the single-edge cracked plate.



-268-

Finally, a comparison of change in crack shape in the
parent metal and weldment at a/c=0.4 was made and is
presented in Fig. 6.18 for fixed c¢ and in Fig. 6.19 for
fixed a. The slight difference in crack shape observed |is
attributed to the material properties of the base plate and
weld metal whose yield strengths wvaried by approximately

14%.

6.4 DISCUSSION

The model described in this chapter appears to provide
reasonably accurate predictions for surface cracks. It |is
not exceptional in this respect since similar claims have
been made in other studies reviewed in Chapter 2. However,
due to its ability to accommodate fatigue crack propagation
both at the free surface and in the through-thickness
direction from threshold to fracture, the model is able to
provide additional wuseful information. Recent analytical
crack growth programs [206], in which the changing crack
contour is taken into account, apply only to tension
loading. Although some attempts have been made at the
computer simulation of a surface flaw in a bending stress
field [207,208], no current program takes account of complex
shape changes 1in the transition from low growth rates to

medium and high growth rates in such stress fields.

Comparisons between the predicted and experimental
results were made on the basis of crack growth rate and c

versus a curves. The results show an extremely good
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correlation. The secund-order equations for expressing the
crack length in the through-thickness direction in terms of
crack length at the free surface can be used for estimating
the crack depth without the use of complex measuring devices

which in turn involve lengthy mathematical processing of raw

data.

With respect to the effect of geometry there is 1little
guidance 1in the literature as to the real effect of
thickness on fatique crack growth; what there 1is, is
contradictory. Despite this shortcoming, design engineers
performing growth analysis tend to extrapolate the growth
rate data tou thicker or thinner sections as a routine
engineering approximation. The wisdom of this practice is
doubtful Jjudging from the conflicting results reported in
the literature on thickness effects on growth rates. Three
types of thickness effect have been reported by previous
investigators: (i) no effect due to thickness [209]; (ii)
growth rates accelerated by increase in thickness [210];
(iii) growth rates accelerated by decrease in thickness
[211]. The present results concerning the effect of
thickness predict that growth rates increase with increase
in thickness, and cast some doubt on the results obtained by
Thorpe et al [175] whose work was described in the previous

chapter.

The thickness effect observed seems to be reasconable

since the effect of the stress gradient on the deepest point
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of the crack would be less for a thicker section than for a
thinner section containing a flaw with an identical initial
a/c ratiov. Since, for a thin section in a bending stress
field, the position of the neutral axis, being closer to the
deepest point of the initial flaw than in a thicker section,
would restrict the growth in the through-thickness
direction, it will take a longer time for the crack to take
up stable shape. It is therefore proposed that the observed
effect of thickness could be explained in terms of steady
load cracking which favours the thicker specimens as

explained above.

The effect of width was investigated to see whether a
surface crack can transform into a through-thickness crack,
as was suggested by Pierce and Shannon [212]. They proposed
that the through-crack produced by the extension of a
surface «crack in a bending stress field would have a length
ten times the section thickness. However, the <crack growth
simulated for sections having upto 1500mm width did not show
any tendency to transform to a through-thickness crack. To
ensure that this was the case the crack growth was simulated
for a section having 2500mm width, although the results are
not separately presented because of the unrealistic
proportions of such a section. The maximum crack depth
obtained was 24.14mm in a section having a 25.4mm thickness
and initial a/c=0.28; the final aspect ratio was 0.02. A
simplified model of bending stress distribution would
predict that the deepest point of the crack would

asymptotically approach the mid-thickness where the stress
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is zerou and coumpressive beyond it. However, this does not
appear tou be the <case as the data obtained here indicate
that the thickness will be penetrated by the crack to a
depth of approximately five-eighths of the thickness.
Therefore it can be concluded that increasing the width does
result in an increase in crack depth, but, for the cases
predicted here, as well as for realistic geometric ratios, a
part-through surface crack does not appear to penetrate the

thickness in a bending stress field.

Initial crack configurations with a low aspect ratio at
fixed a are liable to <cause <earlier failure since they
appear to be able to develoup to a stable shape more quickly.
From this point onward the number of cycles to failure is
about the same irrespective of initial crack configuration.
However, when c is fixed the behaviour of the surface crack
seems to be the opposite of that described above: the 1low
aspect ratio cracks appear to have longer lives. All the
growth curves for this case appear to intersect at one point
when extrapolated, implying that the appearance of the
fracture surface tends to a common shape irrespective of

initial flaw geometry.

