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Abstract

I-beams are a commonly ussd section in engineering, due to tho high section modulus for a given.
cross sectional area of & beam. Their resistance to static loads iz often increased through the
uaeofmverpiatesweldadfomwherethaappﬁadhmdinzmmmtiahish Walding,
howem,hasammdehimwtdeﬁadmthemﬁfeofhothlhdmddminimI-bam.
The effect of various categories of welded joints on fatigue life can be broadly sssessed using
published codes like BS 5400 Part 10°” for steel or CP 118® for sluminium. It has also been
proposed that BS 5400 Part 10 can be extended to cover sluminium weldments by dividing the
prediction curvs by 3%,

This project examines two aspects of the fatigue life of aluminium §261-T6 I-beams with welded
6261-T6 cover plaies. Firstly, the effect un fatigue life of cover plate end guometry and a
geometrwcal sealing of I-beam and cover plats wore examined. 8-N curves wers obtained for
three sizes of I-beams and cover plates, i.e, 101 x 150 mm, 75 x 100 mm and 27 x 48 imm. SN
curves for the various end weld gecmetries of the cover plates were only obtgined for the middie
size I-beams. The 8-N curves were than compared with the predictions of design codes for the
relevant clags of weld in order to determine which code gave the best lifs predictions, The
predicﬁoncurvesd‘thedeﬁgneodasﬁwCP118“&dnotmpmwellwithﬂn8-1‘icunu
cbtained in this project. The division of the prediction curve of the fesign code for steel, i.e. BS
5400 Part 104, by 2 corresponded better to the lower limit of the §-N data than the proposed
divigion by 379,

Secoundly, growth rate data was acquired from single-edge 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_,, constant testing was also obtained for the parent plate, weld metai and HAZ
necimens. Fatigue life predictions were then made for an T-beswn welded with cover plates.
A simple 2-dimensional finite element anslysis was used to model the stresses and hence to
obtain app~oximate stress intensity (K) values. These stress intensity values ware combined
with the expesimentally 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 this analyzis
were compared with ‘he empirical S-N curves, - Tha prediction curves in all ceses examined
compared reasonably we!l with the empirical S-N curves, while prediction curves chtained using
the HAZ material corupared most favourably with the empirical S-N curves.
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1. Introduction

Alumininm has become an increasingly more important material in construction. The improved
mechanical pre,erties and light weight of the 2XXX, SXXX, 6XXX and 7XXX mﬂaﬁ“ sluminium
ulloys have become almost indispenssble in engineering applmahonsi Efficient uF:.hsatmn of
aluminium alloys in construction requires that these allays are jéined by’ welding them together.

’E‘harem,howavar ahcknfmfmmhmmm&mthsfahmmrﬁxmmofwd&adzmum
aluminium sllogs. Although some codes axist, a.g. modified BS 5400 Part 10 anl CP 1187,

_ wb;.chdumhethathmperfmmmofalmmumalhm theaecuracymdmrvammof
thmwduhambunqwhnmd.

.
I

;-bemmsecﬁmwhichmmmmm;mdesmu, due to their kigh
section modulus for & given croes sectional aren. Mrraﬁstmtplaadsmbainmmdhy
welding cover plates to regions where ihe applied bending moment ie high,

If I-beams with welded zover plates are subjected to cyclic loading, as-_ﬁmﬂd be the case in, for
exauple, a bridge, the fatigue performance of these baams iz, however, reduced. Thus & fatigue '
!ife of about 10 cycles, corresponding %o &3 applied stress rangs of 100 MPa for a plain steel I-
am, would be reduced to about 3 x 10° cycles if a cover plate was welded onto its tension
ﬂange 'I‘haremrmonwbnhevethattheendmldgeometryoftnawverplateaffwtsthe
fatigue performance of the I-beams. Pisher™ stipulated that the Jifferences in fatigue lives
between various end weld geometries in steel I-beams could be atiributed to the differences in
the width of the and welds, since a wider end weld would lsad to multipls crack initiation sites,
No published work is rsadily available on the fatigue life of such welded aluminjum I-beams.

This project has therefory undertakan to study the faﬁm? performance of 6261-T6 aluminium

alloy I-beums with welded cover plates such as might be used in engineering structures.

Two major aspects relating to the fatigue life behaviour of aluminium 6281-T6 I-beams with
welded 6261-T8 cover plates will be investigated in this project. Firstly, the effect of cover plate




and S-N curves for the various cover plate geometries and beam sizes generated. From this
comparisons were made of the fatigue lives betiweexn: the various pover plate vavi wald geomatrics
and beam sizes. In addition, the empirical: =N carv:a were compam;l with fatigue Lifs umgn
curves obtained from published codes of practice.
P

It is alwimpoﬂanttonnmimtbamodécf&wtm_ahdtodatmiminiﬁaldn&ctﬁimin
order to ascertain whether or not initiation plays an important role in the fatigua lives of ths
I-beams. Sizea of initial defects which initiated the fatigue cracks, were characterised and a
fractographic library of fatigue crack growth mecharisms in this alloy was developed.

The second major sspect in this praject was o obfain fracture mechanics based fatigue life
predictions for as I-beam with waldod cover plaies and {0 compare these with the empirical 8-N
curves. In order for this to be possible fatiyue crack growth rete curves, initial defact sixes and
 stress intensity correction factors had $o be ohtained.

Fatigue crack growth rate curves for the shuminium 6261.T8 alloy were produced st various
siress ratios, R, to take the effact of residual stressss in the vicinity of the weld into secount
sineemaidual:tmﬁumﬁal!yniuthammsmwandhemtbaRraﬁobyan
unknown amount. TutamnmatamtantK_md&amAKinordartomodma
crack closure free fatigue erack growth rate curve, for comparison with high R data, Fatigue
crack growth rate curves for the weld metal and the heat affecied zone (HAZ) were also
deterrsined so that the fatigue behuvicur of the different microstructures could be compared,
and because crack growth in the welded I-besms ocourred in the HAZ,

Initial defects for the various end weld geometries and I-beam sizes were determined and
classified with the aid of 2 scarning electron microscope. This data was used to define the
initial crack size limit neoded in the integration of the Paris growth rate law.

The presence of & welded cover plate on the I-beam introduces a siress concentration. This
stress concentration affects the stress intensity facior felt by the crack. The stress in . usity
factor changes, however, with an #ncrease in crack size. It is thus important to determine the
change of stress concentration with crack size. This was achieved by creating a finite alement
~model of the welded region in order to obtain a stress distribution in this regics.
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2. Literature Reviéw

2.1. Introduction

The fatigue life properhea of components are mainly dspendent é:rn the material and the
geomstry of the component. Introducing & weld can cause changes in microstructure and, in
most cases, g'ive rise 10 a streas eoneentraﬁon and welding defacts. '
il

Fatigue hfeeatzmatel arebnedmthefmt thatthefahmmcmckgmwthrata characteristics
of a mmnmatsnalmnhemmumdm terms of a single parsmeter, ie. the stress mtena:ty
range, AK. The determination of AK itself, is however dependent on pa::*tneters such as the
_ applmdgmw crack size, cmck shape, amount of crack closurs and lacal stress -
concentration. Thus, befors one can attempt to predict the fatigue lives of various components,
information is mqmred to deecriba the underlying mechanisms affocting the local crack tip
stresa intensity range. Once the stress intensity range is sufficiently defined, successful fracture
mechanics based predictions of the fatigue lifs can be made.

The introduction of a weld i a member gngige  rise to welding defects and may
drastically changes the properties and fracture modes f the material. Some background
knowledge of appropriate metallurgy and fracture modes is thus required in analysing the
fatigue performance, Since welds reduce the Zatigue life of components it is important to
understand how and why this is the case.

To facilitate and ximplfy the process of designing against fatigue of welded joints, standard
codes of p.actice have been produced. These group various types of welded joint into different
classes and specify each class by a different fatigue life (S-N) curve. Thus, instead of
determining the fatigue life curve for a specific geamery, only the welded joint type, i.e. its
class, and the applied stress range is sequired to determine how long the component will last.

This literature review will briefly cover these points in order {o provide an adequate background
for understanding the acope of the project.




2.2. Fatigue in Aluminium Alloys

When a ductile wetal is subjected to a monotonically increasing load, it will yield and finally
fracture. This is accompanied by some amount of deformation and elongation. If {he same
material is dynamically loaded, with much lower peak cyclic stresses, it will éi}antus.lly crack,
with no apparent yielding. If the stress cycle is kept constant, the crack growth rate wil!
increase as the crack size increases until failure occurs. This process of crack growth under
eyclic stress is fermed 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 hes two
or three characteristic aress. Fatigne cracks originate, in moat cases, at the surface of the
material and grow concentrically away from the oﬁﬁn of the crack. Tke plane of fracture is
perpendicular to the direction of the applied stzess. It should be noted however, especially in
welded material, that fatigue cracks may initiate within the material itself.

| ,Ni r .
,, Sy . =

Fig. 2.1 - Diagrammatic representation of & 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 growing crack, may become visible. These are called beach
marks and are the most distinct evidence of fatigue cracking, Beach marks are the result of



changos in loading conditions or environmental attack on the erack surface while the component
was still in use and represent the crack front position at a particular point during the fracture
precess. '

The final ruptury regime on the fracture surfice 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 fracture surface where
link-up of crack sections, which initiated on different planes, has oceurred. Thus, the stndy of
the fracture surface gives valuable information abot the magnituds and type of applied #iresses
and the position at which a fatigue crack initiated. Onz can feed such information back into the
design process to either prevent future failurep or to increase the fatigws life of s particular
member., '

If the fracture surface 1§ viewed af high magnification, e.g. 5000 x, fine lines, which lie
perpendicular to the crack growth direction, can often be seep. These ave called striaticns and
repres:at instantaneous local erack front positions. Each siriation is formed during one fatigue
cycle, at least in the range of growth rates between 10* and 10° mm / cycle. Thus, if the
spacing between striations is measured, one can determine the crack growth rate. It sbould
be mentioned that finding these striations is not always pocsible since some materisls do not
develop etriations and rubbing of the surface during cyclic loading can destroy them.

It has becore widely seceyted that flaws will inevitably exist in welded structures and the old
idea of removing all detectable defects must be replaced by the ‘finess for purpose’ desiyn
philoscphy®’, 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 te quantify fatigue processes is by testing under controlled conditions, Knowledge
of the impact or tensile properties of the material is not always of valua, 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 sexvice. In fatigue, the following variables
are most commonly used to deseribe the fatigue eycle®™;



o, - maximum stress in the cycle.

O, - minimum stress in the cycle. o

o, - stress renge, which is the differerice between 0., and o,

Iy

R - stress ratioc 0., / Guur

Tensile stresses are cotsidered to be positive while compreasive siresses are negative.

2.2.1. Stress Intensity Detern:ination D

i o
Y
]
ol | A
.
) .'Jrl. e

'\‘?‘-___ ¥ig. 2.2 - The strees s a point shead of a erack tip™,

Trwin™ showed from linear elastic theary, that the stresses in the vicinity of a crack tip take the
form of : :

K f{8)
V2xr
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where r and 0 =re the cylindrical polar
coordinates of a point with respect to the 50,
crack tip, as shown in Fig. 2.2. K is the
stress intensity factor which gives the
magnitude or ‘intensity’ of the elastic atress “.0
field near the crack tip, The+ =eral form for MM, /0,
the stress intensity factor is given by :

[TH{ LR

s

K - Yo Jxa 2.2
2.0}

_?.'-!
where o is the applind stress st the crack tip e
and a is the size of the crack. Y is = bad -
dimensionless correction {actor which is a
function of the geometry of the crack and the oy w a4 a1
cracked body under consideration® 5 ™%, It o6 01 0.2 5.3 04 05 o8 4
is defined as : a/B

M Fig. 2.3 - MM /b, vs. o/B for different crack

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~«¢ surface. M, is the correction factor for the plate thickness,
which allows for the fac! nat there ig a free surface ahead of the crack tip. ¢, is the complete
elliptical integral, for a range of values of a/B and a/2¢, where a is the crack depth, B the plats
thickness and 2¢ the surface crack length.

The term, M;M/¢,, is the correction factor for o single edge surface crack in a plaie and its
variation with &/B is shown in Fig. 2.3 for different a/2¢™ ™8, MM/%,, does not vary signifi-
cantly with increasing <rack length, as long as a/2¢ is greater than 0.3. With the introduction
of transverse welds bowever, continuous defects may be present at the weld tos ¥, a/2c, for
these cases can ba estimated as tending towards zero. For this special case one can determine
the correction factor from the 'Gross’ equation®® *% 18

8




f‘.'_?f . 1123 0.231{_]+ 10.5 !{‘}' 217 ...) .33, 1 ] 5 (24)

M, is the correction factor whica takes the presence of a stress concentration into account. The
determination of M, is descril Jd in sub-section 2.2.5.

2.2.2. Fatigue Crack Growth Rate Cﬁrves

When testing is performed under fatigue conditions with a stress range of AG = 0, - Cau, the
~ stress intensity range, AK, iz defined as :

AR « K. K., ~ Yioyxa | (2.5)

Paris"® found that the stress intensity range was related Yo the fatigue growth rate. The crack
growik rate is defined as Aa / AN, where Aa is an increment in crack size, which occurs in AN
cycles. In the limit this becomes da / dN. Paris showed experimentally “® thai a unique
relationship hetween log da / AN and log AR exists, which is a funetion of the stress ratio, R.
A schematic representation of this relativnship is shown in Fig. 2.4. The stress ratio is a -
measure of the mean streas in an applied siress cycle. The relationship can be expressed as :

1 da - . 6
‘0{35) £ (oglAK), B). (2.8)

Three main growth rate regimes can be identified in Fig. 7.4.

Regime I - i3 the near-threshold regime where the erack growth rate is amail and AK is
low. If AK increases slightly, then the crack growth increases lhp,rply. There
is a threshold stress intensity range, AK,, below which no crack growth will
(ake placs®AH1%3,
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Fig. 34 - Idealised correlation between AK and da/dN™.

Regime II - ix the regime where a linear growth rate occurs, which can be effectively
described by the Peris equation™

& - roarym
2 - Clar, amn

where C and m ¢ re material constants for given loading con-i tiona. |
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Regime NII - is the region wheve the maxinumn stress intensity in the cycls, K., tends
towards the fracture toughness of the matarial, whers failure ocdurs by fast
fracture. The growth rates are high bacause ‘static’ fracture modes such as
cleavage and microvoid coslescance are added to the baseline fatigue crack
growih rate®.

Considarable research has been dons on obtaining growth rate dats: of the format found in Fig.
2.4 for various materials. Ahishvnﬁaﬁﬁtyhubmﬁundwﬁcuhﬂywithmwthrmin
the near threshold region. Mhuhmaﬂrmﬁwwwwmmwm
effect of crack closure. X '

' 2.2.8. Crack Closure Effects

A crack is defined as being closed if parts of the two fracture surfaces are in contect and a force
car be irsnsmitted across them™, Plasticity ai the crack tip, which lesves a plastically
deformed wake containing residusl stresses, the presance of oxides or the roughness of the
fractire surface can cause premature wedging of the fracture surfaces™ ™. This ‘wedging’, or
ctackclolure,mm:mmmwmﬂ&emkﬁpﬁvm&aapﬂhdvﬂmﬁ
= K » Koy to some lower effoctive valos AK, = K, - K. K is the streas intensity at which
the fracture surfaces pert on loading (see Fig. 2.5). AK,, veries non-linearly with change in AK™.

