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Abstract

I-beams are a commonly used section in engineering, due to tho high section modulua for a given

cross sectional area of a beam. Their resistance to static loads is often increased throUih the
use of cover plates welded to areas where the applied bending :moment is high. Welding,

however, has a severe detrimental effect U{a; the fatigue life ofboth steel and aluminium I-beaDl8.

The effect of various categ0rie8 of weldOO joints on fatigue life can be broadly assessed U6ing

published codes like BS 5400 Part tOCl) tor steel or CP ns= for alun:rlm.um. It baa also been
proposed that BS 5400 Part 1(11)can be extended to cover aluminium weldmenta by dividing the
prediction curve by g<1Q).

This pl'Qjecl examines two aspects ofth.g fatigue life of aluminium. 6261-'1'6 I-bums with welded
6261·T6 cover plates. Firstly, the etrect on fatigoo life of caver plate end goomet.ry and _

geometuca.l scalin.g of I,.beam and cover plate were examined. B-N curves W~ obtained fur

three sizes of I-beams and cover plates, ie. 101 x 150 mnl, 75 x 100 mm and 27 x 48 mm. 8-N

curves for the various end weld gevmetries of the cover plates were m'11yobtained for the middle

size Lbeams. The 8-N curves were then compared with the predictions of deeign codes fOr the
relevant class of weld in order to d.eternli.ne which code gave the .best life predictions. The

prediction curves of the design codes for CP llgOOdid not compare well with the B-N curves

obtained in this project. The division of the prediction curve of t.h(~,~1eaignrode for steel, Le, BS
5400 Part 10(1),by 2 corresponded better to the lower limit of th6 S.N data than the proposed
division by 3(10).

Secondly, growth rate data was acquired from single-edga notched {SEN) bend specimens at

stress ratios ranging from R = 0.1 to R = 0.7 for the parent plate material. Growth. rate data

obtained from K..u constant testing was also obtained for the parent plate, weld metal and HAZ

-=y>ecimens. Fatigue life predictions were then made for an 1'·00&11 welded with cover plates.

A silli~Ie 2-dimensional finite element anilysis was used to model the strebel and hence to

obtain appzoxlmate stress intensity (K) values. These stren inten,ity values ltGre combined

with the expet~mentally derived growth rate curves in an integration of the Paris growth rate

law to obtain the fatigue life between two defined crack size limits. Results of troll analysis

were compared with ~he empirical S-N curves. The prediction curves in all cases examined

compared reasonably we~lwith the empirical S-N curves, while prediction curves obtained using
the HAZ material compars-l most favourably with the empirical S-N curies.
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1. Introduction

Aluminium has 'become an i.llcreasing'ly more important material in construCtion. The improved

mechanical pI'l.l/erties and light weight of the 2XX.X_ ~ 6XXX and 7XXX: serl~1aluminium

alloys have become almoet indiapenuble in enginflering applications! E.ffi...i('nt urlisation of

aluminium alloys in construction requires that these allo~ arejw.n.ed bj~welding th.em together.
!

There lB, however, a lack ofiniormation regarding the fat4;u.e performance of welded joints in
• II

aluminium alloys. Although same axles exiat, e.g. modified BS MOO Part 10<1) an\d CP 118'2' ,
which describe the fat7rue perfOl"l118nCe of aluminium allo,ys~the accuracy;, and-tonBervatiam of

these coda bav~ been questioned.

i-beams are secl,i,OOlS whi.eh are commonly used in engineering structures, due to their hi~h

section modulus fOl' a given aross sectional area. Their reaistance to loada can be increased by

welding cover plates to regions where the applied bendini moment is high.

If I-beams with welded rover plates are ¥ubjected to cyclic loading, ~ would be the case in, for

exam pls, a 'bridge, the fatigue performance of t.h.eaebeams is, however, reduced. Thus a fatigue

life of about 107 cycles, corresponding to ~~ applied stress ~ge of 100 MFa for a plain steel 1-
beam, would be reduced to about 3 x 10&cycle&' if a cover plate was welded onto its tension

flange. 'I'hero is reason to believe that the end weld geometry of the cover plate affect8 the

fatigue performance of the I-beams. ~8her'3) stipulated that the iliiterences m fat.igue lives

between various end weld geometries in steel I·beams could be atmbuted to the diftereru:es in

the width of the and welda, since a wider end weld would lead to multiple crack initiation sits!!.

No published work is readily available on th~ fatigue life of such welded aluminium I-beams.

This project has therefor:~ undertaken to study the fatigU~ performance of 6261·T6 aluminium

alloy I·beams with welded cover plates such as might be used in engineering structures.

Two Ipajor aspects relating to the fatigue life behaviour of aluminium 6261·T6 I·beams with
welded 6261·T6 cover plates will1>e investigated in this project. Fintly, the effec::tof cover plate

1



and S-N curves .for the varioue oover pinta geometries and ~ sizes ptW'8ied. )hom this

comparisons were made of the fatigue livee between the various rover pl«~.c;,w:lwald ,eom~trios

and beam si~. In addition, the empiriw.J-N carv::.a were ooUlJU'rr(".a. with Catigue life (-,sign

curves obtained from publiahed oodes of' praclio&.

It is also important to P-xamlue the mode or fracture and to determine initial defect mea in

order to ascertain whether or not initiation plays an important role in the fatigue liw,:-sof the

I-beams. Sizes of initial defects which initiated the fatigue cracb, were characterised and a

fractographic library of Catigue crack growth mech8P~ms in this alloy was developed.

The second major aspect in this prqject WaAI to obtain fracture mech8DQ hued fatigue life

predictions for 1m I-beam with weltL;,d cover pls.tes and to emnpa:re ~ with the empirical 8-N

curves. In order for this to he pouible fatigue eraek growth rate curves, initial c:'Ie&ct sizes and

stress intensity tonection factors had to be obtained.

Fatigue crack growth. rate eu.nea for the aluminh.t~ 6261-1'6 alloy were produced at vari~

scress ratios, R, to take the effect of residual streuas in the vicinity (Jf the '\WId into account

since residual stresses euentia!ly raiH the mean .Gtreu level, and henee the R ratio by an

unknown amount. Tests were run &t a constant K_ and ..:iecreaaing AK inorder to produce a

crack closure free fatigUlG crack :(rowth rate CUl'Ve, fur compariJon with hiah R data. Fatigue

crack: growth rate curves for tba weld metal and the beat atrecled zone (HAZ) were also

determined so that the fatigue behaviour of the dilI'erent microetructures could be compared,
and because crack growth in the welded I·beams occurred in the HAZ.

Initial defe..>ts for the various end weld geometriea and I-beam. sizes were determined and

classified with the aid of a scanning electron microscope. ThiI data was used to define the
initial crack: size limit needed in the integration of the Paris a:rowth rate law.

The presence of a welded cover plate on the I·beam introduces a streu concentration. This

stress concentration affecls the stress intensity fact,or felt by the crack. The stress :in .. usity

factor changes, however, with. an increase in crack size. It is thua important to determine the

change of stress concentration with crack size. This was achieved by creating a finite element

model of the welded region in order to obtain a stress distribution in t.hia region.
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\ "

In summary, the objectives ofthia prqject were:

1· '1'0 determine the fatigue lives lblG W ~uce S-N curves for three siie2 of aluminium

6261-T6 I·beama welded with various (:OVerplate geometriM.

2 - To compare these empirical S N C\U'VCS with, fa~ life design curves obtained from

standard cod6B of practice.

3· To determine the ... of the initial defects whieh initiau. fatigue ~ and to develop

a ttL +ggraphic library for faticue Clad ~ in thW alloy.

4: .. To ebaractaiae the f, ltipe creek pow+h rate propert;e.a ((L the parent plate, heat
aff'eeted zone or the 6261 a!:\.).minium alloy mt~ the a):t~wn. 5366 weld metal.

<:r' .'

G· TD obtain fracture mechanics hued fatigue life predictions fOl" an I·beam with welded

cover plates and to compare them with the experim&ntally obtained S-N data.

3



2. Literature Review

2.1. Introduction

,r

The fatigue life properties of components are mainly dependent On the material and the

geometry of the component. Introducing & weld can cause changes in microstructure and, in

most cases, give rise to a stress concentration and welding defects.

Fatigue life estimates are based on the fact that the fatigue crack !J!'Owtb. ratA characteristics

of a given material can be measured in tenns of a single parameter, i.e, the stress intensity

range, fJ{. 'the determination of &{ itself, is however dependent on pSl~eters such as the

applied stress range, crack size, crack shape, amount of crack closure anti JQCal stress

concentration. Thus, before one can attempt to predict the fatigue lives of various components,

information is required to describe the underlying mecll.anisms aff~ting the local crack tip

stress intensity l'8D8e. Once the stress intensity range is sufficiently defined, sUr.c988ful fracture
mechanics based predictions of the fatigue life can be made.

The introduction of a weld in a member een g1V8 rise to welding defects and may

drastically changes the properties and fracture modes ; the material. Some background

knowledge of appropriate metallurgy and fracture modes is thus required in analysing the

fatigue performance. Since welds reduce the :atigue life of components it is important to
understand how and why this is the case.

To facilitate and lJimphfy the preeesn of designing against fatigue of welded joints, standard

codes of p..actice have been produced. Thfl8e group various types of welded joint into different

classes and spooUy each class by a different fatigue lite (S-N) curve. Thus, instead of

determining the fatigue life curve for a specific ~~metry, only the welded joint type, i.e. its
class, and the applied strese range is required to determine how long the component will last.

This literature review will briefly cover these points in order to provide an adequate background

for understanding the scope of the project.

4
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2.2. Fatigue in Aluminium Alloys

When a ductile metal is subjected to a monotonically increasing load, it will yield and finally
fracture. This is accompanied by some amount of deformation and elongation. If the same
material is dynamically loaded, with much lower peak cyclic stresses, it will eventually crack.
with no apparent yielding. If the stress cycle is kept constant, the crack growth rate win
increase as the crack size increases until failure occurs. This process of crack growth under
cyclic stress is termed fatigue.

It can be very difficult to determine whether a crack results from fatigue or some other
mechanism, unless the fracture surface is examined. A fatigue fracture surface usually h( s two
or three characteristic areas. Fatigue cracks originate, in most cases, at the surface of the
material and grow concentrically away from the origin of the crack. The plane of fl:\cture is

perpendicular to the direction of the applied stress. It should be noted however, especially in
welded material, that fatigue cracks may initiate within the material itself.

FIg. 2.1 - Diagrammatic representation of a typical fatigue fracture surface'",

A typical fracture surface is shown in Fig. 2.1. The area in the immediate vicinity of the origin
is usually very smooth. As the crack grows, the fracture surface becomes rougher and distinct
lines, perpendicular to the direction of the growingcrack, may become visible. These are called beach
marks and are the most distinct evidence of fatigue cracking. Beach marks are the result of

5



chp.l'lfi,'CSin loading conditions or environmental attack on the crack st.trf"acewhile the component

was still in use and represent the crack front position at a particular point during the fracture

precess.

The final rupture regime on the fracture surface will either be smooth or rough depending on

whether the material fails in a brittle or ductile fashion. If :high stresses are applied, the

fatigue surface is small and the regime of fast fracture large, and vice-versa for low applied

stresses. The fatigue regime for low stressed fracture is usually smooth, while high stresses

often lead to multiple initiation sites. This leads to radial ridges on the fracturesurface where

link-up of crack sections, which Initiated on different planes, has occurred, Thus, the study of

the fracture surface gives valuable -information a.oo'-\tfQ.cmagnitude and type of spplied e"'.resses

and the position at which a fatigue creek initiated. One can feed such information back into the

design process to either prever.<. future failuree or to increase the fati~:.i life of 8. particular

member.

If the fracture surface 1$ viewed at high magnification, e.g. 5000 x, fine lines, which lie

perpendicular to the crack growth direction, can often be seen. These are called striations and

represent instantaneoue locel crack front positions. Each striation is farmed during one fatigue

cycle, at least in the range of growth rates between 10'" and 10-3 mm I cycle. Thus. if the

spacing between striations is measured, one can determine the crack growth rate. It should

be mentioned that finding these striations is not always pocsible since some materials do not

develop striations and rubbing of the surface during cyclic loading can destroy them.

It has become widely a~fited t.hat flaws will inevitably exist m welded structures and the old

idea of removing all detectable defects must be replaced by the 'fitness for purpose' design

philosophy"). In order to apply such a design philosophy one has to be aware of the empirical

laws which relate to fatigue life prediction.

The only way to quantify fatigue processes is by testing under controlled eonditiena, Knowledge

of the impact or tensile properties of the material is not always of value, since the mechanisms

governing these properties are different. The loading conditions used in fatigue testing should

be similar to that experienced by the components in service. In fatigue, the following variahleo
are most commonly used to describe the fatigue cycle(3,4,li):

6



O'JII&X - maximum stress in the cyclti.

O'ail4 - minimum stress in the cycle.

a, - stress range, which is the cliffe.rence hE:tween O'mu and 0'••.

R - stress ratio 0'.;. I O'mar

Tensile stresses are considered to be positive wiille oompre88ive stresses are negative.

2.2.1. Stress Intensity Determlnation \ I

Fig. 2.2 - The stress at a point ahead of a craclt tip~.

Irwin(7) !)h;)wad from linea!' elastic theory, that the stresses in the vicinity of a crack. tip take the

form of:

K fJ,8)
OiJ - +•••

J27Cr

7
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where r and 9 are the cylindrical polar
coordinates of a point with respect to the

crack tip, as shown in ltlg. 2.2. K is the

stress intensity factor which gives the

magnitude or 'intensity' of the elastic stress

field near the crack tip. The' "'~ral form for

the stress intensity factor is given by :

K - Yo br.a (2.?)

where a is the applied stress at the crack tip

and a is the size of the crack. Y is a

dimensionless correction factor which is a

function of the geometry of the crack and the
cracked body under consideration-" tI, 7-12>. It
is defined as :

(2.8)

0••

a/~

L
Fig. 2.8 ~ M..M/CPo VB. alB fur different crack
front shapeS(12l.

M, accounts for the crack tip plasticity and is usually equal in magnitude to one, provided that

the crack size is significantly less than the width of the plate. M. is a correction factor to allow

for the crack to be situated at a f.,w.',esurface. ~ is the correction factor for the plate thickness,

which allows for the fac' nat there is a free surface ahead of the crack tip. cliois the complete

elliptical integral, for a range of values of alB and af2c, where a is the crack depth, B the plate

thickness and 2c the surface crack length,

The term, M_M/CPoI is the correction factor fo>:'a single edge surface crack in a plate and its

variation with a/B is shown in Fig. 2.3 for different a/2c(9, 13-181. M)II./CPo, does not vary signifi-

cantly with increasing t;.1'ack.length, as long as a/2c is greater than 0.3. With the introduction

of transverse welds however, continuous defects may be present at the weld toe (9). af2c, for

these cases can lid estimated as tending towards zero. For this special ease one can determine

the correction factor from t1e 'Gross' equation'": 13, lS):

8
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(1.4)

Mk is the correction factor whiea takes th~presence of a stress concentration into account. The

determination of Mk is descril jd in sub-section 2.2.5.

2.2.2.Fatigue Crack Growth Rate Curves

When testing' is performed under fatigue conditions with a stress range of 6.a = O'JIIU - o..la' the

stress intensity range, aK, is defined as :

(2.5)

Paris'!" found that the stress intensit,f range was related to the fatigue growth rate. The crack

growth rate is defined as Aa I .:ili', where 6.a is an increment in crack size, which occurs inm
cycles. In the limit this becomes da I dN. Paris showed experimentally (UI) that a unique

relationship between IOi da I dN and log .6K exists, which is a function of the stress ratio; R.

A schematic representation of this relatium;,hip is shown in Fig. 2.4. The stress ratio is a

measure of the mean stress in an applied l'tress cycle. The relationship can be expressed as :

(2.6)

Three main growth rate regimes can be identified in Fig. '1.4.

Regime I - is the near-threshold regime where the crack growth rate is small and M{ is

low. If ilK increases slightly, then the crack growth increases sharply. There

is a threshold stress intensity range, ~, below which no Cl'aa gt'Or.vthwill
take pl8C'~(M,8,l2,l3).

9
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FIg. 1.4 • Idealised correlation between AK and dalclN<B>.

Regime II • is the regime where a linear growth rate occurs, which can be effectively

described by the Paris equation(ll)

~- .. C(M{)"",
dN

(2.7)

where C and m ~re material constants for given loading con,Ltions.
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Regime m - is the region where the maximum atreu intensity in the cycle, ~, tends

towards the fracture touahneu of tile material, where failure ~\lI'8 by fast

fracture. The rowth rates are high beeause 'atatic' fractun:l modes such as

cleavage and microvoid coalescence are added to the baseline fatigue crack
growth rata(1).

Considerable research has been done on obtaining growth rate cktaz Or t.be format found in Fig.

2.4 for various materials. A high variability has been found particularly with growth l'Stes in

the near t.hresllDld ~ 'fIodt; has been attributed to maiarial and teltina'VlU"iablas and to the

effect of crack cloIrure.

2.2.3. Crack Cloaure Effects

A cra.ck: i.e deftD.efi u bEri.nr cl.oaed ifpartI or the two fracture 1urf'aeH are in contaet and a force
can be, tJ.'1lD8n'titted acrtlIIIB themClfl). Plasticity at the crack tip, whicl1 leal'H a plastically

deformed wab containing residual streues, the preswee of oxides or the roughness of the

ft:aetl.:l"e surface can cause premature wedging of'the fracture s111"f8eesC1•to). Thia 'wedginl(, or

crack cloture, decreases the stress intensity range at the crack tip from the applied value 6K

:;:K_ -K.u. to $(}mf'lower effective value AK.a :=K_ -K:". K., is the Itreaa intenaity at 'flbich

the fracture surl'acM part an loading (see Fia'. 2.5). AK..r varies non-linearly with change in Al{<'1}.