There are common factors for growth behaviour at both
fixed a and fixed c. For small crack depths (a/B<0.5) crack
growth at the free surface, dc/dN, appears to predominate
over crack growth at the deepest point, da/dN (i.e.,

da/dc>1l). For large crack depths (0.5<a/B<0.8) the converse
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behaviour seems to ovccur (i.e., da/dc<l).

The shape change curves obtained are of considerable
significance regarding the production of surface cracks for
laboratory specimens and in fracture mechanics analysis of
structural life based on the growing surface crack. The
initial «crack configuration required for a given terminal
crack profile may be determined by tracing backward along
the curve which contains the profile. Crack shapes are
easier to produce if they are based on fixed c. The growth
curves for all initial configurations appear to produce
slightly different final crack profiles at failure, whereas
in the case of fixed a the growth curves for all initial
aspect ratios join together on a common curve. This curve,
which 1is observed by Corn [205] and named as the "preferred
propagation path", is important since a crack whose initial
aspect ratio doues not lie on the preferred propagation path
will still tend towards it. Furthermore the rate of approcach
to the preferred propagation path appears greater for

initial cracks having a low aspect ratio.

It would be desirable to compare these results with
experimental results, but, unfortunately, experimental
results of this kind cannot be obtained over a wide range of
aspect ratios due to difficulties involved in producing such
a crack configuration, and also to the high experimental

cost which this would necessitate.
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It 1is apparent from the present results that a
realistic analysis of surface-initiated fatiqgue crack growth
in a bending stress field depends on the substantial changes
of shape of the crack. Such an analysis must explicitly
consider the initial crack aspect ratio to be a function of

both the crack length and crack depth.

6.5 CONCLUSIONS

The main conclusion drawn from these simulations is
that initial elliptical flaws with 1low aspect ratio will
cause earlier failure, since they appear to develop to a
stable crack more quickly. This is the case assuming the
initial aspect ratio 1is a function of the crack depth, a,
only. Counsidering the case in which the aspect ratio 1is a

function of the crack length, 2c, the converse is true.
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CHAPTER 7

IMPROVEMENT OF FATIGUE STRENGTH OF BUTT-WELDED JOINTS

7.1 INTRODUCTION

The fatigue strength of butt-welded Joints 1in
structural steel 1is generally low, but there are
nevertheless growing requirements for improved fatigue
strength. Peening, prior overloading, spot heating [93],
etc., have been used to improve the fatiqgue life of welded
joints and some attempts have been made to assess the
comparative costs of such techniques. Also, improvement of
the types of electrode used in welding has been sought 1in

order to produce better weld profiles [213].

It 1is difficult to compare results from different
investigators since the welding detéils as well as the
material may vary considerably. However, since the above-
mentioned procedures, though effective, are expensive,
employing an alternative technique to produce a better weld
is a more desirable means of achieving higher fatique

strength.

It is generally accepted that the fatigue properties of
welded Jjoints are virtually independent of the mechanical
characteristics of the parent material. This is because of
stress concentrations due to the joint geometry and to weld

bead defects. Such defects can be divided into two groups:
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those which arise from the design of the weldment (i.e.,
partial penetration); and those which arise from poor
material properties or inadequate welding procedures (i.e.,

lack of inter-run fusion, etc.).

The present investigation was therefore undertaken in
an attempt to improve the fatigue life of weldments by using
a completely new method. This method, which 1is named
sandwich welding, consists of using welding rods which have
different mechanical properties for each pass and stacking
up a sandwich in which the outer layers are made of the same
material but having different mechanical properties from the

middle layer.

7.2 SOME METHODS OF IMPROVING THE FATIGUE STRENGTH OF

WELDMENTS

The fatique strength of weldments can be improved in
number of ways. Text books by Munse [84] and Gurney [93]
discuss the subject in detail. The following sections
discuss the use of a re-distribution of residual stress to
improve the fatigue strength of weldments. It is possible to
improve fatigue strength by creating residual compressive
stresses at locations where fatigue cracks are likely to be
initiated. The following sections also discuss how prior
overloading, peening and spot heating can affect the fatigue
strength of some welded specimens. The information is taken

primarily from the book by Gurney.
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7.2.1 Prior Overloading

If a specimen containing a stress concentration is
loaded until yielding occurs at the notch, and the 1load is
then removed, residual stresses will remain in the specimen.
The sign of residual stress adjacent to the notch is
oppusite to that of overload. In order to create compressive
residual stresses adjacent to a notch it 1is necessary to

apply a tensile overload.