Differences in growth rate cavsad by variables such ax change in mean stress, chango in ¢he
stress ratio, periodic overloads, the presance of residuzl siresses and some emnrmmantal
effecta™® can often be normalised with the introduction of the sifjctive sivess intensity factor
s shown schematically for the cass of mean stress in Fig. 26“"”"‘” ‘#any attempts have been
made to predict how the ratio : o

U= % . : @.m
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varies with parameters such as crack langth and stress ratic" ', in order to simplify life
predictions. -

axK

Timg ~—a~

Fig. 3.5 Char;ctamahonofcychcmadmsmIEFMtem K., iz the point on the
cycle where raciive aurfaee mntat!t is lost during loading™.

da /6N
da /dN

Iacraasing waam
teess

AK AKgtt

Fig. 2.6 - 'I'haohservedmeanstrmcanoﬁenberahonahaedthmughthe"woftha
effective stress intensity factor, AK™.
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Success has been limitsd, however, since neither sufficiently theoretical analyses nox 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-displacement
recorder, where the displacement of the crack surface is measured with the re. lect to the load.
Thus, a& a load cycle is appliad, a compliance curve fr the cracksd specimen is obtained.

This curve can be approximated by two straight lines with different slopes. The point where
a change of slope is observed on unloading, correspands to the closure load. This can bs seen in
Fig. 2.7. This point is not always easy to determine, since the change in slope can be indistinct.
Also, sisce the load-displacement curves very often exhibit bysteresis, the closure load is not
always the same 88 tha opening loed.

Pom

’: . . Effaniive Lowdy

Clawere Lamd

o

Fig. 3.7 - Typical load-displacerent curve ™.

When crack clorure is taken into account, AK.; can be defined. It is thus now possible to
successfully use prediction methods, based on fracturs mechanics, in order to obtain the fatigue
lives of components,

13




2.2.4, S-N Curves

Components and structures in the anzimmnsanmmtmoﬁen subjected to alternating

streases which are sufficiently severs to make futigue ruintanmanimpcrtantdasifna‘itgﬁon.
This means that one has to ensure that the component has an adequste fatigue life. This
mvo!vastahnghoththacrack:mﬁaﬁmandthomkmﬁmitnmufthsfahxunh&mw
account®, An exact definition of the initiation and propegation stages 5 usually not possible.
" The most ane can say for the two stages, ss is shown in Fig. 2.8, is that in the low stress - high
fatigue life regime the initistion stage contributes townrds most the fatigus lifs,

Thef;ﬁgmﬁﬁqoﬁ'ampmmhﬂ,iumﬁyploﬁeduﬁmtthnappuod stress TROGS, AG, on

.log or semi-log basis. When & number of specimens ave testad at various stresses, & curve
similar to Fig. 2.8 will emerge. Generally the data is linsar, whee plotted on a log-log Lasis, and
runs out, in the case of fsrrous materials, at the fatigus limit. Tha fatigus limit is the strecs
below which the component has an infinite fatigus life. For non-ferro. materisis the curve
does not become asymptotic at high lives and it is usual, for design purposee, to take an
endurance stress limit corresponding to a given cyclic life. "

i .
\
»
3 .
u N TRACK PROPABATION PERIOC
[
Z|  caack inria rion> .
= BERIOD
g
o
[ =)
z
%
F 4
(-
Ei 73
F: do, = FATIGUS LINIT
-
tog BATIOUE LIFE

F‘lg.! 2.2’ Schematic representation of the fatigue lifs and its dapendence on stress
avels.
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The stress versus fatigue life curves, or 8-N curves are gensrally used for two types of
application® :

1 - for predicting the fatigue life of components
2-forprea_anﬁngt}xefaﬁguelifauftastedmponmu

andcanindudchoththaaackiniﬁaﬁanmdmﬁoqpaﬁods,urmlahadnlrtotbccmk
propagation life for conponeuts which enter service containing cracks or crack liks defects.

Inthehﬁerma,tbamammnminfama‘aekmthuthtnumharofcywﬁmqmndto
growafahzuacrackfmmmmhaluukd‘mqtoaﬁmltmd&ofma, T the loading
conditions are known, i.e. the stresscs &t the crack tip can be found, then AK can be calculated.
If AK lies in the linear regime of the fatigue crack growth rate curve of the apscific msatarial
then crack growth follows ths Paris Law®®, i.e. Equation 2.7. On intsgrating the Paris Law ons
obtains the following equation L

where the fatigue life, N, is related to the initial crack sizs, 4, the final crack size, a, and the
applied siress range, As. The material constants, C and m, are experimentally obtained from
the fatigue crack growth rate curve for the specific material. Y is & geometry coxrection factor
and depends on the gecmetry of the crack and the comporient® ™™, Hence an S-N curve for an
initially defected component can be constructed,

The Paris Law does not always give accurate life predictions for a component. This raay be
attributed to differences in parameters such as stress ratio, R, threshold streas intensity, AK,,
and erack closure, which affect the fatigus crack growth™* ¥, Thus atiempts have been made
to find alternative aquations to describe fatigue crack growth rate curves. These equations are
usually semi- or completely smpirical. The two most widely known alternative equation ave :
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_g% - C (AK - AKy)* - Hartman equation (2.10)
da _ C (AKO™ - : 2,11
W T-BE Ik Forman equation | (2.11)

The Paris equation only describes the linear regime, i.e. region II. The Hartman‘“” equation
alsc takes the threshold regime, i.e. region I, into account, while the Forman® equation aiso
describes region I1L.

The fatigue Bfe prediction methods described above are powerful iools which, when used
éorrecﬂy, ean give fairly accurate results. There are, however, many factors such as residual
stresses, stress concentrations, crack closure, sccurate 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, 8-N curves have to be obtained
by testing specimaens and components under similar conditions at various siress levels. Thiscan
become very tedious and expensive, since every curve ig only valid for a specific geometiry and
material. In order to simplify the procedure of designing against fatigue, for the specific case
of welded structuves fatigue life design codes, such as BS 5400 Part 10° for steel and CP 118%
for aluminium, have been developed (see section: 2.5).

2.2.5. Stress Conceniration Effects

Adding a weld to 2 component introduces a stress concentration, which in turn increases AK and
thus the fatigue crack growth rate. To exp'ain the effect of stress concentration we consider a
uniform, smooth component with no notches whatsoever, ie. a plate. When this component is
loaded with an axial tensile load, P, the streas distribution acrcss the cross section X-X of the
component, in Fig. 2.9a, is uniform. The stress over the croas sectional avea A, is P/A. 'The
effect. of introducing a notch by drilling a hole is to reduce the cross sectional area to A,.
Therefore, the average stress will be P/A,. The strese distribution will no ionger be uniform but
will have a general form as shown in Fig. 2.9b. The pesk stress at the edge of the hole will be
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much higher than tha average stress. This type of peak stress will arise from avy -IChang: i
shape across the component and is known as a stress concentration™,

The stress concentration factor, K,, is defined as the ratio of the peak stress, S, to tue average
stress, S, i.e.

K, - 22, (2.12)

StrasemPiA

——
X4 -

{8} Strece disrribution with se nateh.

", -~

»
o T T i i . e

———————

{¢} Sveems Bow lioms In the prasence of s nocen,

{8} Strace distribution in the peasente of § noteh.,

Fig. 2.9 - The effect of a notch on the stress distribution in a plate™.

The reason for the non-uniform stress distribution across a notch can be seen qualitatively with
the introduction of stress flow lines, in Fig. 2.9¢. The flow lines are spaced evenly about the
cross section Y-Y, which is well removed from the noteh. The flow lines which would normally
pass through the material are deflected from the drilled hole, Thua, the siress flow lines are
more concentrated in the vicinity of the hole than they are at the edge of the plate. Hence there
is a siress concentration. The stress concentration factor can be determined in sevaral ways®:
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1 - By placing sirain gauges at strategic positions and measuring the amount of strain in
the material and then extrapolating back to the paint of stress concentration.

2. By using the photo-elastic technique. This involves modelling of the component with
a suitable plastic material which is then loaded and viewed under polarised light. By
this method the stress patterns of the geometry can be seen and analyzed.

8 - By uging # 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,
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Fig. 2.10 - The effect of the weld toe angle on the stress concentration
factor®,
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As has already been stated, stress concenirations teks placs at sudden changes in cross
sectional area. It is therefore not surprising to find significant stress concentrations at fllet
welded joints, The weld angle and size in relation to the overail joint geomeiry has an effect
on the stress concontration factor™®319%, This can be seen in Fig, 2.10 and Fig. 2.11. Finite
element analysis has been used by Gurney®®*»3 ¢ gtudy the influence of weld shape on load
carrying and non-load carrying transverse {illet welds. As car. be seen in Fig. 2.10, the angie of
the weld toe seems to have a pronounced eifect 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. -
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?3&, 2.11 - The effect of the weld size on the siress concentration factor’
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Niu and Glinka ®® analysed the effect of stress concentration on the weld profils aud confirmed
the above mentioned eficct of the weld angle on the stress concentration. They also analyzed
the effect of the weld toe radius on the stress concentration. Thay showad. in Fig. 2.12, th’tat as
the weld toe radius is decreased, the stresa concentration factor is increased,

1t should be noted that defects due to welding ave of ’m sharp or crack like, and hence =re often
the cause of high local stress concentrations even if the general geometry is smooth and has &
low K,. It is thus important to take into account the presence of such defects when modelling
with finite elements. - ¥
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Fig. 212 - The effoct of the toe radius, p, on the stress concentration
factor, where t is the plate thickness and x, the distance into the plate®™®.
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When a crack is in the vicinity of 8 stress concentration the stresses local to the crack tip are

increased by a certain factor, M, and thus the stress intensity will also be affected by thip same
factor. M, is thus ithe geometry correction factor which allows for an increase in the stress
intensity factor uae to the presence of a siress concentration. For an infinitely small crack
depth M, ig equal to the stress concentration factor, K, As the crack grows, the crack tip moves
away from the stress concentration feature so that M, decreasses with increasing crack depth.
The value of M, can be determined with the aid of finite elomert stress analysis.

Maddox"® and Glinka™ obtained a relation for M, with respect to crack depth, a/B, for
transverss non-load carcying fillet walds, This is shown in Fig. 2,13, where for a small crack,
M, is high. As the crack grew, M, docreased rapidly. As a/B reached about 0.1, M, hardly

decreased any wore with an increase in crack s o, They also showed that M, increased with the
weld toe angle. |

HiH

|
i

a2 02 [/
v

Fig. 2.18 - Variation of stress concentration factor, M,, with crack depth for various
weld toe angles 9%,
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Gurney et ol®® carried out a 2-D finite element stress analyeis for fillet welded joints (8/2¢=0,
plane strain) using a range of weld sizes and plate thicknesses. They derived the following
formula for the correct.on factor at the weld toe

1708 (g Yosme a
M, ~10 mr%zo.szﬁ_
where 1 is the weld leg length.

2.2,6. Metallurgy and Mode of Fracture of 6XXX
Aluminium Alloys

If one wante to study the fatigue behaviour of & certain material one needs to undersiand why
the material behaves in the way it does and what makes it difforent to other materials. In
order to do this some backgronnd knowledge of the production and metailurgy of the material
is required. This will assist in the determination of micro-mechanisma of crack growth which
may take place during fatigue,

The primary alloying elements of the 6XXX series aluminium alloy are magnesium and silicon
which form the Mg,Si binary phase®, The single binary phasa in the magnesium-silicon system
forms a quagi-binary system with aluninium and with the binary intermetallic phases of the
aluminium-magnesium syatem. No ternary intermetallic phases are formed.

The ternary phase diagrams of the aluminium, magnesinm and silicon system, showing the
liquidus surface and the sclvus surface, sare shown in Fig, 2,14 and Fig. 2.15 respectively. Fig.
2,16 shows the quasi-binary phase diagram of aluwinium and magnesium ailicids. The limits
of soluhility of the aluminium-magnegium system is shown in Fig, 2.17,
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Fig. 2.1& - Ternary phase diagrams of the Al-Mg-8i system showing the liquidus
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¥ig. 2.15 - Ternary phase diagrams of the Al-Mg-Si system showing the solvus
surface.™
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A knowledges of the limits of solubility in this alloy system is of great importance because of the
wide range of solubility along the quasi-binary line. A marked decrease in sohd golubility with
temperatum renders thdse alloys susceptible o heat treatment for mprmd mechanical
properties. It is thus important to know how the relationships are affacted by su axcess of

]

magnesium or silicon over that required to form Mg, Si. : ot

The reaction hetween magnesium and silicon is a halonced one, requiring an excess of eithar
magnesium or silicon for its completion®®, It is therefors posaible for free silicon or magnesium
to appesr as 2 micro-conatituent in these ailoys.

Under equilibriuzn conditiona, Mg,Si does not appasr as & constituent of the sutectic until a
magnesium content of about 0.8 per cent hes been reached. The aluminiuwm-.rich phase is
incapsable of reachirg saturation during casting. This results in the sppearance of Mg,Si at as
little as 0.2 per cent magneaium,




The quenching of & Al-Mg-8i commercial alloy from high temperatures produces a
supersaturated solution of magnasinm and silicon in a-aluminium. Clusters of Mz,Si survive
however, since the attraction between magnesium and silicon is very high, On tempering at
about 175°C the solute atoms migrate out of the « phase to form Mg,Si disperscids. The
hardness obtained after quenching and tempering is dus to the dispersion of Mg Si in the o
phase, while o itself is hardened by the excess of magnesium or silicon compared with the
stoichiometric Mg,Si ratio,
I

Commercial 6XXX series, heat treatable aluminium alloys generally contain a high density of
fine coherent or semi-coherent particles of the precipitating phase, i.e. Mg,Si, which are its
source of strengthening. In addition, two types of incoherent particles are present™ ™, These
ars the coarse (>1 [tm) particles which originate during casting and are linked to the iron
impurity content in the alloy, as well as the fine, intermetallic pacticlos approximately 0.1 pm.
in size and consisting of the transition elements Cr, Mn, Zr, or V. These eloments are usually
added to inhibit recrysiallisation and to control grein growth during heat treatment. The
dispersoid particles ave formed during homogenisation and hot working of ths alloy™, These
disperscids have been shown to promote homogenization of slip and thereby increass the tensile
ductility smd fracture toughness of the slioy.

