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- ABSTRACT

Riveting is a traditional joining technique mostly used in the manufacturing of aircraft
structures. Manufactuing studies on the next generation of wide body cormnercial
aircra have' indicated that the achievement of acceptable cost/benet goals would
require the» application of highly cost-effective joining processes. Although riveting
provides good structural performance, it is expensive and time consuming. Welding is a
candidate process t be used to manufacture large aircra structures allowing sensible
cost reductions and structural efciency.

Welded aluminium 2024-T351 structural joints produced .with a new generation of
welding processes, such a Friction Stir Welding (SW) and Plasma welding were
characterised i terms of rnicrostructure, hardness and weld residual stress. Tensile
properties and stress-strain behaviour of the FSW joints was investigated and discussed
using simple mechanical models. The investigation of the fatigue properties of the FSW
and Plasma Welded structural joints revealed the superior behaviour of the FSW joints.
It was found that fatigue strength i FSW joints is dominated by surface irregularities
produced by the welding process. Weld surface skimming greatly improved fatigue
strength by removing surface stress concentrations. Initiation i skimmed joints
occurred at locations of minimum hardness. Fatigue endurance behaviour of skimmed
joints was equal or'superior to that reported i riveted aluminium joints. Fatigue crack
propagation studies were carried out on FSW 2024-T351 joints for cracks parallel and
orthogonal to the weld direction. Crack propagation behaviour was sensitive t both
weld orientation and the distance of the crack om the weld line. Growth rates both
faster and slower than i the parent material were observed, depending on the crack
orientation and distance from the weld. Residual stress was mechanically relieved and
the effects on crack propagation observed. A comparative analysis of the results
associated with crack closure measurements indicated that crack growth behaviour i
the FSW joints was generally dominated by the weld residual stress. Possible design
solutions for damage tolerant Welded aircra structural components were identied and
discussed in the light of the experimental results.
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1.Introduction1

1. INTRODUCTION

1.1 Why weld an aircraft?

Reduction of manufacturing costs of civil aircra structures is a key requirement to

enhance the competitiveness of the civil aircra industry [18, 69, l02]. Increasing

manufacturing cost effectiveness becomes a vital condition for the commercial success

of the next generation of large wide body aircra. In this light, aircraft

industryextendedits interest 'om the traditional fastening process to altemative more cost-

effective joining processes. Welding is a candidate process to be used i manufacturing

of large aircra structures allowing sensible cost reductions and structural efficiency.

The main advantages ofwelding process compared to mechanical fastening are:

Manufacturing benets:
- Welding is a single-step operation whereas riveting is a multi-step operation

(drilling, hole cold working, shimmirg and riveting are generally required) [40]
- Weldig is a continuous process therefore can be more easily automated reducing

assembly cost and time
- Large extruded components can be welded reducing machining and material

scrapping
- Welding allows limitation of the number of parts, reducing structural complexity.

Design benets:
- Welding allows sensible weight reduction avoiding overlapped regions, high density

rivets and sealant typical ofmechanical fastened joints

- Design can be simplied using sinpler and more efcient solutions

- Design and structural efciency can be improved

- Continuous joints improve stiffness i structures

- Absence of fretting phenomenon

- Potentially leakage-free structures.

Typical disadvantages of Welding compared to mechanical fasteing are:
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- Parent material properties degradation
- Residual stresses are introduced i the structure

- Distortion can cause assembly and jigging problems and interfere with aerodynamics

requirements
- Fail-safe lirnitations typical ofmonolithic structures
- Reparabilityof welded

structures.Currentresearch ains to develop welding processes suitable for production of high

integrity welds i ligh strength heat-treatable aluminium alloys. Most recent advances

are represented by the novel Friction Stir Welding (SW) process. This is a solid-state

process capable of producing high quality joints of aerospace aluminium alloys, such a

2024 ard 7075. FSW is one of the most prornising processes to be used i

manufacturing of aluminium aircra structures. To date a relatively limited amount of

information has been published on FSW. Research, initially focused on the

understanding of the process mechanisms and the material physical and metallurgical

modications, hs recently moved to characterisation of the mechanical perforrnances of

the joirts. For evident airworthiness implications, the application of any new technology

to aircra construction can only be made aer that a robust knowledge of the

mechanical behaviour of the structure hs been generated. In order to set the foundation

of this knowledge it is important to characterise the tensile, fatígue and crack

propagation behaviour ofFSWjoints.

1.2 The damage tolerance issue

A essential part of airworthiness of large comnercial aircra is the requirement to

demonstrate damage tolerance of major structural elements. Airwortliness authorities

require aircra manufacturers to provide evidence that the structure can operate safely

until partial damage becomes readily detectable ard the structure is repaired [48]. A

damage tolerant structure must be demonstrated i both riveted and welded aircraï¬

structures. A regime of repeated inspections ensures crack detection before the growth

of the crack to a critical size, for which catastrophic failure will occur under design limit

load. â 
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In addition to data on service loads and non-destructive inspection capabilities,

analytical determinations of damage tolerance will require data on crack growth

characteristics of the material, the initial defect size and distributions, and the factors

which will control the crack growth behaviour. Changing the manufacturing process

from riveting to welding will change the material crack growth behaviour profoundly,a

well a introducing a number of new variables determining crack behaviour. Many) of

the new variables such a residual stress distribution, heat affected zone extension ånd

microstructure modications will be controlling the crack propagation through the

welded joints. In addition, the starting defect size and distribution i the welded

structures could be signicantly changed om that i riveted structures. Furthermore, a

welded structure is i effect a integral structure. From this follows that a crack that

initiates from a local defect can potentially propagate through the entire structure. The

effects and consequences of this aspect will have a large impact on the actual damage

tolerance design philosophy based instead on fastened structures.

1.3 Design aspects

Current designs of civil transport aircra reect the fatigue and damage tolerance

perfonnance of mechanically fastened joints. Structures have to evolve in order to

optimize damage tolerance performance. Fail-safe multiple load path solutions could

contemplate the use of welds together with riveted joints. All this will require re-

examination of the current design roles i order to maximize crack detectability and

residual strength.

The best location for welds are not necessarily those currently used for mechanically

fastened joints. New design solutions where welds are located away from stress

concentrations, and characterised by high strength-to-weight values would be possible.

In the identication of the structural solution of minimum weight, the choice of

important parameters such a stringer pitch, stringer cross sectional area and shape is

currently limited by manufacturing restrictions also related to the riveting process. The

use of welding together with extruded elements, such a integrally stiffened panels, can

reduce these marufacturing lirnitations allowing higher degree of freedom in the choice
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of the structural optimmn solution. Use of different alloys in different parts of the

structure, joined by weldirg is a further possibility to achieve high structural efciency.

1.4 The research objectives

(1) To characterize FSW joints i terms of microstructure, hardress Variations and

residual stress Â§

(2) To investigate tensile mechanical properties of FSW joints and failure mechanisnis

(3) To evaluate fatigue strength of FSW joints i relation to design variables such a

weld orientation to the stress axis and weld smface skimrning

(4) To investigate fatigue initiation mechanisms

(5) To characterise crack propagation behaviour of FSW joints in relation to design

variables such a weld orientation to the stress axis

(6) To identify doninating factors inuencirg crack propagation behaviour

(7) To identify possible damage tolerant structural solutions of welded wing structures.

1.5 Work reported i the present thesis

The work is focussed on large civil aircra wing panels on a single alloy choice 2024-

T351 and maximum thickness of 6.35 mn. The majority of mechanical testing has been

perfonned on welds made using the solid state FSW. A subsidiary test program hs been

performed on Variable Polarity Plasma Arc (VPPA) welded 2024 T-351 joints in order

to provide a term of comparison with joints obtained with fusion welding process.

Macrostructure, microstructure and hardness distribution in FSW and VPPA welded

joints have been characterized. Residual stresses have been measured i FSW plates and

joints. Tensile tests have been carried out on FSW longitudinal and transverse

orientation joints and compared with plasma transverse joints.

S-N data of FSW longitudinal and transverse orientation joints i as-welded and

skimrned surface state have been experimentally evaluated. Fatigue test results have

been compared with S-N data obtained from transverse plasma welded joints (skimned

condition). Weld defects responsible for fatigue iritiation have been characterised i

size and distribution. Fatigue crack growth properties of FSW joints for crack
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propagation i the direction parallel and othogonal to the weld have been investigated.

The contribution of residual stresses, HZ and microstructure to crack growth

behaviour particularly i the near threshold regime have all been characterised. Possible

damage tolerant welded and riveted-welded structural solutions for a Wing panel have

been identied and discussed i the light of the experimental results. J

Ã¢
Ã̈
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2. LITERATURE OVERVIEW

2.1 Fatigue behaviour of metallic materials

Fatigue is a failure mechanism that occurs a a result of a large number of load

applications. A single load, which does not cause any damage to the material or the

structure, may cause fatigue failure if applied a large number of times. At relatively low

cyclic loads (i.e. low a compared with the static failure load), fatigue crack nucleaåon

involves cyclic slipping of crystallographic planes within the single grains of the metal

[98]. Durirg this stage, a microcrack is produced on the free smface of the element,

where crystallographic plane slipping is easier. The microcrack growth is dominated by

the local shear stress. As the nicrocrack grows reacling the length of a few grains, the

direction of propagation becomes orthogonal to the maximum tensile stress direction.

Crack propagation follows this stage and ends with the fatigue failure of the component.

The fatigue behaviour of a structural element is inuenced by several factors such as

loadirg (stress range, mean stress, loading history and frequency), material properties

(i.e. static strength and microstructure) and geometry (stress concentrations). During a

constant amplitude (CA) loadirg, the stress (cr) varies between a maximum (cmax) and a

minimum (csmin) value. Fatigue strength of a element subjected to CA loading is

inuenced by stress rarge A0' and mean stress om, dened as: '

A0' = o'm - cm, Eqn. 2.1

ard

am = ;'°==) Eqn. 2.2

The iruence of stress range and mean stress on fatigue can be represented by plotting

the stress values versus the corresponding fatigue lives. The plot, known a a S-N

curve, can be obtained for constant mean stress or constant stress ratio (R), dened a

omin/oma. Figure 2.1 shows typical S-N curves for metallic materials, corresponding to
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two different mean stress values. Large stress range values have a detrimental effect on

the fatigue strength: a the stress range increases, fatigue life is reduced [98, 50]. The

points A and B, intersections of the line Ao' = const with the S-N curves, show that for

constant stress range a increment i the mean stress detemines a reduction i± fatigue

life. The points C and D, intersections of the line N = const with the curves, shows that' f
at higher stress range the mean stress has to be reduced i order t obtain the salne

fatigue life [50]. As Figure 2.1 shows, for long fatigue lives the S-N curve tendåë to

approach a horizontal asymptote dened a the fatigue limit. The fatigue limit is a stress

level below which no fatigue failure occurs. Some metals, i.e. aluminium alloys, do not

exhibit a real fatigue limit [25, 50]. In this case, a fatigue linit is arbitrarily dened

specifying the corresponding fatigue cycles (typically 107 or 108 cycles).

Umt

Um:

B Ac = const

STRESS RANGE

--...,....____-,.-_--- >

T "'1"' -_--I II II III II II II II II II II II II II II II II II II II II
U

N = const

C
{-----------~âº

(------------

(---

{-----

FA11GIE IJFE

Figure 2.1 Typical S-N curves for metallic materials representing of the effect of mean stress
and stress range on fatigue strength.

Fatigue strength depends on the material characteristics such a tensile strength and

microstructure. In general, it is found that materials with high strength and hardness

exhibit higher fatigue strength than materials with lower strength [64, 50]. Empirical

correlations between the tensile strength and fatigue limit have been proposed [50, 98],
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however only a rst estimate of the fatigue linit is obtained. In metals, a ne grairÄ±

structure gives higher fatigue strength than a coarse microstructure [25, 50]. Heat

treatment and cold working, modifying the grain size and microstructure, can increase

the fatigue strength i metals [64].

Stress concentrations, associated with the presence of notches or material defects spch
a inclusions, reduce the fatigue strength of a structural element. The severity of a såss

concentration is typically expressed using the denition of the stress concentration

factor (Kt). Assuming that the material behaves elastically, the maximum value of the

stress (omax) in the vicinity of a stress concentration is

oma, = K, c Eqn. 2.3

where o is the nominal stress value. The effect of stress concentrations on fatigue

strength is expressed introducing the denition of fatigue stress concentration factor

(Kf) [98, 50]. The fatigue stress concentration factor is dened a

Kf
=:_, Eqn. 2.4

where S., and Sn' are the fatigue limits for the smooth specimen and the notched

specimen, respectively. Generally Kf > 1, and Kf S Kt. This is due to the fact that a

plastic zone always develops in the proximity of the notch, reducing locally the severity

of stress concentration [50]. In metals, Kf is found. to be a function of the notch

sensitivity (q) of the material which depends upon the notch geometry and the hardness

of the material. Materials of high hardness values and strength generally exhibit higher

notch sensitivity than soer and more ductile materials [25, 50].

2.2 The fracture mechanics approach to fatigue

In aircraft structures fatigue cracks do occur i service. For this reason it is important to

predict and control initiation and propagation of fatigue cracks. Fracture mechanics

provides the tools to predict the time (cycles) for a initial crack to reach a critical
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length, to determine the residual strength of a structure with existing cracks and the

dimension of allowable defects present i the structure when introduced into service.

Linear Elastic Fracture Mechanics (LEFM) relies on the assumption that fatigue crack

growth can be described i terms of the stress intensity factor concept. The stress

intensity factor (K) gives a indication of the severity of the stress eld around the

crack tip. The stress intensity factor depends on the geometry of the component, šfthe

shape and size of the crack and the load applied. Ã¥

Assuming that the crack mder load is opened perpendicular to the acture surface

(Mode I) and the equilibrium equations of stresses and the compatibility equation of

strains are valid [27], a general form for the stress intensity factor for a component of

nite dimensions is:

K Eqn. 2.5

where o is the nominal stress, a the crack length and C a dinensionless factor, a

function of the crack length and of the component geometry [27, 98].

Let us consider a cracked component subjected to a remote stress that varies cyclically

between a constant minimum value (o',i) and maximum value (cmax). The stress range

Ao' is defmed a omax - Umm, and 'om Equation 2.5 a stress intensity factor range may

be dened as:

=cA@«/«TI Eqn. 2.6

As the stress cyclically varies A times, the crack length increases of Aa, and a fatigue

crack propagation rate can be dened a Aa/An. The crack propagation rate Aa/An in the

limit can be written a the differential da/dn. It has been found experimentally that, for

constant stress ratio R = am/cm, A correlates fatigue crack growth rates in

components with different stress ranges, crack lengths and different geometry, i.e.
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da_= AK,R E .2.7
d f( ) qn

This correlation is shown schematically i Figure 2.2, where da/dn is plotted against A

on a double logarithmic diagran. In region I, Figure 2.2, cracks do not propagate below

a threshold stress intensity factor value of AK,|,. This threshold value is dened i terfins

of crack growth rate (10`"m/cycle), however a operational denition is commoily

used and can be based on the accuracy of the crack monitoring system and the nmnber

of elapsed cycles [25,

98].Inregion I, crack propagation is typically inuenced by the mean stress value, the

environment and the material nicrostructure, particularly the grair size [27, 98]. Region

II i Figure 2.2 is often characterised by a linear log-log relation between da/dn and AK.

This relation can be described with different semi or wholly empirical models. The most

widely used is the Paris equation [98]:

= o (AK)' Eqn. 2.8

where o± and m are constants obtained by tting the experimental data. In regionill,

crack propagation is typically iruenced by the mean stress, enviromnental conditions

and microstructure, depending on the material. Region III is characterised by fast crack

propagation. The plot approaches a vertical asymptote where the maximum stress

intensity factor, Km, in the fatigue stress cycle becomes equal to the critical stress

intensity factor, KC. In this region a large iruence of the mean stress, thickness and

microstructure of the material is typically observed [98].

In general, fatigue crack growth resistance of a material is inuenced by the strength

level. The 7075-T6 aluminium alloy has a inferior crack growth behaviour compared

with the lower strength 2024-T3 alloy [25]. Similarly, articial ageing of the 2024 alloy

(T8 condition) gives a 25% higher yield stress, however, the crack growth rate becomes

approximately two times higher than that in the naturally aged condition [25].
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Figure 2.2 Typical fatigue crack growth curves da/dn against A for metallic materials.

Figure 2.2 also shows the inuence of the stress ratio on fatigue crack growth

behaviour. Crack growth rates at the same A value are generally higher for greater R

values. The inuence of the stress ratio on crack growth behaviour can be explained

applying the crack closure concept. The tenn crack closure refers to the phenomenon by

which the fracture surfaces of a crack come ito contact during the unloading portion of

a load cycle and load is transferred through the crack.

When reloading from minimum load, some increment of load must be applied before

the crack is again fully open. Consequently, the closure phenomenon provides a

mechanism by which the effective cyclic stress intensity factor range at the crack tip

(AKeff) differs from the nominally applied value (AK). This is illustrated in Figure 2.3.

Figure 2.3a shows the Variation of the applied stress intensity factor K with the applied
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stress 0'. Figure 2.3b shows the variation of the effective stress intensity Keff with the

applied stress and also the important concept of crack opening stress o'.
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Figure 2.3 The crack closure phenomenon.
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This has been dened by Elber [23, 89] a the minimum value of applied stress for

which the crack is fully open. The value of 00 can be detennined experimentally om

the change i compliance of the specimen. In fact, crack closure results i a increase i

stiffness and a decrease i compliance [27].

The crack closure mechanism was proposed by Elber [23] i order to provide = a

explanation for some crack growth retardation effects experimentally observedš i

materials even under constant amplitude cyclic loading. This approach is based on the

fundamental assumption that a crack cannot propagate while being closed. On this

basis, the crack growth driving force is represented by AKeff instead of AK. Physically,

crack closure can occur a a consequence of crack tip plasticity (plasticity-induced crack

closure).

As the crack grows under load cycling, a zone of reversed plasticity develops along the

crack anks [27, 98]. This plastic deformation can result i contact between the crack

surfaces even under tensile extemally applied loads. In general, crack closure can result

from any cause of physical contact between the two crack surfaces such a crack surface

rouglmess (roughness-irduced crack closure), crack surface oxidation (oxide-induced

crack closure) or the presence of a viscous mediun (viscous-induced crack closure). A

review of the role of microstructure and enviromnent on crack closure can be found! in

Ref. [84].

High R values result i less crack closure, i.e. AK~ becomes nearly equal to AK. This

can be represented with different empirical relationships. For the 2024-T3 aluminium

alloy the following relationship has been proposed [27]:

Af-åf=U=0.55+0.35R+0.lR2 Eqn. 2.9

This relationship provides a good correlation between crack growth rates and AK.,ff for

R values between -0.5 and 0.33.
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2.3 High strength aluminium alloys

Aluminium is a lightweight metal with a density of 2.7 Mg/m3, one third of the density

of steel. Although pure aluminium has relatively low tensile properties compared with

steel, it responds readily to strengthening mechanisms. Based on the type of

strengthening mechanism, aluminium alloys can be classied i age hardenable and

non-age hardenable alloys. The former are typically aluminium-copper (2xxx series)
alloys, aluminium-magnesium-zinc (7xxx series) alloys and aluminimn-magnesil'.'m-

silicon (6xxx series) alloys. The latter are aluminimn-manganese (3xxx series) alloys,

alurninium-magnesium (5xxx series) alloys and aluminium-silicon (4xxx series) alloys.

In the age hardenable alloys, the strengthering e`ect is obtained by producing a

uniform dispersion of a ne hard coherent precipitate a soer, ductile matrix. The

coherent precipitates create a widespread disruption of the matrix lattice interfering with

the movement of dislocations in the alloy* [2]. In age hardening the alloy is heated to a

temperature above the solvus temperature to obtain a homogeneous solid solution,

quenched to obtain a non-equilibrium supersaturated solid solution, and nally, held at a

temperature below the solvus temperature. At this ageing temperature, atoms diffuse

and precipitates fom and grow at numerous nucleation sites. A typical example of this

is the ageing of a aluminium-copper alloy. At the start of ageirg, from the o

supersaturated solid solution a very ti precipitate, the Guinier-Preston I (GP-I), forms.

As ageing continues, more copper atoms diffuse to the precipitates and the GP-I zones

coarsen into the S (or GP-II) form. With continued diffsion, the precipitates grow to

the S' phase [93]. The non-equilibrium precipitates GP-I, S and S are coherent

precipitates. Figure 2.4 shows the effect of ageing on the yield strength of a Al-4Cu

alloy [2]. The strength of the alloy increases a the coherent precipitates grow i size.

When these coherent phases are present, the alloy is i the aged condition. When the

stable non-coherent S phase precipitates the strength of the alloy decreases and the alloy

is in the overaged condition.

  The slip process i a metal can be explained by the movement of dislocations. Slip is the process by
which a metal deforns i a ductile mamer. Slip detennínes the mechanical properties of metals [2].
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Figure 2.4 The effect of age hardening on the 0.2% proof stress ofa Al-4Cu alloy, Ref. [2].

In the non-age hardenable alloys 3xxx, Sxxx and 4xxx, strengthening is obtained by

strain hardening, grain size control and solid solution strengthening. In the solid

solution strengthened alloys the substitutional atoms of the alloying elements produce

local lattice disruptions interfering with the dislocation movement [2]. The- solid

solution strengthening mechanism is less effective ta the age hardening because the

interference with the dislocation movement is limited to the substitutional atom areas.

For this reason, age hardenable alloys generally have higher mechanical properties than

solid solution strengthened alloys. The former can be 3 times stronger than the latter and

30 times stronger than pure aluminium [1].

In aerospace structural applications, where high strength and low density are of primary

importance, only the strongest 2xxx and 7xxx alloys are used. Figure 2.5 shows a

comparison, in terms of 0.2% proof stress and fracture toughness K10, between 2024-

T351 (solution heat-treated, controlled stretched and naturally aged) and 7075-T651

(solution heat-treated and articially aged) aluminium alloys, widely used in aircraft

primary structures. It can be noticed that the 7075-T651 alloy has higher strength than

2024-T351 but lower fracture toughness. The 2xxx alloys exhibit a crack propagation
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behaviour generally superior to the 7xxx alloys. Fatigue crack growth rates i 2xxx

alloys are close to one-third of those observed in the 7xxx alloys [81].
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Figure 2.5 Comparison of mechanical properties between 2024-T351 and 7075-T651 plate

alloys, Ref. [64]. ,

The 2024-T351 alloy, having good fracture toughness, fatigue strength and stress-

corrosion susceptibility lower than the 7075-T651 alloy, is typically used in high

strength tension structural applications [64]. These applications include lower wing skin
and stringers where fatigue and stress-corrosion cracking are particularly severe [72].

The 7075-T651 alloy nds its typical applications in the upper Wing skin and stringers,

in spars and ribs elements where high tensile strength is required.

2.4 Welding of high strength aluminium alloys

High strength precipitation hardened almninium alloys are traditionally considered not

easily weldable. During the welding process aluminium reacts in the presence of oxygen

producing alumina (Al2O3), a oxide with high melting point (2066°C) and higher

specic weight. The fragments of brittle alumina from the pool surface tend to sirk irto
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the melted metal generating detrimental oxide inclusions within the weld. Weld

cracking that typically affects the heat-treatable alloys is due to the wide melting range

of the aluminium alloys. High porosity levels are caused by the high solubility of

hydrogen i molten aluminimn [21]. In the phase transition liquidus-solidus the

aluminium specic volume is reduced by 6% [2]. This Variation i± specic volume is

the primary cause for the formation of high residual stresses in welded joints, a wil[- be\.
discussed later. Ãª

As discussed i Section 2.3, high strength aluminium alloys are typically obtained by

age hardening. During fusion welding, the metal i the weld exceeds the liquidus

temperature eliminating the effect of age hardening. The same effect is observed i the

regions where the temperature exceeds the solvus temperature. The lower temperature

zone near the unaffected base metal is exposed to temperatures just below the solvus

and may overage. In this case precipitates coarsen, transfoming into a stable non-

coherent phase, and the strength of the alloy decreases. Microstructural modications,

presence of precipitates and the effect on age hardening for a fusion TIG welded 2024

aluminium joint have been described by Nonnan [74]. Figure 2.6a shows the typical

nicrostructure and phases i a Al-Cu-Mg age hardened alloy after fusion welding.

In the fusion zone (Fig. 2.6a) complete melting and re-solidication takes place. The

microstructure is typically denditic with the grains elongated i the direction of the

maximmn thennal gradient during cooling. Cu and Mg are rejected into the inter-

dendritic regions. The lack of solute i the dendrite arms produces a low hardness value

(Fig. 2.6b). In the partially melted region (Fig. 2.6a), the solute elements diffuse to the

grain bounda.ries where they form the eutectic phase (ot-Al + Al2Cu + Al2CuMg).

During cooling, the eutectic phase solidies i a continuous hn. A precipitate-free

zone is produced adjacent to the grain boundaries.

In the solution treated zone (Fig. 2.6a) the maximum temperature locally exceeds the

solvus temperature. Under these circumstances, any precipitate is dissolved and a

homogeneous solution is produced. If the cooling rate is sufciently high, the solute



2. Literature overview 18

remains i solution. This supersaturated solid solution, containing excess of Cu and Mg

naturally ages giving rise to a local increase i hardness of the material (Fig. 2.6b).
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Figure 2.6a Typical microstructure and phases i a Al-Cu-Mg age hardened alloy aer fusion

welding.

In the overaged zone (Fig. 2.6a), the maximum temperature during welding falls below

the solvus temperature of the S phase [93]. Under these conditions, the precipitates

present i the matrix coarsen into the S phase and a overaged zone is produced. The

overageing produces a local drop in hardness (Fig. 2.6b). Further out in the HZ (Fig.

2.6a), it is possible that, in the regions where the peak temperature was below 200 °C,

the precipitation of the main strengthening phase S occurs. If the original material has
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the capacity to be given a articial ageing treatment (i.e. produced in a naturally aged

condition), the hardness will exhibit a increase above the parent plate value (Fig. 2.6b).
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Figure 2.6b Correspondence between hardness and microstructure in a Al-Cu-Mg age
hardened alloy aer fusion welding.

2.5 The friction stir welding process

Friction Stir Welding (SW) is a novel solid-phase welding process [103]. FSW was

invented and patented i 1991 by The Welding Institute (TWI). The process, capable of

welding high-strength aluminimn alloys, is attracting the interest of the major aerospace

industries. A rotating non-corsumable tool is forced between two plates and moved

along their contact line. Durirg this operation, frictional heat, generated by contact

between tool and plates, softens the material. The plasticised material is stirred and

forced to the back of the tool where it is consolidated and produces a continuous joint.

Theprinciple of operation is illustrated i Figure 2.7.
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The principal characteristic of FSW is the fact that is a solid state process. The energy

required to join the plates is introduced i the workpiece i a dual fonn: frictional heat

and mechanical action by the tool pin. The solid state weld fonnation avoids the major

problems related to fusion welding of aluminium alloys. Formation of cracks,

principally during solidication, is avoided both because the material does not melt and

because the plasticised material is intimately stirred and mixed by the tool [20].
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Figure 2.7 Principle of operation of the friction stir welding process.

