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SUMMARY

Fatigue crack initiation and propagation in aluminium butt
welds has been investigated. It is shown that the initiation of cracks
froﬁ both buried defects and from the weld reinforcement may be
quantified by predictive laws based on either linear elastic fracture
mechanics, or on Neuber's rule of stress and strain concentrations. The
former is preferable on the grounds of theoretical models of crack Tip
plasticity, although either may be used as the basis of an effective
design criteria against crack initiation. TFatigue lives following
initiation were found to follow predictions based on the integration of

a Paris type power law.

The effect of residual stresses from the welding operation on
both initiation and propagation was accounted for by a Forman type
equation. This incorporated the notional stress ratio produced by the

residual stresses after various heat treatments.

A fracture mechanics analysis was found to be useful in
describing the fatigue behaviour of the weldments at increased
temperatures up to 300°C. It is pointed out, however, that the complex
interaction of residual stresses, frequency, and changes in fracture
mode necessitate great cauticn in the application of any general deglgn

criteria against crack initiation and growth at elevated temperatursa.
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1.

INTRODUCTION

For more than a century, it has been appreciated that metal
components and structures subjected to variable or repeated loads may
fail in service, even though they would usually be capable of standing
considerably higher loads if the loading were of a 'atatic' nature,

This type of failure, which consists of the formaltion of a crack or
cracks under the action of varying loads, has come to be known as fatligus.
The fatigue failure of metals may therefore be defined as the formation
of a crack or cracks as a result of the repeated application of loada,

each of which is insufficient by itself, to cause normal sfatic failure,

In the design of a component or structure the designer has to

satisfy three conditions.

(1) It must be able to perform its specified functions as
efficiently as possible.

(2) It must be capable of being fabricated economically.

(3) It must be capable of providing an adequate service life.

; As a direct result of the first and second of these condifions
the modern trends in engineering design are to reduce factors of safety
to a bare minimum, in order to reduce weightc and costs, and to incresse
the speed of operation of machines and production processes, in order Lo

make the most effective use of the invested capital.

Unfortunately, both theae trenda tend to work against Lhe

designer in his efforts to obtain an adequate agrvice 1ife, partiowlarly




in cases where fatigue failure is likely to occur. Perhaps it is
therefore not so surprising that 90% of the failures which occur in

engineering components can be attributed to fatigue.

When fatigue cracks do occur, they are inevitably initiated
at points of stress concentration. Since all welded joints are
inevitably points of stress concentration, it is axiomatic that weldmenta

are among the structures most prone to fatigue failure.

Much recent theoretical and empirical work has concentrated an
the role of fatigue crack initiation and propagation phases in the
overall fatigue failure of carefully machined test pleces. TFor the purposs
of utilizing these advances in the development of design specificatian
for welded Jjoints, it would appear to be essential that the predictions
should be verified in the context of naturally occurring defects in

practical welding situations.
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2 LITERATURE REVIEW

2.1 General Description of the Fatigue Process

The first formal investigation of the fatigue process was
reported by Ewing and Humphrey(i)m Their work on Swedish iron demonstrated
that fatigue failure started with the development of coarse slip bands
which broadened into cracks. Failure was complated by the spreading and
linking of these cracks. Iollowing this; much work was concentrated on
the development of slip bands(2). Tventually Orowan'®) turned interest

towards cracking with his theory of crack growth.

It was not until 1961 that attention was paid to the phyaical
features of initiation and growth of fatigue craclkal4) Farsythféﬁ
developéd the three stage classification of fatigue cracking which is
still currently accepted. This was initiation, stage I or slip band
growth, and stage II growth on planes normal to the maximumn tensile stress.
Ewing and Humphrey(i) had noted that crack initiation in plain samples took
place on slip bands‘Forsyth(S) found that metal was extruded from these
alip bands, and simultaneously fine crevices, generally named intrusions,
were formed within these bands. The intrusions develop into cracks, and
initiation was accepted as the formation of a 'viable' crack from an
intrusion. Little attention has been given tc the number of fatigue cycles
required to initiate a crack in plain samples, but the proportion of Jifes
occupied by initiation has been found to increase with total fatigus Jife,
and may exceed 80% of the total life at 108 ayclem(ﬁ)e It ia anWHCv}
that surface roughness may greatly affect fatigue life, and fthia ia
explained by the presence of favourable sites for early slip=hand formatian

at stress concenhration such as surface soratches.



The presence of a notch also facilitates the nucleation process,

but it has been shown that the initiation period may even so take up 65%

of the total life of a notched test piece having a fatigue strength reduction

factor of 1.8(8). Much recent work has concentrated on the effect of
notches on fatigue crack initiation, and this will he dealt with in a
later section. No information exists on erack initiation from natural
noteh or crack like defects of the type found in weldments, it is genemally

assumed that initiation is instantaneous in these oase(g)a

Stage 1 fatigue crack growth takes place on planes of maximum
resolved shear stress, and is considered by Forsyth(4) to be an axtension
of the reversed slip process responsible for crack initiation. Although
this mode of growth may occupy a major proportion of the 1life of plain
specimens, it is generally considered to be absent in notched cor cracked

test pieces, and is not therefore relevant to the present work.

Stage II crack growth takes place on planes normal to the
applied stress and Forsyth(4> considered that it was controlled by the
maximum principal stress operating in the region of the crack tip. Thse
characteristic fatigue striations in stage II, first observed by Zappfe
and Warden(lo)s appear as markings or lines on the fracture surface at
right angles to the direction of propagation. It has been shown(t%s33]
that the striations were associated with the complex plastic deformatdan
pracess occurring at the crack tip. In general each fatigue atriation

ia produced by one cycle of the fatigue load(*ds#4),

Laws governing Stage II crack growth rates form the basia of
life prediction techniques for componentsa containing aracks or ovansk=liks

flaws, and this area will bhe covered fully in a latay aactian.



202 Models of Crack Initiation

2.,2.1 Application of the Range of Stress Intensity Factor

The stress intensity factor arises from Westorgaard's treatment(*+8)

of the stress analysis of a crack. He defined an Airy stress function
which satisfied the equilibrium and compatibilit& equations for the case
of a crack length 2a in an infinitely wide sheet under uniform tension
[Figure 1]. The crack tip stress field at a point P(r,6,), where v is small

compared with the crack lengthgis) is glven bys=-

ol -8 38
ox =K cos 2 [1-sin 2 sin 2 | - [1]
27y
Y - I ;
Xy = K_ sin 2 cos 2 cos 2 - [2]
Noqr
o 8 38
oy = K _ cos 2 |l¢sin 2 sin 2 - [3]
Nonrr

where K, the stress intensity factor is given by:-

K=odim - 4]

for the geometry shown in figure l.

The stress intensity factor unigquely defines the stress fisld
around the crack tip, and may be related to the driving force G tending

to cause crack extension(*®) by the relationships:-

K® = EG in plane stress - [5]
K = EG in plane strain \ e Eﬁj
élavg )

where E is Youngs Modulus and v is Polssons Ratlo.



Combining equations [4] and [5] leads to the expression:-

o= (%) -

This is similar to the Griffith equation(i?) for the fracture stress of

a brittle solid containing a crack of length Z2a:-

1.
. (2ByY o
o = <Wa ) - [8]

where y is the surface energy.

However, in metals, crack extension is accompanied hy plastioc
deformation, and the energy expended in this case is ssveral orders af
magnitude greater than the increase in surface energy of a hrittles solid

considered by Griffith(*7?).

Trwinft®) and Orowan(®®) proposed a theory in which the energy
of plastic deformation or crack extension force, G, replaced the surface
energy as the controlling force in brittle fracture. Irwin's concept was

that fracture occured when the crack extension force reached a critical

value Gc, which was termed the critical strain energy release rate, or the

fracture toughness.

The stress intensity factor, K, has now replaced G as the
parameter used to describe the onset of brittle fracture. The asolution
for K differs with the geometry of the cracked body, and the coryvectlon
factor to take account of interaction between the crack and the fras
gurface of a plate of finite width, 1s usually expressed as a polynomial

in a/w(?%), where w is the plate width. Thus:-

K= HJE?(%B = {9]




Several methods are available for computing f(%), including

(21)

conformal mapping , boundary collocation proceduresczg), and finite

(23)

element analysis Alternatively, the crack extension force G can

(24)

be determined experimentally , since Irwin(25) has shown that:-

P a4 (1
-5 () - Dol

"where P is the load on the specimen
is the specimen thickness

is the compliance,C (C = Extension/Toad)

= W

Recently Cartwright and Rooke(28) have shown that approximate stress
intensity factors for complex cracked configurations may be compoundsd

from known standard solutions.

The critical value of the stress intensity factor, KC, at
which a crack will extend, is dependent upon thé condition of stress at
the crack tip and is higher in plane stress than in plane strain. The
plane strain fracture toughness, KIC’ is a constant‘fbr a particular
material and is extensively used in specifying maximum tolerable defect

size in structures, and in materials selection.

In the case of failure by fatigue; the maximum value of K in

the cycle may exceed ch, because fracture is time dependent and complets

failure does not have time to occur. Of much more practileal lmportance,
however, is the slower growth of fatigue cracks when the highest ¥ valus
produced is less than KﬁC“ Much recent work has utilized the range of

stress intenaity factor, AK, in models and laws faor hoth the initiation

and propagation of fatigue crackas
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Analogous to continuum theory is the model of Wéertman<27),
based on a continuous distribution of dislocations. He used a model of
the plastic relaxation at a crack tipfgs) to show that the plastic
opening displacement at the crack tip, &, has two components, & and @g.
The.component $; is reversible in that dislocations re-enter the crack,
while &, accumulates dislocations beyond the créck tip on each streas
reversal. His model, and that of Bilby and Heald(29) and McCartney and
Galecabz, propose that damage accumulates linearly with the accumulation
in ®3. Thus the fatigue crack initiation period depends upon &, and this
is equivalent to a dependency on AK®, These models thus lead to the
expregsion: -

Ni=4A « [11]

where Ni is the number of cycles fo initiate the crack and A is a conghant.

The model of McCartney and Gale(®°) is consistent with the
accumulation of internal stress which is eventually sufficient to
rupture carbides at low stress amplitudes(®%), and with the presence of

characteristic dislocation structures at final failurel®2),

May(sa) proposed that initiation would occur when the crack tip

strain, €5 reached a critical value so that at failure:-
Ne? = Ae, - [12]

where € is the strain amplitude and A is a constant. 8ince a given gtrain
(€) implies a given displacement (%) for a fixed gauge length, thia
relationship implies that the crack initiation period depends on AKS

§

giving the expresalon:i=

Ni. = [13]

i

ot g
g
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Analyses based on crack tip opening displacements apply strictly to
sharp cracks, but Smith(®4) has shown that the treatment should apply to
notches of finite root fadiiw His analysis predicted that & at the notch
tip is reduced by a factor of 2 when the root radius increases from zera
to 0.010ins for a notch in a semi-infinite plate. Jack{38) found that
the initiation criterion based on crack opening di5placemeht was
applicable to notches of up to 0.010ins root radius for mild steel. When
the root radius was greater than 0.010ins, Ni could be correlated wi th
the parameter AK/p%; so that the full effect of root radius on initiatian
is given by the following equation, which arises from the work of AMlery
and Birbeck(+64) ..

Ni = A £
Y B = [l4]
[Al((%j%)z 1"
where A and m are constants. When the root radius p is less than the
critical root radius Py then p is put equal to Py- Jack(®%) was able

(36 37 37A)

to show that the results of Weibull e for aluminium were also
consistent with the existence of a critical root radius. The results of
Wilkins and S@ithcss) lead to a similar conclusion., Taylor(®®) however,
found that for the titanium alloy Ti 317 if po exists then it has a
value of less than 0.005 ins. Forman(4©) proposed that the parameter
AK
%’“s
root radius, could be used to correlate notch initiation data. However,

1 {as)
since Ka is given by the expression K(iL)E s this approach ia
[a]

where Ka is the apparent notch fracture toughness for a given notah

analogous to equation [14].

Much experimental evidence has been presented fo aupport the
preceeding theories, but wide variationa In the value of the exponent

'm' have been reported. Jack(®8) found that the valus of Tmt in aqua o



[14] was 4 for mild steel. Taylor's(®?) work on Ti 317 and on a

maraging steel indicated that the initiation period was strongly
dependent upon the previous material history. He found that the effect
of heat treatment after machining the notch was to prolong the initiation
time and reduce the 'm' value from 6 to 4 in the case of a titanium alloy,
and from 4 to 2.5 in the case of the maraging Sfeel; Taylor attributed
these changes in fatigue crack initiation resistance to the relieving of
residual stresses and to surface oxidation., Pearson(4®) inveatimated the
effect of notch root radius on initiation in aluminium, His results when
analysed using equation [14] exhibit banding, with the sharpest root
radius giving the longest lives. The values of 'm' from this work were
between 3.5 and 5. Barnby et 21$42) pound 'm' values of 3.6 and I for a
cast steel to B314H6A and a single phase titanium alloy respeativel .
They also found that the values of both 'm' and A in equation [14] were
sensitive to the criterion of initiation used. When the criterion was
the first deviation of electrical potential across the notch the 'mf
value for the titanium alloy was 4. This value reduced to 2.5 when the
criterion was the appearance of a crack of length 1.Omm, Forman(4°)
claimed that his data on initiation in the aluminium alloy 7075~T6, and.
also the resuits of Manson{*®) could be correlated by using the parameter
AKX but the scatter limits of this amdysis were very wide,

I{aS

2.2.2 Smooth Specimen Simulation

Crack initiation is dependent upon the magnitude of the applied
oyolic stresses and strains in a body. In the presence of a notth or
other geometrical type of defect, high local stresses and straina are
produced, In cases where both the nominal A3, and looal, Ao, astressesn

are elastic, they are related through the elastic atreasa conasentraltian



factor:=

K,AS = Ag - [15]

It seems reasonable to assume that this relationship could be used to
correlate crack initiation behaviour in smooth and notched samples,

In practice the prediction is accurate for very blunt notches, but

effect; and may be overcome by replacing Kt by K?’ the effective fatigue

stress concentration factor. Thus we have:=-

bo = K AS - [16]

The use of Kf accounts for both the asize effect and the effect of
plastic deformation at the crack tip. Pearson**) found that hia

results could he well correlated hy a Kf approach.

Topper et a1(44) proposed an alternative method for taking
into account plastic deformation at the notch root. The method is
based on Neubers rule(*®), which states that the true stress concen-
tration factor is equal to the geometric mean value of the gstress and
plastic strain concentration factors:-

K, = (KOK€)% - [17]

Morrow et al(%®) have shown that this is a good approximation
for axially loaded notches. If a notched apecimen is subjected to

nominal stress and strain ranges AS and Ae, giving rise to local atress

and strain ranges at the notch of Ao andAe, then (4h):=

1
- [Qg € AS}Q - [18]



Rearranging and multiplying both sides by Youngs Modulus, E, gives:=

Kt(ASAeE) =  (AgheE) - [19]

noj=
roj—=

If the nominal stress is elastic then:=-
1
K A8 = (AoheE)® - [20]
It is s8till necessary to account for the size effect by substituting Kﬁ
for Ktw The appropriate value of Kf is the value obtained at long lives,

e.g. 10°-10° cycles. This is denoted by K,.'. Thus we have

f

oj—+

Kp'aS = (AcAeR) = [21]

The left hand side of this equation contains nominal atress and strain
ranges, and the right hand side contains local stress and strain ranges
at the .root of the notch. Consequently ths relationship can he interprete

as implying that a notched specimen and a smooth specimen will form

detectable cracks after the same number of cycles, provided that Kf'AS
i
for the notched speimen is equal to (AcAeE)? for the smooth specimen.

i
Thus if a master curve of (AcAeE)? versus crack initiation time is

obtained from smooth specimens, the life of notched specimens can be
obtained from the value of Kf'AS on the (AgAeE)% axis. This correlation
has been checked experimentally (46,47,48), and good agreement found
between predicted and observed notch behaviour. Nevertheless; some

caution is necessary in the application of the Kf? approach as a general

initiation criteria. The prediction will be valid for materials where

B
o
)

initiation is very rapidly followed by failure, i.e. in cases whers the
propagation phase is minimal. This is true only in limited applicatlions.
The use of K, at failure for other purposes is only valid where Kq at
failupe is virtually the same as Ko at initiation. Thia may be the oase,

as for example with titanium alloya, but may not he taken as a haaio

il



%

assumption. It is therefore of considerable interest to examine the

application of this technique in the context of the present work on the

initiation of cracks in aluminium weldments.




2.3 Models of Craclk Propagatioﬁ

In 1939, Orowan(®) published a theory of fatigue crack propas-
gation based on work hardening at the crack tip. He argued that cyeclis

work hardening would lead to an increase in the crack tp stress until

the fracture strength of the material was exceeded. Upon fracture the
crack tip would advance into a non-work hardened region where the stressas

were lower. The process would then be repeated at the new and subsequent;
crack tipsuntil final fracture occurred. Orowan predicted that the
propagation rate would depend on applied stress; neglecting the incressad

stress concentration effect as the crack length increased.

This concept has been utilized in a number of subsequent
attempts to devise propagation laws. Head(4®) suggested that the growth
rate would depend on crack length, and his mechanical model which
considered rigid-plastic work hafdéning elements ahead of the crack tip

Was used to predict the law:~

a/z

3
gﬂ = CUU i o % = [22]
N (%y )r'p

Where rp is the prack tip plastic zone size, which Head considered to bea
constant. ¢ _ and ¢ are the yield stress and applied siress range
respectively, and a is the crack length. The value of the canabant U4 5
which is dependent upon the strain hardening modulus, yield atress, and
fracture streas was found to differ by 2 or 3 orders of magnitude fyon

the value given by equation [22], Weibwll(50:5) onooeian that the



crack growth rate should depend only on the net section stress, giving

a law of the type:=-

dN net - [23]
He presented data‘®®) on aluminium alloys to substantiate this relation-
ship. The results of Rolfe and Munse(52) on mild steel could also he

described by equation [23].