The effect of disperseids on fatigue crack propagation is not very clear cut. It has been shown
that rod-like Cr bearing disperscids which are commonly present in ABTM 7075 alloys
accelerate the rate of propagation of fatigue cracks®. This is apparently dus to the fact that
the particlc s fracture ahsad of the crack tip, thus accelerating crack growth. '

In work ¢ .cerned with equiaxed, Mn bearing dispersoids, it could be shown that the particles
did not break, even in regions of high plastic sirain, Edwards and Martin® used three different
peak aged A1-Mg-8i slloys with different volume percentages of equiaxed dispersoids to establish
the effects of these particles on the fatigne properties. They showed that for any one allay, the
degree of intergranular failure increased with AK and hence with the fatigue crack growth rate,
For any giiren applied AK however, Lhe degree of intergranular failure docreased as the volume
fraction of disperscids increased. Additionally, the fatigue crack growth rate decreased as
volume fraction of dispersoids increased, The increase in fatigue crack growth rate is therefore
generslly accompenied by increaged amounts of intergranular failure,




Fig. 2.18 - Schematic illustration of the semi-cohesive zone at the crack tip™”,

The decrease in intsrgranular failure with increase in volume fraction of dispersoids is due to
the hemogenisation of ship by the dispersaids. Raymond and Martin™ have studied the effact
of dispersoids in the crack G sone. They sugpest that if a critical local strein is required to
cause failure at the grain boundary, the homogenisation of alip by the dispersoids will lead to
larger overall strains being required in order to reach the critiesl local grain houndary fracture
strain. A crack subjected to the same strees intensity, will therefore experience less
intergranular fracture if the homogenisation of slip is incressed.

IntheworkdombyEdwaxﬂsandMarﬁn“ithdmﬂynhmthntmiyumaﬁhe
various fracture surfaces are intergranular. The rest of the surface has a transgranular
appesrance consisting primarily of striations. On closer examination of the intergranular
fracture regions, the fracture syrface was seon t0 be coversd in fine dimples. Thisindicated that
tha failure mechanism was by microveid coalescance along the grain boundary precipitate free
zone (PFZ). The spacing of the dimples ( 0.1 pm} was gimilar in sixe to that of the grain
boundary precipitates. -
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Thus it was suggested by Edwards and Mertin®™that the micro-machaniams of fatigus erack
growth, in peak aged Al-Mg-Si alloys, can be explained in terms of a main crack, a semi-cobesive
zone and a plastic zone, as shown in Fig. 2.15, mmmmuwmmaym&
of the crack tip will fracture by microvoid conlesvence along the PFZ. The resulting fracture
surface will be kept apart by the remaining ligarsents. These will undergo reversed plastic
deformation. Mﬂmmﬁﬂwhmmmwmmﬂnmmmn
thus be pzeserved. The restraining ligaments will fail by a reversed plastic fatigus process,
which at levels of AK in the Paris regime, will probably lead to fatigue siristions.

Welding can affect the microstructure of aluminium alloys. In the case of the €&XXX aluminium
alloy, welding would age the parent material which in turn would increase the Mg, Si disperscida
volume fraction and decresss the fatigus crack growth rate®”.
)

The extent of the heat affected zone (HAZ) in sluminium used to be setimated by the "1-inch"
rule (250un). This states that the parent plate will be softened up to 25mm sway from the
weld bead. Beyond 25mm, the parent plate resumes its original hardness. By using classical
heat flow theory, mmwwmmawammmmmm
inch” rule, /

They classified tle 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 bardness, Robartson and Dwight showed that the sxtent of the HAZ can

be subdivided into three zonss. Zone A is immediately next to the weld baad and has & low, but

constant hardness. Bordaring on xone A is zone B, which gradually increases in hardness until
zone C is reached, whers the properties of the parent plais are resumed™ *®. A schematic
representation of ths various zones is shown in Fig. 2.19. '
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Fig. 8.19 - The simpiified pattern of the HAZ hardness compared to the actusl
hardness™. |

The size of 2018 A, X,, and ths size of zane B, X,, ave dspendent on: the heat flaw, parent plate

thickness and‘\matanal.

The severity of the HAZ is quantified by the ratio,

H,

Hy 2.14 :
- (9.14) ,

B

where F, is the approximats minimum hardness of sone A and Hy is the hardnass of the perent
plate,




2.3. Effects of Welding on Fatigue

2.3.1. Classification and Crack Initiation Sites

-

Fig. 220 - Siress distribution in (a) transverse and (b) lungitudinal non-load
carrying fillet weldad joints.*

Fillet welds can be classified into four categories : load carrying welds, non-load carrying welds,
welds transverse to and welds parallel to the direction of stress. A load carrying weld is defined
as any 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 carrying member on which it is
welded.

Fig. 2.20 shows a qualitative stresa distzribution far non-lead carrying welds. It shovld be noted
that although the stress distribution slong the length of transverse welds may be uniform, the
stress disiribution across the width of the welds varies since there is a high stress concentration
at the weld toe. It is therefors logical to predict that fatigus cracks will initiate at the weld toe.




Alternatively, in longitudinal welds, it is the weld ends which give rise to stress 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 cracks®,

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 defscts such as lack of pénetration, shrinkage cracks and porosity mey 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 fatigne crack growth stage and not by the fatigue erack
initiation stage.

Lack of penatration refers to the incomplate fusion of the weld metal with the parent plate and
can exist almost at any level of severity from local to general. It may occur ag an internal or
surface defect™*?,

Shrinkage cracks ave the result of excessive shrinkage in the weld and may either lie parallel
or {rangverse 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. Ir alumininm alloys, the shrinkage cracks usually
lie parallel to the direction of the applied siress and are situated in the weld metal. Cracking
at, ur adjacent to, the weld boundary can occur if unsuitabls filler materials are used* 4%,

Porogity in the weld metal is caused by the entrapment of gas during solidifieation. The pores
are usually spherical in shape and may exist loeglly or throughout the weld. The pores may be
as large as 5 mm in diameier. The weld porogity is generally caused by insufficient gas
shielding surrounding the arc. This is often due to drsughts or large distance hetween the
electrode tip and the weld pool. Nitrogen is thereby introduced into the arc area and can
penetrate the liquil weld metal* 442,




Residual stresses exist in a structure when a geometrically incompatible structure is forced to
k2 compatible. This is often done by bending, clamping or welding. Welding itself produces
local residual stresses.® *4" 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. Ifthe elements were separate, the situation aftar the weld has cooled down would
be that of Fig. 2.21h, with the weld having contracted in relation to the component. The
elements, however, are not sepaiate.. This state can only exist as a result of the stresses as
shown in Fig. 2.21c. The resulting stress distribution is shown in Fig, .2id 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 iz the result of & number
of parameters. Of these, the effect of geometry, i.e. length, width, thickness and the numkr of
~~]ding passes has the greatest effact on the residual stress distribution™®. N
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Fig. 2.21 - The formation of residual stresses around a welded joint™,

When a structure containing residusl stresses is loaded the internal stresses will be the sum
of the applied and the residual stresses. The aim of designing aguinst fatigue, is to have as few
high tensile stress regions as poesible, 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
compréssive, will in most cases increase the fatigue life®™9,
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2.3.3. Life Improvement Techniques

e introduction of a weld into a joint can drastically reduce the fatigue strength of a
component®™. It is usually found that the design stresses of structures are limited by the
fatigue strength of the welded components. There are several guidelines regarding the design
of welded structures, e.g. BS 5400 Part 10V, The fatigue performance of many 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 % *V;

1- Reductién of local 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 weiding at the site, the joinj; class is increased from
Class E to Class D in BS 5400 Part 10,

8 - Local treatment of joint detail such as weld toe grinding, TIG dressing, ete, 44",

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

1- Modification of the weld profile.
2 - Mcdification of the residual stress distribution.
When the weld profile is modified, material is either added or removed, or the shape of the
profils is changed. In welds, the potential crack initiation site depends or the geometry of the
weld joint. In the case of non-load carrying fillet welds, fatigue cracks may initiate at the weld
tos and propagate through the parent plate until failure occurs. By increasing the throat size of the

weld, ..8ing additional weld averlays, the stress concentration at the weld toe is reduced and the
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fatigue strength of the weld joint is increased. As the weld size 18 increased, the fatigue
strength of the joint will increase until the crack initiation site is transferved from the {oe to the
root. Any further incrpase in the weld size will nut increase the fatigue strength. The purposs
of modifying the weld profile is thus t6 increase the fatigne performance hy changing the

-xisting high stress concentration caused by the weld profile, non.metsllic inclusions and
«tdercut®*®, Such improvements will result in & smooth transition between the weld metal and
the parent plate. The pma;feses that are used to modify the weld pﬁaﬁle are local machining of
the weld toe and TIG drersing.

If the applied siresses are fully fensile the whole of the siress range contributes towards the
fatigue process. If, 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 ‘Ihus, if compressive residual stresses are placed in the region of the crack tip, -
the fatigue crack growth rate will be reduced®4® "
Introducing compressive residual stresses to the material is often done to increase the fatigue
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, shei blasting, local compression and spot heating,

Work performed at tha Welding Institute, Abington, has assessed the various fafijue life
improvement techniques on transverse and longitudinal fllet wolis™ *Y. The results S tha
‘ransverse non-load carrying fillet welded ateel specimens are shown in Fig, 2.22. Overicading
is the legst beneli¢isl process followed by weld {oe grinding and peening. TIG dressing seems
to be the most z2neficial process. Fig. 2.23 shows that for the longitudinal, non-load carrying,
tillet welded specimens, overloading gave the least desirable resulis. Pesning, pressing and spot
heating gave very similar, but beiter results.

Maost of the fatigue data seem to converge at high fatigue strengths and approach that of the
as-welded condition. As the fatigue strength is Iawé;i'&t"*.,' the differences between $he various
techniques becomes more obvious. It slso seems that the fatigue limiis of the improved
specimens are higher than that of the as-welde: condition. This leads to the conclusion that
improving the welded joints is only justified if the stresses applied ara relatively low.
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The fatigue inprovement of the weld is expensive and dependent on the process vsed. Cost
should therefore be taken into account when deciding which improvement process shouid be

used,
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» Fig. 2.22 - The comparison of

improvernent methods for mild steel
specimens with transveise, »non-load
carrying, fillet welds®,
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Fig. 2.23 - The comparison of
improvement methods for mild steel
specimens with longitudinal, non-load
carrying fille, welds®,

As was 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
purpoaes, no stress concentration in a rolled or extruded I-beam. It i thus not surpriging that
the fatigue sirength of the plain I-beam is alraost identical to that of a plate subjected to the

same stresses™,



In research done by Fisbir et al, cracks in rolled steel I-beams originated only at the tension
flange. Some cracks klﬁamd at the fillet batween the web and the tension flange, where a
trapsition in the fillet &, 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.

Caver 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 I-beam
cwn 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 dynamic loading,
the fatigue strength is reduced by & considerable amount™* ¥, due to the introduction of a high
stress concentration at the weld ends or weid toes perpendicular to the axis of the beam.

2.4.1. Effect of Stress Variables on Fatigue Life

It is a well established £47% that tensile residusl stresses of yield strength magnitude are present
in gs-welded structures™**V, As a result of this, i+ has been shown that the fatigue lifs of steel
I-beams with welded cover p!ites is independent of the mean applied stress and depends only
on the siress range™. Fisher et al tested steel I-beams, with cover plates, to dstermine the
effect of mean siress on the fatigue life, They varied either only the maximum stress, S, or
only the minimum siress, 8, in their testsThe results, which are shown in Fig. 2.24, show that
the stress ratio, R, had no clear effect on the S-N data, when R varied between -1.4 and 0.7,

In aluminium there are indications that the tensile residual stresses do not reach the yield
point®® 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, 5o
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 strese. This was
confirmed by Niemi e al™” and Aabo®? e al who stated that there was no evident effect on the
R ratio on fillet welded aluminium 6061-T6 joints. |
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Fig. 2.24 - The effect of stress range and minimum stress (a) or maximum stress (b)
on the fatigue life of cover plate welded steel beams®™,

2.4.2. Effect of Cover Plate Geometry on Fatigue Life
Fischer et ol tested steel I-beams with various cover plate geomelries. Theses consisted of
cover plates which were rolled to the zame 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. I-beams with muliiple cover plates were also tested. The cover plates were attached
either with end welds, i.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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Superpsition of the welded end and unwelded end data, as seen in Fig. 2.27, indicates that the
fatigue behaviour of all these cover plate geometries was egsentially the same. The lnsar
regression line for each of the end weld details is shown in Fig. 2.27. From this 1! can be clearly

geen that the geometries without end welds had longer lives than those with end welds., The.

only exception to this rule was for the cover plate geometry which was wider than the flange.

Here the trend was reversed. The significantly aborter lives of the cover plates which were
wider than the flange and had no end wald could be attributed ths elimination of ‘Stage 1* crack
growth (see Section 5.1.1.). The weld was situated at the flangs tip causing ‘Btage &' crack
growth to occur immediately. The crack growth pattern of the cover plate geometry which wes
wider than the flange and which had a welded end waa similar to that of the other geomstriss.
The fatigus Life of this geometry is thus comparabla $o that of the other geometrics.
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Fig. 2.25 - Effect of cover piate geometry on the fati trength cmmrﬂ :
beams without end welds™, gus 8 of eo _ piated
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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 propagating the crack through the
thickness of the flange. The number of cycles corresponding to the ‘Stage I’ of crack growth was
observed to be almost the same for both end detrils, The difference in life between the two end
details must therefore be due to the differences in the later stages 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 welds®™,

The cross-sectional flange area that the fatigue crack occupied immediately after ‘Siage 1" of
crack growth was compared by Fisher® for both end details. In the end welded cover plate
geometries the ‘Stage I’ crack occupied a much larger cross sectional area of the flange than
those without an end weld. This is because multipls crack initiation cecurred along the end
weld, These multiple cracks eventuslly joined up to form one wide crack with & high aspect
ratio, 2¢/a. It was thus logieal 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 atill had to grow in the area adjacant to the
weld, i.e. an area of high stress concentration and residual stressos. The crack, where no end
weld waa present, grew away from the stress concentralion and alse had & longer distance to
travel k!« 2 failure occurred. -

38



This type of phenomenon was confirmed by Yunﬂl"" et al who tested J-besms 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 Jower 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.
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Figé:g" - Comparative fatigue strength of cover plated beams with and without end
welds™’,

Gurney® compiled data, from different sources, on the fatigue life of different cover plate

geometries on steel I-beams. The S-N curves for the various geometries are shown in Fig, 2.29,

Some scatier may be expectsd between the various test results because they wers obtained from -
different sources. There is also bound {o ba 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 strengths at low fatigus lives. At high fatigue lives, four out of

six geometries yielded almost identical fatigue lives. This is bscause the dominant portion of

fatigue life is consumed in crack inifiation and the cther stages of fatigue crack growth become

insignifieant. |
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Yamada®? et al concludad that the end shape of the cover plates on steel I-beams does not
significantly affect the fatigue strength for design purposes. Basler™ made a similar deduction
and added that the cost of making fancy shaped cover plates was not justified in terms of fatigue
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 te the docresse in fatigue life is the increase in siress
concentration at the end weld of the cover plate geometry, Weld improvement techniques can
decrease this stress concentration. Equelly, decreasing the slope of the transverse fillet weld
or increasing the weld leg size can reduce the stress concertration in I-beams welded with cover
plates. '
§

Yamada et al''? stated that grinding the weld to a taper of 1:3, improved the fatigue atrength
from category E to Category C according to the American Association of State Highway and
Transportation Officials (AASHTOY™. In this work the cracks initiated sither at the weld toes
or at the weld roots. Initiation at the weld root represents the upper bound of the fatigue
strengihs of the cover plated beams. The improvement obtained by grinding the transverse weld
to a taper of 1:3 was confirmed by Simon et al®®, According to Albrecht ¢t al®™ the fatigue life
improvement factor due to grind.. g was about 8.5. TIG dressing and shot peening of the weld
increased the fatigue life by a factor of 2.1 and 4.4 respectively.