Differences in growth rate caused by variables such u clumre in mean streN, change in the

stress ratio, periodic overloads, the presence of residual stresaee and some environmantal

effects(l2) can often be normalised with the intn'oCluction at the eif)Ctive streu interu.ity factor

-as shown schematically for the ease of mean .treat in Fig. 2.8 (IAt";lT).. ihmy attempts have been

made to predict how the ratio:

(S.Pi

11
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varies with parameters such .38crd length and Itrees ratijl1,1'I'), in order to simplify life

predictions.

t
K

Tim. --

z
~
CI
"CI

Fig. 2.5 - Char.).cterisation of cycU~loading inLEFM terms, Ko, i.e the point on the
cycle wher.e iractU\'8 BU~ conta(it is los&during loadinif> .

AI<

•" ., /

" I
I /
, I

I I
I I
I I

II.(,
AK'ft

Fig. 2.6 h The observed mean stress can often be rationalised through the ';M of the
effective stress intensity facto r , Il.K..m. ..
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Success has been limited, however, since neither sufficiently theoretieaJ. analyaea no.r systematic

experiments are available to enable general prediction of closure in members of arbitrary

geometry and loading conditions. Crack closure loads are measured. with a load-diaplacement

recorder, where the displacement of the crack surface is measured with the l"eL, iect to the load.

Thus, as a load cycle is applied, a compliance curve frJr the cracked specimen is obtained.

This curve can be approximated by two straight lines with d.i.ff&-entslopes. The paint where
-.

a change of slope is observed on unloading, corresponds to the closure load. Thi. can be seen in

Fig. 2.7. This point is not always auy to determine, since the change inslope can be indistinct.

Also, $c,,~ the load-displacement curves very often exhibit hysteresis, the closure load i.not

always the aame as the openina1oe.d.

.. __. v_._ ....... w ••••• _,

~ ~ .

II.

\

'r
fffNti ... loM)

1

Fig. 2.7 - Typicalload-diaplacement curve (10),

When crack: closure is taken Into account, AK.. can be defined. It is thus now poIiIible to

successfully use prediction methods, based on fracture mechanics, inorder to obtain the fatigue

lives of components.
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2.2.4. S·N Curves

Components and structures in the engineering' environment are often ,ubjected to alternating

stresses which are sufficiently severe to make fatigue resistance an important design criterion.

This means that one has to ensure that the component has an adequate fatigue life. This

involves taking both the crack initiation and the crack: propagation s~ o€the fatigue life into
)'

account"), An exact definition of the initiation and propugation stages ~ u~ually not posaible.

The most one can say for the two stages, as is shown in Fig. 2.8, is that in the low.treu - high

fatigue life reaime the initiation staaB contributes towltrdi Il108t the fatigue life.

The fatigue lite o'}'a component, N, ill generally plotted againet the applied .trees range, !J.a, on

a log-log or semi-log basis. When a number or specimens are tested at various stre5ses, a curve

similar to ~. 2.8 will emerge. Generally the data is IiMar, wheE plotted on a log-log basis, and

runs out, in tb.e case otferroua materials, at the fatigue limit. The fatigue limit i.a the str6ra

below which the component bas an i.nfi:cite fatigue life. For non-ferrol materisla the curve

does not become asymptotic at high lives and it it usual, fur design purpoaes, to take an

endurance atreA limit corresponding to a given cyclic life.

,,,
'" ....

AcP... FA TIGUE LIMIT

let FATIGUE UFIiL.....-,. • -.!

Fig. 2.8 . Schematic representation of the fatigue life and its dependellQl on strgsa
levels. (8)
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The stress versus fatigue ilie curvee, or S.N CUl"VtaS are generally used for two types of

application(S) :

1 - for predicting the fatigue life of components

2 - for presenting the fatigue life of tested eomponenta

and can include both the crack initiation and propc:t.gationperiods, or relate solely to the crack

propagation life for OOIl.'I.:pot:L6Uta which. enter IitU'Vice con.taining c:racks or crack like defects. I
~
..~
j

1

In the latter case, the main concern in fati.gue crack aro-wt.h is the number of cy~'''1J required to

grow a faf;jgue crack fro!n an initial crack or ~ze 8t to a final crack. of size a,. ., I the loading

conditions are known, i.e. the atreues at the ~ tip can be found,. then 6K can be calculated.

If tJ{ lies in the linear regime or the fatigue crack growth. rate curve of the llpecific material

then crack w:owth ibllowl the pw Law'lJ), i.e. Equation 2.7. On intearatlng the Paris Law one

obtains the following equation

(2.9)

where the fatigue life, N, is related to the initial crack size, ~1 the final crack size, 8.rt and the

applied stress range, L\O. The material constants; C and m, are experimentally obtained from

the fatigue crack growth !'ate curve for the specific mater\\aL Y is a geometry correction factor
and depends on the geometry of the ad and the compot1\8nt<'l .• >. Hence an S-Ncurve for an

initially defected component can be constructed.

The Paris Law does not always give accurate life predictions for a component. This may be

attributed to differences in parametera such as Itress ratio, R, threshold stress intensity, AKua
and crack closure, which affect the fatigue crack grow'th.(l, 11.18). Thua attempts have been made

to find alternative equations to describe fatigue eraek growth rate curves. These equations are

usually semi- or completely empirical. The two most widely known alternative equation are ~

us
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da _ C (M{ - t.1K.....)" - Hartman equationfiN HI

(2.10)

da C (llK)m- - Forman equation
dN (1 - R) K, - IlK

(2.11)

The Paris equation only describes the linear regime, i.e. region II. The Hartman(29) equation
also takes the threshold regime, i.e. region I, into account, while the Forman(5) equation also

describes region III.

The fatigue life prediction methods described above are powerful tools which, when used

correctly, can give fairly accurate results. There are, however, many factors such as residual

stresses, stress concentrations, crack closure, accurate measurement of the initial defect, ete.,

which make the theoretical prediction of the fatigue life very difficult.

To use the classical approach to design against fatigue failure, S-N curves have to be obtained

by testing specimens and compoaents under similar conditions at various stress levels. This can

become very tedious and expensive, since every curve ~ only valid for a specific geometry and

material. In order to l3implify the procedure of designing against fatigue, for the specific case

of welded structures fatigue life design codes, such. as BS 5400 Part 10(1)for steel and CP 118(2)

for aluminium, have been developed (see section ?'.5)

2.2.5. Stress Concentration Effects

Adding a weld to a component introduces a stress concentration, which in turn increases AKand

thus the fatigue crack growth rate. To explain the effect of stress concentration we consider a

uniform, smooth component with no notches whatsoever, i.e. a plate. When this component is

loaded with an axial tensilo load, P, the stress distribution aCl'C6S the cross section x-x of the

component, in Fig. 2.9a, is uniform. The stress over the cross sectional area A, is PIA. The

effect of intl'Oducing a notch by drilling a hole is to reduce the cross sectional area to At.

Therefore, the average stress will be PIAl' The stress distribution will no longer be uniform but

will have a general form as shown in Fig. 2.9b. The peak stress at the edge of the hole will be
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much higher than the average stress. This type of peak stress will arise from al.'y cnange iI.

shape across the component and ia known as a stress conceetration'",

The stress concentration factor, ~, is defined as the ratio of the peak stress, BpI to tae average

stress, Sael' i.e.

(2.12)

------,·-------------f--::::::~~:;:::~~~:::~:::------·---0...-' ...------.:t_----:::::~:-:;~--~~:::::::l~=:~
::::::::::-..:.: :::::.-: :::
-------- ---------, ---

'(

Ccl SI.I'tII flow lin .. Iii the pr_1lU CIf :a notCh.

tal Strtu distribution wlch no tlCtch.

•
(hI ~trHI distributiOn in thCl po'fl4lll(Q 0( a note!!.

Fig. 2.9 - The effect of a notch on the stress distribution in a plate(4).

'rhe reason for the non-uniform stress distribution across a notch can be seen qualitatively with

the introduction of stress flow lines, in Fig. 2.9c. The flow lines are spaced evenly about the

cross section Y-Y, which is well removed from the notch. The flow lines which would normally

pass through the material are deflected from the drilled hole. Thus. the stress flow lines are

more concentrated in the vicillity of the hole than they are at the edge of the plate, Hence there

is a stress concentration. Thf~stress concentration factor can be determined in several ways(·):

17



1· By placing strain gauges at strategic positions and measuring the amount of strain in

the material and then extrapolating back to the point of stress concentration.

2 - By using the photo-elastic technique. This involves modelling of the component with

a suitable ?lastic material which is then loaded and viewed under polarised light. By

this method the stress patternn of the geo.metry can be seen and analyzed.

3 - By using a numerical finite element method. This:is done with the aid of a computer

software package. It requires input of the component geometry, material parameters,

loading and restraining conditions. The computer will then work out an approximate

stress distribution.

5.0

:E
I 3.0

2.0

Fig. 2.10 - The effect of the weld toe angle on the stress concentration
factor<21,3G}.
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AJ3 has already been stated, streu concentrations take place at sudden changes in CI'08S

sectional area. It ~s therefore not surprising to find significant .tress concentrations at fillet

welded joints. The weld angle and size in relation to the overall joint geometry has an effect

on the stress concentration faclOJfl9-25,31-36). This can be seen in Fig. 2.10 and Fig. 2.11. Finite

element anaIys:j,dhas been used by Gumey'19-21,3O)to study the influence of weld shape on load

carrying and non-load carrying transverse fillet welds. As car. be seen inFig. 2.10. the angle of

the weld toe seems to have a pronounced effect on the stress coacentration factor, while Fig.

2.11 shows that the stress concentration tends towards a peak: value as the ratio of weld leg

length / plate thickness is increased.

5.0

/ 6-45"
y/ .a ....__.

4.0

Weld legJ8nith
Pllte thick.,..

Fig. 2.11 - The effect of the weld size on the stress concentration factor<
21,30)
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Niu and Glinka (3G) analysed the effect of stress cc.ncentration on ~ weld profile aud confirmed

the above mentioned efi8Ct of the weld angle on the stress concentration. They also analyzed

the effect of the weld toe radius on the stress concentmtion. They showed, inFig. 2.12, th\at 8S

the weld toe radius is decreased, the stress concentration factor is increased.

It should be noted that defects due to welding are Qf'i)n sbarp or crack like, and. hence are often
, 'i (

the cause of high local stress concentrations even it the general geometry is smooth and has a

low ~. It is thus important to tale into account the presence of such defects " hen modelling

with finite elements.

X~~-_l ~_-'_' --,

\

Xt.-3
)( / t.

- p/ t = t /15
-p
'
t.:cII'2S

•._._.. "" l = 1 " 35
--_. pIt. = 1 ... 58

Fig. 2.12 - The effect of the toe radius, p, on the stress concentration
factor, where t is the plate thickness and x, the distance i~w t..i.eplate(3S).
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When a crack is in the vicinity of a stress concentration the stresses local to the crack tip are

increased by a certain factor, Mit.and thus the stress mtensity will also be affected by ths same

factor. Mit is thus the geometry correction factor which allows for an increase in the stress

intensity factor uue to the presence of a stress concentration. For an infinitely small crack

depth MIc. is equal to the stress concentration factor,~. Ai!. the crack grows, the crack tip moves

away from the stress concentration feature so that Mit decreases with increasing crack depth.

The value of Mit can 00 determined with the aid of finite element stress analysis.

Maddox{lO) and Glinka(26) obtained a relation for Mit witlJ. respect to crack depth, a/B, for

transverse non-load car.:ying fillet WAlda. This is shown in Fig. 2.13, where for a small crack,

Mk is high, As the crack grew, Mit decreased rapidly. ~ alB reached about 0.1, Mit hardly
decreased any more with an increase in crack s ~. They also showed that Mitincreased with the

weld toe angle.

::r-----------'"""'"' h'2''''''l----. _-~_._----l::

02
1/'

OJ

Fig. 2.13 • Variation of stress concentration factor, Mit,with crack depth for various
weld toe angles (10),
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Gurney et a(21) carried out 8 2~Dfinite element stress analysis for fillet welded joints (al2c=O,

plane strain) using a range of weld sizes and plate thicknesses. They derived the following
formula for the correction factor at th,a weld toe

_{ l J.063 (BGJO.t796Mic - 0.72971-lB for!!:.. :S;O.05
B (2.13~

for!:~.320
B

where 1is the weld leg length.

2.2.6. Metallurgy and Mode of Fracture of 6XXX
Aluminium Alloys

If one wants to study the fatigue behaviour of a certain material one needs to understand why
the material behaves in the way it does and what makes it different to other materials. In
order to do this some background knowledge of the production and metallurgy of the material
is required. This will assist in the determination of micro-mechanisms of crack growth which
may take place during fatigue.

The primary alloying elements of the 6XXXseries aluminium alloy are magnesium and silicon
which form.the Mg2Sibinary phase(36).The single binary phase in the magnesium-silicon system
forms a quasi-binary syste:mwith aluminium and with the binary intermetallic phases of the
aluminium-magnesium system. N(. ternary intermetallic phases are formed.

The ternary phase diagrams of the aluminium, magnesium and silicon system, showing the
liquidus surface and the solvus surface, are shown in Fig. 2.14 and Fig. 2.15 respectively. Fig.
2.16 shows the quasi-binary phase diagram of aluminium and magnesium silicide. T!le limits
of solubility of the aluminium-magnesium system is shown in Fig. 2.17.
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Fig. 2.14 • Ternary phase diagrams OI thE~Al·Mg-Si system shOM"lg the liquidus
surface. (M)

~'ig. 2.15 - TernfU'yphase diagram:8 oI the Al..Mg-Si sYltem showing the solvus
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A knowledge of the limits of solubility in this alloy system is or gteat importance because of the

wide range of solubility alon, the quaai-binar, line. A marked deerease in solid eolubility with

tem~ratun~ renders th~se alloys susceptible to heat trbatment for improved meehaaieal

properties. It is thus important to ktww how the relationships are affect,d by an exceu of

magnesium or silicon over that required to fbrm MgsSi..

The reaction l:>etw£ell magnesium and silicon is a bqlsnced one, l'8C{uiring an exceaI of eithl!r
magnesium or silicon. for ita completion(J6). It is therefore possible for free silicon or magnesilXm

to appear as 3micro-con.stituent in these, alloys.

Under equilibrium conditions, MasSi does not appear .. a ccmstituent of'the -eutectic until a

magnesium content of about 0.8 per cent he.a been reached. The aluminium-rich phase is

incapable of reaching saturation dw.i.ng cuting. This results in the appeann.ce of MgJ1i at as

little as 0.2 per cent magnesium.
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The quenching of a Al-Mg-Si commercial alloy from high temperatures produces a

supersaturated solution of magnesium and silicon in a-aluminium. Clusters or MgaSi survive

however, since the attraction between magnesium and silill:X)nis very birh. On tempering at

about 175°C the solute atoms migrate out of the a phasllit to form MgJji dispersoids. The

hardness obtained after quenching and tempering is due 1;0 the dispersion of MgaSi in the ex

phase, while a itself is hardened by the excess of magnesium or silicon compared with the

stoichiometric Mg;3i ratio.

Commercial 6XXX. series, heat treatable aluminium alloys generally contain It high density of

fine coherent or semi-coherent particle. of tha precipitating phase, i.e. MitBi, which are its

source of strengthening. In addition, two types ofincoherent particles are preaent(37,38).These
are the coarse (>1 11m)particles which originate during casting and are linked to the iron

impurity content in the alloy, as well as the fine, interm.etallic pa:..1icles approximately 0.1 um

in size and consisting of the transition elements Cr. Mn, Zr, or V. These elements are usually

added to inhibit recryiltallisa1ion and to control grain growth during heat treatment. The

dispersoid parlicles are formed during homogenisation and hot working of the allotS8). These

dispersoids have been shown to promote homogenisation of alip and thereby increase the tensile

ductility snd fracture toughness or the alloy.

The effect of dispersoids on fatigue crack propagation is not very clear cut. It has been shown

that rod-like Cr bearing dispersoids which are commonly present in ASTM 7075 alloys

accelerate the rate of propagation of fatigue aacka(3'1). This is apparently due to the fact that
the particle ~fracture ahead of the crack tip, thus accelerating crack growth.

In work C', .eemed with equiaxed, Mn bearing dispersoids, it could be shown that the particles

did not break, even in tegions of high plastic strain. Edwards and Martin(8'7)used three different

peak aged AlMMg-Si Iilloys with different volume percentages of equiaxed dispersoids to establish

the effects of these particles on the fatigue properties. They showed that for anyone alloy, the

degree ofintergranular failure increased with AKand hence with the fatigue crack growth rate.

For any given applied AK however, the degree ofintEtrgranular failure decreased as the volume

fraction of dispersoids increased. Additionally, the fatigue crack growth rate decreased as

volume fraction of dispersoids increased. The increase in fatilUe crack growth rate is therefore

generally accompanied by increased amounts of intergranular failure.
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crack plasticzone

The decreue in intergranular failure with increase in volume fraction of dispersoi.da is due to

the hpmogenisation of slip by the dispersoids. Raymond and Martin(ll) have studied the effect

of dispersoids in the craclt tip zone. They sugpst that jf a critical local ItnUn is required to
cause failure at the grain boundary, the homogeni~tionof slip by the dispersoids will lead to
larger overall strains being required in order to reach the eritieal local grain boundary fracture

strain. A crack subjected to the same stress intensity, will therefore experience len

intergranular fracture if the ho.m.ogenisation of slip is increued.

In the work done by Edwards and M.artin(J7) it is clearly shown that only a pereentap of tha

various fracture surfaces are intergnmular. The rest or the .urface baa a transgranular

appearance consisting primarily of atriations. On cloeer examjnation of the intergranular

fracture regions, the fracture sWface was seen to be covered in fine dimples. This indicated that

the failure mechanism was by adcrovoid coalescence along the grain boundary precipitate free

zone (PFZ). The spacing of the dimples ( 0.1 J.Un) wu limilar in aize to that of the grai,

boundary precipitates.
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Thus it was s~ted by Edwards and MartmC31\hat the miero-IJlII)d:aniaml of fatigue crack

growth. in peak aged Al·Mg-Si alloys, can be explained in terms of a main c:rae.k. a sem.i-oohuive
zone and a plastic zone, as shown in Fig. 2.1B. Grain bound.ariea orientated tavounilily ahead

of the crack tip will fracture by microvvid ooalescenee along the PFZ. The resulting fracture

surface will be kept apart by the remaining 1.i.pments. 'I'b.eae will undergo reverted platic

deformation. The £ine l'I:lk:rovoids, which were ilrmed on t.~ intergranular ftacture .url'aoa will

thus be i-reserved. The restraillinglipmenta will fail b,. a !1tVers&d plutic fatigue proce8II,

which at levels of AK in the Psria regime, will probably lead to fa~ striations.