McEvily and Ilﬁg(sa) proposed that since the concentrated atrems
at the crack tip increased as the crack grew, even though the net streas
was constant, then the concentrated stress should determine the growth

rate. This gave rise to an expression of the type:=-

da I
T = T(Ky op0e) = [24]

where KN is the stress concentration factor. They presented evidence to
(50, _51)
support this and alsc showed that the results of Head(4®) and Weibull °

were 1in agreement with their equation.

In 1958 Frost and Dugdale(54) proposed a crack growth law which
was based on the assumption that fatigue crack growth was a continuous and
not a two stage process; and that on elasticity considerations the crack
remained geometrically similar as it propagated. They demonatrated
experimentally that in thin sheets the crack tip plastic zone size was
proportional to the crack length provided the crack length was asmall
compared to the sheet width. Thus they concluded that applied stress and
crack length were the only independent variablea and the growth rates

should be expressed as a function of these; giving a law of the fypei-

= Cag © Egﬁj

(8
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where o 1s the gross stress, a the crack length, and C is a constant.

They pointed out that although the laws stemmed from different
concepts, Head's(49) equation was similar to their own if it was assumed

in his equation that plastic zone size was proportional to crack length.

_Frost and co-workers ($5,56,57,58,59) gnalysed data on a range
of materials in terms of equation [25]. The value of the mean stress was
found to affect only the value of the constant,C, but in the case of mild
steel, Frost and Dugdale(54) found that mean stress had no effect on the
growth rate. Frost(55) also used the parameter gaa in the analysis of
data.on”nonrpropagating-cracks. He concluded that there was a critical

value of o°

a below which if cracks formed they would not grow.

Liu®°%) used a more rigorous dimensional analysis and agreed
that the crack gfowth rate should be proportional to the crack length.
Later{®1) he used an idealised elastic-plastic stress-strain diagram, and
with the'assumption that the hysteresis loop energy absorption to failure
was constant, derived the expression:-
da _ (.2 - [26
I - Co™ [26]

Liu produced experimental evidence to support the equation.

More recently linear elastic fracture mechanics have been used
in the interpretation of crack propagation data. Paris;Gomez and Anderson(®tA)
and Paris and Erdogan(sg) related growth rates to the stress intensity
factor. Paris suggesfed.that the stress intensity factor, being a unique
description of the stress field at the crack tip, should control the rate

. S fo g (62) ~7 ” A " 2N -7 5 7 113
of crack growth. Paris and Erdegan anzlysed data on 2024-73 aluminiuwm
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alloy and found that it could be described by the relationship:-

da

Iy = MK - [27]

They also demonstrated that the data obtained by McEvily anmd I11g(53)

and by Rolfe and Munse(52) could also be correlated by use of equatién (271,

Since then many workers have reported that their results could
be analysed in terms of the stress intensity factor, although the scatter
in crack growth rates is generally large(®3) and the value of the
exponent 'm' may be between 2 and 6(64) McLintock(6s) proposed that as
the fatigue process is a plastic £1ow phenomenon, the crack growth rate
should be proportional to the plastic zone size at the crack tinp. He
proposed two possible mechanisms for crack growth. The first was that of
damage and repeated initiation ahead of the crack tip leading to a
dependency of growth rate upon the square of the plastic zone size, and
thus giving an exponent 'm' value of 4. The second mechanism was that
of growth by irreversible plastic deformation at the crack tip, giving
a growth rate dependency upon the plastic zone size, and an exponent
value of 2 in equation [27]. McLintock found experimental evidence for

both theories, but most of the data corresponded with the first mechanism.

Kraaft(58’87) developed a concept of fracture process zone to
. . n
show that fatigue crack growth should be porportional to (AK) , and that

the value of n should be 4 at low values of AK, and 2 at high values.

Wee rtman(®8) and Bilby and Heald(2°) used the model of plastic

relaxation at a crack tip(28> to derive the expression

da _ 5 (zy & - [8]
an T 3 4 Gygy?



where y is the product of the critical plastic displacement at the

crack tip and the yield stress, and G is the shear modulus. For the

geometry considered,

4
_ 2 -
K = o, [29]
and thus
da _ 4
5 = C(AK)

Ham(®®) considsred that during crack extension, on the tensile stroke
of the fatigue cycle the volume of material within the plastic zone is
conserved, and on geometrical considerations the crack growth rate

should be given by:-

4 .

where E is Youngs Modulus.

This result is in close agreement with the experimental

observations of Pearson(7°), who found that for a number of materials:-

da \3 .v6

B-o(%)

I+ has been found that in practice the crack growth rate does not correlate

- [31]

uniguely with the parameter (AK)m over the full range of AK. The value

of the exponent increases at higher yalues of AK, and also with increasing
(71,72,73,74)

stress ratio . Formant7%) pointed out that when AK or LS.

approached KIC for the material the growth rate should tend to infinity.

To account for this, and the effect of mean stress he proposed the

relationship:~- n
. da _ C{AK) - [32]

a " [(a-r)x -ax]"




19

where R is the stress ratio < “max > and the value of 'm' is unity.

g_ .
min

Forman{7%) | and Hudson and Scardinial78) found that this expression gave

a good fit to data on aluminium alloys. Pearson(?7) again working with
aluminium alloys found that a value of m = % in equation [32] gave a

better fit,

Weertman{®®) considered the effect of mean stress on his model
of crack growth(27), and concluded that there was little effect excepl
when the maximum cyclic stress was comparable to the fracture stress,
when the rate of growth increased rapidly. The growth rate may vary
from that described by equation [27] at low values of AK. Johnson and
Parist?®) reported that growth rates of 107*° ins/cycle, i.8. lesa than
the atomic spacing, had been found to.obey equation [27]. There is

however, much recorded datal152,153)

which shows an increase in the
value of the exponent at low values of AK, and the existence of non-

propagating cracks observed by Frost(78) is regarded by many as evidence

for a threshold value of AK for fatigue crack growth.

i
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20l Defects in Welded Joints

An assortment of treatments is available for the improvement
of the fatigue life of welded joints. Barren and Hurlebaus(72) have
shown that the fatigue 1ife of a welded structure may be improved hy
grinding to remove notches, and by peening to produce a high residual
compressive stress at the surface. Asnis and Ivoshenko(aoj, and
Openshaw!®*) have shown that post welding heat treatments can also lead
to longer fatigue lives. Shavyrin(sg) found that polymer coatings cauld

significantly increase the fatigue strength of weldad aluminium Jointas

However, the problem remains that the fatigue strength of
welded joints falls considerably short of the performance of Tthe parsent
metal. This may be explained by the presence of defects which are
inherent to the productién of the welded joints. Much early work on the
effect of these defects was reported in terms of their effect on the curve
of alternating stress versus cycles to failure, or 3«N curve. By plotiing
such curves for the sound welds and then for a range of severity of the
defect being studied, fatigue strength reduction factors for any chosen

severity and required life may be determined [See Figure 2].

Defects occurring in metal-inert-gas welded aluminium alloys
may be classified in seven groups(”)n There follows a short deacription
of each type with an indication of severity in terms of fatigue strenghh

reduc tion.

(a) Reinforecement Shape

This is conventionally measured by the angle @ between fhe

parent metal and the weld bead [See Figurs 3] Tt has haen Found that

e et



for optimum performance the value of 6 should be as near as possible to
180°. The strength reduction factor increases with decreasing 0, and is
approximately 2 when g is 120°(84)_  Martelee(®S) found that dressing the
weld to give a 6 value of 180° could be disastrous if pores were exposed
at the surface, but Reemsnyder(gﬁ) found that the fatigue 1life could be

increased by a factor of 4 or 5 by grinding away the reinforcement.

(b) ZLack of Root Penetration

This may take the form of a buried defect in the case of a
Joint welded from both sides, or a surface defect if welding is from one
side only. [See Figure 4]. Newman and Dawes(®7) and Wilson(®%) investigated
the effect of the percentage area of lack of root penetration on fatigus
strength reduction. They demonstrated that there was an approximately
linear relationship between the fatigue strength and the reduction in
area. The work of Dinsdale and Young(®®) on welds in N5(Al/5%Mg) showed
that the strength reduction factor was dependent upon the thickness of the

welded plate, in addition to the loss of cross—gectional area.

(c) Double Operator Defect

This type of defect occurs when a plate is welded simultanecualy
fyom both sides, and takes the form of either large central poyes or 4
1ine defect. Dinsdalel®4) found that its effect on fatigue strength in

aluminium welds waé similar to that of lack of root fusion.

(4) Ineclusions

Owide inclusions in aluminium welds are diffioult to defect

3

oAl

because alumina is similar radiographically to aluminium. This has led

i




to a lack of clarity in the results of tests on material containing this

type of defect, as sound welds may be mistakenly included in the analysis
while large defects (later appearing on fracture surfaces) may be undetcoted,
It appears, however, that the effect of inclusions on fatigue propertiea is
a complex combination of their size, shape, and position in the weld.
Dinsdale and Young(ag) found that in undressed welds inclusions would not

be the cause of failure unless they reduced the cross-sectional area by

more than 7%a

(e) Porosity

Tt has been shown(®4) that scattered porosity has little effectk
on the fatigue strength of undressed welds. However, if the reinfaraement;
is machined off then pores which break the surface may act as crack

(83’90) )
initiation points, and lead to strength reduction . Home s(®%)  found
that the fatigue strength fell rapidly with increasing porosity up to 2%3
but above 2% porosity the fall was more gradual. The strength reduction

factor at 2% porosity was approximately leb.

(f) Cracks

The two main types of cracks which occur in welded joints are
firstly cracking in the weld metal while it is hot and plastic, and
secondly hard zone cracking in the heat affected zone after cooling. Tha
restraints opposing movement to accomuodate weld shrinkage amet up the
necessary cracking force. Warren(22) found that cracks could lsad to
strength reduction factors of 565-65%, but unfortunately the severity of
individual cracks was not documented. Feldman et 51098) pound that aranks
exceeding ¥ of the thickneas in aluminium welds veduced the strength hy

5% or morea




(g) Lack of side wall fusion

The main cause of this defect is the presence of foreign
matter, such as slag or scale, on the surface to be welded. This

prevents the metal from reaching its required final temperature.

The work of Newman{®4) shows that in some cases lack of aide
wall fusion seems to have little effect on fatigue properties. This,
however, appears unlikely to be trusin general since one would expeat

a similar effect to that praduced by lack of central penetration defects.
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2.5 Methods of Fatigue Life Prediction

Although the determination of S-N curves is useful in
providing an assessment of fatigue life, and has been used to provide
design criterial®®), it has limitations as a predictive technigque. The
severity of some types of weld defect may vafy considerably. In such
cases an S=N curve is of value only if the severity of the flaw can be
expressed simply or specified. This approach has proved to he posaible
in the case of butt welds with uniform porosity, where the severity may
be characterised simply in terms of the volume of the porosity(®8); and
in the case of slag inclusions in arc welded joinits, where the severity
of the flaw depends on both its depth and length but may be characterised

hy the length since the depth does not vary muoh(97)ﬂ

In general, planar flaws cannot be treated in this simple way,
since the severity of the flaw depends not only on its size, but also on

its shape’and location, all of which may vary from one weld to the next.

. ~ In order to provide a simple means of comparing the fatigue behaviour of

such flaws with that of other weld details, some means of relating the

relative variables is required.

The first significant attempt to predict the fatigue life of

(o8 99)6

a specimen was the Coffin-Manson Relationship This may be

written as:=

Nfﬁﬂfp = €p - [33]

where Nf is the cyclesto failure; g is the [atigue exponent; Agﬁ i

the plastic atraln range, and Efi ig the fatigue ductility, that ia the

plastic strain range when Nf is a low number conaldersd havs Lo he uﬁihﬁimﬁi?

]



Coffin based his findings originally on thermal fatigue tests
on A1LS1 347 stainless steel, while Mansons contribution came from the
results of Lui et al(*°%), The relationship requires the resolution of
cyclic strain into plastic and elastic components, and implies that only
the plastic component is important to the fatigue process. The relationship
was originally bas=sd on tests in which the plastic strain range was
measurable in the test length, so that it originally applied only to short
lives, but recent work on aluminium, copper and several steels has shown
it to be valid to low plastic strain ranges (2x107%) and lives up ta 10%
cycles. FEquation [33] has been found teo predict the fatigue life of
samples from materials of widely varying hardness, such as solders(*08)
1ead(*°3) and tool steels(*°4), Furthermore the relationship deacribes
the fatigue behaviour of materials covering a great range of tenaile
ductility, e.g., tool steels of 3% ductility(ioq) and a super plastic

(1205)
aluminium-zine alloy in which a tensile elongation of 500% can be obtained.

A number of theories have been proposed to confirm the Coffin-

Manson relationship. It is generally observed(*°8) that in the high strain

equation [33] chareterises high strain crack growth. Theordies along theae
lines heve been proposed by Crosskrentz(297), PRoettner et a1(308) ,nq
Tompkins(iog)w A high strain crack growth law, based on direct

140),
measurement was proposed by Solomon(¥0) s o

Qﬁ._ o - T
N Aa(AfP) L3+J

where a is the crack length, A and o are constant. Integration of this

crack growth law leads fo the Coffin=Manson relationshipe
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The elastic strain range may alsc be used to characterise the

life to failure, through the Basquin relationship(®1t) -

=X
Afe = Ag = B Nf }9 o [35]

The total strain range-life relationship is then found by the sum of
equations [33] and [35], and the plot of plastic, elastic and total strain
ranges versus life i1s shown in figure 5. The point at which the plastic
and elastic strain ranges cross is generally known as the transition 1ife,
th When the lif'e is greater than Nt’ failure is by high cycle fatigus
and may be characterised by the Basquin law, ov by linear elantic fraclure
mechanics, when the 1life is shorter than Nt the failure is by low oyele

fatigue and is characterised by the Coffin-Manson Laws

The relationship between stfain axplitude and the number of
cycles to failure hes been fourd to hold at clevated temperatures.
Swindeman's(*22) results for a niobium base alloy, and Shefflert's(+%3)
for two tantalum base alloys at temperatures greater than 1000°C could
be described by eguation [33]. It is found{*?4) that as the testing
temperature increases the value of the exponent, f, increases and
approaches unity; and that the life becomes strongly dependent upon
the environmert, being much lonmger in vacuo than in air (218) | As the
temperature is increased, the 1life becomes dependent on the frequency of
testing, the rumber of cycles to failure being greater at higher

frequencies. The Coffin-lanson law mey be wodified to take acoount of

this(#16)

. kel p - T
(va ) AeP = 0 [36]

where v is the frequency and k serves as a measure af tlme dependennys
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It is found‘**7) that there is a critical value of ihe frequency
above which the crack“grOch rate is inderendert of frequency at a
pariicular temperature. This situation gives rise to a k value of unity.
There is also a lower critical value of frequency below which the Life
(in seconds) at that temperature is independent of frequency, giving
rise to a k value of zero. At intermediate frequencies the value of k
lies between zero and unity, and is conastant for a given temperature

(see figure 6€).

MAlthough the Coffin-Manson law is very useful for predicting the
lives of fatigue test pileces, its application to the life predicition of
components containing flaws has limitations. The analysis for strain at
defects is very complex, and the only useful method of eatimating the
strain is through the use of Neuber's Rule [17] and smooth specimen

simulzcion.

Van derZanden et al(*18) have used this approach to predict the
lives of steel weldments oontéiniﬁg internal cavities. Although their

predictions were quite accurate, the technique suffered from two ma jor

drawbacks. The first of these is that it was necessary to estimate the
value of Kfs the fatigue atrength reduction factor. Van der Zanden was
able to find a reasonable Tigure for this, but in the more general cage

the K. value would vary considerably from weld to weld, and it would be

f
necessary to find Kf experimentelly over a range of defect severitfies.
This would make the technique quite laborious. The second drawback 1a

that the technique is strictly applicable only for the predicticn of

srack initiation, and relies on the equality belwsen Kf for indftiation

and Kf for failure, The work of Van der Zanden was on apecimens of amall

dimensions, such that the initiation peried could be taken aa & vessonable




estimate of the total life. In the more general case it would be

necessarv to take account of the growth period to achieve a reliable
prediction. The most satisfactory means of doing this is by the use of

linear elsstic fracture mechanics.

It has frequently been assumed(*1® £20) that the 1life of a
welded Jjoint may be determined simply by‘considefation of the crack
propagation phase (Stage IT growth). On this basis an estimate of the
Joint life may be made by obtaining experimentally the values of the

constants in the equation:-

it ¢ (ax)" - [37]

for the relevant material, and then integrating to give the value of N

corresponding to a particular value of AK.

Thus if AK = YAgia - [38]

where Ac is the amplitude of stress remote from the crack, a is the
crack length, and Y is a correction factor to take account of the

geometry of the cracked body,

then from equations [37] and [38]:-

Qﬁ = CAam‘(de)m - [39]

Eguation [39] may be integrated to rrovide a deacripfion of any part aof
the fatigue life between the initial ays and final, &f, orack lengtha.

Thus(*22) ;.

B /af da_ _C ()™ N = [40]
L (¥da) B

i



Since the value of the intergrand is not very sensitive to the value

of a,, the equation may be used to calculate the life of a weld containing

a defect of original size a..
i

If the values of a. and Y are constant for a particular weld,

then equation [40] reduces to:=

(Aa)m N = Constant - [41]

This equation describes the form of a conventional S=N curve in which
the defect initiating failure is controlled to within narrow limits in
a series of tests. A recent analysis of fatigue test data for welded
joints(®22) confirmed the expected approximate equality hetween the index
'm' in equations [37] and [41], where equation [37] referred to crack
propagation in structural steels, and”eqpation.[bl] referred to the 3-N
curve for steel fillet welds failing from the toe of the weld. Variations

in the values of initial and final crack length, and of Y, contributed to

the scatter in the test results.

