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NOMENCLATURE

Symbol Definition
a Half crack length for a central crack, constant
& Finalcrack length
& Initial crack length

Breadth width of plate

c A constant

C Materialdependent constant

Co Specificheat

da /dN Crackgrowth rate (cack length per cycle)
E Modulusof elasticity

f Loadvector, restraining force

hy Tangentmodulus

DXz Dynamically Stirred action zone.

HAZ Heataffected zone.

TMAZ Thermemechanical affected zone.

K Stress nt ensity f(@®Ftor ( MPaam)
Kc Fractureoughness

Kerit Critical stress intensity factor

K max Maximumstress intensity factor

Kmin Minimum stress intensity factor

Kopen Crackopening stress intensity factor
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Ks Springstiffness

Kitn Theoreticalstressconcentration factor
pK Rangeof stress intensity factor

p Kn Rangeof threshold stress intensity factor
L Length latent heat of fusion

m Materialdependent constant

m (X, a) Weightfunction

N Numberof cycles

n Shapeparameter

Ni Shapefunction

Np Fatiguecrack propagation life

r Distancefrom cracktip

Fol Overload radius

R Stress ratio

o Scaleparameter

M Plasticzone radius

S Nominalstress

Sys Yiedst ress JJ same as
t Thicknesof plate

PS Rangeof stress

Y Totalenergy

Vil

Co
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Cc

Weld toe angle

Crackopening displacement
Strain

LennardJones surface potential
Surfaceenergy per unit area
Natural(local) coordinate, efficiency of welding
A coefficient, constant
Sheamodulus
Poissonds ratio
Anglein radian

Density

Nominalstress (local)

Critical bonding strength

Yield stress (same assp
Crackopening stress

Natural(local) coordinate
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ABSTRACT

Friction-Stir-Welding (FSW) has been adopted as a major process for welding Aluminum
aerospace structures.-A195, whichis one of the nevgenerationAluminum alloysthat has
been used on the external tank of the new super lightweight external tank patees$iuttle.

The Lockheed Martin Space Systems (LMSS), Miah Operations in New Orleans is
continuously pursuing FrictieBtir-Welding technologies in its efforts to advance fabrication of
the external tanks of the space shuiflee future launch vehies which will have to be reusable
m, andates the structure to have good fatigue properties, which prompts an investigation into the
fatigue behavior of the frictiostir-welded aerospace structures. The butt jspgcimens of Al
2195 and Al2219are fatgue tested according tASTM-E647. The effects of: (i) tBess ratios

(i) Corrosion Preventive Compound (CR@nd (iii) Periodic Overloading on fatigue life are
investigated. Scanning electron microscopy (SEM) is used to examine the failure samthce,
examine the different modes of crack propagation i.e. tensile,, stretorittle modes. It is found
that fatigue life increases with increase in stress ;rttie fatigue life increases from -38%
with the use of CPC, the fatigue life increaseB2&imes with periodic overloading,andcrack
closure phenomenon predominates the fatigue facture.

Numerical Analysis in FEA has been used to model a fatigue life prediction scheme for
these structures, the interface element technique with critical bondiegtst criterion for
formation of new surface has been used to model crack propagation. The Linear Elastic Fracture
Mechanics (LEFM) stress intensityfactor is calculated using FEA, anihe fatigue life
predictions made using this method are withatepthle 10-20% of the experimental fatigue
life obtained. This method overcomes the limitation of the traditional node release sahdme,
closely matches the physics of crack propagation.
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1 INTRODUCTION

1.1 Introduction to Fatigue Crack Growth

Cracks compromisehe inegrity of engineering materiglandstructures. Under applied
stress, a crack exceeding a critical size will suddenly adyareaking the cracked member into
two or more pieces. This failure mode is called fracture. Evertsidal cracks may mpagate
to a critical size if crack growth occurs during cyclic (or fatigue) loading. Crack growth resulting
from cyclic loading is called fatigue crack growth (FCG). Because all engineering materials
contain microstructural defects that may produce fatiguacks, a damage tolerant design
philosophy was developed to prevent fatigue failure in crack sensitive structures. Damage
tolerant design acknowledges the presence of cracks in engineering madaedasused when
cracks are expected. Both sudderttinae,andfracture after FCG, must be considered as failure
modes. Because initial critical defects are rare in -dedigned engineering structures
[Dowling,1999] FCG is of primary concern here. The stress intensity factor, K, was initially
used to quantify craekp damage for fracture scenarios. Fracture was shown to occur when the
cracktip stress intensity factor reached a critical value, iKdependent of ack size or net
applied stresfrwin,1957]. Thisobservation led to the concept of crack similitude, cracks of
different length will fracture at the same.Kracture mechanics analysandcracksimilitudes
weremodified for fatigue acks by Pari$Paris,1963] Fatigue crack growth rates (increment of
crack growth per load cycle, da/dN) were related &K, t he cyectbbtessr ange
intensity, for constant amplitude loading. A schematic of typical constant amplitude load cycles
are shown irFigure 1.1 where the stress intensity factor, K, is plotted as a function of time. As

indicated by tb solid curve, the stress intensity factor oscillates betwaanmum and



maximum values, ki, andKmax respectively. Arrows indicate change in K with increasing time.

&K is shown schemat i cfiguteJaydis defined afkanax-rKinig Anbthes i d e o
useful parameter to describe constant amplitude loading is the load ratio, R, defined in the figure
(lower right corner) as the ratio ofplf, and Kmax (i.e., R =Kmin / Kmay. Paris implied that

similitude exists for fatigue cracks subjectttoh e s a me @a&K. I n ot her wor
di fferent | ength but subject to &dNeThesebomee a&K v
FCG data obtained from laboratory specimens (of convenient size) can be used to predict the

FCG response for anyack configuration.

stress intensity factor, K

time

Figure 1.1: Schematic of constant amplitude load cycles, where the cratip stress
intensity factor, K, is plotted against time

1.2 Fatigue Crack Growth Behavior of Engineering Metals

A schematic of typical (constant R) FCG behavior for engineering metals is shown in
Figure 1.2, where the logarithm of FCG rate, log (da/dN), is plottediag s t l og ( &K) .
behavior, indicated by the solid curve, is divided into thdisginct regions by vertical dotted
lines in the figure. At inter mmdd MPaent?foral ues
aluminum alloys at R = 0) the FCG curve isrig linear on loglog plots. This region, called the
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Paris regime, is labeled Figure 1.2 Taking advantage of this linear relation, Paris presented an
equation relating FCG r at e matefiadparaneetery (Candm)aeK u s i
as show in Equation 1.JASTM,1999] The slope of the FCG curve ihet Paris regime, m, is
shown on the figurandr anges from 2 to 4 for most enginee.
the Paris regime, unstable crack growth occurs. This region is shown to the right of the Paris
regime inFigure 1.2 Here, the FCG curve becomes steep (i.e. da/dN increases rapidly wit

i ncr easi pugappmBEches the fradfure toughness,df large scale yielding occurs.

da/ dN £ C( &K) (1.1)

As @&®K decreases into the threshold region
rapidly decreases with a&Kdr e®uc siyhbelancvihiend s u aedkb
no detectable FCG occurs. Threshold FCG is of practical interest for two reasons.

First, the concept of FCG threshold is useful from a desgmdgtoint. For applications
where initial cracks or defects are unavoidaBi€G (ultimately leading to failure) can be
avoi ded infSeaid, urderadfstant cyclic loads a (naturally forming) fatigue crack
grows faster as crack length increases, so the majority of fatigue life is spent propagating a small
crack under thrémld conditions.Parisand unstable FCG behavior are typically limited to a

small portion of the total fatigue life.

1.3 Damage Tolerant Design

Damage tolerant design was developed to prevent structural failure of components where
fatigue cracking is likely. &igue life is calculated using service conditions, known FCG
behavior,andcrack sizes found by careful inspection procedures. If no crack is found, the most

damaging flaw or crack that cannot be reliably detected is assumed to exist.



A

Threshold Paris
Fracture

(K > Ko)

—>

m

log (da/dN)

no Unstablé

FCG ,
! FCG

AKI. log (AK)
Figure 1.2: Schematic of typical FCG data. Plotted as log @dN)vs.| og ( &K), the F
behavior is divided into three regions (Threshold, Parisand Unstable FCG regions)

This conservative design philosophy Heeensuccessfully used when FC&hd fracture
limits the service life of a structure. Using damage tolerant analysis, failure gaevested by
two means:

1. Limiting service life to the cycles required for the longesick to propagate to

failure

2. Ensuringthat he most damaging (longest)mwcrack w

The latter option is most attractive when designing for long fatigue lmed,s the
subject of this di gandKsae used as désign paraneters fordeé@®k e s, e
fractur e, respectivel y. An npixid ghawn inRigerd1.3sValles mat i ¢
corr espo mandd.@re laleledsakthe figure. If }ax exceeds K fracture will occur as
indicated on the righ si de of Fi g uw €CGIwillDccur Aikely leiding tae K
fracture) as shown at the top of thgurel.3. A safe region peandks, &k s wher
< K., indicated by the shaded region at the bottorrigfire 1.3. Existing cracks are considered
benign if the crackip stress state lies within these safe bounds.

Damage tolerant design has been used to decrease structural weight (reducamgl cost

increasing performance) without sacrificing saffiyn e most common way to r
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aKw) In an engineering component is to decrease stress levels. Because stress reduction is
normally accomplished by increasing the load bearing area, increased weight results as an
undesirable byroduct.Weight inaeases are especially troublesome for airaafttspacecraft

applications where lightweight, durable structures are essential.
A

Brittle Fracture

FCG T

safe region

AK

AKy

-
>

Figurel3:Schemati c of aeKnaxpubed to tleendnstatghe philosdphy f
damage tolerant design

Optimal design (between weighnd fatigue criteria) of higkperformance lightweight
structures requires service loads to be just within safe limits. For fatigue loading, it is
advantageous forn &K @peomrwviacd 4 Snand dasign critegorn c e e d
requires an app#angargooa underaindang ai the variahles takKinfluence

threshold FCG. jAspytentabydangetouson of aK

1.4 Motivation and Objectives

Friction Sir Welding FSW) is the most popular method for joining aluminum alloys
because it can produce welds with less distortion, more reproducible properties than can be
obtained by fusion weldingand postwveld residual stresses are the minimuartensive reseah
has been accomplished on developing B®W process for the aluminum alloys used in

aerospace applications. However, the fatigue crack propagation behavior of the-dtiction
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welded At2195 alloy has not been reportexdensivelyin the open literatte. The future launch
vehicles will have to beeusable this mandategshe materiad to have good fatigue properties,
which prompts an investigation into the fatigue behavior of the fritiorwelded Al2195
alloy. The frictionstir-welded butt joints DAI-2195 alloy were subjected to fatigue loading
under ambientand humid environments. Variable amplitude loadings also studiedvith
overloads at periodic intervaligs effect on fatigue life is important since aerospace structures
are subjected to fiierent types of loading. The joints that are subjected to varying environmental
conditions also prompt a study into the effect of using a corrosion preventive compound on the
joints, andits effect on fatigue life. In addition to the analysis of the erpental data, it is also
imperative to study the effect of the microstrucfuredthe complex crack closure pi@menon
affecting fatigue life.

Numerical analysis involving a fatigue life prediction scheme using a FE model will be
useful to make better dgs decisions for damage tolerant design. Numerical analysis was based
on theLinear Elastic Fracture MechanickHFM) theory. Finite elemenanalysis,with the
model bemng subjecting to cyclic loadingnda nonlinear solution metho#vas usedo evaluate
the fracture mechanics parameters Bteess Intensity FactoS(F), thisis the basis on which
fatigue life prediction schembkasbeen modeled. Apart from the traditional method of crack
propagation irFinite Element Aalysis(FEA) involving a node relese scheme after every cycle
the new method of using ndimear interface elementsn a predefined crack pat better
simulate the physics afrack propagation phenomenon has been used to predict the fdague
of the welded butt joint, and this methodn be used to predict the fatigue life of FSW joints.

The versatility of FEA can be used to predict the fatigue life oédhfit kinds of joints in future.



2 LITERATURE REVIEW

2.1 Welding Al-Li Alloys

Aluminum alloyshavetraditionally beenused in aerospacructures. Aluminum alloys
are known for their lightveight, and toughness which makes them ideal for use in aerospace
structures. Aluminum lithium alloy A2195 is the new age material being usedthe
construction of the Spacghuttled s e X t e ramdaother &eeospéice applications for its
attractive combination of low density, high specific modulasid excellent faigue and
cryogenic properties.

Aluminum alloy structures used in aerospace applications are subjected to different kinds
of high stressoading during takeoffandng, supersonic speadaneuveringandextraordinarily
high gavitationalforces. Cyclicloadingandsudden overloads produce extremely high stresses
on the wing structure. Traditional methods of joining like riveting is besed because of the
difficulty faced while welding aluminum alloyd=SW which is a novel method of joining

difficult to weld aluminum alloys can be uk# build aircraft structures.

2.2 Problems with Welding Aluminum Alloys

Majority of aluminum alloys can beelded by conventional arc welding processes like
gas netal arc welding (GMAWor MIG), Tungsten Inert gas welding (TIG) as well as high
energy processes like ladegam,and electronbeam welding. Fusion welding aluminum alloys
poses certain difficultiesdzause of the presence of tenacious oxides, high thermal conductivity,
a high coefficient of thermal expansion, solidification shrinkage almost twice that of ferrous
alloys, relatively wide solidification temperature ranges, high solubility of hydrogem whe

aluminum is in the moltestate,andweld porosity. Proper plataurface,edge cleaning, the need

7



for special filler wires, and weld pool shielding w=d in an inert gas atmospherare usual
practices when fusion welding aluminum alloys. Gas porositgisnent to all alloys, but heat
treatable Adalloys such as th2xxx, 6xxx, and 7xxx series, are more crackensitive,and thus

more difficult to fusion weldCam,1999; Leinert T.J,200Hecause these cannot withsd the
contraction stresses generated when the weld seldifies, andcools Crackirg can occur in
aluminum alloys because of high stresses generated across the weld due to the high thermal
expansionandsubsequent contraction upon solidification.

The dgree of degradation of the heaffectedzone (HAZ) is also of prime concern in
arc welding of aluminum alloys. Conventional arc welding process (TIG, i@ GMAW)
usually involve the application of 1@ 10* W/cn?, arcintensityandat times must be used in
conjunction with very slow welding speeds (< 15 mm/s). This can lead to esed®sit input
into the weld. A comparison between the heat input producédl 8y andFSW can be found in

Figure2.1.