Welding can affect the :mittoistructure of aluminium alloys. In the cue of the 6XXXalwninium

alloy, we1din.i would .,. the parent:material whieh inturnwould increase theMftSi dispersoidi

volume frar-tion and dec::reaas the taurue c:radt g:rowtb. rata(l'l).

The extent of the heat atrected zone (HAZ) in aluminium used to be eat.imated by the "l·inch"

rule (25mm). This stat. that the parent plate will be IOf'tened up to 25mm awa.y frte. the
weld bead. Beyond 25mm. the parent plate reeUDle8 ita ~ h.ardneu. By using classical
heat flow theory, Robertlon and Dwigh~ have propae.ed a better approximation than the "l-

inch" rule.

They claeS:rl1ed the HAZ into two variables:

1 - The extent, i.e. the size of the HAZ.

2 • The severity, i.e. the amount of softening.

On testing the HAZ for hardness, Robertson and Dwight showed that the extant of the HAZ can
be subdivided into three zones. Zone A is immediately next to the weld bead amd has a low, but
constant hardness. Bordering on zone A is zone B, which aradually i.ncreues in hardneu until

zone C is reached, where the properties of the parent plate are ru~ 40). A schematic

representation of the various zones is shown in Fig. 2.19.
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The size of zo1,le A, x,., and the size of zone B, x., are dependent on the heat flow, parent plate
t1;P.ekness and'\\material.

The severity of the HAZ is quantified by the ratio,

(1.14)

where HA ia the approximate minimum hardness ofsone A and Hp is the hardn.eu oftlu.l parent
plate.
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2.3. Effects of Welding on Fatigue

2,3.1.Classification and Crack Initiation Sites

..

Fig. 2.20 - i3tress distribution in (a) transverse and (b) ll)l1~tudinal non-load
carrying fillet welded joints.<4:

Fillet welds can he classified into four categories: load carrying welds I' non-load carrying welds,

welds transverse to and welds parallel to the direction of stress. A loa~icarrying weld is defined

as auy weld through which all the load of the section is transmitted. A non-load carrying weld

is not entirely load free, since it will be strained by the load carryin.g member on which it is

welded.

Fig. 2.20 shows a qualitative stre&8 distribution for non-load carrying welds, It shovld 00 noted

that although the stress distribution along the length of tran.&verse "''elds may be uniform, the

stress distribution scxou the width of the welds: varies since there is a high stress concentration

at the weld toe. It is therefore logical to predict that fatigue cracks wiU initiate at the weld toe.

29



Alternatively. in longitudinal welds, it is the weld ends which give rise to strea8 concentrations

and the stress distribution along the width and through its thickness is non-uniform. Thus, the

weld end would be the favoured initiation site for Cl\lCks(.().

Transverse, load carrying welds experience a stress concentration at the weld root, while the

longitudinal load carrying welds tend to transmit the majority of the load by shear towards the

ends and less towards the centre.

2.3.2. Welding Defects

Welding detects such as lack. of penetration, shrinbge cracks and porosity may be. introduced
\

into a component during welding and are in many cases the reason why the life of the

component is dominated only by the fatigue crack growth stage and not by the fatigue crack

initiation stage.

Lack of penetration refers to the incomplete fusion of the weld metal with the parent plate and

can exist almost at any level of severity from local to general. Itmay occur as an internal or
surface defect(4."1).

Sll.rinkage cracks are the result of excessive shrinkage in the weld and may either lie parallel

or transverse to the direction of the weld. The extent of cracking is directly related to the

solidification rate of the weld metal and the problem can be overcome by controlling the heat

Input during welding and the use of preheat. Inaluminium alloys, the shrinkage cracks usually

lie. parallel to the direction of the applied stress and are situated in the weld metal. Cracking

at, or adjacent tot the weld boundary can occur if unsuitable filler materials are used("·"l).

Porosity in the weld metal is caused by the entrapment of gas during solidification. The pores

are usually spherical in shape and may exist locally or throughout the weld. The pores may be

as large as 5 mm in diameter. The weld porosity is generally caused by insufficient gas

shielding surrounding the arc. This is often due to draughta or large distance between the

electrode tip and the weld pool. Nitrogen is thereby introduced into th.~ IU"C area and can
penetrate the liqui "!weld metal'" "1. <12).
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Residual stresses exist in a structure when a geometrically incompatible structure is forced to

!::~ compatible. This is often done by bending, clamping or welding. Welding itself produces
local residual stresses.(4. 8.41)As is shown in Fig. 2.21a, it is assumed that immediately after

welding, the weld is hot and the component is cold and that each of the elements are of the

same length. If the elements were separate, the situation after the weld has cooled down would

be that of Fig. 2.21b, with the weld having contracted in relation to the component. The

elements, however, are not separate. This state can only exist as a result of the stresses as

shown in Fig. 2.21c. The resulting stress distribution is shown in Fi&, ",2:id and Fig. 2.21e.

Thus, parallel to the direction of the weld. there will be tension in the weld and compression in

the component. The distribution of residual stresses due to welding is the result ()f a number

of parameters. Of these, the effect of geometry, i.e. length, width, thickness and the numb 'f of

-lding passes has the greatest effect on the residual stress distribution(4.8) .

• t ....... + t

(~) (b)

j

f •• t .•• + + t
(c)

j(cI) Lon,ieudlnal (c) Transverse
residual stresses. r.idual Rr_.

Fig. 2.21- The formation of residual stresses around a weldedj(Ant(4).

When a structure containing residual stresses is loaded the internal stresses will be the sum

of the applied and the residual stressee. The aim of designing 8gldru,t fatigue, is to have as fevir

high tensile stress regions as possible. since a crack will initiate and grow much faster at high

tensile stresses than at low ones. Thus, decreasing residual stresses or even making them
compressive, will in most cases increase the fatigue life(3,7.43).
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2.3.3 ..Life Improvement Techniques

'l'"'1eintroduction of a weld into a joint can drastically reduce tae fatigue strength of a
component'f". It is usually found that the design stresses of structure a are limited by the
fatigue strength of the welded components. There are several guidelines regarding the design
of'weldedstructures, e.g. BS 5400 ParllOC1

). The fatigue performance ofmany metal structures,
such as bridges and offshore rigs, is limited by the welds made in critical stress areas. It is
therefore often desirable to increase the fatigue lives of critical weld joints. There are three
fundamental methods of improving the fatigue life of these joints \'4,<11):

1 - Reduction oflocal stresses by improving the structural design. By designing for lower
local stresses and less structural vibration, many fatigue problems can be reduced or
even eliminated.

2 - Using joint detail with higher fatigue strengths, e.g. by welding in a workshop under
controlled conditions instead of welding at the site, the joint class is increased from.
Class E to Class D in BS 5400 Part 10(1).

3· Local treatment ofjoint detail such as weld toe grinding, TIG dressing, etc. (41,.(3).

Use of the first two improvement methods is often not technically possible or economically
viable. Thus, IIJ.:a1joint treatment will often be the only available method to improve the
fatigue life of the structure. The application of loeal treatment on welded joints can be divided
into two broad groups:

1 - Modification of the weld profile.

2 - Modification of the residual stress distribution.

"Whenthe weld profile is modified, material is either added or removed, or the shape of the
profile is changed. Inwelds, the potential crack initiation site depends on the geometry of the
weld joint. In the case ofnon-load carrying fillet welds, fatigue cracks may initiate at the weld
toe and propagate through the parent plate until failure occurs. By increasing the throat size of the
weld, ..sing additional weld overlays, the stress concentration at the weld too is reduced and the
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fatigue strength of the weld joint is increased. As the weld size is increased, the fatigue

strength of the joint will increase until the crack. initiation site is transfen-ed from the toe to the

root. Any further increase in the weldsise will not increase the fatigue strength. 'rhe purpose

of mo(Hfying the weld profile is thus to increase the fatigne performance by changing the

·xisting high stress concentration caused by the weld profile, non-metallic inclusions and

....11deTcut«U-43).Such improvements will ~8ult ina smooth transition between the weld metal and

the parent plate. The processes that are used to modify the weld profile are local machining of

the weld toe and TlG drecsing.

If the applied stresses are fully tensile the whole of the stress range contributes towards the

fatigue process. It~however, the applied stresses are partly compressive, the fatigue crack may

be subjected to crack closure. As a result only part of the stress range will contribute: to the

fatigue process 'thuB, if compressive residual stresses are placed in the region of the crack tip,

the fatigue crack growth rate will be roouced("t,.c3)

Introducing compressive residual stresses to the matenal is often done to increase the fatsgue

life of the member. This is generally applied in areas where fatigue cracks are most likely to
occur, Processes which introduce local compression to a potential fatigue initiation site at a

weld are overloading, peening, she; blasting, local compression and spot heating.

Work performed at the Welding Institute, Abington, has assessed the various f.qtj.:;ae life

improvement techniques on transverse and longitudinal fillet welds(4,"1), The results ~:-;.:tha

~ransverse non-load carrying fillet welded steel specimens are shown in Fig. 2.22. Overloading

is the least be":.l.e.Ldru process followed by weld \.4)e grinding and peening. TIG dressing seems

to be the most cenefieial process. Fig. 2.23 shows that for the longitudinal, non-load carrying,

rillet welded specimens, overloading gave the least desirable results. Peening, pressing and spot

heating gave very similar, but better results.

Most of the fatigue data seem to converge at high fatigue stren&ihs and approach that of the

as-welded condition. As the fatigue strength is lowe.~, the differences between the various

techniques becomes more obvious. It also seems t..lmt the fatigue limits of the improved

specimens are higher than that of the as-welded condition. This leads to the conclusion that

improving the welded joints is only justified if the stresses applied are relatively low.
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The fatigue j nprovement of the weld is expensive and dependent 01). the process used. Cost

should therefore be taken into account when deciding which improvement process should be

used.

100 - - f-++--+-
"1-tJ !!
I -c I 1-

~W~'t~.-k~~~~~~~IO·

. Fig. 2 •.2,2 • The comparison of
improvement methods for mild steel
specimens with transverse, D In-load
carrying, fillet weld.s(4).

2.4. I..beams with Cover Plates

Fig. 2.23 • The comparison of
improvement methods for mild steel
specimens with longitudinal, non-load
carrying fille, welds'",

.Aswas previously discussed, it is clear that the most critical factor in determining the fatigue

strength is the degree of stress concentration in the specimen. There will be, for all practical

purposes, no stress concentration ill a rolled or extruded I-beam. It is thus not surprising that

the fatigue strength of the plain I·:h2am is almost identical to that of a plate subjected to the

same stresses'",
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In research done by FIsh ~r et af-3). cracks in rolled steel l-beams originated only at the tension

flange. Some cracks ir",;;iated at the fillet between the web and the tension flange, where a

transition in the fillet c..used a stress concentration. Others initiated at the tension flange tip.

No distinct notch was visible and the cracks seemed to originate from random flaws on the

rolled surface of the flange.

Cover plates are widely used on I-beams to improve the section modulus of' the beam.

Therefore, by welding a cover plate over only the high stressed region of the beam , the f-beam

ce,n carry higher static loads in bending. It also saves on material costs, since only the highly

stressed regions receive extra material. If however, the beam is subjected to dynhDlic loading.

the fatigue strength is reduced by a considerable amount(1.3...), due to the introduction of a high

stress concentration at the weld ends or weld toes perpendicular to the axis 01' the beam,

2.4.1. Effect of Stress Variables on }t1atilgu.eLife

Itis a well established. f':':'t that tensile residual stresses of yield strength magnitude are present

in as-welded stmctures" .....U). As a result of this, it. has been shown that the fatipe life of steel

I-beams with welded cover P~:lte8is independent of the mean applied stress and depends only

on the stress range(S). Fisher et af-S) tested steel I·beams, with cover plates, to determine the

effect of mean stress on the fatigue life. They varied either only the maximum stress, SlIIU' or

only the minimum stress, SIIIu.,intheir tests'I'he results, which are shown in Fii. 2.24, show that

the stress ratio, R, had no clear effect on the S·N data, when R varied between ~1.4and 0.7.

In aluminium there are indications that the tensile residual stresses do not reach the yield
point(41l)of the parent, plate. This is due to the softening effect of welding on the microstructure,

They are, however, generally high enough to counteract any compressive applied stresses, so
that the local stress at the crack tip is always tensile. Thus the fatigue life of aluminium

beams, with cover plates, should also be independent of the mean applied .trMl. This W:ilS

confirmed by Niemi etd50)and Aabo(51) et !ll who stated that t.he:re was no evident effect on t:1e
R ratio on fillet welded aluminium 6061~T6joints.
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2.4.2. Effect of Cover Plate Geometry on Fatigue Life
Fischer et al}.3) tested steel IMbeamswith various cover plate geometries. Theses consisted of

cover plates which were rolled to the same thickness as the flange but were less wide than the

flange, cover plates which were thicker than the flange and cover plates which were wider than

the flange. f-beams with multiple cover plates were also tested. The cover plates were attached

either with end welds, l.e. welded ends, or with out end welds, i.e. unwelded ends. The results

of the tests that Fischer carried out are shown in Fig. 2.25 and Fig. 2.26.
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Superposition oftb.e welded end and unwelded end data, as seen inFig. 2.27, indicates that the
fatigue behaviour of all these cover plate geometries was eosentially the same. The.linau
regression line for each of the end weld details is shown inFig. 2.27. From this U can be clearly

seen that the geometries without end welds had longer lives than thoee with end welds. The

only exception to this rule was for the cover plate geometry which was wider than the fl.s.nee.

Here the trend was reversed. The significantly shorter lives of the cover plates which weN
wider than the flan.geand had no end weld could be attributed tb.3 elimination of"Step 1~erac.k
growth (see Section 5.1.1.). The weld was situated at the fla.np tip causing 'Stale 8' crack
growth to occur immedi.a.te\y. The crack growth pattern rLthe rover plate pometry which wu

wider than the flange and which had a welded end was similar to that of the other geomatriel.

The fatigue life of this geom.etey is thus comparable to that of the other geame.trios.
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Fig. 2.25 - Effect of cover plate geometry on the fatigue strength of cover plated
beams without end welds(').
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In all the geometries where the cover plate was narrower than the flange, it was observed that

most. of the fatigue life was consumed in initiating and proP8iati~ the crack through the

thickness of the flange, The number of cycles corresponding to the 'Stage l'of crack glowth was

observed to be almost the same for both end details. The difference in life between the two end

details must therefore be due to the differences in the later stage. of crack growth .
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Fig. 2.28 " Effect of cover plate geometry on the fatigue strength of cover plated
beams with end weIWl(3).

The erose-sectional flange area that the fatigue crack occupied immediately after 'Stage l' of
crack growth was compared by FisherS) for both end details. In the end welded cover plate

geometries the 'Stage l' crack. occupied a much larger eross sect~onal area of the flange than

those without an end weld. This is because multiple crack inifiation occurred along the end

weld. Thelia multiple cracks eventually joined up tc form one wide crack with a nigh aspect

ratio, 2cla. Itwas thus logical to assume that the remaining life of the end welded geometries

would be less than the geometries without an end weld. The crack at the end weld not only had

to grow through less flange area to cause failure, it still had to grow in the area adjaoent to the

weld, i.e. an area of high stress concentration and residual strGsses. The cra:.!k, where no end

weld was present, grew away from the stress concentration and also had a longer distance to
travel 1: 'l. " e failure occurred.
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This type of phenomenon was confirmed by YongjitU)et at who tested I-beams with square end

welded cover plates and pointed end welded cover plates. Their results are shown in Fig. 2.28.

The square end detail yielded lower fatigue lives than the pointed end detail. This again was

due to the difference in the width of the weld at the end of the cover plate.

STRESS
RANGE
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CYCLES TO F.AU..tJM: (l'l')

Fig. 2.27 - Comparative fatigue strength of cover plated beams with and without end
welds(:!).

Gurney(4) compiled data, from different sources, on the fatigue life of different cover plate

geometries on steel l-beams. The S·N curves for the variOUl geometries are shown inFig. 2.29.

Some scatter may be expected between the various u~t results because they were obtained from

different sources. There is also bound to be a difference in material and thus a difference in the
fatigue life. It is interesting to note however, that those geometries which had the widest end

weld. yielded the lowest fatigue atrengths at low fatigue lives. At high fatigue lives, four out of

six geometries yielded almost Identleal fatigue lives. This is because the dominant portion of

fatigue life is consumed incrack initiation and the other stages offa:tigue crack growth become
insignifi.ca:nt.
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Yamada'l" et a1 concluded that the end shape of the cover plates on steel I-'beams does not

significantly affect the fatigue strength for design purposes. BaslerCU>made a similar deduction

and added that the cost of making; fancy shaped cover plates was not justified interms offatigue

improvements. He added that square cover plates without an end weld should be used, since

they are the cheapest to cut and weld.

The main contributing factor to the decrease in fatigue life is the increase in stress

concentration at the end weld of the cover plate geometry. Weld improvement techniques can

decrease this stress concentration. Equally, decreasing the slope of the transverse fillet weld

or increasing the weld leg size can reduce the stress concentration in I-beams welded with cover

plates.

"

Yamada et a~l1) stated that grinding th~weld to a taper of 1:3~improved the fatigue strength

from category E to Category C according to the American Association of State Highway and

Transportation Officials (AABHTO~04).In this work the eracks initiated either at the weld toes

or at the weld roots. Initiation at the weld root represents the upper bound of the fatigue

strengths of the cover plated beams. The improvement obtained by grindlng' the transverse weld

to a taper of 1:3 was confirmed by Simon et at-M>. Accordin( to Albrecht et a~"> the fatigue life

improvement factor due to grind:.:,g was about 6.5. TrG dressing and shot peening of the weld

increased the fatigue life by a facto!' of 2.1 and 4.4 respectively.