A severe limitation in the application of linear elastic
fracture mechanics to the fatigue failure of welded structures is that
the relationship between the range of stress intensity factor; loading,
and geometry is unlikely to be known accurately. This problem ariases
partly because of difficulties in determining the relevant details about
the size and geometry of the flaws detected in structures, However, from
the fundamental point of view, the main problem is that a solution for K
may not exist, In welded joints flaws may be irregularly shaped, and

Such a¥ mey @ik gt .
situated in complex stress fieldsyldike the toe of a weld. In contraat

solutions for K in the literature are confined to aimple atreas fielda

and regularly shaped cracks. An additionu] complioation
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is that flaws associated with welds are part embedded (surface defects)

or fully embedded (buried) and few solutions for such cracks are

available. The triaxial crack tip stress fields>associated with embedded
cracks increase the difficulty of determining K. Recent work has

resulted in solutions for K which are relvant to welded Jjoints. Maddox(%28)
determined a solution for K for the case of a semi-elliptical surface nrack
situated at the toe of a weld., Harrison(*2*) and more rcently Frank(*38)
have obtained K solutions for a crack at the root of a fillet weld.

These analyses were utilized by Maddox(*28) to predict the fatigue life of
cracked steel weldments. The test results were mainly within the confidenas
Jlimits of the life prediction lines. The confidence limits, which
originate from scatter in the determination of the growth rate law
(equation [37]), are however, very wide, and cover a factor of approximataly
5 in the fatigue life at a given stress-level. The successful fit of data
within these limits does not therefore conclusively confirm that the
prediction technique is sound. As had been previously suggested by

(129)’ Maddox assumed that there was

Lawrence(227) | Pearsort228) and Jerram
no crack initiation period in his tests. This may be reasonable since he
introduced fatigue pre-cracks at the toes of the welds to form the weld
defect which would lead to failure. However, since the work of Jack(86)
showed that even with sharp cracks the initiation period could he up fo
9@% of the total life, then it is quite poasible that the wide scatter
bands in Maddox's work conceal a substantial initiation period. Jacktue)
pointed out that in many cases, due to the scatter limits involved, fha
total fatigue life could be adequately described by either an initiation
law or a growth law, It has been assumed(*3) +81) that an approwdmate
equality between the values of m in equations [37] and [41] 1a
verification that the fatigue 1ife consists entirely of propagations Thia

may, however, arise because the values of the expanent in the Inifialini
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and propagation laws are approximately equal under the given test

conditions.

A further problem in the application of linear elastic fracture
mechanics to the fatigue failure of welded joints is the inevitable
presence of high tensile residual stresses, often of yield point magnitide.
This is equivalent to imposing a high mean stress in a fatigue test on a
sample containing no residual stresses. Maddox(*32) has shown that in
the case offully tensile loading, crack propagation is neot very sensitive
to mean load. The results of crack growth rate tests on Can structural
steel(*®3) ghow this to be so. Thus in his analysis of steel weldments,
Maddox was able to negleet the effect of residual stresses. It has been
shown, however, that growth rates in aluminium are mean stress sensitival7%)
and hence the fatigue life of aluminium weldments should be dependent upon
the level of residual stress present. Additionally, the initiation period
may be mean stress sensitive, Taylor(ag) has shown that in titanium and
steel notched test pieces, the initiation period is very sensitive to
post-machining heat treatment, and hence sensitive to the residual stresas

present at the notche.

Analysis of the results of Dinsdale and Young(®4.89) o A1/5%Ng
weldments containing central penetration defects shows that the value of
the exponent in egquation [411] has a mean value of approximately 5, compared.
with an 'm' value in equation [37] of approximately 3 for al uminium/5%Me
a,lloy(i“)a This considerable discrepancy may be the result aof either
residual stresses or the existence of substantial initiation perdods,
and work is clearly needed to define the role of theas phenamena in

aluminium weldments,




Although weldments in A1/5%Mg N8 alloy retain limited
mechanical properties at temperatureé up to 300°C, there has been no
work on the fatigue performance 5f this material at temperatures greater
than ambient. Linear elastic fracture mechanics have only recently been
use& as a tool of analysis for fatigue data at elevated temperatures,

and this has been confined to the conventional high temperature materials.

Yokbb@ri(iss) has proposed a model to account for the effent

of temperature on growth rate, and produced the expression:=

B ,_l/ka
da _ eM (aK) - [u2]
in oW | e

where k is Boltzman's constant, T is temperature in °K, and e,m,W are

constants which related to the material and conditions.

This relationship implies that the value of the exponent will
decrease with temperature. This was found to be'@;;e by Ohmura et g1(a8)
with a cobalt base superalloy. Shahinian{*27) however found that with
stainless steels the value of the exponent increased with temperature,

The value of C in equation [37] is found to increase with temperature,
and at each temperature there is a unique relationship between AK and the

(138 137 188) = pphgye a critical

crack growth for a given frequency
frequency, tHe fatigue fracture mode changes from intergranular to
transgranular, and the growth rate is then independent of frequency at
that temperature(*36), Shairinian(*37) found that his data could be
normalised by use of the expression:-

4 mn .

dN E

where B is Young's Modulus.
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There is an absence of information on the effect of temperature on the
initiation of fatigue cracks and the present work will include an

investigation of the role of crack initiation at an increased temperature
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2,6 State of the Art and Objectives

There is extensive evidence that a fracfure mechanics approach
may be used as the basis of a predictive technique for both initiation
and propagation of fatigue cracks from machined notches and artificial
cracks. The present work aims to verify-this for the case of natural
defects In an engineering type situation. It is desirable to verify the
findings of Jack in this application, i.e.that sharp cracks have definable
crack initiation periods, since this would lead to the possibility of
designing against initiation in welded structures, as an alternative fo

designing against crack growth alone.

Techniques based on Neubers rule have been shown to lead to
design criteria against crack initiation. The present work aims to explore
the merits of both approaches from a fundamental viewpoint and also in

application to practical situations.

Information on the influence of residual stresses on the fatigue
performance of welded joints is very limited, and it would appear Ffruitful
to explore the possibility of incorporating this factor into a fracture

mechanics analysis of fatigue crack initiation and propagation.

Finally it appears desirable to undertake an asaegsment of the
elevated temperature fatigue properties of the widely used aluminium
weldment, and to assess the use of the predictive techniques under these

conditions,



3. EXPERIMENTAL TECIMIOUE

3.1 Material and Wsliiag Technique

The parent metal used tﬁroughout the work was N8 plate,
and the welding filler was NG6 in the form of 0.0016 metre
diameter wire. The specified chemical composition of both are
given in Table 1, Chemical analyses were carried out on the
materials. The results from these also appear in Table 1, and
show that the percentages of the two major alloying elements ars
within the specified rangess

The thickness of the N8 plats was 0,025m. Rach half
of the welding section was 0.,305m x 0,152m, A WY prepavation
was used, and to obtain sound welds the 0.0016m flats on the
sections were separated by 0.,0016m, as shown in Figure e

AlL the welding surfaces were thoroughly brushsd and
degreased immediately prior to welding. The welding was performed
using the metal-inert-gas process, w ith commercial purity argon
.as‘the sheldinggas. After a number of trial runs, satisfactory
welds were produced under the conditions of a voltage of 27,volts

current of 260 amperes, a gas flow of 0.00058n°sec”*, and a

welding traverse speed of 0,058m sec ¥,

After the first weld run tﬁe plates were allowed to cool
and then the reverse side of the joint was gfound out so that
the weld deposit was well exposed along the whole leagth of the
weld, The second weld mun was then made after the exposed surface
had been thoroughly scratch=brushed and degreased. Two further
runs on each side were necessary to overfill the wald. The
reinforcement angle of the weld was varied by altering the traverse
spead on the final runs, Rach weld was radiographed to 4
sapsitivity of better than 2%, detormined by uping o Deutaohae

¢ . . -..,' ~ vt e A v o P £ e e
Jndustris Nopnal aluminium wire Ueuutrqmutuiﬁ Thae ends of the



plates containing the stop-start positions were scrapped, together
with any areas which revealed interndl defects.

The tenacious oxide film on tho unprepwred plate sur-
face was utilized in the production of central defects. Pre-
liminary tests had indicated that it was possible to achleve
complate penetration and wall fusion in the unprepared material

only by using a gap between the wsld flats and a slow welding spesd,

o]

By using a welding speed of Ogdﬁ9m sec * it was found possibhle to
produce a continuous lack of sids wall‘fusion defect along the whole
weld length. To achisve this ths faces of one plate were thoroughly
brushed and degreased, while the faces of the other plate were left
uncleaned and were given a thin coating of Silicbne zreage in the
vegions adjacent to the flat, The plates were butted together so
that there was no gap between the flats. After a weld run had heen
laid 6n both sidzs of the joint, there existed a buried defect which
consisted of central lack of pemetration and lack of fusion along one
of the walls.

The severity of the lack of side wall fusion could be
controlled by altering the traverse speed., It was found, hovever,
that at increased spseds there was a tendency to increase the lack
of fusion at the clcaned surface also. Consequently it was decidad
to vary the severity by grinding back ths dappsit covering the defeact,
before applying the subsequent weld runs. Following this grinding,
511 the joint surfaces were thoroughly cleaned, When the final wuns
were laid on both sides, a central defect through the thickness was
produced., Figure 8 shows this schematically while Figure 9 ahovs
a photograph of the defect in a fatigue specimen, The weldmenta
wera machined into speclmens of 0.,00635m thickness and these wara
individually radiographed to check the coatinuity of the dafeoct,

Usine this technique 1t was possinle to praduce weldad spuaimana
ng this ,



]

37 ‘?

N3 P 3 s 3 PR >
which contained quite uniform through thickness defects of length

between 0.,0045m and 0.0147m,

3,2 Static Tests

Number 12 standard Hounsfield tests pieces were machined
from the NP8 plate. Tensile tests were carried out using a
Hounsfield Tensometer., The direction of loading was at 90° to
the direction of the weld runs, the samé direction as that with
the welded specimens during fatigue testing. All the test pieces
were heated for one hour at 325°C, the usual stress relieving heal~
treatment for N8 welds(*3%),

Room,temperaturentests ware carried out using a LO8IN
peam, and a magnification of 16 to 1. Teats at 200°C, 300°C and
50°C were carried out on the same heam with a magnification af
L41l. The results of these tests appear in Table 2,

The fracture toughness of the material, heat treated as
above, was detemined using an Instron machine. Fatigue cracks were
grown to within the range O.#% - 0.6% in single edge notch threse
point bend specimens, and the value of Kc was calculated
according to the method outlined in Ref(349) | Thicknesses of
0.025m, 0.0126m, and 0.0063n were tested s that any effect of
thickness on the value of Kc could be noted and taken into account

in the design of subsequent fatigue specimens. These results appear

in Table 3.

3.3, Fatigue Testing

3.3.1 General

All the tests pieces used in the program had the common

dimensiona of thickness (0,0063m), width (0.0254m), and length
(© o54m), except in the testas to check the effect of thiskness on
¢« 3 AL

cyack propggation results whon a thielmean of 0.0254m wan ussd,
b i A 81 ALl a2




It was found to be unnecessafy to employ the standard *hour-glass'
type specimen, since it was always known at which part of the
test piece failure would occur. ERven in the case of sound welds
with the reinforcement machined off, the fatigue crack initiated

inevitably from a pore or other minor defect in the weld metal,

as‘requirﬁds&# wbw&“ﬂ~ﬁfwwgg.@f the %ﬂwwe e hancs ﬁmdﬂy&

All the specimens were 1oaded axially, and tested under
conditions of pulsating tension on an Amsler Vibrophors machine,
using either a 20KN or 100KN dynamometer as dictated by ths
loading conditions, The frequency obtained in tests at room
temperaturs with the 20KN dynamomster was in the rangs 1051201z ¢
With the use of weights added to the upper loading beam it was
possible to reduce the frequency to 40Hz. Growth rate tests at
this frequency were carried out at 200°C to chuck for frequency
effects, but except for these, all results were obtained in the
105-120Hz range.

The tests at increased temperatures utilized a small

furnace designed for use with the Amsler machine., The performance

of this furnace was checked by means of a thermocouple attached to
the fatigue sample, and it was found that after allowing one hour
for stabilization the temperature of the sample fluctuated by a

maximum of iQOC@

3.,%3.,2 The Measurement of Crack Growth Rates,

The crack growth rates were measured on single edgs notceh

sam>les, machined from welds which contained no defects other

than uniform poroslty, by use of the potential drop technique

described by Jack and Yeldham““)a The method consists of passing

4 copstant current through tha sample and taldng the following

measurementsg-

.



Vo, the potential drop acroas 0.0254m of uncracked sample

Va, the potential drop across the cracl,
The value of the expression Va/VoW (where W is the spacimen width)
determines the effective spacing of the potential leads from the
crack (the y value), and a computer program was used to give the
values of a/w corresponding to a range of Va/VoW values, for a
number of y values,

The potential leads uéed were of nichrome, and thsse
were spot welded to the specimens at y values of 0.,00254m, The
potential drop across the crack was printed out on a chart
recorders

The accuracy to which the crack length may be measured

is governed by the error in measurement of the Va value, Using

of Va could be read accurately to 0.5uV. Ths relationship between
Va/VoW and a/W is approximately linear at a/w = 0.2 (see Figure 11)

and is such that:-
__d(va)
a(a/w) = 555 ow (]

Since Vo = Ap/BW, equation [L4] may be written asi-

a(a/w) = %%%5 [45]

where p = resistivity, A = current, B = thickness.
On the equipment available the maximum useable current
was LOA, and taking ths resistivity of aluminium as 3 x 107 * Q. m,

“

equation [ABJ becomes g

/) = 75 [46]

Thus from equation [46] the accuracy of the crack length for a width
of 0,025m should be 3¢l % 10°8m for a thiclmess of 0.0063m, and

12,5 % 107 %m for a thickness of 0,025m, This aceuracy is impraved

Ny S B

when the %emperdtupg ig increased, as the raalativity dnerengoide



Measurement on welded test pieces introduces an unavold-
able error in that while the value of Vo is measurad across
0.0254m of typical specimen weld material, the value of Va is
measured over a smaller distance and is likely to be affected by
local concentrations of porosity or inclusions. The accuracy of
the crack lengths was checked by measuring optically several final
crack lengths. It was found that the discrepancy between the two
values obtained increased with the crack length, but was not greater
than 40 x 107°%m for an a/w value of 0,7, in the 0.,025m thick
test pieoesn%or which the accuracy is leasts

é

Values of the range of stress intensity factor were il

culated according to the method of Gross et ala(idgj for single
edge noten tensile specimens, and the values of groﬁth rate were
taken from curves of the crack length versus the number of cyeles,
Three specimens of 0,0063m thickness, and one of 0,0254m thicknass

were tested in each coadition for which the growth rate curves were

requirede.

3.%3.3 Measurement of Cycles to Initiate a Crack.

Initiation measurements were carried out 1sing the potential

drop technigue. With worik on defects of the type used here, there

is the complication that the shape of the defect varied from sample

to sample. The placing of the potential lsads was therefore different

also, Lt was decided to nlace one electrods at 0.,0025m from the
centre of the defect on one side of the sample, while on the reversa
side the second electrode was placed at 0,0025m from the lina jaining
the tips of the defect, This is shown schematically in Figure 12
This configuration may 1oad to differing sensitivity betwseen tasts,
but this is not important as the point of intereat ias the time when
the Va output on the chart re corder shows ita initlal ipcreasa. Thia

. ot o aa takan to he complete, and
was the point at which initiation wasa fakan fo he (ﬁmyL‘irg RaTa

40.

|
|
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should be the same regardless of the position of the electrodes,
which affected only the gradient of the print out of Va versus
time. The subsequent gradisnt doas however affect the accuracy

to which ths point of initial divergence could be traced,
particularly when the initiation period was long and the subsequent
rate of Va increase was very slow., To standardise the technigque

as much as possiblc, the current was adjusted from sample to sample
to give the same initial Va value in each case. The estimation of
the initiation time from the Va priant out gave maximum and minimum
values which differed by up to 30%, quite a small error when the
values are plotted on a logarithmic scale., The figure for the

initiation time recorded in the results was the minimum estimate in

cach case,

Tests using optical observation of the surface in con-
junction with the potential drop technique showed that ths lattsr
indicated initiation before the crack was visible on the surface,
except in samples where it was found that because of irregularity
of the defect tip through the thickness the crack initiated first

at the surface of the specimen.

The study of initiation from the reinforcement of welded

samples introduced the complication that there were four possible
points for initiation on each test piece. The crack was expected
to initiate at the weld/plate interface where the reinforcement angle
was greatest and the radius of curvature was least,

On samples where this was in doubt, the radius of cuwvaﬁufe
at one or more of the interfaces was increased by filing, and then
smoothed with emery papére The electrodse poteqtial lezads wera than

placed at 0.0025m from the interface at which initiation was predicfad,

one on the edgs of the plate;, the other on the opposite edge on the

weld material. As with tho measurements on intoemal defecths the

valua of the initiation period was talesn as tho polnt of dndtial




divergence on the Va print out.