500 |~

& FSW )
=0 .\\'

100

easured weld heat input (Jimm)

i

200 400 &00 aod 10609

o

Traveal speed {nuEmdiming

Figure 2.1: Comparison of weld heat input withFSW, and M IG welding to give a full
penetration of welds for 4 mm thick plate of aluminumtmagnesium alloy[Bhat,2001]

The higher heat input of the conventional fusion weld results in a coarse fusion zone

microstructure charaetized by a large dendritimicrostructure,and a wide HAZ. The high
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thermal gradient from the weldtm the base metal in laser beamd electron beam welding
creates very limed metallurgical modificationsndas a result crack sensitivity is reduc@&tie
HAZ produced using these processes is also very narrow due to the low heat input into these
regions, and thus problems of graicoargnng is limited. However due to the very high
temperature experienced in the fusion zone the loss of some elemenk® likaporization of Mg
may occur. The loss of such strengthening elements potentially degrades the mechanical
properties of the weld by affeng the weld pool chemistrjeinert T.J,2002] Microstructural
changes taking place in the region of the weld, i.e. segregation of allejemgents,and
consequet formation of norstrengthening coarse particles in addition to the depletion of solid
solution strengthening elements in the matrix, or loss of strengthening precipitates (dissolution),
degrades the mechanical properties in the fusion zone. The lasy sfich elements potentially
degrades the mechanical properties of the weld bytafethe weld pool chemistriieinert
T.J,2002] It also leads to the fact that the strength of the fusion zone cannot be restored to that of
the base or parent material via the use of a-pe#d heat treatment, principaldue to the
depletion of these alloying elements. The coarsening of strengthening precipitate in the over aged
HAZ also reduces the strgth in the HAZ region, which iturn, cannot be rested by the use of
filler wire [Leinert T.J,2002]Figure2.2 is characteristic of a las&eam weld with very narrow
HAZ.

Microhardness profiles are generally an indication ofekient,and distribution of the
heat input into a weld. The higher the hardness yahe lower the heat inpufigure 2.3
highlights tha for all processes the lowest hardness value is typically seen to occur some
millimeters removed from the weld in the HAZ. In the case of the laser beam with smaller HAZ

can be attributed to the fact that there exists a tremendous temperature diffostntésdn the
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molten metal, andthe base metal immediately adjacent to the weld. Hexatingand cooling

rates are much higher than in arc or frictgim-welds meaning that the HAZ in ader beam

weld is much smaller.
Weld bead

as !
Heat affected zone Base mefa
Figure 2.2: Transverse section of 6054 laser bean welded, see the narrow HAZ
[Comet,2002]
140 ‘
Laxer
120
100
2 e
5 ESW{As Welded)
gl ¢ MIG
e TIG
20 |
. . . A ! H i 1
a 5 I R R T

Distance from weld center{mm}

Figure 2.3: Microhardness profiles as observed for 60564 alloy welded using different
processes. The lowest value of hardness can be seen to occur in the HAZ several millimeters
removed from the weld centre lingBhat,2001]
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2.3 Friction -Stir -Welding (FSW)

FSW is a thermanechanical solid state joining process i.e. no bulk melting of the base
metal occurs during welding. The process waselopedandthen patented by The Welding
Institute (TWI) of Cambridge in 1991. Mechanisms ledatingandforging are readily identified
in FSW.

The simplest mechanical arrangement involves two cylindrical bars held in axial
alignment. InFigure 2.4, one of the bars is rotated while the eatlis advanced. Under a pre
selected pressure the parts to be joined are then brought together. Unlike friction welding, there
is no substantial collar or material upset expelled from the immediate weld zone. Hence heat
input and heat lost during FSW mudte influenced through means of processing parameters,

tool, andclamping design to allow for or inhibit the transfer of heat throughout the-piede.

Figure 2.4: Rotary friction welding

Welding, whichis in solid states achieved by plastic flow of frictionally heated material.
The hot metal is constrained bHye colder surrounding material between the tool showddr
the backing plate forcing it to flow around the rotating probe forming a joirdtiémistir-welds
are produced by plunging ratating and non-consumable toplcomprising of ashoulderand a
pin into the join-line between the workieces. The tool with a profiled surface is plunged until a
portion of the tool shoulder comes in contadgth the top surface of the woikiece. The

penetration depth is determined by setting an axial force for fore controlled FSW machines or by
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estimating the plunge depth for position controlled FSW machines. The level of penetration is
dependent on the comgition of the alloy, materiathickness,and rigidity of the welding
machine. The heat produced by friction results in a reduction of flow stress of thepeoek
material in the immediate vicinity of the tool. The tool is then traversed along thégiween

the workpieces. Often the tool pin possesses a special profile, which when rotated enables
horizontal as well as vertical movement of the thermally softened material. The softened material
is then forced to flow by the forward motion of the toan the front to the back of the pin
where it coolsand consolidategZettler,2006] A schematic of the process of FSW is presented

in Figure2.5.

Sufficient download force
to maintainregistered contact

Join

Advancedside

Leading edge
of weld g

of the rotating
tool

Shoulder

Probe

Retreating side

Trailing edge
g of weld

of rotating tool

Figure 2.5: FSW depicting a plungedand rotating tool traversing the work piece
[Bhat,2001]

Shortly after theinvention, and subsequent patenting of FSky TWI [Thomas,1986]
the process was systematically examined for the welding of various aluminum alloys with
material thickness raging between 1.2nm and 10 mm. FSW tool development for aluminum
alloys up to 6mm thick proved so successful that the technology has been used on a number of
major industrial applicationsThese applications inalie the fabrication of the Spa&huttle

external fuel tank for NASA/Lockheed Martibelta rocket fuektanksand T45 undercarriage
12



doors for Boeing have also used this fabrication technigueher applications include heli

decks, bulkheads, the decks of ships in the bhifding, and maritime ndustries as well as

many applications in thaerospaceandto a lesser extent the automotive industry, particularly

where structural welds in high strengthrainum alloys are concerng¢Bhat,2001]

The process oFSW has demonstrated a number of advantages amrapeting,and

conventional arc fusion welding processes. This is because of the exceptioealigspthe hot

forged frictionstir-welded joint delivers. Some of the advantages are derived from théd&ct t

1.

FSW occurs with the work piece material in the jaone remaining in a solid state.
Hence there is no bulk melting, thereby eliminating the problems associated with hot
cracking or porosity development in the weld. Aluminum alloys have demonstated
tendency to hot crack when the severity of deformation is too great.

The process produces lower levels of distortion in the work pieces compared to fusion
welding as the material remains in a sditdteand temperature generated are thereby
very much rduced for FSW when compared to fusion welding.

No filler wire or shielding gas is required when F&Wminum,andits alloys.

No fume, nospatter,and no UV radiationare produced during FSW, therefore the
process can be considered environmentally friendly

FSW uses readily available machine tmahnologyandas such is easily automated thus
reducing the need for highly skilled operators.

FSW can be used in any orientation. Mierk piecematerial remains in a solid state
throughout the joining process.

No special edge or joint preparation is required. Several weld geometries are presented in
the Figure2.6.
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8. The FSW process produces a weld with exceptional mechanical properties, which for
aluminum alloys equal or exceed thoseani®d by competing joining processes.

9. FSW can be used to joidissimilar, and difficult to weld materials. Apart from
aluminum, industrial materials which have been shown capable of being fstiion

welded include zinc, lead, copper, magnesititanium, andsteel.

Figure 2.6: Joints processed with FSWTWI,2005]

Although the FSW process has many advantages it does have some disadvantages. One
of the disadvantages is that FSW uses a relatively slow weld travel speed in comparison to fusion
welding processes such as laser beam welding. This however cannot I $hidk welds.

Here frictionstir-welds can be produced in a single pass unlike fusion welds which require
multiple passes.

Rigid clamping of the work piece is seen as anotheit lifnthe process. Until now the
work piecehas always been fixed to a backing bar or anvil through mechaoicaéctionsand
clamping devices likescrews,and U-bolts etc. Difficulty in automating the clamping process
forces intervention of an externaperator duringnounting,anddismounting of the work piece.

A vacuum operated clamping system reduces the setup time considerably, but it does not solve
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the problem as an operator is still necessary to ensure correct fit up. Rigid clamping is required to
overcome high axial/forging forces. This means that relatively robust machines are required thus
limiting portability of the process. Another disadvantage of the FSW process is that a hole is left
by the pin at the end of each weld. This hole in most dasest desired because a void is left in
the region of the weld joint, which means that this section at the end of the work piece cannot be
used. Tools such as the retractable pin tool however have demonstrated a mgyhtmlolo
overcome this problerfBhat,2001] Extensive research has bessnducted indeveloping the
FSWoprocess for the aluminum alloys used in aerospace applications. However, the fatigue crack
propajation behavior of the frictiostir-welded Al2195alloy has not been reported in the open
literature. The future launch vehicles, which will have to be reusaldechte the material to
have good fatigue properties.

In welded joints cracks generally initiate due to fatignaling,andthe crack propagase
with periodic cyclic loading. Crack growth data of welded structures under fatigue load is
necessary for the application of fracture mechanics methods to evaluate the residual life of
welded structures. From the fatigue crack growth data it is possilbéde a decision whether a
crack needs to be repaired or the whole structure needs to be replaced. Therefore the motivation
of this work is toinvestigatefatigue crackgrowth behaviorfor FSW AF2195/2219joints both
experimentallyand numerically incorosive and noncorrosive environmentinderconstantand

variable amplitude conditions.

2.4 Microstructural Features
The solidstate nature of the FSW process, combined with its unysorbol, and

asymmetric nature, results in a highly characteristic miwogure. While some regions are
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common to all forms of weldinggome are unique to the technique. While the terminology is

varied the following is representative of the consensus.

Advancing side

Figure 2.7: Optical Image of FSW weldingOertelt,2001]

- - ————— —— - =

Stir Zone

. - o Nos mm
T'.k I-

Figure 2.8: Cross section view of he FSW regions in T+6Al-4V [John,2003]

The stirzone (also nugget, dynamically-ceystallized zone)n Figure2.8 is a region of
heavily deformed material that roughly corresponds to the location of the pin duringngveldi
The grains within the stizone are roughlgquiaxed,and often an order of magnitude smaller
than the grains in the parent mater/&lunique feature of the stzone is the common occurrence
of several concentric rings -rwihnigcbh shtarsu cbteuerne .r e
origin of these rings has not been firmly established, although variations in particle number
density,grainsize,andtexture have all beesuggested. Thow arm is on the upper surface of
the weld, and consists of material that is dragged by the shoulder from the retreating side of the
weld, around the rear of the toohnd deposited on the advancingdsi The Thermo
MechanicallyAffected-Zone (TMAZ) shown irFigure2.7 occurs on either side of the staone.

In this region thestrain and temperature ardower, and the effect of welding on the
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microstructure is correspondinglymaller. Unlike the stizone the microstructure is
recognizably that of the parent material, albeit significagéfformed,androtated. Although the

term TMAZ technically refers to the entire deformed region it is often used to describe any
region not akady covered by the terms stone, and flow-arm. The 'HeaRAffectedZone'
(HAZ) shown inFigure2.7 is common to all welding processes. As indicated by the name this
region is subjected to a thermal cycle but is not deformeidgiwelding. The temperatures are
lower than those in the TMAZ but may still have a significant effect ili@ostructureandis
thermally unstable. In fact, in agmrdened aluminum alloys this region commonly exhibits the

poorest mechanical propersi

2.5 Theory and Mechanisms of Fatigue Failure

Al-Li alloys exhibit an extremely prominent role of cragk shielding, which largely
accounts for their unique crack propagation behavior. The specimen orientation is seen to have a
strong effect on the fatigucrack growth behavior, with the lowest fatigue threshold obtained at
45’ degrees to the rolling direction. The observed variation is also attributed to the strong
crystallographic texture in the material that resulted in macroscopic defi&ction, ard
microscopic zigzag cracking along the slipabds {1 1 1} [Ritchie,2000]

The sensitivity of cracigrowth rates in ALi alloys, da/dN, to the applied stress intensity
factor, K, for example, is markedly higher than in most metals.nblien that crack growth is a
mutual competition between intrinsic microstructural damagehanismsand extrinsic crack
tip shielding mechanisms provides a useful framework to compare fatigue mechanikroslef
and brittle materials. Intrinsic mechams are defined as those which promote crack extension

via processes at or ahead of thacktip, while extrinsic mechanisms operate behinddizek
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tip, andtypically retard cracigrowth.

2.6 Intrinsic and Extrinsic Mechanisms

Resistance to crack extensiogmsults from a competition between two classes of
mechanisms (Figure 2.9). Cragkowth is promoted ahead of the crdgk by intrinsic
microstructural damage mechanisnasid impeded by extrinsic mechanisms acting primarily
behind the crackip, which sere to screen the cradip from the farend driving force. In
metals, intrinsic damage mechanisms under cyclic loading typically involiweting, and
resharpening of the crack. Extrinsic shielding mechanisms conversely, result from the creation of
inelastt zones surrounding the craskake or from physical contact between the crack surfaces
via wedging, bridging, slidg or combinations theregRao,1988] Intrinsic mechanisms are an
inherent property of the materiand thus are active, irrespective of crack size or geometry.
They control driving forces (or stress intensities) necessary taéndiacking.

Extrinsic mechanisms,oaverselyact in the crackvake, and are thus dependent on
cracksize and specimergeometry. Moreover, since extrinsic mechanisms have little effect on
crackinitiation the microstructural factors affecting cragiowth (when cracks are largand
possess a fully developed wake) may be quite different from those affecting citétiom
(when cracks are smadind possess no wake). Dominant toughening mechanismsidtiled
materials are intrinsic e.gnobile dislocationactivity and the associated cradlp plasticity
(although under cyclic loads extrinsic mechanisms play a critical role in the form of crack
closure). In contrast, brittle materials are invariably toughened extrinsidalya shortcrack
grows under constd loadthe cracktip stress intensity factor increasesich leadso a change

in crack propagation modét low stress intensities, fatigue cracks propagate along shnds
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emanating fromthecragki p. Thi s mode of c roaaodischgmacterizedh i s ¢
by rough and faceted crack surfacdfao,1988] Higher closure levels asciated with rough

crack paths have been suggested as theecallFCG thresholfElber,1970] As @K i ncr eé
the number of active slipplanes increase leading to smoother crack surfaces. This crack
propagation mode, characterized by relatively
l 1 6 crack growt h. Shiomde¢r dagsimggexekrgekesr aslulby eg

to Stage Il FCG when the cratik plastic zone becomes larger than a typical grain.

behund crack tip ahead of crack bip

Figure 2.9: Schematic illustration of mutual competition between itrinsic mechanisms of
damage/crackadvance,and extrinsic mechanisms of crackiip shielding involved in crack
growth [Ra0,1988]

During long crack threshold, this transition occurs in reverse (from Stage lige $tas
&K i s dec r-leandsSeagkell fatiue argckpaths are shown schematically kigure
2.10. A roughandfaceted Stage | crack is illustrated in pa}, (vhile a (relatively) smoottand
striated Stage Il crack iq\swn in part (b). Load ratio effects associated with microstructure are
not limited toRoughness Induced Crack ClosgRICC). For example, crackp damage during
fracture and FCG at elevated K.x occurs about microstructural features, epgrticlesand

dispersoids.
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(a) faceted crack surface

~ =

(b) striated crack surface
Figure 2.10: Comparison of (a) faceted Stagé and (b) striated Stagell crack paths

2.7 Environment and Corrosion Fatigue

Environment affects threshold FCG in several ways. The formaticen woluminous
oxide layer in the crack mouth (a product of environment) affects the closure behavior of fatigue
cracks. Environment also influences intrinsic (closuee) FCG threshold behavior. For
example, the most damaging component of laboratorig awater vaporAs suggested by Wei
[Wei,1981,1983,1984]oxidation of freshly formed crack surfaces in humid air produces free
atomic hydrogen that is drawn into the crdigkprocess zone.