Absence of melting and mechanical action interferes with the formation of porosity and

solidication defects in the weld. Absence of weld metal evaporation allows no loss of
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alloying elements guaranteeing the preservation of the alloy composition. No fornation

of aluminimn oxide during friction stir welding hs been observed. It is reasonable to

believe that the below-melting-point welding temperature and the tool stirring action

would prevent the formation of oxides during the process. For this reason the process

does not require any shielding gas and oxide removal.

The tool stirs the material breaking up the oxide lm that covers the plates. The oiåde

hn is crushed and recombired within the joint. No detailed studies have been carried

out i order to characterise the size and distribution of the crushed oxide fragments

within the joint. Within the weld nugget, inclusions between 10 and 20 m have been

observed, however their composition and origin hs not been investigated [52]. Al(Fe-

Mn) inter-metallic particles, containing some Si and Cu, have been observed in 2014-T6

and 7075-T6 FSW joints. Their mean size, approximately of 3 m in the parent plate, is

less than 1 m within the nugget [96]. This reduction i size has been explained a a

effect of the mechanical break-up exerted by the tool. The described advantages allow

production of nominally void and crack ee welds of high strength aluminium alloys

such a 2xxx and 7xxx series that are notoriously difñcult to weld [104, l05]. It has

been fotmd that the most critical parameter in the FSW process is the pressure between

the welding tool and the aluminium plate, a it is directly proportional to the heat

delivered to the material [67]. If the pressure provided by the tool generates less Heat

than that required to plasticise the material, a weld characterised by internal defects and

regions with lack of adhesion (kissing bonds) between the plates is produced [67].

The FSW operation is simple and could potentially lead to advantages 'in terms of

manufacturing costs. Although no cost analysis of the application of FSW to the

fabrication of large aluminium structure has been published i open literature, some of

the potential advantages have been discussed [20]. Energy delivery is not affected by

the high reectivity of alminium and the tool is driven by a efcient

electromechanical machine making FSW a highly energy efcient process. No ller

metal, gas shielding and joint edge proling are required. Single pass FSW travelling

speed (75 cm/nin to single-pass-weld a 6 m 6082-T6 plate) can be greater than speed

values for a automated single pass TIG or plasma welding .(54 cm/min to weld a 1.6
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m 6013-T4 plate) [55, ll2]. These characteristics simplify the automation of the FSW

operations [49]. Aluminium plates can be single-pass friction stir welded up to 38mm i

thickness [l00].

Although FSW is a solid phase process, sharp changes i microstructure, a softened heat

affected zone and residual stresses are also produced a i the traditional fusion welds.

During welding substantial forces are developed between tool and workpiece. In oiåler

to counterbalance these forces the plates need to be rigidly clamped against a backing

bar. As the weldirg operation nishes the tool pin is withdrawn from the plates and a

hole is le at the end of the run. Studies i order to develop a retractable pin tool i

order to overcome to this linitation are i progress [22].

2.6 Previous work on the characterization of FSW joints

FSW is a novel process that only i the last four years hs attracted the interest of the

aerospace industry. For this reason, a limited amount of literature data has been

published so far. The majority of the works refer to the process and manufacturing

technique development [4, 67, l04]. The applications were initially limited to the Sxxx

and 6xxx series aluminium alloys. Preliminary microstructural assessments and tensile

properties have been carried out.

2.6.1 Macrostructure and microstructure characterization

Several studies have been carried out i order to characterise the microstructure and

hardness prole in FSW joints. Figure 2.8 shows the typical macrostructure of a FSW

joint. Regardless of the specic aluminium alloy composition, FSW joints have a core

(ig. 2.8, a) characterised by equiaxed grains much ner than the parent plate, typically

equal or smaller than 10 m [52, 100, l05]. Within this region, the grains are generally

separated by high angle boundaries, indicating that they are not subgrains and that

recrystallization takes place during welding [l05]. A typical orion ring appearance

characterises the nugget of FSW joints. Their dimensions and density vary depending

on the process parameters. The onion rings extend following a three-dimensional pattem

within the entire nugget. No variation in microstructure or hardness has been observed

within the rings [52].
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The hardness within the nugget varies depending on the alloy and its initial heat

treatment. For 2024-T351, 2219-T87, 2014-T6 and 7075-T351 alloys, hardness proles

in the weld nugget show local maximum values at the plate joint line [l5, 52, l06]. The

hardness value i the nugget has been correlated with the size of the precipitates present

i the region. In the nugget of 7075-T351welded joints, two types of intragranular

precipitate (60-80 mn) have been observed. The same types of precipitate have b_een

found i the parent plate, although of slightly smaller size (50-75 nm). Other smafl-ler

precipitates of unspecied composition, intragranular (10 mn) and intergranular (30

nm), have been observed in the parent plate only.

Plate Joint Line

(b)

(C) (U) (C) (<1)
. __:i__ _________________________ __-*'25____ ø*

__________________--."~..~', _ \ ~`,i--_--_---__......._..---_--,.----/ ` __.-'________________________Fº `.,....._-.____-_..__..___....._____±..___
_______________________2.f ~_ºi.._-_--------__-_..-_--_-_-,.-_--
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f .bN%

(a) Thermo-mechanically affected region: weld nugget

(b) Thermo-mechanically affected region: plastically deformed zone

(c) Heat affected region '

(d) Unaffected material

Figure 2.8 The typical microstucture of a FSW joint.

These differences in size and distribution of precipitates between parent plate and

nugget suggest that solution heat treatment takes place to a certain degree in the nugget

during welding. Reprecipitation occurs during cooling causing the hardness to increase
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locally [l05, 96]. Similar observations were made on 2014-T6 joints by the same

authors. These have been conrmed by Transmission Electron Microscopy (TEM)

observations on 2024-T351 FSW joints [8].

Extemal to the nugget and within the thermo-mechanically affected region (Fig. 2.8, b),

all the observations have indicated the presence of a elongated grain structure

suggesting that severe plastic deformation takes place during welding. In this regibn,

partial recrystallisation of the grains has been observed by several authors [l4, 105, 52].

In the 2xxx and 7xxx series heat treatable alloys, this region is characterised by

hardness minima. TEM observations conducted on FSW 7075-T651 joints have shown

that at the locations of minimum hardness the Mg-Zn precipitates are generally coarser

(between 30 and 40 nm) than i the parent plate (between 15 and 30 mn) [63]. Most

recent investigations on 2014-T6 and 7075-T6/T651 FSW joints, have shown that the

precipitates within the regions of minimum hardness are the equilibrium precipitates

phase 6 and 11, respectively. This indicates that complete overageig is responsible for

the lowest hardness values [96].

Next to the thermo-mechanically affected region is the Heat A`ected Zone (HAZ),

Figure 2.8, c. This region is not affected by the mechanical action of the tool, but the

mechanical properties are inuenced by the heat ow from the weld. Hardness proles

show a increase in the direction of the parent plates. Secondary hardness maxima and

minima have been observed next to the parent metal i 2024-T351, 6061-T651 and

6082-T6 [l4, 59, l00]. No detailed studies have been carried out to date in order to

explain these hardness variations.

2.6.2 Mechanical properties i

FSW aluminium 6xxx series alloys have been tested by different authors [4, 56, l09].

Results of the investigations indicated reductions i the parent plate properties of 25-

30% for the yield stress, 10-20% for the tensile strength and 30-60% for the elongation.

A direct comparison with the tensile properties of Metal Inert Gas (MIG) welded joints

indicated that FSW joints exhibited better tensile performance than the MIG joints. For

the MIG joints, the yield stress was 30% lower than in the FSW joints [56]. The tensile
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strength and elongation were respectively 20% and 10% lower than i the FSW joints

[56]. In all the cases, fracture was reported to occur at locations ofminimum hardness.

Several studies have been recently conducted i order to investigate the tensile

properties of FSW joints i 2xxx and 7xxx series aluminium alloys [8, 54, 109]. FSW

2024-T351 joints have generally exhibited a reduction i± the parent plate propertieg of
23-28% for the 0.2% proof stress, 13-17% for the ultimate stress and 50-73% for fthe

elongation. Tests carried out on FSW aluminium-lithium 2195-T8 joints have shown

degradations i the 0.2% proof stress of 30% of the parent plate value and reductions.i
tensile strength of 19% of the parent plate. These values have indicated a degradation of

the tensile properties i line with the more traditional 2024 alloy [54]. Results of tests

performed on FSW 7020-T6 joints have indicated degradation levels in the parent plate

properties of 26% for the 0.2% proof stress, 16% for the ultimate stress and 67% for the

elongation [109]. No complete evaluation of the tensile properties of FSW 7075 joints

has been found i the literature.

Endurance data (S-N curves) have been obtained recently for different types of FSW

joints and compared with the performance of fusion welded joints. The recent interest i

the fatigue properties of FSW joints is due to the fact that the assessment of the

mechanical performance, conducted i support of weld process optinisation, have been

exclusively made through the evaluation of tensile properties. Results of Constant

Amplitude (CA) fatigue tests have been carried out on 2024-T351 joints [8].

Transverse FSW joints, obtained from 1.6 m sheets, exhibited at 105 cycles a

degradation in fatigue strength of 25% compared with the parent plate strength i the

same orientation. Fatigue strength increased with the ratio tool rotational speed/travel

speed teaching the parent plate fatigue strength. Initiation took place at locations of

minimum cross sectional area on the weld nugget. For 4 m FSW joints, fatigue

strength at 107 cycles was 20% less than in the parent plate. In this case, failures took

place at prole irregularities on the weld top surface. This was due to the notch effect

associated with the weld prole.
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Comparative studies of CA fatigue performance have been carried out between FSW

and fusion welded joints i601-T5 alloy (equivalent to 6005-T5) [3 9, 56]. Test results

have indicated that FSW joints performed equally or better than laser and MIG welded

joints. At 107 cycles, MIG and laser welded joints showed a reduction i fatigue

strength of 20-25% compared to the FSW joints. At 107 cycles, the fatigue strength of

FSW joints was 75% of the parent plate strength. ,

:2

Fatigue endurance data obtained testing plasma-keyhole welded 6005-T4/T6 joints have

been compared with fatigue test results of FSW joints [4]. FSW joints always perforned

better than plasma welded joints. At 106 cycles, FSW joints exhibited fatigue strength

30% higher than the plasma joints. A comparison between S-N curves obtained for

2024-T3 FSW joints and fastened joints has indicated that the former performed better

ta the latter [77]. FSW joints at 107 cycles exhibited fatigue strength 50% higher ta

the mechanical joints. First fatigue crack iritiation studies on FSW joirts have been

carried out by Bussu and Irving [15]. As will be discussed later, it has been shown that

hardness and weld bead surface quality are dominant factors initiating fatigue cracks.

2.6.3 Application of FSW on aluminium primary structures

FSW aluminium aerospace structural components have not yet been introduced i

service. However, several feasibility studies are being conducted by aerospace

manufacturers such a Lockheed Martin and Airbus [49, 77]. A full-scale demonstrator

of a barrel section of the extemal tn for the National Aeronautics and Space

Administration (NASA) Space Transport System (Space Shuttle) has been assembled

using a automated FSW process [49]. The barrel section (8.25 m i diameter and 4.5 m

high) has been assembled by friction stir welding Al-Li 2196-T8 integrally stiffened

panels and a longeron subassembly.

The panels, previously formed, have been welded along the longitudinal edges where

the local thickness was 8.1 mm. The longeron subassembly has been obtained by

welding forged 2219 elements. In this case, a variable thickness weld (from 16.5 to 8.1

nn) has been obtained using a two side welding technique with retractable pin tools
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[22]. The mechanical propeties of the full-scale structure conrmed the test results
conducted on laboratory specimens.

BAe Airbus is considering and evaluating the application of FSW in the manufacturing

of primary structures for large civil aircra i order to reduce airframe assembly costs

and improve structural efciency [77]. Feasibility studies have considered the frictjon

stir welding of wing integrally stiñ`ened panels, obtained by either or

extrusion. Welding these panels would reduce the number of parts and simplify the

design. Detailed design solutions considered the replacement of traditional bolted joints

with simpler FSW joints, making due allowance a necessary for any reductions i the

static strength associated with the weld. This would produce sensible weight reductions

avoiding fasteners and eliminate the stress concentrations associated with the fastener

holes.

Irregularly or complex shaped components generally require the machining of large

billets of material om which only a 'action is required to produce the part. FSW hs

been considered in order to reduce the waste of extra material, machining smaller billets

of materials and joining any additional grow-outs that may be required. Welding

dissinilar aluminium alloys such a 2024/7075 has been also considered i order to

improve structural efciency. â

FSW has found so far its largest application i the shipbuilding ard automotive

industry. These applications have generally involved welding of 5000, 6000 series

aluminium alloys structural components. In the maritime sector, FSW has been applied

in the assembly of the hull panels of 24 m high speed vessels [37]. Assembly of large

deck and side wall integrally stiffened panels for catamarans and cruise liners has been

carried out by friction stir welding pre-extruded l2x2.8 m elements [67]. The

application of FSW extended to the assembly of25% of the entire structure allowed cost

reductions of 4-5% compared with alternative joining methods.

FSW has also been applied in the production of oor panels for high speed aluminium

trains. The panels were obtained by welding integrally stiffened extruded elements.
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FSW, used to replace MIG and laser welding, showed advantages in static and fatigue

strength of the panels and higher quality of the welds [56, 39].

2.7 Plasma welding of aluminium alloys

In plasma arc welding (PAW) heat is generated by the current ow between a non-

consumable tungsten electrode and the workpiece [75]. Plasma welding differs from sthe

ordinary Tungsten Inert Gas (TIG) welding i the fact that the welding arcš. is

constraired in a orice (Fig. 2.9). Plasma (a gas i a highly iorised and conductive

state) generated from the electrode is forced to ow through a small orice. The arc

constraint produces a highly concentrated plasma ow (pinch effect) with a distribution

of temperature between 8000 and 25000 °C and arc jet speeds between 300 and 2000

m/sec.

The vigorous ushing action of the plasma jet allows welding with the keyholeâ

technique [l08]. In this case, the ow penetrates completely the workpiece and the

metal is melted i a cylindrícal region around the keyhole. As the torch translates, the

melted metal solidies behind the hole leaving a continuous weld. Plasma keyhole

welding has several advantages over unconstrained TIG welding. Plasma welding is less

sensitive to contamination of the workpiece because the plasma gas, owirg through

the open keyhole, entrains gases that, under other circumstances, would be trapped a

porosity in the melted alloy. From this it follows that joint preparation is sinpler and

less expensive than traditional TIG welding. A more symmetical fusion zone is

produced. This tends to reduce substantially the joint distortion. The greater penetration

allows a reduction in the number of passes required for a given joint. Aluminium alloy

plates up to 15 m in thickness can be welded with a single pass. Variable polar-ity

plasma arc (VPPA) welding is generally used to weld aluminimn alloys i order to

reduce and control the high tendency of oxide formation responsible for poor joint

quality [75, 108].

Studies on the application of the keyhole VPPA technique to assemble the Space Shuttle

external fuel tn have been carried out by NASA [16, 75]. Aluminium 2219-T87 plates

up to 13 m i thickness were single-pass-welded. Tensile tests indicated that the
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ultimate strength of the joints were approximately 70% of the parent plate at room

temperature. The joints had ultimate strength values 12% higher than that of the TIG

welded joints obtained with the sane material. Aluminium 2219-T87 plates up to 12.7

mi thickness were double-pass welded obtaining similar values of tensile strength.
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Figure 2.9 Plasma arc welding torch with temperature distribution.

A investigation of the mechanical properties of 2024-T351 aluminium alloy joints

welded with a optimised keyhole VPPA welding process was conducted in Ref. [1 1 1].

Hardness measurements on 6.35 m thick plates, welded using 2319 ller wire, showed

that the minimum hardness was 68% of that in the parent plate. Through thickness

measurements on the plate joint line exhibited variations in hardness of less than 5% of

hardness minima. This indicated a uniform energy delivery through the plate thickness

during the welding process. Hardness values were compared with those measured in

TIG welded joints obtained with similar base material and ller. The HAZ in the plasma
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joints was 25% smaller ta that i TIG joints, whereas TIG welds exhibited hardness

minina 6% higher ta that of the plasma welds. This 'indicated that during plasma

welding, the energy density was higher than i TIG welding. ^

Tensile tests were carried out on as-welded and surface skimmed autogenous keyhole

VPPA welded 2024-T351 aluminium joints [lll, ll2]. Results indicated that surface

skirnming increased the ultimate strength by 7%. As-welded joints showed a ultiiiate

strength of 333 MPa, 31% lower than that i the parent plate. The skimmed joits

exhibited a ultimate strength of 3.10 MPa, 35% lower ta the parent plate. ,

Results of a comparative study on the fatigue performance of 6005-T4/T6 parent plate

and welded joints were reported i Ref. [4]. Figure 2.10 shows the above results

obtained testing transverse butt welded joints in as-welded conditions. The data show a

comparison between parent plate and welded joints a well a a comparison among

di`erent welding processes. It can be noticed that keyhole plasma welded joints exhibits

better fatigue strength than MIG welded joirts. Degradation i fatigue strength of the

plasma welds is 33% of the parent plate strength at 2- 106 cycles.

2.8 Factors affectíng the fatigue strength ofwelded components

Welds are traditionally considered critical i terms of fatigue perfonnance. Figure 2.10

shows a example of degradation i fatigue strength of welded joints with respect to the

parent plate properties. Porosity, lack of penetration, weld undercutting, inclusions and

hot cracking are the most important causes for often poor fatigue strength [61]. Joint

geometry is a primary factor inuencing fatigue strength. Longitudinal butt joints

perform generally better than llet joints and joint misaligmnent i transverse welds can

reduce fatigue strength [61, 87, 14]. In transverse butt welded joints, the bead prole is

a important factor that inuences fatigue strength [53]. Fatigue cracks typically initiate

at toes of the weld, that is at the junction of the plate surface and the weld, where a

stress concentration is associated with the local change i geometry [7l, 66].

The mechanical and physical properties of the parent metal have a sigricant effect on

the fatigue strength of unwelded aluminium (Section 2.1). However, in welded
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aluminium, the presence of a stress concentration or weld defects signicantly alters

that behaviour [87]. This characteristic fatigue behaviour of welded joints is reected i

the British Standards BS 8118 design curves for aluminium welded joints [14]. Figure

2.11 shows the fatigue S-N design curves f`rom BS 8118 for longitudinal welded joints,

transverse butt welded joints and unwelded aluminium structural elements. The curves

are based on the assumption that joint geometry and manufacturing procedure are íthe
dominant factors to determine the fatigue resistance of the joint, and they apply to åny

weldable structural aluminium alloy.

199 - Parent metal (T4)

Stress range (MPa)

Plasma keyhole (4)
Plasma keyhole (T6)

MIG (T4) -

MIG (T6)
CIA Fatigue
R=0.5

1 ¬ .
1.5105 1.5106 1.råo7

Fatigue life; cycles

Figure 2.10 Comparison of the fatigue properties of 6005-T4 and T6 base metal and transverse

welded joints. The curves have been obtained using different welding techniques, Ref. [4].

Residual stress plays a important rule i ínuencing fatigue performance of welded

joints [38, 61, 65, l05]. Residual stresses in welded components arise from the local

heating introduced by the weld heat source in the workpiece. The thermal expansion of

the material close to the weld is inhibited by the restraining effect of the surrounding

material. This causes plastic deformation to take place i the weld. During cooling, the

longitudinal contraction of the weld metal is resisted and tensile residual stresses are
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thus introduced i the weld [31]. These tensile residual stresses are balanced by

compressive stresses i the regions far from the weld.
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Figure 2.11 Fatigue design curves 'om BS 8118 for longitudinal and transverse aluminium
welded joints compared with that ofa unwelded structural element.

The typical residual stress distribution i a welded plate is shown i Figure 2.12 [61].

The longitudinal residual stress distribution (Fig. 2.12, a) is not i equilibrium for in-

plane rotations. A transverse residual stress distribution (Fig. 2.12, b) arises to balance

the in-plane rotation of the two half-plates. A through thickness transverse residual

stress (ig. 2.12, c), generally negligible for small plate thickness, is introduced too. The

dependence of residual. stress on plate thickness and number of passes was investigated

by Kelsey. As can be observed from Fig. 2.12, the weld bead is i tension whereas

regions near the weld are i compression. The size of the tensile residual stress i the

weld can oen approach the yield strength of the weld material, depending also on the

boundary conditions during welding [38]. Leggatt found longitdinal residual stress

peaks i the weld metal to be between 50 and 100% of the weld metal proof strengths in

5456-H1 16, 6061-T651, 5083-O and 2219-T87 welded plates.
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The effect of weld residual stress on fatigue life of alunininn longitudinal joints has

been investigated by Hill. Residual stress and yield stress were measured i longitudinal

5456-H32l welded joints. The joints were tested under CA fatigue loads at different

stress ratios (R). Results i the form of S-N data were compared with those obtained

from similar joints after that residual stresses were relieved by thermal treatment. The

fatigue strength of the as-welded joints was at 107 cycles, 35% higher than the stršess
relieved samples for R =-0.5. For R = 0 the difference was 25% and for R = 0.5 it was

less than 10%. This indicated that weld residual stress reduced the fatigue strength of

the joirts and that the reduction was higher at low stress ratios. The same dependence

was observed for different joint geometries and different materials [94, 33].

This effect is generally explained considering the modification of the mean stress of the

applied fatigue loads by the tensile residual stress in the weld [61]. During the rst cycle

when the maximum applied stress omax is reached, yielding takes place i the weld

metal due to the presence of high residual stress. The yielding causes a redistribution of

the residual stresses so that a the following cycles are applied, the effective fatigue
stress cycles will range between the weld yield stress (cyw) and cyw - Acapp, Figure

2.13. Thus, the effective fatigue cycles will have equal stress range but different mean

stress.

Under compressive fatigue loading, i.e. from zero to -omax (Fig. 2.13), the effective

fatigue loading will range between cyv, and. oyw - omax. These inply that fatigue failure

can occur under loading conditions which normally would not cause fatigue failure,

such a compressive loading. Moreover, the fatigue strength of welds i the presence of

residual stresses 'is generally dominated by the applied stress range regardless of the

applied stress ratio [33].

The effect of residual stress on fatigue strength is inuenced by the maximum loads of

the applied cycles a mechanical residual stress relief can occur. This interaction

between residual stress and load history is extremely important when overloads or

variable amplitude loading are involved. The effect of single tensile loads on weld

residual stress has been described in detail by Gray [31]. Figure 2.14 shows the stress-
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strain behaviour of a longitudinal welded plate loaded i tension under uniform strain

(this is typically the case of a specimen during a tensile test). The constitutive behaviour

of the material hs been represented a elastic-linear plastic ignoring the work hardening

behaviour.
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Figure 2.12 Typical residual stress distribution i a welded plate.
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When the load is applied to position (1) and removed to (1'), the tensile residual stress

at A and the compressive residual stress at B are reduced. At the same time, a tensile

residual stress has been generated at C. Obviously, for equilibrium the algebraic

summation of the areas delirited by the residual stress distribution plots hs to be zero.

Loading to position (2) and unloading to (2'), produces a more severe stress relief. If the

joint is loaded to position (3), all of the plate hs reached tensile yield and the residual
stress after urloading must be zero since the plate is now behaving like a large tenšile

specimen. Any load that exceeds (3) does not produce further residual stress

modification h '

This analysis showed that weld residual stress is reduced by any tensile loadirg i the

direction of the residual stress component, provided that sufñcient ductility is available

to allow the necessary deformation.

The total fatigue life () of a structural component is typically subdivided i the

initiation and propagation periods. The former (N1) is scientically dened a the

number of fatigue cycles to nucleate a aw along persistent slip bands [98]. From a

engineering viewpoint, N1 can be dened a the number of cycles for a crack to be

detectable within specied values of probability and condence. The propagation

period (Np) is the number of fatigue cycles to grow the nucleated aw or the detectable

crack to fatigue failure. It is dened a N = N1 + Np. S-N curves represent the total

fatigue life and no distinction is explicitly made between initiation and propagation.

A important issue i the fatigue analysis of welded structural components is the

evaluation of the initiation ard propagation periods. In welded joirts, small crack-

initiating defects are typically present i the fusion zone of the weld. For this reason, the

fatigue life of welded joints is often considered to be dominated by crack propagation

and in this light initial defect size is important in determining fatigue life. Fracture

mechanics is applied to provide a conservative estimate of the total life. However, it has

been also shown that the number of cycles required to initiate, from pre-existing defects,

a crack large enough to be detected and treated by linear fracture mechanics a a large

crack", can be signicant (up to 10-40% of the total life) [7]. The initiation period is
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generally longer for low stress fatigue failures ad shorter for high stress fatigue failures

[7]. Investigations carried out on aluminium and steel weldments have shown that

fatigue initiation typically takes place from local defects at the weld toe of transverse

joints and at ripples of the weld surface in longitudinal joints [6l, 62, 76]. This is

generally explained a a effect of the stress concentration K associated with the weld

toe prole [61]. lÄ±
+̀
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Figure 2.13 Effect of residual stress on the mean stress of CA fatigue cycles, Ref. [61]. The

fatigue behaviour of welded joints i the presence of residual stresses is dominated by the stress

range of the applied load cycles.
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Typical weld defects are inter-metallic inclusions, porosity and lack of penetration.

These defects if located intemally to the weld and acceptable from a static point of

view, do not affect the joint fatigue strength. This can be explained by the fact that the

stress intensity factor of a internal crack is generally lower than that associated with a

surface crack of similar geometry [86]. Quality of weld surface is a primary factor

affecting joint fatigue performance. It hs been observed that fatigue strength; i
transverse joints can be reduced by 40% by poor surface quality

[61].2.9Crack propagation i welded joints: effect of residual stress

Crack propagation properties i welds are typically affected by the modications during

welding of the parent plate characteristics. The modications are the introduction of a

residual stress eld, changes i microstructure and softening of the parent metal.

Several authors have observed strong interactions between residual stress and crack

propagation i almninium alloy and steel welded plates [24, 42, 53, 70].

Cracks have been introduced into plates with tensile residual stresses of maximum

values between 0.5 and 1 times yield. Cracks starting from the weld centre line and

growing orthogonal to the weld direction eºdiibited, i the rst stage of the propagation,

growth rates between 3 and 7 times greater than i the parent material. In the subsequent

stage of the growth, the crack propagation rates decreased gradually reaching the crack

growth rate measured i the parent plate at similar stress intensity factor values (AK).

These observations indicated that the longitudiral tensile residual stress present i the

weld was responsible for the initial fast growth. In the second stage of the propagation,

the tensile residual stress was gradually relieved a the crack extended through the weld

and the difference in growth rate reduced [24, 42].