Felt. Metallosriphy and Fractosraphy,

<
%

Standard metallographic techniques were used in the
preparation of samples for examination and photography. Polishing

was completed on a % u diamond wheel, and etching was achieved in §

9% hypophosthoric acid at 70°C. Photomicrographs were taken on a
Vickers 55 propction microscope. The morphology of fracture surfaces
and of welding defects was illustrated by means of photographs taken

on a scanning electron microscopes.
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Lo RESULTS

el Crack Growsn Rate Tests,

Crack growth rates were determined using single edge
notch samples of 0.0063m thickness, under.conditions of pulsating
tension with a frequency of 100-120Hz. The crack length was taken
from a table of ' versus Va/VoW, and plotted against the number
of fatigﬁe cycles, The gradient of this curve gave the value of
da/dN for a given crack length. The value of the range of stressa

intensity factor, AK, was calculated according to ths expressiong-

A = Yhols [47]
TPhe value of Y was taken from the analysis in rof L +48)
Tahle ) shows the values of Va/VoW, a, N and AK from which the
final results of da/dN versus AK weve derived, for the casc af a
test at room temperature on a test piece which had been stress-
relieved at 325°C. Growth rate tests were carried out under the
following conditions, and the results are plotted logarithmically
as da/dN versus AK. The growth rate equation relates to the linear
portion of the plot in each case.
(1) At room temperature in the as-welded condition, tested
through the weld metal. Fizure 13
da/dN ~ lomtl,ouae(AK)éaa [ABJ
(2) At room temperature, stress-relieved at 325°C, tested through
the weld metal, Figure 1h

da/dN = 1072053 (AK)**7 [49]

w ?

ved at LEDPC, teated

@

At room temperaturc, tress-rall

—
AN}
e

through the weld metal, TFigure 15

da/dN = 107 +0 48 (AK)" [e0]
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(L) At room temperature, stress-relieved at 325°C, tested
through the heat affected zone. Figure 16
GA/dN = 10" %° aBS(AK)ang [51]
(5) At 200°cC, stress-relieved at 325°C, tested through
the weld metal. Figure 17
da/aN = 107 +OB3 ()%t [52]
(6) At 300°C, stress—relieved at 325°C, tested through
the weld metal. Figure 18
da/dN = 1074095 (pg)5 % 53]
(7) At 300°C, stress-relieved at 4H50°C, tested through

the weld metal., TFigure 19

da/dN = 107° 54 (AK)B 8 [54]
(8) At 300°C, Stressurelieve& at 325°C, tested through

the heat affected zone. Figure 20

da/dN = 107 *0°75 (aK)**° [55]

The units of da/aN are m/cycle and the units of AK are
MNmf?/a. The points plotted in Figures 1320 result from three
tes%s!carried out under each of the conditions. The growth rates

equations describe the linear regions of the curves, and represent

the line of best fit from regression analysis of the three sets

of results taken together.

The nature of the relationship between the growth rates
and AK shown in Figures 13-20 shows several points of similarity
under the differing test conditions., The limits of the scatter band
in the growth rate at a given MK are quite consistent and cover a
factor of approximately 3 in all cases, The curves all show a veglon
of linearity at intermediate values of AK., At lower AK values the
growth rates are slower than those expected from the simple power
law relationship; while at higher AK values the growth rates are

1 his gives rise T e characterliatio THY
faster than predicted. This gives rise to the characherali

o]
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It was found that ths effect of increasing the test
temperature was to increase the m value in the power law from
m = 3.7 at room temperature to m = 5.1 at 300°C for welds stress
relieved at #00°C. The g rowth rate for a given value of' AK also
increased. When AK was EMNm?! 2 the growth rate at room temperature
was 2.2 x 1078 m/cycle [Figuré 14], compared with 4.5 x 1078 m/cycle
ot 200°C [Fizure 17] and 1.7 x 20-7 m/cyele at 00°C [Figure 18]
The power law relationship betweah the g rowth rate and AK was
applicable down to a AK of approximately qumwm“afa at 25°C,

-~

3.0 /2 at 200°C, and 3,3M¥m */® at 300°C,

o Figures 14 and 18 eacg show the results of growth rate
tests on 0.,0254m thick material. It was found that at both TOOM
temperature and DO°C the growth rates from these tests wers within
the scatter limits produced from tests on 0,006%m thick material.

Figure 21 shows the growth rate curve of a sample which
had been stress relieved at 325°C and was tested through the weld

metal at 300°C at a frequency of LBHz, The power law relationship

for the linear part of this curve was:i-

da/&N _ 10‘10«7B(AK)5025 [56]

Comparison with Figure 18 ;hows that at the lower frequeacy the
growth rate was marginally higher. When AK was e /2 the growth
rate at frequency 100Hz was leo/ % 1077 m/cycla compa}ea with
2,1 % 1077 m/cycle at frequency L6Hz. Tnis difference is well
within t%e spatter limits of the results,

The effect of stress relieving on the results at room
temperature was to reduce the value of the exponent 'm? from @
in the 'as-welded condition? to 3.3 after streas relieving at 4B0P0,

At & AK of Gm®/® the growth te was 6 x 1078 m/eyele In the

-~ . - ) Y s A I T - o E A a - s .
ag=wolded condltion ('Fj_gugfva 1j) comparsd with Led x 10 m/u&lﬂvi,u

-
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after stress relieving at 450°C (Figure 16), Stress relieving had
g similar effect in testé at 300°C; the value of *m' decreasing
from 5.1 to 2.8, and the growth rate at a AK of GNm 2/ ? decreasing
from 1.7 % 1077 m/cycle in the as-welded condition tg i
Leh x 1078 m/;ycle after stress relieving-at 450° C.

) Crack growth rates through the heat affected zone were
found to be similar to growth rmates through the weld metal, A
room temﬁerature the value of 'm' from tests through the HAZ was
3,9, comparsd with a 'm' value of 3,7 for tests through the weld
metal. At a AK value of eNm 3/ ® the growth rate through the heat
affected zone was 1.6 x 1U“qu]cycle (Figure 16) compared with
o L x 107% m/eycle throughftha weld metal. The growth rates were
al.80 Similar through the weld metal and the heat affected zana at
300°% e

In the room temperature teéts, the fracture was of a

transgranular nature, giving rise to a flat fracture surface
on which fatigue striations were present. Figures 22 and 23
show the crack path through the heat affected zone and weld metal
respectively. The fracture surfaces at two levels of AK are shovin
in Figures 24 and 25; as may be expected the spacing of the fatigue
striations increased with an increase in AK, Excepi for the presence
of pores in the weld metal, there was very 1ittlewdifferenoe in the
fracture surfaces of the weld metal and the heat affected zone. Thasa
ave shown under identical test conditions in Figures 26 and 27
The parent material and the weld filler were both non-heat treatahla
alloys, and stress relieving heat treatments had 1ittls effeot
fon the petallographic stmctures, apd no affect on the mode of
fracture, Figures 28 and 29 show fracturc pathe through the heat
affacted zone and the weld metal after stress reliaviag st B0

. N Y S K
(Thase may be compared with Figures 22 and £3)s
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a+; 2 (] Il .
When tested at 300°C, the fractures were essentially
transgranular at low AK levels. As AK increased the crack paths
became more intergranular in nature. Figure 30 shows the crack

path throuign the weld metal when AK was 9MNHTFIQS in a sample

which had been stress relieved at 325°C. TLe metallographic
structure of the weld metal is coarser than in the room temperature
tests, as a result of the prolonged holding time at 300°C (12

hours in this case), At high levels of AK there was also a tendency
to crack branching, as indicated in Figure 31 which shows the
fracture path through the weld metal when AK was OMNm™8/2,

The change of fracture mode was accompanied by the disappaapahcé

of the fatigue striations, amd the fracturs surface is shown in

Figure 32,

L4.2. TFailure of Welded Test Pieces.

4.2.1 Determination of Strength Reduction Factors.

(a) Internal Defects.

The fatigue s trength at an endurance of 2 x 10% cyeles
was obtained for welded test pieces from which the reinforcement
had been machined, and which contained no defects other than
uniform porosity. Samples containing through thickness lack
of fusion of severity 0.2-0.25 a/w and 0.4-0.45a/w were
then used to determine the fatigue strengths produced by
these defects, Since interest was centred around only the
high'endurance portion of the S=N curve, 5 samples per group
was sufficient for this purpoiée

This procedurs was carried oul at rﬁom temperature,
PO0OC and 300°C on test pieces which had heen straps ralleved
at 325°C, The individual tost results appear in Tabhles 5,6

and 7 and these ars plotted as logho veTEuR logNf in




(a) contd.

Figures 33, 34 and 35 together with the lines of best fit

from regression analysis,

The fatigue strength at 2 x 10% cycles at room tem-
perature was 115MNm 2 for sound welds, 36MNm 2 for welds
containing defects En the range 0.2 < % < 0,25, and
26MNm ®when the defect severity was i the range
054.<ﬁ% < 0,45 (Figure 353). The effect of increasing the
test temperature was to reduce the fatigue strengths so that
at 300°C the strength at 2 x 10% cycles for sound welds was

7IMNE™ 2 ;  for defect severity 0,2 < % < 0,25, 2% SMNm ?

2

and for defect severity Q.4 < % < DeB, 17.5MNm 2 (Figure 35),
From the values of fatigue strengths at 2 x 10% cycles,
the fatigue s trength reduction factors (Kf) for each defect

severity at room temperature, 200°C and 300°C were calculated.

Figures 36, 37 and 38 show the relationships between Kf and

defect severity. The determination of a fatigue 1imit is a
process which gives rise to considerable scatter in the results,

There is the natural scatter which occurs in any series of

measurements, even when those measurements are carried out on
the same object using the same equipment and same technigque,.

In addition to this the fact that fatigue tests are destructive
complicates the situation, since it means that no more than one
measurement can be made on any sample, The production of an
9N curve therefore involved tests on several different samples,
and althouch these were nominally identical there wers amall

o

differences in defect severity. PFurthermors, since each

specimen in a series had to be set up individually in the

testing machine, there would be small differences in the

testing conditions (e.z, axiallly of loading and ths acouyrany
v -




(b)

contd,

of measurement of the applied load) and in the environmental
conditions (e.g. temperature and humidity) for each individual
test. Since the result for the fatigue strength reduction
factor 1is derived from the division of two values of the
fatigue strength, the scatter limits «in the Kf results are
very wide. Bearing this in mind, the results indicate no
marked effect of temperature on the relationship between Kt

and defect severitye

Reinforcement Failures.

The fatigue s trength at 2 x 108 cycles was determined on
welded specimens having reinforcement angles, O, in the
ranges 100-110°, 115-125°; and 130-140°, Rach group contained
9 samples and tests were pe rformed at room temperature and
300°C, Tables 8 and 9 show the individual results, which are
plotted as logAco versus logNf in Figurcs 39 and L.

The fatigue strenéth reduction factors at 2 x 108 cycles,
from Figure 39, at room temperature, were 1,60 for
100° < 6 < 110°; 1.82 for 115° < 6 < 125%; and 2,05 for
130° <« 6 < 1,0°, At 300°C the values of Kf from Figure LO
were 1.40 for 100° < 6 < 110°; 1.7 for 115° < 6 < 125°;
and 1.97 for 10° < 6 < 140°.

The stress concentration factor, K_bj for a geometrical
projection similar to that of the reinforcement on a welded
section has been evaluated by Neuber'(‘ 448) . He related Kt

to the parameter & where a is the half width of the
P

projection and p is the radius of curvature at the wot of

the projection (Figure 1) . The relationship between Kt and.

< - i 2 o v ncad orand 1] i T ey L3
& fop Neubers theory 18 8Xpre psed graphically in Pigure 42
A

The value of p for spacimens in the curra nt warl was
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" Thus for the purp

contd.

measured from tracings of ths reinforcement root taken at a
magnification of 50, Figures 43-45 show typical photographs
for the range of § values investigated. The valuss of 2*9
together with the corresponding Kt from Figure 42 appear in
Tables 8 and 9, From these tables the average value of Kt
was 1.46 for 130° < 6 < 140°; 1,74 for 115° < 6 < 125%;

and 2,05 for 100° < 0 < 110°, in the room temperature tests,
The average Kt in the %00°C tests were lo44 for 120° < 6 < 140%;
1.6k for 115° < 8 < 125%; and 1,99 for 100° < 6 < 110°, These
values of Kt closely resemble the fatigue strength reduction

factors obtained from Figures 39 and 40,

Lo?2.2 TInitiation Results.

(a) Internal Defects.

The number of cycles taken to initiate a crack from the
central lack of penetration and lack of fusion defects appear
in Tables 5,6,7,10,11 and 12, The length of the original defect
was measured, and the figure used in subsequent calculations
was the average of the leagths measured on both surfaces
of each fatigue test piece. The difference between these two
values was never greater than 0,001m, and the defect tip was
quite uniforn through the thickness of the test pleces, as
shown in Fisures 46 and 47. Also the defects were centrally
positioned through the width of the weld, as shown in Flgure D
ose of a fracture mechanics analysis, the
defects could be treated as central througa thickness cracks;

P /8, .
loaded under uniform tension. A solution for fC; s Or Y,
in equation [9] for this configumtion has been found by
. . 4 A P PR s Al L e Ty 4
Foxmag.aﬂd,KDb&y&ﬁhl(1¢Q>s'¢“d tha is shown graphleally dn




(2)

contd,.

Figure LB8. Using this analysis a value of 4K was determined
for each test piece. In the present work, the defects were
aligned along the angle of the weld preparation, at 60Y to
the tensilc axis. Tanakal®45) pas recently shown that for

this configuration the effective value of AK is given by:-

a1
effective = (Axla * 8AK3§)4 [57]
where My = AKA sin? g [58]
and Mg = AKA s3ing cosag [59]

The value of AK, in equations [58] and [59] is that
given by the analysis of Forman and Koba,ya.shi“““”y and @ is
60° in the present work, This value of gKeffactivé’ appears
in Tables 5,6,7,10,11,12 as AKs, the value of the stress
intensity factor range before crack initiation. The initiation
fesults are plotted graphically as logNi v log &Ko in Figures
49-b5), and the lines of best fit from linear regression
analysis gave the following relationship:-
(1) At 25°C, as welded, Figure L9

Ni = 105799 (AKo) ®°° [60]

-~

(2) At room temperature, stress relieved at 3259

Figure 50

Ni = 107°99(AKo) *°#% Regression Coefficient, [61]
Rsz O®978

(3) At room temperature, stress relieved at 4B0°C
Figure 5l.
Ni = D?«QQ(AKO>°‘5$$Q [621

tress relieved at 325°C.Figure 52

w

(4) At 200°C

Wi = 207000 (8K0)7 74 R = 0,972 [63)
(5) At 300°C As-welded Figure 53
Ni = :]_D%’7%235(N{0)“5%§ R o= Cla?ﬁ?(j r531j

) At 300°C, Strens-relioved at 450G Flgure 5i

O™

(
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contd.,

Since the .relatj.onship between the initiation period
and AK appszared to be linear over the whole range studied,
the equations above werc taken from the cornpleté sets of data
for each condition., The effect of stress relieving was to
ddcrease the value of the exponent in the power law and increasea
the initiation period at a given value of AR, Taking valuss
from the lines of best fit, figures 49 and 5l, at a AR of
g /2 Ni increases from 25,000 cycles in the as welded
oond}Ltion to 260,000 cycles when stress relieved at L4H0YC,
and tested at room temperature. Figures 5% and 54 show thatb
stress relieving at 450°C incrsased the initiation period fyom
12,000 cycles to 120,000 cycles, at a MK of 3uNm 2% when testad
at 0°C, Increasing the test temperature decwtlaéd tha
initiation period, At a AK of 2N 8/ %, Ni was 38,000 cycles
at 300°C, compared with 180,000 cycles when fested at room
vtemperature (Figures 50 and 53). The scatter 1limits on the data
were qulte consistent and covered a factor of approximately fiveé

Tables 5,6 and 7 contaln values of the parameter Ké&ﬁ'
for each sample. The Kg corresponding to the relevant initial
defect size was taken fyrom the graphs in Figures 37 and 38 The
initiation periods at room temperaturse, 200°C and 300°C, are
plotted ageinst 1ogK£Ac’in Figures 55,56 and 57e From these,
the initiation .periods may he expressed numerilcally asg-
(1) At room temperature, stress relieved at 325%C

Figure 55
Ni = 10482 (K A0)T 40 R o= 04952 [66]

(2) At 00°C, stress relicved at 325°C Figure 56

Ni = loié%s@é (K:EAG-»)"’SQGEEB o= 0941 r@?j



(b)
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contd,
(3) At 300°C, stress relieved at 325°C Figure 57

Ni = 1015053(K£A6)m5n64 R = Og9l|-6 [68:]

-

The scatter limits produced by tlre Kf‘method of corre-
lating the initiation data covered a factor of approximately
7 or 8 in Ni at a particular KéAG‘valueﬂ This scatter is g reater
than in the AK approach, as shown by the lower values of R in
equations [66,67,68] compared with the R values in equations
[61,63,64]. The values of the exponents forvKéAc‘are all greater

than the values of the exponents for AK under the same test

conditionss

Initiation From Reinforcements

fExamination of fracture surfaces revealad defecls at the
root of the reinforcement which were approximately 0.00025m
deep. These were weld intrusions which varied in shape. Figures
58,59 and 60 show typical defects. Maddox(lzs) has recently
developed a solution for K in the case of a sémi~elliptical
surface crack situated at the toé of a weld. The general

solution may be written as:i-

= Ms Mt MK. ™ [69]

K = ol ma
¢

where MS is the correction for crack front shape

$ is the complete elliptical integral
Mt is the ccrrection factor for crack front position

MK is the correction to take account of weld proiile atress
concentration

The relationship hetween the parawster MBMt/¢ and a/B

is shown in Figure 6. Curves relating MK.and a/R are ahown in

Figure 6§, Using those figures, and agsuming that the original

defect was app roximately nemisphurical, a value for tho original

rangs of stress iptensity factor, Ao, Waf eoleulated for aach

SRS
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of the weld reinforcement tests, and the results appear in
Tables 8 and 9. TFigures63 and 6l show the plots of loghKg
versus logNi at room temperature and at 300°C for welds which
had been stress relisved at 325°C., The lines af best fit
from these graphs lead to the following expressionsg—

(1) At Room Temperature ;-

lOB HDQS(AK)E“ s9 8 R = 09982 E?DJ

-

Ni

{1

(2) At 300%C

t

Nj - 107673(N{)“Ev95 R

-

0,986 [72]

Tables 8 and 9 show the values of KtAd‘for each test
plece, Kt was derived from the measuvement of the radius at
the reinforcement root and the relationship expressed in Flgure 42,
This was preferred to the use of the Kﬂ values optained on the
grounds that it gave individual values of Kt for each test piece
and it has been shown(148) that K_f is equal to Kt for value s

of K, less than 2.3. The values of Kf obtained in the present
work indicate an approximate egquality. Figures 65 and 66 show Ni
plotted logarithmically agains t KtAG} Regression analysis of

this data gave the following expressions g~

(1) At room temperature:-

Ni = 10%°°%3(K A0) 2% R = 0,969 [72]
(2) At 200°C:~
Wi = 1017»097(KtA0.)“‘6@16 R = 04957 "‘75]

Comparison of Figures 63 and 6. shows that the initiation period

is decreased at a constant AKg when the temperature is increanedy

from 850,000 cyeles at room Lempsrature to 90,000 at 300°C when

Ko WaS %mmwlala . The value of the exponent in the powey laws,

equations 70 and 71 is increased by increass in temperatura, A#

with the results for initiation from intemal defacts, Lha Ao filie e
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contd.
bands are wider and the correlation coefficients lower in the
KtAO‘approach compared with the AKo approach, and the exponents

in the power laws are higher in the KtAG‘approac o

Le2s3 Crack Growth Life Results.