Hydrogen is generatetty the reaction of environmental species such as gaseous
hydrogen, water vapor, seawatandso forth, with the newly cracked material at thiacktip.
This hydrogen is absorbed at the matatface andthen transported by diffusion into the highly
stressed region (plastic zone) at ttacktip; Hydrogen embrittlement weakens the material
ahead of the crack producing accelerated FCG.

Additionally, environment can affect the deformation characteristics at the-tipa@le.
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crack-tip slip behavior)[Kirby,1979; Suresh,198, and hydrogen embrittlement increases the

effective yield stresef the affected materigDavidson,1983]

Crack tip region

Transport process
Embrittlement

1.Gas phase transport 2. Physical adsorption reaction

3. Dissociative chemical adsorption

4. Hydrogen entry 5. Diffusion

Figure 2.11: Various sequentialprocessesnvolved in corrosion fatigue cradk growth in
alloys exposed to aggressive environmenid/ei,1989]

Several hydrogeassisted cracking mechanisms have been proposed to explain how
hydrogen enhances corrosion fatigue crack growth rates. Some of the principles are briefly
discussed below. These three principles are thiedalecohesion mechanism, surface adsorption
mechanismand hydrogen enhanced plasticity mechanism. These three are explained in detail
below:

1. The lattice decohesion mechanism postulates that the hydrogen as a solute decreases
the cohesive bonding forsebetween metal atoms. Crack growth occurs when the
local tensile stress in the cratik region exceeds the hydrogemakened inter
atomic cohesive strength. This mechanism is difficult to prove on the atomic scale.

2. The surface adsorption mechanism prasothat strongly adsorbed hydrogen at the
surface serves to lower the surface energy of the metal needed for crack extension. If
the classic theory of the Griffith criteria for crack propagation is adopted, it facilitates

crack extension,and increases the&rack growth rate. The end results of these two
21



mechanisms are the same in that the critical etipcldrive force required for
advancing the crack is reduced by the presence of hydr&yes.of the major
deficiencies in the surface adsorption mechanisroentered on the generally large
amount of plastic deformation energy that accompanies crack growth. The plastic
deformation energy is usually much larger than the relatively small surface energy
(about 1000 to 1). Thus, even a large reduction in sudaeegy due to hydrogen
adsorption should not markedly affect the fracture stress. Another discrepancy is that
other environmental species, sucloaggen,andnitrogen, are also strongly adsorbed

to the clean metasurfaces,and have the potential to redeicsurface energy to a
greater extent than hydrogen. Yet, neither oxygen nor nitrogen accelerates crack
growth rates like hydrogen does.

. Hydrogen enhanced plasticity mechanism: In contrast to previous hyedasgisted
cracking mechanisms that suggest loydre n i e mb rmaterial] aadstlius t h e
reduces that driving force required for crack extension, the hydrogen enhanced
plasticity mechanism proposes that hydrogen assists the process of plastic flow by
enhancing the dislocation mobility at the crdgk By recognizing that the three
major categories of fracture paths, namely mwo@ coalescence, cleavagand
inter-granular cracking, which are observed in benign environments are also produced
in environmentally assisted crackingis argued that hyagen in the lattice merely
assists these fracture processes.

. Anodic dissolution is commonly referred to as active path dissolution, slip
dissolution, strain/stress enhanced dissolutang surface film rupture dissolution.

Crack growth rates are enhandagdthese mechanisms along susceptible paths such
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as grain boundaries. In corrosion fatigue cracking, the anodic dissolution mechanism
depends on the rupture diet protective film at the cradip, and the subsequent
repassivation of the newly exposed fresietal surface. Corrosion fatigue crack
growth rates will be controlled by the bare surface anodic dissolution rate, the rate of
repassivation, the rate of oxide film rupture, mass transport rate of reactant to the
dissolving surface. For low load ratipR = (S, /S ) ~ 0.1 to 0.2], it has been
demonstrated that very long cyclic periods (lower frequency) produce much larger

environmental effect on fatigue crack groy¥an Der Sluys,1986]

2.8 Variables Affecting Corrosion Fatigue

In corrosion fatigue crack growth analysis, the mechanical driving force is normally
characterized in terms of the fracture mechanics parameters such as thgpaeks intensity
factor, K, or stress i nviroeamestal track groavit tates increasen g e
with increasing @K, the specific dependency vV

broadly characterized into the following variables:

2.8.1 Effect of Fatigue Frequency

Figure 2.1Zhows that the environmentifect is much more pronounced at lower cyclic
frequencies than that at higher frequencies. The fatigue crack growth rates at 0.1 Hz are higher
than those obtained at 4 Hz at a load ratio R = 0.1. The effect on growth rate per cycle of a given
hostile enironment is usually greater at slower frequencies, where the environment has more

time to act.

2.8.2 Effect of Environment

Crack growth is caused by hostile chemical environment. Hostile chemical environments
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often increase fatigue crack growths, with certaambinations ofmaterial, and environment.
The term corrosion fatigue is often used when the environment involved is a corrosive medium,

such as seawater. Even tlesesandmoisture in air can act as a hostile environment.

4*10

L AISI4340 Steel in 585 Pa (4.4 0.1 Hz
torr) water vapor / <
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Figure 2.12. Roomtemperature fatigue crack growth kinetics of AlSI 4340 steel in
dehumidified argon, and in water vapor (585 Pa) at R = 0.JPa0,1979]

As mentioned above, the embrittling substance appears to enhance the breaking of
chemical bonds in the highly stressed region ofdfaektip. Embrittlementand hence crack
growth can ocar even where the harmful substance is not present as an external environment.
For example, it is sometimes the case for hydrogen cracking of metals. Evenistereand
gases in air can cause environmental crack growth in some materials. The use of most
engineering materials relies on the presence of a kinetic surface barrier (passivity) to reduce the
oxidation rate to manageable proportions. When passivity is disturbed (e.g., by local strains in
the underlying material), the reaction (oxidation) ratéhefexposed metal is generally very high

as the protective film is reformed (as repassivation occurs). The maximum environmental
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contribution can be predicted by measuring the dissolution rate in a bare metal surface. Figure
2.13 shows that, compared tacuum, the crack propagation rate of hggrength steel is 4 times
higher in moist air, 100 times higher in sodium chloride solutaomd 1000 times higher in

gaseous hydrogen.

2.8.3 Effect of Waveform
While cyclic load waveform has little effect on the faBgerack growth rates in benign

environments, available data indicates that corrosion fatigue crack growth rates in aggressive
environments is highly dependent on the shape of the cyclic load waveform. For exaguyke,

2.14 shows that corrosion fatigue crack growth rates in a 3% sodium chloride solution under both
squareand negative sawiooth waveforms, which have very short rising load periods, are

identical,andare equal to the fatigue crack growth rates in ambient air.
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Figure 2.13: Roomtemperature corrosion fatigue crack growth rates (effect of
environment on fatigue crack propagation in 4130 steel with a yield strength of 1330 MPa.
Temp. 23°C,Freq. 0.1 Hz, lad ratio = 0.]]Gangloff,1984]
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Figure 2.14: Ettect of load ratio on the corrosion tatigue crack growth rates of MF80-
HSLA steel in 3.5% NacCl solution[Pao,1996]

2.8.4 Effect of Temperature
Temperature may influencéné environment/metal surface reactions. Temperature is

expected to affect corrosion fatigue crack growth rates. In general, corrosion fatigue crack
growth rates increase with increasing temperature. In this study, the effect of temperature on
fatigue craclgrowth isdisregardedandall tests are carried out at constant room temperature.
2.8.5 Metallurgical Variables

Microstructure,and alloy strength influence fatigue crack propagation in emobirittling
gasesandliquids. In general, brittle corrosion fatigue dkangy is accentuated by impurity (e.g.,

phosphorus or sulfur) segregation at grain boundaries

1. Planar deformation associated with ordering or peak aged coherent precipitates
2. Increased yield strength or hardness

3. Surface treatment.

The effects of alloy congsition, grain sizeand microstructure vary witfenvironment,

andbrittle cracking mechanism.
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2.9 Effect of Corrosion-PreventionrCompounds (CPC) on Fatigue Crack
Growth

Crack growth data generated under constant amplitude fatigue loading of certercgre
tension specimens at vawus stress ratios, frequenciemnd exposure levels are employed to
study the influence of CorrosidPreventionRCompounds (CPC: LRS Heavy duty, corrosion
inhibitor) on fatigue life under corrosive environments (watgoor). The poduct description of
LPS3 is mentioned in Chapter 3. It has generally been assumed that if a structure is fully
protected against corrosion it will maintain the same fatigue life as it would have if there were no
corrosive environment present. Specimegaated with CorrosicireventiorCompounds (CPC)
have been found to exhibit crack growttes,and fatigue lives in distilledwater, and acidic
environment similar to those of specimens tested ibi@mh air envionmenfBarsom J.M.,1971,;
Adams,1972]

The combined effect of treatment with CPC on the corrosion fatigue life would be a
compromise between the beneficial effect (exclusiomaikture,and prevention of oxidation at
the cracktip), and the detrimental effect of the reduced friction between fraying surfaces (due to
the lubricative effect of the corrosion prevention itself). To undadthis complex conflicting
phenomenon, the study of the effect of CPC on the crack growth behawenter precrack
friction-stir-welded aerospacealuminum alloys (21998 & 2219T8) specimens under
environmental conditions (wateapol), andthe influence of stredsvel, andstress ratios on this
effect is required. These studies about the synergistions otorrosion,andfatigue, however,
have producedliverseandwide range results. The reason is partly due to the large number of
variables involved with this type of material behavior. The exact degree to which corrosion

affects fatigue life degnds on factors that influence fatigue such as stress level, frequency, stress
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amplitude, stress ratipandstress history, as well as on corrosion parameters such as the type of
environments (vacuum, dry air, wateapor,andsaltvapor) andexposure the. But, in general

the exposure to corrosive environment either prior to fatigue or during the cyclic loading
significantly reduces the life of the component. The primary characteristics of corrosion fatigue
life are that the crack growth rates can bessafttially higher in the corrosive environment,

because it reduces the fatigue life of crack initiation or it increases the crack growth rate or both.

2.10Materials for AerospaceStructures
2.10.1 Aluminum Alloy 2219

Aluminum alloy 2219is a commercial wrought allogommonly used in the aerospace
industry. As tested, the material was rolled into a sheet with a final thicknésshnafandhad a
temper designation of T@olution heat treated at 540 cold worked and naturally agedjor
rolled sheetsandplates, thdongitudinal direction (L) corresponds to the rolling direction. The
shorttransverse (S) direction is normal to the surface of the sheet product (i.e. in the thickness
direction), while the long transverse (T) direction is normal to bojhdhd (S) directions. A
surface is described by the material direction normal (perpendicular) to that surface (e.g. L, T
and S indicate surfaces normal to tHengitudinal, longtransversg and shorttransverse
directions, respectively). Micrographs of the three nigterientations (for 219 aluminum) are
cropped,and arranged so that an observer appears to be looking at a cube of the material as
shown inFigure 2.15.Micrographs arranged in this way are called orthogonal metallurgical
cubes. The micrographs Bigure 2.15werepolishedandet c hed (exposed t o Kel
10 seconds) to highlight metallurgical features such as gmindariesandparticles. Due to the
rolling process, grains are elongated in the rolling directionghdifo a lesser exterih the long

transverse direction (T). The grains are very thin in the ghamsverse (S) direction, so grains in
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t his sheet all oy hakevwsédicatedfimptize iegepdndmaterial digegiiens S c
are shownoy arrows. When describing theientation of FCG specimens, two orientations are
used. The first orientation corresponds to the direction of applied loads, while the second
describes the direction of FCG. Aluminum allog1® FCG specimens were of the-TL
orientation, as indicated by tl&CG specimen schematic fiigure 2.15 For the orientation used

here, the longitudinal plane (L) is the plane of the fatigue crack surface (as presdfitpden

2.15 The nominal composition of 2218 6.3% Cu (by weight), 0.2% Mnand 0.026 Mg,

0.15% #, 0.1% Zn, 0.06% Ti, 92.57% Al, 0.2% Si, 0.3% Fe

2.10.2 Aluminum -Lithium Alloy ( Al-2195)
The 2195 aluminunrtithium alloy in the super lightweight external tank (SLWT) of the

space shuttle is only 5% lighter than the 2219 aluminum alloy used in the curreweigitit
external tank. But its 30% greater strength at cryogenic temperatures results in a significant
weight savings. Overall, the SLWTs are 7500 Ib lighter than the older external tanks. Very little
lithium is used in the 2195 aluminulithium alloy; Al Li alloy 2195 is a anddate material for
the nextgeneration of space shutflankenship Jr,1991; Slavik,1993]

Its high specific strengtland stiffness will improve lift efficiency, fuel economy
performanceandwould also increase payd capabilities of airmandspacecrafts. Al-2195 with
a chemical composition of (wt.%) 3.98 Cu, 0.96 Li, 0.36 Mg, 0.28 Ag, 0.1mAdbalance Al
was used in this work. the 2198 alloy consisted of pancalehaped grains (=10 um in
thickness, and~100um in diameter). shows the dependence of the yield streragttifracture

toughnes®f 2195T8 alloy on the specimen orientation.
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Figure 2.15: Orthogonal metallurgical cube for aluminum alloy 2219T8

In this Figure 2.16 the fracture toughness is represented pyaues, as the specimen
thickness does not meet the plastein Kc requirements, as specified in ASTEB99. Clearly,
both the yieldstrength,and fracture toughnesdepend on the specimen otiation, exhibiting
the highest value in the longitudinditection,andthe lowest value at X50 the rolling direction.
This is related to the presence of the bitgpse texture, and the rdevant cracking

characteristid€haturvedi,2004]
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Figure 2.16: Variation of yield strength, and fracture toughness with variation in
orientation in Al-2195 T8 base alloyChaturvedi,2004]
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Table 2.1: Tensile properties of the 2195I'8 base alloy, welded allojChaturvedi,2004]

Material Condition T8 Welde_d
M aterial

Yield Strength (MPa) 549 400

Ultimate Tensile Strength

(MPa) 585 440

PercentageElongation 12.8 22

2.11 Crack-Growth-Rates

Constantamplitude longcrack fatigue behavior is generally determined with fraeture
mechanics type geometries, ThelAlalloys can be seeto display consistently slower crack
velocities over the entire spectrum of growth rates, except perhaps ahmesdold levels
compared to AR124T351. Such behavior is attributed primarily to their higher cicokure
levels Figure 2.17) which, unlike traditional alloys, remain significant even at higher growth
rates; in AI2090T8E41, forinstance, KK, ratios remain over 0.5 for K levels as high a8 7

MPa &am.
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Figure 2.17: Crack closure levels for long cracks in commercial ALLi alloys when
compared to conventional high strength aluminum dbys at R = 0.1]Ritchie,2000]
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The high closure levels can be attributed primarily tonteencering, andtortuous nature

of cyclic crackpath morphologies in these allojitchie,2000] asillustrated inFigure 2.18.