Several investigators [214] have reported that fatigue
strength increased when they applied tensile prior 1lcading.
Harrison [214], who studied how the fatigue strength of
fillet-welded steel specimens could be increased by prior
overloading, found that the §S-N curves for specimens
prelovaded at wvarious 1levels of overload stress were

approximately parallel to each other.

7.2.2 Peening

Peening is a cold-working process that consists either
of bombarding the surface of a component with a high-
velocity stream of metal particles, or battering with a tool
operated by a éneumatic hammer, with the object of inducing

a compressive residual stress in the surface layer.

Gurney (93] prepared a table which summarised the

fatigue strength of non-load carrying fillet-welds, as
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recorded by several investigators. He stated that peening
would increase the strength in load-carrying fillet-welds in
a way similar to that found in non-load carrying fillet-

joints, at least for failures initiating at the weld toe.

Maddux [215] has recently studied how peening affects
the fatique strength of fillet-welds. The results showed
that peening was moure effective for transverse welds than
for longitudinal; also, the preliminary tests indicated that
shot-peening was still beneficial under variable amplitude
loading. The benefit of shot-peening varied with peening

conditions and even under nominally identical conditions.

7.2.3 Spot Heating

In spot heating, the structure 1is heated locally,
usually with a gas torch, so as to produce 1local vyielding,
resulting in compressive thermal stresses. When locally
heated metal cools, it Shrinks, causing residual stresses.
These residual stresses can be used for improving the
fatigue properties of weldments. The basic principle 1is to
produce compressive residual stresses in those local areas,
especially near notches, where fatigue cracks are likely to
initiate. Several investigators [216] have conducted
extensive studies on this subject. By spot heating in
selected parts, compressive residual stresses were induced
at the notch and at the ends of the weld, and a 53% increase
in strength was obtained. But when spot heating was done at

the centre-line of the specimen, even though the distance
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from the notch was the same and the heating thus had the
same metallurgical effect, the residual stresses produced
were tensile, and the fatigue strength measured was the same
as for an untreated specimen. This indicated that the

strength increase was due to the residual stresses.

7.3 EXPERIMENTAL PROCEDURES

Fatigue tests were carried out on sandwich weldments
using a Dowty electrohydraulic fatigue machine at R-values
of 0.08 and 0.7 with loading frequecies of 0.25Hz and 30Hz.
Two types of specimen were wused in this investigation,
namely, compact type and surface notched plate, details of

which are given in Chapter 3.

All the tests were performed in laboratory air, in

ambient conditions and at room temperature.

7.4 RESULTS

Fig. 7.1 shows a typical crack length, a, versus number

of <cycles, N, curve for conventional and sandwich weldments

using CT specimens.

The result of tests on CT specimens at cyclic
frequencies of 30Hz and 0.25Hz and stress ratios of 0.08 and
0.7 1is presented in Figs. 7.2 and 7.3. These figures show

the general effect of stress ratio observed on weldment
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using CT geumetry, that is, crack growth rate increases with
increase in stress ratio but decreases with increasing rates

of growth.

The effect of frequency is illustrated in Fig. 7.4.
This again shows the general trend observed in this

investigation.

A comparison was made on data obtained for sandwich
weldment, conventional weldment and the base material. The
results are presented in Figs. 7.5 and 7.6 for a loading
frequency of 30Hz, and R-values of 0.08 and 0.7,
respectively, and in Figs. 7.7 and 7.8 for a cyclic frequency
of 0.25Hz, and ¢two stress ratios (i.e., 0.08 and 0.7). In
general all these results show that the crack growth rate is
lower in sandwich weldment than in conventional weldment and

the base metal.

At a cyclic frequency of 30Hz the crack growth rates in
conventional weldments at high values of AK ( >20 MN/m3/2)

tend to approuvach the growth rates in parent material, while

at lower frequency (0.25Hz), the growth rates in
3/2
conventional weldments for AK wvalues above 30 MN/m/ at
3/2
R=0.08, and 15 MN/m / at R=0,7, are higher than the cPack

growth rates 1in the base plate. However, from the results
obtained for sandwich weldments it appears that the «crack

growth rates, being always lower than in parent metal, may
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be due to favourable coumpressive residual stresses.