A prediction of the life of a test piece after crack

initiation was obtained by integration of ths relevant crack grawth
law. To facilitate comparison of results from test piseces of differ-

ing thickness , equation 40 may be expressed, to include the 1 section

width,W, as

a d %§) ) 4. o
j“(‘%% N —o(ae)™ W . [74]

@, (5 o

Referring to the integral as I, equation 74 may be written as

2.1 l/m ! |

1. . @

AO‘<w(2 ) ) N = % = Constant [75] |
I

or [AO*]m N = a constant = % [76]

21 1
m

where Ac* = Ao (ﬂ%ﬂ [37]

Maddoycias>used this approzchy and referred to Ac* as the generalisad

stress parameters
The value of the integral, I, is not hased on 4 cloaed

form solution, and was therefore computed graphically. In the cass
. g :

of internal defects, the Y values used were taken from Figure 48,

Graphs showing I versus (a/W)0 for tho range of values of €ha axpanant
7 ia e S e 40 ’

int in equations 18,4950 ,52,53 and 5l ave shoan in Appendicas Jefi
i 4 : :

fn ATy 1, Jue of ¥ was takan as
Tn the case of roinforcamant failures, the velus of ¥ was Lakan ¢
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-3 s a° in cquation 69, using the assumption that the

crack grew with an average length to width ratio (%/2c value) of 0.3,
This assumption is reasonable as the average crack length measured
on the 0.0063m thick samples was 0,002m when the crack had grown to
the edges of the samples. Graphs showing L versus <a/B)a for the
reinforcement angles 135°, 105° and 120° shown in Appendices 7 and

8, for thevalues of the exponent 'm' relating to crack growth
throuzh the heat affected zone at room temperature and 300°C, Using
the relevant value of I, and the value of C from equations L4B8-55,

the predicted growth life as a function of Ac%® was calculated for
sach of the test conditions, The value of Ac* for individual teas
pieces is given in Tables 5-12. Figures 67=74 show Ac® plotted
logarithmically against the growth life Ngg tagsther with the 1ife
predicted from the growth rate law relevant Lo sach testing conditiong
as follows,.

Figure 67 - Growth from internal defects in the as-welded condition,
at room temperature

Figure 68 — Growth from internal defects, stress relieved at 325°C,
at room temperature

Figure 69 — Growth from internal defects, stress relieved at 450%C,
at room temperature

Figure 70 - Growth from internal defects, stress relieved at 325°C,
at 200°C

Figure 71 - Growth from internal defects, stress relieved at 3259C,
at 300%C

Figure 72 - Crowth from internal defects, stress relieved at 45090,
at 300°C

] o ®
Figure 75 = Growth from reinforcement, stress relieved at 325
at room temperatura
Growth from reinforcement, stress rel@evgd at %25 ,
at 300%C

£

Figure (&

ALl these figures show that atb short livea and up to Jives
of approxmately 500,000~ 800,000 cycles moat of the individual resulfa

1i6 w Lthin the predicted scotter Limits vesulting froum the gravih rets




tests. At longer lives the actual life exceeds the predicted valuee
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5o DISCUSSION

5.1 Crack Initiation

5.1.1 Methods of Analysis

The correlation of initiation data and subsequent formulation of
predictive equations for initiation periods is dependent upon the accuracy
to which the initiation period is measured, and the accuracy to which the
correlating parameter, AK or KEAU; may be calculated or measured. In the
present work it was assumed that the initiation had occurred at the point
where the potential drop across the defect showed ita firat increass, The
maximum error in the determination of this point was i 20% Ni, which is

small when Ni is considered on a logarithmic scale.

Errors arise in the caleculation of AK because of difficulties in
assessing the initial defect size. In the case of the internal defects,
where the crack front variation through the thickness was small this error
is not large. However, in the case of initiation from reinforcement
defects the value of AK was calculated on the assumption that each test
piece contained a hemispherical surface defect of 0.00025m depth. Bince
defects in the depth range 0.00012m to 0,0005m were found on fracturs
surfaces it is relevant to examine the error implicit in this assumption.

The AK values were calculated from:-

AK = MeMtMkhodlma
¢

- [69]

Figure 61 shows that for small crack length (c0.0025m for a width of
0,025m) the parameter MsMt/® is independent of orack length for a given

value of a/2c, Thus for a given value of the streas range the expreasion
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may be written as

AK = C Mkla - [78]

Taking valwes of Mk from figure 62, it is calculated that the value of
Mkda and thus of AKX, increases by a factor of 1,2 when a increases from
0.00012m = 0,0005m. Thus variation in a, could lead to an error of 0,08

(X 0.04) in the values of log AK plotted in figures 63 and 64. Figure 61

shows that the value of MsMt/® and hence that OF?ZK is increased by a
factor of 1.4 as the value of a/2c¢c decreases from 0.5 to 0.2, This would
lead to an error of 0.14 (i0g07) in the value of AK plotted. Defects
were found at the reinforcement root which had.a/ZQ values of greater than
unity, while the lowest values found were O.4. Since a lower a/QQ

figure gives rise to a higher AK, initiation ocours preferentdally from
defects having the lower a/ZC value, and the figure of 0.5 taken for the

calculation of AK would normally be subject to a smaller error than that

described above.

The accuracy of Kf'Ao is governed by the accuracy to which the
fatigue strength at 2x10° cycles could be determined. The scatter limits
on the plots of logho v Life to failure in figures 33, 34 and 35 cover
approximately Y 0.04 on the logho axis. Since the figure for Kf'rasulta
from the division of two results for Acg at 2 x 10° cycles, the total error
in log Kf‘is therefore, + 0,08, This is the maximum error in KﬁAa in the

initiation plotse.

The value of K, derived from Neuber's theory for the cass of
failure from the weld reinforcements ia dependent only upen fthe ancurascy

to which the radius at the reinforcement root waa measurad, This wcould

he done to less than a 10% error and the nature of the relationahip hetwesn
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K, and %/0 (figure 42) is such that the error in K, from this would be

a maximum of 3%. These theoretical values of Kt assume a perfectly smooth
root radius, aﬁd it may be expected that the presence of the small sharp
defects in the reinforcement roots would increase the value of Ktw
However, the values of Kf’from the present work are approximately equal

to the predicted Kt values, and this is confirmed by the work of Dinsdale
and Young(®®) on similar materiaj_w It therefore, appears reasonahle fo
use Kt as the correlating factor in this case. A complication in the atudy
of initiation from the reinforcement was that initiation occasionally
occurred at more than one site. This tended to happen more at the higher
values of KtAUs and is shown in figure 75 where three cracks have formsd
at the reinforcement and grown on different planes until they met and
formed a single crack front. This effect ia likely to affect subsequent

propagaﬁion data rather than initiation data.

5sl.2 Present Work

Figures 50 and 63 indicate that AK may be used to correlate the
initiation data from both central defects and reinforcement defects in
welds which had been stress relived at 325°C. The 'm' values from the
power laws are slightly different (m=4.25 for central defects, m = 470
for reinforcement defects), and the initiation periods from the central
defects generally fall on the lower limit of the scatterband from the
reinforcement data. However, figure 76, showing hoth sets of dats
together, indicates that AK has successfully oorrelated the data from theas
geometrically different defect types, The scatter limlta cover a faator
of approximately 6 in Ni.

. - & the aame data with Ka'Am (or with K Ag. whane
Correlation of the same data with Kf Ao (or with htﬁﬁ* whara




Ky = K" in the case of reinforcement failures) in figures 55 and 63

indicates that for a given initiation period Kf'Aa is about 20% higher
for reinforcement failure than for initiation from internal defectss
Again the "m' value in the power law is slightly greater in the case aof
reinforcement Tailures, m = 5.64 compared with m = 5.5 for the internal
defects. DFigure 77 shows that the use of Kf'AU to correlate both sets
of data lecads to a scatterband covering a factor of about 12 in Nig and
thus the Kf’AU approach does not correlate initiation data from the
diffeerent geometries as successfully as the AK approach.
Jg

Jack{®5) has shown that Ni may be correlated hy‘AK}{p/pO> a8
discussed in section 2.2.1. The value of po for aluminium was shown to
be 0.0002m from the results of Wibull(®®), while Pearson{**) found a
value of po between 0.000125m and 0.00025 for aluminium alloy BSL65. When
p is less than po, p is put equal to po, and the data is then correlated

by AK. In the present work the radii at the defect tips were much less

than p_ (Figures 78, 79). The results may be presented in the form

AK/ﬁ%, therefore, simply by multiplying the AK results by ;:%79
values of AK/p% obtained in this way are shown in Figurs 76,

The parameters AK/b%; KtAa’and Kf'AO‘ all have the unita
of stress, and it is of interest to compare their numerdical valuas,
OUsing Petefson"s(147) work on theoretical stress concentration factors,
values of KtAo* correéponding to AK/p% for the case of elliptical through
notches and single edge notch tensile specimens may be calculated,
These are compared in Figure 8, and 1t is appavent that for the singla
edge notch gecometry AK//;)% is approxinately squal to K Ao for values
of K’t greater than 4, while for the central notches Kt&ﬁ“ 18 betwaan

3. . Lo AT n
1.5 times and 1.5 timos KK /p® for values of Ky greater than 4 Tha

i
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relationship between Ko'Ao and A/ p® is loss olearly defined, At
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very low Kt valuesg, Kt is 3ppfoximately equal to Kf°, but for
sharper notches and the crack like defects in the present work

Kf' becomes increasingly less than the theoretical value of Kta

This 1s tho result of plastic deformation at the crack tip, reducing
the effective value of the local stressa' It is furthasrmore well
known that Kf‘ is dependent on section size for a given gecmetry,
and also upon the life to failure at which it is measured. Thus

1
equality between Kf‘Ad'and MK/p® is not expected. However, if

.

KfﬁAG‘were proportional to AK/p§>then it would correlate the
initiation data as successfuly as AK/p%a In the present work it
is relevant to compare Kf‘Ao with AK/pO%, since the values of p
were all less than Py and the radius is therefore not considered aa
a variable.

Figure 81 shows the curves of ﬁK/pé% and. Kf?&ﬁ‘varauﬁ
ao/w for the case of internal defeotsi Over the range of original
defect lengths investigated (0.16 < a/w < 0.60) AK/po increases
from 2.3 times to 2.7 times thz value of Kf'AO} Thus Kf“Ao'is not
exactly proportional to AK/p%. At a constant value of Ao, the
log of AK/p% increases by 0,38 as a/w increases from 0,16 to 0,60,
the increase in log Kf'AO‘over the same range is 0.30. This means
that 1if AK/po% is the true correlating parameter, then this discrepancy
will lead to increased scatter when Kf'Aa‘is used és the parameter;

and also accounts for the increased value of m, since a glven range
1
2
]

of Ni values is covered by a smaller change in ngéa'tban in AK/QQ
Figure 82 shows the relationships of A‘K/pﬁJé amd‘Kf7&$
with the reinforcement angle, 6. The ratio of ﬁﬁ/ﬂaé to Kfe&ﬁ
increases from 1,95 to 2.3 as 6 decrsases fram 135° to 105%  Thia
indicates that the equality found between the Ki values from Neubaw

- o [N I R i O¥ wera paslly
theory and the Kn' values was purely fortuiftous since If Ky weya peally

-
T4 w/s H M2 a4 f s s A
equal fo K,' then Kq'ho should be aqual 1O ﬁN/PQ o This discrepanay
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was expected since the presence of the crack-like defects at the

root must increase the true value of Kte A discrepancy similar to

that found with the central defects exists between the change in
; ,

logAK/po2 and logKf'Ao; and again this explains the increased

scatter and increased 'm' valiae in the Kf'AG‘appr@acha

5.1«3 Comparison with Other Work,

While there is a lack of information relating to the
initiation behaviour of natural defects in practical situations,
there have been a number of investigations into crack initiation
from notches., Jack's{®®) correlation of initiation data in mild steel.
gave au ‘m' value of A-iﬁ.the power law (equation 14). Bammby et al,l48)
found 'm' values of 3¢5 and 4 for a cast steel and a single phase
titanium alloy respectively. These values of the exponsent are in
close agreement with the m value of 3.6 for welds sfress relisved af
4L50°C in the present work. The results of Barnby et al. also show

(42) 5y notched

good correlation with KtAGZ The results of Pearson
bend specimens of aluminium alloy, when analysed using a value of

P, = 0.002m are shown in Figure 83%. The value of m from this is

3.9, Comparison of this with Figure 51 shows that the initiation
rasponse of BS.L65 is almost identical to that of the fully stress
relieved N8 welds, when the correlating parameter used is Aﬁkp/pgjém
Pearson's data is correlated with.Kf'Aﬁ'and the line of best fit from
this appears in Figure 84. From Figures 83 and B4 it is seen that for
Paarson’s data AK/p% is only marginally greater than waﬁﬁk Thus ths
correlation of Kng'wiﬁh Wi for BR.L6H is very different from that

for the welded joints, This is hecauss in Pearson's work the notohes
were such that the full value of the theoretical streas concentration

factor could be realised, resulting in Kf‘ values whiech wers almost

A

squal o K., 80 that for the majorlty of this data A¢/p% was aqual to
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Kf Ac. Tnis is a very different Situation to that of thz data for

the N8 welds, and it is clear that great care is needed in the
application of the Kf'Ao* analysis to pfedictive techniquesa In the
present work the value of Kf_' was taken at 2 x 10% cycles. From
Figure 33 it can be seen that the fatisue strengths were still
falling at lives greater than this., If it is assumed that the
strength in terms of logAc continued to fall linearly with logNf

(in practice the decrease would normally be less severe), then the

Kf values at 10® cycles would be about 1.5 times greater than at

2 x 10% cycles. This maximum increase leaves the values of ]{f%cr
still considerably less than the values of /.\K/pf for the welded joints,

5.1k General Discussion of Initiation Criterdia.

It has frequently been assumed that the natural crack 1ile
defects present in welds begin to pmpqgate as fatigue cracks on the
first cycle of stress, and that the fatigue life may be predicted
simply by considering the relevant crack growth law. Howsver, the
present work confirms the findings by Jack(®%) on work with mild
steel, that even with sharp cracks there is a definable initiation
period, In the case of failure from weld reinforcement this initiation
period may be 50% of the life for the secticn size in the present work

In certain cases, particularly when the working stresses are
high and the growth life following initiation is small, it may be
desirable to design against crack initlation rather than using a fail
safe criteria which would necessitate frequent inspection of the
growing crack,

Barnby et a],_%(w; found that the parameter K,{szcr aucenasafully
correlated their initj.ation-data in work on machined notehes, and that
this approach could provide useful design data. This approach is not
applicable to the present work, in which the higher values of Ky, for

tha shayp defects ara nob realissed,

64&
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Van der Zandenclisi showed that a K.'Aoc approach gave
satisfactory correlation of his initiation data for steel weld-
ments containing lack of fusion defects, although he used an
estimate of Kf' rather than an experimentally achieved value. The

present work indicates that the correlation between tho‘and Ni is

not unique for a given material, but may depend upon the cracked
geometry., The success of Kf'Ad'as a correlating parameter is dependent

on a directly proportional relationship between K_.' and Ktw Since

T

fﬁ is subject to the well known size effect this relationship cannot
’ r;{'y‘\(L
¥ oabd KT have

K

always be assumed., Empirical relationships hetween Kf

been proposed. Typical of these is the expressionderived by Neuhert #48) .

where q 1s the notch sensitivity
and A is a material constant
Kunl24°) has attempted to determine the value of the constant A in
equation‘[79], but his results gave rise to considerable scatter in
the values of Kf' predicted, and in practice it is necessary’to
measure the Kf9 experimentally for each defect type and severity.
This is a laborious process, and the results are subject to the usual
errors in fatigue data, particularly in the case of real defects where
there may be difficulty in reproducing the required size and shape
of the defect for a test series.

In view of thesse difficultics it may be preferable to use
the linear elastic fracture mechanics approach. As previously mentioned

- E .

there is strong evidence that the parameter AK/p® may be used to
sorpelate initiation data from both notches and sharp cracks, The
present work suggests that &K successfully correlates initiatdon

data from diffevent geomstriss. This is nol surprising sinee %ha
bed ok 4 b ot A

relovant solubions for AK take account ol arack slza,shapa and.




specimen geometry,

The theorefical models of crack tip plastioityCQTgao)
discussed in Section 2,2.1 predict that Ni should be dependent.'
upon AK ®. The present results and much reported data show a
dependeicy on AK'*. This is the dependency predicted by May'scaa)
model of criticai crack tip strain, Since all the theoretical
models are dependent on the assumed material behaviour,; it may be
expected that metallurgical and microstructural factors of different
materials would result in variations on the AK dependency. IT may
prove possible to incorporats these factors into the theovetical

models to achieve more accurate predictive theories,

However, it is apparent that the AK approach does have

considerable theoretical justification, and it is therefare gratifying

thﬁt AK may be used as an effective design parameter, Using the
data ;hown in Figures 50,63 and 76, it is possible to draw a line
below which initiation will not occur. Using the appropriate
solution for AK, design stresses for the relevant geometry may then
be calculeted, and by movingb ack from the line, any desired safety

factor may b e incorporated.