Cracks orthogonal to the weld were iritiated in the HZ where maximum longitudinal

compressive residual stresses between 0.25 ard 0.5 times the yield stress of the parent

material were measured. The cracks exhibited growth rates up to 5 times slower than i

the parent material. The crack growth rates decreased and in some cases crack arrest

was observed [42]. This was believed to be caused by a redistribution of compressive

residual stresses following crack extension. The redistribution increased the
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compressive residual stress peak i front of the crack causirg a decrease i the crack

propagation rate. The increase of the compressive residual stresses following the crack

propagation is necessary i order to preserve the balance [42, 1l0]. In the works

previously mentioned, no evidence was found that the transverse residual stress

distribution i the weld inuenced the propagation of cracks orthogonal to the weld.

In their works, El-Soudani and Ignat'eva observed changes i threshold stress intensity

factor ranges (AKu,) [24, 42]. Cracks that initiated i the compressive residual stress

regions exhibited near-threshold A values approximately tvvice those of the parent

plate. Cracks that initiated i the weld exhibited threshold A values close to the parent

plate ones, indicating that the tensile residual stress eld marginally affected the near-

threshold A values [24, 42]. No explanation was proposed for these latter experimental

observations.

Several investigations have been conducted on cracks propagating parallel to the weld.

The cracks were introduced both i the weld and i the HZ and results compared with

the parent plate properties. Experimental results did not indicate a common behaviour.

Crack propagation tests carried out on 7005-T6 welded plates showed that cracks which

were initiated within the weld exhibited crack growth rates comparable to the parent

plate and 5 times higher than i the HAZ [24]. The cracks propagating i the HZ

exhibited near-threshold A values approximately 1.8-2.0 times the values observed

both in the weld and i the parent plate. Deviation of the crack paths i the direction of

the parent plate was explained a the effect of the longitudiral residual stress gradient in

the direction orthogonal to the weld.

Similar tests conducted on welded C-Mn micro-alloyed steel plates showed that cracks

growing i the weld had a better behaviour than in the parent plate. Crack growth rates

in the weld were approximately 13 times lower than i the parent metal, and the near-
threshold A values were between 2 and 3 times the parent plate values. Residual stress

measurements indicated a distribution similar to the transverse residual stress showed in

Figure 2.12. The tensile peak was 10% of the parent plate yield stress and compressive

minimnn values in modulus 30% of the yield stress of the parent metal [5, 6]. The
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effective stress intensity factor (AKeff), dened i the crack closure model [23, 89], was

estimated via two numerical methods (Finite Element Analysis and Weight Function

methods). The crack propagation curves coircided when re-plotted versus AK.,1f. This

fact irdicated that crack propagation occurred i the weld and i the parent plate under

similar AKe values. The through thickness transverse residual stress i thick plates

affected the front shape of cracks orthogonal to the weld but did not affect its overall
growth rate [53]. In cracks parallel to the weld the through thickness transverse residíal

stress induced crack branching and rnid-thickress shear topography [24].

The crack closure model (Section 2.2) can be applied to evaluate the effect of residual

stress on crack propagation i a welded plate [9, 41, 51]. Variation ofthe crack opening

stress cm, of cracks growing through a weld residual stress eld has been experimentally

observed by different authors [5, 8, 73]. 00 and the relative stress intensity factor K0, is

inuenced by the residual stress i the region of propagation. For a crack growing

through a tensile residual stress region, 00 should be lower than for a crack growing

through a compressive residual stress region [70].

For residual stress values greater than the one that is enough to cause the crack opening

stress to drop below applied o'mi, the crack growth rate should not be inuenced by

variations i residual stress. This concept is illustrated in Figure 2.l5a. Differently, for a

crack growing through a compressive residual stress region, 00 varies a a function of

the compressive residual stress values (Fig. 2.15b). If the compressive residual stress is

large enough to cause o'., to approach o',, the crack propagation may be arrested [42].

The model can be used to predict crack growth rates i welded joirts if Kop (AKeff) is

known (generally from elastic-plastic nite element analysis), or to evaluate the effect

of residual stress on crack propagation when 00 is experimentally determined [9, 41,

51]. The crack closure approach has the advantage of providing the mechanics to

account for the effects of weld residual stress modications due to overloads and crack

growth [57]. However, prediction of crack growth rates usually requires the application

of elastic-plastic fracture mechanics, and calculations must be repeated a the crack

grows.

I
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Figure 2.l5b Crack closure through a initial compressive residual stress eld.

2.10 Crack propagation in welded joints: effect of microstructure and hardness

Several studies on crack propagation in aluminium and steel welds have shown that the

eñ°ect of microstructure and hardness is small compared with the effect of residual stress

[24, 80, l07]. Fatigue crack growth rates measured i the weld, characterised by a cast
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columnar structure, were similar to those i the respective 7005-T6 base alloy indicating

that crack propagation i the weld was marginally affected by the different

microstucture [24]. A decrease in fatigue crack growth rates associated with crack

branching towards the regions of lower hardness was observed by the sane author. This

suggested a role of hardness i reducing the crack growth rates i the HAZ. __

<

Crack growth rates i the HZ 4 times lower ta i the parent plate were i

Al-4.5Zn-2.5Mg alloy welded samples [80]. Crack branching was observed i the HAZ.

The reduction i crack growth rates was attributed by the authors t a combined effect

of hardness and microstructure, residual stresses being small. Similar studies were

conducted on EH36 steel welds aer being tempered i order to release the residual

stresses originated during welding [l07]. Crack growth rates i the HZ were 2 times

lower ta i the parent plate. This behaviour was attributed to the difference i

microstructure between the HZ and base metal. However, the changes i hardness due

to the heat treatment and their effect on_crack propagation were not investigated.

2.11 Design ofwelded aluminium aerospace structures

Although welded structural components have been used i airframes since l920s [43], a

linited amount of data has been published i the open literature regarding design

approach and methodologies for welded aerospace

structures.Weldedjoints and fastened joints have different mechanical properties. Riveted joints

bear loads by shear stresses acting on rivets [72]. Stress concentratiors, secondary

bending moments and the need of edge overlappig make the mechanism of bearing

loads i riveted joirts very different from that i a simple butt welded joint. These

differences produce di`erent design requirements in- -both cases. Although replacig

riveted joints with welds could appear the simplest approach to the problem, this is not

likely to be a efcient design methodology.

Welds differ om riveting because of the degradation of properties that takes place i

welds. A appropriate choice of materials will tend to minimise the degradation caused

by the welding process. In this direction, studies have been carried out in order to
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develop guidelines for materials choice. The method consisted i selecting the material

in order to minimise the weight of the welded component [1 1, 12].

The same studies have indicated that design of welded airframes should consider a

panel-structures approach. This approach consists of the design of welded structural

panels i at form. The panels are subsequently shaped with the required geometrical
accuracy (for example, i the super-plastic condition of the metal) and heat-treated if

possible. The nal structure is obtained by assembling the individual panels. This

method allows controlling residual stresses and defonnation due to welding and

facilitates the automation of the welding process. The previous method considered

frequent use of llet welded joints, allowing higher design exibility [1 1, 12]. However,

it should be observed that the llet welded joints have generally lower fatigue strength

and lower level of inspectability than butt welded joints (Section 2.8).

The design of friction stir welded aircra structures and their benefts have been

investigated by British Aerospace Airbus [77]. The design approach uses welding i

order to reduce manufacturing costs and achieve weight savings, not so much from the

increase i stress levels and improved fatigue strength, but om the reduction of

fastened joints. A possible design solution for welded wing skin panels was discussed,

Fig. 2.16.

In conventional fastened wings, the skin panels are typically jointed i the span-wise

direction via a butt strap joint incorporating a stringer, Fig. 2.16, a. The introduction of

welding allows the elimination of the butt strap and sealant hn. The skin panels are

jointed via a span-wise butt weld located away from other geometric stress

concentration features, such a bolted and riveted stringers, to improve the joint

durability, Figure 2.16, b. No methodology of design for damage tolerance of welded

structures has been proposed by the authors.
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3. EXPERIMENTAL PROCEDURES

3.1 Parent material 2024-T351

The 2024-T351 alloy hs been selected being the standard alloy used to manufacture

lower wing panels of the actual generation of large commercial aircra [72]. The alloy

2024 is a Copper-Magnesium based age hardenable aluminum alloy. Copper allows (the

strengthening of the alloy through the age hardening process and Magnesium reduèces

the embrittling effect caused by iron impurities [2]. The 2024-T351 aluminium alloy is

a Al-Cu-Mg alloy which has been solution heat-treated, control stretched and naturally

aged. The specied chemical composition is given in Table 3.1.

Cu Mg Mn Fe Si Zr Cr Ni Others AI

Pb 0.05

3.8 1.2 0.3 Sn 0.05
0.5 0.5 0.2 0.1 0.05 Rem.

4.9 1.8 0.9 Ti+Zr
0.2

Table 3.1 Specied chemical composition for 2024-T351 aluminium alloy (wt %), Ref. [1].

The 2024-T351 alloy was supplied i the form of plate (6.35 m of thickness). Table

3.2 shows the mechanical properties of the 2024-T351 (plate) material.

Elongation on 50
_ 0.2 % Proof Stress Ultimate Stress

Orientaton _ _ mm
(mn) (mn) _

(mn)

L 310 MPa 430 MPa 12%

L-T 280 MPa 420 MPa -

Table 3.2 Mechanical properties for 2024-T351 aluminium alloy, Ref. [1].
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Figures 3.la, 3.lb and l.lc show the grain structure of the 2024-T351 plate i the three

planes LT, TS and LS. Samples of the material were cut, embedded i epoxy resin and

cured at room temperature. The polishing operation was carried out up to 5 m nishing

grade using automatic polishing machines. The samples were etched i a saturated

solution of molybdic acid i 5% uoridric acid for 20 seconds. The etching operation

was repeated i altemation with the polishing procedure with a colloidal silica solutionv
in order to obtain a better surface quality. Grains, evidenced by the etchirg, showed :the

typical elongation i the plate rolling direction.

3.2 Welding procedures

The friction stir welding to produce samples was carried out by BAe Airbus Ltd.

Welding parameters were kept condential to them. The welded plates were obtained by

weldig two 378 x 130 x 6.35 m parent plates along their long edge. The weld

direction was parallel to the L orientation i the parent metal. The plasma welding

process was performed with no ller metal (autogenous plasma welding) using the

keyhole technique [l11]. The plasma welding operation was carried out by the

Craneld Welding Group. Table 3.3 shows the welding conditions.

Polarity 70% -e.n./(e.n. +e.p.) time Orce Diam. 2.25 mm

Frequency 50Hz -e.n. +e.p. cycle Electr. Set-Back 3.0 mm

Balance 60% -e.p. amplitude Plasma Flow rate 1.4 l/min Ar

Stand-Off 3.9 mm Shield Gas Flow rate 10 l/min Ar/He

Table 3.3 Standard plasma autogenous welding parameters (vertical-up).

3.3 Specimen preparation for metallography

Friction stir ard plasma welded plates were sectioned in the direction normal to the weld

line and 100 x 30 x 6.35 m samples extracted. Other samples were obtained by

sectioning friction stir welded plates i the direction of the weld line. The samples were

cut and polished a for metallographic examination (Section 3.1).
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3.4 Hardness profile measurement

Samples were cut ad polished a for metallographic examination. Hardness tests were

performed i full accordance with the standard test method for Vickers hardness test

ASTM E 92-82 (1989) using a Matsuzawa Seiki Vickers micro-hardness test machine.

Indentations were carried out applying 1.0 k force for 15 seconds. Indentations on two

FSW samples were preformed on the weld transverse sections at constant intcrvals of

1.0 m on the mid-thiokness line, at 2.0 m from it, and on the weld upper and lower

surfaces, a shown i Figure 3.2. Hardness tests on two plasma welds were carried out

using the same procedure. The measurements were performed on the mid-thickness line

and at constant intervals of 1.0 mm.

'.'fí age
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Figure 3.2 Locations of hardness transverse measurements carried out in the friction stir weld

cross sections.

3.5 Preparation of tensile specimens

Material, initial plate dimensions and welding procedures were a described in Sections

3.1 and 3.2. Two different congurations of specinen were machined from the welded

plates. The longitudinal specimen had its principal axis parallel to the weld axis. The

transverse specimens had its principal axis perpendicular to the weld axis. The two

specimen congurations and their principal dimensions are shown i Figure 3.4.

Specimen dimensions were chosen i accordance with ASTM E 8M (1997) standard

requirements for tension testing of metallic materials. The denition of the specinen

dimensions was made i respect of the lirnitations imposed by the welded plate

dimensions and testing equipment operational limits. Specimen test gauge sections were

always positioned far from weld start and stop areas in order to guarantee uniformity to

the weld properties within the test sections. Plasma welded specimens were machined i

the transverse conguration using the sane geometry and dimensions a for the

transverse FSW joints (Fig. 3.3).
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One longitudinal and one transverse specimen were surface skimned removing 0.5 m

from both specimen surfaces. In order to reduce distortion arising from residual stress

relief during the skinming operation, a special jig and cutting procedure were

developed. A vacuum chuck holder was built to hold the specinen i at position

during cutting. A 0.1 m layer was removed with a y-cut tool at each cut altemately

on the top and bottom surface until 0.5 m ofmaterial had been

removed."`

1 _378mm `

150mm4âº

120mm

80mm

Longtudnal sgecmen Weld
Plate

250mm joint line

` 120 m

I 1 y ` 40mm
Weld

Transverses ecmen
Plate Jomtune

Figure 3.3 Longitudinal and transverse welded specimen geometry. The parent plate rolling

70mm

directions are also indicated in the two cases.

The two skimmed specimens were strain-gauged i order to establish the local stress-

strain behaviour. It was recognised that hardness distribution would have played a

fundamental role i the distribution of strain within the trarsverse welded specimens,
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whereas hardness and residual stresses would have affected the stress distribution within

the longitudinal specimens.

Figure 3.4 shows the position of the strain gauges for the transverse welded specimen.

Seven strain gauges were positioned at several distances from the plate joint line (PJL)

on the top and bottom surface of the joint. Each of them was located at the relative

minima and maxima of the hardness distribution curves, a shown i Figure 3.5. Alliihe

strain gauges were positioned on the specimen longitudinal line of symmetry i order to

avoid any interference i the strain measurements by any unpredicted in-plane

secondary bending moment.

L Specimen gauge length
Weld

(Lip side)

<22 50mm -º

------------------------ë-------------- ----------ä-~------~---ä----~-----~
<

| E E, 6mm -
º

4 I 47-âº

4 i

 :\0 1* 3* 4 6

>

-.{P- _ _ ..X_....-.-.

Ã¤

Å¡

\l

K

Top surface
Plate Joint Line' Bottom surface

Figure 3.4 Strain gauge positions on the transverse FSW specimen i the monotonic tensíle

test.

Because of the rapid Variation i the hardness values witlin the central area of the weld,

strain gauges with 0.2 m active gauge length (TML FLG-02-l 1) were applied i this

region (gauges 0, 1, 2 and 3). Strain gauges 4, 5 and 6 had instead 3.05 m active gauge

length (MM EA-13-120LZ-120). Strain gauge 1 was positioned on the bottom weld
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surface corresponding to the minimum hardness value on the PJL. Strain gauge 0 was

positioned on the weld surface i order t check for possible secondary bending. All

the strain gauges were self-temperature-compensated.
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Figure 3.5 Strai gauges position compared with the transverse hardness values measured on

the transverse FSW specimen before the tensile test. The hardness proles were measured a

described i Section 3.4.

The FSW longitudinal specimen was strain gauged on the specimen transverse line of

symrnetry and at different distances from the PJL. All the strain gauges (TML FLG-02-

ll) had 1.25 m grid width and active gauge length of 0.2 mm. The self-temperature-

compensated strain gauges were installed on the specimens using M-Bond 200/

Catalyst-C cyanoacrylate adhesive. Transverse and longitudinal specimens were tested

under ambient laboratory conditions.
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3.6 Tensíon testing procedures

The longitudinal and transverse specinens were tested using a Instron 8500 digitally

controlled test machine capable of 250 k a maximum load tted with a 0.5 class load

cell (±0.44% accuracy, 0.01% resolution). The load cell was calibrated i accordance

with EURONORM E 10002-2: 1991.

The tests were performed in accordance with ASTM E 8M (1997) standard. 'l`he

specimens were clamped i the grips and the strain gauge signals were amplied,

monitored and recorded via a Strawberry Tree multi-channel data acquisition system.

The Strawberry Tree system is composed of a Mini-16 analog input and output board

for IBM compatible PCs and a QuickLog PC data acquisition and control software [97].

The Mini-16 board is capable ofattaining 16 bit resolution. The Load output signal om

the load cell of the test machine was also recorded. The load was applied during the

tests i position control mode and with a displacement rate of l rmn/min, up to the

failure of the specimens. The stress values were calculated with reference to the nominal

specinen cross section. Yield strength was calculated with the 0.2% offset method, a

recommended i ASTM E 8M (1997). Resolution and accuracy i the recorded strain

values were 0.0004 strain (%) and .7% of the nominal values, respectively. Using the

above described procedure, six friction stir welded joints (three longitudinal and three

transverse) and three transverse plasma welded jointswere tested. Six parent plate 2024-

T351 specimens, three longitudinal (L) and three transverse (LT), were also tested i

order to compare the tensile behaviour with the welded joints.

3.7 Fatigue test specimen design and preparation

Material and welding procedures were a described i Sections 3.1 and 3.2. Two

different congurations of specimen were machined out from the welded plates. The

longitudinal specimen had its principal axis parallel to the weld axis. The transverse

specimen had its principal axis perpendicular to the weld axis. The two specimen

congurations and their principal dimensions are shown i Figure 3.6.
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<>
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Figure 3.6 Longitudial and transverse welded and parent plate specimen geometry. The parent

plate rolling directions are indicated.

The longitudinal specimens were made a large a could be tested in order to minimise

the residual stress relief, which typically affects small specimens. Previous work from
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the literature [38, 53, 88] was also considered a further general guidelines. Specinen

test gauge sections were i all cases, kept far from the plate weld-start and stop areas i

order to guarantee mifonnity ofproperties within the test gauge lengths.

Plasma welded specimens were machined only i the transverse conguration. Parent

plate specinens were machined i the L and LT grain direction. The specimens a

continuous radius between ends (Fig. 3.6). This geometry was chosen i order to avbid

failures at the end of the test gauge length a would occur during testing i fatigue dog-
bone specimens of homogeneous material. Specimen dimensions were i accordance

with ASTM E 466 (1997).

Samples were tested i two surface conditions, a welded and surface skimned. The

smface skimming operation was carried out a described i Section 3.5.

3.8 Residual stress measurements '

Residual stresses were measured i a 2024-T351 6.35 x 250 330 m iction stir

welded plate using the Hole-drilling Strain-gauge method i accordance with ASTM E

837-95 (1998). The measurements were performed by Stress Engineering Ltd (UK).

Three equiangular strain gauge rosettes (CEA-06-062UM-120) were positioned at

different distances from the plate joint line (locations 1, 2, 3, i Figure 3.7) on a as-

welded plate. The measurements were carried out at probable locations ofmaximum and

minímun longitudinal residual stress. The choice of the locations was based on

geometrical similarity with residual stress distributions measured i rectangular welded

plates reported i Ref. [3 8, 58, l06].

A 2 m nominal dianeter hole was drilled at each location with a carbide tipped

inverse cone at bottom drill driven at 300,000 rpm by a air turbine. High rotational

speed was required i order to minimise residual stress due to drilling. The holes were

drilled at increments of 0.125 m to a depth of 2 mm. Measurements of the strain

values around the holes were made at each increment. The principal residual stresses 0',
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and 0', and their orientation ß, positive if clockwise with respect to the weld, were

calculated at each depth value using the following relationship:

cnc: +(e2 +33)2

Eqn. 3.1

tanzßzss-2a2+el Q

where sl, az and a3 are the strair values measured with the equiangular strain gauge

rosettes. A and B are constants which are given i± ASTM E 837-95 (1998) and are

functions of the material Yomg's modulus, Poisson's ratio and the geometry of the

problem.

A longitudinal welded specimen, of geometry and dimensions a described in Section

3.7, was machined out from the same plate. The residual stresses were measured with

the above procedure at locations 1', 2', 3' (Figure 3.7). The specimen was subsequently

surface skimmed removing a layer of 0.5 m from each of the top and bottom sn'faces,

a described in Section 3.5. Residual stress measurements were nally repeated at

locations l, 2, 3 (Figure 3.7).

Stress values were originally expressed i terms of longitudinal and transverse

components, the fonner parallel to the weld axis the latter normal to the weld axis. The

following Mohr's circle relationship [50] was used to calculate longitudinal and

transverse residual stress:

oa =
i-61:62 +-i-0:62 cos 2<1> Eqn. 3.2

where 0-6 is the stress acting on a plane oriented at any angle c measured from the rst

principal plane positive if clockwise. As discussed i ASTM E 873-95, the error
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associated with the method may vary signicantly from case to case depending on the

intensity of residual stress gradients and magnitude. In this case, the error will usually

tend towards a uderestimation of the maximum residual stress. As discussed i

ASTM E 873 (2000), no round-robin exercise for welded plates hs been carried out i

order to estimate the error associated with the measurements. However, it is reasonable

to believe that the error should be approximately ±l 5 MPa [82]. ~
Ã©

I 10 mm' i 10 mm' l'
4-m-âº

¬- Ü 'Ü i Ü'
3 3 3|! ê'

25 mm

2' 2 i 2"

JOINT ' ç.

PLATE CENTRE LlNE_---> . GAUGE POS'-"ON

(* minimum distance to avoid interactions with previous measurements)

Figure 3.7 Residual stress positions referred to the plate joint line.

3.9 Fatigue testing procedures

All the fatigue tests were performed i accordance with ASTM E 466 (1997). The

specinens were deburred on the edges to prevent crack initiation from irregular edge

proles. The tests were carried out at constant load amplitude, constant equency of 15

Hz. Tests were conducted for a stress ratio R of 0.1. This is more representative of the
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highly danaging load uctuations that a wing panel experiences during its operative life

[60]. More signicantly, constant amplitude and low stress ratio cycles can be

reasonably representative of the Ground-Air-Ground (GAG) cycles.

The specimens were tested using a Instron 8500 digitally controlled test machine of

250 k capacity tted with a 0.5 class load cell (±0.44% accuracy, 0.01% resolution).

The load cell was calibrated i accordance with Euronorm EN 10002-2: 1991. Fatiâue

test results were plotted a stress range versus life (S-N). Cost/time lirnitations on

testing imposed a limit on fatigue life of 107 cycles. Best-t cuwes were plotted through

the experimental data points for clarity.

3.10 Crack propagation test: specimen design and preparation

Two specimen designs were used: the Surface-Crack Tension specimen (SCT) and the

Compact Tension specimen (CT). Figures 3.8a and 3.8b show the two specimen

arrangements and principal dimensions.

378mm

i 150mm i

H Q 1/

Initial aw locations Weld

120mm

80mm

Plate
joint line

(*) DCPD current input locations .

Figure 3.8a The Surface-Crack Tension specimen (SCT) arrangement and principal

dimensions.
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In the SCT test specimens the cracks were initiated and grown always at 90° to the weld

line. In the CT test specimens the cracks were always parallel to the weld line. The SCT

specimens were nominally similar to the longitudinal welded specimens tested i

fatigue.

To initiate a surface crack, a semicircular aw of 1 m nominal radius was introduced

i the specinens using the Electric Discharge Machining technique (EDM). During this

operation, a specially manufactured copper alloy tool was made with nominal radius of

1.0 mm, thickness of 0.2 mm. Figure 3.9 shows the surface semicircular aw obtained

with this technique. Dimensional tolerances on the radius of the crack starters were ±0.2

mm.

70' mm (*) Chevron notch
14mm

7\ _.__ -
1 '--- ø1amm _f_

eeeeeeeeeean

åÅ¡
<

º84mm

" '" DCPD current input

_/ 5 -§55»-í .Ã
5.3

K 88mm > Üi,

Figure 3.8b The Compact Tension specimen (CT) arrangement and principal dimensions.

The value of the surface aw radius was small compared with the plate thickness in

order to be able to observe the crack propagation during the through-thickness growth

stage. Radii smaller then 1.00 m were discarded because of difculties encountered in
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the manufacturing of the copper alloy tool. The l m radius surface aw was smaller

than the initial surface aw dimensions specied in the USAF Damage Tolerant Design

Handbook [28]. Figure 3.10 shows the orientation and the positions with respect to the

weld, at which the surface aws were introduced. The aws were introduced at the

same locations at which residual stresses were measured on a similar specimen (Section

3.8). Moreover, the locations corresponded to regions characterised by different

microstructures within the friction stir welded joint.

Figure 3.9 The surface semicircular aws were introduced on the SCT specimens by Electric

Discharge Machining (EDM).

The CT specimens were in accordance with ASTM E 647-95a (1997). From each

friction stir welded plate, three CT specimens were machined from the central area of

the plate, avoiding the weld start and stop areas and guaranteeing uniformity of

properties within the specimens. The skimming operations were carried out according to

the procedures described in Section 3.7.



3. Experimental procedures 61

The CT specimens were machined according to three different positions with respect to

the weld. The notches were always parallel to the weld and were positioned on the plate

joint line (PJL), at 6 m and at 28 m from the plate joint line on the side opposite to

the lip. Figure 3.11 shows the three cases. These positions corresponded to local minima

of hardness transverses (6 m and 28 mm) and to different grain structure

characteristics. CT and SCT specimens were polished with 0.5 m diamond paste on the
surfaces corresponding to the expected crack path i order to improve the crackitip

optical detectability.

scT specimen

widthSCTwith initial defect on f\ SCT with initial defect at
the wed ine /\ 11mm from the wed ine

'

SCT with initial defect at
25mm from the weld line

Plate joint line

i
p = i

Figure 3.10 Position and orientation of the initial surface defect with respect to the weld for the

SCT specimens.

3.11 Experimental procedures: crack propagation tests

All crack propagation tests were perfonned in accordance with the standard test

methods for measurement of fatigue crack growth rates described in ASTM E 647

(1997). The tests were carried out at constant load amplitude, constant frequency of 15
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H and constant stress ratio of R = 0.1. Specinens were tested under load control i

ambient laboratory conditions using two Instron 8500 digitally controlled test machines

of 100 k and 250 k load capacity. These machines were tted with 0.5 class load

cells (±0.44% accuracy, 0.01% resolution). The CT specimens were pre-cracked to a

initial crack length of 18.0 mm. The pre-cracking load sequence was carriedout «in
accordance with the recommended procedure a i ASTM E 647 (1997).

;._1 1

CT specimen

fe eeeeI1
1

_ CT specimen _....... ._CT specmen on at 28mm
the weld line

ed

lkw
\

§1.

IUO 91SU

Figure 3.11 Position and orientation of the CT specimens with respect to the weld.

The stress intensity factor (K) values for the CT specimens were calculated using the

expression (ASTM E 647 (1997)):

K=WV%- f(a/W) Eqn 3.3
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where:

f(a/W):
(2+a/w)[o.ss6+4.64(a/w)}:í.3:çZY +4.12(a/W)' -S.6(a/wy]

a is the crack length, W the specimen width (70 mm), t the specimen thickness (5&i35

mm) and P the applied load. The formulation forf(a/W) is valid for aW 2 0.2.

In the case of the SCT specimens, the expression for the stress intensity factor depended

on the crack front geometry. Two expressions for the stress intensity factor were used.