Qualitatively, fracture surfaces when tested under constant amplitude conditions in
unduly rough, and covered with trangrandar shear facets, representative of highly deflected
crack paths. In addition to cratip shielding, the superior fatigtmack growth properties of
aluminumlithium alloys have been attributed to the 15% higher modulus (compared to
traditional Al alloys) which reduces the cradlp opening displacements per cyckndto an
increased reversibility of cradlp deformation due to the marked planarity of slip, which
reduces the degree of fatigue "damage" per cycle. Such processes undoubtedly act in concert
with the effect of crack path described above. Fatigue crack closure occurs when crack faces
prematurely contact during cyclic loading. This contact can occur during tensile loading (i.e. R >
0) , andhas been shown to produce a load ratio dependencZGriR&tchie,2000] It is widely

assumed that no cratip damage occurs when the crack faces are in contact.

2.12 Crack Closure Mechanisms

The concept of fatigue crack closure was a conceptual breakthrough for andegst
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load ratio effects orFCG [Elber,1970] Elber proposed that closure occurs because fatigue
cracks grow through the plastic strain field generated at the-tpafiklber,1971] Once in the
crack wake, plastic deformation partiallylsf the crack mouth causing premature contact, i.e.
crack closure.

Closure due to contact of rough crack surfacems first proposed by
AdamgAdams,1972] Purushothamaand Tien [Purushottaman,1975&nd Walker and Beevers
[Walker,1979] This closure mechanism, callddoughness Induced Crack ClosuiRIGC),
occurs when misaligned rough crack surfaces contact during umdodgiough fatigue cracks
have a mixednode cracKip stress state resulting in mode Il crack fakgplacementsand
asperity misalignment. The resutjircontact props the crack opand reduces the effective
crackt i p dr i vi pgg Although RIEC is @K necessarily restricted to threshold
conditions, it is most I|likely a significant
(Stage |) crackaths,andsmaller CTOD. Sliding mode crack closure (SMCC), also called crack
surface interferers; occurs when rough crack faces slide into each other during mode Il cyclic
loading.

Oxide induced crack closure (OICC) was first suggestedWalker and Beevers
[Walker,1979] Endo, et al[Endo,1981] andSuresh, et a[Suresh,1981]OICC promotes crack
face contact when a voluminouside layer forms on the crack surfaces, partially filling the
crack mouth.

Oxide forms in the crack mouth when freshly exposed surfaces in the crack wake react
with environmental agents. Because oxide layers are typically smallotamately 10 A for
aluminum [Hunter,1956), OICC is negligible where cradip opening displacements (CTOD)

are large, i.e. high Kx However, OICC becomes important at threshold as the oxide thickness
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increases relative to the CTOMasudevan,1982]Fretting contact of rough crack surfaces can
repeatedly remove portions dhe oxide film creating oxiel debris in the crack mouth
[Suresh,1981] Oxide debris due to fretting crack surfaces is much thicker than normally
expected, resulting in higher closure levels. Crack face contact is not limited to theigrack
region. A remee closure mechanism has been proposed such that crack face contact oécurs we
behind the crackip [McClung,2000; Newman Jr,20Q0Here, remote closure occurs wheR.K

is reduced during constant R, FCG threshold tests. The larger amounts of plasticity associated
with higher Knax during the early portion of the testagncontact even as the craig remains

open.

2.13 Plate-Orientation Effects

One consequence of lomgack fatigue properties being closely related to crack path
morphology is that fatiguerack growth rates in ALi alloys are strongly anisotropic; micro
structurally, this is primarily associated with deformation texture, shape of the graicture,

andthe nature of the graiboundary chemistry.

2.14Fatigue Crack Growth under Overload and Variable Amplitude
Conditions

The prominence of craetip shielding dumg fatiguecrack growth in AlLi also confers
superior resistance to tensdeminated variable amplitude loading. Although 50% overloads
(OLR = maximum amplitude of the overloath@aximumload of the normal cycle) have little
influence, the larger overloadresult in a characteristic brief, yet immediate, acceleration
followed by crack arrest or, in the present instance, a period of prolonged retardation before

growthratesreturn to their baseline valjiRao,1988]
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Recent mechanistic studies in these alloys have indicated that the delay is associated with
residual compressive stresses in the oaetlplasticzone,andthe consequent enhanced crack
closure in themmediate vicinity of the craelp as tke crack grows into the zorjRao,1988]

The superior properties of Ali, compared to traditional alloys, may also be associated with
extensive surface cratkanchinganddeflection at the overload.

These results are consistent with thpesior performance of ALi alloys, compared to
traditional alloys, under tensiesdtominated spectrum loading. Under compressiominated
spectra, however, they are less impressive. This has been attributed to the large contribution to
fatiguecrack growttresistance from the wedging of enlarged frackudace asperities.

The observation of cyclby-cycle crack extension has simulated various prediction
models on fatigue crack growth. It is a basic concept for models on crack growth under variable
amplitwde (VA) loading. Another important concept used in these models is crack closure.
Plasticityinduced crack clage was discovered by Elb@Elber,1970]it implies that fatigue
cracks can be fully or partly closed while the material is still under tension. It occurs as a
consequence of plastic deformation left in the wake of the crack along theflenalck The
plastic deformatiorremains from crackip plasticity of previous load cycles. As long as the
cracktip is still closed, there is no stresagilarity at the physical craip.

To quantify this crack closure, the crack opening stress leyedh®uld be introduced.
During cycling, the crack opening strdssel, S, can be betweenya , andSmax Thecracktip
is fully open if S > &, El ber defined ang=€g3.k-&Sg)tandgmilarly t r e s s

an effective value by:

AK, = AYAS,7a (2.1)

whereb i s t he ge o nertAccordigoorElbes:ct i on f ac
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AK (2.2)
—* ~U(R)
AK

whereU(R) is a function of the stress rafi®= (Smnin / Smay. Several U(R) relations have
beenproposed in the literatuf@®cClung,2000] They conclude empirical U(R) relatigreould
describe the effect of the-Rtio in crack growth under constant amplitude loading by using
o K. Plasticityinduced crack closure significantly contributed to oudamsaindng fatigue
crack growth under variable amplitude loading.

Table 2.2: Different types of variable amplitude tests

Type of test Main variables

Simple test: Single Overbad (OL)
Constant amplitude with overlog Repeated Overloads

2 blocks, HiLo , andLo-Hi sequence

Block tests Repeated blocks
Moderate complexity Sequence of amplitude
Program tests Size of period of blocks
Complex tests Irregularity loads

Randm load test
Service simulation test Variable of service load history

Micro-crack initiation is a surface phenomenon. So, the mucack initiation life
primarily depends on the surface conditions of the material. It thus can be sensitive if the surface
conditions do not represent a constsuntface quality. Generally, micrecracking depends on the
microstructure, crystallography, crystal lattice orientation (teXt@medthe grainsize,andso on.

As a result, crackucleation,and the micrecrack growth cannot be expected for different
mateials. But, the macrarack growth depends on the craplowth resistance of the material,
which then is considered to be a bulk property of the material. Continued crack growth occurs

away from the material surface; it does not depend on the materadegdality. Many loads in
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service have aandm character, although there are different typesanttrmness. In tests on
other types of structures, it is now recognized that a realistic simulation of the service load
sequence is essential to obtain a Emiatigue damage accumulation. Actually, there are many
inherent problems to simulate the real service load histowyelkknownandeasily recognized
problem of service simulation fatigue tests is that they must be completed in a limited time
period. As a consequence, the service simulation fatigue test is an accelerated fatigue test. Under
normal humidity, cyclic loads with frequencies of about HP, and lower give the same
maximum environmental contribution to fatigue crack growth. Flight simulaésts have been
carried out on 20243, and7075T6 sheet specimens with test frequencies of 10 Hz, ahiz,

0.1 Hz[Schijve,1972. The results have confirmed that the same crack growth rates are found for
the three frequencies. This limited experimental verification indicates thatlBpendent effects

may not be sigificant, because under both loand high-frequency load histogs, there is

sufficient time for the same environmental damage contribution to crack growth.

2.15Crack Growth Retardation Due to Overloads (OL)

Most structures likeairplanesand bridges experience some form of variable amplitude
loading. One high peak stresan also occur during variable amplitude loading. This stress is
called overloadwhich is higher than normal cyclic loadinghe residual stress induced by
overload has a beneficial effect on crack growth rate. Generally, residual stress can be produced
mechanically by shotpeening, hammepeening, or overloads.

Fatigue crack usually grows through the material in load cycle. Crack growth is the
geometrical consequence slharpeningand cracktip blunting. In theoretical calculation for

fatigue crack growth i t is assumed that crack grows (@a
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crack length increases at a constant rate. There are other parameters such as the corrosive
environments, frequency, metallurgical variables, loadimgditions,and so on. Howeverthis
growth rate per cyclic loading is generally a function of two parameters, stress raten@R
stress range (o0). Il n real structures, high
example, the wing of the airplane experiences the higk loaa due to a sudden gust or wind.
So, crack growth analysis for variable amplitude loading is not possible without an account of
retardation effects. The crack growth rate can be reduced after proper overloads. Theoretically, at
the cracktip, the elast stress would become very large due to the stress concentration factor.
However, in practice, large stresses do not occur because in a ductile material this region
becomes plastically deformed. This causes a plastic zone to occur neaadkép. After
unloading, the remainder of the material will be elastic. So, the bulk of material returns to zero
strain after unloading. But, the plastic zone cannot return to the original size. This plastic zone
will be squeezed back to its original size. This catisecompressive residual stress to occur at
the cracktip.

Thus, after high peak overload, at #racktip the larger plastic zone will be formed. A
more extensive residual stress will be present atrdnektip. During the subsequent cycling this
compessive residual stress will have to be added to the applied stress. The crack growth rate
response accounts for this compressive residual stress. The crack growth rate will be slower or
retarded during the following cyclic loading due to the compres@sa&lual stress along the
crack plane. Once the crack has grown through the overload plastic zone, the original crack
growth rate will be resumed. The size of plastic zone for plane $kiggse 2.19 can be found

by the bllowing equatior{lrwin,1960].
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The overload cycle starting with the minimum peé&klowed by the maximum peak
(17/+) OL cycle caused a very |l arge retardatio
load caused a large plastic zone atdtecktip, which left compressive residual stresses in this
zone.That will retard subsequemrrack growth when the crack grows through this zone. The
explanation can also be formulated in terms of the plasticity edlacack closure phenomenon
[Elber,1971] Due to the plastic deformation of the OL, more crack closure will occur after the
OL has been applied. The,3stresswhen crack opens) iscreasedand S = (Smax T Sop) IS

reduced.

2rp=7ri{§] : Irwin’s plastic zone radius (1960)

¥

K Theoretical stress(elastic) /\ cyclic loading
Atcyclic 5
loading /.Yielded
stress(elastic-plastic)
CI.'EEE—_;_—;: > X

Distance from crack tip

At cyclic
unloading

Elastic region (refurn to zero strain)

A

Cyclic loading plastic region
(permanently deformed)

Figure 2191 r wi n6és Pl astic Zone Model

The schematic test done by Jebi[Schijve,1976]is shown inFigure 2.20 Thedelay
caused by the OL can easily be observed from the crack growth curve. The crack closure

measurements carried out befdne application of the OL indicated,S- 62 MPa. Directly after
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the OL the & level was reduced to about 45 MPa. Because the OL opens the crack bcrack
plasticity, such a trend should be expected. Crack closure measurements made after the OL
applicaton indicated §, values above . of the nstant amplitudecycles. However, &
decreased later below,e At the moment thatss= Swin, the crack growth delay had finished.

Crack growth retardation after an OL is generally related to the size pfasigc zone,
because crac&losure results from the cratip plasticity induced by the OL. Unfortunately, the
size of the plastic zone is different for plasteain andfor plane stressonditions In a thin sheet
the state of stress at the crdgk is predominantly plane stress, whereas in a thick plate it is
predominantly plane strait then should be expected that the retardation effects are different
for fatigue cracks in thisheetsandthick plates.This is confirmed by the results dfills and
Hertzberg[Mills,1975]. Crack growth delay period can defined in a simple way. The delay
period is larger for thinner materials (larger plastic 2@melthe delay period increases at higher
stress intensities (also lager plastic zone). Both trends agree with the effect of the plastic zone

size on crack groth delay.
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Figure 2.20: Crack growth delay after an overload, and the influence on Qpin 2024T3
sheet[Schijve,1976]
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It has also been observed that more number of overload gjielesa larger delay for
carbon steelDahl,1979] The test results have shown that the delay period is larger for higher
overloads. However, it is noteworthy that higher numbers of OL cycles sedethe crack
growth delay period, this trend may be explained by considering that crack extension occurs
during the OL cycles. More OL cycles then will leave more plastic deformation in the wake of
the crack, behind theracktip [Elber,1970; Elbed971]

Mills andHertzbergMills,1975] investigatedite effect of two OL cycles in constamqK
tests, with periodic overload interval asvariable Figure 2.21 The second OL cycle can be
applied at the moment that the crack growth retardation of the first one is still effective. The
results indicate that ¢hdelay of second OL cycle is dependent on the interval between the two
overloads. According tdlills andHertzberg, the maximum interaction between the two single
overloads is obtained when the crack growth increment between the overloads is about 25% of
the plastic zoneof the first OL. Tur et a[Tur,1996] applied periodic overloads in constant
amplitude load tests, with the number of periodicity spacycles between the overloads as a
variable. Initially the retardation increased for increasing number of periodicity spacing cycles,
but for a larger number of spacing cycles it decreased again. Generally retardation increases as
periodicity is increasd until a peak is reached, followed by a decrease in retardation afterwards.

The fatigue lives for various overload#tios are studied by Newm@dewman Jr,1997]

The longest fatigue life occurred at overload ratio of 2. When the ovedtiadeached 3.75, the
specimen failed on the first application of overload. When overloads are applied periodically,
interaction between overloads beconmsssible,and retardation is enhanced. Certainly, too
closely spaced overloads lead to acceleratiimer than retardation; but there is a large range in
between where the best retardatimuld occur.
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In this study the effect of periodic overloads with an OL ratio 1.5 with varying intervals

between overloads (568000) is investigated in this study.