5,2 Crack Growth

5.,2.1 Propagation Rates.

In order to ensure consistency in the results from crack
growth tests, it is desirable to gather data which is all undew
plare strain conditions. In fatigue, this condition is satisfiled

WhenciED)SW

8 -
B> 25 (‘%K’“> (8]
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where B is the specimen thickness,
Thus Tor the 0,0063m thick gpecimens usad in ths present

work, the plane strain critevia L8 gatiafied up to a AL of




17MNmf3/2§ The value of AK exceeded this figure in some of the
tests: Eut in practice the criterienis conservative., The fact
that KC for the material shows little decrease with increasing
trickness (Table 3), together with the flat appearance of the
fatigue fracture faces at the highest AK values used, indicate
that the whole of the data does in fact rélate to plene strain
conditions,

Figures 13-20 show that the relationship between log
growth rateand loglK is linear only over a limited range, about
two orders of magnitude in the growth rate, At higher AK the
growth rate accelerates, This is expected since as Kmax
approaches K, the growth rate should tend to infinityl*8#),

At lower AKX values growth is slower than predicted by ‘»t.]hGA simple
power law,. This phenomenon has been ohserved by many workepst +681168)
and is probably associated with non-uniform propagation across the
crack front. As AK is reduced toward a threshold value where the
growth rate is zero, growth occurs in bursts at preferential sites
on the crack front., If growth from each of these sites obeys the
power law, then the average growth rate for the whole crack will

be slower than predicted.

Frostt 74 reported growth rates down to 1079 m/cycle
in the A@/mﬂg 2110y, which showed linsarity of ToghK Witk log
growth rate, but the results of Poarsont @) on RR56 aluminium alloy
(of similar toughness to N8) indicate a deviation from linearity
at 5 x 1077 m/cycle. In the present work the log of the growth
rate was f;und to be linear with logfK down to about 5 x 109 m/oyela,

The value oI the sxponent 'm' in the pawer law was
2,7 in Frost's wark“*) , and 3 in Pearson's workd 87, Thus theve is
a small difference 'bat{aean. these and the figure (zzf;"-m = 5,5 fap

the fully stress relieved weld metal in the present worl, Fyﬁﬁﬁh?mj
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reported growth rates which were faster than those found here (e.g.

for a growth rate of 2.5 x 107° m/cycle, Frost found that AK was
5.5MNm 2/ 2 compared with the ;alue of 7Mm °/® for fully stress
reliev;dﬂweld metal). This may be a result“o% the higher R values
(R = O.44) used by Frost, but this in furn should lead to higher
values of the exponent, whereas the value of m in Frost's work was
lower, Thus it is apparent that there are considerable differences
in the crack propagation behaviour between the welded and unwalded
aluminium/5% magnesium alloy,

Figures 14 and 16 indicate that crack propagation is faster
in the weld metal than in the heat affected zone, by the small
factor of about 1.5, Thus the behaviour of aluminium welds in
this respect is similar to that of steel weldmental*88)

The models of crack tip plasticityl® ™ #0) discussed earlier
suggest that the value of the exponent in the g}owfh power law should
be equal to 4, but there are few materials for which this has been
found to be exactly so. Many attempts(2342288) 5 Geduce a law of
fatigue crack propagation theoretically have beén made, but none
has besn found to agree with observed crack propegation. It is

therefore apparent that for the purpose of fatigue life prediction, it

is necessary to obtain empirical crack growth data which is relevant fo

the particular material and conditlons.

5.2.2 CGrowth Life Predictions

It is apparent from figures 68 and 73 that the Ac¥ approsah
gives a good means of predicting the growth 1ife to fallure for welda
containing both internal defects and reiforcement defects, TFor lives
up to about 5 x 10° cycles the lives obtained are within the soatiter

hands of the lives predicted from the erack growth laws. AL longay
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lives the predicted value becomes less than that obtained. This fits
well with the crack growth rate curves (figures 14 and 16), whicﬁ
indicate that the log growth rate is proportional to logAK down to a AK
of 3.5MNm™3/2, Tables 5 and 8 indicate ihat it is génerally the teat
pieces haviﬁg an initial AK of less than 3.5MNm™3/2 which gave results
outside the scatter limits. Deviation of the gfoﬁth law from linearity
at the higher_AK values does not éffect the present results, since the

lives affected would be shorter than those considered here.

The Ao* approach is extremely useful in correlating data from
different section sizes. Dinsdale and Young(®4) have carried out SQN
curve detevrminations on N6 welds of width O‘OOBmmD60125m containing
central lack of penetration defects of varying severity. Uslng the
relevant growth rate data from the present worlk, these results ars
presented as Ac* v Np in figure 85. It should be noted that here Ny
refers to the total life, including both initiation and propagatipna As
will be shown later, the percentage of total 1life taken up by initiation
increases as the width decreases, and would be about 40% in the 0.005m
thick sections. Thus the lives plotted in figure 85 overestimate the
growth life by up to 67%. This error is not zreat compared with the
scatter in the results. The scatter from this analysis is coneiderably
greater than in the present work, and this arises from the calculation of
Ac¥, as the defects were not uniform and varied across the section. Beasd ng
these points in mind, the analysis glves reasorable agreement with the

present results, and the trend towards longer lives than prediated at® the
lower Ao¥ values is also evident,

A fracture mechanics analysis indicates that for welds conbaining
uniform defects, the gradient of the plof of loghav log N should he squal
%o the value of 'm'! in the growth law. Analysls of the individual grapha

produced by Dinsdale and Youngl®4) gives an average gradient of heB,




compared with m = 3.7 in the growth law. The sdlow growth at lower AK

explains this discrepancy, and since the prediction at the longer lives
is cormservative, added confidence is given to the Ag* approach as a design
criterian.

Dinsdale and Young!®®) also carried out S-N curve determiretions
on the effect of the reinforcement angle én the life to failure. The
results from this are presented in figure 86 as log Ac% v Nf. Ac* was
calculated, as in the present work, on the assumption that failure would
originate from a surface defect of depth 0,00026m. Again the results all
lie in or near the limits predicted from the growth law for the heat
affected zone found in the present wori{a This again demonatrates the
effectiveness of the Ac¥ approach in predicting fatigue livea from

sectiona of different geomelriss.

5.3 Prediction of Total Fatigue Life

The present work indicates that fatigue crack initiation from
central defects does not occupy a significant part of the total fatigue
1ife. Thus the common assumption that the 1life of a welded Joint conaists
of brack propagation appears tec be justified, at least in the case of the

0.025m wide sections considered heree.

However, as the wmidth is decreased the percentage of 1ife taken
up by crack initiation increases. The initiation period may he taken from
of best fit in figure 50, or calculated direotly from tha

the line

empirical relationship:=

N, = 1078 (AK)™* <28 « [61]

The growth life is derived from the integration of the relsvant

srowth lew, and is taken from the line of Ao% versus predioted life dn
growth law, and 1F <

fizsure 68




The case of a welded joint which had been stress relieved at 3269,
and tested at room temperature with an initial AK of EMNm™®/8, is used ta
typify the effect of secticn width on the cortribution of initiation and
growth to totel life, TFigure 87 shows the relationship in the case of a
cgﬁtral defect of a constant 2a/w value of 0.3. Figure 88 relates to &

central defect of constant crack length of 0.003m.

In both cases it is clear that in thin sections the initiation
perdod may occupy over BQ% of the total life. Under these clrcumstances
a conservative estimate of the total 1ife could be obtained by using the

initiation data alone.

Using the empirical data presented here it would alaso he poesible
to calculate the contribution of hoth crack initiation and growth o total
life for other defect types, e.g. surface lack of fusion and reinforcement
defects. Clearly the linear elastic fracture mechanics approach provides
a very powerful tool, both in cases where design against fatigue crack
initiation is required, and where the growth life of an existing crack

must be estimated.

It is of interest to note et this point that to utilize a Kf‘
approach as the basis of an initiation prediction techrique for welds of
differing section size would entail the determination of Kfv for each
size of test piece. This is so since Kf, will vary as the proportion of
growth in the total 1ife varies. To complete the prediction of fotal
1ife it would then be necessary to use a fracture mechanics determination
of the growth phase. It would appear to be far more elegant to apply the

fracture mechanics approach, with itea built in geometrio consdlderati ong,

to the prediction of both pheses of the total life.
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5.4 The Effects of Stress Relieving on Fatigue Life

It Has been found(*3°) that during the production of‘a butt
weld, tensile residual strésseé are set up in the région of the weld
deposit as a result of differential cooling and shrinkage. In thick
sections these stresses will be of yield point magnitude(139) and are
superimposed on the applied stress during fatigue testing. Thus the test
consists of the applied stress amplitude cycling downwards from the yield
point and gives rise to an effective high value of the stress ratio in a
test where R is nominally zero. The effect of stresas relieving is fo
reduce the residual stress to the level of yield stress of the material
at the stress relieving temperature. Hence as this temperature ia
incfeasedj the effective R value in the subssquent faligue tests 18 de=
creased. Thus stress relieving should lead fto a decrease in orack growhh

rate, and this was found to be the case, as shown by figures 13, 14 and
15. ' '
Forman(7%) has shown that the effect of R value on the rate of

crack propagatibn ﬁay be accounted for in a relationship of the type:-

= (ﬁ%ﬁﬁ'wmm - [32]
It is possible that the present results may be rationalised by equation
[32], but such an approach would be of little valus in the prediction of
fatigue 1ife. It is reasonable to assume that the residual stress across
the pet section remains constant as the magnitude of a defect or the lengiflh.
of g growing crack is increased, then since the applied alternating stresa
on the net seotianﬁincreased, the effective R value is different from
sample to sample, and also decreases during the test. Clearly it ia
relevant in this case to consider the effect of the R value for each fest

piece on the growth life fo failuree




Tiffany(157) hag shown that a plot of the original stress
intensity factor; AKQ, versus the growth life will give a satisfactory
characterisation of growth life for a given section size. This is not
as accurate as the Ac* approach, but is a fair approximation since most
of the growth life is accumulated in the early stages of crack growth,
and over a small increment of crack length, AK may be considered constant.
An assessment of the error involved may be obtained by comparing the
growth lives obtained at a constant AKO for initial crack lengths Dfl

a/w = 0,16 and a/w_: 0.60, the extremes used in the present work., For
the case of welds stress relieved at 325°C, with an original AK of BMNmWﬁJa
the value of Acg* is 29.5 for the short crack and 316 for the long ecrank.
The corresponding predicted lives are 120,000 cycles and 90,000 asyoles
respectively. This difference is small compared with the gensral faligus

life scatter.

On the assumption that the magnitude of the residual stress after
stress relieving could be taken as the value of the yield stresses given
in table 2, an initial value for the stress ratio was calculated for all
the tests recorded in tables 5,10 and 11. Analogous to the Forman growth
tate equation is an expression accounting for the effect of R value on

growth 1life, of the form:-

i
N. = A[(1-R)K_ = AK ]
¢ = Al o o .
n
AKD L
Thus if the analysis is valid, the plot of log NG Ve EULE

[(2-R)K 4%, ]"
log AK, should give a straight line relationship. Forman 7% said that
the value of 'm' in equation [32] should be wunity, while Paapaant 17)
found that a 'm! value of 095>gave a better Fit to data on alnm@ﬁiuﬁ

alloyss




It was found that in the present work the data from the three conditions
of heat treatment were best correlated by using a 'm' value of unity in

equation [82]. This is shown in figure 89,

It is apparent from figures 49,50 and 51 that fatigue crack
initiation is more sensitive to stress relieving heat treatments than
crack propagation. Using the initial R values calculated for the ocrank

propagation data, this data was rationalised by the expregsions-

P o 'rr'."m
Ni = c[(lmR)L_C - K]

; - [82]

AKD

The best correlation was achieved by using a 'm' valus of 2 in equation

-

[82]. TFigure 90 shows the plot of log Ni veraus log Al
- " e - e a
[(1 R)Ix.a A _]

The results indicate that stress relieving at LBO°C greatly increases the
resistance of the welds to fatigue crack initiation and so if design
against initiation is necessary it is clearly desirable to use a stress
relieved weld if possible. Further, because crack growth is less sen&itive
to heat treatment, the portion of total life occupled by crack initiation
increases with stress relieving, as shown in figure 91. This shows the
comparison of the percentage 1life taken up by initiation fqr welds of
different widths, in the case of a constant a/w value of 0.3 and a AK of
5MNm™2/2, Clearly it is more important to account for the initiation
peribd“in the total life prediction when referring to stress relisved

joints. The effect of stress relieving en total 1life is shown in figure

92, for the condition of a constant a/w of 0,3 and a AK of 5MNa“3/%, Ip
thick sections where the life consista almoat entirely of araakupfmp@gatiﬁﬁg
atress relieving at 450°C increases the 1ife by a faotor of about e Thia
factor increases to 10 as the width decreases to 0.00fm amd the dnifdatden

period becomes increasingly more important in the streas welisvad jeints.
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5.5 Effect of Increasing Temperature on Fatigue Properties

Jeglic et a1{*58) investigated fatigue crack propagation in an
aluminium/2.6% magnesium élloy between room temperaﬁure and 300°C. They
showed that crack propagation was controlled by volume diffusion. The
activation energy for volume diffusion (Qo) was lowered by the applied

stress intensity range AK, so that

Q(AK) = Q_ - CylogAK - [83]
The driving force for the process is inversely proportional to the squars

of the stress intensity range, so that

A(AK) = Cy AK? - [84]
This led to an expression for the crack propagation rate as a funotion of
temperature and stress intensity factor:-

da Co AK™® exp |Q = Cy logAK
™ = o
B L Rr ]

Jeglic(188) claimed that the results of Weil2%2) on 7075 aluminium alloy

could also be fitted by this formula.

Equation [85] implies that the dependency of crack growth rate
on AK decreases as the temperaturs increases, and in deglic's work the
yvalue of m in the simple growth rate power law, equation [37], decreased

from 4.35 at 269C to 2.07 at 300°C.

This at first appears to be in direct conflict with the pragsent
results, equations [49],[52],[53] which indicate that the growth rate
through the weld metal became more sensitive to AK aa the temperature
increased to 300°C, In fact, crack growth rate at elevated temperaturss

is dependent upon a more complex combination of factors than those of

o - nd e erowth rate may still he deaoribed
simply temperature and AK. The zrowth rate may atill ha desordhad
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phenomenclogically by the power law:-

da BAKm ~ [37]

an — ]

However, the variables which are inherent in the elevated temperature
fatigue testing of welded joints must affect the values of B and m. A

change in fracture mode from transgranular to intergranular cracking is

accompanied by an increase in growth raté, and hence in B, since inter-

granular cracking involves less distortion of the structure(*80), Thg ;
(4.64.) |
value of 'm' in equation [37] is also increased in intergranular aracking. Z
Furthermore, tihe effect of residual stresses, which is equivalent to an
applied mean stress, increases the 'm! vaﬁl,ue("g)j and al so promotes
intergranular cracking. Welds which were streaé ralie&ed at A25°0 and
tested at 300°C would contain residual stresases of almost yield point
magnitude. In the present work it was found that cracking became mors
intergranular as AK was increased. This together with the effect of

residual stresses accounts for the increased dependency of growth rate on

AK. In welds which had been stress relieved at 450°C the growth rate

decreased and the m value was markedly reduced. The cracking was
predominantly transgranular to higher AK values. Compa rison of equations
[50] and [54] shows that in welds stress relieved at 450°C the m value
decreased at the higher temperature, although the decreass from 3.3 1o

2.8 was not as great as in Jeglic's work(468)

Other work on the effect of temperature on crack propagation,
while showing that growth rates Increase with temperature indicate no
general trend of the effect of temperature on the m value. Bh&hin§%;?§
found that m increased from 3,6 to 4.8 as temperature inereased fo 42756
for Type 304 stainless steel welds. James(*98) found that with Type 304
plate the m value was the same at H38°C as at room temparature, Ohmura
ot 21(*¥8) found that m deoreased fyom G.6 fo G.5 with the oobalt hased

superalloy HA-188 as the tempsrature was increasad to BB0O90,
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Shahinian{*®7) Pound that the effect of temperature on growth
rate in Type 316 Sfainiess steel could be normalised by dividing AK by
the square of Youngs Modulus. Variations in the m value lead to scatter
of the results. The effect of frequency also suggests that this could not
be a successful general correlating parameter. As the frequency of fteatinz
is decreased, the growth rate at room temperatufe remains virtually constant,
whereas at higher temperatures the decreased f'requency leads to increased
growth rate. Thus a different power of Youngs Modulus would be needed at
each frequency. This frequency effect will also change the constants and
the activation energy in equation [85], so that a sepsrate equation would

be necessary for each frequency.

It would appear uﬁlikely that any predictive technique could
account simultaneously for the effect of temperature, frequency, mean load,
mode of failure, and processing variaﬁies. Therefore, for the purpose of
a design criteria, it is apparent that crack growth data must be gathered
under the conditions which are relevant to the particular service conditions
ofa component. Thus the constants B and m in equation [37] ghould be
determined under the appropriate conditions, and the expreasion obtained

may not be used as a general criteria for any other combination of wvariableg.