During the rst part of the tests the cracks propagated from semicircular surface aws.

For crack depths (c) less than t, the cracks were assumed to propagate a semicircular

aws (a/c = 1, where a is the half crack surface length). This assmnption was based on

the experimental evidence that the thumbnail cracks on breaking through the plate

thickness (c = t) exhibited a/c values between 1.02 and 1.07. The stress intensity factor

expression was [3]:

P 1
K=_-_. /, /w E 3.4

rw 1=/2 f(a ta ) q"

where:

f(a/t,a/W): [l.04+ 0.20(a/t)2 -0.1 1(a/t)4 ][l.l + 0.35(a/t)ZHsec(1ta/W)(a/t)1/ZT/2

a is half the crack surface length, t the specimen thickness (5.35 rmn) and W the

specimen width (80.0 nm). The formulation for f(a/t, aW is valid for a/t < 0.5, and

refers to the stress intensity factor on the crack tip at the plate surface. For a > t, the

cracks breaking through the plate thickness, the stress intensity factor was calculated

using the expression for a centre cracked plate [3]:
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P

K=W(1ca)1/2f(a/W) Eqn 3.5

where:

f(a/w)=1+o.2s6(a/w)-.s2(a/w)2 +2.2oo(a/w)3 Â
°

a half the crack length, t the specimen thickness and W the specimen width. These

assunptions involved a certain degree of error particularly at the stage when the surface

crack became a through crack. However, the majority of the observed crack growth

behaviour referred t the stage when the crack was a surface crack and the

transformation into a through crack, followed by the through crack growth occupied

only the very last part of the test. Tests conducted on the parent plate generated data

were i good agreement with crack propagation data published i ESDU 81031 [25]

(Section 4.12). This conrms that the test procedures, the criteria and the assumptions

used for the calculation of experimental data led to representative results.

The formulations used for the stress intensity factors did not take into account

contributions from the residual stress eld. The stress intensity formulations were

corrected for crack eccentricity i the SCT specimens with the semicircular aws at ll

and 25 m 'om the plate joint line. The corrections were based on the case of a

eccentric through crack i a fmite width plate subjected to a uniform miaxial tensile

stress [86]:

K33; /K0 = 1 + §2 c (za/W)" Eqn. 3. aa
n=2

at the outer crack tip and:
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_ 19
K;;;;; /K0 = 1+ 2(-)c(2a/w)" Eq_ 3,61,

1=2

at the irmer crack tip. K is the stress intensity factor obtained a W tends to innity and

is given by o (1a)2. The coefcients C, functions of the eccentricity, are tabulateti i

Ref. [44].

Figure 3.12 shows the plots of Bquation 3.6a and 3.6b, for the through crack at ll and

25 m from the plate joint line, and on the plate joint line. The plots show that stress

intensity i the eccentric cracks is lower ta i centre cracks and higher at the crack tip

which is closer to the plate edge (outer crack tip).

2.8 _

2.6 _ X
. crack at 11 mm from the PJL

2.4 - (outer crack tip)Ä±
22 _ D crack at 25 mm from the PJL

(outer crack tip)

å 2 - ,crack at 11 mm from the PJL
2 1.8 _ X (nner crack tp)

A crack at 25 mm from the PJL
1.6 _ (inner crack tip)

1 4 § D xcrack on the plate centre' ` A

Dux" 11
C

D

1.2 _
E t A A1 l-5 51-! 1 1 1 1

0 5 10 15 20
a (mm)

Figure 3.12 Plots ofKK versus crack length for the through crack at ll and 25 mm from the

plate joint line, and on the plate joint line (SCT apecimens).

No specic corrections for eccentric semielliptical aws were available therefore the

previous correction was also applied to the semicircular crack geometry. The stress

intensity value associated with a semicircular surface crack is generally less than the
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stress intensity value associated with a through crack of the same crack length, a can be

observed by plotting together Equation 3.4 and 3.5. This is due to the binding actionâ

exerted by the material between the front of the semicircular crack and the back of the

plate. It is reasonable to believe that the same binding action would reduce the effect of

the offset on the semicircular crack with respect to the through crack. On this basis, the

correction factor for eccentricity of through cracks represents a overestimation of~the

real correction factor for semicircular surface cracks. A quantitative estimation ofçthe

inuence of the crack o`set on the stress intensity factors i semicircular aws could be

obtained applying nite element analysis methods.

The correction factors used for the SCT specimens are plotted i Figure 3.13. It can be

noticed that the eccentricity correction values, within the test crack lengths, were

between 0.l% (for the initial crack lengths) and 24% (for nal crack lengths between 9

and 10 mn) of the uncorrected values. Stress intensity values reported in the test results

refer to the stress intensity value calculated at the crack tip on the plate surface nearest

to the specimen edge. _

3.12 The DCPD crack length measurement system

The Direct Current Potential Difference (DCPD) method allows the determination of the

crack size in a conductirg specimen by measurement of the electrical potential drop

across the crack plane in the presence of a current ow. This method relies on the

principle that the electrical eld i a cracked specimen is a function of the specinen

geometry and therefore of the crack size. The electrical potential increases as the crack

size increases. The changes i electrical potential can be correlated with the physical

crack length through empirical or analytical relationslips. A detailed review of the

method can be fomd i Ref. [29, 32, 99].

Figure 3.14 shows the schematic of the DCPD system. A Howden DCPD apparatus was

used during the tests. In this apparatus a direct cnrent of 15 A was pulsed through the

specimen at the maxima of the applied loading. The synchronisation allowed

elimination of errors i potential measurements associated with shorting across the
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'acture surfaces due crack closure at minimum load. At each reading, two electrical

potential measreients were taken: the rst with the current on () and the second

with the current off (Vw). The difference AV between the two values was calculated.

This procedure allowed elimination of errors associated with thermoelectric

electromotive forces (emf). . -

Drifts i the measured voltage associated with changes in resistivity of the fest

specimen, DCPD circuits and connections were avoided by normalising the electrical

potentials measured i the test specimen (AV) with the electrical potentials (AV,)

simultaneously measured on a identical dummy specimen. Figure 3.15 shows the

locations of the electrical potential probes on the CT and SCT specimens.

1.1â

OX

X

1; W § ¶ 6 5 ä ,sc (25mmfr<ºm PJL):~
3 inner crack tip

Q 0 QSCT (25 mm from PJL):
outer crack tipH

Ö , scr (11 mm from PJL):"
inner crack tip

5 Xscr (11 mm from PJL):
outer crack tip

K offset I K centr.
.° PØ <.°~±

5

0.6 _
__ O

0-5-.ixxiÄ±
0 5 10 15

a (mm)

Figure 3.13 Correction factors for the crack offset used i the calculation of the stress intensity

values in cracks on the SCT specimens.

The two analogue outputs AV, and AVY, generated by the DCPD apparatus, were

received by the Strawberry Tree data acquisition system (Section 3.6). The operation

AV,/AV, was digitally perfomed within the Strawberry Tree system. The values were

averaged over 50 readings and recorded every 500 cycles. A Model 488-PC2 IEEE
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488.2 General Purpose Interface Card (GPIB) [68] was installed on a 486 personal

computer i order to set the event detectors within the lnstron 8500 digital control tower

and the digital outputs to send a signal after each load cycle was completed. The digital

output signal variations, received by the data acquisition system, were counted and

recorded a number of load cycles.

The tests were carried out using a new set of grips, which were designed ad hoc by ëthe

author for testing large specimens and to allow the use of the DCPD technique when

conducting fatigue crack propagation tests. Specic requirements and design procedure

of the grips are described i the Appendix.

Data_ __ 486 PC
Acquston Gp|B card
System

current

DCPD apparatus _
º

_ O Â

°
AVV im dummy âº

O 0

Av, l
_ _ lnstron 8500 plus

1,..._._ _
Cycles syncron.

Figure 3.14 The schematic of the DCPD system.

.__ __4
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3.13 The crack length versus potential difference relationship

Empirical relationships between the normalised electrical potential ratio

(AV,/AVy)/(AVX/AV,) and crack length aW were developed in each case, with the

potential ratio (AV,/AV,) measured on the un-cracked specimen. The former

normalisation was made i order to reduce errors due to differences i positioning the

probes between similar specinens. In order to determine the crack length versus

potential difference relationships optical surface measurements were made with a

travelling microscope of 10 m resolution and the crack lengthvalues were plotted

versus the corresponding test electrical potential values. For the CT specimens, a third

order polynomial curve was tted to the experimental data points using a least squares

tting routine. Some of the CT specimens exhibited oblique crack fronts.

l l

'' -.
1.5 mm

_ 3 mm
1.5 mm

- 'âº

Surface aw

._...._Q..-.-- _.-.-.-...-.-.-

(H)

DCPD probe location (b)

Figure 3.15 The locations of the electrical potential probes on the CT (a) ard SCT specimens

(b)- '

For those specimens, the two surface crack lengths were optically measured and their

averaged values were plotted versus the corresponding potential differences. The
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analytical expression of the calibration curve for the CT specimens with the respective

least squares t residual is shown below:

/

y = -0.0034 xs - 0.1705 xz + 1.0809 x - 0.7396; (R2=0.998)

with y = aw and x = (Av/Av,)/(Av,/Av,). «_
Ãª

For the SCT specimens, a different calibration curve was obtained for each specinen

conguration (initial aw on the weld line, at ll and 25 m om it). In these cases -the

experimental data points were tted i two sets. The rst set contained the data points of

the crack during its rst stage of growth a a surface thmnbnail crack. The second set

contained the data points of the crack in its second stage of growth a a through crack.

Two rst order polynomial curves were tted to each set of data points using a least

squares tting routine. The analytical expressions of the calibration curves for the CT

specimens with the respective least squares t residuals are shown below:

SCT specimens with crack on the Plate Joint Line:

y = 0.0696 x - 0.0401; (R2= 0.989) for a < t

y = 0.0231 x + 0.0192; (R2= 0.989) for a > t

SCT specimens with crack at 11 m from the Plate Joint Line:

y = 0.0439 x - 0.0307; (R2= 0.994) for a < t

y = 0.015 x + 0.0272; (R2= 0.989) for a > t

SCT specimens with crack at 25 rn from the Plate Joint Line:

y = 0.051 x - 0.039; (R2= 0.999) for a < t

y = 0.0149 x + 0.04; (R2= 0.997) for a > t

with y = aW and x = (AV,/AVY)/(AV,/AVy)0. Figure 3.16a and Figure 3.l6b show the

experimental data points and the calibration curves obtained for the CT and the SCT

specimens.
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3.14 DCPD crack length measurement system evaluation

The performance of the DCPD system was evaluated i terms of resolution and

accuracy i the determination of the crack length. The e`ective resolution of the system

was dened a the smallest change i crack size that can be detected i actual test

operation. The resolution of the system depended on several factors. Voltmeter and

ampliers resolution, current magnitude, specinen geometry and electrical

conductivity, probe and current input wire locations were the most important [29]. 6
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Figure 3.16a The experimental data points and the respective calibration curve obtained for the

CT specimens.

Table 3.4a reports the values of the resolution of the DCPD system for the CT and SCT

specimens under the specied test conditions and at the begiming of the tests. Table

3.4b contains the estimated accuracy of the DCPD system for CT and SCT specimens.

The accuracy was estimated during constant-crack-length tests carried out under below-

threshold A conditions. The tests were representative of the long-term stability of the
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DCPD system. Accuracy was calculated a the standard deviation of the recorded crack

length values over the period of testing.
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Figure 3.l6b The experimental data points and the respective calibration curves obtained for

the SCT specimens.

SPECIMEN CONFIG. RESOLUTION Crack size (mm)

CT
between

10 and 18 m
18.04 S a 518.20

SCT (crack on PJL)
between

10 and 20 m
0.98 S a 51.02

scT (crack at 11 mm from PJL)
between

6 and 10 m
0.99 S a 51.01

SCT (crack at 25 mm from PJL)
between

10 and 18 m
0.98 S a 51.00

Table 3.4a Estimated resolution values of the DCPD system i the CT and SCT specimen tests.
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s=EcMEN sAvPLE MEAN MAx. Mm.
DuRA oN AccuRAcY

coN=G. couNT (mm) (mm) (mm)

±0.091 mm

(±0.6%)

±0.009 mm
0.991 1.015 0.967 'A

(±0.9%) r

CT 24 hours 500 16.053 16.100 15.887

SCT (*) 24 hours 500

(*) Crack at 25 mm from the plate joint line.

Table 3.4b Estimated accuracy values of the DCPD system i the CT and SCT specimen tests.

3.15 Measurement of fatigue crack opening loads (COL)

The crack opening load is dened a the minimum applied load for which a fatigue

crack, present i the loaded specimen, is fully open. Measurements of fatigue crack

opening loads were carried out on the CT specinens i order to observe any evidence of

the crack closure phenomena [5, 8, 23, 73]. Crack opening loads were determined from

the measmement of compliance. This method, a described i ASTM E 647 (1997)

Appendix A4, is based on the observation that the compliance (slope of the strain or

displacement against load curve for the specimens) attains a characteristic value and

remains constant for those load values at which the crack is fully open, a shown i

Figure 3.17. Upon mloading, the compliance changes from the characteristic value of

the fully open crack (open crack compliance) to lower and load-dependent values. In

order to reduce scatter i the opening load results [3], the opening load is 'typically

dened a the load corresponding to a compliance that is offset from the fully open

crack value:

Compance Offset = (open crack compliance) - tcomplianoe) X 100 Eq 3_ 7
open crack complance
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The measurements of the crack mouth displacements were carried out under constant

load amplitude ( = 0.1) and a loading equency of 0.2 Hz, with a class 0.2 Instron 10

m gauge length extensometer (resolution 0.1%, accuracy 0.2%) positioned on the CT

specinens, a shown in Figure 3.18. The measurements were carried out at the

beginning of each crack propagation test. This condition corresponded to measured

crack propagation rates between 5-104° and 2-10'° m/cycle. Crack mouth displacements

measured with the extensometer and load values were recorded with a Strawberry Tree

multi-chamel data acquisition system. The compliance values were calculated from the

crack mouth displacement versus load curves using a incremental polynomial routine.

Compliance offset values were calculated using Equation 3.7 and plotted i terms of

stress intensity factor values.

Open crack compliance

sp acementCrack mouth d

Compliance = slope of the curve

Load

Figure 3.17 Definition of compliance on the crack mouth displacement versus load curve.



3. Experimental procedures 75

Extensometer
gauge length
(10mm)

CT specimen

Position of the
DCPD probes

Figure 3.18 Extensometer positioning i the CT specimens for the measurement of the fatigue

crack opening load from compliance.
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4. EXPERIMENTAL RESULTS

4.1 Joint claracterization

4.1.1 Weld macrostructre

Figure 4.la shows the characteristic appearance of the friction stir weld bead.

Concentric semicircular marks characterised the portion of the top weld surface where

the physical contact between plates and welding tool took place. The weld back surface

appears more regular and at a shown i Figure 4.lb. Figure 4.lc shows a typical

transverse macrosection 'om the FSW plates. The most evident feature is represented

by the well-dened nugget, i the centre of the weld. The nugget dimensions generally

extend between the pin and the shoulder diameter of the friction stir welding tool [105].

The area conesponds to the thermo-mechanically a`ected region. In this region the

synergíc effects of the heat input and the stirring action of the tool affected the structure

and the properties of the material. The oval nugget contains smaller concentric rings

typically resembling a onion ring structure. The concentric rings developed according

a three-dimensional pattem which extends along all the weld. These characteristics can

also be observed i Figure 4.2 which shows a typical longitudinal section of the weld

corresponding to the plate joint lire. It has been found that the size of the nugget

depends on the plate thickness, the welding tool geometry and the welding parameters

[67].

The nugget appears to be linked to the top weld surface via a appendage. This

umbilical cord, characterised by the same microstructure a the nugget, ends on the

weld bead in the direction of a protruding element, which is indicated by the term of

lip, Figure 4.3. The lip, bordering on one side the weld bead, is formed by a curl of

metal partially overlapping the plate surface. Immediately out of the nugget the weld

structure is characterised by highly oriented grain structure which bounds the thermo-

mechanically affected region; The external regions, which were not directly affected by

the mechanical action of the welding tool, represent the heat affected zone (HAZ) of the

weld.

/
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10 mm

Figure 4.1a The friction stir weld bead. Te typical circular tool marks ae visible o the tp
surface.

Figure 4.1b The friction stir weld back surface. It appears quite smooth and regular.

__4
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l

Figure 4.lc The typical friction si weld macrostructure on a plane orthogonal t the weld
direction.

Figure 4.2 The typical 'iction stir weld macrostncture on the plane parallel t the weld on the

plate joint line.
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Figure 4.3 The lip, bordering on one side the weld bead, is formed by a curl ofmetal partially

overlapped t the plate surface. The section was taken on a plane normal t te weld.

Figure 4.4 shows a typical cross section from the plasma welded plates. In this case, the

weld prole is less regular and slight undercuts characterise the weld beads. The weld

core is characterised by a dark appearance ta during the process undergoes complete

melting. Slightly oblique and darker boundaries separate the melted region from the

HAZ. The HZ i the proximity of the weld is characterised by two light grey bands.

4.1.2 Weld

microstructureFigures4.5a and 4.Sb show detailed views of the typical microstructure of the nugget i

a FSW plate on a plane normal and parallel to the weld direction, respectively. The

grain structure appears to be very ne and equiaxed. Typical grain dimensions are

between 5 and 10 m. This ne grain structure characteises the appendage and

constitutes the supercial layer of the weld top surface, a shown i Figure 4.6. The

picture shows the prole of the tool marks.
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Figure 4.4 The typical cross section of a plasma welded plate on a plane orthogonal to the weld
direction.

Within the thenno-mechanically affected region at the nugget boundaries, the grain

structure is characterised by sharp and highly elongated grains. These gan ae

generally orientated according curves that end tangentially to the local nugget boundary.

Figure 4.7 shows i detail the microstructure of the grains on the plane normal to the

weld direction. Figures 4.8a and 4.8b show the typical microstructure that characterised

the thermo-mechanically affected region, at 6 m from the plate joint line (opposite the

lip) on the planes normal and parallel to the weld direction, respectively. This location is

characterised by severe changes i the local gan direction a a effect of the

mechanical action exerted by the welding tool. The grains i the mid-lower area appear

quite elongated, whereas near the top weld surface the structure is similar to the very

rened structure observed i the nugget.

Figures 4.9a and 4.9b represent the microstructure i te HAZ, at 28 m from the weld

joint line (opposite the lip) on the planes normal and parallel to the weld direction,

respectively. The grain structure appears very similar to that observed i the parent plate

(Fig. 3.lb and 3.1c).
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Figures 4.10, 4.11 and 4.12 represent the typical microstructure features observed in

plasma welded plates. Figure 4.13 shows the gan structure at the centre of the weld.

This area is characterised by the complete fusion and re-solidication of the material.

The coarse and segregated microstructure, typical of aluminium castings [2], is

characterised by 180-200 m gan containing ne dendrite cells. The presence of

defects was observed i this region of the joint. Figure 4.11 shows the transition i grain

structure on the boundaries between the melted region and the HAZ. Columnar grains

orientated in the direction orthogonal to the fusion-no fusion line characterise this area.

On the left of the picture, the elongated gan of the rolled plate appears to be enlarged.

Figure 4.12 shows the typical gan structure within the dark band i the HAZ. The

grains, although less marked by the different etching response, have a elongated

structure similar to the parent plate (TS).

Figure 4.5a The typical microstructure of the weld nugget of a FWS joint on the plane

orthogonal t the weld direction.
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Figure 4.5b The typical microstructure of the weld nugget of a FWS joint on the plane parallel
to the weld direction.

50 m_ º .- > _ _` ._*_ ' , º<|-_..º . i M sº- T-W.-l.;.Ã.'~3*' V º «føßn-; .ffÄ±

Figure 4.6 The supercial layer of the weld top surface characterised by a microstructure
similar to that of the nugget. The picture shows the prole of the tool marks on a section parallel
to the weld on the plate joint line.
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Figure 4.7 A detailed view, o the plane normal to the weld, of te local grain direction i the

thermo-mechanically aifected region next to the nugget.

Figure 4.8a The typical microstructure i the thermo-mechanically affected region, at 6 mm
from the plate joint line, on a plane normal to the weld.
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Figure 4.8b The typical microstructure i the themo-mechanically affected region, at 6 m
from the plate joint line, on a plane parallel t the weld.

<

Figure 4.9a The typical microstructure i the HAZ, at 28 m from the plate joint line, on a

plane normal to the weld.
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Figure 4.9b The typical microstructure in the HAZ, at 28 mm from the plate joint line, on a

plane parallel to the weld.

\
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l

Figure 4.10 The grain structure in the centre of the plasma weld on a section normal to the

weld.
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Figure 4.11 The transition i grain structure in the boundaries between the melted region and

the HZ on a cross section ofa plasma welded joint.

Figure 4.12 The typical microstructure characterising the dark bands on the HZ i the plasma
welded joints (plane normal to the weld).
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4.1.3 Hardness profiles

Figure 4.13 shows typical hardness proles obtained from the hardness tests carried out

on a friction stir welded specimen. Hardness values on the plate joint line exhibit the

largest variation through the plate thickness. The maximum value was measured on the

top weld surface (137 Hvl) and the minimum on the bottom weld surface (117 Hvl). At

6 m from the plate joint line i the direction opposite to the lip, the hardness values

reached the absolute minimun of 103 Hvl on the bottom weld surface. The through-

thickness hardness Variations were signicantly reduced when moving sidewise om

the centre of the weld. In the regions extemal to ±l1 m om the plate joint line, the

through-thickness Variation was particularly small, and the proles were ahnost

overlapped.
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Figure 4.13 The typical hardness proles of the friction stir welded joints.

At 22 m from the weld on the side opposite the lip, the hardness value reaches its

absolute maximun. The peak hardness value (149 Hvl) is greater than that of the parent

metal (142 Hvl). Similarly, on the lip side at 19 m from the weld, the hardness values
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reach a local maximum of 146 Hvl. At 32 m from the weld opposite the lip side, the

hardness proles reach a local minimum of 129 Hvl. On the opposite side and at 28

m from the weld, the hardness values exlibit a local minimmn value of 132 Hvl.

Corresponding parent plate hardness values are reached at 52 m (opposite lip side)

and at 44 m (lip side) from the weld. This indicates a heat affected zone width of 96

mm.

Figure 4.14 shows the typical hardness values measured i a plasma welded specimen.

These reach the absolute minimmn value on the weld centre-line (93 Hvl), and a peak

(142 Hvl) at 6 m from the weld. A point of local minimum (102 Hvl) is exhibited at

ll rn from the weld. The typical parent plate hardness values are eventually reached

after 30 m om the centre of the weld. The HZ is about 60 mi width.
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Figure 4.14 The typical hardness prole of the plasma welded joints.

4.1.4 Friction stir weld residual stress

Tables 4.la, 4.lb and 4.lc show the longitudinal and transverse in-plane residual

stresses obtained from the measurements carried out on the as-welded plate, the

longitudinal welded specimen and the same specimen after being surface skimmed. The

surface skimming operation was carried out a described i Section 3.5.
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RESID. STRESS ON PL. JNT. LN AT 11mm AT 25mm

LONGITUDINAL 104MPa 146MPa 14MPa

TRANSVERSE 21MPa11MPa

Table 4.la Residual stresses measured on the as-welded plate.

RESID. STRESS ON PL. JNT. LN AT 11mm AT 25mm

LONGITUDINAL 33MPa 73MPa -51MPa

TRANSVERSE -7MPa -14MPa -2MPa

Table 4.1b Residual stresses measured on the longitudinal specimen (as-welded condition).

RESID. STRESS ON PL. JNT. LN AT 11mm AT 25mm

LONGITU DINAL 8MPa 264MPa -13MPa

TRANSVERSE

\ 174MPa \ 5MPa i -192MPa l

Table 4.lc Residual stresses measured on the longitudinal specinen aer surface skimming.

The longitudinal residual stress in the as-welded plate was tensile i the central region.

The greatest value was ll m from the weld and it corresponded to 47% of the nominal

parent plate 0.2% proof stress (L). The longitudinal residual stress on the as-welded

longitudinal specimen showed that the weld and the nearest regions were subjected to

tensile residual stress, whereas compressive stresses were present in the extemal

regions. Transverse residual stresses measured in the as-welded plate and longitudinal

specimen were small enough to be within experimental error.
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Skinming the sample resulted in a reduction i the longitudinal residual stress at the

weld and i a very large increase i this stress at ll m from the weld. The longitudinal

residual stress measured i the weld was tensile with the extemal regions subjected to

compressive residual stress. The maximmn tensile residual stress at 11 m from the

weld was 85% of the parent 0.2% proof stress (L). Transverse residual stresses became

markedly tensile in the weld, being 56% of the parent 0.2% proof stress (L) and 22

times greater than the longitudinal component, and markedly compressive at 25 mm,

being 62% of the parent 0.2% proof stress (L). The residual stress measurements i the

three cases were broadly i agreement with values measured in previous works [3 8, 53,

70].

4.1.5 Tensile properties of friction stir welded joints

Table 4.2 shows values for the proportional limit, the 0.2% proof stress, the ultimate

stress and the elongation measured i the tension tests performed on transverse and

longitudinal FSW joints. The ultimate properties are the aritlmetical mean of the test

results. The degradation values of the previous properties are reported i Table 4.3. The

denitions used to evaluate the degradation values are also indicated. The tensile

properties measured i FSW joints were generally i good agreement with the values

reported in Ref. [36, l09].

Figure 4.15 shows the stress-strain plots from the tensile test carried out on a transverse

FSW specimen. The stress-strain curves for the FSW joint were obtained by recording

the stress versus strain values at each strain gauge location. Figure 4.16 represents the

strain distribution across the transverse joint measured at the strain gauge locations and

at xed stress levels. The minima and maxima of the strain distribution curves describe

the formation of the rst yielded region and its gradual extension to the surrounding

areas of the joint.

When the load was applied to the specinen, all the strain values responded lirearly until

the specimen stated yielding. Within this frst stage of the test, the overall joint behaved

elastically. Slight differences in slope among the stress-strain curves were noticed (Fig.

4.15). This has been attributed to the scatter effect in the constants of propotionality



4. Experimental results

involved i the calculation of the stress-strain curves (higher level of accuracy would

have been required for the determination of the Young's modulus, a prescribed i

ASTM E 111- 82 (1997)).

JOINT CONFIGURATION o',(MPa) o°_2(MPa) o(MPa) Elongation (%)

FSW LONGITUDINAL 1 10 316 425 7.2'

PARENT PLATE (L) 265 449 490 19.8 1

FSW TRANSVERSE 1 54 243 409 1.1 2

PARENT PLATE (LT) 175 330 484 19.6 2

(1) measured over a gauge length of 170 mm; (2) measured over a gauge length of 84 mm.

Table 4.2 Tensíle properties measured for the friction stir welded joints and parent plate

specimens.