2.5. Design Codes

Weldedjoints in some structures can be very complex. Furthermore, various materials may be
used within a structure, and information about the fatigue strength and material properties is

not always available. Thus designing against. fatigue often becomes a very difficult task if the

stress intensity factor and Paris law integration approach are to be applied to each welded

detail. However, at least for the case of steel structures ft. simple design code, based on this
approach is now available, i.e. BS 5400 Part 10<1).

Since most joints, especially well .......ijoints, have a high stress concentration, residual tensile

stresses and large initial defects (approximately 0.5 mm), the British Standards InstitutionU)

proposed that the fatigue life of welded joints is dominated by fatigue crack growth. The
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parameters governing the fatigue life are less material dependent than geometry dependent.

This is due to the fact that the mean stress has hardly any effect on the fatigue life(3).

Furthermore, the linem- regime of fatigue crack growth i,jJ little i:afluenced by material

properties.

Thus the British Standards Institution brought out a code of practice for fatigue, BS 5400 Part

1O(1l, 'Steel, Concrete and Composite Bridges' ..which grouped various types of steels joints into

eight different fatigue life classes. These classes are shown in Fig. 2.30. The code Jl practice
is applicable to almost any type of structm:al member except tubular joints. Welded, bolted and

riveted joints are considered. An extruded plate or J-beem will for example be grouped into

class B, whereas an I-beam with a welded cover plate would be grouped into class G. Only the

joint detail and the applied stress range need to be known to be able to find the appropriate

fatigue life. Thus, ajoint detail belonging to say Class G has a life of about 10' cycles at a stress

range of 60 MPa. These prediciions aSIi .ime that initial defects. such as welding defects, are

present. Thus the S-N curve is based. on fatigue crack: growth and does not include initiation.

The use of thiJI design code has made design against fatigue in welded structures very simple.
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Fig. 2.30 - Fatigue design curves from. BS 5400 Pari 10 for welded steel jointll(l)
(mean minus two standard deviations).
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Another code of practice was developed earlier by the British Standards Institution, i.e, CP
118(2), "I'he Structural Use of Alumini'tflD.', one section of which covers fatigue design. Again,

various types of joints are grouped together and given different fatigue life classes. This code,

however, takes the stress ratio and stress range into consideration. Its preseni.ition of the

fatigue life data is different to that of BS 5400. For every class of joint, five curves, wHch

represent five fatigue cyclic lives are plotted with respect to the maximum stress and the stress

ratio (maximum stress / minimum stress)in the applied stress cycle. Thus if the maximum

stress and the stress ratio is known, the fatigue life can be estimated. A sample plot for class

5, which would represent l-beama welded with cover plates. is shown in Fig. 2.31. These design

curves are based on the total fatigue lives of the members and do not distinguish bet ween
initiation and crack growth.

With the increased availability of fatigue data and greater understanding of fatigue behaviour

of weldments revisions are being made to the design codes for steel and aluminium(58-el). With

this influx of data, there seems to he increasing evidence that the fatigue lives of many

aluminium joints are also dominated by fatigue crack growth(49). Thus, inmany respects, the

factors which influence the fatigue behaviour of welded aluminium. and steel joints appear to

be the same. There seems to be, therefore, a strong ossibility that the new design curves,

which apply to steel, could he applied equally to aluminium by simply adjusting the design

stresses in accordance with the observed difference in fatigue crack growth rates between steel

and aluminium. Maddor.(i) points out that fatigue crack growth rate data for the two materials

correlate well on the basis of M{/E, where E is the elastic modulus. This would simply mean

that the design stresses for steel joints, obtained from BS 5400 Part 10, would be divided by 3

in order to obtain the design stresses for aluminium joints.

In order to substantiate his assumption, Maddox compared fatigue data for aluminium

weldments taken from the published literature in terms of the joint clessifications in BS 0400

Part 10, dividing Us S-N curves by a factor of 3. Empirical data for some of the joint geometries

in the proposed classes E, F, G and W, fitted the predictions quite well. An example ofthls is

shown in Fig. 2.32. Here the proposed mean minus two standard deviations line or Class F

forms the lower limit ofilie empirical data, Other data for joint geometries in classes D, E and

:b' did not fit the predicted aluminium S-N curve lery well. An example of this is shown in Fig.

2.38 where the proposed mean minus two standard deviations line of class F does not form. the

lower limit of the empirical data.
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Fi._ 2J:B - Fatl&ue design, curves and test results f'or transverse non load-carrying
fillet welded surf'ace attachments(48).

,
Armstron~ confirmed this. observation by pointing out that the division of'the fatigue C1~ign

stresses of'BS 5400 Part 10(1) by a factor of 3 was satisf'actory wr only a f'ewgeometries such as

the longitudinal, non-load c&.rrying fillet welds. For other joint classes however, such a strategy

was not representative of'the experimental data. The use of'CP 11g<S») with a high R ratio of

0.5, gave a better prediction of the data that Maddoxl'" compiled inFig. 2.33 than the proposed
line based on BS 5400 Part 10(1).

Clearly, further experimental work is required to elucidate those joint geometries f'orwhich this

approach will provide adequate lif'e estimates. Equally, it is not clear wh~ther the ratio of

Young's modulus in steel and aluminium. is the best f'actvl to USCin dividing the design streases

obtained :fromBS 5400 Part 10.
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3. Finite Elem~ntAnalysis

Finite element analysis is a procedure br .' 'ich the internal stresses in a loaded component can

e determined. It invclves the modef 'the component with mesh type elements, or svruts,

which are joined at nodes. The stlnlt type elements do not bend and can only transmit a force

in the direction of the strut. The element segments are, however, allowed to rotate at the nodes.

Thus any bending will only take place at the nodes. Each node, depending on the complexity

of the element, can posses up 6 degrees of freedom, i.e. three directions and three rotations.

Forc=s 'and restraints have to be placed onto some of the nodes in the model so that the model

is placed in the correct state of stress. The stresses at every nodal point are then calculated by

sol ring a large number of simultaneous equations. The number of simultaneous equations is

related to the number of nodes in the model. The solutions are only accurate at the nodes. If

nodes with the same stress values are linked up, a stress contour plot of the model is produced.
Intermediate stresses between two noces could be approximated by using the mean value for

the two nodes. This is however only an approximation and the model will lose its accuracy for

stresses between nodes, Thus, in order to obtain a more accurate solution the: model can be

refined by introducing more nodes and elements into the model. An increase in the number of

elements and nodes will increase the number simultaneous equations and thus increase the

number of calculations required to solve these equations.

Finite element analysis generally involves vast amounts c:>f calculation and is normally done

with the aid or a computer software package. Since computer time is costly, the aim in creating

a finite element model is to use as few elements and nodes as possible while still maintaining

the required accuracy. This was taken into consideration in the following manner, when

modelling the I-beams which Wf~rewelded with cover plates.

(

1· A two-dimensional model was used instead of a three-dimensional model. The crack,

all initiated at the weld toe of the f-beam during the experilLental testing programme.

Th1s was therefore the area of interest. The end welds of the cover plates were in some

cases up to 40 mm wide. ThU3 the stress eonccntratdon in~ region would remain

approximately the same throughout the span of the end weld. There was therefore no

need to cr' '...~ a three-dimensional model.
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2 - Moot of the fatigue life of the I-Mams was consumed during 'Stage 1'(3)offatigne crack

growth. This means that the fatig"lle life 1110 doJl!ina~ by crack growth through the

flange thicknetls. It was l.hua unnecessary to model the web of the l-beam.

3" Only the region around the weld needed. to be modelled. This i. because there is a

stress concentration only at the weld. Remote from. the weld, th5 at.reso distribution

will equilibrate itself and remain constant throughout the rest of the I-beam.

4 - Th.;:· 1lI1ensionsof the I-beam. are large ill comparison to the welded region and the

beams were tested in ft)u!" point bending. The positionti where the loads are applied are

thus far removed from the welded region. The !Stresses that the I-beam will experience

in the weld region are mainly tensile, lying parallel to tho direction <li{ the flange

surface. As the flange thiclmes.s is small compared to the depth of the beam, a uniform

tensile stress was modelled, rather than the actual bendints case. The dUl'erence in
stress at the bottom of thA flAnl7A 1St!lmAll hPinlJ' of thA nM.,.", nf' <ilhnn+ Qt¥. 'T'h; ..

6 • The weld toe angle oFthe I-beam. specimens varied considerably from I-beam to I-bARmt
even for the semejt.».nt gaometry. When the S-N data was evaluated, reasonable lin(,!fll"

trends were observed with little scatter. Although the scatter luight be attributed to
the various wE~ldtoe Slli'les the I-beam specimens, this was too (Ufficuit to determine

since the weld toe angle even varied from position to position on a single specimen. If

various weld 1;:>6 angles had to be modelled it would have taken up ..,:x.tGnsivecomputer

time. It was thus decided to use a weld toe angle which was tnuca1 for the joint

geometry modelled

A basic outline Qf the model p.hov.ing the cover plate, t1u~weld and the flange is shewn in l."ig.

3.1. The region whe~~ tnt! highest variation ill stress is expected is at thoi~~~JVltoe. In order
to ensure that the strEIS8&S are representee accurately, the mesh elements had to be refined in

this region. 'l'he model, with the mesh elements, the applied loaa. (blue arxows) and the

restraints (light blue arrows), is shown in Fig. 3.2. The refinement ufthe mesh at the weld toe
is s' JWU in Fig. 3.3. The streB distribution or the model is shown in Fir. 3.4. The stress

d' tribution t,r the weld too region is shown in Fig. 3.5.
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28 Most of the fatigue life of the I-beams was consumed during 'Stage 1.1($)of fatigue crack

growth. This means that the fatigue life was dominated by crack growth through the

flange thickness. It was thus unnecessary to model the web of the I-beam.

3 - Only the region around the weld needed to be modelled. This is because there is a

stress concentration only at the weld, Remote fr<rn the weld, the stress distribution

will equilibrate itself and remain constant throughout the rest of the I-beam.

4 - The dimensions of the I-beam are large in com.parison to the welded region and the

beams were tested in four point banding. The positions where the loads are applied are

thus far removed from the welded reaion. The streues that the I,beam will experience
in the weld region pre mainly teJuiIe, lying parallel to the direction of the flange

surface. As the flange thickness is small compared to the depth of the beam, a uniform

tensile stress was modelled, rather than the actual bending case. The difference in

stress at the bottom of the flange is small, being of the order of about 9%. This

difff' .nee was, however, taken into consideration when the fatigue life predictions were

performed (see section 4.5),

5 - If the component has any axis of symmetry, the 15treas diatribution will be mirrored

along this axis. It was th\.&8only necessary to model one half of the I-beam. Restra'nts

of deflection and moments were placed (r.' this axis in order to maintain the integrity

of the system.

A basic outline of the model showing the cover plate, the weld and the flange i•• hown in Fig.

3.1. The region where the highest variation fu stress is expected is at the weld toe. In order

to ensure that the stresses are represented 8CCUl8.tely, the mesh elements had to be refined in

this region. The model, with the mesh elements, the applied loads (blue arrows) and the

restraints (light blue arrows), is shown inFig. 3.2. ' Aerefinement of the mesh at the weld toe
is shown in Fig. 3.3. The stress distribution of the model is shown in Fir. 3.4. The stress

distribution of the weld toe region is shown in Fig. 8.5.
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6 • The weld toe angle of the I-beam specimens varied ('lOlJSidenbly from I-beam to I-beam,

even for the same joint geometry. When the S-N data was evaluated, reasonable linear

trends were ob..-ved with little scatter. Although \Ul.e IC9.tter might be attributed to
the various weld toe angles the I-beam 8~, t.his was too difficult to determine

since the weld toe angle even varied from positi(:)n to llOSition on a single specimen. L~

various weld toe angles had to be modelled it would have t.a:bm up extensive computer

time. It was thus decided to use a weld toe angle which was typical for the joint

geometry modelled.
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Fig. 3.1 ~Outline of the geometry modelled.

Fig. 3.2 - Finite element mesh of the model showing the loads (blue arrows) and
restraints ( II~hfblue a.rraw!.J.
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Fir. 3.8 - Fmite element mesh of the model, showing the refined weld toe region.

Fig. 3.4 - Stress distribution of the finite element model.
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Fig. 3.5 • Stre!a distribution of the W''31dtoe region.
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Fig. 3.6 • Stress concentration correetfon factor,Mt, wiGh depth into the t1anae I-
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A finite element model was created for each or the three aiDl of Iwbeam Wled in the

experimental programme. A plot oCMt, i.e. nominal strau I applied stress, with distance from

the weld ~ through the flange was produced lor every finite element model, U shown in Fig.

3.6. From Fig. 3.6 one can see that the streu ooncentrations at the surface or th.z c",' the

different I-beams vary coIlBidsrably. The surface atrMs eow::entration factors fer. e,;;;.:t~q..ltam
model is given in Table 3.1. Once a crack depth of sit == 0.3 is reached., the streH OOIl<:('.uia'al;ion

solutions of all the d.iffenmt model8 are alm08t the same. At ~ L' crack lengt.la, i.e. aft III 1,

the solutions vary again.

An attempt was made to fit the solutions oeM.: to equations so that they could be used in the

integration procedure of the PIIU"iaLaw. QW1u:l...·•lie repauion Ct.trV'e8, on IiNmi-log basis, were
\ '

used to fit theee streu coneenu'ation curves. .J equations of the t.l:wae curves are shown in

Table 3.1.

Beam ~ with crack depth (a) ~

l5Oxl01 ~ = 1.530· 0.5~' , a) - 0.048 (In (a)f 2.7
,',

l00x75 Mil • 1.1?~ - O.~ "\'8.) - 0.0371 (In(a))i 2.3

48x27 Mt ,II: 0.826 ~tA68In(A) - O.OO3!}{lu(a))I 3.5
......
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4..Experimental Procedure

The experimental work that was carried out in this project can be divided into five section;

1 ~ determination offatigue crack ~wth rate curves for the 6261·T6 aluminium alloy,

heat affected zone and the weld metal. This w~ done in order to make Paris L

predictions of the fatigue life.

2 w determination of S~N curves fur 6261·T6 aluminium I-beams, which had cover pla

of various geometries "eIded onto the tension flange.

3 • metallography and fractography, to determine fracture mechanisms and crack initiat

sites.

4 • finite element analysis) to determine the stress concentration associated with the fl.]

weld and the Mk values for use incalculating stress intensity factors. This has alres

been discussed in the previous section.

I) - integration of the Paris Law oMained from the fatigue crack growth rate curves

order to model the S~N curves, which were obtained experimentally,

4.1. Material Characterisation
d

1:,i c All the material that was used in thf3 testing was supplied by the Aluminium Federation

South Mrica (AFSA). In developing the S-N curves three sizes of extruded 6261·T6 aluminii

I-beams were \1$00. The sizes of the I·beams were 150 x 101 rom, 100 x 75 mm and 48 x

mm. These were cut into 450 mm lengths. Extruded 6261·T6 aluminium plates, of th:

different sizes, were used for the rover plates. The widths of these plates that were used for i

different sizes of f-beama were 53 mm, 40 mm and 13 rom respectively. Fot ~e 150 x lOJ
beams and the 48 x 27 l-beams, only square cover plates were used. For the intermediate si:

l-beams, square, diamond shaped and rounded cover plates were used.
.l·~.
:,>'._. ..•.. -~.. :'- ..~'
\~.'
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FlJ'. 4.1 • Sizes of the various I-beams used in dsveloping S-N curves.

Fig. 4.2 - Cover plate geometries used in. generating S-N curves trom the 100 x 75
mm sized I-beam.
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\ i

Pig•..~.a-~ pla. detaila fhr the 100 x 75 mm I·beams. Welding directions are
shown by the &rrowa.

Fig. 4.4 "Three sizes of I·beams used and t.b.eirrectangular cover plates.



The cover plates were then welded centrally onto the l-beams by Industrial Research and

Development (lRD). The welding parameters which were used are listed in Appendix A. In

order to see how the T-beama would perform in the presence of a weld with no stress

concentration present, some I·beams were given. a weld l'UD. across the centre of the beam, This

was then ground flat with the flange surface so that no siress concentration was present. 'l.~e

different types of cover plates and I·beams that were used inS-N testing are shown in Fig. 4.1

and Fig. ·1.2. The dimeesions of the welded l-beame and the welding directions are shown in

Fig. 4.3 and Fig. 4.4. ~ne mechanical properties of the cover plates are given in Table 4.1, while

the compositions of the I-beams and the cover plates are given in Table 4.2.

Fig. 4.5 - Microstructure of the section
longitudinal to ··he direction of extrusion of
aluminium 6261-T6 l-beams, (x 100)

Fig. 4.6 - Microstr.J.cture of the section
transverse to the direction of extrusion of
aluminium 6261-'i'6 f-beams. (x 100)

Sections of the parent material, longitudinal and transverse to the direction of extrusion, were

cut out in order to characterise the microstructure of the f-beams. They were ground smooth

and polished to a finish of 1 um and 8ubsoouently etched for 10 seconds in 0.5% HF solution.