Henry et a1(%62) have shown that the fatigue life of notohed
samples in the high strain regime may be predicted by the use of Neuber'sa

rule and the frequency modified Coffin-Manson relatlonship, so thati«
i
)
Koh8 = (EAohe)” = Notch stress range

i

where bo AAeank

bey = GO

Ae he  + ba
P T

£
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Interpretation of this relationship is difficult because of the
existence of a small plastic zone or 'Neuber Particle', which makes
the stresses and strains difficult to determine. Nevertheless, Henry
et al were able to obtain a good fit‘fbl*total lifé data from A286
specimens at 593%°C. As with the room temperature work, the use of Kf
is subject to the reservation that strictly speaking the Kf value used
should be that obtained from initiation data and not from total life
data. The total lives in the work of Henry et al may comprise a
predominant initiation phase, but in the present work the exdistence of
substantial growth periods in the total lives is a restriciion to the

application of the Kf approach for initiation prediction.

In the assessment of the use of AK aa the hasgis of a
predictive technique for Tatigue crack initiation and propagation, i
is deéirable for the purpose of comparing results that all the data
should relate to plane strain conditions. In the present work the
production of reasonably uniform defects through the specimen thiokness‘
limited the thickness to 0.0063m. The criterion for plane strain,
equation [80] is satisfied for values of AK up to 6 MNm™®/2 for this
section size tested at 300°C., This AK was exceeded in many of the
tests. The increased growth rate found in 0,026m thick sections, and
the presence of shear lips on the fracture surface of the 0.0063m
thick specimens tested at 300°C indicates that fallure in the thinner
sections was under conditions of mixed plane stress and plane strain.
Under plane stress conditions the toughness of the materdal is incyeassd,
and consequently the fatigue properties found in the present worlk will

be superior to the properties of thicker sectiona,

Thus, it is not possible to extyapolate the wesulta, dn fherma
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of percentage initiation and growth periods, to other section sizes. ;
The presence of plane stress fracture also adds a further complication
to the comparison with the room temperature results, which were all

collected under conditions of plane strain.

In the present work, equipment limitations dictated that the
minimum -and maximum frequencies available were 45Hz and 100Hz.
Figures 18 and 21 indicate that over this limited range there was no
appreciable effect of frequency on the crack growth rates. Thia
indicated that the results fall in the time independent regime of
figure 5. Consequently it was not possible to invesidgate the effect
of frequency on crack initiation or propagation in the present warlk,
and all the data included in this discussion was obtained at a ftest

frequency of 100HZ.

Figures 52-54, and 56~57, show that the initiation data from i
the elevated temperature tests may be correlated by either Kf"Ag or by
AK,. The correlation coefficients from the lines of best fit, equations
[63-65] and [67-68] indicate that as at room temperature the AK, approach
gives a better fit. The value of the exponent 'm' follows the same
trend as m in the growth law for the corresponding conditions, i.e. m
increases with temperature but is greatly reduced by stress relleving
at 450°. Figures 64 and 66 show that for fallure from the reinforcement,

AK, produces a better correlation of the initiation data than Ktho.

The plots of Ao¥ versus growth life to falluve, produced by

integration of the relevant growth lawa are shown din figures 7074, Guad

agreement of predicted and actual lives is obtained in all vasea.



Figures 71 and 7. indicate that growth from the central defects and
from the reinforcement could be accurately predicted by one value of

Ao®s s0 that Ag* may be used to predict growth from different

J

geometries at 300°C. It is gratifying that linear elastic fracture
mechanics may be used to quantify the high cycle fatigue failure of
welds having different heat treatment and fracture mode, at elevated

temperature.

James(*¢%) has shown that the effeot of frequency on growih

rate at a specific temperature may be accounted for by an expression

of the type:-

2 = p(ax)" -~ [86]
where B is a function of the frequensy.

Clearly it should be possible to use equation [86] to
incorporate frequency effects into growth 1life prediction, and thus
provide a comprehensive picture of the growth life of welded Jjoints

from growth rate tests under the relevant service conditions.

80,
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6o CONCLUSIONS

Two techniques for the prediction of crack initiation and
propagation from defects in aluminium weldments have been examined.
The predictive technique based on the fatigue strength reduction factor,
Kf‘, is found to give a reasonable correlation of data from a specifio
geometry. The solution is however, not a general criteria, since Kf‘
must be determined separately for other section sizes and geometriss.
The application of fracture mechanics as the basis of a crack ipmitiation
prediction technique is preferable on theoretical grounds and leada fo
a marginal improvement in the fit of experimental data. This approach
also has the considerable advantage that a criterion for initiation
estahlished with any geometry and section size may he applied to athsp
configurations, provided that the geometry of the defect may he approximat ad
to one for which a solution is availéﬁle for the stress intensity factor,

K.

The Kf' approach may not be used to predictthe total fatigue life
except in cases where the life comprises predominantly the initiation
phase, this is rarely the case in the context of the fatigue failure of
welded joints. A fracture mechanics approach, based on the integration

of crack growth laws, is found to provide a succesmaful technique for the

prediction of the life of a weldment following fatigue crack initiation.

Thus it is shown that a fracture mechanics approach may he usad
to predict the contribution of both initiation and propagation of sracks
to the total fatigue life. This is glgnificant in that it permite deslgn
eriteria for defective weldments to be derived from the maults of fheshs

on canventional machined test pleces.



It is shown that in thick sections, a satisfactory conservative
prediction of total life may be obtained from a consideration of the
propagation stage alone. However, as the section size decreases for a
specific cracked geometry, the initiation period becomes more significant

and eventually exceeds the propagation period.

Residual stresses arising from the welding process are found to

have a significant effect on both the initiation and propagation of

fatigue cracks from welding defects. Stress relieving heat treatments

lead to delays in both stages of failure, the effect being more pronouncad
in the initiation of the cracks. A simple approximation of the magnitude
of the residual stresses allows both the initiation and propagation laws
to be modified to account for the effective streas ratio introduced into

the fatigue cycle by the reaidual stresaea.

Increasing the temperature of testing leads to decrecases in hoth

crack initiation and propagation times. Under the conditions of high
frequency testing in the present work it is found that the room temperature

techniques for crack initiation and propagation could be applied at

temperatures up to 300°C. However, the combined effects of residual streases
and changes in fracture mode profoundly effect the conétants in the
empirical laws which form the basis of the predictive techniques. It ia
cancluded that the formulation of a general orack inltiatlion or
propagation criterion to account for the variables of temperafure,

frequency, residual stresses and mode of failure, is unlikely fe hea

achievedav
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7o FURTHER WORK

The analysis of the proportions of erack initiation and
growth in the total fatigue life of defective welds indicates that
section thickness is an important variable in predicting the fatigus
life of N8 weldments. It would be desirable to confirm the prediotions
with work on thicker sections, The work of Jack(®5) indicates that
similar size effects are found in mild steel, and work on steel weld-
ments is suggested in order io establish whether the initiatiom/
propagation contribution to the fatigue faillure of welded Jjoints ma.y

be regarded as a general phenomenon,

: In practical situations the prediction of fatigue failurs in
weldments is complicated by the faot.that the exact nature of the
defect which initiates failure is not known until after the joint has
failed. Consequently, approximations of the type used in the present
work, for example the approxima tion of the size and shape of defects
at the reinforcement root, will always be a necessity. In the
construction of design specifications, it is therefore, essential that
all possible information is gathered regarding the size, geome try and
location of defects which are expected to arise from the spescific
material/welding combination being used. However, from the fundamental
viewpoint the main problem is that a solution for K may not exist, and

further theoretical work is needed fo establish Kecallibrations whish

are relevant to welding defects.

The present work indlcates that the effect of residual
stresses in aluminium welds is mors pronounced than in steel weldmenta,

and the magnitude of the residual stresses may greatly influsnse the

3
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fatigue life of the joints. In view of this, it is desirable that the
analysis used here should be refinede The use of photo-elastic models
would enable a full analysis of the pattern of the residual stresses

in the region of the weld. This, coupled with an investigation into the
effects of stress ratio on crack initiation aml propagation through the
weld material, would lead to a more rigorous analysis of the effeot of

stress-relieving on the fatigue life of aluminium welds.

Although it is found that a fracture mechanics apalysis may
be used to quantify the fatigue failure of aluminium welds at Lempars
atures up to 300°C;, the analysis is severely limited by the phenomene-
ological aspects of elevated temperature fatigue failure. In partioulur,
fundamental work appears to be neceasary in order to determine the effasth
of the transition from transgranular to intergranular fracture on crack
growth rates. WMany materials exhibit ‘notch strengthening' under creep

conditions,(185)

and this phenomenon may affect initiation under
conditions of low frequency. Consequently an invéstigation.into the
effect of frequency on both crack initiation and growth would be
necegsary before the construction of any generalised design cyiteria-
for the elevated temperature fatigue failure could be attempted. At
the testing frequencies employed in the present work, a linear elaalia
fracture mechanics analysis is valid at temperatures up to 300°9C,
However, at reduccd frequencies éni/or at higher temperatures, the
conditions necessary for the valid application of the analysis may he

violated,vand the use of strain analysis techniques would hecoms

necessary.



Table 1

Chemical Analysis

A

B.

Copper
Magnegium
S8ilicon
Tron
Manganese
Zinec
Chromium
Titanium

Aluminium

Magne sium

Manganese

Specified Chemical Composition (% by weight)

NB base
0.1 max
b= 19
Doly
0.4
0¢b = 10
0.2
0s25
0.2
Balance

Chemical Analysis of the Material (% by weight)

N8 base

Le25

0¢62

NG6 filler
0.1
beob = 545
03
0ab
0a5
(.2
0425
0.2

Balance

NG6 fillew
Lo 62

0 oll—?



Table 2 Tensile Tests
Each result is the average of three tests on
Hounsfield No.1l2 test pieces.
Temperature 25°C  200°C  300°C  450°C
UTS (MNw"®) 302 23l 110 35
0.2% Proof Stress (MNm2) 150 126 87 2l
% Flongation Q 2l 38 96 w
Reduction in Area 30 51 88 o
Table 3  Fracture Toughness Tests

Each result is the average of three tests

Thickness (m) 0.0063 0.0125 0,025

K, (vmm=3/2) 2l 20.9 23,8

o



Table L.

Derivation of Data for Cracl Growth Rate Recults

The data relates to a sample stress-relisved at 325°C and tested at

room temperature with a constant stress amplitucde of 16.3 MNm™#2

0.540
0.605
0.673
0. 704
0.817
0,894
0,97
1.058
1.146
1.238

1334

0,244

0.276
0,308
O o 32—]0

0.372

0440l

0.436
0.468
0.500
0.532
0.564

a
(107%m)

6.1
6.9
[a7

8.5

9+3
101
109
11.7
1245
13.3

12|-el

N
(cycles)

0
140,000
650,000
743,000
796,000
822,000

816,000

861,000

869,200
876,500
879,200

AR

(m/cycle) (MNE“ﬁjE)

_1.8x10°%
7

;75Q8x10*9
8.6x10°9
7

?71a5x10“8

_ 3,1xL0"®
e
o, 3akx107"
7
. Be3x10™"

9,8x10"8
7

1.1x10™7
7

3.0x107
7

8.81
9.82

11.40



gigle 5 Failure from Central Defects at Room Temperature

TR Sl

ao Ao Ni Nf LoghKo kf' Logkf'hAo ho*® %A
(107 %m) (V™ 2) (103cy01es) (10% cycles)
2,68 31 220 3,200 0.L66 3.19 1.995 16.72 i
2.92 %9 120 1,400 0.541 3.19 2.095 21.95
3, 0L 465 32 700 0.67% 3+19 5,171 26.72
3,18 465 27 - 300 0.683 3.19 20171 27,32
3,0l 62 8 ' 120 0.798 319 5,296 3563
5630 2%.5 170 3,700 0527 leeh2 2,016 19.06
5.98 31 36 900 0,691 lok? 0,136 2790 i*
6.1.0 31 22 1.0 0.699 Lek? 0,136 2857 ‘ E
56 %9 10 160 0.757 k2 2236 3212 |
6.10 465 e 60 0.874 lhoh2 20341 12,86
.56 62 2 2l 0,907 he00 22395 Lo 93
6,62 16.5 Ly 26 0.909 L.72 0.3l L6.98
2.0l 1855 2 31 0.942 2.6k 235k 11 .66
3. 70 85.5 5 1l 0,981 3.6k 2.49%  53.87
Lo 96 62 1.5 3, 0,929 lelh  2.400 147 .80
7.78 62 <l L. 1.109 5.06 2.496 76.88
6.86 31 20 190 0.749 Le80 2.175 32 .9
7.26 %9 5 148 0.847 Le91 2.282 Lo 09
g 2,28 62 16 160 0.729 2.82 20243 31049
% 1. 06 1465 9 170 0.748 378 20245 30.96
Sound 156 L9
Sound 140 190
Sound 125 1,80
gound 117 1800
Sound 109 + 14000




Tabhle 6

Failure From Central Defects at 200°C

aD

(107%m)
2,66
2,92
2.80

5«0k
2. 80

5.3k
5.72
5.47
£.08
547

2440
Lo 56
Lo 96
6.62
2.02
7.50
3480
3e42
7.62
Lo 20

o o o o o

Ao
(MNm™? )
21
27
27
31
39

16
21
21
27
31

62
46
31
31
62
16
23
78
46
55

78
86
93
93

109

Ni
(10%cycles)

770
65
100

210
<1

<l

Nf

(10%cycles)

Iy, 000

2,150

1,050
540
500

2,950
1,280
670
395
102

31
52
96

27
120
610
2,400

15

»4.,000
15700
14500

780
260

LogAK,

0,287

S0.448

0.428
0.500
0.571

0.331
0.500
0480
0.631
0.662

02740
0.780
0.625
0.731
0.701
00487
0,425
0,925
0.972
0,831

Kfe

3.52
352
3.52
3.52

3.52

)89
. +89
Lo B9
J. B9
4,89

3220
Lol
158
5023
2.86
5049
Lo O
3.85
5e53
bo 20y

LogKf' 'Ao

1.868

1.977
1.977
2.037
2.137

1.893
2,011
2,011
2.120
24180

2,297
23507
20152
2.209
2,248
10944
1.968
2o4.77
20406
Ra367

Ao¥

Fe 3
15a5%
14696
21 e 48
a2.08

JLe I
H

oo ~d
2

£ wm To
on

N
o
o
N DR

2663
26,35
16241
12.88
10048
48410
32,16



Table 7@

ao
(107 ®m)

2,80
3.18
2,68
2,91
3.18

5.48
5400
5.86
5e5h
5.86

Lo 56
7.88
39
6.8l
2.16
3.68
71l
2.41
6.60
Lo l0

Sound
Sound
Sound
Sound

Sound

Failure From Central Defects at 200°C

Ao
(Mm™ 2 )

2Ly
28
28
55
L3

12
18
18
21,
32

68
21,
62
16
78
62
39
0
16

2l

Ok

78
0
0
62

N,
i

(10%cycles) (103050165)

Ne

>L000
1230
520

10
1300

1010
1300
2500
“Juo00

NV W

LOSAKO

0.347
0,450
0.418
0.538
0,647

0,22
0437
04430
0,528
0,68

0954
0,683
0,863
0.926
0.812
0.843
0.868
0.792
0,428
0453

Kf' LOgKf°AG
2,92 1.84
2.92 1.913
2,92 1,913
2+92 2,010
2,92 2,051
lol2 169
412 1.870
412 1,870
bol2 12995
hol2 2,120
3.7 2q402
Leo75 24057
345 2,320
Leeli5 2,311
2.4 2,279
3433 20314
LoDl 2,248
2,62 2,263
4o 39 1.847
3.6l Le 94l

Ag#

8,72
10,91
9,98
13615
167

6,67

9,28
10,59
13,30
18,08



Table 8. Failure From Reinforcement Defects at Room Temperature

Ao 8°  a Kt LogKtAg Ni NE MK
(MNm™2 ) p (10°cycles) (10%cycles) (MNm™3 78 ) p e
156 137 5.5 1.6 2.358 . 9 3 6032 LE.7
140 134 5.9 1.48 2,313 18 5l .68 1.9
12) 139 5.2 lold 2,249 40 55 5,03 37,2
109 131 6.2 1.49 2,206 63 118 hali 32,7
93 137 6.2 1.9 2,141 120 350 377 2749
93 137 5ok 1.43 2,123 102 198 3.77 2749
78 132 4.7 141 2,038 400 1300 3016 23,0
. 78 133 6.4 1.50 2,068 280 630 3.6 234
; 62 136 6.0 1.8  1.960 910 74,000 2,51 18,6
% 70 130 6.0 1.8 2,015 1100 3300 2q8h 21,0
156 116 15,2 1.80 2.45 3 15 Ba33 Bl
i U0 118 15.3 1.80 2.401 5 2 731 LA
g 12 125 9.8 1.65  2.304 18 48 6.62 13,0
% 109 . 127 11,1 1.67 2,283 24 90 5,82 37.8
109 123 12.7 1.73  2.275 19 51 5.82 37.8
93 122 12,4 1.71  2.201 56 126 497 32.3
78 121 8.5 1.58 2,087 210 560 416 27,1
62 119 18.6 1.89 2,067 280 1980 3,31 2105
62 124 13.1  1.75 2,035 510 1280 3.31 215
5l 117 15.0 1.79 1.985 780 74000 2,88 18.8
140 103 28,2 2,13 2,472 2 11 9l Bl 0
121 106 25.7 2,06 2,406 b 15 83k 17,8
109 106 31.3 2.19 2.374 8 L6 7:3% L2.0
93 109 21.9 1.98 2.26) 8 Bl 6.23 35,8
93 111 21.0  1.95 2,258 10 200 6o 25 35,8
78 103 20.8 1.94 2.175 19 260 Ball 3041
62 110 22,8 2,00 2,092 132 940 hal? 23:8
62 105 26,3 2,08 2,110 70 670 hal7 B39
5l 104 29,0 2:16 2,067 280 3050 3a63 20:8