The results for sandwich welded plates are presented in

terms of dc/dN or da/dN versus AK and AKa, respectively.
c

The effect of stress ratio at 30Hz is illustrated in Fig.

7.9, from which it can be seen that the stress ratio does

not have a significant effect over the range investigated.

It was shown in Chapter 5 that butt-welded plates
contained a tensile residual stress field which caused a
higher stress intensity at the crack tip and hence higher
growth rates as cumpared to the base plate. The sandwich
welded plate in this study did not show any deterioration
when cumpared to the conventional welded plate of the
previous study. These results are shown in Figs. 7.10 and

7.11.

7.5 FRACTOGRAPHY

Examination of the fatigue fracture surfaces of
sandwich weldments produced by CT specimens was made by

means of a scanning electron microscope.

Fig. 7.12 illustrates a typical example of 1low growth

3/2
rates at AK values of approximately 8 MN/m . With the
crack maintained near threshold, facets were a common

feature of fracture surfaces. The facets were rounded rather
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than planar, indicative of intergranular fracture as the
principle mechanism ouperating in this region. Some patches
of faint striations were also observed at slightly higher

values of AK( 10 MN/m3/2

), as shown in Fig. 7.13. The
presence of striation patches is believed to be due to the
sensitivity of the grain orientation of the weld metal.
Surface damage as a result of fatigue, and porosity were the

remaining common features observed in low crack growth rate

regions (see Fig. 7.14).

Under intermediate AK conditions (15 MN/h§/2< AK <30
3/2

MN/m ) slag entrapment was evident, as shown in Figs. 7.15

and 7.16, and typical fatique surfaces were observed (see

Fig. 7.17).

At higher wvalues of AK ( >30 MNAS/Z) fracture
surfaces manifested four distinct features:

1) 100-percent microvoid cocalescence, as shown in Fig.
7.18;

2) inclusions and striations (see Fig. 7.19); the
chemical composition of the inclusions showed
significant traces of manganese; silicon, phosphorus
and sulphur.

3) Transgranular cleavage-like fracture (see Fig.
7.20);

4) microvoid, porosity and striations (see Fig. 7.21).
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Figs. 7.22 and 7.23 shows the fractugraghs taken at the
boundary of the two weld metals in the 1low AK region
(0 mi/n’2)  and  the high AK region ( 30 mn/m¥?),
respectively. They reveal two different regions, namely,
those of smouoth and rough fatigue fracture. The outer layer
of weld metal shows a superior resistance to crack
propagation by exhibiting a smoother surface while the layer
of weld metal adjacent to it shows a coarser structure. This
suggests that the mechanism of fracture was not the same in
each material and, noting that their mechanical properties

were similar, they have not resulted 1in similar growth

rates,

7.6 DISCUSSION

Fatigue cracks usually initiate from a weld defect in
the weldments due to embrittlement of the regions adjacent
to itAand to stress concentrations arising from it. It
follows that an increase in fatigue strength can be obtained
if the stress intensity at the crack site can be lowered.
One way of doing this is by the introduction of compressive
residual stresses which counteract the applied load, thus
decreasing the stress intensity at the crack tip; this was
discussed 1in the previous sections. However, Chen and Sih
[217] analytically found that for a three-layered plate, it
was beneficial to have the modulus of elasticity of the
middle layer kept lower than that of the outer layers: this
appeared to decrease the crack border stress intensity by a
significant amount. However, the author's own mathematical

analysis for two-layer spherical laminates failed to come to
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any firm conclusion, as the final equations obtained
represented only one medium. This was because the material
constants such as Young's modulus, shear modulus, etc., for

the weld metals considered were almost the same.

The results obtained for the two geoumetries indicate
that the improvement was considerably greater in CT
specimens when compared to the base plate. The average crack
growth retardation was approximately three times compared
with that for conventional weldment for both geometries

tested.