End of delay

1st OL 20 OL

201

Two OL-cycles
15
10+

sH

Na* 10°

6 Aa, mm

Figure 2.21: Crack growth delay after two overloads cycles as affected by the number of
cycles between the overloadMlills,1975]

I n fact, most studies use Amao as the meas
crack growth is compared withe plastic zone size at theacktip. The fA@ad bet ween
is normalized by plastic zone size of the overload (@)= 1 X (Bol/S)) X 2). The trend is
t he same whi c hoy)ifoscorstant logpd conrtrol Gest.2t(m2ans that theimam
retardation occurs at the safepa (21{op} = 0.2 independent of the overload ratio applied. So,
the overload induced plastic zone governs the retardation behavior. This maxiratoatien
occurring (averloagpmduced Planestrain gl zone sie) for 2024T3 is reported
[Tur,1996] De Koening etal. [De Koening,1981]have introduced the terms primary plastic
deformationandsecondary plastic deformation. Primary plastic deformation occurs atetie

tip if plastic deformation penetrates into elastic material that has not been plastically deformed
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by previous loaatycles. Secondary plastic deformation refers to ctgcglasticity that remains
inside a primary plastic zone. More recently, Deeling et al[De Koening,1981]have
proposed that crack extension during primary plastic deformation is much more effective than
during secondarplastic deformation. The first peak load caused a good deal of primary plastic
deformation. The second one gave a much smaller contribution of primary plastic deformation,
due to the primary plastic zone of the first high load. Similar confirmation Wwtsned by
considering striation spaces in fatigue tesis discussed in referen¢8chijve,1992] The
corresponding plastic zones for this case are schematicdibated inFigure2.22.

DahlandRoth[Dahl,1979]have raised the question whether crack growth delay after an
overload is due only to cracklosure, or whether there is also an effect of the residual
compressive stress in the plastic zone ofdtaektip. Interesting experiments werarcied out
in 1970 by BlazewicZElber,1971]which simply suggests that the crack growth retardation
should be explained by crack closure only. The efficiencgreéting a crack length increment
(pa) depends on t he -tp,Ina sentresidualtstyessesialgeadtof tleeterack h e
tip. The residual stress in tleeacktip plastic zone can have an indirect effect on the cyclic
plasticity at the crackip, but opening the craelip is the decisive mémanism to have crack
extension.

At the surface of a material theracktip is loaded under plargtress coditions,
depending on the material thickness, the state of stress -dhiockdess approached plastain
conditions. The plastic zone size under plane stress is significantly larger than under plane strain.
It thus should be expected that crack closure will be more significant near the material surface,
andwill occur to a lesser degree at nililcknes. The large crack growth retardations induced

by overload cycles are a prominent illustration of interaction effects.
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Figure 2.22: Plastic zones in crack growh test with overload cyclegSchijve,1992]

Interaction effects imply that fatigue damage accumulation in a certain load cycle is
affected by fatigue in the preceding load cycles of a different magnitude. In other words, a
fatigue cycle will affect damage accumulation in subsequent load cilwdtscanalso be

predicted by numerical analysis which described in the following section

2.16 Numerical Analysis

In recent years, with the development of powerful computing facilities, Finite Element
(FE) analysis methods have been applied to the simulation of wslidiehavior using
commercial FE software packages. However, for general usage, especralliyine structural
integrity assessments, the simplified stat¢he-art methods are much more popular than full
stepby-step dastid plastic analysis. WyWu,2002] measured the crack growth rate during
constant amplitude fatigue testing on-walded, aswvelded,and weld repaired specimens of
5083 H321 aluminum alloy. A D finite element analysis wasnducted to determine the stress
intensity factors for different lengths of cradkking into account the threémensional nature
of the weld profile. The effects of crackosure due to weld residual stresses were evaluated by
taking measurements did crackopeningdisplacement¢COD), and utilized to determine the

effective stress intensity factors for each condition. It was found that crack growth rates in
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welded plates are of the same order of magnitude as those of parent material when effective
stress intensity factors were applied. The weight function for edge cracks emanating from the
weld toe in a Toutt welded joint has beederived by using the Petroskchenback crack
opening displacement function. The weight function makes it possibleidy sfficiently the
effect of weld profile parameters, such as the weldadeis,andweld angle, on stress intensity
factors corresponding to different stress systems. It has been found from experience that most
common failures of engineering structuresch as welded components are associated with
fatigue crack growth caused by cyclic loading. Engineering analysis of fatigue crack growth is
frequently required for structural design, such asDamage Tolerance Design (DT2nd
residual life prediction Wen an unexpected fatigue crack is found in a component of engineering
structure. For analysis, the fatigue life of welded structures can be divided into two parts crack
initiation phase, and propagation phase. Fatigue crack propagation behavior is typical
described in terms of crack growth rate or crack length extension per cycle of loading (da/dN)
plotted against the stress intensity factor
maximum to the minimum load.

The central portion of the crack grdwturve is linear in the lefpg scale. Linear
Elastic Fracture Mechanics (LEFM) condition essentially deals with crack propagation in this
region, which is commonly described by the crack growth equation proposed byaRaris

ErdoganParis,1963] andpopularly known as the Paris law, as given below:

9 _ Ky 24
dN
whereC andm arematerial dependent constareed( eeK) i s (Sl dt shoudrbg eted f

that Paris law only represents the linear phase (region Il) of the crack growth curve. As the stress

intensity factor range increases approaching its critical value of framiugdness (K, the
45



fatigue cracks growth becomesistable andnuch faster than that pieted by Paris law.
Forman[Forman R.G.,1967proposed the following relationship for describing region &nd

Il together:

% - C(AK)m (2.5)
dN  (1- R)K, - AK

whereR is the stress ratio, equal tBnin / O

Note that the above relationship accounts for stress ratio, R effects, whilé Ravis
assumes that da/ dN depends only on @&K. Base
propagation life carbe predicted by integrating both sides of these functions if a suitable SIF
solution is obtained. Since weld geometry conditions may differ in various weld joints,
traditional empirical relatioss become invalid in some cas@sdnew models may have to be
created for local stresdistribution,andaccurate stress intensity factor calculation. In line with
the traditional da/dN testing approach, nearly all the present da/dN data for welded joints were
obtained by using bead removed specimens, for whichicdhdw/o-dimensional solutions for
stress intensity factors become applicable. Using da/dN data obtained from bead removed
specimens for fatigue design or fatigue life prediction ewelsled joints may lead to erroneous
conclusions. Therefore determinatiof accurate stress intensity factor solutions for the correct
weld geometry conditions is of practical significanice structural design, and fatigue life

evaluation of welded structures.

2.17 Finite Element Simulation of Fatigue Crack Growth
Many researcherdave in the past used numerical approaches for fatigue crack
propagation. In this regard, the works of Newnard Harry [Newman Jr,1975], Newman

[Newman Jr,1977] Chermahini et al.[Chermahini,1982] and McClung and Sehitoglu
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[McClung,1989]are noteworthyandpathbreaking A general trend of the numerical approach in

this field over the past 25 years can be infefreth those references. éracktip nodé release

scheme was first suggfed by NewmafNewman Jr,1977]in which a change ithe boundary
condition was characterized as crack growth. This was achieved by changing the stiffness of the
spring elements connected to boundary nodes o
investigators changed boundary conditions ofdfeektip node directly to obtain a free or fixed

node. When thecracktip is free, the crack advances by an element length. The approach
Newman used to change boundary conditions was to connect two springs to eacmnboadd
[Newman Jr,1977]To get a free node, the spring stiffness in terms of modulus of elasticity was
set equal to zeragnd for the fixed ones it was assigned extremely large value (about 108

GPa) which represents a rigid boundary conditiglcClung and Sehitglu [McClung,1989]

have also investigated fatigue crack closure by the finite element method. Their model for the
elastieplastic finite element simulation of fatigue crack growth used a crack closure concept.
They followed the node release scheme at the maridmad, and assumed that the crack
propagates one element length per cycle.aMdEllyin [Wu,1996]studied fatigue crack closure
usinganelastip|l astic finite el ement model . They f ol
release scheme. They used a truss elememanhsif a springelement,andreleased one node

after each cycle of fatigue load. Recent use of the cohesive element approach has been reported
in crack propagation simulations. Cohesive elements originate from the concept of cohesive
zone, firstly introdiced by DugdalgDugdale,1960] and Barrenblatt[Barrenblatt,1962] The
implementation of cohesive zone into numericadlgsis takes the form of cohesive elements,
which explicitly simulate crack process zone. The work of >amd Needleman

[Xu,1994,1995,1996demonstrated successful use of the cohesive element techniquP in 2
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caseslIn a cohesive element, the material separation process is described by the cohesive law,
which defines the relation between crack surtaaetion,andsurface opening displacement. Xu
and Needleman have used initialastic, and then exponentially decaygncohesive law (the
Smith-Ferrante law)Hidekazuet al. [Hidekazu,1999,2000; Masakazu,200@hd followed by

Alam and WahaljAlam,2005]use the concept of the interface elementthe strength analysis

of a joint between dissimilar materials. They also used it for the calculation of the strength of
peeling of a bonded elastitrip, andthe fracture strength of a centre d&@d plate under static
load. Hidekazuet al [Hidekazu,1999,2000; Masakazu,2000ither used it for simulation of

hot cracking, pusiout test of fibers in matrix, ductileearing,and dynamic crack propagation
under pulse load and prestress conditiorjHidekazu,1999]They have not applied repeated
cyclic load for fatigue crackropagation. Nguyen et gNguyen,2001]investigated the use of
cohesive theories of fracture, in conjunction with the explicit resolution of thetipeplastic

fields, and the enforcement of closure ascantact constraint, for the purpose of fatigue life
prediction. In their finite element model the crack advances by shifting thetipearesh
continuously. After every renesh the displacements, stresses, plasteformations,and
effective plastic stiias are transferred from the old to the new mesh.

This study is similar to cohesive model but in this nidde element bonding strength
andsurface energy are used to set the criterion of crack propagation. Further the technique used
in the finite elemenmodel is different from other models. It should be pointed out that the past
use of finite element analyses had certahobrtcomings,and recent versions have been
tremendousmprovementsand have removed many of these limitations. For example, to avoid
numerical instability, schemes such as releasingcthektip node at the bottom of a loading

cycle were adopted in certain studies, 8 andEllyin [Wu,1996] They have not considered
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element bondingstress,and surface energy, which are associated with crackiation, and
extension. They also did not consider the material properties change during cyclic loads. They
applied symmetric boundary conditions at the crplelne,andalso assumed that the crack can
propagate only in symmetric planes. In this studysaglccan propagate in boslymmetricand
antkrsymmetric planes about the applied loA&EFM principles can be used to evaluate the
fatigue crack growtlbehavior,andthus, to predict fatigue life of welded structures. In order to
appropriately assess fatig crack growth process in welded joints it is necessary to obtain
accurate results for stress intensity factor solutions in the crack propagation phase. Generally the
stress intensity factor for a crack in a welded joint depends on the global geomtbieyjaht
which include the weld profile, crack geometry, residual stoesglitions,and the type of
loading. Calculation of the stress intensity factor, even for simple types of weldments, requires
detailed analysis of the several geomegpacametersand loading systems. The two approaches
that have mostly been used till now for assessing stress intensity factors for crack in weldments
are weight functioimethod,andthe finite element method (FEM).

The numerical approach is based on basic weight fumtapplied for stress intensity

factor calculation:
K = [o(x)m(x,a)dx (2.6)
The stress distribution, G ( x) can be cal ct
have been derived by Bueckn@ueckner,1970] andNewmanandRaju[Newman Jr,1986{or
2-D , and3-D model edge crack and surface serrelliptical crack in finite thickness plate,
respectivel y. Based on NdugenaBduakab [guges,1998]e i g h't
created a semi elliptical crack model for #teess intensity factor calculation on butt weld joints

considering all weld geometry parameters. Using this madelParis law, fatigue life of butt
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weld structures can be estimated. As a numerical approach, weight function methods require
huge calculabns, which is timeconsuming, and inconvenient for practical engineering
applications.

The applications of the finite element methods to deterroraektip stress field has
developed rapidly in recent years. The method has great versatility: it etiadlasalysis of
complicated engineeringeometry,and threedimensional problems. It also permits the use of
elastieplastic elements to includgacktip plasticity. Basically, two different approaches can be
followed in employing finite element procedar® arrive at the required stress intensity factor.
One approach is the direct method in which K follows from the stress field or from the
displacement field arowuhthe tip of fatigue crackfAnderson,1995] The folowing Equation
(2.7) describes the calculation process for determining Mode | stress intensity factor solutions

usingcracktip stress field.

K, =lim«onr (2.7)

r-0

The stress intensity factor can be inferred by plotting the quantity in shreaanieets
against distance from tleeacktip, andextrapolating to r tends to 0. Alternatively, ¢an be

estimated from a similar extrapolation of crack opening displacement.
o 2 (2.8)
K, = —#Ilm{u —ﬂ}

The constank in Equation (2.8) is:
k = 3-43 (plane strain)
k= (3 3)/ (1+3) (plane stress)
Where [ is the crack opening displacement, m is the smeaulus,and 3 is the

Poissonds ratio. Equation (2. 8)thanequatisn (270 gi v e
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because nodal displacemeninche inferred with higher degree precision than stresses. The
second approach for K calculation comprises some indirect methods in which K is determined
via its relation with other quantities such as the danpe, the elastic enerd@linka,1979]or

the Jdintegral[Rice,1968]

2.18Weld Residual Stress (WRSand Its Effect on Fatigue Life

Weld residual stress (WRS) introduced e twelding process can come from the
expansion, and shrinkage of weldments during heatingand cooling, misalignment, and
microstructure variation in weldmentsand HeatAffectedZone (HAZ). Residual stresses in
weldments have two effects. Firstly, yheroduce distortion, andsecond, they can be the cause
of premature failure especially in fatigue fracture undewer external cyclic loads
[Weisman,1976] WRS in friction stir welded components have been studie®thyonet al
[Staron,2002pbn Al-2195specimens There are tensile longitudinal stresses in the region of the
weld. The presence of these stresses may have a negative effect tatighe, and crack
propagation properties in this region. The residual stressaaenp in normal direction appears
to be quite high for a sheet of this thickness. The reason is most #iketange in the unstrained
lattice spacing in the heated weld region due to a change in the Cu concentration in the matrix in
this heat treatable lAalloy.

Tensile residual stress can significantly decrease the fatigue properties on welded joints.
On the other hand compressive stresses on the surface of weldments introduced hygbdst
treatment can significantly improve the fatigue propertieswetded structws. Previous
investigationgNguyen,1995have indicated that WRS also has significant effects on the fatigue

crack initiationphaseandthe early stage of crack propagation.
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Linda [Linda,1990]investigated fatigue crack growth behavior in butt weld joinAl-
5456H116 aluminum alloyand ASTMA 710 steel. Crack closure levels were determined
graphically using the upper tangent poind non-subjectively by measuring thé®deviation
from the upper linear portion of@0D traces. The experimental results showed that the da/dN
curve, when using the effective stress intensity factor range, shifted to faster growth rates in
welded plates compared to the base plate. Crackreldsads of up to 80% of the maximum

load were measured in both Aluminuamdsteel welded specimens
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Figure 2.23: Weld residual stress plot in a Frictionstir welded Al-2195 specimen
[Staron,2002]

These closure levels were mainly created by the presence of weld residual sR&s (W
For stress relieved steel specimens, the fatigue growth rate shifted to rates equivalent to those of
the base plates. It was concluded in the paper that applying effective stress intensity factor,
taking into account of weld residual stress effe@sults in more accurate estimations of fatigue
life in weldedjoints. According to ElbefElber,1971] theinfluenceof residual stresg da/dN
could be evaluated using the concept of effective stress intensity factor, which assumes that
propagation occurs only when the crack is completely open. Healsd that the influence of

residual stress leads to erroneous interpretation of fatigue crack growth rate measurements made
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in accordance with ahdard ASTM E647.