Table 9. Failure from Reinforcement Defects at 300°C

o 6° a Kt LogKtho Ni NE AR
(MNm™2} o (10%cycles) (10°cycles) (MNm™37/8) pgi
109 134 5.0 1.43 2.193 8 18 Golv2  BLoD
| 93 136 4.8 1.42 2,121 20 38 377 200k
78 140 5.6 1.5 2,05 63 115 506 1740
i 78 137 L.8 1.42 2. 042 28 50 3,16 1741
62 136 5.3 1a45  1.953 240 510 2,51 13:A
62 31 Bk 145 1.953 130 245 2. 51 1346
:: 5L 138 6.0 1,48 1.904 620 1340 2:18 1.9
5L 135 4.8 1.2 1,885 720 2920 2,19 11,9
; 17 137 5.6 1.46  1.830 1120 54000 186 10,3
’ 93 12k 9.3 1.62 2,177 7 1 ba87 83,8
78 125 147 1478 2,138 12 27 halB 2040
62 119 8.6 1.59 1.992 5 40 531 1548
62 122 9,5 1.62 2,002 2l 58 3,51 1B.H
Bl 124 1l.h 1.68  1.958 130 1.0 2,06 134
L7 120 9.8 1.63  1.880 410 1100 2,48 12,1
47 118 10.3 1.64  1.883 170 450 2.48 12.1
39 118 10.1 1.64  1.806 920 2200 2.04 10,0
39 123 8.4 1.58 1.790 850 4150 2,04 1040
93 103 20.8 1.94 2,256 1 6.25 27.2
78 109 22.4 1.99 2,187 2 9 He2l 22,8
78 105 25.2 2,05 2,200 3 22 5.2L 22,8
62 106 26.0 2.07 2,108 8 38 Lel7 1841
62 104 22.0 1.97 2,087 U 79 417 1841
5l 108 234 2,02 2,038 22 110 3.63 158
47 109 20,7 1.94  1.953 70 420 3413 13a7
39 110 21.6 1.95 1.881 120 5920 2.62  11ak

» 109 20.7 1.9 1.879 190 2410 2,62 1lok




Table 10. Failure From Central Defects at Room Temperature
(As-Welded Condition)

B

(107 °m) LI (10® cycles) (10® cycles)

2,16 78 1 8 0.812 32,37
2.1 70 1 16 0.792 30,20
7.88 20, 3 52 0.683 25,46
5,18 43 3 73 0.647 20,90
2,91 35 9 153 0,538 16,18
5.3k 2 25 295 0,528 16,87
l-o 4O 2l 29 451 0,463 T 00
3.18 28 39 420 0.4B0 13,6
6. 60 16 2 1890 0428 13,56
2,68 28 60 - 3180 0.418  12.54

2.8 2L 120 2400 0.347 11.01




Table 11, Failure From Central Defects at Room Temperature
(Stress-Relieved at 450 °C)

ao Ao N. N LogfKg ha¥
(107 *m) (™ #) (108 Zyoles) (10° fycles)
7.78 62 2 9 1,109 92,35
5.7 85.5 6 33 0,981 6hoil
6.62 465 6 U6 0.909 56447
7426 39 12 . 58 0.847 5a¢h6
3,04 62 25 101 0,798 L2 Bh
2,28 62 51 203 0.729 57.97
3.18 65 Wl 974 0.683 3240
5.5 255 ' 10 3690 0,527 2966

2.68 | 31 270 S27m 0.466 2 .05




Table 12,

i

ao
(10™ °m)

370
6.62
Lo 20

L 56

5.72
2.92
3.&)

554

Failure From Central Defects at 300°C
(Stress-Relieved at 450°C)

Ao
(M # )

85.5
4645
55
L6
62
62
31
39
21
27
25

16

N,
i

(10° cycles)

T

170
290
360

Ng

(10° cycles)
12
26
25
72
175

2700
“JL000

LO@;MQ

0,981
0,909
0,831
0,760
0,740
0,701
0662
0571
0.500
0.448
0.425
0.351



FIGURE 1. Distribution of Stresses
around a crack in a

Semi-Infinite Plate
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FIGURE 2. General S-N Curve,
Showing a fatigue Limit for

Sound and Defective Material.
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FIGURE 3. Schematic Illustration of

Reinforcement Angle, §

\ ; :
> < W‘el‘d Metal
\,

\\_«_//

FIGURE 4A. Scheratic Illustration

of Edge Lack of Fusion

€—— Tdge Defect

Weld Metal

NS

PIGURE 4B. Schematic Illustration

of Central Lack of Fusion

Weld Metal {ee— Centiral Defect




FIGURE 5. Rcpresentation of eflect of Flastic,

Flastic, and Total Strain Ranges on
Fatigue Life. Ntr is the Transition Lifs,
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FIGURE 6. Schematic Representation of Effect of
Frequency on Time to Failure, Identifying
Three Frequency Regimes.
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FIGURE 7. Schematic Representation

of' the 'V'preparation for

Welding.

0.0C1€m

FIGURE 2. Sclhzmatic Representation
of Central Defects Tnveastigated

in the Presenit Work.

Defect consisting
of central lack of
P Weld Metal
fusion + lack of w3y

gide wall fusion




Figure 9. Fatigue Cracking from a Central Lack of Tusion and

Lack of Penetration Defect. Magnification x 12.




FIGURE 10 K~Callibration. Curve for a
Sirgle Edge Crack in a Plate
under Uniform Tension.
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FIGURE 11  Relationship between y%ﬁ
a
and = (For y = 0.1C0)
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FIGURE 12 Schematic Representation of the
Fosition of the Flectrical Potential
Leads on a Sample containing a

Central Defect.
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FIGURE 13. TEffect of AK on Crack CGrowth Rate
through the Weld Metal.

Tested

at Room Temperature in the As-1elded

Condition.

In the Linear Region:=
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FIGURE 14.

Effect of AK on Crack Growth Rate
through the Weld Metal

Tested at Room Temperature after
Stress-Rélieving at 325°C

In the Linear Region:-
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FIGURE 15. Effect of AK on Crack Growth Rate
through the Weld Metal
Tested at Room Temperature after
Str653wRelie§ing at 450°C.

In the Linear Region.
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FIGURE 16 Effect of AK on Crack Growth Rate
through the Heat Affected Zone
Tested at Room Temperature after

Stress~Relieving at 325°C

In the Linear Region
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FIGURE 17 Effect of AK on Crack Growth Rate
through the Weld Metal
Tested at 200°C after Stress
Relieving at 325°(C
In the Linear Region:-
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FIGURE 18

Effect of AK on Crack Growth Rate
‘through the Weld Mgtal.

Tested at 300°C after Stress-
Relieving at 325°C.

In the Linear Region:-
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FIGURE 19

Effect of AK on Crack Growth Rate
through the Weld Metal.

Tested at 300°C after Stress-
Relieving at 450°C,

In the Linear Region
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FIGURE 20 Effect of AK on Crack Growth Rate

through the Heat Affected Zone
Tested at 300°C after Stress-—
Relieving at 325°C

In the Linear Region:-
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FIGURE 21  Effect of AK on Crack Growth Rate
through the Weld Metal
Tested at 300°C, frequency 45Hz,
after StresémRﬁlieving at 325°C

In the Linear Region:=
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Figure 22.

Figure 23.

Crack Path through the Heat Affected Zone. Tested at

Room Temperature in the As-Welded Condition.

Magnification x 200.

Crack Path through the Weld Metal. Tested at Room

Temperature in thc As-Welded Condition. Magnification x200,




Figure 24. Fracture Surface in the Heat Affected Zone. Tesled at

Room Temperature after Stress-Relieving at 325°C.

AK = 5 MNm™372. Magnification x 650.
Ty

Tigure 25, Fracture Surface in the Heat Affected Zone. Tested at
Room Temperature after Stress-Relieving at 325°C.

AK = 10 MNm™3/2 ., Magnification x 650.




Figure 26.

Figure 27.

Fracture Surface in the Weld Metal. Tested at Room

Temperature in the As-Welded Condition.

AK = 5MNm™®/2. Magnification x 250.

Fracture Surface in the Heat Affected Zone. Tested at

Room Temperature in the As-Welded Condition.

AK = 5MNm™3/2. Magnification x 250.
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Figure 28,

Figure 29

Crack Path through the Hegat Affected Zone. Teated at

Room Temperature after Stress-Relieving at 450°C.

Magnification x 200.

Crack Path through the Weld Metal. Tested at
Room Temperature after Stress-Relieving at 450°C.

Magnification x 200.




Figure 30

Figure 31.

Crack Path through the Weld Metal.

after Stress-Relieving at 325°C.

Teated at 300°C

AK = 9 MNm™3/2, Magnification x 200.

Crack Path through the Weld Metal.

in the As-Welded Cpondition.

Tested at 300°C

AK = 9MNm ~2/2, Magnification x 100.
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Fracture Surface in the Heat Affected Zone.
300°C in the As-Welded Condition.

AK = 9MNm™8/2, Magnification x 250.

Tested at
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FIGURE 33  Determination of Fatigue Strength
at 2 x 10° cycles for Welds
containing Central Defects.
Tested at Room Temperature
after Stress-Relieving at 325°C.
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FIGURE 34 Determination of Fatigue Strength
at 2 x 10° cycles for Welds
containing Central Defects.
Tested at 200°C after
Stress~Relieving at 325°C.
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FIGURE 35 Determination of Fatigue Strength
at 2x10° cycles for Welds
containing Central Defects
Tested at 300°C.
after Stress-Relieving at 325°C.
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FIGURE 36  Effect of Defect Size on
Fatigue Strength Reduction Factor
Kf', measured at 2 x 10° cycles.

Tested at Room Temperature.
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0.1 02 0,3 Ol 0:hH 0.k




FIGURE 37

Effect of Defect Size on
Fatigue Strength Reduction Factor

Kf', measured at 2 x 10° cycles

Tested at 200°C.




FIGURE 38  Effect of Defect Size on
Fatigue Strength Reduction Factor

Kf', measured at 2 x 10° cycles
Tested at 3007
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FIGURE 39A  Effect of Reinforcement Angle (g)
on Fatigue Strength.

Tested at Room Temperature

after Stress-Relieving at 325°C.

130° < 8 < 140°
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FIGURE 39B  Effect of Reinforcement Angle (g)
on Fatigue Strength.
Tested at Room Temperature after
Stress-~Relieving at 325°C
115° < g < 125°,
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FIGURE 39C  Effect of Reinforcement Angle (g)
on Fatigue Strength

Tested at Room Temperature after

Stress~Relieving at 325°C

100° < g « 110°
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FIGURE LOA  Effect of Reinforcement Angle (g)

on Fatigue Strength.
Tested at .300°C after
Stress—Relieving at 325°C
130° < 6 < 140°.
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FIGURE 4OB. Effect of Reinforcement Angle (§)
on Fatigue Life.
Tested at 300.C after Stress-
Relieving at 325°C.
115° < 8 < 125°,
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FIGURE 40C.  Effect of Reinforcement Angle (g)
on Fatigue Strength.
Tested at 300° after
Stress-Relieving at 325°C,
100 < 6 < 110°
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FIGURE 4. The Variables Relevant to the
Amplification of Stress at a

Symmetrical Projection

p = Minimum Root Rgdius
Projection Half-Width

{t

o = Applied Nominal Stress
|
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FIGURE 42. Amplification of Stress at the Rool of the
Projection, for the Configuration shown in
Pigure 41,
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Figure L3.

Figure L.

Crack Growth from the Weld Reinflorcement.

6 = 140°C. Magnification x 50.

Crack Growth freom the Weld Reinforcement

6 = 125°. Magnification x 50




Figure 4h.

Crack Growth from the Weld Reinforcement

o = 105°C. Magnification x 50.




Figure L6, Fracture Surface in a Specimen containing a Central

Defect. Magnification x 7.

Figure 47. Boundary between Central Defect and Fracture Surface.

Mapgnification x 120,




FIGURE 48 K~Callibration Curve for a
Centre Cracked Plate under

Uniforn Tensicn
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FIGURE L9 Effect of AK, on Crack Initiaztion
from Central Defects
Tested at Room Temperature

in the As-Welded Condition
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FIGURE 50  Effect of AK, on Crack Initiation from
Tentral Defects.
Tested at Room Temperature after
Stress~Relieving at 3%25°C.
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FIGURE 51 Effect of AKy on Crack Initiation
from Central Defects

Tested at Room Temperature after

Stress-~Relieving at 450°C.

1&1 — ﬁ

1.0 =10
+ 9
0.9 — 8
~ 7

0.6
— 6
0.77 5

LoghK, | AKo(MNm™3/2)

0.6 —1 1
0.5 =1
— 3
Dy
03 =t~ 2
042 f I la
108 104 108 108

Ni (eycles)




FIGURE 52 Effect of AKjon Crack Initiation
from Central Defects

Tested at 200°C after Stressw
Believing at 325°C.,
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FIGURE 53 Effect of AK,on Cycles to Initiate
a Crack from Central Defects.
Tested at 300°C after
Stress-Relieving at 325°C.
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FIGURE 54  Effect of AK,on Cycles tc Inititate
a crack from Central Defects
Tested at 300°C after
Stress=Relieving at 225°C.
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FIGURE b5 Effect of Kf‘Ao on Crack Initiation
from Central Defects
Tested at Room Temperature after

Stress~Relieving at 325°C.
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PIGURE 56  Effect of Kf‘Ao on Crack Initiation

e emen oAl e
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FIGURE 57 Eff‘eot of Kf"AU on Crack Initiation
from Central Defects
Tested at 300°C after

Stress-Relieving at 325°C.
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Figure 58. "Intrusion' type Defect at the Reinforcemsnt Root.

Magnification x 75,

Figure 59. 'Tnclusion' type Defect at the Reinforcemcnt Root.

Magnification x 75.




Figure

60.

Pore Defect at the Reinforcement Root.

Magnification x 75.




FIGURE 61  Stress Intensity Magnification, Mk,

Resulting from the Reinforcement

Stress Ccncentration,
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FIGURE €2  Stress Intensity Correction

Texmy, MsMt , as a Function
o
of Crack Depth
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FIGURE (3 Effect of AK on Crack Initiation
from Reinforcement Defects
Tested at Room Temperature

after Stress-Relieving at 325°0.
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FIGURE 64  Effect of Ktﬂg on Crack Initiation
from Reinforcement Defects
Tested at Room Temperature after
Stress~Relieving at 325°C.
2@6““”‘“‘““
8] [s]
0.5 — 0 130 < 6 < 140
= 300
; N\ &0 115° < g o< 125°
b
{ A + 100° < p < 110°
i 2%2»}‘%
|
2:3 =1 200
i
2.2 —
s —— 150
LogK, Ay KtAgMNm“‘z
i ) 20.:]. -
|
| 2.0 =~ 100
1.9
1.8
108 104 108 108 inY
(Ni oycles)




Rt

1ol —g

0.9 «d

0.8

Oﬁ? —

LogAK,

ol6 e f

0.5

D@L’-— s

FIGURE 65

Effects of AK, on Crack Initiation
from Reinforcement Defects

Tested at 300°C after
Stress-Relieving at 325°C
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FIGURE 66  Effect of K Ao on Crack Initiation
from Reinforcement Defects
Tested at 300°C after
Stress~Relieving at 325°C.
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FIGURE 67 Efrect of Ag* on Crack Growth Cycles
to Fallure from Central Defects
Tested at Room Temperature in the

As~Welded Condition
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Effect of Ao* on Cycles of Crack
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Tested at Room Temperature after
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FIGURE 69  The Effect of Ag* on Cycles of Crack
Growth to Failure from Central Defects.
Tested at Room Temperature after
Stress-Relieving at 450°C.
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FIGURE 70  The Effect of Ag* on Cycles of Crack

Growth to Failure from Central Defects

Tested at 200°C after Stress-Relieving
at 325°C.
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FIGURE 71  The effect of Ag* on Cycles of Crack

Growth to Failure from Central Defects.
Tested at 300°C after

Stress-Relieving at 325°C,
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FIGURE 72  The Effect of Ag* on Cycles of Crack
Growth to Failure from Central Defects
Tested at 300°C after Stress«Relieving

at 450 °C,
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FICURE 73

Effect of Ac* on Cycles of Crack
Growth to Failure from Reinforcement
Defects. Tested at Room Temperature

after.Stress%Relieving at 325°C,
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FIGURE 74

Effect of Ao* on Cycles of Crack
Growth to Failure from Reinforcement
Defects Tested at 300°C after Stress-
Relieving at 325°C.
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FIGURE 76

The Effect of AK, on Cycles to Initiate
a Crack from Central and Reinforcement
Defects.

Tested at Room Temperature after Stress-—

Relieving at 325°C,
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FIGURE 77 The Effect of Kf'Ao on Cycles to
Initiate a crack from Central and
Reirnforcement Defects.

Tested at Room Temperature after

Stress-Relieving at 325°C,
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FIGURE 80  Comparison of KfAg and é% for
Z
p

Three Notch Geometries
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FIGURE 82  Comparison of ﬁu—g with Kf'Ag
for the case of Reinforcement Defects

Kf' is the fatigue strength reduction

factor at 2 x 10° cycles.
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FIGURE 83 Correlation of Ni with AK ;1 for
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The Relationshin between Initiation

and Growth phases of the Fatigue Life,
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FIGURE 89

Rationalisation of the Effect of
Stress-~Relieving on the cycles of

Crack Growth to Fgilure,
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FIGURE 90 Rationalisation of the Effect of
Stress~Relieving on the cycles
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Appendices 1 and 2. The Valuc of the Crack Growth
Integral,I, as a function of §
the Original Crack Size of

a Centra.l Defect
l. ‘'m' = 3.3
2. '‘m' = 4.1
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Aprendices 3 and L.

The Value or te Crack Crewih
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Appendices 5 and 6 The Value of the Crack Growth )

Integral,I, as a function of

the Original Crack Size of
a Central Defect

5. 'm' = 3.7

6. 'm' = 5.1
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Appendix 7

The Value of the Crack Growth
Integral ;I, as a function of
the original crack size, for
the case of Reinfdrcement
Defects at Room Temperature.
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Appendix 8. The Value of the Crack Growth
Integral;I, as a function of
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