The microstructures of these sections are shown inFig. 4.5 and Fig. 4.6 l'eSpecth-ely. Fig. 4.6

shows Mg2Si dispersolda distributed evenly throughout the transverse section of the parent

material. From Fig. 4.5 the extrusion direction of the of the parent material is clearly seen by

the lining up of the MgaSi dispersoids in single direction.
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A longitudinal section through the weided region was cut out at"&n I-beam in order to determine

the severity and extent of the heat a.ffecteti ZOne(HAZ). This was ground smooth and polished

to a finish of 1 um, The section was then etched ina 10%NaOH solutio , ' r 20 seconds at 70"C
I

to produce a. macro-etch. A typical macrostructure of this section is shown inFig. 4.7. Vickers

micro-hardness measurements were taken transverse to the I-bea:n\'s axis across the flange and

the cover plate. The results are shown in Fig. 4.8. From Fig. 4.8 the severity and extent of the

HAZ was determined according to Robertson and Dwight(43) (see sub-section 2.2.6). The sizes

of zone A and zone B were measured to be 16 mm and 13 mm respectively. The severity of the

HAZwas

HA, 6Ss - _ .. - - 0.52
H, 125

~--.....-----------------------~-------~~--------------------~

Fig. 4.7 " Cross section of the 'Velded region of tb.e I~beam8.(x 5)
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I0.2% Proof UTS Elongation
Stress (MPa) (MPa) (%)

SENB Specimens 354 375 16

Cover Plates 282 301 10

Table 4.1 - Mechanical properties of the material used in testing.

(%) Si Fe Cu Mlt Mg Cr Zn Pb Ti-

SEND Specimen .67 .27 .34 .30 .74 .019 .100 .003 .016
~

Beams .63 .19
,

.74 NA .025 NA .020.26 .27

Cover Plates .63 •.28 .33 .25 .74 .002 .12 .003 .040---.
Table 4.2 - Chemical composition of material used in teating, with a balance of aluminium.

In order to simulate the rend loading condition ofilie l~beams,a singie-edge-notch bend (SENB)

specimen geon'letry was used for the detemmration of the fatigue crack growth rate curves of

the aluminium 6261-T6 alloy. Specimens were machined from an extruded 6261·'rs aluminium

alloy bar with a 10 x 30 mm2 cross section .. This bar was cut into 120 mmlengths. A 45°, 5 rom

deep notch was machined into each specimen at the centre :;f one on the faces, to initiate a crack
centrally in the specimens. The dimensions and l"leding positions for ilie SENB specimens is

shown inFig. 4.9. To facilitate crack growth measurements, wring a tmvelHng microscope, the
two side faces of each specimen were given a 5 um polish.

(

c

Strain gauges were mounted onto the back face of each specimetl, i.e. on the face opposite t:J the
notch I so that crack closure could be measured from eomplianee traces .. ';m conpositi.ons an:

mechanical properties of the bar used for the SENB specimens are listed in Table 4.1 and Table

4.2 respectively.
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Fig. 4.8 H Hardness plot across the flange and cover plate of a welded cover plate.
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Fig. 4.9 "SENB specimen dimensions and loading ~itions.
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In order to obtain fatigue crack growth rate turves representative of the welded region, 70 mm

sections of the extruded bar were butt welded together by IRD. A 45°, 5 mm. deep notch was

machined into eith.er the HAZ or the weld metal of each specimen, The Bide faces were again

given a 5 J.U"...I. finish and strain gauges were mounted on ilie face opposite to the notch.

4.2. S-N Testing

The I-beam specimens were tested using a

10 ton Amsler Vibrophore, which is an

electro-magnetic testing machine whkh
operates at the resonant frequency of the

machine-specimen system. Each specimen

was subjected to cyclic loading with a

constant load range and a load rauo of R

= 0.1. The test frequency was 110 Hs, A

typical test setup is shown inFig. 4.10 and

Fig. 4.11.

Under most loading conditions, ,"''!'Ieks

initiated at the weld toe of the end weld of

the cover plates. These cracks then grew

under continued cyclic loading. Failure

was taken as occurring when the total

width of the flange had cracked, The

this to occur was then recorded.

number of cycles that were required for Fig. 4.10· Loading
specimens.

setup for the I-beam

However, not all the specimens cracked. Some of the applied stress l'8llg'M were too low to
induce fatigue cracking. Tests were stopped at about 2 x 107 cycles if no fatigue crack: was

observed.
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These tests thus gave an endurance limit stra;s range corresponding to a life of 2 x 107 cyelet.

The upper stress range limit offatigue testing was reached when the web of the I·beams started
to buckle under the high applied. loads.

Fig. 4.11- 10 ton Amsler Vibrophore used for S-N tesnrlg.

A number of tests were run at stresses between thef.e limits for each I-beam geometry. The
stress range and the number of cycles required to failure ware then plotted on a log-log basis,

in order to obtain a S-N curve.

4.3. Fatigue Crack Growth Rate Testing

The SENE specimens, which were used to produce the fatigue eraek growth rate curves, were

tested in an ESa servo-hydraulic testing machine with a maximum load capacity of 50 kN. A

typical test setup is shown in Fig. 4.12 and Fig. 4.13. The stress in).ensity range, M{, for this

geometry was calculated uaini the empirical formula(IL):
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where

ss _LAP
Bwo-'

(4.j)

(4.2)

\\
which has an accurat'Yof2% for 0.2 < sIW < 0.7. hP is the aPi~1iedload range, 8 the length of

\\,

the loading span (8 ..,90 mm, see Fig. 4.9), Vi' Cle width, B tb:a t1,~ckness and a the crack length
of the specimen. The:" 'llrimumand minimum applied loads ~"pependel.tt. on the stress l'htio.
R, and the s*J."essintensity range, 11K.

I'.
"Fatigue crack growth rate data was obtained in accordance with thti,ASTM St.andard E 647-86l\

"

(62) for thrc" 'd determination. This involved manual load sheddi.u.g with load reductions of
less than 10% and a crack growth increment "reater than 3 times 1l\e monotonic plane stress

(

plastic zone size between load reduetionl.

Before useful CI'8l'.k growth rate dam could be acquired, the specimena pad to 00 pre-fatigued

in order to induce a fatigue crack beyond the notch plastic &One.This involved applying a cyclic

load to the specimens un1il a crack grew from the notch. Care was taken to keep the initiation
stress intensity range as low as possible and hence the notch plastic zone as smail as possible.

The crack length. was measured optically with a travelling microscope on both sides of the

specimen. 'Ihe resolution of tJ:.e travelling microscopes, 'Waf! about 0.01 mm. The crack

increments used to calculate fatigue crack growth rates were I1~eveJ!'less than 0.15 mm. This

wes done in order to mhdmise scatter observed in growth rate •.
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When tests weI~ halted mi',any reasonable period of time during the load ah'.edding ~ure"

the loads were increued to 10 - 20% llbove that used when the test was halte.1Ci, before the load

shedding procedure was continued.

Fatigue crack growth rate curves, using tl\e load aheddi.ng ~, were pro~' at .trus
ratios of 0.1. 0.2, 0,5 and 0.7. This W&I dolle 10 that the did /J Cl'BIt!k: clOll~ ,rith reapect to , i

the fatigue growth rate could 00 uu:rlntd. Crack doeu.n tree cun. were obtained by

performing teata, llIinI tha load.~. routiM, 'f1beN K.-WM kept "'':'1;; 1.4t tnd AX was
decreased,

Crack clomu'8 ~t.$ _,mW ~the laad .... t ~t t.ecimique, where

voltage rEl£dinp ... ihe _\put ~ U1e bid ~'8 at.niu ~ 8*1~ to the load
, ;\

were used topreduee cxwmplianeetntcu. Cl'aCk ~,.ure readinp 19'8l"e made u.si.n.r u few cycles
as pouibltl.

~---~.------.---------------------------------------

Fig. 4.11 - wad setup for SENB specimen.



L
'Ft,. 4.13 - SENS specimen in EBH servo-hydraulic machine.

I
\ "

4.40 Fractogrsphy

'rbe purpose oCthe fractographic uamjnation was to datermine the initiation site and hence t..lJe
initial demct, and the mode of :&actu:re. The initial cletet.-t sise ·was required f( ,r the integration

of the Parit: Law used in fatigue 1:if.e pr~. In order to examine the &a.ctt.1re surfa.ces,

failed I-beam apecimens ~ broken apart. On. halt ottbe trseture surf'aetl (~ thI.m cut from

the beam and cleaned ultrasonically in acetone. Some of the 1i'acture .url':.i~ 81l8cimenB were
sputter coated with gold-palladium. This wu done to improve the surCar.e conductivity of the
specimens and thus improve the viewing resolution 'I.1llder the acannjng Illectron microscope
(SEM). Th8 specimens were mounted OJllto the stap ot an SEM, en.aur.lng that good electriatl

conductivity was maintained.
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4.5.Prediction Procedure

Since shrinkage cracks around the size of 0.7 mm existed at the weld toes, the fatigue lives of

the l-beam specimens were not dominated by initiation, but by fatigue crack growth. It was

thu; reasonable to assume that the Paris Law would hold true for most, ifnot all of the fatigue

life. As is already known, the Paris Law is defined as :

(4.8)

where C and m are material constants. For the aluminium 6261-T6 alloy, C and m were

obtained using linear regression techniques on the Paris l'e&Pmedata in th~ fatigue crack growth

curves which were experimentally obtained for the 6261-T6 aluminium alloy. Equation 4.3 can

be written as

(4.4)

where Y is the geometry correction factor at a .rack length, a, ane.: a nominal applied stress

range, Il.a. The geometry correction factor is defined as M..?d.~~"';"II'~ is the correction factor

which takes the presence of a stress concentration into account and varies 'with crack length.

The relation between Mk aad crack length was fouad with the aid of fmite element stress

analysis, and is shown inFig. 3.6. M)/f.'+o is the correction factor which tP.Jwsthe presence (If

a free surface ahead of a crack tip and the crack shape into account. Since the surface d~lieC'~3
at the end welds ha\'e a very low aspect ratio, aJ2c, the GrosS(l8) equation, Equation 2.4, was

used to define the correction factor M.M/+o. Thus after every 'Wcle, i.e, dN = 1, the crack grows
byda.

As was discussed inChapter 3, the finite element model did not take bending into consideration.

When a part width crack grows under a bending Ioad, the non-uniform stress distribution means

that the stresses at the crack tip steadily decrease. This reduction is linear with crack depth

and is defined as:
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(4.1)

where 0"1J,ee is the l'eaultant streu. a is the streu a~ i.ue ~pper aurf'a.cs or the f'iangG. a i. the
crad" depthmd H is ths height of the beam.

For a specific .trees l'8.llp and iuitial craclt •• Equation 4.3 can be intejrated, cycle by {.ycle,
until the final crack: size it:ru.clled. ~ fiwll crack size is d.atined ~\e as the thklmeA c" thEt

flange. since mOiOiof the fatiaue Ute iI.pent. in~ the crack. through the~. Thus, if
the appropriate geometry COIT8Cf.iot1 factora are UNd, and t.ba initial crack size it determinad

using fracto«raphy, Equation 4.3 can be used in t..he pr8d.ictipn of the fatigue life of the I-bes.m

at a streu ran,ae, M.

Lfthia procedure is repeated at various stl'esa l'IUlpS, III predicted S-N curve for the fatigue livr.:li

of the aluminium I-beams, welded with cover pIa_ is obtained.

A romput~ progl1l.mm8 w. written to integrate the Paris Law. cycle by cycle, and to produce

such S-N curves. A listing or this programme ,crul..)e fbund inAppendix B.



5. Results and D:. \ .(lBslon

5.1. Fractography

The purpose of ihlctogaphic examination is to determine and define the initiation site and the

size of initial defect, crack shape development and the fracture mode. By doing this, u:v\~pt])

luowledge regarding the fatigue mechanisms in theWf'Jded aluminium I-beams can be obt~jiUbd.

5.1.1. Initiation Sites and Cr~~kShape Development
" , r-

Onwork r.arf.ormed ~t The Welcling lnstituf~ by Booth and Madd~ on non-load carrying .ti1let

weld attachments, the crack init.i.ation did not tiwa,YS ocimr at the ead of the weld. For the

geomet.ries where the longitudinai welda extended P38t the atw.b.m.ent, the fatigue cracks would
initiate at the attachment. 'I'M attachment itself, however, produced a fat- more significant

stress coTh.~ntration than the end of tile weld !lid ('auaing the fatigue crack to initiate at the end

I)f the a~funent. For geometries where the longituitinal welds -mte u100g as the att..<\Chment

or stopped sooi.i of the en.:!.of the attachment, the mtigue cracks would jpjtiate at the weld toe
at the end of the longitudinal weld.

centre line of the beams at the weld toe. ~J.ere wer.:aoften multiple initiation sites along the

transverse welds, which linked up to form. one large crack.

The crack growth pattern in l-beams wlLded with cover plates can be cl888ified into ;hree

stages, as Illustrated in Fig. 5.1(3).

Stage 1 - During' the first stage, the crack grows through the thickness of the nange in an

elliptical shape. The crack size, a, is defined 81 the depth of t1'jecrack and the

crack width, 2c, is the length of the crack visible! on the f1an.ge surface. 'I'he crack

width is usually related to the width of the end weld detail.
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5. Results and Discussion

5.1. Fraetography

The purpose of fr.l!tCtogaphleexsmjnatioo is to determmp. and define the initiation site and the

size of initial defect, tta~ shapB development and the fradure mode. By tieing this, indepth

knowledge regarding tOO fatigue mechanjtnru. ill. the welded alUJ!.riniurLl-beame can be obtained.

5.1.1. Initiation Sites and Crack Shape Development

In previous work on steel I-beams with welded cover plateBoo, the critical initial defects which

were the cause of failure all seemed to initiate at the toe of the fillet weld which connected the

cover plate end to the flange. For those cover plate geometries where no end weld! were

present, the cracks initiated at the end of the longitudinal welds. This WWl found to be true

regardless of whether the longitudinal welds were stopped short or extended past the cover

"t~:~.z~;."Iocatlon of the end of the ... lds ._...0. to have no effect on crack icitiation (see

4

, ,:\ Fischer et uP) found that fatigue cracks in. transverse fillet welds initiated predominantly at-the
centre Iine of the beams at the weld toe. There were often multiple initiation sites along the

transverse welds, which linked up to form one large crack.

The crack growth pattern in L-beams welded wit,h COVA'r plates can be classified into three
stages, as illustrated in Fig. 5.1(3).

Stage 1 - During the first stage, the crack grows through the thickness or the flange in an

elliptical shape. The crack size, a, is defined as the depth of the crack and the

crack width, 2c, is the length of the crack visibJr- en the flange surface. The crack

width is usually related to the width of the end weld detail.
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Onwork performed ariThe Welding wtitute by Booth and Maddox<f') on non-load can,mg fillet

weld attachments, the crack initiation did not always occur at the end of the ,1feld For the

geometries where the longitudinai welds extended put :the attachment, the fatigue cracks would

initiate at the attachment. '1'be &ttaehment itself, however, produced a far more significant

stress concentration than the end of the weld did causing the fatigue crack to initiate at the end

oftP~ .tttachment. For geomoetries where the longitudinal welds were as long as the attachment

01' stopped short of the end of the attachment, the fatigue~"'" 80uld initiate at the weld toe
at the end of the longitui:lnal weld.

,': \,.'" . , .'. ':.
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Staae 2

8,.,.3

I
J

,_ 20 _,

$Iat;le ,

mg. 5.1 ,The typical stages in the growth of cracks at longitudinal and
transverse fHlet welds in l-beams welded with cover plates(l).

Stage ~. The second stage is initiated as soon as the crack has penetrated the thickness

of the beam. The crack size is then redefined from a in 'Stage l' to 2a in 'Stage

2~. This arises because ot the size definitions of surface and through-thickness

cracks in expressions for K.

Stage 3 - The third stage is initiated when one side of the crack has reached a tip cf the

flange oftha I-beam. The crack length is again redefined from 2a in (Stage 2'

to a in 'Stage 3'.
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Almost all of the fatigue life is consumed in 'Stage 1', This is because the initial defect, caused

hy welding, is small (approximately 0.5 mm), Thia results in a low stress inten.~ity range aMI,

initially, low crack growth rates 'W':1en 'Stage 2' is reached, the crack. is considerably large).".

Since the crack growth rates Increase exponentially with crack size, the portion oCHte consumed

in 'Stage 2' and 'Stage 3' growth is :relatively small.

l'-- .,'", _
Fig. 5.2. - Typical fracture surfaces of the 100 x 75 mm I-bea.ns with rounded, diamond

and square cover plate end geometries and an end weld. Crack initiation sites are

indicated by arrows.

'I':\e crack growth behaviour found for these steel Fbeams is very similar to that of the

aluminium f-beams that were tested in this project. All the aluminium I-beams which were

welded with cover plates failed at the toe of the end weld of'the covee plates. The cracks seemed

to develop in a similar fashion to that described by Fisher et a(3). Typical fracture surfaces of

every cover plate georaetry were selected and grouped into those w:.th. an end weld. Fig. 5.2,

those without an end weld, Fig. 5.3 and the different sizes of I-beams with square end welded

cover plates, Fig. 5.4. The cover plate geometries with end welds were all wide with respect to

the flange width. Thus multiple cracks, initiated along the weld toe of the end weld. This is
substantiated by the p!;',~:.",::nceof ridges seen on the fracture surfaces or'Stage l' crack growth,

in Fig. 5.2 and Fig. 5.4. .As the cracks grew, these multiple cracks joined up to form a single

large crack with a high aspect ratio, 2c I a. The cracks of the end welded cover plate geometries
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Fig. 5.3a - A typi.cal fracture surface of a 100 x 75 mm T-beam with a diamond cover
plate geometry without an end weld. The arrows indicate the crack initiation sites.

Fig. 5.3b ~A typical fracture surface of a 100 :It 75 rum l-beam with a square cover

plate geometry without an end weld. The arrows indicate the crack initiation sites .

._---------



Fig. 5.8.· Typical fracture surfaces rf the 100x 75mm I~be8ll\swith diamond and square
cover plate end geometries without an end weld. Crack initiation sites are indicated by

arrows.

f

Fig. 5.4. - Typical fracture surfaces of the 150 x 101 mm, the 100 x 75 mm and the 48 x 27 mm

l-beama with a square covel' plate end geometries and an end weid. Crelck initiation sites are

indicated bll arrows.
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thus had a large surface length once 'Stage r cf crack. growth was complete. Thus 'Stage 2' and

'Stage 3>of crack growth did not contribute vn,ry much towards the total fatigue life.