2.19Weld Defectsand Weld Metallurgy

Weld defects are those imperfections or discontinuitieslyred in the weldments
because of the weld process, such as porosity, lack of penetration, slag inclusions, incomplete
fusion, misalignment, undercut, weld profile etc. These weld defects can significantly influence
local stress field in the vicinity of vids when the welded component is subjected to cyclic
fatigue load.

In most cases, weld defects lead to severe stoegntrationandthus accelerate fatigue
crack growth. 8ncers, andLawrence[Sanders,1974%tudied the effects of lack of penetration
(LOP) , andlack of fusion (LOF) on the fatigue behavior of-30830 doubleV groove butt
welds. They concluded that LOPfdets can seriously reduce the fatigue life of both types of
weld, thog with the reinforcement intgcandthose with the reinforcement removed. Less than
full length, inclined LOF defects were generally less serious than LOP defeci®rsSalso
reportal that the effects of internal discontinuities on fatigue performance of welds with
reinforcements are minimal. The effect of weld reinforcement is so marked that only critical
defects wald affect the fatigue behavioandthis is related to the loss ofass section area.

Porosity only becomes a factor when the reinforcement is removed.

2.20Conclusions from Literature Review

The critical literature review of the various issues with welding of aluminum alloys and
its effect on the mechanical and fatigue praipsrof these tpes of materials is understood. The
process of FSW is considered in detail and the different zones of welding are identified to

characterizehe microstructure of the weld material.
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The various factors affecting fatigue like corrosion, lngdand defectsire studied. The
factors affecting corrosion and its effect on fatigue life is also considered in great detail. The
effect of using corrosion preventive compound which is of interest to us in this work is

presented.

The different mechaniss affecting fatigue crack growth in aluminum alloys atsmbthe
crack closure effect whicdominates fatigue crack growth in aluminum alloys is understood.
The phenomenon of crack growth retardation due to periodic overloads is studied. The analysis
of the effect of overload on the plastic zone size and the interaction between the various plastic
zones, which produces residual compresstresses ahead of the crdigk is worth noting.

Peiriodic overloadingretards crack growth rate and improves fatigigeslignificantly.

A review of the different properties and microstructures of the materials in question i.e.
Al-2195 and Al2219 is presented. Numerical analysis using different formulations for fatigue
crack growth is presented, a chronology of the warisignificant works in this field and the
method of using interface elements along a predefined crack path to better mimic the physical
phenomenon of crack propagation is studied. The effect of weld residual stress on fatigue life

and the residual stregageasurements of FSW specimens of the materials studies is noted.
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3 EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental part of igiresearchconsisting of crack growth test under constant
amplitudeloading,andwith periodic overloads on middle centenackspecimeras described in
Section3.2, made of friction stir welded butt joints of aluminum alloys2495T8 and Al-
2219T3 are carried out. Specimens are subjected to different conditions of environment with
ambientair, and with humidity under ambient teperatures. In order to study the influence of
stress ratio under low cycle fatigyeandthe effect of varying environmental conditions on
fatigue life with or without the CPC (Corrosion Prevention Compounds), tests are performed at a
frequency of 2 Hz andtwo stress ratios of R = 0,2andR = 0.3. LPS 3 Heaviputy Inhibitor is
used in this study as a CPC. It is provided by LPS Laboratories, Atlanta Headquarters, lllinois
Tool Works Company. The test matrix is given belowable3.1.

Table 3.1: Test matrix for the effect of varying environments under constanamplitude,
and different stress ratios

FREQUENCY 2 Hz
TEST PROGRAM R=0.2 R=0.3

Al-2195 | Al-2219 | AI-2195 | Al-2219

Lab Air

With water vapor

With CPC+Labair

With CPC + Water Vapor

RSN
BRSNS
BRSNS
RSN EEN RN

3.2 Test Specimen

In-plane yielding must be limited to thr@acktip by guaranteeing that the net section
stress is below yield strength. Also, the maximumt@ane size, defined as ~ 0.2,/ 9l

2, is much less (e.g., 1® 50fold) than the urcracked ligament. Specimen thickness, as it
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influences the degree of plas@ain constraintand crack size, as it influences the chemical
driving force, may affect corrosion fatigue crack speeSigecimen thicknessand crack
geometry must be treated as variables. Specimen thickness may affect crack growth rate, because

transport of the environmental gases todtaektip may be the ratémiting factor.

LA
- — Y
/ T=95mm
76 mm :
/ PII* Thickness
) e =4 mm
Height §

=2h T=95mm
L
=457 min, k l’]

q Crack

Diameter =5mm  width =
1 mm
A 4 :

" re

Width
W =2b =49 mm Half crack (a) = 5 mm

Figure 3.1: Geometry and dimension of test specimefASTM E647 [ASTM,1999]

For generaburposes compact tension specimens are frequently used. Such specimens
minimize the applied load required to achieve a gimecktip stress intensity, thus permitting
the use of low load capacityand less expensivetest machines. However, due to the
unavailability for the compact tension specimen, centercpaek specimens are used as test
specimen. As a substantial part of the total fatigue life is attributed to the early state of fatigue
crack growth, the crackarter is made by saw cutting at the edge of the center hole. So, crack
will start easily at the edges of the hole. Then, the fatigue crack initiation life can be ignored
when the fatigue crack growth life is calculated. In corrosion fatigue, the elemtnasthy within
the crack is mass transport dependant can vary with crack depttand possibly also with
specimen geometryandwith accessibility of solution in the throughickness direction via the

crack sides. These factors can also influencekcgowth rates. So, in reports of test data,
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information regarding crack depth or thickness should be quoted. In addition, in applying load to
specimens in a corrosion chamber, chamber friction must not affect load in sealed systems. This
is generally not significant factor in mosests. Thegeometryanddimension of test specimen

are showrabove in Figure 3.1

3.3 Recommenckd Specimen Configuration & Size

In order for results to be valid according to this test method it is required that the
specimen be pomminantly elastic at all values of applied load. The minimwplame specimen
sizes to meet this requirement are based primarily on empmesalts,and are specific to
specimen configuration. For the center-prack specimen the following is required

1. W2a) Omd@Bap P
2.B O (W 8)
where (W2 a) = s p ecrackeddigaraent, W nWidth, B = specimen thickness.

For the center prerack specimen, the thicknessnd width is varied independently,
which are based on specimen buckliagd throughthickness crackurvature considerations.
ASTM E647[ASTM,1999 recommends that the upper limit on thickness in the centesrpok
specimens is W/8. The minimum thickness necgssaavoid excessive lateral 3deflections
or buckling in the center prerack specimens is sensitive to specimen gage length, grip
alignment,, andload ratio, R. The machined notch for the centergoaek specimen should be
made by electricadlischarge machining (EDM), milling, broaching or saw cutting. The
recommended width of prerack starter slot at the edge of hole is 0.2 mm0O@®.i@). To make
this percrack starter slot, EDM is recommended. Unfortunately, due to the limit of cost, saw

cutting is used. According to ASTM EG647, saw cutting is recommended only for
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aluminunalloys. So, in this research, the centerqack starters produced by narrow saw. But,
the width cannot be made with a width of 0.2 mm. If sating is used, the minimum width of
pre-crack starter slot is 1 mm. 9 mm Diameter 6 mm 23 ~ 28 enuelopes The suggested
design for center fatigue porackstarteris shown below irFigure 3.2. The crack starter must
lie within the envelope defined by the 30° included angles having their apexes at the ends of the

fatigue cracks. From the basic fracture mechanics, the overall requiremplatniestrain is

2
tta,ba), h Cy) 2.5 (K/@

Where, a = half crack length, b = half width, h = half height.
This requirement for plane strain is obviously nwt for this case. So, in this research,
the stateof specimen is between plasgessandplane strain. As the thickness increaseack
growth rate is calculated from crack length versus cycle number (da/dN) data. Crack growth rate

can be calculately the secanfandincremental methods, which are described in ASTBUE

Diameter 6 mm

Width of crack starter

............. 0.2 mm
30° e N { ...............

Envelope

23 ~28 mm |

Figure 3.2: Suggested degn for center pre crack starter[ASTM,1999]
3.4 Materials and Welding Procedure
Lockheed Martin Space Systersspplied aluminum Alloy AR219 and Al-2195 in
welded plates of 0.584 cm (0.23 in) with typical composition showralsle 3.2. Al-2195 was

used in 1998 in an effort to reduce the weight of the space shuttle replae2d ®lwhich was
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used since the inception of the space shuttle program. Friction stir welded butt joints of these
alloys were provided for our study.

Table 3.2: Percentagematerial compositions

Alloy Al Cu| Li Si Fe Mn Mg | Zn Ti Zr Ag

Al-2195 | 939 | 4 1 0.03| 005| 0.05| 04 | 0.01| 002 | 0.14 | 0.4
T8

Al-2219 | 92.57| 6.3 0.2 | 03 03 | 002 01 | 0.06 | 0.15
T8

Various types of joits are used in fabricating the external tank of the space shuttle. Because of
the unique nature of the joints different welding parameters are used. Butt joints welded with
seltreactingFSWtool was provided for oustudy;there is a lack ofesearchandundersandng

on self reacting weldssee Sectioi3.5 for more informationButt welding involves two work
pieces joined end to end. The Welding tool passes along the interface between the two work
pieces. This type of welding lends itself to a lack efigtration defect, which is often the source

of failures,andcorrosion. This occurs due to the pin tool not completely penetrating the work
piece. Situations where two surfaces need to be joined together end to eatdtfates for
conventional butt weling provided the materials are close to the same thickness. The need for a
backing plate as well as other issues make welding cylindrical shapes with this process difficult.
Limitations have caused this process to largely be replaced keaeting weld on the extamal

tank of the space shuttle.

3.5 SelfReactingFSW (SRFSW)
SelfReacting welds are similar to conventional butt welds since the pieckslay end
to end when they are welded. Unlike butt welds however the use of a backing anvil is not

necessy. Instead there is a shoulder on both sides of the wakesand the pin passes
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completely through the pieces between the shoulders as shoWigure 3.3. These two
shoulders provide a clamping force on the wpidces. The &y advantages of this process are
the ability to weld complexshapes,and the improved material flow created by the second

shoulder.

Rotation
st

Travel

Pinch Foree

Figure 3.3: Closeup of self reactingFSW tool [Ding,2007]

Recen studies at NASA had indicated that there is a reduction in the mechanical strength
of the welds using the seléacting pin tool for welding. This was due to the residual oxide
defect (ROD) creeping into the weld. This can be attributed to process permmsed for
welding like feed rate, tool rotationapeedandtool offset. The tool used for welding was the
left h, andright h andpin tool, which is roughly represented in tR&ure 3.4. Personnel at
Lockheed identified tltough a design of experiments approach that the tool offset was the most
important parameter which affects the ROD in the weld. Butt welds @186, andAl-2024
were welded with the welding parameters as follows: Tool clamping load ~3000 to 4000llb, Too
offset ~ 0.125 t60.125 in, Feed rate~14 in/mik0 in/min, andTool rotational speed as 180

160RPM for brittle, andductile samples respectively.

60



Figure 3.4: A representation d LH/RH self reactive pin tool

3.6 Experimental Setup

The MTS 810 universal testing machine is used to perform the required test. A PC is
coupledwith the MTS machine to provide constant amplitude loads with MTS Test Star Version
4.0E, and Function Generator Version 4.0E softwareeThumidair circulates the transparent
plastic corrosion chamber. The corrosive environment (ainjdis produced with Ultrasonic
Humidifier. The humidifier produces soothing cool mist into the corrosion chamber through
clean tube.

Surfaceanalysisand SEM micrograph are conducted on the specimens to uadeltste
mechanism by which CPC affect crack growtharshrd methods for conducting fatigue crack
growth tests have been developed, notably ASThh&ird E647. Crack growth tests are most
commonly condcted using zerto-tension loading, R = 0, or tensidortension loading with a
small R, such as R = 0.1. Variations of R in the range 1 to 0.1 have little effect on most materials.
Therefore, stress ratio RG=2,andR = 0.3 is selected.

Fourmillimeter thick friction-stir-welded AF2195T8 and At2219T8 are used in this
experiment. The tensile strength and yield are reported in literature as shown in the Table 2.1.
The specimen geometry is the center-gnack specimen, with 457 mm length, and 50 mm

width. All specimens were pracked. Load is applied perpendicular to the crack growth
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direction. MTS810 FlextesBT programmable servoydraulic testing machine is used to apply
loads. The test is programmed using the Multi Process testing softwarerswitbed by MTS.
Constant amplitude as well as periodic overloads are programmed, and loads are applied varying
the interval between overloads. Overload Ratio of 1.5 is used. The periodic spacing cycles
between overloads (Figure 2.2) are varied roughlyéen 1000, and 3000. For all tests with
overloading, the stress ratio is 0.3, and the frequency is 2 Hz except the periodic overloads. The
objective of overload analysis is to find out the optimum spacing cycles between overloads for
overload ratio of 1.®nder varying environmental conditions in order to get a maximum fatigue

life until failure. Then, the number of cycles for each test required to grow the crack from the

initial size to failure is recorded. Overall experimental facility is showfigare3.5.

Figure 3.5: Experimental setup MTS810 FlextestGT with corrosion chamber, and
ultrasonic humidifier

3.7 Effect of Periodic Overloads on Fatigue Life
The specific objective of this task is to study th#uence,and interactiors of periodic

overloads damage on fatigue life of FSW bjoints of AF2195T8, and Al-2219T3. The
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research focused on the fatiglie, and crack growth behavior of these aluminum alloys. By
varying the interval between the periodic overloads in lowecyatigue (LCF), the degree of
fatigue damage was changed. This study provides rel@dis,and an insight for fatigue life
predictions under various loading conditions as well as varying environmental conditions. This
will also give us recommendatiofsr service lifeextensionanddevelop improved fatigue life
assessment tools.