2.5. Design Codes

' Welded joints 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 2 simple design code, based on this

approgch is now available, i.e. BS 5400 Part 10, |

Since most joints, especially welu..a joints, have a high stress corcentration, residual tensile
stresses and large initial defects (approximately 0.5 mm), the British Standards Institution®
proposed that the fatigue life of welded joints is dominated by fatigue erack growth. The
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parameters governing the fatigue life are less material dependent than geometry dependent
This i¢ due to the fact that the mean stress has hardly any effect on the fatigue Life®.
Furthermore, the linsur regime of fatigue crack growth i little influenced by material
properties,

Thus the British Standards Institution brought out a code of practice for fatigue, BS 5400 Part
10°%, ‘Steel, Concrete and Composite Bridges’, which grouped various types of steels joints into
cight different fatigue life classes. These classes are shown ia Pig. 2.30. The code &f practice
is applicable to almost any type of structural member except tubular joints. Welded, bolted and
riveted joints are considered. An extruded plate or I-beam will for example be grouped into
class B, whereas an I-beam with a welded cover plate would be grouped into class G. Oniy the
joint detail and the applied stress range need to be known to be able to find the appropriate
fatigue life, Thus, a joint detail belonging to say Class G has a lifs of sbout 10" cycles at a stress
range of 60 MPa, These predictions ask ime that initial defects, such as welding defects, are
present. Thus ths S-N curve is based on fatigue crack growth and does not include initiation.
The use of this design code has made design against fatigue in welded stroctures very simple.

Stress Range (MPal

Y e Z TTTTTTT
108 108

Bumber of cycies

Fig. 2.30 - Fatigue design curves from BS 5400 Part 10 for welded steal juinta®
{mean minus two standard daeviations).
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Another code of practice was developed earlier by the British Standards Institution, i.e. CP
1182, “The Structural Use of Mumini}lm‘, 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 presen?.tion of the
fatigue life data is different to that of BS 5400. For every class of joint, five curves, which
represent five {atigue eyclic lives are plotted with respect to the maximum stress and the stress
ratio (maximum stress / minimum siress)in the applied stress cycle Thusg if the maxiraum
stress and the stress ratio iz known, the fatigue life can be estimaisd. A sample glot for class
5, which would represent I-beams 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-veen
initiation and crack growth.

With the increased availability of fatigue data and greater understanding of fatigue behaviour
of weldments revisicns are being mads to the design codes for steel and aluminium®*, With
this influx of data, there seems fo be increasing evidence that the fatigue lives of many
aluminium joints are alsc dominated by fatigue crack growth®®, Thus, in many respects, the
foctors which influence the fatigue behaviour of welded aluminium and steel joints appear to
be the aame. There seems to be, therefore, a strong - oesibility that the new design curves,
which apply to steel, could be applied equally to aluminium by simply adjusting the design
stresses in accordance with the observed difforence in fatigue crack growth rates between steel
and aluminium. Maddox*” pointe out that fatigue crack growth rate data for the two materials
correlate well on the basis of AK/E, where £ is the elastic modulug. 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 classifications in BS 5400
Part 10, dividing its S-N curves by a factor of 3. Empirical data for some of the jeint geometries
in the proposed classes E, F, G and W, fitted the predictions quite well. An example of this is
shown in Fig. 2.32. Here the proposed mean minus two standard deviations line of Class F
forms the lJower mit of the empirical data. Other data for joint geomatries in clasees D, E and
¥ did not fit the predicted aluminium S-N cuzve rery well. An example of this is shown in Fig.
2.3 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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Fig. 213 - Fatxgm design curves and test rasults for transverse non load-carrying
fillet welded surface attachments“®. -

Armstrong®™ confirmed this observation by pointing out that the division of the fatigue design
stresses of BS 5400 Part 10 by a factor of 3 was satisfactory for only a fow geomeiries such as
the longitudinal, non-load carrying fillet welds. For other joint classes however, such a strategy
was not representative of the experimental data. The use of CP 118", with a high R ratio of
0.5, gave a better prediction of the data that Maddox*? compiled in Fig. 2.33 than the proposed
line buged en BS 5400 Part 100,

Clearly, further ezperimental work is required to elucidate those joint geometries for which this
approach will provide adequate life estimates. Equally, it is not clear whether the ratio of
Young’s modulus in steel and aluminium is the best factas to use in dividing the design streases
obtained from BS 5400 Part 10.



3. Finite Elem ont Analysis K

Finite element analysis is a procedure b >’ ‘ich the internal stresses in a loaded component can
.& determined. It involves the modeﬁ \ the component with mesh type elements, or struts,
which ave joined at nodes. The strut type elements do not bend and can only transmit a force
in the direction of the strut. The eleruent segments are, however, allowed to rotate at the nodes.
Thus any bending will nnly take place at the nodes. Each node, depending on the complexity
of the element, can posses up 6 egrees of freedom, i.e. three directions and three rotations.
Forces and resiraints have to be placed onto some of the nodes in the model go that the model
is placed in the correct sfate of stress, The stresses at every nodal point are then calculated by
solving 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 streases between two nodes could be approximated by using the mean value for
the two nodes. This is however only an approximztion and the model will loge its accuracy for
stresses between nodes. Thus, in order to obtain a more accurate soluticn 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 siroultaneous equations and thus increase the
rumber of calculations required to solve these equations.

Finite alement analysis generally involves vast amounts of calculation and is normally done
with the aid of a computer software package. Since computer time ia cosily, the aim in creating
a finite element model is 1o use as few slements and nodes as possible while still maintaining
the required accuracy. This wgs taken into considerastion in the following meanner, when
modelling the I-beams which were welded with cover plates.

1- A tiwo-dimensional model was used instead of & three-dimensional model. The cracks
all initiated at the weld tos of the FFbeam during the experin.ental testing programme,
This was therefore the area of interest. The end welds of the cover plates were in some
cases up to 40 mm wide. Thus the stress comcuntration in this region would remain
approximately the same throughout the span of the end weld. There was tharefore no

. need o o wee & three-dimensional model.
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2. Mostof the fatigue life of the I-beams was consumed during ‘Stage 1™ of fatigne crack
growth. This means that the fatigue life was dominetad 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 ig because theve is a
stress concentration only at the weld. Remote from the weld, the stress distribution
will equi'ibrate itself and remain constant throughout the rest of the I-beam.

4. The mensions of the I-beam ave large in comparison to the welded region and the

‘beams were tested in four point bending. The positions whers the loads are applied are
thus far removed from the weldsd region. The atresses that the I-beam will experience
‘in the weld region are mainly tensile, lying parallel to the direction of the flange
surface. As the flange thickness is sma!l compared to the depth of the beam, a uniform
tensile stress was modelled, rather than the actual bending case. The difference in

stress st the hottam of the flange i amall heine of the arder of ahant Q% Thie
8- The weld toe angle of the I-beam specimens varied considersbly from I-beam to I-bram,

even for the aame joint geometry. When the S-N data was evaluated, reasonable linear
trends were observed with little seatter. Although the scatter might be attributed fo

. the various mﬁld toe angles the I-beam spacimens, this was tov difficult {0 determine
pince the weld toe angle even varied from position to position on & single specimen. If
various weld toe angles had to be modelled it would have taken up extensive computer
time. It was thus decided to use a weld toe anglo which was typical for the joint
geometry modelled.

A basic outline of the model shiowing the cover plgh&, the weld and the flange is shewn in Fig.
3.1, The ragion whem the highest variation in stress is expected is at the~#4d toe. In order
to ensure that the strosses are repmsente’ﬁ accurately, the mesh elements had o be refined in
this region. The model, with the mesh elements, the applied loads (blue arzows) and the
reatrainte (light blue arrows), is shown in Fig. 3.2. The refinement of $he mesh at the weld toe
is s’ own in Fig. 3.3. The stress distribution of the model is shown in Fig. 8.4. The stress
¢ iribution of the weld tos region is shown in Fig. 3.5.
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Most of the fatigue life of the I-beams was consumed during 'Siage 1% of fatigue crack
growth, This means that the fatigue life was dominated by crack growth through the
flange thickness. It was thus unnscessary to model the web of the I-beam.

Only the region around the weld needed to be modelled, This is because there is a

. stress concentration oniy at the weld. Remots from the weld, the stress distribution

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

The dimensions of the I-beam are large in comparison to the welded region and the
bearms ware tested in four point banding, The positions whare the loads are applied are
thus far removed from the weldad region. The stresses that the I.baam will experience
in the weld region are mainly temsile, lying perallal to the direction of the flange
surface. As the flange thickness is small compared to the depth of the beam, a uniform
tensile stross was modellod, rather than the actual bending case, The difference in
stress at the bottom of the flangs is small, being of the order of about 9%. This
diffe -nce was, however, taken into congideration when the fatigue life predictions were
performed (see section 4.5).

If the component has any axis of symmetry, the stress dilhﬁ‘bution will be mirrored
along this axis. It was thus only necessary to model one half of the I-beam. Restraints
of deflection and moments were placed o this axis in order to maintain the integrity
of the systam. '

A basic outline of tha model showing the cover plate, the weald and the flange is shown in Fig.
3.1. The region where the highest variation fa stress is expected is at the weld toe. In order
to ensure that the stresses are mpraﬁénted accnrately, the mesh elements had to be refined in
this region. The model, with the mesh elements, the applied loads (blue arrows) snd the
restraints (light blue arrows), is shown in Fig. 3.2. * he refinement of the mesh at the weld toe
is shown in Fig. 3.3. The stress distribution of the model is shown in Fig. 3.4. The stress
distribution of the weld toe region is shown in Fig. 8.5, |
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6- The weld too angle of the I-beara specimens varied considerably from I-beam to I-bea,
even for the same joint geometry. When the S-N data was evaluated, reascnable linear
{rends were observed with little scatier. Although the scatier might be attributed to
the varicus weld toe angles tho I-beam specimans, this was too difficult to determineg
since the weld toe angle even varied from positisn to position on a single specimen. If
various weld toe angles had to be modelied it would have taken up extensive computer
time. It was thus decided to use a weld toe angle which was typical for the joint

_geometry modslied.



Fig. 3.2 - Finite element mesh of the model showing the losds (blue arrows) and
restraints { hiﬂH biue arrows],



Fig. 3.4 - Stress distribution of the finite element model,
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Fig. 8.5 - Sirass distribution of the weld ioe region.
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Fig. 3.8 - Stress coneentmhon correction factor,M,, with dapth into the flange*
from the weld fos.
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A finite element model wes creasted for each of the thres sives of I-beam used in ths
expenmen‘alprogramma A plot of M, i.e. nominal streas / applisd stress, with distance from
theweldtoethrouzhtheﬂmwaspm&mdfnrawryﬁmtaakmtmodoLushmmFig
3.6. FromF:s.3.6mamnmthatthes&mmmﬁamatthelur&uufﬂ;qm the
different I-beams vary considersbly. The surface stress concentration factors for aa;s" n hsam
raodel is given in Tabls 8.1. OnmamckdopﬂlofﬂtaOSisrenhad,thestmuwmcmmhm
solutions of all the different models are almost the smne. At largc . crack lengths, ie. 2/t = 1
the solutions vary agein. ,
Anattemptwumdnﬁoﬁttbaloiuﬁm;ofl{ktolq:mﬁmmthattheyemﬂdhm‘mtha
integration procedure of the Paris Law. Wﬂcwmmu&mi—logbam were
used to fit these stress concenivation curves. .‘iq'natwmafthathuammmlhmm
Teable 3.1,
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4, Experimental Procedure

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

1‘

dotermination of fatigue crack wrowth rate curves for the 6261-T6 aluminivm alloy,
heat affocied zone and the weld metal. This was done in order to make Paris L
predictions of the fatigue life.

determination of 3-N curves for 6261-T6 sluminium I-beams, which had cover pia
of various geometrias ywelded onto the tension flange.

metallography and fractography, to determine fracture mechanisms and crack initiat
gites.

finite element analysis, to determine the atress concentration agsociated with the fi
weld and the M, values for use in calculating stress intensity factors. This has alre:
been discussed in the previous section,

tntegration of the Paris Law olbtamed from the fatigue m‘ack growth rate curves
order to model the 8-N curves, which were obtained experimentally.

4.1. Material Characterisation

All the material that was used in the testing was supplied by the Alumininm Federatior
South Africa (AFS8A). In developing the S-N curves three sizes of extruded 6261-T¢ alumini
I-beams were used. The sizes of the I-heams were 150 x 101 mm, 100 x 78 mm and 48 x
mm. These were cut into 450 mm lengths. Exiruded 6261-T8 aluminium plates, of th
different sizes, were used for the cover plates. The widths of these plates that were used for:
different sizes of I-beams were 53 mm, 40 mm and 13 mm respectively, For the 150 x 10
beams and the 48 x 27 I-beams, only square cover plates were used. For the intermediate i
I-beams, square, diamond shaped and rounded cover plates vore used.
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Fig. 4.2 - Cover plate geometriee used in generating S-N curves from the 100 x 75
mm eized I-beam,



N

I |
., Tf

|

ll

l

l

181
53

T | "

Fig. 4.4 - Three sizes of -beams used and their rectanguler cover plates.