In cover plate geometries with no end weld, i.e. which had only longitudinal welds, the crack.

initiated at the weld toe at the end ()f the longitudinal welds. For the square cover plate

geometry, which had no end weld, a crack would initiate at only one of the longitudinal welds.

No significant crack initiation was found at the other longitudinal weld. Thus 'Stage 3' of crack

growth of this geometry contributes more to the total fatigue life than the end welded

geometries do. For the diamond covel' plate geometry, which had no end weld, fatigue cracks

would initiate at both of the longitudinal welds. The two cracks would eventually join up, in

'Stage 2' of fatigue crack growth, to torm a single crack. Thus 'Stage 2' of fatigue crack growth

was more significant to the total fatigue life in this test geometry than the square, no end weld
cover plate geometry.

5.1.2'. Initial Defect Size

The determination of initial defect size plays an important role in fatigue life predictions for I·

beams. This is because the 'Paris Law'is integrated from the initial crack size to the final crack

size. For plain l-beam specimens, with no cover plates and where no stress concentration is

present, this initial crack size is very important. This is because the majority of the fatigue Iir

occurs while the crack is small. The fatigue crack growth rate increases exponentially with

crack size. Thus, the final stage of the fatigue cracking is less significant in the overall fatigue

life than the initial stage is.

Fatigue cracks in the plain l-beams initiated at the centre of the beam, in the tension flange,

where the stress was the highest. The position of the initiation site depended on where the

largest defect was present. 'Ihus, some of the plain I-beams .had their initiation sites at. the

flange tips, while others had them at the centre of the flanges. The initial defects were

generally surface scratches or extrusion irregularitiM such as surface roughness or extrusion

defects. The extrusion defects WE'regenerally buried below the flange surface. An initiation site

ofa plain f-beam can be seen in Pig. 5.5, where a small surface defect caused the fatigue crack

to initiate. The size of this defect,WqS measured to be about 0.04 mm. The initial defect sises

in all the plain I-be':ms were measured and were found to rany( from tI.02 mm to (},12 mm.

Thus, for the purpose of integrating the 'Paris Law', the initial defect size or the fatigue cracks

of the plain l-beams W8El taken as 0.1.mm.
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Certain I-beam specimens were given a weld run, which was then ground flush with the surface.

In theses cases the fatigue cracks all initiated in the weld metal. The initial defects were

grinding marks and welding defects, such as porosity and shrinkage cracks. An initiation site

in l-beams with a ground weld run can be seen in Fig. 5.6 l:\r..d Fig. 5.7. The size of the initial

defect was measured to be about 0.1 mm. The defect size of all the l-beams with weld runs

ranged from 0.07 to 0.15 mm. Thus, for the purpose of integrating the 'Paris Law', the average

defect size was taken as 0.12 rom.

All the fatigue cracks of the welded I-beams initiated at the weld toe of the end welds or the

ends of the longitudinal welds. This is in agreement with the results of the finite element

analysis which was done of the welded region. This analysis showed that there was a atress

concentration at the weld toe. According to Fig. 3.4, the stress concentration at the weld toe of
the 100 x 75mm was 2.2. Thus the effective stress at the weld toe is 2.2 times the applied stress.

As the crack grows, the stress concentration decreases rapidly. This offsets the increase in K

due to Increase in crack length and slows down the increase in the crack growth rate. It is

therefo=e likely that a significant portion of the fatigue life takes place even when the crack is

large. Thus, although the initial defect size is important in dcteJlxnining the fatigue life, the

dominant portion of the fatigue life is not necessarily confined to the initial stages of fatigue

crack growth.

Fig. 5.r; N Initiation site of a fatigue crack in a plain I-beam. (x 330)
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Fig_ 1M! .. Initiation site in an I-beam with a weld run (x 5)

Fig. 5.7 - Magnification of Fig. 5.6 showing the initiation site (if' an I-beam with
a weld run. (:dOO)
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Fig. 5.8 • Shrinkage cracks at the corner of an end weld (x 10)

The first step taken to find initial defects
was to inspect the surface oftha welded 1-
beams, in order to see whether any defects

could be found in the vicinit:t of the weld

toes of the end welds. As can be seen in

Fig. 5.8, sh.rinka.ge c:racb were found at
the weld toes of soiae of the I·beams with

square and rounded end welded cover

plate geometries. Cross sections of weld

toe areas were cut, polished and etched.

These are shown in Fie. ~.9.i11.g. 5.10 and

Fig, 5.11. Fig. 5.9 and Fig. 5.10 show

shrinkage cracks running in the HAZ.

When these are present at the weld toe,
they lie almost perpendicular !.o the

direction of the applied stress. As they

follow the contour of the weld cross-

section, however, they change direction

Fig. 5.9 • Cross section of an end weld with
shrinkage aacks and pororlity (x 40).
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and eventually lie parallel to the di:actioo of the atreas. Thus, at a eertain cnek depth, theM
cracks will have littlft eftect on .u.~ of the fatigue cracka.

A fatigue crack will alWQ'8 grow perpendicular to the direction of the applied atrasses. Since

the stresses that were ~ to the I-beams .... parallel to the flange surt.soe, a crack would
tend to grow into the f1anp. At the weld toe ~ of t.he I--beama, there were already

\\
shrinkage c:racka pteMnt whieb. ran ~ to the &~Hed stress. '1"h8ae cracks follow

grain boundaries, and hence, at depth of appra&im.ately one Il'fli.n below the auri'ace of the 1-

beam they tended to beccaue parallel to the ~ axia, It wu t.berefbre the Rae ()( the surface

grains which ap,aared to dltermine the Ilia m t.htJ initial d8fect of \be 1..'be8ma which were

welc.1.edwith cover plat-. This iDitiaI daIeet me, ", ~ to vary between 0.3 m.m and 0.8
mm. For the purpoH ofin~ the SPans La•• tmd. to keep the ~,generally

conservative, the initial defect size for I·'beams welded with cover plates WAS estimatEld to be 0.7
mm. The fact that tbue I!Ihrinkage cracks did chanp direction at a depth of one grain is

indicated in Fig. 5.12 and Fig. 5.101.

Fir, 5.10 - Etched cross section of a weld with aubsurface intergranular ahrinkage
cracks and grain OOlmdal'ies. (x f)()
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Fig. 5.11 ..Crou l8Ctioo. of an end weld showing slu:inlmge cracks (x 10).

Fig. 5.12 .. Fracture surface at the weld toe of an I·beam with a NqWlr8, end welded.
Wier plate: (x 95)
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Fi~. 1S.13~Fracture surface at the weld toe of an f-beam with a diamond, end welded
cover plate. (x 50)

Fig. 5.14 gives an example where. on a few uccasions, th" fatigue crack followed the Shrinkag3
crack to become roughly parallel to the stress axis for a short distance, Here, the fatigue crack

initiated from the shrinkage crack at the weld toe of a square end welded cover pla-te. The

fatigue crack followed the shrinkage crack and 'caved in' below the weld metal over a growth

increment of about O.S1IUll. This type of 'caving in' did not occur very often. When .~tdid occ-ur,

however, it was only a local occurrence over a small Mea of the weld.

Some fracture surfaces showed cracks, which appeared to be shrinkage cracks, which were at

times present at great d.epths. Fig. 5.15 shows such Jbrinkage cracks at a depth of about 2 mID .•

When one glances at Fig. 5.n, the line A-A would approximately be the path that a fatigue

crack would take. 'l11e welded I-beams contain a population of grain boundary cracks. If the
fatigue crack approaches such a crack. thdt is more or less perpendicular to the direction of the
flange surface. it will follow the shrinkage crack as long as the direction does not change

radically. If the shrinkage crack lies parallel to the direction of the flange surface, the fatigue

crack will simply tend to ignore it and continue its growth through the next grain. This leads
to the formation of intergranular regions on the fracture surface.
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It is interestin( to note that the pretence 01. initial defects .sa not ou.l!; limited .., the 100 x 75

sised I·beam. F'iJ'. i.Iii and fic. 5.17 tbow thai. t.he same t.,pe Orinit.i.ll defect! occur in the 150

x 101 mm and the 4.8 x rllIWtl Ii!ed I·beama. The initial defect shown in Fig. 5.16 was

measured to be about 0.6 am. The sb» or initial cIs&!et ~ between"O.41 and \).7 mm in all

the 150 x 101 mm I-beama. An inital detect sia ofo.e mm was ~haref'0l'6uaed inthe p~ction
procedure for the 150 x 101 .mm l~ The 'b:d.tisl Wect .. in the 4:8::;27 mm I~balilJllglay

in the 1"IU1i8 between 0.1. to 0.2 ~ An Initial da&Ict of 0.18 mm W1lS the1'efor& used in the

prediction procedUN fbr the 48 It 1:1mm I..baam8.

Since ahri.:o.kap ~ are pilltS.t th:ro~t tJvc-, welda, the initial delectI· can be taken to

be 8Nentially aa ~I ... th.t end weld. Thua, in. tbA 100 It 75 mm. I-beams. the aqus.re end weld

and rounded (O\'f>r plate ~Juld a crack width, 2e, of appl"Clldm.ately 40 mm and 30 mm

respectively. The diamond end weld caver plate geometry had a crack width, 2c, of

approximatell12 mm. The C01'« plate pom&triea with no end weld had a crack width. 2c, of

a~t 7 mm. From this, one can determine the initial aspet."tratio of crack depth to crack width,

i:«. 2c I "t. 'I'hia initial aspect ratio varied, when considering the extreme ~. between 133

and 9.

I
Fig. 1.14 ..Fatigue fracture surface at the weld toe of an I-beam with a square end
welded cover plate. (x 12)
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Fig. !s.16 - tl'ypical initiation site of a 150 x 101 nun Iized I·beam irrith a aqu.are end
welded cover plate. (x 30)

Fig. 5.15· Fatigue fracture surface of an I-bea:m with a square end welded rover
plate. (:J'20)
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Fig. 5.17 - Typical initiation site of a 48 x '2:1 mm sized I-beam with a square end
welded cover plate. (x 240)

5.1.8. Mode of Fracture

mode were at some stage the dominant mode or fracture.

The mode of fracture of the beams that were welded was signili.eanUy different to those that
,\

were not welded. ~ beams that were not welded showed a transgranular fracture mode. '.rb.e

welded beams, however, showed that both the transgranular and the intergranular fracture_,

Fig. 5.18 shows the typical fracture surface of an l-besm that was not welded. The crack

initiated at a small defect. close to the surface of the beam, and then grew in a transgrauular

mode, transverse to the direction of the applied stress. The arrows indicate the regions, where

the crack crossed grain boundaries.
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Fig. 5.18 - Typical fatigue fracture $U..'"'fa::eof a plain. I-beam. (x 80)

Fig. 5.19 - Fracture surface at tile weld toe of an I-beam with a square, end welded
cover plate, showing intergranular and a transgranular fracture modes. ( x 39)
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The fracture surfaces of the welded beams show a different fracture mode to that of the plain

T-beams. As can be seen in ltlg. 5.19 they contain both transgranular and interg: .mular

regimes. 'The reason for this has already been discussed in section 5.1.2,. i.e. to the presence of

shrinkage cracks. Edwards and Martin (37) have, however, shown that for peak aged Al.Mg-Si

alloys, the degree of intergranular failure increases with streu intensity range and decreases

as the volume fraction of dispersoids increases. It ilJ thus important to viev. ':,he fracture

surfaces of the welded beams in this light.

Fig. 5.20 • Fine dimples found on an intergranular surface of an I-beam welded with
a square covel"plate. (x 2500)

Due to the swass concentration at the weld toe, til., stress intensity range there is up to 2.2

times higher than when there is no weld. As the crack grows below the weld too, the crack tip
stress intensity range decreases. 'fhis is due to thi~fact that the effect aftha reduction of stress

concentrarion with distance from the weld toe, far outweighs the effect of an increase in crack

size. Thus, considering only argument given by Edwards and Martin(3'7), one would initially

expect an intergranular fracture mode to OCC1.U', followed later, when the crack is larger, by a

transgranular n-actur& mode.
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Fig. 5.21 - The areas where fine dimples, characteristic of microvoid coalescence,
could be found. (x 17)

The l-beams were given a T6 temper during production. This involves solution treatment and

then ageing to a peak hardness. The ageing process allows Mgjli dispersoids to precipitate out

of solution. Further ageing would increase the volume fraction of dispersoids and lead to

softening of the metal. When the beam is welded, the region surrounding the weld will have

been. subjected to further ageing because of the high temperatures associated with welding.

Thin would introduce a higher volume fraction of Mg:aSi dispersoids into the base metal

surrounding the weld. The amount of dispersoids that are added depends on the amount of'heat

introduced into the beam. It can thus be expected that the volume fraction (If dispersoids is

highest below the weld and decreases with distance from the weld] until the dispersoid volume

fraction of the base metal has been reached. On +,hebasis of the Edwards and Martin argument,

this could lead to reduced Intergranular fracture in the weld region.

These two effects, i.e. stress intensity range and volume fraction of disoersoids, OPPOS;9 each

other in determining which fracture mode will take place at the crack front. It is thus the most

dominant effect which will dictate whether transgranulsr or intergranular fracture will occur.



Fig. 5.22 - Striations visible at a dietanee of 20 mm from the initiation site of an 1-
beam welded with a square cover plate. ( x 6500)

Edwards and Martin(88) have shown that only a percentage I)f their various fracture surfaces was

iutergranular, On closer examination by Edwards and Martin, the intergranular fracture

surfaces could be seen to be covered in fine dimples, This indicated that microvoid coalescence

took place along the grain boundary precipitate free zone. They suggested that grain

boundaries, orientated favourably ahead of a crack. tip, will fracture by microvoid coalescence

along the precipitate free zone, Grains, whose grain boundaries are not favourably orientated

to the crack, would fracture in a transgranular fashion, leaving striations behind.

As is shown in Fig, 5.20, this type of intergranular failure was sometimes observed on the

fracture surfaces of the welded f-beama. The arrows in Fig. 5.21 show the few intergeanular

facets where the fine dimples characteristic of microvoid coalescence could be found. Other

fracture surfaces such as that depicted in Fig. 5.22, showed markings characteristic of fatigue
crack growth.

As the crock size increased, less and lass intergrannlar fracture was observed, until the mode

of fracture was transgranular only. This is a result of the e:fIects of the reducing stress

concentration and residual stresses as the crack grows llway from the weld toe and the

localisation of shrinkage cracks to the HAZ. Only once the crack had grown more than 15 mm.
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from the initiation site, could striatiOI18 be found. Fig. 5.22 shows striatiOlll on the fracture

surface of a beam with a square cover plate.

Some f-beams were given a weld run, which was then ground flush with the flange surface.

Fatigue cracks in these I-beams initiated at the surface of the weld metal and grew in a

trans granular fashion into the parent plate. At no time did the crack initiate at the interface

between the weld metal and base metal. A typi.cal fracture surface of an I-beam with a ground

weld run can be seen in Fig. 5.23.

Fig. 5.238 - Macro section of an I-Df:.?mwith a ground weld run showing that the

fatigue crack grew through the weld. The arrow indicates the position of the fatigue

fracture surface.

5.2. Fatigue Crack Growth Rate Data

The fatigue crack growth rate tests were done such that the fatigue crack growth rate was

known for specific stress intensity ranges, AK. This in turn was used for the prediction of'the

fatigue lives of the I-beams.
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from the initiation site, could striations be found. Fig. 0.22 shows striations on the fracture

surface of a beam with a square cover plate.

Some l-beams were given a weld run, which was then ground flush with the flange surface.

Fatigue cracks in these I·beams initiated at the surface of the weld metal and grew in a

trans granular fashion into the parent plate. At no time did the crack initiate at the interface

between the weld metal and base metal. A typical fracture surface. of an I·beam with a ground

weld run can be seen in Fig. 5.23.

L, . ~ ~J

Fig~5,.2.1 .. Fracture surface of au l-beam with a jp.'OUndweld tun. (x 10)

I
5.2.Fatigue Crack Growth Rate Data

The fati~ue C1'S.ckgrowth rate tests were done such t.hat the fatigue crack: growth rate was

known fOlr specific stress intensity ranges, AK. This in turn was used for the prediction of the

fatigue Iives of the I-beams.
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Fig. 5.23a - Macro section of an I-beam with a ground weld run showing that the
fatigue crack grew through the weld.. The arrow indicates the position of the fatigue

fracture surface.
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The fatigue crack growth> !'8>te data. (or the 6261-'1'6 alu.minium.·Wloy wlnCh W'&I gI:nerated at
stress ratiOl, R, of 0.1, O.~~,0.5 and 0.7 are shown inFi,. 5.24:,Fig. 5.25, Pia. 5.26 and Fig. 5.27
respectively. Fatigue craeb in the specim.ens that were tested at It=:0.1 and R - 0.2 would on

occasion change their direction and lor branch. Fatigua cracks in the specimens tested at stress

ratios of R :;::0.5 and R ,.. 0.7 behaved in a far more regular manner.

Fig. 5.24 - Fatigue crack growth rate curve
of aluminium 6261-'1'6 at R == 0.1.

According to Ewalds(li),the threshold stress intensity.range,~, should decrease as the stress

ratio is increased. This is because the amount of crsck closure is reduced as the stress ratio is

increased. Fig. 5.28 shows ~ for the four stxess ratios. One can see that the trend according

to Ewalds is maintained, except for the threshold value at R :&; 0.1. Here the threshold value

is less than that at R :: 0.2. This behaviour couM.be attributed to material scat1;er in the data
i:

or to problems associated with crack branching.

Fig. 5.25 - Fatigue crack growth rate
curve of aluminium 6261·T6 at R = 0.2.
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Load-offset diaplacem.eut plots W'EJN obtained, wAn&' back tace stnUn Pupil, CfJI'1W]lOllding to

all of the data points of the VarioUi CIll'Ve8~ except fb.r the testa run at oonrtan\; K_.. From t.heIe

traces an at~mpt WBS made to find the stress intellSity, It.,. at which the Cl'aCk opened when
the load was increased from the minimum load.
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Fig. 5.26 • Fatigue crack growth rate CUI'V1eFi,. 5~1 - Fatigue crack growth rate curve
of aluminium 6261-T6 at R ::::0.5. of aluminium 6261-T6 at R .= 0.7.