Table 3.3: Test matrix for overload analysis with an overload interval of 100Qcycles,and
under different environmental conditions

FREQUENCY 2 Hz With overload interval every
1000 cycles
TEST PROGRAM R=03
Al-2195 Al-2219
Lab Air 4 4
With water vapor 4 4
With CPC + Lakair 4 4
With CPC + Water Vapor 4 4

Table 3.4: Test matrix with increasing intervals between overloads under a stress ratio 0.3
and under ambient conditions

Interval between overloads with
OLR = 15 1000 1500 2000 3000
Al-2195T8 4 4 4 4
Al-2219T8 4 4 4 4

One major difficulty in fatiguenalysis,andlife assessment for metal is that the commonly used
linear cumulative damage law does not always apply for fatigue under varying loading
conditions. Since most metal structures are subjected to different loading conditions, the loading
history dependeare has a profound influence on fatigue life. Also, using SEM, damage could be

visualized in the material where the overload occurs. The intended work will include (1)
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simulationof overloading effects on fatigue crack growind(2) validation of overloadnodels
for fatigue life predictionThe test matrix for overload analysis is giabovein Table3.3, and

Table3.4.

3.8 Corrosion Fatigue Crack Growth Test Method

Laboratory fatigue test can be classifesicrack initiation or crack propagation. In crack
initiation testing, specimens are subjected to the number of stress cycles required for a fatigue
crack to initiate. This researdbcuses ortrack propagatiokesting;fracture mechanics methods
are usedto determine the crack growth rates of preexisting cracks under cyclic loading. In
general, fatigue life testing sitherst r ess contr ol | ed (-MNhetestr st r a
specimens are described primarily by the mode of loading, such aste&d, plane bending,
rotating beam, or alternating torsion. Testing machine is defined by several classifications: (a)
the controlled test parameter (load, deflection, strain, twist, torque, etc.); (b) the design
characteristics of the machine (diredtess, plane bending, rotating beam, etc.); or (c) the
operating characteristics of the machine (electromechanical,-sgdvaulic, electromagnetic,
etc.).

Corrosion fatigue tests follow from the ASTM E 60arshrd for fatigue testing in air.
The typicd cell for corrosion fatigue testing includes an environmental chamber of glass or
plastic that containthe mist(spray of humid airjnside it The specimen is gripped outside of
the testchamber The chamber is sealed to the specinaam solution is ciculated through the
environmental chamber (corrosion chamber). The fatigue crack growth test data are dependent
on the environments, test temperature, pressure of gas, waveform type, waveform freapency

stress ratio. Fatigue processes are historicabyved as cycledependent processesd this
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approach requires us to perform testing which requires the following recognitions:
1. It is important to achieve a steadtate crack growth rate at each test condition, which
requires achieving a steadtate stface condition.
2. Time dependency is very importaandtherefore the role of mean/maximuwstressand
frequency can be very large.
3. Unexpected increases in crack growth rate can occur at specific loading conditions (e.g.,

associated with achieving criticerack chemistry).

3.9 Fracture Mechanics Approach to Analyzing Fatigue Data

There is increasing emphasis on characterizing crack propagation using the fracture
mechanics approach. The ambiguities associated with defining or identifsing c k fAi ni t i a
are minimized with this approach because of increasingly successful efforts to predict crack
Ai ni t andghdrtamack behavior from a thorough undansing of crackpropagationthis
can be accounted for while analyzing crack propagation. The advasftélge approach is that
corrosion fatigue c¢crack growth (da/ dN ivs. PK
stress intensity solutions for practical prediction of component life.

The fracture mechanics approach isolates crack propagatiorirfridettion, andin terms
ofaprecisenear i p mechanical driving force, oK. Howe
corrosion fatigue can be compromised by various factors. In addition to the complications arising
from cracktip plasticity (which may atfct the assumption of linear, elastic conditions foaig
crack closure effects (ewibknowm), emaranmental efleatsccanu nt e d
complicate the requirement of similitude. Anothdisadvantage of the fracture mechanics

approachig hat it may not provide a meaningful des
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cases where cracks are observed to nteleaprocesses (e.g., pittiagdcorrosionor cracking)
that areunrelated to crack advance

Standard methods of fatigue cragkowth (as defined in ASTM E 647) are generally
applicable to corrosion fatigue crack growth tests. Some general aspects of corrosion fatigue
crack growth are described beloandadditionalbackground is provided in Proceedingslat.
Symp On PlanAging, andLife Prediction of Corrodible Structures, 1988h0ji,1995] First, the
environment must be contained about the cracked specimen tviffeating loading, crack
monitoring, or specimeenvironment composition. Secondly, leaontrol, and environment

composition must be stable throughout ldagm testing.

3.10Corrosion Chamber

Stainless steels or plastics are suitable materials for theoemantal tests chamber, with
copper used as the gasket material. The test chamber usually is equipped with a glass view that
enables the operator to visually monitor the progress of the experiment. A complete sealing
betweenspecimenand corrosion chambeis needed. High effective seals betwgsastic and
metal surfaces are made with silicon rubber caulking compounds or latex r8btoer,. normal
specimen movement or any sudden fracture event should be accommodated without catastrophic
consequences. Thaecision to circulate the environment depends on the application, and the
extent of any problems in controlling the environmental gases. The corrosion chamber and the

sample position are shoviaelowin Figure 3.6A] and [B].

3.11Corrosive Environment
To maintin an effective corrosive environment on the specimen without affecting

loading conditions the corrosion chamber is used, which is connected to a constant supply of
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cool mist from an ultrasonic humidifier, the mist is passed through a clean tube intorthgon
chamber. The prevailing water chemistry in the environment is an essential factor in any
simulation environment. Accelerated fatigue cracking can occur in a number of environments,
including seawater, salt water/salt spray. These must be repdsaclosgl as possible in the
laboratory Concentrations at the level of parts per million can have profound effects on
corrosion. Also, several variables must be measamaicontrolled when simulating a corrosive
environment; solution purity, compaoisin, temperature, pH, dissolved oxygen contamdthe

flow circulation rate of the solution.

Upper Jaw

Corrosion
Chamber

Lower Jaw

Figure 3.6 [A] Test setup with corrosion chamber.
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Loaded
Specimen

Figure 3.6. [B] Sample loaded on MTS810 servbydraulic Universal TestingMachine

3.12 Analysis of Fracture Surface

It is crucial to ensure accuracy of the crack monitoring technique, to ideraifgHhing,
out-of-plane crackingand to determine crack morphology. Accurate determination of crack
growth on a cycle or time basis is required. Rreetsurfaces of fatiguftactured test specimens
usually are examined by scanning electron microscopy (S&&gtermine the fracture patnd
the fracture mode of the test material in relation to its microstructure. Such information is
valuable in idenfying the fracture mechanism in certai@nvironment, and material
combinations,andis used to assess the severity of the deleteeowgonment,andto aid in
analyzing service failures. Fatigue in inert environments generally produces different fracture
modes or fracture paths than does fatigue in deleterious environments. Also, the SEM
micrograph is taken from the crack front initiation to the end of failure. Therefore, the variation
of crack surface is investigated in sequence from the crack initiatibve end of crack failure.

A characteristic observation on the growth of maoracks is the occurrence of striations
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on the fatigue fracture surface. The striations are supposed to be remainders gflastoro
deformations, but the mechanism neetlmthe same for all materials. Moreover, striations are
not observed in all materials. The visibility of striations also depends on the severity of the load
cycle. Furthermore, microscopic photography of a macaak has shown that the crack front is

not a simple straight linandthat thecracktip is not necessarily a very sharp crack. Theck

tip is rounded. Apparently, the geometry of the meamaxck level does not agree with the
classical concept of a crack on elementary fracture mechanics (perlat, straight, or
elliptical crack front). However, for these cracks, fracture mechanics applications have been

proven to be possible.

3.13Characteristics of LPS3 Heavy-Duty Inhibitor (CPC)
As stated above, LPS 3 Healbyty Inhibitor is used in this stly. It is provided from

LPS Laboratories, Atlanta Headquarters, lllinois Tool Works Company. There are many kinds of

™ ™ ™
CPC. For example, LR3TM , and3TM, BoeshieldT-9 , WD-40 , CRC 336 , Ardrox

™
3961 , andso on. But, for multyear protection,and waterdisplacing properties, LPS 3

HeavyDuty Inhibitor (LPS 3) is chosen as CPC. The properties are shown below.
1. Multi-year protection
2. Penetrating andwaterdisplacing properties
3. Stops rust andcorrosion
4. Provides nossling lubrication
5. Selfheaing, waxy film.
6. Provides antseize coating
The weld nugget region is sprayed with the CPC compound as shown bélmure.3.7
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Figure 3.7 Specimen sprayed with CPC
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4 EXPERIMENTAL RESULTSAND DISCUSSIONS

4.1 Fatigue Test Objectives
The aim of these experiments is to develop a further uradehsy of fatigue phenomena
of friction-stir-welded aerospace structures so that it aids the prediction of féfeyuendalso
to undersandthe effect of periodic overloads on fatigue liféhe effect of environments [ladir,
water vapor with or without Corr@n Prevention Compounds (CPCHnNd different stress
ratios under low cycle fatigue will give a valuable insight into the fatigue fracture phenomenon
of the FSW welded aerospacéogs ie. AF2195T8, andAl-2219T8. The fatigue test resulids
FSW butt joints A2195T8 alloy, which is used in the super light weight tank of the space
shuttle,were determined. This material deemed to be used on reusable spaE®afts thus
these reglts have important practical applications in determining the structuerity of these
butt joints,andalsoto make better design decisgriThe FSW butt joints of A2219T8 alloy
which is extensively used in aerospace structures also presentsstinterresultsin
undersandng the advantages of using the FSW protesseldthese alloysandways in which
it improves or decreases the structural integrity. CPC {BREfavy duty corrosion inhibitor)
was also usedn thesejoints to understndits effect on fatigue life under corrosive environment.
The treatmenbf these jointswith CPC has abeneficial effect (exclusion of moistyre
andprevention of oxidation at theracktip) on the fatigue lifeandon the other hand @lsohas
the detrimentaéffect of the reduced friction between fraying surfaces (due to lubrication effect
of the corrosion prevention itself), which decreases the RICC (Roughness induced crack
closure). These synergistic actions of the chemical action of corr@sioimechanichfatigue,
however, have producetiverseandwide range results in various studies. The reason can be

attributed to the large number of variables involved with this type of material behavior. The
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exact degree to which corrosion affects fatigue life dep@mdthe factors that influence fatigue
such as stress level, frequency, stress amplitude, stressaradistress history, as well as on
corrosion parameters such as the type of environments (vacuum, dry air, wateravdsaiff
vapor), andexposureitme. The mutual interactions of these phenomena fatigue life are studied
in this research. But, in general in low cycle fatigue the increased time of exposure of open crack
faces to corrosive environment during cyclic loading or even prior exposure wietiaé surface
to corrosive environments resulting pitting, and corrosion of the metal surface significantly
reduces the life of the component. Oxide debris or an oxide layer in the crack mouth can prop a
fatigue crack open (OICC). The following fact@® crucial in most investigans of corrosion
fatigue life:

1. Stress intensity amplitude ( pK)

2. Effect of fatigue frequency

3. Effect of stress ratio

4. Effect of environment.

4.2 Fatigue Life Resultsand Analysis

The frictionstir-welded At2195 specimens were tested according to ASH®A7 with
standard centrecrack M(T) specimen, with an initial saw cut crack at the waldgget region.
The specimens are tested at a frequency of,2akidat two stress ratios, R = 0ahd0.3 under
constant amplitude as well as variable amplitude loading conditions with periodic overloads. Th
specimens are subjected to humid as well as ambient conditions of environment wjtandPC
without CPC. The results of the tests for specimen with CPC generally show the beneficial effect

of CPC on fatigue life.
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with FSW butt joint of Al -2195T8

Table 4.1: Test results of constant amplitude tests with varying environmental conditions

Test Plan: Constant Amplitude Umax =100 MPa | Umax = 100 MPa
Frequency = 2Hz Umin = 30 MPa Umin = 20 MPa
Material: Al -2195T8 R=0.3 R=0.2
Test Condition Fatigue Life Fatigue Life
Labair 53379Cycles 47027 Cycles
Labair + CPC 73421 Cycles 64513Cycles
Water Vapor 52848 Cycles 46540Cycles
Water Vapor+ CPC 67188Cycles 62370Cycles
80000 1
70000 A
3 60000 -
Q
& 50000 -
S 40000 1
é 30000 A ® R=0.3
> 20000 - mR=0.2
10000 “
0 -

Lab Air
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Lab Air + Water Vapor Water Vapor

+CPC

Environment

Figure 4.1: Variation of fatigue life of Al-2195 bultt joints with different stress ratios under
different environmental conditions

Table 4.2: Test results of constant amplitude testwith varying environmental conditions
with FSW butt joint of Al -2219

Test Plan: Constant Amplitude Omax = 100 MPa | Umax = 100 MPa
Frequency = 2Hz Omin = 30 MPa | Umin = 20 MPa
Material: Al -2219T8 R=0..3 R=02
Test Condition Fatigue Life Fatigue Life
Labair 30047 Cycles 27510Cycles
Labair + CPC 41358 Cycles 37240Cycles
Water Vapor 27368 Cycles 24828 Cycles
Water Vapor+ CPC 34531 Cycles 31196Cycles
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Figure 4.2: Variation of fatigue life of Al-2219T8 butt joints with different stress ratios
under different environmental conditions

From the results given ifable 4.1 andTable 4.2 andFigure 4.1 andFigure 4.2 it can be
inferred that:

1. Al-2195T8 bhutt joints have bettemtigue properties than AR213T8 with fatigue life
more than double under the same test conditions.

2. Water vapor has a detrimental effect on fatigjte2= The water vapor tends txidize,
andcorrode thecrack faces during the fatigue cyclic loading. It is obedrthat the effect
of water vapor is not prominent during the crack initiation process. But, the water vapor
dramatically reduces the fatigue life during the crack propagation process, especially at
the instant of failure.

3. Fatigue lifeincreasesvith anincrease in stress ratio.

4. The result of the tests with Corrosion Prevention Compounds-8)R& water vapor
generally show the beneficial effect of LIBSn fatigue life under humid conditions. The
examination of the crack surfaces indicated that the-RR8mpound had effectively

permeated onto the crack surface reducing the detrimental effect of water vapor on the
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crack surface thus increasing fatigue life. The fatigue life of the specimen with CPC
under humidity was 25~28% greater than the specimenwtitbBC under humidity.

There might be some small errors due to the small difference of the initial crack length, the
surface finish or the misalignment when the specimen is fabricated or gripped in the testing
machine. Generally, the tests with CPC (LP&3yater vapor truly show the 28 ~ 33 % increase
of fatigue life than the test with just water vapor at both stress ratios. Also, in order to see the
effects of CPC on water vapor clearly, the frequency needs to be decreased to allow more time of
crack faceexposure. More tests should be run to validate thedsstts,anddraw a complete-S

N plot.

4.3 Effect of Overloads on Fatigue Life

Service loads encountered are mostigcbm in nature. This load fluctuation can lead to
fatigue crack propagation, the eabf which depends load interaction effects. Fatigue crack
retardation phenomenon with the application of large tensile overloads can actually increase
fatigue life. This increase in fatigue life is not predicted by any of the fatigue crack growth
models,the amount of retardation in crack growth depends on the test material, higher the
amount of ductility larger is theracktip plasticzone,andhigher is the retardation. Increasing
the magnitude or number of overloads can also increase fatigue lifen@ibgying mechanisms
of this retardation need to be discovered to investigate the fatigue life effectively.