DEFINITION OF DEGRADATION PROPERTY DEGRADATION (%)

FSWL - FSWT
_____ X100

FSWL

Öpfgp
23

Öult 4

Elongation 1

PARENT (LT) - FSWT
x100

PARENT (LT)

Öpfgp 1 2

00.2 25

Elongation 6

PARENT (L) - =swL
--__ X100

PARENT (L)

Öpfop

30

GulfElongation 64

Table 4.3 Values of the degradation due to the friction stir welding process for each tensile

property (FSWL = longitudinal FSWjoint, FSWT = transverse FSW joint).
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Figure 4.15 The stress-strain cuves exlibited by the transverse FSW joint during the tensile
test.

The joint started to yield at location 3, 6 m from the PJL opposite the lip side. The

stress-strain curve deviated from linear behaviour (ig. 4.15) and strain distribution

exhibited a maximum at the same location (Fig. 4.16). This corresponds to one of the

point of lowest hardness of the joint (104 Hvl). The 0.2% proof stress of the joint was

243 MPa, reached« at the former location. As the load increased, the next region to yield

was the one at 4 m from the plate joint line, but on the other side of the weld (on the

lip side). At this location the yield strength was 273 MPa. This is the location where the

hardness reached the second lowest value of the joint (108 Hvl). Gradually, the yielding

extended to the centre of the weld. At this location the 0.2% proof stress was 276 MPa.

At 330 MPa, yield was reached at 18 m from the PJL on the side opposite the lip. At

336 MPa, yielding was reached at 22 m from the PJL on the same side of the weld,
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and nally extended out of the heat affected region, on the parent metal at 50 m from

the weld (360 MPa). In the next stage all the stress-strain curves exhibited different

slopes according the different rates of work hardening. Failure of the adhesive between

the strain gauges and the specinen surface took place at strair values between 0.7 and

l.6% strain and the test could not be moritored up to the failure.

The transverse welded joint failed at 409 MPa. Failure took place at 6 m from the

plate joint line on the side opposite the lip, corresponding to the location of minimum

hardness of the joint. Figure 4.17a shows a longitudinal section of a failed transverse

joint. Failure surfaces were orientated at 45° to the specimen axis according to the

maximum shear plane. Fracture planes coincided with the minimun hardness locations

a showed i Figure 4.l7b. The elongation was measured on 84 m gauge length in

order to include a much of the weld heat affected zone a possible. The elongation

compared to the former length is 7,1%.

Figure 4.18 shows the stress-strain curves obtained from the tension test carried out on

the longitudinal FSW joint. In this case all the curves from the different strair gauges

are overlapped. The joint behaved liearly mtil 110 MPa. For higher load values, the

curves slowly started to deviate from the linear behaviour reaching 0.2% strain offset at

316 MPa. Strain gauges started to de-bond from the specimen surface between 2.3 and

3% strain. The specinen failed aer reaching a ultimate stress of 425 MPa. The failure

took place within the test gauge length. Fracture smfaces were generated at ±45° on

maximum shear planes. The elongation measured on a initial gauge length of 170 m

was 7.2%.
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Figure 4.16 The distribution of strain, at xed stress values, in the direction of the principal

stress axis measured at each strain gauge location during the tensile test on the transverse FSW

joint. The negative abscissas correspond to the lip side of the joint.

Figure 4.l7a A longitudinal section of the transverse FSW joint failed i the tensile test.
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Figure 4.17b Typical location of failure, observed in the transverse fiction stir welded joints,
and the position of minimum hardness values. Hardness measurements were taken at each
intersection point of the dotted lines (Section 3.4).

Under the specied testing conditions, the transverse joints exhibited 0.2% proof stress

values 23% lower than the longitudinal ones. Much lower differences were observed in

the ultimate stress and strain values. The transverse FSW joints showed ultimate stress

and ultimate strain values of 4% and 1% less than the longitudinal joints, respectively.

An exception to the superior performance of the longitudinal joint was found in the

measured proportional limits (o'p,). Although the longitudinal joints have better

perfomance, the transverse FSW joints generally exhibit the lowest degradation values

in tensile properties. In fact, the 0.2% yield strength was reduced to 26% of the parent

plate (LT) value, whereas the degradation observed in the longitudinal direction was

30% of the parent plate (L) value. The ultimate properties of the transverse and

longitudinal joints exhibit similar differences with respect to the parent plate values.

The longitudinal welded joint exhibits the largest degradation for opmp (58%) with

respect to the parent plate.
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Figure 4.18 The stress-strain curves obtained 'om the tension test carried out on the

longitudinal iction stir welded joint.

4.1.6 Tensile properties of plasma welds

Table 4.4 reports the results of the static tests performed on the plasma transverse

welded joints. All the tensile tests were performed by the Craneld Welding Group

[l07]. No measurements of strain values were carried out during the tests. The ultimate

properties are the arithmetical mean of the test results. Table 4.4 reports the values of

the reduction of the initial parent plate tensile properties (LT) due to the plasma Welding

process. Table 4.5 shows a comparison between the tensile properties of the transverse

plasma welded joints and those measured for the transverse FSW joints.

As it can be noticed 'om Table 4.5, transverse FSW joints exhibit better ultimate

properties than plasma welded joints. The difference between the elongation values is

particularly high (7% for the FSW and only 2.4% for the plasma welds).
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PLASMA TRANSVERSE - - 334 2.4

(PARENT (LT) - PLAS.) x100 _ _ 31% 88%

JOINT CONFIGURATION o,(MPa) o0_2(MPa) o(MPa) Elongation (%)
1

PARENT (LT)

(l) measured over a gauge length of 84 m

Table 4.4 Results 'om the monotonic tests performed on transverse plasma welded joints and

degradation values of the parent plate properties.

"°'NT
@(Pasma) Eong.(Pasma)

coN=GuRAToN <;,.,(=s\/\º <º_,(=svv) <º.,..(=svv) e(=svvâº

TRANSVERSE - - 0.82 0.34

Table 4.5 Comparison of tensile properties between transverse plasma and FSWjoints.

4.2 Fatigue properties of welded joints

4.2.1 Frictio stir welded joints

Figure 4.19 summarises the results of constant amplitude load fatigue tests performed

on parent plate and FSW specimens in as-welded condition. All the S-N curves of

iction stir welded joints are characterised by a quite pronounced knee i the region

between 105 and 106 cycles. With the exception of the failure at the longest life which

occurred on a transverse welded specimen at 2-106 cycles, no other failures were

observed between 106 and 107 cycles.
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A comparison between the parent plate and the weld data gives a indication of the

degradation i fatigue properties due to the welding process. A correct evaluation can be

made comparing the parent plate (L) data with the longitudinal FSW joints, and the

parent plate (LT) data with the transverse friction stir welded joints. This comparison

guarantees that the gan direction i the parent metal of the welded joints has the sane

orientation with respect to the normal stress a i the vveld-free specinens. _

400
º 4 arent p ate

350 .Parent place (LT) --_
\ A FSW longitudinal (as-welded)

399
___i__§"í___ __ gFSWtransverse(as-welded) ]____` .
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FATIGUE LIFE, cycles

Figure 4.19 S-N experimental data (R = 0.1) for parent plates and FSW joints i as-welded
conditions.

With reference to the parent plate data (L) and the longitudinal FSW joints data, four

specimens (one for each condition) were tested at similar stress range values of 270

MPa and 185 MPa. In the former case the fatigue life of the welded joint was of 29186

cycles, 13% of the life exhibited by the parent plate. In the latter case, the welded joint

failed aer 82749 cycles whereas the parent plate exceeded the nm-out threshold of 107

cycles. In the region of 105 cycles, the curves indicate for the welded joints a

degradation of 36% of the parent stress range value. The endurance limit (at 107 cycles)
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has been estimated to be between 121 and 105 MPa. This is approximately 42% less

than for the parent plate (L) which is between 185 and 203 MPa.

Comparing the parent plate in the LT grain orientation with the FSW joints, between

105 and 2-105 cycles, the welded joints exhibited a degradation i stress range of 40% of

the parent plate values. In the region of run-outs (107 cycles) the best-t curves indicate

a degradation in stress range greater than 50%. f

4.2.2 Effect ofweld orientation on fatigue life of FSW joints

Figure 4.19 shows that ahnost all the longitudinal joints perform better than the

transverse joints. In fact only the transverse welded specinen tested at 155 MPa

exhibited a longer life by a factor of 4.7 with respect to the longitudinal welded

specimen tested at the same maximum stress level. In the region of short lives, the

fatigue performance of the transverse joirts was 30% of that exhibited by the

longitudinal joirts. In the region between 105 and 106 cycles, this difference was

reduced to less than 10%.

While the longitudinal joints exhibited one rm-out datum (l0249338 cycles and stress

range of 105 MPa), no run-outs were observed for the transverse welded joints. For the

latter the longest observed life was of 19544870 cycles at 81 MPa of stress range. This

result was the only failure to occur between 106 andl07 cycles. In the region of run-outs,

the best-t curves indicate that the transverse joints exhibit stress range values 30%

lower than those of the longitudinal joints.

4.2.3 Effect of surface skimming on fatigue life of FSW joints

Figure 4.20 shows the results of fatigue tests on surface skimmed longitudinal and

transverse specimens. Figure 4.21 shows the extent of material removed during the

surface skimming process. It can be noticed that all the prole irregularities of the weld

surface i.e. tool marks, thickness Variation and the overlapped weld toe (lip) have been

completely removed by the process. The results show a benecial effect on fatigue

performance both in longitudinal and transverse specimens.
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Fatigue perfonnance ofFSW joints was similar to the parent plate in the long-transverse

direction. Margiral di`erences i results were observed between the skimmed

longitdiral and transverse joints particularly i the region between 104 and 105 cycles.

In the run-out region the transverse skimmed joints performed even slightly better ta

the longitudinal skimmed ones. The transverse skimned specimens failed at di`erent

locations within the Heat Affected Zone (HAZ). The longitudinal skimmed joints failed

in the parent metal and at the ends of the gauge test length. 5

A comparison between Figure 4.19 and Figure 4.20 idicates that the transverse

skimmed joints exhibited the greatest benecial effect from the skimming operation.

For these joints, at short lives (between 104 and 105) and i the run-out region the

skimmed transverse joints exhibited fatigue performance comparable to the parent plate

(LT). In the region between 105 and 106 cycles, the degradation was generally less ta

10% of the parent plate strength.

Skimrning of the longitudinal joints had a minor benecial effect on fatigue lives. In the

region of short lives (between 104 and 105), the degradation was 20% of the parent plate

(L) stress range values. For 2-105 cycles, the degradation was 30% of the parent plate

(L) values. In the run-out region, the joints exhibited fatigue perfonnarce 20% less of

the parent plate (L).

4.2.4 Plasma welded joints versus FSW joints

Figure 4.22 shows a comparison of fatigue ,performance between plasma welded

transverse specinens and friction stir welded transverse specimens. All the specimens

were surface skimmed. In the case of plasma welded specimens a heavier skimming

operation was required i order to remove all the surface irregularities present on the

weld bead. In this case, 1.00 m was removed from each plate surface.

In the region of short lives (up to 2-105 cycles) fatigue perfonnances of the two sets

were comparable. A premature failure of a plasma welded joint tested with a maximun

stress of 348 MPa (the sample failed during the rst loading cycle) did not allow the
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investigation of the fatigue performance i the region of short lives, with the linited

number of specinens available.
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Figure 4.20 S-N experimental data (R = 0.1) for parent plates and FSW joints i surface

skimmed conditions.

In the region of fatigue lives equal or greater ta 2-105 cycles, the superiority of the

friction stir welded joint over the plasma welded ones became more evident. In this

region of lives, plasma welds exhibited stress range values approximately 17% less than

the friction stir welds. For fatigue lives of 107 cycles, the estimated fatigue strength of

plasma welds was 144 MPa, approximately 20% less than the transverse iction stir

welded joints.

4.2.5 Fatigue crack initiation

Fatigue cracks i transverse as-welded joints typically initiated on the top weld surface

at the lip on the weld toe. This location is shown i Figure 4.21. A detailed view of the

lip is shown i Figure 4.3. The two SEM pictures in Figures 4.23 and 4.24 show the
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typical appearance of the fracture surfaces observed on the FSW transverse specimens

tested in as-welded conditions. I Figure 4.23, the lip and its characteristic tool marks

are visible in the lower part of the picture. The thumbnail crack front, visible in the

upper part of the picture, indicates that the crack initiated undemeath the lip on the

boundary line with the plate. The cracks grew on the plane orthogonal to the specimen

main axis (coplanar to the view plane in Fig. 4.23).

Figure 4.21 Optical cross section of a FSW joint. The dotted lines delimit the amount material

removed in the skimmed specimens. The lip, origin of fatigue cracks (indicated with a circle)

was removed during the surface skimming operation. All the characteristic regions of a FSW

joint are visible: A) dynamically recrystallized area, B) thenno-mechanically affected area. C)
heat affected zone.

Figure 4.24 shows a typical example of initiation from a local defect on the boundary

line between the lip and the plate. Initiations were generally caused by inclusions, as the

picture shows. A quantitative microanalysis of initiation areas on the fracture surfaces

was carried out using the Energy Dispersive X-Ray Analysis method (EDX) [10]. A

Cambridge 250 scanning electron microscope was used to generate the incident electron

beam. The analysis revealed the presence of aluminium only. Measurement of the

initiating defect dimensions was carried out on the failed specimens. In all cases the

defect size varied between 20 and 70 m in diameter.
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Figure 4.22 Fatigue tests results of transverse plasma welded (skimmed) and transverse friction
stir welded joints (skimmed) under constant load amplitude (R = 0.1).

Figure 4.23 Typical SEM picture of the initiation area in the transverse FSW specimens. The
crack started from undemeath the lip. The tool marks are visible on the lip surface.
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For all longitudinal as-welded specimens, the fatigue cracks initiated from defects at the

semicircular tool marks present on the top weld surface. These tool marks originated

during the welding process and typically characterised the top weld surface of the FSW

joints (Fig. 4.1a). In the early stage of the propagation, cracks generally grew on curved

surfaces apparently following the contour of the tool marks as it can be observed from

Figure 4.25. Figure 4.26 shows the typical appearance of the initiation area observed in

the longitudinal specimens tested in fatigue. The defects from which these cracks

initiated had similar size to those observed in the transverse joints. These defects were

typically oxide inclusions.

Figure 4.24 A detailed view of the initiation area in a transverse FSW specimen reveals that the

crack initiated from an oxide inclusion undemeath the lip (Ac = 180 MPa).
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Figure 4.25 Optical picture of a tested longitudinal FSW specimen in as-welded conditions. The

circle indicates the initially curved crack surface and the semicircular tool marks. On the right

side of the weld toe is visible the lip, evidenced by the shadow.

Figure 4.26 SEM picture of the initiation area in the same specimen showed in Fig. 4.25. The

crack initiated from the top weld surface visible in the lower part of the picture with the

characteristic tool marks. The faceted aspect of the crack surface is due to the refined grain

structure within the weld nugget (Section 4.1.2). The arrow indicates the crack growth direction.
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In the transverse skimmed joints fatigue initiation occurred at near-surface defects.

Figure 4.27 shows a typical example of the defects from which fatigue cracks initiated.

Lines on the fracture surface indicate the direction of crack propagation. Figure 4.28

shows the location of the fatigue initiation sites, observed on the failed specimens, with

respect to the weld. Multiple initiation sites were observed on most of the joints. Figure

4.29 shows a case where fatigue initiated from two different locations near the joint

surface. Figure 4.30a shows a typical SEM picture of one of the iritiation areas

observed in the transverse skimmed plasma welded specimens. The direction of crack

propagation is evidenced by the sun rise marks on the fracture surface. These marks

point to a circular defect next to the specimen surface. Similar defects are visible on the

fracture surface. Figure 4.30b shows that the defects present in Figure 3.30a are pores.
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FAFigure4.27 Near-surface defect on a transverse skinmed FSW joint (Ac = 279 MPa). The

lines, on the left of the picture, indicate that the fatigue crack initiated from the defect (A).

SEM observation revealed other sources of fatigue crack initiation that characterised

fatigue failure of plasma welded joints. Figure 4.31 shows a example. The defects

resemble cavities containing a articulated structure. This appearance, typically
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indicated a interdendritic shrinkage [2], suggests that the defects originated during the

cooling phase of the welding process. Figure 4.32 shows the location, with respect to

the weld, of the fatigue initiation sites observed on the transverse skimmed plasma

joints.
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(a) (0) (<1) (9)

Themo-Mach. Aff.

RegionLipside Nugget width

Plate Joint Line_

(a) failure at 9 mm from PJL top surf.; initiation from 1 sites, defects dim: 30 m, (180 MPa, 281162 cyoles)

(b) failure at 5 mm from PJL bottom surf.; initiation from 2 sites, defects dim: 50, 70 m, (279 MPa, 33211 eyeles)

(c) failure at 5 mm from PJL top surf.; initiation from 1 sites, defects dim: 50 m, (212 MPa, 103749 cyeles)

(d) failure at 7 mm from PJL bottom surf.; initiation from 2 sites, defects dim: 20, 30 m, (185 MPa, 425854 eycles)

(e) failure at 28 mm from PJL top surf., initiation from 3 sites, defects dim: 7, 50 m, (331 MPa, 24550 cyeles)

Figure 4.28 Fatigue initiation and failure locations i the transverse skimmed FSW joints.

All the defects responsible for fatigue initiation in the transverse skimmed FSW and

plasma welded joints were measured using the SEM. Defect size and occurrence are

shown in Figure 4.33. The measurements were carried out on 5 FSW and 5 plasma

welded joints tested i fatigue. Defects in FSW joints were between 7 and 70 m but

more likely to be between 20 and 50 m. Defects in plasma welded joints were between

20 and 200 m.
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Figure 4.29 An example of multiple fatigue initiation observed on a transverse skimmed FSW

joint (Ac = 185 MPa). The two inítiatio sites and the direction of propagation have been

indicated for clarity.

4.2.6 Fatigue crack initiation and hardness distribution

An interesting correlation between fatigue initiation and hardness distribution was

observed in the transverse skimmed FSW specimens. Positions of fatigue initiation

sites, described in Figure 4.28, are plotted on the hardness-distance diagram obtained in

Section 4.3. Figure 4.34 shows the correlation between the hardness distribution and the

positions of the fatigue initiation sites. A similar correlation was observed in the

transverse skimmed plasma welded joints. Figure 4.35 shows the correspondence

between hardness prole, obtained in Section 4.1.3, and the locations of fatigue

initiation sites.
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Figure 4.30a The initiation area in one of the skimmed plasma welded specimens (Ac å 212
MPa). The fatigue crack originated in correspondence of a circular defect next t the surface.
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Figure 4.30b A closer view of the 'acture surface i Figure 4.31a shows that the circular
defects are pores. A secondary crack, crossing the pore 'om top le t bottom right, is visible.
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1
§4

1l

Figure 4.31 A example of defects i correspondence of the plate joint line in the transverse

skimmed plasma welded joints (Ac = 313 MPa). The defects, next to the specirnen surface, were

represented by cavities containing a complex structure.

(2) (b) (c) (<1) (G)
. g .: 2 Â¦

Melted region

<? Plate Joint Line

I

(a) failure at 13 mm from the PJL bottom surf.; initiation from 1 sites, defeets dim: 22 m, (153 MPa, 507476 cycles)

(b) failure at 10 mm from the PJL top surf.; initiation from 3 sites. defects dim: 80 m, (171 MPa, 195420 cycles)

(c) failure at 3 mm from the PJL top surf.; initiation from 3 sites, defects dim: 100 m, (212 MPa, 89182 cycles)

(d) failure on the PJL bottom surf.; initiation from 2 sites, defects dim: 197 m, (313 MPa, 1 cycles)

(e) failure at 22 mm from the PJL bottom surf.; initiation from 1 sites, defects dlm: 65 m, (185 MPa, 133558 cycles)

Figure 4.32 Locations of the fatigue initiation sites on the transverse skimmed plasmajoints.
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hardness distribution i the transverse skinmed plasma welded joints.
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4.3 Fatigue crack propagation

4.3.1 Parent plate A 2024-T351 \

Figure 4.36 shows plots of crack growth rate versus stress intensity factor range

observed for the parent plate i the LT and TL directions. The results are presented

together with the crack propagation data published i ESDU 81031 for the same parent

material (LT) and same stress ratio R = 0.1. The experimental results obtained i the

tests were in good agreement with the EDSU 81031 data. The crack propagation tests

carried out on the CT and SCT specimens i the LT and TL plateorientations showed

similar behaviour. The differences i the near-threshold regime were less than 4% of the

greatest of the values.

4.3.2 Propagation of cracks orthogonal to the weld

Figures 4.37a and 4.37b show the results of the crack propagation tests carried out on

the SCT welded and parent plate (LT) specimens. Table 4.6 shows the stress intensity

factor ranges measured for a crack growth rate of 5-104° m/cycle. This near-thresholdâ

stress intensity factor (AKm) represents a good approximation of the threshold stress

intensity factor range measured at da/dn = 10' m/cycle. The initial orientation of the

cracks was 90° with respect to the weld direction. Two specimens were tested for each

conguration i order to gain more infonnation regarding the Variation of the properties

and the repeatability of the results. No more ta two specimens per corguration could

be tested because of the limitations in specinen availability. Differences i near-

threshold stress intensity factor values (AKNT) between the two repeated tests were 3, 7

and 9% (respectively for cracks on the plate joint lire, at ll and 25 rn om it) of the

lowest of the two observed values.

Cracks that propagated from the surface aws at ll m from the plate joint line (PJL)

exhibited the lowest near-threshold stress intensity factor values (Tab. 4.6). At this

location, high tensile' longitudinal residual stresses were measured on similar specimens,

a described i Section 4.1.4. The two plots exhibit a change in slope for A 5 3.3 MPa

ml/2 and da/dn E 3-l0`9 and 4-10`9 m/cycle. The crack growth continued through the

plate thickness, reaching and breaking through the back plate surface at values ofA of
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7.8 and 8.0 MPa-mm. Crack growth rates were approximately 10 times higher than i

the parent plate. Figure 4.38 shows the positions of the crack front with respect to the

microstructural regions of the weld. The thunbnail cracks grew mainly within the weld

heat affected region. No change of slope i the crack propagation plots was observed

when the cracks entered the thermo-mechanically añ`ected region.
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Figure 4.36 The results of the crack growth tests perfonned on the parent plate in the LT and
TL directions.

The cracks that propagated at the plate joint line exhibited slightly higher AKNT values

(Tab. 4.6) and crack growth rates 4 times lower than those observed for the cracks

growing at ll m from the PJL. Both of the two curves (Fig. 4.37a) exhibit changes in

slope at a value of A 5 3.8 MPa mm and crack growth rate of 1-l0`8 m/cycle. At a
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value of A of 4.6 MPa mm both of the curves show sudden increases in growth rates

reaching peaks of 1.1-10'7 m/cycle, at A of 5.2 MPa ml/2, and 4.3-l0'8 m/cycle at A

of 5.7 MPa mm. Similar drastic changes in slope have been reported in crack

propagation studies on aluminium and steel welded joints [24, 42, 1l0]. The thumbnail

cracks reached the entire plate thickness at A values of 8.5 and 8.7 MPa ml/2. Figure

4.39 illustrates the crack front positions with respect to the weld microstructure. The

cracks grew mainly within the weld nugget. f
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Figure 4.37a Results of the crack propagation test carried out on the SCT specimens (crack

orthogonal to the weld propagating on the weld and at ll mm form the PJL).

The cracks growing at 25 m from the PJL exhibited the highest AKNT values (Tab.

4.6) and the lowest crack growth rates. Crack growth rates were 4 times lower than in

the unwelded plate and 15 times lower than in the weld. The crack growth curves of

these two specimens exhibit pronounced slope changes at values of A of 5.5 and 5.8
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lvIPa mm and for a crack growth rate of 3-l0'9 and 4-l0`9 m/cycle (Fig. 4.37b). A second

change i slope is exbibited at higher stress intensity factor values (9.8 and 9.6 MPa

mm) and crack growth rates between 8-l0`9 and l-l0`8 m/cycle. The cracks reached the

plate back surface at A values of 14.8 and 15.4 MPa ml/2. The cracks grew entirely

within the heat affected region of the weld.
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Figure 4.37b Results of the crack propagation test carried out on the SCT specimens (crack

orthogonal to the weld at 25 mm form the PIL). .
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cRAc<_N . Pos oN AK (*) - test no. 1 AK ~ (*) - testno. 2

On the plate joint line 2.8 MPa mm 3.0 MPa mm '

At 11 mm from the plate joint line 2.7 MPa mw 2.8 MPa mm

At 25 mm from the plate joint line 4.4 MPa m"2 4.8 MPa mm
{

(*) measured at 5-104° m/cycle

Table 4.6 Near-threshold stress intensity factor values measured on cracks growing at 90° with

respect to the weld direction (SCT specimens).

4.3.3 Propagation of cracks parallel to the weld

Figure 4.40 shows the results of the crack propagation tests carried out on the CT

welded and parent (TL) specimens. Table 4.7 shows the near-threshold stress intensity

factors measured for a crack growth rate of 5-104° m/cycle. The cracks were initially

oriented parallel to the weld direction. As for the SCT specimens, two specinens were

tested for each conguration i order to gain more information regarding the variation

of the properties and the repeatability of the results. Larger differences ta those

observed i the SCT specimens were measured between the two repeated tests. The

stress intensity factor values at 5-104° m/cycle of the repeated tests differed by 50, 4

and 3%, respectively for the cracks on the weld, at 6 and 28 m from the PJL.

The lowest AKN-f values were exhibited by the cracks propagating at 28 m om the

plate joint line. These were approximately 2-3 times lower than those observed on the

weld (Tab. 4.7). Crack propagation rates were generally higher than i the other cases.

Residual stress measurements performed on a nominally identical CT specimen

revealed the presence of moderate compressive residual stresses i the near crack tip

area at the beginning of the test (Tab. 4.8). The two crack growth plots exhibit a change

of slope for A 2 3.3 MPa ml/2 and growth rates of 2.4-l0`9 m/cycle. A second change

of slope is observed in the two specimens at stress intensity factor values of 6.1 and 6.3

MPa mm, and crack growth rates of 7.2-l0`9 and 1.1-lO`8 m/cycle. For higher crack

growth rates, the crack growth plots show minor changes.
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Figure 4.40 Results of the crack propagation tests carried out on the CT specimens (cracks

parallel to the weld).

The CT specinens with cracks located on the plate joint line showed the largest

difference between the measured AKN-f values (Tab. 4.7). Crack growth rates were 10

times lower than i the unwelded plate. At this location, the crack propagation plots

exhibit change i slope at A values of 6.9 and 9.7 MPa mm, and 5.7~l0`9 and 4.4-l0`9

m/cycle. Both of the curves show sudden increases i growth rates. Maxima are reached

at A values of 8.0 MPa ml/2 and at 1.4-l0`8 m/cycle, and 10.6 MPa mm and 1.6-l0`8

m/cycle.

The highest AKN-f values, up to 2 times higher than i the unwelded plate, were

observed in the two specimens with the initial aws located at 6 m om the plate joint

line (Tab. 4.7). At this location, crack propagation rates were approximately 15 times
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lower than i the unwelded plate. The plots show change i slope for A values of 8.3

(113) MPa mm and 1.4-10' (1.5-1o') m/cycle. Minor changes i slope are exhibiiea by

the plots at higher stress intensity factor values. All the plots tend to converge at higher

A values i the region between 20 and 25 MPa ml/2 at 106 m/cycle.