The K.., values were taken to be at the noiltlts ofinf1ectiott. These points were, however, not

always very clear since same traces appeared to have more than one point of inilection. Thus

many of the K.. values were found by tx:ial and error, where different possihilities were

examined tv see which gave the be~~JU, lrithin the Uk.,}y range of K., on the trace. It is

therefore not surprising that a large amount of seatter was found within the results,

86



,. , • •

t.oo * :.

@4.00 .... tl-

I ..
0..
~.....
~ 3.fIB .
+)
»,(
<I

*1JI1 .

I I€I.. 0.30 OM 0.711 Q.98

i! R ratio

Fig. 5.28 - '11lre8hold stress intensity range, Mtn., for various stress ratios. R.

10.0 • • I

s.ao + R : 0.1.. R = 0.2
UO 0 R = O.S....

0 7.00....
++ ..

)( e.oo + +++ ..
)( .. .... .. .....II s.co .... ..
e .. .. .... .. .. .. M. ...A ... + + + ..
)0: 4.GO 1-++:+ 4o1t .. ... + + • .,. .
" .. .. + ...a. (I

0 3.oa 00)0: 0 0

2.00 i-

l.oat
I I " _. { .r, .r. f

s.oa 1.00 '.aQ UO 1.00 UI.o u..o ':f.O 13.0

M~ (MPa~

87

~-~----~·~--~------------------------------------~""""••"""""""~';.FE••·........rrr..



As was expected, crack. closure ~as not found in specimen tested at R = 0.7. Fatigue crack

closure was found to take place in the test. done at R = 0.1, R == 0.2 and R ::;:0.5. A plot of
~ verL i.s M{ is shown in Fig. 5.29.
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Fig. 5.30 - Fatigue crack growth rate curve
of aluminium 6261-T6 at K_ ::30 MPa.jm.

2 ~ .,.,.. 2 3

101
AK CMParmJ

It is apparent from Fig. 5.29 that for A.T{ values in the range 8 - 13 MPa..Jm the amount of crack

closure increases with decreasing .Me, in the tests performed at a stress ratio of 0.1, 0.2 and 0.5.

This increase in closure can be attributed to the increased plasticity induced closure) eaused by

the load shedding routine(5S,Ii8).This mechanism seems to be obvious for the specimen tested at

R -= C.2. For the initial six data points, the loads were decreased by 10%. This left a large

plastic zone behind the crack tip, causing the closure loads to inCl~'iS8. Once a load reduction

of 5% W&..3 ured, i.e for M{ values less than 9 MPa..Jm, the closure loads were reduced. This

resulted ;,rom the reduction of the plasticity induced closure.
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Fig* 5.31- Comparison of fatigue crack
growth rate curves of aluminium 6261-T6.

H



2
I

**10.3 a ~

•
4: * **,..... .*QI 2 +

...
-' +: ..**u

10~'"•:TI * .. ':
U

{. ~• ++++ ..+ ~...... 4:
'" 0" **.e J ~ l.i··E 0 ;V·*..... 10-5•

• 1"~
::z: 4

o .t~'"tl
<, 2 • \,.AIf
.." If.l ..e• ~ • Ella" 31 ~.to *• lit + .- LI

4 Ii I" 1.2
0 I. U

2 • .to • I" L7

2 2 4: S .,.t 2

101

AKEff CMPa .1m)

F'ig. 5.32 ..A comparison of fatigue crack
growth rate curves of aluminium 626t.'l'6
after factoring out the effect of crack closure,

10'4 ••
4

.....
OJ

2-u
10~~l~

u

"-
e 'i.
e 4.....

I

At:: CHPa I ,fffi')

Fig. 5.33 • Fatigue crack growth rate data
for the HAZ region at a constant K..x = 15
Mpav'm.

As the stress ratio, R. is increased, the effect of closure in the fatigue cycle is supposed to

decrease(3i). This is because the load at which closure occurs remains more or less the same,

whereas the minimum load is increased. Thus, the amount of closure that the specimen

experiences over the load range is reduced. This is more or less the case for the lower AK

values. i.e. less than 8MPa..Jm, inFig. 5.29, but the trends at '",hehigher AKvalues are obscured

by plasticity induced closure and scatter in the results.

Fatigue crack growth rate data was produced at a constaat ~ = 30 Mpa~m and decreasing

ilK in order to get a curve that was free from the efi~"tof crack closure and to compare it with

curves generated at high stress ratios, which should also be closure free. 'Ibis curve is shown

in Fig. 5.30.
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Fig. 5.31 shows a comparison of all of the fatigue crack growth. curves already mentioned. It

is interesting to observe that the curves generated at R = 0.7 and K.u = 30 MPavm are almost

the same. This leads to the conclusion that the fatigue crack growth curve at R = 0.7 is free

from the effect of crack closure. One should also note the different slopes of the linear region

of all curves. The difference in slopes between the various curves can be attributed to crack

closure becoming more important in the threshold regime, particularly at the lower stress ratio«,

2 :I 4 $ 17" 2
101

AK (MPa / .fin)

Fig. 5.32 compares the effective stress intensity range, ~ 01 the fatigue crack growth rate

curves obtained at R = 0.1, R = 0.2 and R = 0.5 with the crack closure free curies obtained at

R = 0.7 and at a constant K.u of 30 MPr'Jm (while M{ was decreased), Data for the lower K
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Fig. 5.35 - A comparison of fatigue crack
growth rate curves for the parent plate
HAZ and weld metal.



values compare reasonably well with the closure free curve, with the K_ ::30 MPa...JmCJ!ri7e

appearing to be the upper limit to the growth rate data. Thertt is, how.'ever, a fair amount of

scatter present in the data. The curves at R = 0.1 and R:: 0.2 compare especially well with the

threshold stress intensity range found in the K..x =- 30 MP~..rll. test. The threshold stress

intensity range is however higher than that found at R = 0.7, which could be due the effect of

mean stress on tue threshold value.

Only the plain 'i-beams, which were not welded, experienced cracking in the unwelded parent

plate. The rest of the J-beems failed either in the heat affected zone (HAZ) or the weld Ir.etal.

It was for this reason that fatigue growth rate curves had to be produced for the HAZ and the

weld metal. ~ are shown in Fig. 5.33 and Fig. 5.34 respectively.

Sind. ~he I-beams were tested !It R ofO.I, an llttempt was made to obtais,: 8. (;'JJ,:","!4'I for the HAZ

region :~; R =: 0.1. This however became an impoBrible task, since thtJ mi, " ~rack would
';, 1,:; ..,

consistently branch off, giving erroneous results. Once the tests were carried out at a constant

K"," of IfiMPa...Jmwith decreasing &{, no fatigue crack branching occurred. This curve will

also correspond to a closure free crack growth. The presence of a weld introduces hilh tensile

residual stresses in the region of the weld toe. Since the fatigue craw initiated at the weld toe,

:he residual stresses would reduce crack closure in f-beam specimens during testing. The

crack growth rate curve using K.u: = 15 MPa...Jmis thus likely to represent the fatigub

conditions actually experienced in the f-beam specimens.

A comparison of the fatigue crack growth rate curves for the 6261 parent plate, the HAZ and

the w..,:..dmetal are shown in Fig. 5.36. From this one can see that the slopes of the linear

rf~gluLsof the parent plate curve and HAZ curve are almost the same. The change in

microstructure due to welding, did not therefore seem to affect the fatigue crack growth rate too
much. The slope of the linear region of weld metal curve is slightly steeper than t.hat of the

other curves. This may be dne to scatter or differences inmaterial properties.
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j
5.3. S-N Data

I-beam Geometry lla at 105 ,~(1 at 107 ! Mean Linear

eye (MPa) eye (MPa) Regression Equation
,.

Plain 220 80 In (N) = 36.40 - 4.613 In (lla)

Square end weld 95 34 In (N) :::31.88 - 4.471 In (lla)-
Square no end weld 120 24 In (!4') ,I; 25.::a - 2.892 In (lla)

--- --
Diamond end weld 112 e 34 In a'n..: 29.11 - 3.672 In (lla)-

Diamond no er 1weld 114 29 In (N) = 27.49 - 3.373 In (Lla)

- .
Rounded end weld 100 34 In (N) = 31.00 - 4.222 In (.10)

--
\Veld Run 142 70 In (N)::: 43.84 - 6.520 In (lla)

All of 100 x 75 mm 110 30 In (N) = 28.53 - 3.618 In (lla)

150 x 101 mm 66 25 In (N) = 31.74 • 4.821 In (lla)--
48 x 27 rom 79 32 In (N) = 84.13 - 5.169 In (lla)-

Table 5.1 ..Fatigue strengths at 101i and 101cycles and. the mean linear regreesion equations

of all the various cover plate geometries.

All the SoN data for the various I-beam geometries are shown in fig. 5.36 to Fig. 5.43. The

fatigue life curve for the plain I..beam is inserted in every figure as a reference line, so that

meaningful comparisons can be made between figures. 80% and 95% confidence limit lines,

which were statistically obtained using the t-distributlon ofthe fatigue life data, were added to

the curves. These limits show that SoN data lies, with a certainty of 80% or 95%, between the

limit lines. The mean linear regression equattons for the various cover plate geometries are

given in Table 5.1.
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Prom Fig.i h.44 one can see that the S-N CUl'V88 have difrerent slopes and that they intersect at

about 6, 10' cycles. Due to the di.f!erence in these slopes thel~ are significant difl'erences in
the fatigue data at high and h:tW fatiuue lives. Fatigue data at :lei' and 107 cycles was compiled

in. Table 5.1 in order to make comparisona between the different S-N curves. At 10' cycles the

c.ifferonoe in tl.te u:'V.ig"19 life stress range for the different 100 x 76 mm I·beam geometries

welded with OOVQf plates was about ~:6%.At 107 cycles the diffe!~nee in fatigue life streI8i ra.np
was about 29%. These differences are significant and thus cover plate geometry should ~itaken

into consideration when designing against fatigue.

~----.....--------....--....-------------------,-----------------~~

•
'1

II

S

..
• Square

:I --. PlaIn Be"m
- - eM Confidence LimIt.

95\ Confi~eru::. Llfllit
2 '-:!:• ...._-~z _.._....4~.--.~-.....z__,_-:- •• 2 .... ~- ....i·... -'2
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Fig. 5.86 - Fatigue life data for I-beams with square, lendwelded cover plates.
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Fig. 5.44 com.psreI the fatilQe tivea of th4!Il00 x 7C5m.m I·beams with wehied. ~ plates. It
seems that the alopee or the S.NCW"V8II are in:'_'.ly ~ to the width olthe initiation

sites. This teems to conulate with tha work. done by Fiaber :t~rmd YODjl". The square end

welded cover plate geometry had the widest end weld or about 40 mm and thus the least SWjpe.

The respective widths crtthe !'01.lllded and dimnond -..d welded pometries are about,~ mm and

12mm, Fia. 5.45 ,howa differencea in the S-N curves for the weld geometries with end welda.

I
1

The width of the weld ends are approximately the same fur all the rover plate geometries

without an end weld. '.l"h.. diamwd poE: ••tey, honwr, initiated fai;iaue Craclts aUx>th of the
longitudinal weld ends, wb.ereu the sqt1fLl'e pometry initiated a fatigue c.rack at only one of the

longitudinal weld ends. The diamond geometry tMret'ore has a larpr initiation area than that

(If the &quare pometry aud hence the slope of its S-N curve is Jess steep than that of square

geometry. It them:ron aeema that the square no end weld pametry yields the best ratijrue

»
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r •
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Fig.lSAS· Compariaon orratigue lim curves fer the 100 x 75 nun I·beams with end
welded cover plates.
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strengths at low fatigue lives. Sin~ the slopes uf the S-N curves of the specimens with wider

end welds are lower, theiJ:' fatigue strength is hiiher at high fatigue lives. A comj)flri80n

between the fatigue life curves of the l-beam for the weld cover plate goometri.es with unwelded

ends is shown in Fig. 5.46.

The S·N curves of the 150 x 100 mm I·beams and the 48 x 27 I·beams show lower fatigue

strengths than tlutt for the 100 x 75 l-beame. ,The fatigue liV'es of the three sizes of I-beams

with square end welded cover plates is shown in Fig. 5.47. A true comparison between the

different sizes 0{ I·beams cannot really be made. This is because various parameters which

affect the fatigue life of the I·beams, i.e. Initial defect, stress concentration, residual stresses and

the amount of erack. growth. required to grow through the tension flange, changed as the I-beam

size was changed. 'I'1l.e weld profile was different fur each size of I-beam which in turn. changed
the stress concentration. 4ccording to Fig. 3.6, the streu concentration effect of the 100 x 75

mm sized J-beem was the 10Westof tIle three sizes oCI·beams. Thus one would expect these 1-
beams to have the highest fatigue lives. The atreu concentration effects of the 150 x 101 mm

l-beams and the 48 x 27 mm I-beams are very similar. However, initial and final defect sizes

are different and there is bound to be a difference in the residual stress distribution which, iLl

turn would affect the fatigue lives of the I~beams. No adequate conclusions can be made as to

why there was a difference in fatigue strengths for the various I~beam sizes, since some

parameters, which could have affected the fatigue life ofilie specimen, could have changed with

the change in l-beam size. It is however interesting to note that the slopes of the S~Ncurves
of the three different sizes of L-beama are very similar.

5.4. Fatigue Life Prediction

Fatigue life predictil'ns 'Wereperformed for the plain 100 x 75 mm I~beam, the three different

sizes I·beams welded w:j,th cover plates and those given a weld run. The sta.'6ssconcentration

factor, Mit,was obtained for every size ofI-beam welded with cover plates by modelling the cross

section of a typical weld with the aid of a finite element analysis package. It is important to
note that the cross section corresponded to a square cover plate geometry was chosen. Weh~ing

inconsistencies meant that some of the I-beams that were tested had different ,weld shapes to
the one that was modelled. This would theoretically give them different fatigue UVeB since there

would be a difference in stress concentration, and the fatigue life data did show some scatter.
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The fatiiue 6..;' data did, bowefel', mow a elMrly d~:lined trftnd. 'l1l.us, it 11eMUmed that the
fatigue li& of t.b.e I-'bea:ma can be adequately pntdid.ed by & ainJle, ~raHsed. pometry.

IJ
In predicting B-N C1l1"YtMI fOr the pIam 100 x 75 mm I-beams, the initial defect wu chosen to be
0.1 mm. (see uc1ion 5.1.2). No stN.u COIlCf(mt.ndi011elfeeta were inct.;:..d since these I~beem8

had no cover pla. welded onto them. Prediction eurvas in'Vfll'iou. R ratios ~ produced so
that the differences in faiii\1e lite of the ~mt plate, taking aceount of crack closure and thus

(/

also residuall~ could be COtJlpare9.. 1J'he prediction curves, usina' the linear regime of the
I I' "

crack rrowth rate CUl'YeI of R .. 0.1, 0.3 ~Ad 0.7, are shown in Fir. 5.48. The prediction curve

ofR .. 0~2 fits th& ratiiue life data oltbi~ llJaih I-bea:ma very 'Well. Since the plain I-beama were
not welded. hardly any J.Widual stn.al., are expected to he present in these l-beame. Thus

some degree of cnlrl< doIure can be expected to oeeur during f&tig:u.e testing. '.l1l.e prediction

curve orR. 0.1 is fower than that c.fthe S.N data. The predictioo. curve ofR = 0.7 is much

lower than that otthe fatigue data of the plain I·beams. This is because this curve represents

craek cloeure free crack growth., which is not 6xpected to occur in the plain f-beams. It seems
that the amount of crack closure that the plain I-beams experienced Wad similar to that of the

t

Z~'~~2~~+~'~'~--~2~~+~.~e~~:---4~'~'~~Z~-+~
t04 105 lc:B 101

Number of eyelets

Fig. 5.48 - Prf1djction trends for the plain 100 x 75 nun I-beams.
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fatigue crack growth rate specimens tested at R ~~0.2. When the fatigue crack growth rate tests

were performed, the fatigue crack took the forl.'1of D through-thickness, crack. The fatigue

cracks of the plain I-bt..iams were semi-elliptical. It is th'lt~ likely the amount of crack closure

in the plain l-beams which were tested at R:r. 0.1, was low~r than that in the fatigue crack

growth rate specimens tested at R = 0.1. Thus, a fatigue crack growth rate curve with less

crack closure, i.e. the R ::::0.2 curve, would give a better fit to the fatigue life data of the plain

l-beams. The difference in the prediction curves could, however, also be attributed to scatter

in the experimentally determined fatigue crack growth rate curves.

For the 100 x 75 mm f-beams which were welded with cover plates, the parent plate

experienced a change in microstructure and residual stresses were introduced. To see how the

fatigue strengths of the I-beams were affected by the welding rather than the presence of a

cover plate, a weld bead was run across the width of ~i:i; tension flange. This bead was

subsequently ground flush with the flange surface to remove any stress concentrations, With

the presence of high tensile residual stresses, little or no crack closure was expected to occur

during fatigue crack growth in the f-beams. The fatigue crack g::-owthrate curves for the HAZ

and the weld metal, which were produced by keeping K...x constant, are essentially closure-free



and were used in the prediction procedure. The initial defect in this case .was taken as 0.12 mm

(Section 5.1.2). The prediction curves based on growth in the heat affected zone and the weld

metal are shown in Fig. 5.49. The slopes of the prediction curves are far steeper than that of

the S-N curve for the weld run, although the prs dictions appear to fit the data at Jives of around

lOS cycles. Since the fatigue cracks initiated in the weld metal and there was a parent plate I

weld metal interface with an unknown extent iJires~d"al stresses, there is D" clarity as to which

fatigue crack growth rate curve would be most appropriate for these f-beam specimens.

For the 100 x 75 mm I-beams welded with cove ..(.bB, various prediction curves were used in

an endeavour to estimate the effects of crack closure and residual stresses on fatigue life. Tht Joe

are shown in Fig. 5.50. Thus parent plate fatigue life prediction curves for R = 0.1 and 0.2 and

the closure free curve of constant K..x, llere produced. To investigate the effect of a changes

in fatigue strength due to microstructure, a fati~;,., life prediction curve for the HAZ was also

produced.