The cover plates were then welded centrally onto the I-beams by Industrial Hesearch and
Development (IRD). The welding parameters which were used are listed in Appendix A, In
order to see how the I-beams would perform in the presence of a weld with no stress
concentration present, some i-heams were giver a weld yun across the centre of the beam. This
was then ground flat with the flange surface so that no stress concentration was present. The
different types of cover plates and I-beams that were used in S-N testing are shown in Fig, 4.1
and Fig. 4.2, The dimdnsions of the welded I-beams and the welding directions are shown in
Fig. 4.3 and Fig. 4.4. The 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 - Mim'ostructure of the section Fig. 4.6 - Microstructure of the section
longitudinal ta *he direction of extrusion of transverse to the direction of extrusion of
alurainivm 6261-T6 I-beams. (x 100} aluminium 6261-T8 [-beams, (x 100)

Sections of the parent material, longitudiral and transverse to the direction of extrusion, were
cut out in order to characterise the microstructure of the I-beams. They were ground smooth
and polished to a finish of 1 pm and subsecuently etched for 10 seconds in 0.5% HF solution.
The microstructures of these sections are shown in Fig. 4.5 and Fig, 4.6 respectively. Fig. 4.6
shows Mg, Si digpersoids 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 Mg, Si dispersoids in single direction.
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A longitudinal section through the welded region was cut out of an I-beam in order to determine
the severity and extent of the heat affecteé: zone (HAZ). This was ground smooth and polished
to & finish of 1 jm. The sectior waa then etched in 2 10% NaOH solutic, . * r 20 seconds at 70°C
to produce a macro-sich. A typical macrostructure of this section is shown in Fig. 4.7. Vickers
micro-hardness measurements were taiken transverse to the I-beam’s axis across the flange and
the cover plate. The results are shuwn in Fig. 4.8. From Fig. 4.8 the severity and extent of the
HAZ was determined according to Robertson and Dwight*® (see sub-section 2.2.6). The sizes
of zone A and zone B were measured o be 16 mm and 18 mm respectively. The severity of the
HAZ was

Fig. 4.7 - Croes sectior of the welded region of the IFbeams. {x 5)
U

\;




SENB Specimens

I Cover Plates 282 301 10 I

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

Table 4.2 - Chemical composition of material used in testing, with a balance of aluminium.

In order to simulate the bend loading condition of the I-beams, a single-edge-notch bend (SENB}
specimen geometry wus used for ihe deterramation of the fatigue crack growth rate curves of
the alumirium 6261-T6 alloy. Specimens were machined from an extruded 6281-T8 aluminium
alloy bar with a 10 x 30 mm? cross section. This bar was cut into 120 ram lengrhs. A 45° 5 mm
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 lneding positions for the SENB apecimens is
shown in Fig. 4.9. To facilitate crack growth measusements, using & travelling microscope, the
two side faces of each specimen were given a 5 jum polish.

Strain gauges were mounted unto the back face of each apocimei_a, i.e. on the face opposite Lo the

* noteh, go that crack clogure could be measured from complianee traces. . 1o coxapositions an::

mechanical properties of the bar used for the SENB specimens are {isted in Table 4.1 and Table
4.2 respectively.
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Fig. 4.8 - Hardness plot across the flange and cover plate of a welded cover plate.
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Fig. 4.9 - SENE specimen dimensions and loading poritions.




In order to obtain fatigue crack growth rate curves representative of the welded region, 70 mm
sections of the extruded bar were buit welded together by IRD. A 48% 5 mm deep notch was
machined into either the HAZ or the weld metal of each specimen. The side faces were again
given a 5 pm finish and strain gauges were mounted on. tha fuce opposite to the noich.

4.2, S-N Testing

The I-beam specimens ware tested using a

10 ton Amsler Vibrophore, which is an

electro-magnetic testing machine which

operates at the vesonant frequency of the

machine-sparimen system. Each specimen ‘
was subjected to cyclic loading with a

constant load range and a load rauoc of R

= 0.1, The test frequency was 110 Hz, A

typical test setup is shown in Fig. 4.10 and

Fig. 4.11.

Under mosi loading conditions, .racks
initiated at the weld toe of the exd weld of
the cover plates. These cracks then grew
under continusd cyclic loading. Failure
was taken as occwrring when the totsl
width of the flange had cracked. The
number of cycles that were required for Fif 410 - Loading Egtup for the T-beam
this to occur wes then recorded. Spocimens. '

However, not all the specimens cracked. Some of the applied stress ranges were too low to
induce fatigne cracking, Tests were stopped at about 2 x 107 cycles if no fatigue crack was
observed. C e
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These tests thus gave an endurance limit strecs range corresponding o a life of 2 x 107 cycles.
The upper siress range limit of fatigue testing was reached when the web of the [-beams started
to buckle under the high applied loads.

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

I

A number of tests were run at stresses between theee limits for each I-beam geometry. The
stress range and the numbaer of cy=les required to failure were then plotted on a lug-log basis,
in order to obtain a S-N curve.

4.3. Fatigue Crack Growth Rate Testing

The SENS specimens, which were used to prodvce the fatigue crack growth rate curves, were
fested in an BSH sarvo-hydrsulic testing machine with a maximum losd capacity of 50 kN. A
typical test setup is shown in Fig. 4.12 and Fig. 4.13. The stress in‘ensity range, AK, for this
geometry was celculated using the empirical formula®™;
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which has an accuracy of 2% for 0.2 < /W < 0.7. AP:stheap{\hedloadmnge 8 the length of
the loading epan (S = %m,mF‘ig 49).‘?&'&smdth,Btlutk\mkneuandathecmkiangth

of the specimen. The, xivnum and minimum appliad loads mﬂependant on the atress ratio,
R, and the stvess intensity range, AK.

"ia
y
'!

Fatigue crack growth rate data was obtained in accordance with tb.dAS’IM Standard E 647-86a
©0 for thre " 'd determination. This involved manuel load ahoddim with lnad reductions of

less than 10% and a crack growth increment greater than 3 times thte monotonic plane atress
piastic zone sizs between load reductions.

Befmmmmmm&dehmmmemmm&md :

mardertomduceafahamcmckbeymdthemwhphmcm 'Ih:mvohedapplmacychc
load to the sperimens until a erack grew from the notch, Care was taken to keep the initiation
stress intensity range as low as possible and hence the notch plastic xone as smail as possible.

The crack length was measured optically with a travelling microscope on hoth sides of the
specimen. The resolution of tke travelling microscopes, was sbout 0.01 mm. The crack
increments used io calculate fatigue crack growth rates were never less than 0.15 mm. This
wes doxe in order to miuimise scatter observed in growth rates.
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| When tests mmhﬂudﬁ'mymm&emﬁod&‘ﬁma&m%badmmzmdm{

the loads were increased to 10 - 20% abanthntundwhonthotutmhﬂwd,bdwathalmd
shedding promdure was continued,

Fahwemmﬂmummﬂmwwm mpmdmu&ntmm
ratios of 0.1, 0.2, 0.5 and O.7. '!humdomwthntthnm&mmlmmthmputm
thefatlmmmwﬂ!mhmuldhumm &n&m&umnwmobwméby
WWMMWMMaMMMK_WWm*» mtrnd&Kwu
decressed. , : : :
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aspunfbk:. .

Fig. 4.12 - Load setup for SENB specimen.
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'Pig. 4.13 - BENB specimen in ESH servo-Lydraulic machine.

|
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4.4. Fractography

‘The purposs of the fractographic examination was to determine the initiqtion site and henes the
initial defact, and the mode of fracture. The initinl defect size was required fir the integration
of the Paric Law vsed in fatigue life predictions. Iu order to szamine the fracture surfaces,
fmlaﬂI-hamammsmhumm Onnhnlfatthemm&eo than cut fom
the beam and cleaned ulirasonically in acetons. Somoofthemmrﬁmupmmemwm
sputter coated with gold-palladium. This was done to improve the surface conductivity of the
specimens and thus improve the viewing resolution under the acanning slsctron microscope
(SEM). Tha specimens wers mounted onto the stage of an SEM, ensuring that good elsctriceal
sonductivity was maintained.




4.5. Prediction Procedure

Since shrinkage cracks around the size of 0.7 mm exisied 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 moet, if not all of the fatigue
life. As is already known, the Paris Law is defined as: :

da _ . K]
= CAK | ¢

where C und m are material constants, For the aluminium 6261-T6 ailoy, C and m were
obtained using linear regreesion techniques on the Paris regime data in the fatigus ecrack growth
curves which were experimentally obtained for thé 6261-T6 aluminium alloy. Equation 4.3 can

be written as

da n 4.4)
N C (Y Aa /xa) | (

where Y is the geometry correction factor at a rack length, a, anc a nominal applied stress
range, Ac. The geometry correction factor is defined as MM Y. /9,. M, is the correction factor
which takes the presence of a stress concentration into account and varies with crack length.
The relation between M, aud crack length was found with the aid of Jinite element stress
analysis, and is shown in Fig, 8.6. MM/#, is the correction factor which tekes the presence of
a free surface ahead of a crack fip and the crack shupe into account. Since the surface dallecis
at the end welds have a very low aspect ratio, a/2¢, the Groes™ equation, Equation 2.4, was
used to define the correction factor MM/,. Thus after every nycle, i.e. IN = 1, the crack grows
by da, . :

As was discussad in Chapter 3, the finite element modsel did not take bending into congideration.
When a part width erack grows under a bending load, the non-uniform strees distribution means
that the strespes at the erack tip steadily docrease. This reduciion is linear with erack depth
and is defined aa:



Op =0 (z - %) _, 4.5)
. {-\r Lo

]

where G;,, is the resultant strees, o is the sirees 8 fus ugper surface of the flangs,  is the
crackdepthgndﬂistbahdghtoﬁhe_bam

Foraspﬁﬁcs&mmm&ﬁiﬁﬁda&k@ﬂqwmmwh_:mmwbycﬁi&
until the final crack size is reached. The final crack size is definad heve as the thickness ¢* the
flange, since mact of the fatigne Life is spent in srowing tho crack through the flangs, Thus, if
the appropriate geometry corvection factors are used, and ths initial coack size is determined
using fractography, Equation 4.3 can be used in the pradiction of the fatigus lifs of the I-beam
at a stress range, Ac.

If this procedure is repeated at varicus stiess ranges, a predicted S-N curve for the fatigue lives
of the aluminjum I-bess, welded with cover plates is obtxined. |

A mmputer progranmes wis written to integrate the Paris Law, cycls by cycle, and to produce
such 8-N curves. A Msting of this programme can e found in Appendix B.




5. Results and B,, }wslon

5.1. Fractograpky

The purpose of fractogaphic examination is to determine and define the initiation site and the
size of initisl defact, crack shape development and the fracture mode. By deing this, mmpth
kowledge regarding the fatigue mechanissos in the welded sluminiusn I-beams can be obimne.d

5.1.1. Initiation Siteh and 'éfgg._k Shape Development_

On work performed gt The Welding Instituts by Booth and Maddex™? on non-load carrying fillet
weld attachments, the crack initiation did not slways occur at the ead of the weld. Far the
geometries where the longitudinal welds sxtanded past tue attachment, the fatigus cracks would
initiate at the attachment. The aitachment iteelf, however, produced a far move signifitant
stress confentration than the end of the weld did causing the fatigue erack o initiate at the und
of the attachment. ngma&kswhem&ahngitwﬁnﬂwdd:muhﬂguthoatt@mmt
or stopped sho:t of the en? of'the attachment, the fatigue cracks would initiate at the weld toe
at the end of the longitudinal weld.

centre line of the beams at the weld tos. There werz2 often multiple initistion sites along the
transverse welds, which linked up to form one large crack.

The crack growth pattern in I-beams we.ded with cover plates can bo cJassified into ‘hree
stages, as illustrated in Fig. 5.1%.

Stage 1 - During the first stage, the crack grows through the thickness of the flange in an
ellipticnl shape. The crack size, a, is defined as the depth of the crack and the
crack width, 2c, is the length of the crack visible on the flange surfawe. The crack
width is usually related to the width of the endl weld detail. '




N

s
i o
I

3

5. Results and Discussion

~
.

5.1. Fractography .
a

The purposs of fractogaphis examination is to determine and define the initistion site and the

size of initial defect, craqk shaps development and the feacturs mode. By doing this, indepth
knowledge regarding the fatigue mechanisms in the welded aluniiniuxi: I-beams can be cbtained.

5.1.1. Initiation Sites and Crack Shape Development

"+ In previous work an steel I-beams with welded cover plates®, the critical initial defects which
| were the cause of faiture all ssemed to initiate t the toe of the fillst weld which connected the
5 ig cover plate end to the flange.  For those cover piate geomeiries whers no end welds were
i prasert, the cracks initiated at the end of the longitudinal welds. This was found to be true

] regardlblas of whether the longitudinal welds were stopped short or extended past the cover
;3 Plate, The location of the end of the welds sopeared to have no effect on crack initiation (see
4 Fig. 2.26). -

| Fischer et ol frund that fatigue cracks in transverse fillet welds initiated predominantly at the

centre line of the beams at the weld toe. There were oftan multiple initiation sites along the
frangverse welds, which linked up to form one large crack.

The crack growth pattern in I'beams welded with cover plates can be classified into three
stages, as illustrated in Fig. 5.1, ﬁ |
_ ; -
- 1
Stage 1 - During the first stage, the crack grows through the thickness of the flange in an
alliptical shape. The crack sire, 8, is defined a8 the depth of the crack and the
v craek width, 2¢, is the length of the crack visible on the flange surface. Ths crack
width is usually related to the width of the end weld detail.
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Ou work performed af'The Welding Inatitute by Booth and Maddox™ on non-load carrying illet
weld attachments, the erack initiation did not slwsys occur at the end of the weld, For the
geometries where the longitudinal welds extendod past the attachment, the fatigue cracks would
initiate at the attachment. The sttachment itself, however, produced = far more significant
stress coneentration than the end of the weld did causing the fatigue crack to initiate at the end
of tb-~ stachment. Forgaomeﬁiuwhmthelmgiﬁldinalweldsmmalhngnsthaatmhment
oratoppedshortoftheenduftheattachment,thefahsuecrm:-r“ xmﬂdmhateattheweldtoe
at fhe end of the Iongltut.‘inal weld. '
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Big. 5.1 - The i{ypical stages in the growth of cracks at longitudinal and
transverse Pliet welds in Lbeams welded with cover plates™.

Stage 2 - The sscond stage is initiated as soon as the crack has penetrated the thickness
of the beam. The crack size iz then redefined from a in ‘Stage 1’ to 2a in ‘Stage
2'. This arises because of the size definitions of surface and through-thickness
cracks in expressions for K.

Stage 8 -  The third stage is initiated when one side of the crack has reached a tip of the

flange of the I-besm. The crack length iz again redefined from 2a in ‘Stage 2'
to & in ‘Stage 3.
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Almost all of the fatigue life is consumed in ‘Stage I'. This is because the initial defect, caused
by welding, is small {approximately 3.5 ﬁim}. This resulis in a low stress intenaity raxige and,
initially, low creck growth rates. When ‘Stage 2' is reached, the crack is considerably larger.
Since the crack growth rates incrense exponenha]]y with crack size, the portmn of life consumed
in ‘Stage 2’ and ‘Stage 3’ growth is relatively smali.

Fig. 52, - Typical fracture surfaces of the 100 x 75 mm )-beans with rounded, diamond
and squarv: cover plate end geometries and an end weld. Crack initiation sites are
indicated by arrows.

Twe crack growth behaviour found for these steel I-beams is very similar o that of the
aluminium I-beams that were tested in this project. All the aluminium I-beams which were
welded with cover plates failed at the tos of the end weld of the cover plates. The cracks seemed
to develop in a similar fashion to that described by Fisher ef al™. Typical fracture surfaces of
every cover plate georetry were selected and grouped into those with 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 gll wide with respect io
the flange width, Thus multiple cracks, initiated along the weld toe of the end weld. This is
substantiated by the pr-u:nce of ridges seen vn the fracture surfaces of ‘Stage 1’ arack 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, 2¢/a. The cracks of the end welded cover plate geometries
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Fig. 5.3a - A typical fracture surface of a 100 x 75 mm I-besam with a disraond cover
plate geometry without an end weld. The arrows indicate the erack initiation sites.