NOTCH POSITION AK (*) - test no. 1 AK  (*) - test no.'_»2
\

On the plate joint line 6.4 MPa mm 9.6 MPa m"2

At 6 mm from the plate joint line 7.8 MPa mm 11.2 MPa mm

At 28 mm from the plate joint line 3.0 MPa mm 3.1 MPa m"2

(*) measured at 5-10"° m/cycle

Table 4.7 Near-threshold stress intensity factor values measured i± cracks growing parallel to

the weld direction (CT specímens).

4.3.4 Effect of residual stress relief on crack propagation V

In order to investigate the effect of residual stress on the observed crack growth

behaviour, mechanical stress relief was perfonned by plastic deformation of the welded

joints. The relief effect on the weld residual stress by plastic deformation is described i

Section 2.8. SCT specinens were machined out from welded plates, a described i

Section 3.7, and deformed achieving 2% of pennanent deformation. Stretching was

carried out before spark machining the surface defects. The SCT specimens were

stretched using a Instron 8500 digitally controlled test machine of 250 k load

capacity. Displacements were monitored using a class 0.5 Instron 50 m gauge length

extensometer (±0.5% accuracy, 0.25% resolution) positioned at the midpoint of the

specinen gauge length. The specinens were loaded up to a maximum load Pmax of 155

k to obtain a permanent plastic deformation of 2%. Figure 4.41 shows the method

used to estimate Pmax. Pmax was estimated using the load-strain curve of the specimens

and assuming a linear elastic unloading behaviour. Measurements of the achieved

permanent deformations showed that in all the specimens the values were between 2.0

and 2.l% of the reference length of 50 mm.
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Figure 4.41 The procedure used t obtain 2% permanent deformation i the SCT specimens.

Three strips, with same width of the CT specimens (88 mm), were cut o` from each

welded plate i the direction orthogonal to the weld. The strips were stretched i the

direction orthogonal to the weld up t a maxinum load PM, of 90 k chosen with the

same procedure a that for the SCT specimens. Displacements were monitored using a

class 0.5 Instron extensometer positioned with its midpoint on the PJL. The gauge

length of 40 m was used i order to be able to accommodate the extensometer

between the grips during the test. The achieved permanent deformations i the stretched

strips were between 2.0 and 2.l% of the reference length of 40 mm. One CT specimen

was machined from each stretched strip according the specied distance from the weld.

Figure 4.42a shows the typical microstructure, at 6 m fromthe PJL on the side

opposite the lip, of a transverse FSW joint which has been 2% plastically deformed. As

Figure 4.16 suggests, this region of the joint is characterised by the maximum

deformations introduced by stretching. Figure 4.42b shows the result of the hardness

test carried out on the same joint with the same procedure described in Section 3.4. A

comparison of Figure 4.42a and Figure 4.42b with Figure 4.8a and Figure 4.13,
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respectively, indicates that no appreciable modications i microstructure and hardness

have been introduced by stretching.

Figure 4.42a Typical microstructure of the thermo-mechanically affected region (at 6 m from
the PJL on a plane normal to the weld) i a 2% plastically deformed FSW skimmed joint. This

region is characterised by maximum deformation values introduced by stretching.

Residual stresses were measured on the SCT and CT plastically deformed specimens in

order to evaluate the effect of the mechanical stress relief. In the SCT specimen, the

residual stress measurement was carried out ll mºfrom the plate joint line on the side
of the weld opposite the lip. The CT specimens had the notch at 6 m om the plate

joint line (Fig. 3.11). It was recognised that residual stresses i the CT specimens would

have been likely to be affected by the pre-crackíng sequence. For this reason, residual

stresses were measured on the stretched CT specimen, aer the pre-crackirg sequence,

0.5 m ahead of the crack tip. Residual stress measurements were repeated on a similar

undeformed CT specimen. Table 4.8 shows the results of the residual stress

measurements and a comparison with the residual stress values measured i the

undefonned specimens at similar locations.
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Figure 4.42b Typical mid-thickress hardness prole measured i a 2% plastically deformed
FSW joint (skimmed).

The results i Table 4.8 indicate that, for SCT specimens, the longitudinal and

transverse residual stresses are reduced by siretching. Large diiferences between the

measurements carried out on two nominally similar SCT specimens can be noticed. The

measured longitudinal residual stress exhibit a standard deviation values up to 141 MPa.

For the CT specimens, stretching produced a increase i residual stress parallel to the

weld and a decrease of the residual stress orthogonal to the weld. The latter variation

was close to the experimental error of the residual stress measurement method. The

mechanically stress-relieved specimens were tested in crack propagation. Figure 4.43

shows the test results for cracks orthogonal to the weld (SCT specimens).

It can be noticed thatin all cases, with the initial aw on the plate joint line, at ll m

ard at 25 mm, the crack growth rates exhibited similar crack growth rates. Crack growth

rates at ll m and at 25 m from the PJL decreased whereas crack growth rates on the

weld increased to approach the growth rates of the unwelded plate (LT). Table 4.9

reports the near-threshold A values measured at 5-104° n/cycle in the three cases.
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o (def.)_

c (undef.)

AFTER 2%

DEFORMATION

SPECIMEN #1

(undeformed)

SPECIMEN #

(undeformed)

SPECIMEN

CONFIG.

SCT @.., = 264 MPa <=. = es MPa «..,.,;, = za MPa 0.1 - 0.4
(11mm from

the pJ|_) oimsv = 5 MPa omñsv = -21 MPa otmsv = 3 MPa 0.6 - -0.1
6

CT omg = 6 MPa - omg = 33 MPa _ 55 *Ã¡
(28mm from

cansv = '1 i Gansy = 0 0

Table 4.8 Results of the residual stress measurements on the plastically deformed specimens

and a comparison with the residual stress values measured i the undefomed specimens at

similar locations.
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Figure 4.43 Results of the crack propagation test carried out on the 2% plastically deformed

SCT specimens (crack orthogonal to the weld).
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From Table 4.9, the AKN-f values observed i the stretched specimen were all between

3.4 and 3.8 MPa mm whereas for the unstretched specimens they varied between 2.7

and 4.8 MPa mm. Larger variations (20%) i the AKNT values were exhibited by the

cracks at ll m and at 25 mm. The cracks i the stretched specimens exhibited near-

threshold A values generally close to the parent plate (LT) value (4.2 MPa mm),

Figure 4.43. The lowest AKNT value among the stretched specimens was exhibitedf by

the crack on the plate joint line (3.4 NlPa ml/2). The crack propagation plots of šthe

cracks i the stretched specimens show a change i slope between 3.5 and 3.8 MPa mm,

and a crack growth rate of 5-104° m/cycle.

AKNT (*) AKNT (li) AKNT (def-)
CRACK INIT. POSITION ~ 4

(2% pl. deform.) (undeformed) AKN (undef.)

2.8 - 3.0
on the pate joint ine 3.4 MPa m"2 MP Z 1.2 -1.18 m

2.7 - 2.8
At 11 mm from the plate joint line 3.6 MPa mm

MP 1,2 1.3a m

4.4 - 4.8
At 25 mm from the plate joint line 3.8 MPa mm MP 1,2 0.9 - 0.8a m

(*) measured at 5-104° m/cycle

Table 4.9 The near-threshold A values measured in the 2% plastically deformed SCT
specimens.

Figure 4.44 shows the results of the tests carried out on the stretched specimens with

cracks parallel to the weld (CT specimens). As observed for the stretched SCT

specimens, cracks on the weld and at 6 m from the PJL exhibited similar crack growth

rates. At these two locations crack growth rates increased to approach those i the

unwelded plate (TL). Table 4.10 shows the AKN-f values measured for a crack growth

rate of 5-l0`l° m/cycle. The cracks growing on the plate joint line and at 6 m from it

exhibited similar AKNT values, between 6.0 ard 6.4 MPa ml/2. A exception to this

general behaviour was exhibited by the cracks in the specinen with the notch at 28 m

from the PJL. In this case, stretching did not modify the crack propagation behaviour

with respect to those observed in the corresponding unstretched specimens (Fig. 4.40).
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Only for A values greater ta 7 MPa mm the crack propagation curve of the crack at

28 m from the PJL approached the crack growth rates exhibited by the other stretched

specimens.
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Figure 4.44 Results of the crack propagation test carried out on the 2% plastically deformed CT

specimens (crack parallel to the weld).

4.3.5 SEM examination of cracks orthogonal to the weld

Figure 4.45 shows the locations at which the pictures were taken." Figure 4.46 shows the

typical appearance of the fracture surface i the region next to the semicircular aw

exhibited by the cracks at 25 m om the PJL (unstretched SCT specimens). The

picture was taken on the crack growth region corresponding to the beginning of the test

(AK E 4.9 MPa ml/2, da/dn 2 9.9-104° m/cycle). Large smeared areas of material can be
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noticed i proximity to ridges on the fracture surfaces. Metal debris was observed on the

same region.

Figure 4.47 shows typical features observed on the fracture surface of the cracks at 25

m from the PJL in the stretched SCT specimens. The picture was taken on the crack

growth region corresponding to the beginning of the test (AK 2 3.7 MPa mm, da/dn 2

8.5-1040 m/cycle). Figure 4.45 shows the location at which the picture was taken. Crick

propagation occurred i± the preferential direction of the crystallographic planes,

similarly to that observed in the unstretched specinens. There was no evidence of

smearing. However, local surface damage was observed, a indicated i the picture (Fig.

4.47). Fracture surfaces were characterised by parallel ridges at 3-5 m of interval.

Changes i plane orientation of the ridges could indicate grain boundaries (Section

4.1.2).

AKN1' (*) AKNT (Ã
NOTCH POSITION AKdef_/ AKd,f_

(2% pl. deform.) (undeformed)

6.4 - 9.6
On the plate joint line 6.0 MPa mm

MP Z 0.95 - 0.60a m

7.8 11.2
At 6 mm from the plate joint line 6.4 MPa mm

MP 1,2 0.80 - 0.60a m

3.Ü - 3.1
At 28 mm from the plate joint line 3.2 MPa mm

MP 1/2 1.05 - 1.0a m

(*) measured at 5-10" m/cycle

Table 4.10 The near-threshold A values measured in the 2% plastically deformed CT
specimens.

Figure 4.48 shows typical appearance of the fracture surface at ll m om the PJL

(unstretched SCT specinens). This picture was taken on the crack growth region

corresponding to the beginning of the test (AK E 2.6 MPa ml/2, da/dn 2 6.3-104Â
°

m/cycle). Figure 4.45 shows the location of the picture with respect to the weld.

Crystallographically oriented fatigue fracture was observed. No evidence of smeared

areas was found. Fragmentation caused by local crack branching was observed.
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Figure 4.49 shows the fracture surfaces of the cracks at ll m om the PIL i the

stretched SCT specimen. The picture was taken on the crack growth region

corresponding to the beginning of the test (AK 2 4.1 MFa ml/2, da/dn E 1.7-l0`9

m/cycle). Figure 4.45 represents the location of the picture. The crack surface was quite

similar to that observed on the unstretched specinens. Crack propagation took place

still according to the crystallographic plane orientation. No evidence of surface damage

was observed. Fragmentation caused by secondary cracks appeared to be more equbnt

than i the unstretched specimens. 4

SCT ' t'
Fig. 4.46 Fig. 4.48 Fig. 4.50 | spwmen Cross sec 'on |

Fig. 4.47 Fig. 4.49 Fig. 4.51F
(Lip side. :op wea surf.)

25 mm 11 mm
/

i

{} SEM picture location Ø Crack PJL nugget

Figure 4.45 Schematic representation of the areas shown in the SEM pictures of the SCT

specimens fracture surfaces.

Figure 4.50 shows the typical appearance of the acture surfaces of the cracks i the

centre of the weld (unstretched SCT specimens). This picture was taken on the crack

growth region corresponding to the beginning of the test (AK 5 2.7 .MPa ml/2, da/dn 5

7.8~l0` m/cycle). Figure 4.45 shows the location of the picture. The crack propagated

from the semicircular aw thorough the 5-lO m grains of the nugget (Section 4.1.2).

The fracture surfaces were faceted on a much smaller scale. The crack planes followed

the crystallograplic orientation witlin the grains, a occurred during the near-threshold

crack propagation in the other specimens. Local branching was observed.
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Figure 4.51 shows the typical features of the fracture surface of the cracks i the centre

of the weld of the stretched SCT specinen. The picture was taken on the crack growth

region corresponding to the begiming of the test (AK 5 3.2 MPa mm, da/dn E 1.7-104Â
°

m/cycle). Figure 4.45 shows the location of the picture. The f`racture surface was

faceted, although slip planes and grain boundaries were less well dened then i the

unstretched

specinens.Ã¥

4.3.6 SEM examination of cracks parallel to the weld

Figure 4.52 shows a SEM picture of the typical fracture surface of the cracks 6 m

from the PJL (unstretched CT specimens). The picture was taken on the crack growth

region at the beginning of the test (AK E 11.2 MPa mm, da/dn E 4.2-104° m/cycle). The

fracture surfaces were characterised by series of ridges running parallel at 10-20 m of

distance. This characteristic was produced by the tendency of the fatigue cracks to grow

following the crystallographic plane orientations within the individual grains (slip plane

cracking). Grain boundaries ruming parallel to the direction of propagation and at 60

m 'om each other, were evidenced by changes i the slip plane sequence (Fig. 4.52).

These appeared elongated a the metallographic analysis showed in Section 4.1.2.

Debris and smeared surfaces were frequently observed. The smearing was typically

located at ridges on the fracture surface.

Figure 4.53 shows a SEM picture of the typical fracture surface of the cracks at 6 m

from the PJL in the stretched CT specimen. The picture was taken on the crack growth

region corresponding to the beginning of the test (AK 2 6.4 MPa mm, da/dn 5 3.0-l0`9

m/cycle). The fracture surface was smoother than the one observed in the unstretched

specimens. Smeared areas and debris were observed on the crack surface. However,

their presence was less frequent than i the fracture surfaces of the unstretched

specinens.

Figure 4.54 shows the typical fracture surface of cracks in the centre of the weld

(Lmstretched CT specimens). The picture was taken on the crack growth region

corresponding to the beginning of the test (AK 5 9.7 MPa ml/2, da/dn 2 2.6-l0'9

m/cycle). and at the mid-thickness line of the specimens. The crack grew thorough the



4. Experimental results 130

very ne grain region of the nugget (Section 4.1.2). The fracture surfaces were faceted.

The crack paths followed the slip planes within the 5-10 m gan (Section 4.1.2). This

behaviour was similar to the case observed in the specimen with the crack 6 m from

the weld (Fig. 4.52). The picture shows the presence of isolated smeared areas

associated with the presence of debris. The crack slip planes appeared to be crushed and

plastically deformed. Figure 4.55 shows a macrograph of the specinens fracture

surfaces. A pronounced deviation of the crack front characterised the propagation imthe

initial part of the tests (Fig. 4.55).

Figure 4.56 shows a picture of the fracture surface of the crack in the centre of the weld

of the stretched CT specimen. The picture was taken on the crack growth region

corresponding to the beginning of the test (AK 2 6.0 MPa mm, da/dn E 2.2-l0`9

m/cycle). The fracture surface appeared faceted, as i the unstretched specimens, but

with more randomly orientated crack planes. No evident presence of debis or local

crushing was observed on the crack surfaces. No evidence of crack front deviation was

observed i the tested specimen, a shown i Figure 4.55.

Figure 4.57 shows a SEM picture of the fracttue surface of the cracks at 28 m from

the PJL (unstretched CT specimens). The picture was taken on the crack growth region

corresponding to the begiming of the test (AK E 3.1 MPa ml/2, da/dn 2 6.6-104Â
°

m/cycle). This is a region characterised by large grains 40-60 m wide, (Section 4.1.2).

Grain boundaries have been indicated i the pictures for clarity. River patterns,

cleavage-like faceted acture surface and slip plane cracking at intervals of 5-8 m

were observed. No evidence of smeared areas or debis was observed.

Figure 4.58 shows a picture of the typical fracture smface of the crack at 28 m from

the PJL in the 2% stretched CT specimen. The picture was taken on the crack growth

region corresponding to the beginning of the test (AK 2 3.2 MPa mm, da/dn 2 5-10'1Â
°

m/cycle). The fracture surfaces were quite similar to those of the mstretched specimens

(Fig. 4.28). Slip plane cracking was frequently observed. Secondary cracking occurred

1200.
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Figure 4.46 Fracture surface of the crack at 25 mm from the PJL i a tested SCT specinen
(near-threshold regime). The smeared area of material is clearly visible in the upper part of the
picture. The arrow indicates the direction of propagation.

Figure 4.47 Fractre surface of the crack at 25 mm from the PJL i the 2% stretched SCT
specimen (near-threshold regime). Evidence of a local surface damage (A) and grain boundaries
(B) are indicated. The arrow indicates the direction ofpropagation.



4. Experimental results 132

r rf ~

Figure 4.48 Fracture surface of the crack at ll mm from the PJL i a tested SCT specinen
(near-threshold regime). Local surface fragmentation caused by local crack braching is
indicated (A) for clarity. The arrow indicates the direction of propagation.

aa'

9 .

*,r1<-,.
ipvv

. "
LN,\ «Ã

Figure 4.49 Fracture surface of the crack at ll mm from the PJL i the 2% stretched SCT
specimen (near-threshold regime). Evidence of secondary cracking is indicated (A) for clarity.
The arrow indicates the direction of propagation.
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Figure 4.50 Fracture surface observed in the crack on the weld of a tested SCT specímens
(near-threshold regime). The arrow indicates the direction ofpropagation.

Figure 4.51 Fracture surface observed in the crack on the weld of the 2% stretched SCT
specímens (near-threshold regime). The arrow indicates the direction of propagation.
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i

Figure 4.52 Fractre surface observed in the crack at 6 mm from the PJL on a tested CT
specimen (near-threshold regime, plate mid-thickness). Crack slip planes (A) and grain
boundaries (B) are indicated for clarity. The arrow indicates the direction ofpropagation.

Figure 4.53 Fracture surface observed on the crack at 6 mm from the PJL in the 2% plastically
deformed CT specimens (near-threshold regime, plate mid-thickness). Sporadic presence of
smeared areas (A) are indicated for clarity. The arrow indicates the direction of propagation.
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Figure 4.54 Fracture surface observed in the crack on the weld of a tested CT specimen (near-
threshold regime, plate mid-thickness). Isolated smeared areas (A) and the presence of debris
(B) on is indicated. The arrow indicates the direction ofpropagation.

1mm

Figure 4.55 Optical picture of the tested CT specimens with the crack on the plate joint line.
The crack front deviation (evidenced by marks) exhibited by the unstretched specimens (A) was
sensibly reduced i the stretched specimen (B).
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Figure 4.56 Fracture surface observed in the crack on the weld of the 2% plastically deformed
CT specimens (near-threshold regime, plate mid-thickness). The arrow indicates the direction of
propagation.

v

I

Figure 4.57 Fracmre surface observed i the crack at 28 m from the PJL on a tested CT
specimen (near-threshold regime, plate mid-thickness). Grain boundaries (A) are indicated for
clarity. The arrow indicates the direction of propagation.
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Figure 4.58 Fracture surface observed on the crack at 28 mm from the PJL in the 2% plastically
deformed CT specimens (near-threshold regime, plate mid-thickness). Presence of secondary
cracking (A) is evidenced. The arrow indicates the direction of propagation.

The previous fractographic examination indicates that:

i) fracture surfaces of cracks parallel to the weld at 25 m from the PJL, and

orthogonal to the weld, propagating from the weld and at 6 m from the PJL,

were characterised by the large presence of smeared areas and debris.

ii) In nominally identical specimens, no smearing or debris was observed on the

fracture surfaces aer stretching.

iii) No smearing or debris was observed on the fracture surfaces of the SCT

specimens with cracks on the weld and at ll m from the PJL.

iv) No appreciable difference was observed between the fracture surfaces of the

unstretched and stretched CT specimens with cracks at 28 m from the PLJ.

4.3.7 Measurement of crack opening loads during fatigue ofwelded specimens

Figures 4.59a and 4.59b show the stress intensity factor versus compliance offset plots

obtained a described i Section 3.15 for the unstretched and stretched CT specimens

with cracks at 6 m and 28 m from the PJL, respectively. Figure 4.59c shows the

stress intensity factor versus compliance offset plot obtained for the stretched CT
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specimen with the crack on the weld. Crack mouth displacements could not be

measured i the unstretched CT specinen witl the crack on the weld.

Table 4.11 shows the stress intensity factor values corresponding to the opening loads.

The opening loads were measured at 2% offset of the open crack compliance value, a

recommended i ASTM E 647 (1997). This is shown in Figures 4.59a, 4.59b ard 4.59c.
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Figure 4.59a Stress intensity factor versus compliance offset curves for the CT specimens with
cracks at 6 m from the PJL.

From Table 4.11 it can be noticed that:

a) for cracks at 6 m from the PJL, the AKNT value was reduced by 20% by stretching,

however the effective A (AKe~) measured in the stretched specimen was 5% higher

ta that i the unstretched specimen. â

b) For cracks at 28 m from the PJL, the AKNT value was increased by 5% by

stretching. No difference i the measured AKvalues was noticed.

c) For the crack on the weld (stretched specimen), the AKNT value was 5% greater than

that measured in the stretched specimen with the crack at 6 m from the PJL, and

no difference in the measured AK.,ff values was noticed.
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Figure 4.59b Stress intensity factor versus compliance offset curves for the CT specimens wth
cracks at 28 m from the PJL.
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Figure 4.59c Stress intensity factor versus compliance offset curve for the CT specimen with
crack on the weld (stretched).
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Kmax Kmin AKNT Kop AKeff
SPEC' CONFIG'

MPa m"2 MPa m"2 MPa m"2 MPa m"2 MPa mm

7.8 6.8 1.9

3.0 1.7 1.7

Table 4 11 The COL values for the CT specimens obtained from Figures 4.59a, 4,59b and

8.7 0.87
6 mm from the PJL

4.59c. The values reported on gray background refer to the 2% stretched specimens.

Measurements of COL were taken at crack growth rates between 5-104° and 2- 10`9 mm/cycle.
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5.DISCUSSION OF RESULTS

5.1 Structure and hardness i friction stir and plasma welded joints

The macrostructure and microstructure observations i the FSW joirts show that:

a) although FSW is a solid-state process, sharp changes i the grain structure a well a

i the plasma welded joints have been observed i the weld region. V

b) Within the thenno-mechanically affected region, the oval nugget (Fig. 4.1c) exhibits

much ner grains (5-10 m) ta i the parent plate (400-600 m), Figures 4.5a,

4.5b, 3.lb and 3.1c. f

c) The region surrounding the nugget is characterised by highly elongated

(approximately between 600 m and 1 mm) and bent grains, Figures 4.7 and 4.8b.

Hardness measurements on FSW joints indicate that:

a) the nugget is characterised by a local maximun in the hardness proles (138 Hvl)

b) Minimum hardness .values (103 and 109 Hvl) have been observed within the

therno-mechanically affected region outside the nugget.

c) Maximum hardness values (148 and 146 Hvl) greater than i the parent plate have

been observed i the HAZ.

During welding the material undergoes frictional heating and stirring by the welding

tool acting from the top surface. In the nugget, maximum temperatures of 450-480 °C

have been measured during welding of aluminium joints [52, l00]. These temperatures

combined with the stirring action allow thermo-mechanically-induced recrystallisation

of the material, a described i several works [36, 52, 100, l05]. This phenomenon

would explain the presence of much ner grains observed in the nugget ta i the

parent material (Fig. 3.lb and 4.5a). In this region, hardness reaches a local maximum

of 138 Hvl on the PJL at 1 m om the top surface (Fig. 4.13). The presence of the

hardness peak suggests that solution heat treatment followed by reprecipitation takes

place to a certain degree in the nugget, a observed in previous works [96, l05]. Moving

from the top to the bottom weld surface on the PJL, hardness values gradually decrease

to 117 Hvl on the bottom surface (Fig. 4.13). This through-thickness hardness gradient

(of approximately 4 Hvl/mm) within the nugget would indicate that the respective
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regions of material through the weld thickness undergo different thermo-mechanical

cycles.

The elongated and bent grains i the thermo-mechanically affected region extemal to

the nugget (Fig. 4.7, 4.8a and 4.8b) indicate a large amount of plastic deformation. A

estinate of the plastic strain can be obtained by comparirg the grain dimensions i the

thermo-mechanically affected region on the plane orthogonal and parallel to the weld

(Fig. 4.7 and 4.8b) with those i the parent plate on the ST and LS planes, respectively

(Fig. 3.lb and 3.lc). From this comparison, the plastic strain on the plane orthogonal to

the weld is approximately 50% and on the plane parallel to the weld it is approximately

70%. These two values are broadly in agreement with those experimentally observed by

Reynolds [83]. In the thermo-mechanically affected region the grains are defonned and

bent by the forging action of the tool i the direction of the streamlines of material

around the pin, a described i Ref. [17]. This is a region where recrystallisation does

not take place. This is connned by the elongated grair structure O*ig. 4.lc), a typical

result of a cold working process.

The boundary between the thermo-mechanically affected region and the heat affected

region on both sides of the weld are the soest regions of the joint (Fig. 4.13 and 4.l7b).

The hardness proles at these locations are asymmetric with respect to the PJL.

Hardness is lower on the lip side (103 Hvl, 6 m from the PJL) than on the opposite

side (109 Hvl, 4 m from the PJL). The asymmetry suggests that the regions of

material on the two sides of the PJL undergo different thermo-mechanical cycles.

Maximum temperatures of 330-350 °C are typically reached at these locations during

welding [52, 100]. The fact that the temperatures are below the solvus temperature of

the S' phase (Al2CuMg) and above 200 °C suggests that precipitate coarsening takes

place producing a overaged microstructure [81]. This was connned by observations

carried out using Transmission Electron Microscopy (TEM) on fusion welded 2024-T3

joints in the regions characterised by similar maximum temperatures and hardness

values [74].
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At 18 m (lip side) and at 22 m (side opposite lip) from the PJL, hardness reaches the

maximun values of 146 and 149 Hvl, respectively. At these regions, maximum

temperatures between 180 and 200 °C are typically reached during welding [52, 100].

This is the temperature range typically required to allow further precipitation

strengthening to take place [100]. Under these conditions, hardness could be increased

above parent plate values.

Local hardness minima (130 Hvl) occur at 28 and 32 m from thePJL (Fig. 4.13). The

reason for these local hardness reductions is not entirely clear. Overageing, a possible

cause for these reductions, is considered urlikely a the maximum temperature

experienced during welding at these locations is presumably less than that occurring at

the hardness maxina (18, 20 m from the weld). Measurement of the local

temperatures during the welding operation and TEM analysis would be required in order

to establish the precipitate distribution and characteristics.