Although no attempt was made to measure the residual
stresses in the weldment fabricated by this process, due to
the complexity of such residual fields (i.e., different heat
input, welding rod, etc.), it appeared that this welding
process introduced some compressive residual stresses in
both geometries. In the case of SNP geometry, which was
shown in Chapter 5 to contain tensile residual stresses,
there was still some improuvement and crack growth was about
two times slower than in welds produced by conventional
methods. A possible explanation for this difference is that
the tensile residual stresses produced by conventional
welding would have been higher except that employing this
technique either inhibited the introduction of tensile
residual stresses or reduced their deleterious effect. The
observed effect of stress ratio (see Fig. 7.9) also confirms

the above hypothesis 1in that if tensile residual stresses
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are present their magnitude should be smaller than for the
previous case. It was feared in the case of SNP geoumetry
that the magnitude of the tensile residual stress would be
higher than that produced in conventional weldment, but it
was encouraging to find that this does not necessarily

happen.

Metallurgically, in sandwich weldments the cyclic work-
hardening appears to be smaller near the surface than in the
volume of weaker material; since using a stronger material
raises the yield stress of the surface, thereby reducing the
total plastic slip, thus supressing both the rate and the
amount of surface hardening. The tests performed did not
throw much 1light on the relative importance of the
mechanical inhibition of surface deformation in improving
the fatigue properties; however, the mechanism by which the
improvement in fatigue ©properties occurs appears to be
partly controlled primarily by the supression of surface
hardening, hence choosing a stronger material for the
surface seems to restrict slip-band formation and surface
crack propagation correspondingly. Furthermore, since the
crack in any one grain is parallel to the slip plane, then,
as the crack propagates to an adjacent grain or medium, it
changes its direction to be parallel to the slip planes of
the new grains or medium. However, when it reaches the grain
boundary it may, in fact, be stopped if the orientation of
the slip planes of the adjacent grain or tﬁat of the grains
in the adjacent medium is not such as to favour propagation.

While this is not the last word on the fatigue mechanism in
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sandwich weldments, soume progress has been made in

explaining the details of hardening and crack proupagation.

7.7 CONCLUSIONS

This work shows that under certain conditions the
fatigue properties of butt-welded 3joints can be improved
using the new sandwich welding technique. It is also shown
that the degree ovf improvement varies, depending on the
specimen geometry. The welding process is easy to control
and, considering its economic aspect, the sandwich weldment
duves not involve any higher cost. However, more work is

required before firm conclusions can be drawn.

To sum up, it can be stated that in general the fatigue
properties are evidently improved by the sandwich welding
technique. As the test results showed, this is not only
valid for CT specimens, which were shown to contain
compressive residual stresses, but also for SNP geometry,

which contains tensile residual stresses.
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Figure 7.8 Comparison of results for sandwich weldment,
conventional weldment and parent material using

a CT specimen.
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Figure 7.12 SEM photograph of sandwich weldment in the
threshold region illustrating intergranular
fracture, AK=8 MN/m3/2

Figure 7.13 Fracture surface of sandwich weldment at
AK=10 MN/m3/2 showing striation patches



Figure 7.14 Fatigue fracture in sandwich weldment across
low AK region region with mechanical damage

and porosity

ca® ¥ TRy : : N
Figure 7.15 A typical area containing slag entrapment



Figure 7.16 Slag entrapment in sandwich weldment

Figure 7.17 SEM photograph showing typical fatigue
surfaces in sandwich weldment
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Figure 7.18 Sandwich weldment fracture surfaces showing

an area of 100% microvoid coalescence

Figure 7.19 SEM photograph of sandwich weldment showing
inclusion and striation in the Paris regime
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Figure 7.20 SEM photograph of sandwich weldment
illustrating transgranular cleavage-like

fracture in the Paris regime

Figure 7.21 Microvoid, porosity and striation on the
surface of a sandwich weldment at
AK>30 MN/m3/2
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Figure 7.22 SEM photograph taken at the boundary of
two weld metals at AK=9 MN/m3/2

Figure 7.23 SEM photograph taken at the boundary of
two weld metals at AK>30 MN/m3/2
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 INTRODUCTION

A fracture mechanics approach was successfully applied
in the investigation of surface crack growth in BS4360-50D
low alloy structural steel and class 6 weld metal. This
investigation differed from its predecessors in a number of
ways. Both for the through-thickness direction and at the
free surface, crack growth rates were obtained, the model
proposed not being limited to fatigue crack propagation of
the deepest point alone; the crack both in the through-
thickness direction and across the width can be

accommodated.