The initial defect 'Waschosen to be 0.7 mm which was close to the upper bound of observe"

initial defect size. Thus one would anticipate the prediction curves to more or less on the lower

bound of the S-N data .. The welded I-beams are expected to have high tensile residual stresses

at the weld toe which would prevent crack closure from occurring. Thus the prediction curves

of R = 0.1 ana R = 0.2, which do include the effect of crack closure, would be expected to lie

above the S-N data of the welded I-beams.

The prediction curves, which would represent the conditions under which the welded I-beams

were tested, i.e. the curves of constant ~ and of the HAZ, do fit the S-N data of the welded

I-beams well. The two lines are very similar since there is hardly any difference between these

two fatigue crack growth rate curves. However, the slope of the HAZ prediction line fits tae S-N

data batter than that oftl-.ieK..ax curve. ·the HAZ prediction curve gives thus the best fit to the

SoN data. Fig. 551 shows S-N data with the litAZ prediction curve.

Since the prediction curves of the 150 x 101 rom and the 48 x 27 mm I-beams gave the same

trends for both sets of I-beam data, they will both be discussed simultaneously. These curves

are shown in Fig. 5.52 and. Fig. 5.53 respectively. The Initial defects of the 150 x 101 mm 1-

beams was assumed to be 0.6 mm and that of the 48 x 27 mm I-beams, 1.8 mm.
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~"'il. 5.50 - Prediction trends for 100 x 75 mm I-beams which were welded with. cover
plates.
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Fig. 5.51 - lL\Z prediction trerd for 100 x 75 mm I-beams which were welded with
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The 150 x 101 mm and the 48 x 27 mm I·beam~ were welded with cover plates. Thus the

prediction behavioUl' was very aimi1ar to that of the 100 :It 7ts mm I·be&ms. The prediction

curves of the HAZ M not fit the S.N data as well u Corthe cue ofilie l00:lt 75 mm prediction

curves. This scatter can be ascribed to the undefined effects of the size and residual stresses.

5.5. Comparison with Design Curves

The fatigue life datal for the I·beams that were welded with cover plates and lor the plain 1-

beams W8S compared with the British RtandardJ Ina1itution Codes of Practice, CP118(8l) for
aluminium and BS5400 Pa.: 1~ ror Steel. These comparlaoll8 are shown in Fir. ts.54 to Fig'.

5.57 respectively.

[
J * *
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01 •r I
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Fir. ISM N A comparison between fatigue life data. :for ths 100 x 75 mm plain

l-beams and CP 118 Class 1 design curve.
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It is clear from Fig. 5.54 and Fig. 5.55, that the fatigue life data for both the plain l-beams and

those with cover plates do uot correlate at all with CP118. Class 1 would represent the plain

extruded aluminium alloy I-beams and Clan 5 would represent the aluminium alloy l-beams

welded with cover plates. The slopes of the CPl18 design curves are considerably less than the

respective fatigue life curves. This would mean that the fatigue life of an l-beam could be

greatly increased, from say lot to 108, by just reducing the applied stress by 20 MPI:l. This is

not the case for the I·beams that were tested during this project. Thus it would appear that the

provisions of CP 118 tbr fatigue have to be treated with circumspection.

The fatigue dGsign curves of BS 5400 Part lOCll)for welded joints is based on the presence of

initial defects, high tensile residual atresGes and streae concentrations. Thus the fatigue

initiation stage of'fatigue growth does not contribute towards the fatigue lives olthe members.

The fatigue design curves are presented on e conservative basil, i.e. the mean minus two
standard deviations curves 9l'EI used tor design purposes.

107



....
If
Q.,.
x:

102...,
QI •
0'\ •t:

7II
I¥ ••• 0
QI
r.....,

.0;
(R

* Plull "'1'11........ tIIt," . 2 It.d. DeY.

Fi1J. 5JS6 - A compar'..aou between fatigue life data for 100 x 715 mm I-beams welded
with cover plates, and BS 5400 Clasa 13dui&n CUlV88.

2~'~--~--~4~'~'~----~I~~.~'~'~--~Z~~4~'~'~--~--~.~
104 10' 10' 10"

Number of cycle.

,
4

* i.:""'lIt' Pl£tllA ...
........ 11&.1I·b4. ltd. Mv.

a , .. • 0

105
I

Number

Fig. 5.9· Acomparilon between tatiJUe\~fe data for the 100x 75mm plain
I-beams and BS 5400 ClaRB 13design cuI;es.

108



MaddoxD'>pointed out that the factors which affooi. t.:ha life of welded steel siz'ucturee, Le, an

initial defect, residual streeses and a streu COIICentration,are alao present inaluminium. Thus,

the aluurinium alloys ahould behave ina similar faabjon to t,hat of the steel alloys. Because BS

5400 Part 10 for welded joints is based on. the preaence ofinitial defects, residual stresses and

stress concentrations, the fatiaue life of aluminium alloys should relate in acme way to design

curves of BS MOO Part 10. If'a relatioolhip could be thund between tM two t~ of metals,

then the design code fir steel, Le. BB 5400 Part 10. can be modiJied to suit aluminium alloys.

Maddox suggested that the fa~ smm.gtha of the alloys ~ted on the bam of JU{ IE,
where E.is Young's modulWi. 'l"1l.i.s would simply mean that the ratiigue stnm.gtlt of steel would
have to be divi.ded b7 8 to dete.rmine tha fatip st.ren.gth of alu~;Uum.

The fatigue d.esign eurv. far the plain extn:u:Jeo. I·heal'll represent ClaM B in:as 5400 Part
locao>. '11Jw tiit.igu81ife desip curves fur the I·'hea.ln5wel",,a. with cover plates represent Claa
Gin BB MOOPart 10. The design CW'VN, i.e. C1asa B IWdCl._ 0, prop\'JIHWi by Maddox for the
aluminiU1.ll;/alloys are compared in ~. 5.66 and Fir. 15.57 '~th the ~\.N data, which wu

/!

obtained eiperlmantall,. One em see that the design C1.1.l"V8I ai~ oon.eervat.ive ~:. ,1 respect to
the mean miD:nfl two standard tleviation lines of the 8-N data :it t.~ design curves are divided

by 3.

When the design CtlrVG8 of Class B and Clau a are divided by 2, u lS ~hownin Fig. 5.56, they
seem to fit the mean minus two standard deviati.ons curve of the S-N.data better. At low

t..,tigue lives for the I-beBlllS with eo~J,orplates. this limit becomes less c~~rvativa. However,
't

a (.\'viaion of the ttesign curves of ClaH Band Clsas G by 2 would be 8uffici~'Pt;to describe the

fati&\le lives of the plain I-beams and thoae welded with cover plates. For Clt.\8BG, this curve

is not recommended at low fatirue lives, i.8.5 x 10' cycles, iwee SODlGof the S-N data fell below

this curv-e. A di.viaionby 8 \VOuldmake the de8isn curves for ~luminjum more conservative and

add a factor of safety to them.
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1 - producing lJ..N CUl."'Y'eS for three I'izei of aluminium 6281~T6 I·beams weld4Miwith
various cover plate pometriea.

(). Summary of Conclusions

The primary oQjtlCti'VM of this projects were to be abLe to produce fatigue life ~on curves
/~~ . ,

of aluminium 6261·T6 I·beama welded witheowr ~tea and to compare the S-N data of these
-c-

f-beama with. the fatigue design codes BS 6400 Part 1(11)and CP 118w.

These objectives were ae.b.ieved by :

2 • producing fatigue crack growth rate curves for the aluminium 6261-T6 alloy at Val~OUS

stre&Bratioi and at constant K_., with decreuing AK. Fatiaue crack growth nte
curves were also produced for the 6261·T6 HAZ condition and the aluminium 5356 wsW

metal alloy.

3 - determining the effect of streaG concentration with respect to crack size with the aid of

finite element analysis.

4 - determining the sizes of the initial defeeta of the I·beams welded with cover plates.

5 - producing fatigue life prediction curves for the llyarioua I"heama welded with cover
plates.

6 - comparing the S-N data nf the I·beams with fatigue d.elign codas.
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1 - In all the I-beams WAldedwith cover plates the fatigue crack: initiated at the w~d toe
of the end weld at the cover plates and penetrated the pto..:;~t).tplate or the- I-'beama.

There were significant di!l'erences between the .101*, .J{ '!'i.a &tigue C'lll'V88 or the
various cover plate geometries. The slope of the S-N cur"' t'.1 of.' the dift"erent cover plate

geometries seemed to be inversely prqportional to the wit!i;h of'the end weld.

2 - The initial defects were attributed to the presence or lduinka.ge crack in the parent

plate at the weld~. '!'be initial defect size in the 150 x 101 mm I--beama wu

estimated to be about 0.6 mm, that in the 100 x 75mm I-ooams, 0.7 mm and that in
the 48 x 27 nu, Jf.)nI, 0.18 mm.

3 - The fracture surfaces of the welded I-beams wu partially intergranular and partially

transgranular near the origin of the fatigue crack. As the crack grew the fracture mode

became more and more transgranular. This was partly attributed to the presence of

the sbrinkage cracks and parUy to the fact that the degree of Intergranular failure

increases with Sf ,..tensity factor range.

4 - Fatigue life prediction curves for I-beams welded with cover plates fitted the S-N data
the best when thP growth rate data for HAZ was used. From this it was concluded that

the restdual stres~ at the weld toes are high enough to prevent crock closure from

OCC'I.l.rring.The life predictions of the HAZ material related fairly well to the different

sizes of I-beams, even though the effects of size on residual stresses were unknown.

5 - The fa.tigue lift\ data of the I-beams welded with cover plates did not compare well the

de6ign curve for of CP 118 for that particular t{SOJlletr,y.The fatigue design curves of

BS 5400 Part 10 compare better with the mean minus 2 standard deviations curve of

the S-N data, which WIlS obtained experimentally, if the stresses of the BS 5400 Part

10 curves are divided by 2. At low fatigue lives, Le, at 5 x lQ4 cycles, the BS 5400 Part

10 curve, which is divided by two is not recommended for dd$ign purposes, since some

of the fatigue data fen below this line.
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Recommendations for Future Work

On the bwB tUt the ~ procac1urot uaed ill thia prqject.. has ~ reuonahiJ wd,
r~ far pCinlbJe future wen: have beeu made :

1- fu order t.l ~_*taer ill. ~ ~ em.p&o,ed in ~ ~ is
~: ~ the ~ eould be atended to ..... t pout.em... and ~t
materiala.

Z - A t.hne. dimenaiot1al finite element model of the 1ftld toe region could be ~ in
order to impron the accurac:r in dote:rm.~ the ItneIs ~.tmtiml.

S - TeRa«YWd .. ~ed _ I..beams with welded CONI' pJ.ties, wh:k.h were beat tlreat8d
to a 'N temper aftar welding, inorder to esdude the e.ffects at resid.ul1treHes and the

HAZ material OIl the fatigue life.

" - Fatigue crack growth rate equatiOWl~other than the Parli Law, 8.,. the Forman(&)
equation or ~ Hartman"" equation could be used in t.he :ma~ematical prediction
proc'8dure, to deiermine how well these prediction procedures compare to that of the
P&is Law.
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Appendix A

Welding Parameters

Welder: G.Nell
Welding Process: GTAW Manual

Joint Design: Fillet

Base Metal: Aluminium 6261-T6

Filler Metal: Aluminium 5856

Prehea~: 4~

GAS: 99.95%pure Argon

Current: AC

Polarity: Straight

Amps: 100·120

Volts: 12-14
Tungsten TIp

Size:

Number of

Passes:

Trav ~Speed:

3.2mm

One
80-100 mm I min
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AppendixB

Program Integrete_crack.__growth_equation (lNPUT,OUTPUT);

{ This programma integtates the equation, da :::;C*dKA1l1, defined in the 'Equation'
procedure through an iterative loop, CYC1D by cycle. This is repeated at various stress levels
in order to obtain a S-N CtL.'Ve. The data is then stored on disk }

{ _ __ __ __ _---_._ ,.._ _-}

{ stress_range ::c stress range stress_change::o: the stre&s range which was varied due to the
crack penetrating the beam
a = instant crack. length
ai =: initial crack length
af :: final crack length
N = number of cycles
da ... change in era!" .im.gth
Mk =: stress coneen ation correction factor
Y = geometry correction factor
dK :,::stress intensity range
C = equation constant
m = equation constant
filing = th~ variable used to file the parameter onto disk
filename ,,:tameof the file onto which datn is saved onto disk
count = counter variable
I=: counter variable
thickness :::;thickness of flange
height e height of I· beam
~~~pth=: ratio of a / thickness }

{__ ---_-- __ ---_-_--_--- ..----.--~-------------------}
VAR

stress ..range, a, Hi, sf, N, Mk, da, z, x, dK, C, m,
stress_change, height, thickness, depth : REAL;
count, i :INTEGER;
filing : TEXT;
filename : STRING;

CONST

pi = 3.141592654;

{---- ------------.- .._---------_ ..--------_ ..-_ .._--- ..--------_ .._----}
{This function generates the power function of z to the power of x }

...



Function Power (z,x : REAL) :REAL;
BEGIN

power := exp (x * In(z»;
END;

{z to the power of x ]

{-------,---------...-.-------.--------------------------------~----J

{This procedure obtains all the input required to run the programme }

Procedure Input (VAR filename :STRING;
VAR stress ...t'aD.i'3, af: REAL );

BEGIN
Write CEnter the File Name onto which you want to Save your Data: ');
ReadLn (filename); ...
Write ('Enter the value for "C" : ');
ReadLn (C);
Write ('Enter the value for "m" . ');
ReadLn{m)~
Write ('Enter the Initial Crack Si2'.e : ');
ReadLn (ai); { if the final crack size is smaller than the initial crack size}
REPEAT { then npeat}
Write ('Enter the Final Crack Size : ');
ReadLn (af);

UNTIL (sf> ai);
Write ('Enter the height of the I-beam : ');
ReadLn (height);
streY_range :or:: 180;
Assign (filing, filename); {opens the 'filename' file }

Rewrite (filing); { resets the 'filename' file}
WriteLn (filing, 1); {'I' for One Curvo for the

"PLOT" programrne }
{'6' for six data points for"PU)T"

{ da :: C * dK"m }

WriteLn (filing,6);
programme}

thickness := sf;

END;

{ _.._--_.__ _ .._( .,... _.__ ..__ .._ _.)

{This procedure generates the equation da == C * dKl\m }

Procedure Equation (VAR da, d...T{, Mk: : REAL);

BEGIN
depth :'=" a !thickness;

Y = 1.122 ..0.231 * (depth) + 10.55 * power(depth,2)
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- 21.7 * power(depth..S) + 38.19 * power(depth,4);
Mk := 1.125 .. 0.376 ...In(a) ..0.037 * In (a) * In (a);

{equation obtained from finite element analysis }
elK := Y *Mk * .treu..:ranp * SQRT(pi * a 11(00); ( divide by 1000 to get MPa8QRT(m)

da:= C * power(dK,m);

END;

{-------------------------..-------- ..---------J
Procedure Iterate ( VARN, a:REAL);

{This procedure iterates the equation ds. 'III C ...dKAm from the initial crack length. to the
final crack lengt,h, CYck,hy cycle. It will write out onto tl:le $CN8ll the vari01W parameters
after every 100 cycles. }

BEGIN

N:= 0;
a := ai; {start at initial crack length }
eount :» 0;
REPEAT
Equation (da, dK, Mk);
a := a + da; {increase the crack length by da }
stress_change := stress_range * (1 .. al50);

{the stress range is decreased due to the crack penetrating the beam }
N := N +1; { count the number of cycles}
count := count +1;
If count >= 100 THEN'

{writes out. the status after every 100 cycles }
BEGIN
Write ('dB ~ ',stl'ess_change:3:0: :MIt = ',Mk:4:2);
WriteLn (' dK = ',dK:5:3,' da « ',da:l0,

• a = " a:6:4,' N == ',N:8:0);
count :« 0;

END;
UNTIL (a >= ai); {end at final crack length }

:S:W;

{w _ "" _ _ ..-* __ ._ __ .. .}

{ 'Ihis procedure writes out the number of cycles requires for the crack. to grow from the
initial crack length. to the final crack length at a certain stress range. It then S8"1.l ..s the
number of cycles and stresa range onto disk. }

Procedure Output (VAR stress_range,N: REALI;

BEGIN
WriteLn;
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WriteLn;
Writelil ('It took ',N:8:0/ cycles to grow the craclt.fmm •
WriteLn ('to ',af:5:3,' mm with a.streY l'I.n.g'tt of',

atreu.,..l1lUl.p:4:0,· MPIi..';
WritaLnj \'
WriteLn;
Write (f:ilina. N:8:0);
WriteLn (tiling,stre8B_rau..qe:4:0):

END;

:.

,.a:t:4:3: m.m');

(....._._--_ .._---_ ..._------ .........---}

{Main Programme
The main programme call the input pl'O<»dure and iterates t.be
da :::C * dki\m equation for various Itreu ranges. n then elOHS the :tile ')n disk. l

BEG1N
Inpu' \filename, stress...range. gf);
REl"EAT
Iterate (N,a);
Output (.:.re. _l'lmge,N);
stress....range :~ streu_rauge • 30;

UNTIL (streH_range < 30);
Close (filing);

END. {end prograuune}

{ _-_ _--_.__ ..__ ..__ _ _ - ~.--}



AppendixC

Plain Beam .,
T
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(eye) (MPa)
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Weld Run ...

N Sr
(eye) (MPa)

1174 200
42436 180
70256 150
873200 100
5371600 70
27700000 60

Big Beam

N Sr
(eye) (MPa)

12640 100
14437 100
29642 80

118875 60

679800 50
1763500 40
6248800 30
8784200 25

Small Beam

N Sr
(eye) (MPa)

5568 150
31370 100
72760 80

168410 60

1295320 50
9617310 40
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