The central region of the plasma welds undergoes complete melting (maximum

temperature above 640 °C) and subsequent re-solidication, a conrmed from the

coarse segregated microstructure which typically characterises castings (Fig. 4.10). The

hardness prole reaches its lowest values of 93 Hvl i the weld centre (Fig. 4.14). This

fact hs been attributed i Ref. [100] to the redistribution of Cu within the re-solidied

phases. Next to the sion zone is a partially melted region, where the temperature

causes localised fusion of the eutectic phase [74]. Hardress values i this region are

comparable with those in the centre of the weld.

At 6 m from the PJL the hardness reaches a maximum of 142 Hvl, equal to the

hardness i the parent plate (Fig. 4.14). This has been explained i Ref. [100] a a

effect of natural ageing. In fact, it is possible that the solvus temperature would have

locally exceeded in a narrow region, and subsequent to a fast cooling rate, the solute

would have diffused, and natural ageing taken place.

The hardness prole in the plasma joint exhibits a second minimmn (102 Hvl) 9 m

from the weld (Fig. 4.14). Overageing of the alloy is considered a possible cause of this
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reduction. The temperature conditions allow the precipitates present in the matrix to

coarsen and their hardening effect to decrease consequently. This hs been proven by

TEM analysis carried out on similar joints [74]. The analysishas revealed the presence

of S' precipitates that typically characterise a overaged microstructure. Etched surfaces

appear darker in this region than i the surrounding ones (Fig. 4.12).

Comparing the hardess prole of the friction stir and plasma welds, it can be observed

that plasma welds exhibit a narrower total HZ (60 mm) ta the iction stir welds (96

mm), (Fig. 4.13 and 4.14). Plasma welds show a lower hardness value than

the friction stir welds, however the difference is only marginal (65% of the parent plate

in the former and 73% of the parent plate i the latter). `

5.2 Residual stresses i friction stir welded joints

In the interpretation of the residual stress measurements it should be considered that:

i) measurements at three locations are not sufcient to provide a complete

description of the residual stress distribution across the welded plate [38, 58,

l06].

For this reason, no information about the effective residual stress maxima and minima

(in tenns of magnitude and position) can be obtained. Nevertheless, from the

measurements a lower and a upper estimation respectively of the residual stress

maximum ard minimum values, and a lower estimation of the width of the residual

stress affected area have been obtained.

ii) A accuracy of±l5 MPa i the measured values is expected [82].

Table 4.8 shows that residual stress measurements carried out at similar locations on

two nominally identical SCT specimens differed by 199 MPa i.e. 64% of the parent

plate 0.2% proof stress. This suggests that a large variability i residual stress is present

from sample to sample.

In the light of these considerations, residual stress measurements i Tables 4.la, 4.lb

and 4.lc indicate that:
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a) longitudinal tensile residual stress typically characterises the region of the joint

close to the weld. Residual stress values measured at ll m from the PJL are

always greater ta those measured on the weld. This is in agreement with the
residual stress distribution measured i aluminium and steel welded joints reported

i other works [38, 42, l06].

b) Surface skimning increases transverse residual stresses. These are tersile i the

weld and compressive i the surrounding regions. s

In the as-machined plate, the longitudinal residual stress values on the weld and at ll

m from it are tensile. In order to satisfy the itemal equilibrium i the direction of the

weld a further compressive residual stress area should exist in the plate. This implies

that the residual stress affected area extends beyond the measurement location at 25 m

from the PJL. The maximum longitudiral residual stress value has been detected at ll

m om the PJL. A previously mentioned, this represents a lower estimate of the

maximum longitudinal residual stress i the plate. All the transverse residual stress

values are relatively low and of the same order of magnitude a the experimental error

associated with the method. This implies that the tensile and compressive stresses

parallel to the PJL dorrinate the residual stress distribution i the plate.

During the machining of the dog-bone specimens, material is removed from the plate

sides. As the material is machined, its restraint action on the rest of the plate is removed.

This causes the residual stresses to be patially relieved and redistributed. This fact

would explain the reduction in the corresponding measured values (Tab. 4.la and Tab.

4. lb). At 25 m from the PJL the longitudinal residual stress is negative, indicating the

presence of a compressive residual stress area necessary i order to satisfy the intemal

equilibriun i the direction of the weld.

The transverse residual stress values i the dog-bone specimen are all low and within

the experimental error (Tab. 4.lb). Transverse residual stresses arise in order to contrast

the parent plate in-plane deformation by the offset action of the longitdinal tensile

residual stress on the parent plates. This is shown i Figure 5.1. The transverse residual

stresses depend on the in-plane moment of inetia of the parent plates, which is a
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function of the third power of the parent plate width (W) [50]. This suggests that

reductions i the plate width would lead to reductions i transverse residual stress.

Table 4.lc shows that transverse residual stresses i the weld and at 25 m from the

PJL are largely increased by the surface skimming operation. Although no evident

explanation for this large increase i the transverse residual stresses was found, it is

believed that factors such a through-thíckness residual stress gradients and machining

procedure could have played a important role. A more detailed analysis of the e`ects

on residual stress distribution due to the changes i the specimen geometry by

machining would require the use ofnite element analysis.
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Figure 5.1 The mechanism of fomation of transverse residual stress in the welded plate. The

longitudinal residual stress can be represented a forces acting offset (e) to the parent plates.
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5.3 Tensile testing of friction stir welded joints

The mechanical behaviour of the transverse joint (Fig. 4.15 and 4.16) can be represented

by the stress-strair model shown in Figure 5.2(a). In this model three springs are
connected in series. Each spring is dened by a linear-elastic, linear-plastic constitutive

equation in terms of elastic modulus (ki), yield stress (0,1) and work-hardening

coefcient (kpi). The two extemal springs represent the parent plate regions of the

welded joint (kp, oyp, kpp) and the central one represents the weld (kw, cyw, kwp). For

applied stress values (cr) less than cyw (cyw is lower than oyp) the joint behaves

elastically, and k = kw = E. From the curves of Figure 4.14, the mean value of E is

approximately 77 GPa, with a experimental error of 7% with respect to the typical

Young's modulus of aluminium alloys (72 GPa). Given that xp and xw are the strain

along the main stress axis i the parent plate and i the weld respectively, and P is the

applied load, 'om the model i Figure 5.2a:

kpxp=kwxw=Exp=Exw=P Eqn. 5.1

and therefore xp = xw. This indicates that stress and strain in the weld and parent plates

are the same, a Figure 4.14 shows. As the applied stress reaches cyw = 243 MPa (Tab.

4.2), yielding occurs in the weld. The stiffness of the spring representing the weld

decreases from E to kwp = 3 GPa. This is shown i Figure 4.15 by the reduction i slope

of the weld stress-strain curve. Equation 5.1 becomes:

Exp=kwp xw=P Eqn. 5.2

Equation 5.2 indicates that, since kWp<< E, the strain within the weld becomes much

larger than in the parent plates. For o = cyp = 330 MPa the stiñ`ness in the springs

representing the parent plate decreases from E to kpp = 24 GPa, a indicated by the
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reduction in gradient of the parent plate curve in Figure 4.15. At this stage, the entire

welded joint is plasticised and:

kpp xp = kwp xw = P Eqn. 5.3

This infonnation can be used with the stress-strain model of Figure 5.2b to discuss the

behaviour of the longitudinal FSW joint (Fig. 4.18).
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Figure 5.2 The stress-strain models representing the tensile behaviour of the transverse (a) and

longitudinal (b) welded joints.

It is assumed that the constitutive equations of the springs are dened by the same

constants as for the model of Figure 5.2a. Whereas in the model of Figure 5.2a the

springs are subjected to equal stress, the springs in the model of Figure 5.2b are

cormected in parallel and therefore subjected to equal strain (xw = xp = x). This is
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necessary i order to satisfy the boundary conditions imposed by the grips. At low load

the joint behaves elastically and from the balance of the forces acting on the springs:

2(AEx+P,S,p)+AWEx+PS,W=P Eqn. 5.4

4

Ä .

where PRS, p and PM, W are the forces i the elements associated with the presence of the

longitudinal residual stresses. AW and Ap are the cross sectional areas of the elements.

Assuming that the weld element represents the tersile behaviour of the region of the

joint with hardness value less than the hardness of the parent plate, AW and AP are then

dened a in Figure 5.3.
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Figure 5.3 Denition of AW and AP with respect to the hardness prole of the joint.

For the intemal balance 2 PM, P + PM, W = 0, therefore residual stresses do not contribute

to the balance of Equation 5.4. However, it is possible to take into account the
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contribution of the residual stresses considering the stress i the single elements. As the

weld begins to yield, the stiffness of the joint gradually decreases from 2 Ap E + AW E,

a in Equation 5.4, to 2 Ap E + AW kWp. The joint gradually begins to deviate from linear

behaviour when the proportional limit o', is reached (Fig. 4.18). Therefore for the

weld:

PICSWEx+ =cW Eqn 5.5

where P,,W /AW is the residual stress i the weld element. Equation 5.5 allows the

estimation of the value of the residual stress in the weld element since o'yW is known

(243 MPa) and E x = o', = 110 MPa, a measured from the tensile test carried out on

the longitudinal joint (Tab. 4.2). This model assumes that the residual stress distribution

within the weld element is constant and that yielding takes place in the weld at the

soest location, 6 m 'om the PJL. From Equation 5.5 the residual stress i the weld

element is 133 MPa. This residual stress value is 2 times lower than the value initially

measured at 11 m from the weld (264 MPa, Tab. 4.1c) and 2 times higher than the

value measured at the same location but on a similar specimen (84 MPa, Tab. 4.8).

As the applied stress increases, yielding gradually extends from the weld to the parent

plates. As soon a the entire joint has yielded, the_joit stiffness decreases to 2 AP kyp +

AW kWp and the stress-strain curve exhibits a sudden reduction in slope (Fig. 4.18). This

situation corresponds to the application of load 3 of Figure 2.14, for ,which the

longitudinal residual stress of the joint has been completely relieved. Equation 5.4

becomes:

(2 AP k+AW kWp)x =P Eqn. 5.6
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Figure 5.4 Predicted and measured yielding oftle longitudinal welded joint.

5.4 Tensile properties - observations

The tensile test carried out on transverse FSW joints hs shown that yielding takes place

rst at locations of minimum hardness, and failure occurs at the lowest hardness

locations. Hardness measurements indicate that hardness ninima are located in a planar

region orientatcd at 45° with respect to the main stress axis (Fig. 4.17b). This location

coincides with one of the maximum shear planes [50]. For this reason static failure

occurs on the same plane. The area where static failure takes place is characterised by

a elongated grain structure (Fig. 4.8a and 4.8b) i the direction of the main stress axis.

that optimum orientation of the grain structure did not interfere with the
' `

clearly dominated by the minimum hardness. The

This suggests

chanism, wluch sstatic failure me
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strain distribution measured i the transverse FSW joints (Fig. 4.16) has indicated that

the deformation concentrates i a limited volume of material at the softest location of

the joint. This suggests that hardness minima acted a a strair-concentrator in the joint.

It should be observed that the elongation values i the transverse joints (Tab. 4.2 and

4.4) are dependent on the respective gauge lengths. This dependence is due t the fact

that the strain is not uniform within the gauge length but is concentrated at the regions

of minimnn hardness. Figure 5.5a shows a sinplied strain distribution obtained with

the strain values measured on the FSW transverse joint at 295 MPa during the tensile

test (Fig. 4.15). The elongation values calculated from the strain distribution of Figure

5.5a are plotted i Figure 5.5b a a function of the gauge lengths. The elongation

decreases a the reference gauge length increases. Elongation values tend

asymptotically to the elongation i the parent plate. It can be noticed that for reference

lengths greater than 100 m the calculated elongation differs approximately by 10%

om the asymptotic value.
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Figure 5.5a Simplied strain distribution i the transverse FSW joint. Data points have been

measured at 295 MPa during the tensile test.
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Figure 5.5b Calculated elongation plotted a a function of the gauge length in the transverse

FSW joint.

Longitudinal FSW joints generally exhibited superior tensile properties than the

transverse joints except for the proportional limit (Tab. 4.2). The proportional linit i

the transversejoints was 40% higher than i the longitudinal joints. This fact has been

explained i Section 5.3 a a effect of longitudinal residual stresses i the joint. As the

results of Table 4.2 shows, the ultimate strength of the FSW joints is marginally

inuenced by the joint orientation i contrast with the dependence observed for the

yield strength. However, it should be considered that i the longitudinal joints the

ultimate strength depends on the ratio AP/AW. In fact, for AP/AW >> 1 the joint would be

dominated by the parent plate properties, whereas for Al,/AW << l the joint would be

dominated by the weld properties.

Transverse plasma welded joints exhibit a ultimate tensile strength 12% lower than the

transverse FSW joints (Tab. 4.4). This suggests that the plasma welding process

produced a more severe degradation of the tensile properties a indicated from the fact

that the minimum hardness value is 10% lower than that i the FSW joints. In this light,

it is reasonable to believe that, a it has been found for the transverse FSW joints,

hardness also dominates the tensile behaviour of the transverse plasma welded joints.
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5.5 Fatigue endurance properties

The life to failure behaviour of FSW joints i the as-welded surface condition is clearly

inferior to that of the parent plate. For both longitudinal and transverse joints the

presence of surface irregularities is the source of fatigue cracking. In the case of the

transverse joints, the removal of the lip causes the fatigue degradation to be reduced, i

the region of long lives, om 50% to less than 10% of the parent fatigue strength ig.

4.19 and 4.20). On this basis, it is reasonable to believe that the lip, (transverse F$W

joints) and the tool marks (longitudinal FSW joints) act a stress raisers allowing fatigue

crack initiation from local defects. This behaviour has been observed and' described i

Ref. [8] a a result of investigations carried out on 2024-T3 as-welded FSW specimens.

The ratio between the stress ranges at 107 cycles of the skimmed and the as-welded

transverse joints is a estimation of the effective fatigue stress concentration factor (Kf)

[40, 98]. The fatigue stress concentration factor quanties the effect of the stress

concentration provided by the lip on the fatigue strength. From a comparison between

Figures 4.19 and 4.20, for the transverse welded joints Kf = 2.1. A discussed i Section

2.1, because of the effect of plasticity i the region of material near the notch, generally

Kf S K., and the fatigue stress concentration factor can be considered a a lower estimate

for the stress concentration factor associated with the lip [50]. The estination provided

by this criterion is better for low stress fatigue failures, a the effect of plasticity is less

than for high stress fatigue failures. Another estimate of K can be obtained by

approximating the lip with a shoulder llet under tensile stress. Figure 5.6 shows the

dimensions of the shoulder llet with respect to a representation of the lip cross section.

The values of the notch radius and the step height have been estimated from Figure 4.3.

From Ref. [78], the theoretical stress concentration factor associated with this geometry

is 2.6. The llet shoulder represents a more severe prole discontinuity than the lip,

which is in simple tenns a local outstanding portion of material (Fig. 4.lc). This

suggests that the stress concentration associated with the effective lip geometry is

between 2.1 and 2.6.
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Fatigue initiation on transverse FSW joints has typically occurred at local defects

present i the region undemeath the lip (Fig. 4.23 and 4.24). Altuninium hs been the

only element to be detected i the initiation areas by EDX analysis. This suggests that

the inclusions are composed of aluminium oxide (AIZO3) (oxygen is hardly detectable

by EDX analysis because of its low energy X-ray emission). In the regions outside the

nugget no mixing of material or meltirg occurs during welding. This suggests that oxide

defects present in those regions are probably part of the defect distribution associated

with the parent plate. Further defects could have been introduced in the nugget area by

the crushing and embedding action of the tool on the oxide hn, present on the plate

surfaces before welding. Fatigue initiation i the transverse as-welded- specimens

occurred at multiple sites with the exception of the specimen tested at 155 MPa (Fig.

4.19). In this specimen, fatigue crack initiation took place from a single site i the

region undemeath the lip. This would explain the fact that the specimen exhibited a

fatigue life approximately 3 times longer than that expected.

Once the lip is removed by surface skimming, the fatigue initiation mechanism in

transverse joints changes and nucleation of fatigue cracks takes place still from oxide

defects but at areas coincident with local minima in hardness transverses across the

weld. The same correlation can be observed in the skimmed plasma welded joints. This
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suggests a role of hardness i location of failures, a well a a role of oxide particles.

The role can be applied t both FSW and plasma welded joints despite the difference i

weld microstructure between the welds. _

In the longitudinal joints fatigue initiation hs taken place at the top surface tool marks

(the lip is parallel to the normal stress axis, Fig. 4.25 and 4.26). Fatigue strength is

better than i the transverse direction, but is still only 60% of the parent plate inthe high

cycle region (ig. 4.19). As i the previous case fatigue cracks have initiated from local

defects close to the tool marks, which the crack plane followed for some distance aer

iritiation. This preferential growth direction suggests a possible correlation between

crack morphology and material ow direction [52]. The removal of the tool marks and

the defects in that area causes the degradation i fatigue strength to be reduced from

40% to 20% of the parent plate (L) at 107 cycles (Fig. 4.20). This indicates that the tool

marks have a smaller Kf than the lip.

Skimming the longitudinal joints hs modied the residual stress distribution i the

specimens (Tab. 4.1b and 4.1c). Residual stress interaction with fatigue initiation

depends on the applied stress level during testing [3l, 38]. In fact, the application of

high stress levels is more likely to produce a larger mechanical stress relief reducing the

peaks of residual stresses and their effects on fatigue initiation. In contrast, such

interaction would not be expected for the smaller transverse joirts, since residual stress

is supposed to be negligible.

The S-N curve of the longitudinal skimrned joints (Fig. 4.20) shows that the applied

maximun stress levels are between 300 MPa (35526 cycles, 270 MPa) and 170 MPa

(run-out at 10717932 cycles, 153 MPa). In the fonner case, the stress level is 5% lower

than the 001 of the joint (Tab. 4.2). This indicates that the joint cross section has almost

completely yielded during the rst load cycle. The situation is that shown in Figure 2.7

for positive applied stresses, where the effective stress in the entire joint ranges between

00,2 and G01 - A6, corresponding approxinately to a effective stress ratio of 0.5. In the

latter case, the maximum stress level (170 MPa) is 46% lower than the o'0_2 of the joint.

As discussed i Section 5.3, this situation corresponds to a partial yielding of the joint in
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the weld region, whereas most of the parent plate still behaves elastically. This could be

a explanation for the fact that skimmed longitudinal welded specimens perform a well

a the skimmed transverse joints tested at higher stress levels, whereas at long lives

fatigue strength is 13% lower ta that in the transverse joints.

Fatigue failures i longitudinal skimmed joints have taken place om the edges of the

specimens at the linits of the test gauge length i the llet radius, (Fig. 3.6). The

interpretation of these failures is not simple. A stress concentration of K = 1.4 is

associated with this geometry [50]. Under the specied testing conditions the failure

locations indicate that the weld performs i terns of initiation a good a or better than

the parent plate.

Transverse skimmed plasma welded joints have always exhibited inferior fatigue

strength to the corresponding FSW joints. This could be caused by the presence within

the plasma welds of 2.8-3.0 times larger defects than the i FSW joints, a the SEM

observation shows (Section 4.2.4). It has not been possible to test as-welded plasma

joints i order to make a comparative evaluation of the inuence of the surface

skímming process on fatigue life. However, the scanning electron microscopy reveals

that i the plasma welded specimens the skimming process has brought to the joint

surface a internal distribution of pores (Fig. 4.30a and 4.30b). Therefore, those defects

could cause crack initiation during the fatigue loading.

The data of Figure 4.34 indicate that initiation in transverse FSW joints occurs from

smaller defects (7-70 m) ta in plasma joints (22-197 m). In FSW joints, the

thermo-mechanical affected region is characterised by defects a large a in the heat

affected zone. In contrast, i the plasma welded joints, the largest defects are present

within the melted region of the weld which is characterised by lower hardness. This

combination could be responsible for the lower fatigue strength exhibited by the plasma

welded joints.



5. Discussion of results 158

5.6 Crack propagation i friction stir welded joints

Grain size, hardness, residual stress and AKNT values are reported together in Tables

5.la and 5.lb. AKN1 values represent a indication of fatigue crack behaviour at low

crack propagation rates.

CONFIG.
Long. residual Hardness

$tl'e$$ Ã
Grain size (*)

Fracture

appearance

AKNT

(MP2.

m1I2)

Crack on the

PJL

tensile area

(8 MPa)
128 HV1

ne equiaxed

(5 -10 m)

no

smearing
2.8 - 3.0

Crack at 11 mm

from the PJL

tensile area

(246, 65 MPa)
124 HV1

elongated

(600 m)

no

smearing
2.7 - 2.8

Crack at 25 mm

from the PJL
COmpf. afea

(-13 vPaâº
141 HV1

elongated
- (400 m)

smeared 4.4 - 4.8

(*) At the beginning of the propagation test.

Table 5.1a Comparison of residual stress, hardness, grain size, fracture surface appearance and

near-threshold stress intensity factor values i the skimmed SCT specimens.

AK~â 

mmm%

Hardness (*) Fracture

(top - bott. surf.)

Transv.

residual stress
Grain size (*)CONFIG.

appearance

ne equiaxed

(5 -10 m)

Crack on the

PJL
_ 120 - 133 Hv1 smeared 6.4 - 9.6

Crack at 6 mm elongated
106 - 123 Hv1 smeared 7.8 - 11.2

fromme PJL _ (0.9 -1.0 mm) -

Crack at 28 mm e|09al6d no
137 HV1 3.0 - 3.1-15 MPa _

from the PJL (600 m) smearing

(*) At the beginning of the propagation test.

Table 5.lb Comparison of residual stress, hardness, grain size, fracture surface appearance and

near-threshold stress intensity factor values in the skimmed CT specimens.
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The crack propagation tests conducted on the FSW joints show that:

a) cracks orthogonal to the weld, i the weld and at ll m from the PJL (opposite lip

side) exhibit lower AKNT values than the parent plate (i.e. cracks grow faster than i±

the parent plate); cracks at 25 m from the PJL (opposite lip side) exhibit higher

AKNT values than the parent plate (i.e. cracks grow slower than i the parent plate).

b) Cracks parallel to the weld at 28 m from the PJL (opposite lip side) exhibit lower

AKNT values ta the parent plate; cracks i the weld and at 6 m from the PJL

(opposite lip side) exhibit higher AKNT values than the parent plate (i.e. cracks grow

slower than i the parent plate). _ -

c) Stretching the longitudinal joints (cracks othogonal to the weld) increases low

AKNT (reduces propagation rates) and reduces high AKN  (increases propagation

rates) to the parent plate values.

d) Stretching the transverse joints (cracks parallel to the weld) reduces AKNT (increases

propagation rates) of cracks i the weld and at 6 m om the PJL to the parent

plate values. ~

e) Stretching does not affect the crack propagation of cracks parallel to the weld at 28

m from the PJL (opposite lip side).

5.6.1 Effect of residual stress on crack propagation

As discussed i± Section 2.9, crack propagation i a tensile residual stress eld is

typically characterised by higher crack growth rates, whereas i a compressive residual

stress eld it is characterised by lower crack growth rates. The 2% permanent

deformation has not introduced any appreciable modication either i the

microstructure or in the hardness distribution of the joints (Fig. 4.42b and Fig. 4.42c).

This implies that the stretched specimens differ from the unstretched ones only by the

residual stress distribution.

In the direction othogonal to the weld (Fig. 4.37a and 37b), cracks at ll m from the

PJL (opposite lip side) have exhibited the lowest AKN-f value (2.7 MPa ml/2) and crack

growth rates 10 times faster than in the unwelded plate (LT). As the joint has been

plastically deformed and the residual stresses relieved (Tab. 4.8), crack growth rates and

AKN-f at ll m from the PJL have become similar to those in the parent plate (Fig.
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4.43). This indicates that, in the unstretched specimens, the tensile residual stress

present at ll m from the PJL is responsible for the high crack growth rates and low

AKNT value. Residual stress measurements have confirmed the presence of high tensile

longitudinal residual stress (246 and 65 MPa) at ll m from the PJL on the unstretched

specinens.

Cracks propagating on the weld have exhibited AKN-f values (2.8 MPa ml/2) almost a

low a those at ll m from the PJL and crack growth rates 4 times lower than those

observed at ll mm. As for the cracks at ll m from the PJL, Stretching the specimen

has resulted i a increase i the AKNf value and a decrease in the crack growth rates to

the respective values observed i the unwelded plate (LT), (Fig. 4.43). Although this

indicates that such modifications are caused by the residual stress mechanical relief, ard

consequently that residual stress is responsible for the observed crack propagation

behaviour in the unstretched specimen, it could not be conrmed by the residual stress

measurements. In fact, residual stress measurements carried out on a nominally identical

specimen have indicated a value of longitudinal residual stress (8 MPa) within the

experimental error associated with the measurement technique. 4

Orthogonal cracks propagating at 25 m from the PJL (opposite lip side) have

exhibited AKNT values (4.4 and 4.8 MPa ml/2) higher and crack growth rates 4 times

lower than those observed i the unwelded plate (LT), (ig. 4.43). As the joint has been

plastically deformed, crack propagation rates have increased and AKNT values decreased

to the corresponding values of the unwelded plate (LT), (Fig. 4.43). As observed for the

cracks at 11 m om the PJL, this strongly suggests that the crack propagation

behaviour in the unstretched specimen is inuenced by the presence of compressive

longitudinal residual stress. As for the cracks at ll mn, the presence of compressive

residual stresses could not be conrmed by the residual stress measurements carried out

on a nominally identical specimen at 25 m from the PJL. These measurements have

indicated a longitudial residual stress (-13 MPa) within the experimental error of the

measurement technique.
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Two sets of residual- stress measurements (Tab. 4.8) carried out on two nominally

identical SCT specimens at the same location (ll m from the PJL, opposite lip side)

show that residual stress i the welded specimens is characterised by a large variation

(up to 75% of the greatest of the values). This indicates that a large variability i the

residual stress distribution exists om specinen to specimen. In this light, the fact that

residual stress measurements, carried out on the weld and at 25 m on nominally

similar specimens, have not conrmed the presence of high longitudinal residual

stresses could be explaired a a e`ect of such a large variability.

For cracks parallel to the weld, i the weld and at 6 rn om the PJL (opposite lip

side), (Fig. 4.40 and 4.44), the respective AKNT values have shown that mechanical

stress relief exerts a inuence sinilar to that observed for the cracks orthogonal to the

weld. Although no residual stress measurement has been performed on the CT

specimens with the notch i the weld and at 6 m from the PJL, the effect of the

mechanical stress relief on crack growth irdicates that crack propagation i the two

locations is inuenced by residual stress. Evidence of the presence of residual stresses

in the unstretched CT specinens with the notch i the weld is indicated by the crack

front deviations, a shown in Figure 4.55a. The crack 'ont deviations have been

substantially reduced aer the stretching operation. This suggests that such deviatiors

are associated with a tlrough-thickness residual stress distribution responsible for local

variations i crack growth rates.