Although the fields of fracture mechanics and of
failure in thick plates have both been the subjects of
active research at Imperial College for some years, attempts
to describe the behaviour of surface cracks more accurately
have been made only very recently. This investigation is one
of the first and may perhaps be viewed as a forerunner in
this field. Nevertheless, when compared with previous work
on fatigue properties of low alloy structural steel, this
investigation has provided considerable data on the surface
crack behaviour of steel and weld metal used in the
fabrication of North Seavoil platforms. This chapter draws
together the main conclusions of the investigation, followed

by recommendations of areas in which further work may be
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beneficial.

8.2 GENERAL CONCLUSIONS

The main conclusions drawn from this investigation are

as follows:-

1) The A.C. potential drop microgauge is suitable for crack
depth measurements in a bending stress field. The main
advantages of the microgauge are that it can measure the
crack depth along the crack front for the surface notched
plates tested and that 1its accuracy can be varied for
different positions of the crack front by varying the gain
value. Increasing the gain was found to increase the
sensitivity of the microgauge without affecting the

linearity of the digital voltage with the crack depth.

2) Fatigue <crack growth rates are generally found to
increase with increase in stress ratio and decrease 1in
frequency. The effect of stress ratio is most pronounced at
low growth rates, especially in the base metal and welded
joints containing compressive residual stresses (i.e., CT
geometry). At high growth rates and frequencies, however, no
appreciable effect of stress ratioc was observed for both HAZ
and weldment. The effect of frequency in general was most

significant at high stress ratios for a given frequency.

3) The stress intensity factor solution proposed by
Koterazawa and Minamisaka [138] for semi-elliptical surface

cracks in a bending stress field was demonstrated to be a
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simple and fast way of finding the stress intensity factor
range, AK , and was found to yield accurate data when
compared with data obtained from compact-type specimens.
However, the disagreement between the results for weldments
obtained from different types of specimen tested was due to
the different residual stress distributions produced by
welding. When the sign and magnitude of the welding residual
stresses around the crack tip are unknown, the data obtained
for surface-notched welded plates will be conservative, and
no further deterioration factor need be considered to
account for tensile mean stresses. However, if the welding
residual stresses are compressive, the fatigue data for the
base metal will be conservative. In this case it will be
necessary to take 1into account the deterioration of these
properties at high growth rates ( >1o"4mm/cyc1e) due to the

existence of the tensile mean stress.

4) A salt-water environment was found to enhance crack
growth rates only after a certain stress intensity €factor
range, AK, was reached. Below this AK -value the crack
growth rate is the same as or lower than in air. This AR -
value, beyond which rapid growth ensues, varies with the
material, and also with the residual stress distribution for

the case of welded joint specimens.

5) Stress-relieving does not change the shape of the curves
in air and salt-water environments, but reduces only the
stress intensity factor range, AK, for welded joints
containing compressive residual stresses (i.e., CT geometry)

and increases this AK value for welded joints with tensile
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residual stresses (i.e., SNP geometry).

6) The foullouwing expressions were obtained and can be wused
to express the crack growth rate for BS4360-50D steel, and
the weldment and HAZ associated with that steel, under

various mechanical and environmental conditions:-

BS4360-50D Steel

i) Upper bound for growth rates in air -

£ = 9.0 x 107°(4r)>*° at 30Hz,
N .
L -4.9x 107 r)>° at 0.25Hz.

ii) Upper bound for growth rates in 3.5% NaCl solution

da

5.4
N (AK) at 30Hz.

= 6.5 x 10

Weldment

i) Upper bound for growth rates using CT specimen in

air -

da
dN

5

4,
11 (AK) 8 at 30Hz,

= 5.0 x 10
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da
dN

11 5

= 5.0 x 10° %1 (ag)>-1 at 0.25Hz.

Upper bound for growth rates using SNP geometry in

air -

%E = 2.3x 1078 (ar)3-2 at 30Hz,
N
da _ 3.35x 1078 (ak) -2 at 0.25Hz.

iii) Upper bound for growth rates using CT specimen in

3.5% NaCl solution -

iv)

aﬁ l.O X 10 (AK) at 30HZ,
%% = 3.1 x 10711 (ak)>-8 at 0.25Hz.