The sign and sequence of overloads can have a tremendous influence on life.
Appreciation of the retardation effect plays an important role igudatcrack growtlanalyses,
andtest considerations. Ignoring the retardation effect could give life predictions that are too

conservativeand have little engineering use. Test specimen prepared according to the ASTM
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E647 sancard gives specific guidelinesbout preparing preracked specimens free of initial
retardation effect (Care should be taken to avoid largecraieking loads which gives
erroneously slow crack propagation). Singderload and interactions between periodic
overloads are such casedheTretardation associated with the interaction between overloads
controlled by the periodicity (spacing cycles between overloads) of the overloads is examined.
Several mechanisms may act simultaneously to lead to a certain crack growth behavior.
Usually phstic deformations are believed to dominate the crack opening scenarios in aluminum
alloys. The order of tension or compression, or the number of times the overload is repeated
influences the growth rate. Retardation is mainly a surface (plane stresgnmamam in
Aluminum alloys. With the application of periodic overloads, interaction between overloads is
possible and the fatigue life is enhanced. When two overloads are applied closely it leads
towardsacceleration rather than retardation since crackpjateach overload greatly exceeds
the retardation in the following baseline cycles. There is a large range in which the retardation
due to periodic overloads is worthwhile to study.
The periodicity is varied between 1000 cy¢lasd3500 cycles with anwerload ratio
(OLR) of 1.5. Typically, crack closure does play a predominant role, but other mechanisms also
contribute to retardation such as residual compressive stresses aheadratltip, shear lip
effects, strain hardening etc. The effect of ggGPC on the overload fatigue life is also studied.
The load interaction is studied by controlling the number of spacing cy@§,(1500, 2000,
2500, 3000 andso on) between overloads, the spacing between overload cycles was chosen
keeping in mind thearge range over which the retardation occurs. This study is used to
determine the optimum spacing cycles between overloads for maximum fatigue life of the FSW

buttjoints of A-2195T8, andAl-2219T8.
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To perform the experiments with periodic overloadstTgpecimen were theastchrd
centre crack M(T)specimen used previously. Loading is applied parallel to the direction of
rolling. An overload ratio of 1.5 is used (OLR 7 5Snax = 1.5). In this work, overload is taken
as 150 MPa, the maximum stressbae constant cycling loading is.2= 100 MPa,andthe
minimumstress of base constant cydbading is &in = 30 MPa. Therefore, the stress ratio R =
(Smin/ Snax)= 0.3. The frequency of constant amplitude as well as overload is 2 Hz.

The results fromthe periodic overload tests as showed Tiable 4.3 show some
interesting results. The fatigue life variation is affected by stress ratio; increase in stress ratio
increases the fatigue life.

Table 4.3: Periodic overload test results with FSW bultt joints of A{2195T8 alloy.

Tests with periodic overloads With FSW
Butt Joints of Al-2195T8 alloy Omax = Omin =
Frequency =2 Hz 100MPa 20MPa & 30 MPa

Overl oad Reatlb08Pal . Fatigue Life

Spacing cycles between overloads R=0.2 \ R=0.3
1000 301602Cycles | 336666Cycles
1500 420823Cycles | 536004Cycles
2000 550245Cycles | 578344Cycles
2500 600061Cycles | 613334Cycles
3000 650317Cycles | 682454Cycles
3500 644203 Cycles | 6679& Cycles

The fatigue life retardation occurs throughout the range of spacing cycles from 1000
3000 CycleqFigure.4.3, there is a marked reduction in the fatigue life on the specimen with
periodicity of 3500 cycles with a fatigue life of 644229 Cyclég500 Cycles which implies
that the optimum spacing cycles between overloads is around 3000 cycles at this streswdratio

a OLR of 1.5. Retardation occurs until a peak is reaciedbeyond that there is acceleration in
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fatigue crack growth rate. Caasit amplitude crack growth rate with 2K = 22MPa/m i

0.225um/cycle, andit reduces to 0.040.02um/cycle as periodic overloads are applied.
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400000 -
300000 -
200000 -
100000 -

o 4

m R=0.2
m R=0.3

Number of Cycles

1000 1500 2000 2500 3000 3500

Spacing cycles between overloads

Figure 4.3: Variation of Fatigue life of Al-2195 FSW butt joints with increasing overload
spacing cycles at stress ratio R=0.2, 0.3

A normalization is achieved using:N which is the number of constant amplitude cycles
for the crack to grow by an amount equal to the overlnddced plane strain plastic zone size
where plastic zone size is defined @sx roy) = 143 ° (/¥)}. For an OLR of 1.5nd for
Friction Stir welded A2195 the calculated Irwin Overload plastic zone was found tgybe=r
2.696mm, calculating Na = 1600 Cycles. Calculating the delay cyclesfidm the expression
reported earlie(Na/Nca) = exp (5.13xOLR 6.63)Celik,2004], the number of delay cycles;N
4641 Cycles with the application of each overload with a OLR qfdnBR = 0.3. Following
this model the maximum retardation should occur at a spacing cyf&/@j~2320 Cycles, but
our experiments showed aadeasing trend aB000-3500 Cycles which is interesting to note,
this could be due to the welding defects, process parametdeSW etc. For Al-2024T3
specimen for which considerable data has been publisheddelay cycles Nd~6000 Cycles
(Figure.4.5)for OLR = 1.5 with a stress ratio of R = 0.2~0.3, If we consider the test specimen in

Table 4.4, there is a decrease in fatigue life with a spacing cycle of 2500 Cycles withqut CPC
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andin ambient air when compared to the previous specimen with a spacieg¢y®000 Cycles
without CPC, this is approximately closer to the predictef2 Nalue of 3000 Cycles in the
parent material.

Table 4.4: Periodic Overload tests wih FSW butt joints of Al-2213T8 with a comparison
between sgcimen with CPCand without CPC

Tests with periodic overloads With FSW Butt
Joints of Al-2219T8 alloy
Frequency =2 Hz Umax = 100MPa Umin = 30MPa
Overl|l oad Ra&atl30®Pal . 5 Fatigue Life
Spacing cycles between overloads R=0.3
1000 Cycles / With CPC 472488Cycles
1000 Cycles/ Withut CPC 351768Cycles
1500 Cycles / With CPC 488633Cycles
1500 Cycles / Withou€PC 368105Cycles
2000 Cycles / With CPC 544087Cycles
2000 Cycles / Without CPC 378772Cycles
2500 Cycles/ With CPC 541245Cycles
2500 Cycles/ Withut CPC 361422 Cycles
600000 -
5 500000 -
S, 400000 -
&)
S 300000 -
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g 200000 H = With CPC
=z
100000 -
0 b T T T

1000 1500 2000 2500

Spacing cycles between overloads

Figure 4.4 Variation of fatigue life in Al-2219FSW bultt joints with and without CPC
condition
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Figure 4.5: Variation of retardation with overload ratio, OLR =K /K max for 2024-T3 , and
7075T6 alloys (All data at R = 0.0%0.10, except the designated one at R = 0.26)
[Celik,2004]

Table 4.5: Periodic overload test with spacing cycles of 1000 Cycles underfdifent
environmental conditions

Tests with periodic overloads With FSW Butt Joiris of Al-2195T8 alloy ,
Frequency =2 HZ0max= 1 0 0 MiRa30MRa
Overl|l oad Rea&atl50®Pal . § R=0.3
Spacing cycles between overloads = 1000  Fatigue Life in Cycles
Lab Air 331661
LabAir + CPC 598605
Water Vapor 321367
Water Vapor + CPC 520696

The results also show that the use of CPC has a beneficial effect on the fatigue life with
fatigue life increases in excess of 34% ~ 48% in case of specimen with periodic overloading. The
periodic overloading results show that the fatigue lifeihaeased manifold 7 ~ 12 times. Water

vapor has a detrimental effect on fatigue life, fatigue life decreases with stress ratio.
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Figure 4.6: Variation of fatigue life with different environmental conditions, and effect of
CPC on fatigue life of FSW butt joints of AF2195T8 at overload interval of 1000 Cycles,
R=0.3

Close examination of the failure surface shows that therdedeets,andregions of
residual oxidedefects (ROD)in the dynamicecrystallization zone, which leads to micro
cracks, and voids creeping in this zonethis significantly affects the crack growth
morphology,and consequently the life of the specimen. This will be shown explicitly in the
SEM micrographs discussed later tims chapter However the fatigue life is generally
increasing withperiodicoverloadsdue to the overloaglastic zone being developed around
the crack,and the consequenbmpressive residual stress developedhe crack wakehe

crackgrowth proceesigradually,andin stages.

4.4 Fatigue Crack Growth Characteristics
In Figure 4.7, the shape,and angle of fatigue crack growth phenomenon is shown
where the FSW butt joints of 4195 were tested under different environmental cadit

with CPC,andwithout it.
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[Al [B]

[C]

Figure 4.7: Crack growth morphology of fatigue tested FSW specimen [A] Specimen tested
with CPC , and periodic over load, stress ratio R = 0.3.[B] Specimen tested with CPCand
periodic overload, stress ratio R = 0.2. [C] Specimen tested with CP&hd periodic
overload, stress ratio R = 0.2, change in crack growth angle due to ROD in TMZ, HAZ
junction.

The observed fatiguerack growth behavior shows that the fatigue crack growth
phenomenon proceeds from the initial tensile region which experiences ductile fracture to the
region where it is transitioned into shear modéadfire, andfinally brittle fracture as shown in
Figure4.7. The crack propagation depends on various factors such as crack deesirey,and
stress ratio. By observing the failure surfaces, crack propagation in the weld nugget region

proceeds gradually in the initial tensiegion in a linear fashion when the weld is defect free.
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There aresudden changes in direction ahck propagation when it encounters oxide defects in
welds,andvoids in the weld nugget region. Though crack propagates faster in these regions the
fatigue life is not affected significantly because of tortuous nature of cpackagation,and

crack closure phenomenon.

Figure 4.8: Different modes of fatigue 1. Initial ductile failure region. 2. Transition regon.
3. Final brittle fracture.

The Figure 4.7 [B] shows theshape,and angle of fatigue crack growth phenomenon
where the specimen was tested under variable amplitude loading with stress radiod0.2
overload cycle interval bein@000 cycles, the specimen had a life of 300,901 cycles under
ambient conditions. The fractured surface did not show any-defeLts, the angle of crack
propagation is fairly linear with no sudden changes in angle. The figure 4.3[C] shows the shape
and angle of fatigue crack growth phenomenon, the specimen was tested under variable
amplitude loading with stress ratio 0,2and overload cycle interval being 1500 cycles, the
specimen had a life of 421,711 cycles under ambient conditions. The fraattaee showed

blackened (oxidized) surfacandthe crack proceeddtroughthe weakest region.

4.5 Micrographs and Analysis

The optical microstructure of the 2195-iil alloy in T8 temper consisted of a typical
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pancakeshaped grain structure specimen. DetailetStbservations occasionally revealed un
dissolved Cu, and Fe containing particles are deposited along the grain boundaries. The
micrograph shown ifrigure.4.8shows the different regions of the FSW butt joint. Dynamically
stirred action zone (DXZ), the thmo-mechanically affected zone (TMAZ), Heat affected zone

(HAZ).

Figure 4.9: Micrograph illustrates the friction -stir-welded AlF2195 alloy with different
zones (DXZ, TMAZ , and HAZ) [Oertelt,2001]

Figure 4.10: High magnification micrograph of the DXZ region shows equiaxedyrains
[Oertelt,2001]

Figure 4.9shows the TEM image in the DXZ region, which shows equiaxed grain

structure in this region with uniform grain sizeigure.4.10shows the TMAZ region with
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elongated grain structure; with this in purview SEM micrographs of the failure surface in the

weld nugget region have been used to characterize the failure process.

Figure 4.11: Leading edge of DXZ and TMAZ shows a sharp change in equiaxet
elongated orientation [Oertelt,2001]

The SEM observations show two significantly different types of behavior that are ductile
fracture and brittle fracture. To investigate the failure process, failstgfaces at several
locations from the initial crack region to the brittle fracture regions are observed carefully in
sequence.

Several pictures were taken using SEM along the crack surface in sequence. Observations
of the micrographs show that the faduoccurs along the grain boundaries. The crack growth
rate is predominated by the crack closure effect with batinsic and extrinsic mechanisms
acting in concert. With periodic ovérading the crack growth retardation takes plaaedthe
failure surfae is characterized by striations, which indicate the size of the plastic zone around
the cracktip. In the constant amplitude mhe the failure surface is roughndcrack proceeds
faster Plasticity Induced Crack Closure (PIC@lays a marginal role in ack propagation. The
crack grows along grain boundaries, ingeanular fracture from initial tensile modend

transitions into shear mogdandfinally brittle fracture.
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Figure 4.12: Fatigue testedwith R = 0.3 with constant amplitude, water vapor, and without
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was
100 MPa, andthe minimum stress was 30 MPa, shows transition region from tensile to
shear fracture. [A] Shows voids in DXZ region, in the mechanical action region of auger.
[B] Tear dimples in fracture region.

The specimen tested under constant amplitude condition show a distinctively rough
surface(Figure 4.12 when compared to the specimen under peciadierloading conditions.

The crack propagation rate was manifold faster as the PICC plays a small role in this mode. The
crack growth is dominated by the intrinsic mechanisms like microscopic void closure under
cyclic loading, extrinsic mechanisms likeetpresence of CRGndwater vapor have an effect

on fatigue life CPC reduces the exposure to external environ@mastias a beneficial effect on
fatigue life andincreases the fatigue life by -35%.

The micrograph ifFigure 4.14 shows a higtresolution image of the failure surface in the
tensile failure region with exposure to water vapor. The fracture surface shows the effect of
moisture andgrain boundary embrittlement with cleavage fracture. The micrograpiigure
4.15 the region [A]showsfracture with microscopic dislocations along grain boundaries, with

fatigue striations.
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Figure 4.13: Fatigue tested with R = 0.3 with constant amplitudewater vapor, and without
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was
100 MPa, andthe minimum stress was 30 MPa. [A] The failure occurs in the [111] plane.
[B] Sudden brittle failure region.

WD43'. 6mm

15.31:.&?’ x1.0k  50um

Figure 4.14: Fatigue tested with R = 0.3 with constant amplitude, water vaporand without
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was
100 MPa, andthe minimum stresswas 30 MPa[B] Grain boundary embrittlement.
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Figure 4.15. Shows microscopic dislocations. Specimen fatigue tested with R = 0.3 with
constant amplitude, water vapor, and without CPC, The fatigue life was 52,524 cycles with
a frequency of 2 Hz. The maximum stress was 100 MRand the minimum stress was 30
MPa. [A] Microscopic dislocations.

Figure 4.16: Fatigue tested with R = 0.3 with constant amplitde, water vapor, and without
CPC, The fatigue life was 52,524 cycles with a frequency of 2 Hz. The maximum stress was
100 MPa, andthe minimum stress was 30 MPaA]Microvoids.
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