Fig. 5.3b - A typical fracture surface of a 100 x 75 mm I-beam with a square cover
plate geometry without an end weld. The arrows indicate the erack initiation sites.




Fig. 53. - Typical fracture surfaces rf the 100 x 75 mm T-beams with diamond and square
cover plate end geometries without an end weld, Crack initiation sites are indicated by
~ arvows.

Fig. 5.4, - Typical fracture surfaces of the 150 x 101 mm, the 100 x 75 mm aod the 48 x 27 mm
I-heams with a square cover plate end geometries and an end weid. Crack initiation sites are
indicated by arrows. ' '
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thus had a large surface length once ‘Stage 1" of cyack growih was complete, Thus ‘Stage 2' and
‘Stage 3’ of crack growth did not contribute very much towards the total fatigue life.

In cover plate geometries with no end weld, i.e. which had only longitudinal welds, the crack
initizted at the weld toe at the end of the longitudinal welds. For the square cover plate
geometry, which hsd no end weld, a crack would initiate at only one of the longitudinal welds.
No significant erack initiation was found at the other longitudinal weld. Thus ‘Stage &’ of crack
growth of this geometry contributes more to the total fatigue life than the end welded
geometries do. For the diamond cover plate geometry, which had no end weld, fatigus cracks
would initiate at both of the longitudinal welds. The two cracks would eventually join up, in
‘Stage 2° of fatigue crack growth, to form a single crack, Thus ‘Stage 2’ of fatigue crack growth
was more s:pmﬁcanttathetotalfahguehfemtmnestgeomehvthanthesqvare,mendweld
cover plate geometry.

5.1.2. Initial Defect Size

The determination of initial defect size plays an important role in fatigne life predictions for I-
beams. This is becanuse the Paris Law’ is integrated from the initial crack size to the final crack
size. For plain I-beam specimens, with no cover plates and where no stress concentration is
present, this initial crack size ia very important. This is because the majority of the fatigue 1i”-
occurs while the crack is amall. The fatigus crack growth rate increases exponentially with
crack size. Thus, the final stage of the fatigne cracking is less significant in the overall fatigue
lifs than the initial stage is.

Fatigue cracks in the plain I-beams initiated at the centre of the beam, in the tension flange,

wheye the stress was the highest. The position of the initiation site depended on where the

largest defect was present. Thus, 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 irregularities such as surface roughness or extrusion

defects. The extrusion defects were generally buried balow the flange surfice. An initiation site
of a plain I-beam can be seen in Fig. 5.5, where a smsll gurface defoct caused the fatigue crack
to initiate. The size of this defect was measured to be about 0.04 mm. The initial defect sizes

in all the plain I-beims were measured and were found to rangr from 1.02 mm to 0,12 mm.

Thus, for the purpose of integrating the Paria Law’, the initial defect size of the fatigue cracks

of the plain I-heams was 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.
Tn theses cases the fatigue cracks all initiated in the weld metal. The initial defocts were
grinding marks and welding defects, such as porosity and shrinkage cracks. An initiation site
in I-beams with a ground weld run can be seen in Fig. 5.6 ar.d F'ig. 5.7. The size of the initial
defect was measured to be about 0.1 mm. The defect size of all the I-beams with weld runs
ranged from 0.07 to 0.15 mm. Thus, for the purpose of integrating the 'Parir Law’, the average
defect size was taken as 0.12 mm,

All the fatigue cracks of the welded I-beaims initiated at the weld toe of the end welds or the .
ends of the longitudinal welds. This ig in ag:cement with the results of the finite element

analysis which was done of the welded region. This analysis showed that there was a stress

concentration at the weld foe. According to Fig, 3.4, ihe stress concentration at the weld toe of
the 100 x 75mm was 2.2. Thua the effective strees at the weld oo is 2.2 times the applied stress.

Ag the ¢rack grows, the stress concentration dacresses rapidly. This offsets the increase in K

due to inersase in crack length and slows down the incregse in the crack growth rate. It is

therefnre 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 detexmining the fatigue life, the
dominant, portion of the fatigue life is not necessarily confined to the initial stages of fatigue

crack growth.

Fig. 5.5 - Initiation site of a fatigue crack in g plain T-beam. (x 330)
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Fig, 5.7 - Magnification of Fig. 5.6 showing the initintion site of an I-beam with
a weld run, (x100)
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Fig. 5.8 - Shrinkage cracks at the corner of an end weld (x 10)

1

The first etep taken o find initial defects
was to inspect the surface of the welded I-
beams, in order {o see whether any defects
could be found in the vicinity of the wald
toes of the end welds. As can be seen in
Fig. 8.8, shrinkage cracks were found at
the weld toes of sowae of the I-beams with
square and rounded end welded cover
plate geometries. Cross sections of weld

toe areas were cut, polished and efched. -

These are shown in Fig. 8.9, ifig. 5.20 aid
Fig. 5.11, Fig. 53 and Fig. 5.10 show
shrinkage cracks running in the HAZ,
When these are present at the weld toa,
they lie almost perpendicular to the
direction of the applied stress. As they
follow the contour of the weld cross-
section, however, they change direction

Pig. 8.9 - Cross section of an end weld with
shrinkage cracks and porosity (x 40).
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and eventually Lis paxallel io the dizection of the strees. Thus, st & certain evack dapth, these
cmkswiﬁhmﬁtdeﬁetm'thsm&tha&mm.

A fatigue crack will glwaye grow perpandicular to the dirsction of the applied siresses. Since
the siresses that were applisd o the I-beams wers paralis! to ths flange surface, & crack would
tend to grow into the flange. At the weld t0s surfao> of the I-beams, thers were already
shmn@mhmmﬂnmm"mﬁn&mm.m These cracks follow
grain boundariss, and hence, st depth of approximately cne grein balow the surface of the I-
beam they tended to bscame paraliel to the stress axis. It was therefore tiw sive of the surface
graing whick apnemred to determine the sixe of the initisl defect of the I-beams which were
weldad with cover plates. This'initial defiect sine, 5, seemed to vary between 0.8 mm and 0.8
mm. For the purpose of integrating the Puris Law), and to keep the predictions generally
conservative, the initisi defact size for I-beams welded with cover plates was estimated to be 0.7
mm. The fsct that these shrinkage cracks did change direction at & depth of one grain is
indicated in Fig. 5.12 and Fig. 5.14.

Fig. 5.10 - Etched cross section of 2 weld with subsurface intergranuiar shrinkags
cracks and grain boundaries. (x 50)
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Pig. 5.12 - Fracture surface at the weld toe of an I-beam: with a square, snd welded
cover plate. (x 95)




Fig. 5.13 - Fracture surface at the weld toe of an I-beam with a diamond, end welded
cover plate. (x 50)

Fig, 5.14 gives an example where, on a few oceasions, the fatigue crack followed the shrinkags
cracktobeeomemughlypamlleltothaatmaxisforaihmdi:tanee. Hore, the fatigue crack
initiated from the shrinkage crack at the weld tos of a square end welded cover plaie. The
fatigue cvack followed the shrinkage crack and ‘caved in’ below the weld metal over a growth
increment of about 8.8 mm. This type of ‘caving in’ did not occur very often. When i did occur,
however, it was only a local accirrence over a small ares of the weld.

Some fracture surfaces showed cracks, which appeared to be shrinkage cracks, which were at
timee present at great depths, Fig. 5.15 shows such shrinkage cracks st a depth of about 2 mro,
When one glances at Fig. 5.11, the line A-A would approximately be tha path that a fatigue
crack would take. The welded I-beams contain a population of grain boundary cencks. If the
fatigue crack approaches such a crack that is moxe 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 lius parallel to the divection of the flange surface, the fatigue
erack will simply tend fo 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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_ sizod I.beam. Fig. ammmswmmm.mmnfmm occur in the 150
X IOImmandthoGSxﬂmMI-bm. miniﬁnl&ﬁctshmmmm 5.16 was

mmuradtabenbmn.am mm&mmmmhumwmmaﬂ ‘

the 150 x 101 mm Ibessms, An initisl dafect size of 0.6 mm was therefore used in the prediction
pmeedumﬁrtholﬁﬂxmlmlm mwmmmﬁem:ﬂml-bamhy
in the renge between 3.14 to0 0.2 mm. An nitia! defiect of 0.18 mm wes therefore “dmthe

) pmd:cﬁonm&uhh“:ﬂ?m!-—

&mMu&hmmﬁWWﬁﬂ&,&ahﬂﬁddmmbﬁmm
bomhallyuwidduﬂumdmli Thus, in the 100 x 76 ram I-bswms, the square end weld
mdmm&dmerﬂmm_,hﬁamm&dawmymmmd%mm
respoctively. The diamond end weld cover plats geomeiry had a crack width, 2¢, of

approximately 12 mm, The cover plate geomsiries with no end weld had a crack width, 2¢, of -

alout 7 mm. From this, one can determine the initisl aspect ratio of crack depth to crack width,
" ie 2¢/a, This initiel sspect ratio varied, whmmﬁdaﬁnz.thauhmemm, bstween 133
and 9. |

Fig, 8.14 - Fatigus fracture surface at the weld toe of an I-beam with a square end
welded cover plate. (x 12)




Fig.&lﬁ-i’aﬁgm&actmsur&mufml—boamwithaaqmen&weldedwm
plate. (x20)

Fig. 5.16 - ‘Typical initiation site of 2 150 x 101 mm sized I-beam with a square end
wolded cover plate. (x 30)
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Fig'.ﬁ.l'? - Typical initiation site of a 48 x 27 mm sized I-heam with asquareend
weldad cover plate. (x 240)

5.1.8. Mode of Fracture

The mode of fracture of the beams that were welded was signilicantly different to those that
were not welded. The beams that were not welded showed & transgrenular fracture mode. The
welded beams, however, showed thai both the fransgranular and the futergranular fracture
mode were at some stage the dominant mode of fracture. '

Tig. 5.18 shows the typice! fracture surface of an I-beam that was not welded. The crack
initiated at a small defact, close to the surface of the beam, snd then grew in a transgranular
mode, transverse to the direction of the applied stress. The arcows indicate the regions, where
the crack crossed grain boundaries. '
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Fig. 8.19 - Fracture surface ai the weld toe of an I-beam with a square, end welded
cover plate, shewing intergranular and a transgranular fracture modes. { x 39)
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The fracture surfaces of the welded beams show & different fracture mode to that of the plain
I-beams. As can be seen in Fig, 5.19 they contain both transgranular and interg: snular
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 ®” have, however, shown that for peak aged Al-Mg-5i
alloys, the degree of intergranular feilure increases with stress intensity range and decreases
as the volume fraction of dispersoids increases. It is thus important to viev ibe fracture
surfaces of the welded beams in this light.

Fig. 5.20 - Fine dimples found on an intergranulsr surfece of an I-beam welded with
‘a square cover plate. (x 23300)

Due to the stress concentration at the weld toe, the stress intensity range there ig up to 2.2
times higher than when there is no weld. Aa the crack grows below the weld toe, the erack tip
stress inténsity range decreases. This is due to thi fact that the effect of the reduction of stress
concentration with distance from the weld toe, far outweighs the effect of an increase in ¢rack
size. Thue, considering only argument given by Edwards and Markin®”, one would initially
expect an intergranular fracture mode to ocevr, followed later, when the crack is larger, by n
transgranilar fracture mode.
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Fig. 521 - The areas where fine dimples, characteristic of microvoid voalescence,
could be found, (x 17)

The I-beams were givén a TG temper during production. This involves solution treatment and
thex ageing to a peak hardness. The ageing process allows Mg Si 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 pasociated with welding,
This would introduce a higher volume fraction of MgBi dispersoids into the base metal
surrounding the weld. The amount of dispersoids that are added depends on the amount of heat
introdueced into the beam. It can thus be expected that the volume fraction of dispersolis is
highest below the weld and decreases with distance from the weld, until the dispersoid volume
fraction of the bare metal has been reached. On the basis of the Edwards and Martin argument,
{his could lead to reduced intergranular fracture in the weid xegion.

These two effects, i.e. stress intensity range and volume fraction of dispersoids, oppose 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 transgranular or intergranular fracturs will occur.
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Fig. 5.22 - Striations visible at a distance of 20 mm from the initiation site of an I-
beam welded with a square cover plate. ( x 6500}

Edwards and Martin® have shown that only a percentage of their various fracture surfaces was
intergranular. On coser examination by Edwards and Martin, the intergranular fracture
surfaces could be seen o be covered in fine dimpies. This indicated that microvoid coalescence
took place slong the grain boundary precipitate free zone. They suggested that grain
boundaries, orientated favourably ahead of a arack Hip, will fracture by microvoid coalescence
along the precipitate free zone. Grains, whose grain houndaries arve not favourahly crientated
to the srack, would fracture in a transgranular faghion, 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 I-beams. The arrows in Fig. 5.21 ghow the few intergranular
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 crack size increased, less and logs intergranular fracture wae observed, until the mode
of fracture was transgranular only. This iz a result of the effects of the reducing stress
concentration and residual stresses se the crack grows away from the weld toe aud the
loculisation 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 striations be found. Fig. 5.22 shows striations on the fracture
surface of 2 beam with a square cover plate.

Some I-beams were given a weld run, which was then ground fush with the fange surface.
Fetigue cracks in these I-beams initiated at the surface of the weld metal and grew in a
transgranuiar fashion into the parent plate. At no time did the erack 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.

Fig. 5.23a - Macro section of an Iheam with a ground weld run showing that the
fatigue crack grew through the weld. 'The sxrow indicates the position of the fatigue

fracture surface.

5.2. Fatigue Crack Growth Rate Data

The farigue crack growth rate tests were done guch 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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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 gurface.




The fatigue crack growth rate data, for the 6261-T8 aluminium alloy which was genarated st
stress ratios, R, of 0.1, 0., 0.5 and 0.7 are shown in Fig. 5.24, Fig. 5.28, Fig. 5.26 and Fig. 5.27
respectively. Patigue comsks in the specimens that were tested at B = 0.1 and R = 0.2 would on
occagion change their direction and/ or branch. Fatigua cracks in the specimens tested at stress
ratios of R = 0.5 and R = 0.7 behaved in a far more regular mannsr,
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Fig. 5.24 - Fahzuamckgmwﬂxraﬁam Fig. 5.35 - Fatigue crack growth rate
of aluminium 6261-T6 at R = 0.1, curve of aluminium 6261-T6 at R = 0.2.