Upper bound for growth rates using SNP geometry in

3.5% NaCl soclution -

da _ -10
aﬁ = 2.5 X lO

(AK)5'67 at 30Hz.
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HAZ
i) Upper bound of growth rate data for HAZ using SNP

geuvmetry in air -

%3 = 2,0 x 10"lo (AK)S'15 at 30Hz,
N
%§ - 1.6 x lo—lo (AK)5.67 at 0.25Hz.

7) Crack growth rates can also be modelled from threshold to
the high crack growth rate regime in terms of material

fatigue prouperties:

2 2 o.

da (1-R%). (AR" - AK.. AKth)

.—:A
N K2 (l—R)2 - AK2
1c

for BS4360-50D where Ac=4.69x10'4, Aa=2.49x10'4and a,=1.00,

3 3

*,=0.94 at 30Hz, and A,=2.02x10°, A,=1.43x10 ~and o =1.17,

05=1.19 at 0.25Hz; for weldment using SNP geometry,

3 3

Ac=5.22x10“ , Aa=3.34x10' and ¢,=1.26, ®_=1.23 for 30Hz, and

2

A =7.08x10"%, A =3.34x10 “and Oc=1.48, %3=1.65 for O0.25Hz.

These results are confined to an air environment.

8) For the 1initial crack configuration tested, the crack

depth in air can be found using the following equations:



BS4360-50D Steel

at 30Hz -
a=-=6.79 +
a=-17.66 +
at 0.25Hz -
a=-5.79 +
a=-6.95 +
Weldment

at 30Hz -
a=-5.48 +
a=->5.76 +
at 0.25Hz -
a=-=6.69 +

- 5.99 +

0.87c

0.92c

0.79c

0.87c

0.85c

0.89c

0.96c

0.88c

-328-

0.93

0.12

0.99

10-2¢2

10-1c2

10-2¢2

1022

10-2¢2

10-2¢c2

10-1c2

10" 22

R=0.08,

R=0.08,

R=0.7.

R=0.08,

R=0.7;

R=0.08,

R=0.7,
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9) Using assumed values of initial flaw size, a prediction
of the development of the shape of the surface crack in a
bending stress field was made; differing values for initial
flaw size and shape, and geometric variables, were
considered. The main conclusion drawn from these simulations
is that initial elliptical flaws with low aspect ratio will
cause earlier failure since they appear to develop to a
stable crack shape more quickly. This is the case assuming
the 1initial aspect ratio is a function of crack depth, a,
only. Counsidering the case in which the aspect ratio is a

function of crack length, 2c, the converse is true.

8.3 RECOMMENDATIONS FOR FUTURE WORK

The present study has indicated a number of areas which

require further work and more detailed investigation:-

1) The crack microgauge system with standard probe performed
very well but, due to lengthy procedures of processing the
raw data, further attention should be given to fixed probes
along the crack line at the surface which are interfaced to
a micro-computer. Also, using a micro-computer system for
control of the machine and for analysis of the fatigue data

during fatigue testing should be explored.

2) The ©present results for the weldment. indicate the
importance of welding residual stresses, which is reflected

in the data obtained for laboratory specimens of different
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geometries. Therefore, it is recommended that in the first
instance the welding residual stresses should be measured
and taken account of in calculations 1n an attempt to
describe the results of tests more comprehensively, and
where poussible the tests should be carried out on test-
pieces of the same geoumetry and the full-scale size for

which the data is required.

3) The threshold region uf crack growth at low frequency has
not been the subject of an experimental study. Extrapolation
of the low frequency results point to the fact that the
threshold region of growth is not affected by the frequency.
The significance of this region in respectof life-expectancy
in relatively high stress situations makes a detailed

investigation necessary.

4) The results ovf tests in air and salt-water environments
indicate that in the latter, where crack growth continues at
a reduced rate, a critical value of AK exists beyond which
rapid growth ensues. This wvalue of AK appeared to be a
function of residual stresses, and to be independent of
frequency as far as weldments are considered. Further work

is required to assess this phenomenon.

5) The model for predicting the shape development of surface
cracks, as described in Chapter 6, should be modified to
include 1life prediction. The accuracy of the model when
using different aspect ratios should be determined by
experiments in which it is possible to produce initial crack

configurations of the required size.
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6) Interesting results have been obtained from sandwich
weldments but considerably more work 1is required 1in this
field. The fatigue properties of sandwich weldments produced
by different combinations of welding rods and/or more layers

(i.e., seven-layer sandwich) should be explored.
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APENDIX 1

The mean line fitted to the results obtained by Musuva
[143] on BS4360-50D steel in air was presented in Chapter 4.
Musuva whose work was briefly discussed before performed
threshold fatigue testé at stress ratios of -0.7, 0.0, 0.08

and 0.7 on 25.4mm-thick CT specimens.

He used two different methods for shedding the load to
obtain 1low crack growth rates and thresholds. In the first
technique, the value of AK was progressively reduced by
steps of 10% or less (i.e., stepping down load). This
procedure was continued until threshold conditions were
attained. The second technique involved lowering AK by
increasing the stress ratio. He started the test at some
value of K and at a low stress ratio (preferably R=0.0)

max

the maximum load, Pmax , was kept constant, but minimum load
increased in steps. He found that the value of -AK could be
reduced by even larger steps than 30% without noticeable

lcad history effects.

He also investigated the effect of frequency on crack
propagation rate and performed tests at cyclic loading of
0.06Hz, 0.02Hz and 0.25Hz and two stress ratios (i.e., 0.08
and 0.7). In all the tests he used a combination of
graphical curve-fitting and finite difference (secant)

method to process the raw experimental data.
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However, as the present investigation and that of
Musuva were performed under identical mechanical and
environmental conditions to that last detail (i.e., testing
machines, crack length measuring equipment, etc.) it |is
important to see the scatter between the results obtained in
the present work and those of Musuva. Therefore it was
necessary to compare the data points rather 'than the mean
line. This 1is shown in Figs. A.l and A.2 for the tests at
30Hz and in Figs. A.3 and A.4 for the tests at 0.25Hz and R-
values of 0.08 and 0.7, respectively. The correlation
between the results 1is extremely good especially for
threshold tests showing that although different techniques
were employed to determine the threshold stress intensity

factor, both techniques yield accurate data.

The work of Thorpe et al [175] which was reviewed 1in
Chapter 5 showed some discrepancy with the present
investigation especially in the case of crack growth rates
in the through-thickness direction and at stress ratio of
0.7. However, in a recent publication by Thorpe et al [1A]
on corrosion fatigue of BS4360-50D steel in seawater, they
conducted research on through-thickness defects in BS4360-
50D steel in air and in seawater, and have presented results
on semi-elliptic flaws under three-point bend loading. Like
their previous investigation (i.e., [175]) they performed
tests on 38mm-thick &SNP geometry specimen at a cyclic
frequency of 0.1Hz and stress ratios, R, of 0.1 and O0.7. The

starter notches were spark machined with 1initial aspect
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ratios of 1.0, 0.5, 0.33 and 0.25. The cyclic crack tip
stress intensity factor was calculated using Stress
intensity factor solution proposed by Koterazawa and
Minamisaka [138] together with finite area correction factor
of Dover and Holdbrook [140]. Surface <crack 1lengths were
measured by direct visual observation and crack depths were
measured by AC resistance and also after the test, by

inspection of fracture surfaces's beach marks.

Their investigation showed that each experiment could
yield up to sixteen readings of <crack 1length and crack
depth, and a study of various data-processing techniques
showed that accurate measures of surface crack growth rates
could be obtained by fitting a polynomial curve through the
plot of surface crack length vs elapsed cycles. Through-
thickness crack growth rates were determined in one of two
ways: (1) if sufficient in-depth reading exited (i.e., >10)
then the above polynomial method was used; (ii) if less than
ten crack depths reading were available, then crack depth
growth rate, da/dN, was determined from the surface crack
length growth rate, dc/dN, and the slope of the plot of
crack depth against length, da/dc (i.e., da/dN = da/dc x

dc/dN).

The result of the present investigation when compared
to the data obtained by Thorpe et al explained above showed
a very good correlation. They measured growth rates higher

than 1x107> mm/cycle at R=0.1 and 3x16°° mm/cycle at R=0.7
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and only over one order of magnitude as is shown in Figs.
A.5 and A.6. Although, the specimen's thickness wused 1in
these investigations varied by about ©50%, it has been
reported by the above authors that crack propagation rates
in air are independent of specimen thickness is further

comfirmed as is shown in Figs. A.5 and A.6.
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