According to Ewalds®, the threshold stress intensity range, AK,,, should decrease as the stress
ratio is increased. This is because the mmount of crack clogure is reduced as the stress ratio is
increased. Fig. 5.28 shows AK,, for the four stzess rativs, One can ses 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, Mhehanourmuh‘lheabmbutodtomatemmt;armthedata
or to problems sasociated with crack branching. f
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Load-offset displacement plots were i mghack&u&inmmmdmgto
all of the data points of the various curvee, except for the tosts run at constant K, From these
traces an attempt was made to find the stress intensity, K., at which the crack openad when
the load was increased from the minimum load.
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Fig. 5.28 - Fatigue crack growth rate curve Fig, 5.27 - Fatigue crack growth rate curve
of aluminium 6261-T6 at R = 0.5. of aluminium 626176 at R = 0.7.

Thevaalueswemtakentobeatthepoﬁnﬁofinﬂacﬁon. These points were, however, not
always very clear since some traces appsared to have more than one point of inflection. Thus
many of the K,, values were found by txial and error, where different possibilities were
examined v see which guve the he-* fit, within the liksly range of K,, on the trace. It is
therefara not surprising that a large amount of scatter was found within the results.
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'Fig. 528 - Threshold stress intensity range, AKy, for various strees ratios, K.
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As was expected, crack closure was not found in specimen tested at R = 0.7. Fatigue crack
closure was found to take place in the tests done at R= 0.1, R= 02 and R= 05. Aplotof
K /K uax veri is AK is shown in Fig. 5.28, :
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Fig. 531 - Comparison of fatigue crack

Fig. 5.30 - Fatigue crack growth rate curve
growth rate curves of aluminium 6261-T6.

of aluminium 6261-T6 at X, = 30 MPavm.

It is apparent from Fig. 5.29 that for AX values in the range 8 - 13 MPavm the amount of eyuck
closure incresses with decreasing AK, in the tests performed at a stress ratio of 0.1, 0.2 and 0.5.
This increage in cloeure ¢can be attributed {o the increased plasticity induced closure, caused by
the load shedding routine®®™, This mechanisr seems to be obvious for the specimen tested at
R = 0.2. 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 inmegse. Once a load reduction
of 5% was ured, i.e for AK values less than ¢ MPavm, the closure loads were reduced. This
resulted “rom the reduction of the plasticity induced closure.
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Fig. 5.32 - A comparison of fatigue crack Fig, 5.3 - Fatigue erack growth rats data
growth rate surves of aluminium 6261-T6 for the HAZ region at a constant K, = 15
after factoring out the effect of crack closuxe, Mpavm,

As the stress ratio, R, is increased, the effect of closure in the fatigue cycle is supposed {o
decrease®®, This is because the load at which closure oceurs remsains more or less the same,
whaereas the minimum load is incremsed. Thus, the amount of closure that the specimen
experiences over the load rangs is reduced. This is more or less the case for the lower AK
values, i.¢. less than 8 MPavm, in Fig. 5.29, but the trends at %6 higher AK values are obscured
by plasticity induced rlosurs and acatter in the results.

I;‘atigue crack growth rate data was produced at & constast K, = 30 Mpavm and decreasing
AK in order o get a curve that was free from the effart of erack clogure and to compere it with
curves generated at high stress ratios, which should also be closure free. This curve is shown
in Fig. 5.30.
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Fig. 5.34 - Fatigue crack growth rate data Fig. 5.35 - A comparison of fatigue crack
for the weld metal at a constant K. = 20 growth rate curves for the parent plate
MPavm. HAZ and weld metal,

Fig. 5.31 shows a comparison of all of the fatigue crack growth curves already menlioned. It
is interesting to obsexve that the curves generated at R = 0.7 and K, = 30 MPavVm are almost
the same. This leads tc the conclusion that the fatigue crack growth curve at R = 0.7 is free
from the effect of cvack closure. One should also note the different slopes of the linear region
of all curves. The difference in slopes hetween the various curves can be atfributed to crack
closure becoming more important in the threshold regime, particulerly at the lower siress ratios.

Fig. 5.32 compares the effective stress intensity range, AK 4, of the fatigue crack growth rate

curves obtained at R = 0.1, R = 0.2 and B = 0.5 with the crack closure free curves cbtained at
R = 0.7 and at a constant K, of 30 MP¢v¥m (while AK was decreased), Data for the lower K
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valuesmmparemmblywell with the closure free curve, with the K = 30 MPavm ouve
appearmgtobethaupperhmttothegmwthrstadata.'ﬂmﬁu,howam,afmrmmtoi‘

scatter present in the data. "The curves at R = 0.1 and R = = 0.2 compare uﬁeaallywellmththe e

tireshold stress intensily range found in the K = 30 MPQ.'_ - 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 the threshold value, |
Only the plain i-beams, which were not welded, experienced tracking in the unwelded parent
plate. The rest of the I-beams failsd either in the heat sffected zone (HAZ) or the weld metal.
It was for this reason that fatigue growth rate curves had fo be produced for the HAZ and the
weld metal. Thease are shown in Fig. 5.33 and Fig. 5.34 respectively.

Sindf ‘the I-beams were tested at R of 0.1, an attempt was made to obtaiz a @y for the HAZ
region 2t R = 0.1. This however becaitie an imposeible task, sics the faﬂ. mck would

Lonmstenﬂybranchoﬁ‘ giving erroneous regulis. Onoethetesumcarnedoutatammtantl
K, of 15 MPavm with dacreasing AK, no fatigue crack branching oceurred. This curve will

“aluo correspond to a closure free crack growth. The presence of 2 weld introduces high tensile
residual stresses in the region of the weld toe. Since the fatigus eracks initiated at the weld toe,
the residual stresses would reduce crack closure in I-heam specimens during testing. The

crack growth rate curve using K_,. = 15 MPaVm is thus likely to represpat the fatigue

conditiona actually experienced in the I-beam specimens.

A comparison of the fatigue crack growth rate curves far the 6261 parent plate, the HAZ and
the w-.d metal are shown in Fig. 5.35. From this one can see that the slopes of the linear
regiur.s of the parent plate curve and HAZ curve are almost the same. The change in
microstructure dus to welding, did not therefrre seem to affect the fatigne crack growth rate too
much. The elope of the linear region of weld metal curve is slightly steeper than that of the
other curves. This may be dne to scatter or differences in material properties.
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5.3. S-N Data

I-beam Geometry Ao at 107 Mesan Linear
cye (MPa) | cyec (MPa) Regression Equation
Plain 20 | 80 In (N) = 36.40 - 4.613 In (A0)
Square end weld 95 34 | In(N)= 3188 - 4471 In (A0) I
Square no end weld 120 24 In OV - ;5.3? - 2.892 In (Ac) |
Diamond end weld 112 34 | 1In (0= 29.11- 8.672 In (40)
Diaroond no er. 1 weld 114 29 1n (N) = 27.49 - 3.373 In (Ac)
Rounded end weld 100 34 In () = 31,00 - £.222 1n (40)
Weld Run 142 70 In (N) = 43.84 - 6.520 In (A} |
All of 100 x 75 mm 110 30 | ln(N)=2853-36181n (A0) |
150 x 101 mm 66 25 In (N) = 31.74 - 4.821 In (Ac)
! 4sx27mm 79 - 32 | In Q0D =54.13- 5169 In (A%)

Table 5.1 - Fatigue strengths at 10® and 107 cycles and the mean linear regrassion equations
of all the various cover plate geometries.

Ail the S-N data for the various I-beamn geomestries are shown in Wig. 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 obiained using the {-distribution of the fatigue life data, were added to
the curves. These limits show that S-N data lies, with a certainty nf 80% or 95%, hetween the
limit linea. The mean linear regression equations for the various cover plate geometries are
given in Table 5.1.

-
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From Fig.'5.44 ona can see that the S-N curves have different slopes and that they intersect at
about 8 10° cycles. Dus to the difference in these slopes there are significant differsnces in
the fatigue data at high und low fatigue lives. Fatigue data at 10° and 107 cycles was compiled
in Table 5.1 in ordes to make comparisons between the different S-N curves. At 10° cycles the
differonce in the feiigne life stress rsnge for the different 10D x 75 mm I-bsam gecmetries
welded with covar plates was shout %6%. At 10" cycles the difference in fatigus life stressirange
e about 29%. These tiffarences are significant and thus wmrplatogecmatrylhouldbqtaksn _
into consideration when Mgmns ageinst fatigue.

Stress Ranga (MPal

|
3 tm—>t Pla1n Baam

- — BOY Confidence Limit
--------- 95% Confidence Limit

s R N N T AR R
10t 10% 18 107
Number of cycles

Fig. 5.38 - Fatigue life data for I-beams with square, end welded cover plates.
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Fig. 3.37 - Fatigus life data for I-beams with square cover plates which had no end

weld.
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Fig. 5.38 - Fatigue life data for I'beams welded with diamond shaped cover plates.
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Fig, 840 - Fatigus life data for I-beams with rounded cover plates.
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Fig. 542 - Fatigue life data for the 48 x 27 mm I-bsams with square end welded

cover plates,
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Fig. 543 - Fatigue life data for the 150 x 101 mm I-beams with square snd weided
cover plaies.
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Fig. 544 - A comparison of the fatigue lifs data for the 100 x 75 mm I-beams which
were welded with different cover plate geometries.
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Pig. 5.44 compaves ths futigue lives of the 100 x 75 mm I-beams with welded cover piates. It
seemg that the slopes of the 8-N curves are inversely proportional to the width of the inidation
sites. This seems to correlate with the work done by Fisher #t 87%and Yordi™, The square end
welded cover plate gecmnetry had the widest end weld of about 40 mm and thus the lesst slops.
The respective widths of the rounded and diamond sud welded grometries are about 20 mm and
12 mm. Fig. 5.45 shows differences in the S-N curves e the wold geametriss with and walds.

The width of the weld snds are approzimately the same for all the cover plate geometrics
without an snd weld. The diamond geocietry, howaver, initiated fistigue eracks at both of the
Jongituding] weld ends, whereas the square goometry initiated a fatigus crack at only one of the
longitudinal weld ends. The damond geometry therefore has a larger initistion area than that
of the aquare geometry aud hence the alope of its 8-N curve is less steep than that of zquare
geometry. It thevefore seams that the square no end weld geometry yiclds the best fatigue

Stress Range (MPa)

Rumbar of cuyclas

Pig. 548 - Compaﬂmof&hmhﬁm for the 100 x 75 mm [-beams with end
welded cover plates.
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strengths at low fatigue lives. Since the slopea of the 8-N curves of the specimens with wider
end welds are lower, their fatigue strength is higher at high fatigus lives. A comparison
between the fatigus life curves of the I-beam for the weld cover plate geomatries 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-bsams show lower fatigue
strengths than that for the 100 x 75 IFbeams. . The fatigue Lives of the three sires of I-bsams
with square end welded cover plates is shown in Fig. 547. A true comparison between the
different sizes of I-beams cannot really be made. This is because various paramaters which
affect the fatigue life of the I-beams, i.e. initial defect, streas concentration, residusl stresses and
the amount of erack growth required {o grow through the tension flange, changed sa the I-besm
size was changed. The weld profile was different for each sige of I-beam which in turn changed
the stress concentration. According to Fig. 3.6, the stress concentration effect of the 100 x 75
mm sized J-beam was the iowest of the three sizes of I-'berms, Thus one would expect these I-
beams to have the highest fatigue lives. The stress concentration effects of the 150 x 101 mmm
I-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 strees distribution which, ia
turn would affect {he 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 of the specimen, could have changed with
the change in I-beam eize. It is however interesting to note that the slopes of the 8-N curves
of the three different sires of I-beams are very similar.

5.4. Fatigue Life Prediction

Fatigue life predictions were performed for the plain 100 x 75 ram I-beam, the three different
sizes I-beams welded with cover plates and those given a weld run. The stress concantration
factor, M,, was obtained for every size of I-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 croes section corresponded to a sguare cover piats geometry was chosen. Wellling
inconsistencies meant that some of the I-beams that were tested had different weld shapes to
the one that was modelied. This would theoretically give them different fatigue lives since there
would be a difference in atress concentration, and the fatigue life data did ahow some scatter.
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m&&&%&u&m;m:m&mm Thus, it is sssumed that the
ﬁmmdmx-mmhwmmham,mémm.

Inpmdicﬁngﬂ-ﬁcm&ﬁrth.plﬁnIWxTEmmI-lgmthainiﬁal&Mmmﬁobe
0.1 mm (see section 5.1.2). No stress concontration effocts were inc*:ded sinoe these I-beams
had 1o cover plate welided ooto them. Prediction curves for various R ratios were produced 50
that the differences in fatigue life of the plate, taking account of crack closure and thus
alsomndualshmu,mldbcmpamd. ;‘hnm&ﬁmm,u:insthehnmmpmofthe
cmckmwehratommaf!tao.l,oﬁmdﬁ'l arp shown in Fig. 5.48. The prediction curve
of R= G.Rﬁhthnﬁﬁsmhﬁomwtbaghmlmmﬂl &nmtheplmnl-beam:wem
not welded, hardly smy residusl strwsies are expecied to bes present in these I-beams. Thus
some degres of crack closurs can be expectsd to ocour during fatigue testing. The prediction
curve of R = 0.1 is lower then that of the 8-N data . The prediction curve of R = 0.7 is much
lower than that of the fatigue dats of the plain I-beams. This is because this curve represents
crack closurs free crack growth, which is not expected to oceur in the plain I-beams. It seems
that the amount of crack closure that the plain I-beams experienced was similar to that of the

Stress Range (MPal

Number of cuycies

Fig. 548 - Prodiction trends for the plain 100 x 75 mm I-beams.
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Fig. 5.49 - Prediction trends for 100 x 758 mm J-beams which were given a weld run.

fatigue crack growth rate specimens tested at R « 0.2. When the fatigue crack growth rate tests
were performed, the fatigue crack took the forty of o through-thickness crack. The fatigue
cracks of the plain I-beama were semi-elliptical. It is thus likely the amount of crack closure
in the pisin I-beams which were tested at R = 0.1, was lower 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
I-beams. The difference in the prediction curves could, however, alss he attributed to scatter
in the experimentally determined fatigue crack growth rate curves.

For the 100 x 75 mm I-bezums which were welded with cover plates, the parent plste
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 &
cover plate, a weld bead was run across the width of {ac tension flange, This bead was
subsequently ground flush with the flange surface to remove any stress conrentrations. With
the presence of high tensile residual streases, little or no crack closure was expected to occur
during fatigue crack growth in the I-beams. The fatigue crack growth rate curves for the HAZ
and the weld mets], which were produced by keeping K, constant, ave essentially closure-free
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and were used in the prediction procedure. Theinitial defact in this case »vas 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 8-N turve for the weld run, although the prediciions appear to fit the data at lives of around
10° cycles. Bince the fatigue cracks initiated in the weld metal snd there was a paren* plate /
weld metal interface with an unknown extent «f residunl stresses, there is n~ clarity as to which
fetigue crack growth rate curve would be most appropriate for these I-beam specimens.

For the 100 x 78 mm I-beams welded with cove. © .w8, various prediction curves were used in
an endeavour to estimate the affacta of crack closurs and residual stresses on fatigue life, These
are ghown in Fig. 5.50. Thus parent plate fatigus life prediction curves for R = 0.1 and 0.2 and
the closure free curve of constant X, were produced. To investigate the effect of a changes
in fatigue sirength due to microstructure, a fatigye life prediction curve for the HAZ was also
produced,

The initial defect was chesen to be 0.7 mm which was close to the upper bound of observed
initial defect size, Thus one would anticipate the prediction curves to more or less on the lower
bound of the 8-N data. The weldad I-beams are expected to have high tensiic residual stresses
at the weld toe which would prevent ¢rack closure from occurring. Thus the prediction curves
of R = 0.1 and R = 0.2, which do include the effect of crack closure, would be expected to lie
above the S-I¥ data of the welded I-beams.

The prediction curves, which would represent the conditions under whick the welded I-beams
were fested, i.e. the curves of constant K, and of the HAZ, do fit the S-N data of the welded
Ibeams 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 the S-N
data better than that of the K_,, curve. ‘The HAZ prediction curve gives thus the best fit to the
S-N data. Fig. 551 shows S-N data with the HAZ prediction curve.

Since the prediction curves of the 150 x 101 mwmn 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 I-
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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The 150 x 101 mm and the 48 x 27 mm I-beams were welded with cover plates. Thus the
prediction behavinur was very similar to that of the 100 x 78 mm I-besmns. The prediction
curves of the HAZ db not fit the S-N data ga well as for the case of the 100 x 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 fatigus Life data for the I-beams thet weare welded with cover plates and for the plain I-
beams was compared with the British Standards Institution Codes of Practice, CP118%° for
aluminium and BS5400 Pa: - 10° for Steel. These compearisons are shown in Fig. 5.54 to Fig.
5.57 respectively. |
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Fig. 8.54 - A comparison between fatigue life data for the 100 x 75 mm plain
I-beamp and CP 118 Class 1 design curve, '

106



Streszz Range (MPa)

Number of cycles

‘Fig. 5.58 - A comparison between fatigus life data for 100 x 75 mm I-beams welded
with cover plates, and CP118 Class b design curve.

It is cloar from Fig. 5.54 and Fig, 5.55, that the fatigue life dats for both the plain I-bsamns and
those with cover plates do uot correlate at all with CP118, Class 1 would represent the plain
extruded aluminium alloy I-beams and Class 5 would represent the aluminium alloy I-beams
welded with cover plates. The slopes of the CP118 design curves are considershly less thun the
respective fatigue life curves. This would mesn that the fatigue life of an I-beam could be
greatly increased, from say 10* to 10% by just reducing the applied stress by 20 MPa. This is
not the case for the I-beams that wers tested during this project. Thus it would appear that the
provisiozs of CP 118 for fatigue have to be ireated with circumspection.

The fatigue dosign curves of BS 5400 Part 10% for welded joints is based on the presencs of
initial defects, high tensile residual stresses and stress concenirations. Thus the fatigue
initiation stage of fatigue growth does not contribute towards tha fatigue lives of the members.
The fatigue design curvee are pressnted on # conservotive basis, i.e. the mesn minus two
standard deviaiions curves are used for design purposes.
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Maddox™ pointed out that the factors which affaci the lifs of welded sieel siructures, ie. an
initial defect, residusl stresses and a stress concentration, are alse present in alominium, Thus,
the ahudinium alloys should baheve in & similur fashion to thut of the steel alloys. Because BS
5400 Part 10 for welded joints is based on the presence of initial defacts, residua! stresses and

 gtress concontrations, the fatigue lifs of aluminium alloys should relate in sowe way to design

cux-ves of BS 5400 Part 10. If a relationship could be found hotwesn thé two types of metals,

thenthedﬂdgneodeh'md,i.e.ﬁsM‘Pnﬁlo,mbomodiﬁadhmitdnminimg]bn._

Maddor suggested that the fatigne strengihs of ths alloys carrelated on the basis of AK /E,
where E is Young's modulus. ‘This would simply mean that the fatigue strength of steel would
havatobodiﬂ&dbyahdnﬁmnimthaftﬁmsﬁm&h&ﬂumﬂfﬁm

Thefahmdmmfwthephnmdodl-bummmtﬂhanBS&OOPm
1099, W&M%Wcm&rwl-wm&dmmmrﬂawswtﬂlm
G in B8 5400 Part 10, mdemmxmmumﬁaﬂdCMG,mbyMaddoxfwthﬂ

alumzmumIﬂJnylmmpamdtnm 5.56 snd Fig. SETMththoﬂﬁthta.whwhm

obtained axperimentally. OnecmmthntthedmpmrmmehwmAmpwtto

_ thﬂmemmimwtwolmdarddsﬁatmhmnfthes-ﬂdataﬁ&mdenmemmdiuded

by 3. "‘X
'\%':

When the deaign curves of Class B and Clase G are divided by 2, uuﬂhownmﬁg 556,they

"-aeemtoﬁtthameanmmustmlfandmddaﬁahmacmoftheﬁ-ﬁdahbetm At low

ftigue lives for the I-boaras with cover plates, thiy limit becomes leas tivs. However,
ammmnd&ewmmm&ﬁamBandClauGhyawuldheau.ﬁﬁc}kpttodembethe
fahmehmoftheplmlbaamsmdthowwﬂdedmthwplatu For Cleas G, thie curve
mnotraconmandedatlowfaﬁmhm,wﬁxlo‘cydu,mmofthas-Ndatafellbﬂow

this curve. Adimonbyﬂwouldmaknthedsnsncumﬁwnlnmmummmommtweand

add a factor ofnfety to them.
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|
6. Summary of Conclusions o

Thapﬁmmoﬁwﬁmd%pxﬁmmmhﬁhmm&ﬁﬁ'ﬁﬁmﬁcﬁmm
of aluminium 626176 I-basms welded with.cover {iates and to compare the S-N data of thess
I-beams with the fatigue design codes BS 5400 Part 107 and CP 118%,

Thmobjecﬁmmuhi.mw:

1- prudumn:ﬂ-Ncurmforthmﬁmd’nluminili-T&I-bumwa}Mmth
various cover piate geometries.

2- "prodwngfnﬁmcrackgwwthmtemmﬁrthaulmmum Bzﬁl-T‘Galloyétva;hous
utmnmﬁmandatmtantK_,.mthdmamngAK. Fahtuamkgrowthmte

CUrves Were almpro&uwdfnrthoﬁzﬂl-m HAZ condition and the aluminium 5358 weld

metal alloy.

3. dehminingthee&bctofstmswmgntmﬁmwithmpocttou&cksimwiththeaidof
finite element analysis. |

4- datammnzthnnmofthsmhdde&choftboi-bemwﬂdodmthcomplam

._‘ \

5- pMmﬁmmmmmmmWiWWMmmmer
plates.

8- comparing the S-N dats of the Irbeams with fatigue design codes.
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methsmkp&hmdhtﬂ:mmhwmm@bom:

1-

In all the T-beems welded with cover plates the fatigus crack initiated at the weld tos
of the end weld of the cover plates and penetrated the m,m:tphtﬂﬁfth&l—bumm
There were significant difforences between the alopes .s}__,&ii intigue curves of the
various cover plate geometries. The slops of the 8-N cur~3 of the different cover plate
geometries seemed to be inversely proportional to the width of the end weld.

The initial defects were atiributed to the presence of shrinkage crack in the parent
plate at the weld tot. 'The initial defect size in the 150 x 101 mm I-beams was -
estimated to be sbout 0.6 mm, that in the 100 x 75 mm I-beams, 0.7 mm and that in
the 48x 27 mi, - pims, 0.18 mm.

The fracture surfaces of the waldud T-beams was partially intergranular and partially
tranaa‘mularmrthamgmnfthafaugueauk. As the crack grew ths fracturs mode
became more and more transgranular, This wes partly attributsd to the presence of
the shrinkage cracks and partly to the fact that the degree of intergranular failure
increases with gt . .tensity factor range.

Fatigue life prodiction curves for I-beams welded with cover plates fitted the S-N data
the best when the growth rate data for HAZ was used. From this it was concluded that
the residusl stresses at the weld toes are high encugh to prevent crack closure from
occurring, The life predictions of the HAZ material related fairly well ts the different
gizes of I-beams, even though the effects of size on residual stressce were unknown.

The fatigue life data of the I-beams welded with cover plates did not compare well the
design curve for of CP 118 for that pasticular geometry. The fatigue design curves of
BS 5400 Part 10 compare better with the mean minus 2 standard deviations curv of
the S-N data, which was obtained experimentaily, if the stresses of the BS 5400 Part
10 curves are divided by 2. At low fatigue lives, i.e. at 5 x 10* cycles, the BS 5400 Part
'{Bcurva.wh:chudludedbytwomnotrommmendedfordulznm,mwme
of the fatigue data foli below this line.
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oo

Recommendations for Futnra Work

Onanm&nmmmmwmwmmmmm
mm&mmmmmm

1‘

In orvar to detecimine whether the prediction procedwre smaplayed in this Feeject i
geverall; faanibls, the project could be extsnded fo different geometries and different
matarials.

A thon dimensioual finite elsmant modsl of the weld 10 region could be produosd, in
Mmmm&nmmmwn:hshmmm

Teonts could be parformed on I-beams with WWMMMMW
to & T8 tenper after welding, i cxder to exeluds the effacts of residual strosses and the
HAZ material on the fatigue life.

Patigue erack growth rate equations, other than the Paris Law, o.g. the Faman™
squation or the Hartman™ equation could be used in the mathematicsl prediction
procadure, to deiermine how well these prediction procedures compars to that of the
Paris Law. '

i
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3

-~
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Appendix A

Welding Parameters

Welder: G.Nell

Welding Process: GTAW Manuel
Joint Dezign: Fillst

Base Metal: Alumininm 6261-T6 i
Filler Metal: Aluminium §356

Prehesi: 40C

GAS: _ 99.95% pure Argon

Current: AC

Polarity: Straight

Amps: 106-120

Volts: 12-14

Tungesfen Tip

Size: 3.2 mm
Number of

Passes: One

Trav 1 Speed: §0-100 mm / min
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Appendix B

Program Integrate_crack growib_equation (INPUT,OUTPUT);

{ This programms integetates the equation, da = C*dK”*m, defined in the “Equation ’
procedure through an iterative loop, cyc'e by cycle. This is repeated at various stress levels
in order to obtain a S-N cuive. The tata is then stored on disk }

{ - }

{ stress_range = siress range stress_change = the stross range which was varied due to the
crack penefrating the heam
a = instant erack length
ai = initial crack length
of = final crack length
N = number of cycles
da = change in crs-’ emgth
Mk = stress conven ation correction factor
Y = geomstry correction facior
di = stress intangity range
C = equation constant
m = equation constant
- filing = the variable used fo file the parameter onto disk
filename - ame of the file onto which dstn is saved onto disk
cvunt = counter varisble
i = counter variable
thicknees = thickness of flange
height, = height of I- beam
dopth = ratio of a / thickness }

{
VAR

Nt

siress _range, a, ai, af, N, Mk, ds, z, x, dK, C, m,

siress_change, height, thickness, depth : REAL;

count, i : INTEGER;

filing : TEXT;

filename : STRING;
CONST

pi = 8.141592654;

[ )
L) 3

{ This function generates the power function of % to the power of x }
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Function Power (z,x : REAL) :REAL; { 2 to the power of x }
BEGIN
power = exp (x * In(z));.
END;

{ This procedure obtains all the input required to run the programme }

Procadure Input (VAR filaname :STRING;
VAR sireas range. af ;: REAL );
BEGIN
Write (Enter the File Name onto which »ou want to Save your Data : );
ReadLa (filename);
Write (Enfer the value for "C" :'); {da=C*dK*m }

Readla (C);
Write ("Enter the value for "m" - °);
ReadLan (m};
Write (Enter the Initial Crack Sire : )
ReadLa: (ai); { if the final crack size is smaller than the initial crack size)
REPEAT { thea rapeat}
Write (Enter the Final Crack Size : ");
ReadlLa (af); y
UNTIL (af > ai);
Write ("Enter the height of the I-beam : ’);
ReadLn (height);

stress_range = 180;
Asgign (filing, filename); { opens the 'filename’ file }

Rewrite (filing); { resets the *filaname’ file )
WriteLn (filing, 1); { "1 for One Curve for ths
"PLOT" programame }
WriteLn {filing,8); (6 for six data points far"PLOT"
programme }
thickness = af;
Y
END;

i }
Ly 4

{ This procedurs generates the equation da = C * dK m }
Procedure Equation (VAR ds, dX, Mk : REAL);

BEGIN
depth := a Ahickness;

Y = 1.122 - (:231 * (depth) + 10.55 * power(depth,2)
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- 21.7 * power(depth,3) + 33.19 * power(depth,4);
Mk := 1,125 - 0.876 * ln(a) - 0,037 *In (2) * In {a);
{ equation obizined from finite element aralysis }
dK 1= Y * Mk * stress_range * SQRT(pi * a / 1000); { divids by 1000 to get MPaSQRT(m)

da = C * power(dK,m);
END:

H

i
LA

Sk

Procedure Iterate ( VAR N, a-REAL);

{ This procedure iterates the equation da = C * dKAm from the initial crack length to the
" final crack length, cyeie by cycls. It will  write out onto the screen the various parameters
after avery 100 cycles. }

BEGIN
N:=0;
A = ai; { start at initial crack length }
count = 0; Ve
- REPEAT
Equation {da, dK, Mk);
8 = a + da; { increase the crack length by da }
streas_change = stress_range * (1 - a/S0);
{ the stress range is decreased due io 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 ('dS = *stress_change:3:0,’ Mk =’ Mk:4:2);
Writeln ¢ dK =, dK:5:3, da =’,da:10,
' a=’ abd, N='N:80);
count = (;
END;
: IL (& >= af); { end at final crack lengih }
FAD; .

{ }

{ This procedure writes out the number of ¢cycles requires for the  crack to grow from the
initial erack length to the final crack  length at a certain stress range. It then sax & the
number of  cycles and siress range onto disk. } '
Proceduwe Ouiput (VAR stress_range N : REAL);

BEGIN
WriteLn;
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[

o . . . ECY .Iill I
WriteLin; e
WriteLa (1% took ’,N :8:0,” cycles to grow the crack from Al4:8, mm’);
WriteLn Cto ’,aft5:3, mm with a atress range of ’, ' i

strees_range:4:0,’ MPx ’); . ';,1
Writala; o b
WriteLn; ' ) i
" Write (filing, N:8:0); : : b
WriteLn (ﬁhn;.strm_nn‘m 40y < 5 15
END; Y i
£ } ﬂh y
{ Main Procrammn N
The main call the input procedure acd iterates the
da =

C *dk"maquaﬁmfwvmmmmm It than closes the file on disk }
BEGIN
- Inpu{filename, stmsa..mga aﬂ'
REVEAT
Tterate (N,a); :
Output (sivess. range, N); o
streas_range = gtress_range - 30; '
UNTIL: (siress_range < 30};
Closa (filing);
END. {end programme}

Nt
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