SEM observations generally conrm the inuence of residual stress on crack

propagation. Observations of the fracture surface of cracks orthogonal to the weld at 25

m from the PJL (Fig. 4.46) reveal frequent smeared areas indicating repeated contacts

between the crack surfaces. This suggests that crack closure has occured during

propagation. The series of parallel ridges present on the fractre surface indicate that the

crack has propagated following the slip planes within the grains. This mechanism of

propagation (slip plane cracking) is typically associated with a crack closure effect

owing to a combined mode I and mode II propagation [27]. The incidence of smeared

areas is considerably reduced i the stretched specimens since longitudinal residual

stresses are relieved. This suggests that crack closure, which has occurred in the
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unstretched specimens during the early stages of the crack propagation at 25 rn from

the PJL, is associated with the presence of compressive longitudinal residual stresses.

The frequent presence of smeared portions of surface and debris on the fracture surfaces

of the cracks parallel to the weld at 6 m from the PJL (Fig. 4.52), suggests that crack

closure has taken place during the initial stage of the propagation. As residual stresses

have been relieved by stretching their frequency has been reduced (Fig. 4.54). 'lšhis

suggests that crack closure, occurring during the propagation i the unstretched

specimen, is caused by the presence of transverse compressive residual stress. The

ridged pattern of the acture surface also suggests that roughness-irduced crack closure

due to mixed mode I and mode II has probably occurred in the early stage of the

propagation.

Cracks parallel to the weld at 28 rn from the PJL represent a exception to the effect

of stretching on crack propagation. I fact, stretching has not caused large changes i

the crack propagation behaviour: AKN-f i the stretched joint is less than 5% of the

values measured i the unstretched joints (Fig. 4.40 and 4.44). Fractography carried out

on the respective stretched and unstretched CT specimens does not reveal any

appreciable difference (Fig. 4.57 and 4.58). Residual stress measurements on the

unstretched and stretched CT specimens show i both cases low transverse residual

stresses (Tab. 4.8). A possible explanation of this behaviour is based on the observation

that the plastic deformation produced by stretching the joint i the direction orthogonal

to the weld is mainly concentrated in the weld region, a the strain distribution observed

during the tensile test shows (Fig. 4.16).

The effective deformation achieved at 28 m from the PJL on the side opposite the lip

after the 2% nominal deformation can be estimated using the stress-strain curves of the

transverse joint obtained during the tensile test. In Figure 5.7, the horizontal line

represents the maximum stress achieved during stretching (353 MPa). The arrows

indicate the loading-unloading curves for the different regions of the joint.
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The unloading lines corresponding to regions of the joint indicate that the effective

permanent defomation of the region of the joint at 28 m 'om the PJL is less ta

O.6%, whereas i the weld it was approximately 3.0%. These considerations suggest that

the residual stress relief at 28 m from the PJL was less effective than on the weld.

450 _ '
'

400 _

350 J
. Q Top surf. 50 mnfro

_ PJL- opp. lip side300 _ . .º ^
j _ .,_~§';,_ < " T I .Topsurf.18n'mfro

PJL-ip side
`

,:'Ä'° V W 4 Top surf. 22 nmfro' PJL- lip SidÃ¸
' _ ' X Bot. surf. 4 mnfrom

J V P..- ip side'
X Bot. surf. 6 mnfrom

Stress (MPa)
N NO UO O

150 _
PJL-opp. lip side

100 _ y

l 0 Bottom surf. on PJL
1 V

50 `
W V

Q (Top surf. on PJL)

0 I \ J1 Ä±
0 1 2 3 4

Strain (%)

Figure 5.7 Stress-strain cycles i the transverse joint due t the 2% nominal stretching.

5.6.2 Residual stress and crack closure

The effect of residual stress and closure can be discussed i the light of the results from

the COL measurements (Section 4.3.7). Cracks parallel to the weld exhibited different

AKN-f values (between 3.0 and 11.2 MPa mm) but similar AKeff values (between 1.7 and

2.0 MPa mm). This nding is i agreement with the observations conducted on welded

joints i presence of residual stresses by several authors [5, 51, 73]. In these works,

crack propagation curves obtained by growing cracks at different distances from the

weld, i.e. at different residual stress values, coincided when plotted i terms of AKe«.

This suggests that the near-threshold behaviour of cracks parallel to the weld can be

better described in terms of AKeff. This consideration is in agreement with the
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assumptions made i the crack closure model applied to crack propagation through a

residual stress eld, a discussed i± Section 2.9.

Figure 5.8 shows the effect of the stretcling operation on the propagation of the crack at

6 m from the PJL interpreted through the crack closure model i the presence of

residual stress. 1.

e

K (MPa m'')

Unstretched

/ . / / i5.9
I /

_"` `

0-37 0.71
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Figure 5.8 The e`ect of stretching on the propagation of the crack at 6 m from the PJL

interpreted applying the crack closure model.

The amount of crack closure can be estimated by the ratio AKe« /AK. This is 0.23 for the

unstretched specinen ard 0.31 for the stretched specímen. This suggests that

compressive residual stress, reduced by stretching, is responsible for the observed

reduction in crack closure. The measured values of AKeff, between 1.7 and 2.0 MPa

mm, are in general agreement with the values of AKff measured i 2024-T351 base

metal i Ref. [79, 34]. These were between 1.33 and 2.0 MPa mm. This indicates that

crack propagation i the near-threshold regime for both welded and base metal can be

well correlated by the effective stress intensity factor range AK«, based on measured

Kop values. Stretched and unstretched CT specimens with the cracks at 28 m from PJL
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exhibit similar K0, values. This fact is i agreement with the supposition that at that

location residual stress was marginally affected by the 2% nominal stretching.

As discussed i Section 2.9, the application of the crack closure model to crack

propagation i a residual stress eld does not require any calculation of the stress

intensity factor associated with the residual stress distribution Km (although

measurements of Ko, are needed). However, a correlation between closure and weld

residual stress can only be established via a quantitative evaluation of Km. This requires

the application of numerical methods [5l, 70, 73] and a detailed knowledge of the

residual stress distribution present in the specimens at the beginning of the propagation

test.

5.6.3 Effect of microstructure and hardness on crack propagation

As discussed earlier, the effects of residual stress on crack propagation have been

generally reduced i the stretched specimens. For this reason, the effects of

microstructure and hardness will be principally discussed i the light of the propagation

test results of the stretched specinens.

SEM observations show that for cracks that have propagated through large grains, both

parallel and orthogonal to the weld, fracture surfaces are characterised by pattems of

parallel ridges a a result of slip plane cracking. The presence of these features is

typically associated with rouglmess-induced crack closure which is responsible for a

increase i AKm i coarser microstructures [98]. The effect on AKN-f of roughness-

induced crack closure would be i good agreement with the fact that, among the

stretched specimens, cracks that have propagated i coarser microstructure (thermo-

mechanically affected regions extemal to the nugget and heat affected zone) exhibited

slightly higher AKNT values and slightly lower crack growth rates than i regions with

ne microstructure (weld nugget), (Tab. 5.lb). However, it should be observed that the

measured differences i the AKNT values are in the order of 5% and it is not known if

they are greater than the level of error associated with the results.
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A comparison between hardness values, which characterises crack propagation i the

near-threshold regime, and AKNT values i the stretched specimens seems t indicate

that regions with lower hardness generally exhibit a superior fatigue crack growth

threshold and slower growth rates. This is always true for cracks parallel to the weld but

not for orthogonal cracks. Among the latter ones, cracks at 25 m from the PJL

exhibited the opposite behaviour with hardness similar to the parent plate (141 Hvl) and

high AKNT values (up to 4.8 MPa mm). lt should be observed that cracks parallel tofthe

weld have always propagated through regions of constant hardness (in the direction of

propagation) -whereas cracks orthogonal to the weld crossed regions of different

hardness. It also should be observed that the differences are i the order of 5% of the

measured values and it is unknown if they are again greater ta the level of error

associated with the results.

5.6.4 Crack propagation at higher crack growth rates

Figure 4.40 shows that for crack growth rates greater ta 10'8 m/cycle, the propagation

curves of the cracks parallel to the weld tend to converge. It is reasonable to believe that

a the cracks propagate i the specimen, the irtemal restraints are gradually removed

and residual stress gradually redistributed and relieved [24, ll0]. It is found that the

behaviour exhibited by the orthogonal cracks i the weld, for A values between 5.5

and 6.5 MPa mm (Fig. 4.37), is related to the redistribution mechanism and relief of the

tensile longitudinal residual stress due to crack propagation [24, 42, ll0]. The rst

phase, for A S 5.5 MPa mm, is typically dominated by the effect of tensile residual

stresses which produce a increase i the crack growth rate. As the tensile residual

stress is locally relieved by the crack propagation, crack growth rates are consequently

reduced (AK between 5.5 and 6.5 MPa mm). From Figure 4.39, it can be observed that

these variations i crack growth rate do not correspond to any signicant

microstructural change along the crack front.

The transition from the near-threshold regime to the intermediate stage of crack growth

is characterised by pronounced changes i slope of the crack propagation curves (Fig.

4.37a, 4.37b and 4.40). Table 5.2 shows the A values corresponding to the transition

near-threshold regine to the intermediate stage for orthogonal and parallel cracks at
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different positions with respect to the weld. A estimate of the cyclic plastic zone at the

crack tip hs been made according to the expression reported i Ref. [27]. The estimate

has indicated that during the transition the cyclic plastic zone sizes have been between 4

and 10 m for the cracks orthogonal to the weld, and between 4 and 70 m for the

cracks parallel to it. These estimated cyclic plastic zones are generally smaller ta the

local grain dimensions and do not explain the changes i slope. TEM analysis would be

required to establish if the cyclic plastic zone at the crack tip could be correlated with

some other characteristic microstructural dimension such a the spacing between the

dispersoid particles i the region ofpropagation [27].

Distance
Crack

orientation
from the

weld

AK transition

(MPa sqrt m)

Crack

orientation

Distance

from the

weld

AK transition

(MPa sqrt m)

in the weld

NAL

2.8 - 3.2

HOGO

11 mm 2.9

ORT

25 mm 4.7 - 5.0

PARALLEL

in the weld 6.8 - 10.0

6mm 8.3-11.4

28 mm 3.4

Table 5. 2 A values corresponding to the transition near~threshold regime to the intermediate

stage for orthogonal and parallel cracks.
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6. DESIGN CONSIDERATIONS

6.1 Have FSW joints the right fatigue lives for aircraft structures?

Fatigue requirements i aircra applications are quite severe. It is therefore of

fundamental importance that FSW joints exhibit fatigue performance not inferior to the

traditional riveted joints. A signicant comparison can be made i terms of S-N data

between transverse (skimmed) FSW joints and high-transfer riveted joints. Longitudiial

(skimmed) FSW can be compared with low load transfer bolted joints. This latter

comparison is based on design considerations.

As discussed i Section 2.11, wing skins can be manufactured welding together, parallel

to the wing span direction and therefore to the main normal stress direction, skin

components such a integrally stiffened panels. Figure 6.1 shows a longitudinal bolted

wing skin joint. I the bolted joint solution, rivets transmit shear ows that arise within

the skin panels and stringer web. The rivet action prevents skin panels and splices

sliding along the joint direction. At the same time, skin panels and (stringer) splice cross

sectional areas are subjected to normal stress associated with the Wing bending moment

[1 3, 85]. This action exerted by the rivets and the jointed elements can be represented by

a low load transfer bolted joint [25].

Fatigue performance of riveted joints depends on several factors such a plate material

properties and thickness, joint geometry, rivet characteristics and riveting procedures

[72]. Figure 6.2 shows a comparison i terms of S-N data of longitudinal and transverse

FSW skimmed joints with high load and low load transfer riveted joints. The riveted

joints data refer to transverse double-row single lap and to low load transfer joints of 1.0

m 2024-T3 Alclad and 9.5 m 7010-T7 aluminium plates, respectively [25, 35]. The

double-row single lap joints were manufactured with solid countersunk rivets. The low

load transfer joints were manufactured using Hi-Lok bolts. The rivet holes were cold

worked and the bolts tted with interference i order to improve fatigue endurance.
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Most of the fatigue data for riveted joints have been generated at constant mean stress

instead of at constant stress-ratio. In order to be able to compare the riveted joint

endurance data with the friction stir welded data at constant R = 0.1, the riveted joint

data were corrected for the mean stress effect using Goodman curves [92]. Previous

studies have shown that Goodman curves can be used to correlate fatigue data of riveted

joints obtained for diñ`erent stress ratios [77]. The fatigue data obtained using rthe
Goodman correction are i good agreement with experimental results presented by otåer

authors [77].

Shear ow

Normal stress

Figure 6.1 Longitudinal splice stringer bolted Wing skin joint.

As Figure 6.2 shows, the low load transfer riveted joints exhibit higher fatigue strength

than the single lap riveted joints. Longitudinal and transverse FSW (skirmned) joints

exhibit equal or better fatigue performance than the riveted joints. In the region between

105 and 10° cycles, fatigue performance of the longitudinal and transverse welded joints

is comparable with that exhibited by the low load transfer bolted joints. At 107 cycles,
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the transverse FSWjoints exhibit a fatigue strength 4 times higher ta that of the single

lap riveted joints. For the same number of cycles, the fatigue strength of the longitudinal

FSW joints is more ta 2 times higher than that of the low load transfer bolted joints.
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Figure 6.2 Fatigue test results on frictíon stir welded skimmed joints compared with riveted

joint endurance data (R = 0.1).

This comparison shows that, under constant load amplitude, FSW skimned joints have

better fatigue performance ta the traditional riveted joints. This indicates that FSW

joints could full the severe fatigue requirements for aircraft applications. However, a

complete evaluation of the fatigue performance of FSW joints requires a more detailed

investigation. Fatigue performance of FSW joints under variable loading spectra and

environmental effects on fatigue behaviour, such a corrosion-fatigue, need to be

evaluated and failure mechanisms understood.



6. Designconsiderations171

6.2 FSW joint S-N_ data: the durability aspect

Aircra structres, designed t be safe i.e. damage tolerant, have to provide a durable

service life i order to be economically affordable for the aircra operators. In other

words, while designing for damage tolerance consists i guaranteeing the structure to be

safe from any critical propagation of cracks, designing for durability consists ~ i

guaranteeing the structure t be highly resistant to the nucleation of cracks. A durafble

structure is therefore a structure characterised by high in-service availability and llow

maintenance costs during the whole operative life [95].

In this light, fatigue data i the form of S-N curves and typical initial defect size and

origin, a have been investigated for FSW joints, are essential information in order to

design a durable structure. A discussed i Section 2.8, S-N curves indicate the time

(cycles)-to-failure at given stress levels. This period includes both the time-to-initiate

and the time-to-propagate the cracks. A experimental evaluation of these irtervals

requires more complex testing, during which most likely crack initiation sites are

continuously monitored and rst crack detection recorded. Although for welded joints

propagation can cover a larger portion of the total life than that i the unwelded

material, for long lives (106-107 cycles) S-N curves can be considered a estinates of the

number of cycles to initiate fatigue cracks.

In the light of the previous approxination, Figure 6.2 shows that at 107 cycles FSW

joints generally exhibit higher number of cycles to initiate fatigue cracks than riveted

joints. These observations indicate that the initiation behaviour in FSW joints could lead

to a higher in-service durability ta that of traditional riveted structures. It should be

observed that the evaluation process of the durability of aircra structures requires much

more information and the initiation behaviour under constant amplitude loads of simple

joints is just the rst step.

6.3 Damage tolerance consíderations on FSW joint initial defects

Information about initial aw size and distribution is extremely important for the design

of damage tolerant structures. Fatigue life prediction is based on the typical initial defect
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size and distribution. Inspection intervals are also inuenced by the initial defect size

from which the propagation will begin. For these reasons aircra structures are certied

considering the assnnptions made on the initial aw sizes and locations [l01].

The actual damage tolerance requirements for the certication of aircraft structures do

not prescribe any initial aw size, either of the initial manufacturing defects or-in-

service irspectable aws, to be considered i the crack growth calculatidhs.

Nevertheless, it is required to provide evidence that none of them will grow

catastrophically witlin a established minimum period of repair service [48]. The

reason for this consists i the fact that manufacturers are encouraged to improve their

manufacturing processes and design skills.

Figure 6.3 compares the initial manufacturing defect size and distribution measured i

the welded joints (Section 4.2.5) with the size and statistical distribution of the typical

manufacturing defects i riveted joints [90]. Manufacturing defects riveted joints are

typically located on rivet hole surfaces and edges. Their origin is generally related to the

hole drilling process, i.e. tool marking, to the presence of inclusions and to other forms

of damage. Fractography, both by optical and electron microscopy, has shown the

average size of initial defects in riveted joints to be i the order of 20 m [95, 30].

Although the number of cases reported for the riveted joints i Figure 6.3 is greater ta

the number of cases observed for the FSW and plasma skimned joints, the comparison

suggests a number of observations. In FSW joints initial defects had the sane origin,

usually oxide fragments, with their size varying between 7 and 70 m but more likely to

be between 20 and 50 m. In plasma welded joints, the initial defects had instead

various origins (pores, different forms of solidication defects or oxide fragments). As a

consequence of this, sizes varied between 7 and 197 m, being more likely to be

between 80 and 100 m. In riveted joints (Fig. 6.3), the initial defect size typically

varies between 9 and 30 m, being more likely to be between 16 and 24 m. These data

indicate that riveted joints are characterised by a smaller initial defect size than FSW

skimmed joints, whereas plasma skimmed joints exhibit the largest initial defect size.
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As it was previously observed, cracks in riveted joints initiated from larger defects

typically located at the rivet holes. The highly localised stress concentrations associated

with the rivet holes are additional detrimental factors inuencing crack initiation,

propagation and fatigue life. Whereas i welded joints fatigue cracks initiate from

defects which are typically located on the two extemal surfaces of the joints (mainly on

the weld area), i riveted joints, cracks can iitiate from defects located at rivet holes

and be hidden by rivet heads. This suggests that i welded joints crack locations be

more easily accessible for inspections than i riveted joints. On the other hand, Whereas

i riveted joints defects are concentrated at rivet holes, welds potentially represent a

area of continuous distribution of defects from which cracks could initiate. These

aspects, inuencing the level of defect detectability, should be take into account in the

calculation of the initial aw sizes of damage tolerant FSW components.

12 _ [ Ri\eted joints (2024-T3)
11 _ _ _ I Transv. FSW skimmed joints

10 _ Transv. Plasma skimmed joints
9 _
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Figure 6.3 The defect size and distribution measured i the FSW and plasma skinmed joints

(Section 4.2.5) compared with the defect size and statistical distribution in riveted joints.
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6.4 Damage tolerant aircraft welded structures: which design philosophy?

Damage tolerant structures are designed to operate safely until possible existing

damages are not detected during inspections and damaged components are replaced

[l0l, 95]. Damage tolerant structures can be designed a fail-safe or slow crack growth

structures. The former relies on the mechanism according to which the reduction i

stiffness of a damaged structural component causes stresses to be redistributed through

altemative load paths. This allows the structure to withstand operative loads until gthe

damage is not detected and the component replaced [48, l0l]. Fail-safe structures can be

designed a multiple load path or crack arrest structures. A typical example of a multiple

load path structure is the riveted skin stringer panel where stress redistribution from the
skin to the stringers causes a crack propagating through the skin to be arrested (crack

arrest structures) before reaching a critical length [91].

Slow crack growth structures are typically single-load path structures. In these

structures, stress redistribution is limited by the fact that no alternative load paths are

available. Damage tolerance (in this case more appropriately crack tolerance) is

achieved by a optinum choice of materials and design stress levels i order to

guarantee that fatigue propagation of cracks present i the structure is slow enough to

allow safe detection witlin the specied inspection intervals. A example of damage

tolerant single load path structure is the single plank lower wirg stiffened panel of

integrally machined construction. Failure of the entire plank would cause failure of the

wing. Thus, the panel is classied a single load path slow crack growth if the extent of

damage from detectability to critieality is readily detectable [l0l].

It clearly appears that fail-safe structures can only be obtained by assembling different

structural components and that a integral or monolithic structure (i.e. typically a

welded structure) can only be classied a a slow crack growth structure. Regulators

classify damage tolerance structures a either single or multiple load path [48].

However, single load path structures are allowed, but not recommended, provided that

patial damage can be shown to be obvious before it becomes critical. In this light, it is

of fundamental importance for the certication of single load path structures to
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guarantee a high level of inspectability and to develop a solid understanding of the crack

initiation and propagation behaviour.

6.5 Welded wing structure: proposed solutions

The stress distribution i a wing box is generally studied using simplied approaches

depending on the level of accuracy required. The Elementary Theory [13] assigns to

each structural element well dened roles: stringers and spar caps are subjectedâ to

normal stress due to the wing bending moment. Skin, spar webs and ribs carry the shear

ows due to the Wing torsion. A more refined model can be obtained correcting stress

ows obtained with the Elementary Theory with stresses calculated applying the Shear

Lag Theory or the Hyperstatic Model approach [85]. In the present analysis, the

torsional contribution to the Wing stress distribution is neglected. This simplied

approach is based on the fact that the most signicant contribution to the stress

distribution i a wing structure is due to the wing bending moment. The error introduced

applying this simplied model is generally considered acceptable for a preliminary

analysis of the stress distribution i a wing structure [72]. .

The fundamental problem i designing a welded wing structure consists i dening the

position and orientation of welds with respect to the stress distribution i the structure.

In principle, welded joints should be located and orientated i order to minimise weld

stresses. This would allow using higher design stress levels i order to maximise the

strength to weight ratio, i.e. the structural efficiency. Static strength requirements

prescribe that the structure must be able to withstand the limit load (dened a the

maximmn load expected in service) without any detrimental permanent defonnation

[47]. In design terms this translates to the condition that under the limit load the

structure shall not yield. From these considerations, it follows that longitudinal welded

joints, exhibiting a superior yield strength (Tab. 4.2), should be preferred to transverse

welded joints i the design of a welded wing structure.

From a damage tolerarce point of view, the design of welded structural components

should be focused on maximising the level of inspectability of welded joints. Cracks
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that originate from welds should be readily detectable in order to allow the component

to be replaced before critical crack lengths are achieved. Design should consider the

important manufacturing aspects typical of welded components such as allowing

accessibility for welding and assembly, weld deformation and residual stresses. Design

should also consider the use of large extruded components in order to reduce machining

operations and number ofparts.

6.5.1 The outer Wing stiffened panel

Possible solutions for a lower wing panel have been examined. Figure 6.4 shows two

skin-skin longitudinal welded joint solutions: the single load path solution (Fig 6.4, a)

and the fail-safe solution (Fig. 6.4, b). In both solutions a welded joint is produced in the

skin along the span wise direction. Welds are subjected to a normal stress parallel to

their axis. This stress is typically tensile during ight and compressive during ground

manoeuvers. In the former solution (Fig 6.4, a), integrally stiffened panels are joined by

welding the skin. This is a monolithic structure and it can only be designed for damage

tolerance as a slow crack growth structure. In the latter solution (Fig. 6.4, b), stringers

are fastened to the welded skin a in the traditional riveted Wing panels. This allows

redistribution of stresses from the skin to the stiffeners if a crack propagates through the

skin. In this case crack arrest design criteria can be applied. Stingers fastened next to

the welded joints could benet in tenns of crack propagation resistance from the weld

compressive residual stress distribution.

As discussed earlier, fatigue cracks are more likely to initiate at rivet holes and welds. In

the single load path solution (Fig 6.4, a), cracks that initiate from the welds car be easily

detected a soon as they break through the outer skin surface. In the fail-safe solution

(Fig. 6.4, b), cracks can initiate at the stiffener rivet holes. Early detection of these rivet

hole cracks requires intemal inspections. For this reason, the single load path solution

(Fig. 6.4, a) presents a higher level of inspectability than the fail-safe solution (Fig. 6.4,

b). Longitudinal tensile residual stresses would tend to increase crack propagation rates

and to reduce AK, values (Sections 2.9, 4.3.2, 4.3.3 and 4.3.4). For this reason,

enhancing early detection of cracks in welds is particularly important.
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The skin-skin welded Solutions in Figure 6.4 allow several potential manufacturing

advantages. Furthermore, i the single load path solution, the integrally stiffened panels

could be produced by extrusion i order to minimise machining operations and scraping

of material. Skin thickness could be increased at the welded joints obtaining a local

reinforcement. This would also allow skimning of the weld surfaces, obtaining

considerable improvement i fatigue strength (Section

4.2.3).7\\\\\ \í/ /// 7//S

a) Single load path solution

Ü' es I"

vll 1.". \ // r. .HI / /

b) Fail-safe solution

Weld position 4

Figure 6.4 Two skin-skin welded joint solutions for a lower Wing panel.

Figure 6.5 shows the skin-stringer web welded solution. Stringer webs are butt welded

to integral outstanding supports present on the skin panel. In this case the skin panel is

weld-free limiting the degradation of mechanical properties due to welding to the

stringer web metal only. The thickness of stringer webs is generally lower than the skin
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thickness. This allows applying this solution also i the imer region of the wing box

where the skin thickness typically exceeds the maximum weldable thickness. Both

stringers and panels can be either maclined or extruded with integral outstanding

supports.

Fatigue cracks propagating from weld defects would not be detected before growing

through the stringer cross section and breaking through the entire skin thickness. l~`or

this reason, the skin-stringer web welded solution presents- a lower level of

inspectability ta the skin-skin welded solutions. The structure could be classied a

damage tolerance fail-safe (multiple load path) if following the failure of one welded

panel the load redistributes on the adjacent panels and the structure is able to withstand

the operative loads until damage detection and repair.

6.5.2 Spars

As Figure 6.6 shows, spars are subjected to a normal stress distribution due to the Wing

bending moment. It can be noticed that part of the spar cross section is under normal

tensile stress and part mder compressive stress. A neutral bending axis, where the

nornal stress associated with the wing bendirg moment is zero, can be localised

between the tensile and compressive areas. In order to minimise the stress acting on the

weld, spars could be manufactured i two parts and joined by welding the web along the

neutral bending axis (Fig. 6.6). It should be observed that welds positioned along the

neutral bending axis would still be subjected to spar web shear stress and to the normal

stress associated with the spar out-of-plane bending moment. The presence of these

stress components is likely to inuence the weld mechanical behaviour. The

investigation of this behaviour would require testing of welded 'components under

representative stress distributions.

Integral web-cap semi-spars could be extruded and machined to fmal dimension and

shape. This would elininate traditional spar web-cap bolted comections obtaining a

sensible reduction in weight and number of parts. Cracks initiating from weld defects

under the effect ofweld tensile residual stress would propagate through the lower part of
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the spar where normal stresses are expected to be tensile for most of the operative

conditions. Internal inspections should be required i order to ensure ready detection of

possible cracks.

6.5.3 Ribs

A more rened stress model is required i order to analyse the stress eld present a

rib. In the elementary theory of wing structures rib frames are subjected to noråal

stresses and rib webs to shear ows [72]. Figure 6.7 (a) shows a possible welded rib

solution. Welds can be positioned along the lower or upper rib profiles at the ends of the

rib web. The welds are mainly subjected to the nonnal stress parallel to the weld

direction present on the rib frame.
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Figure 6.5 Possible design for a welded lower wing panel: skin-stringer web welded solution.

Figure 6.7 (b) shows the manufacturing benets of the proposed solution. Spars could

be machined from bulk plates. Weldirg rib webs to rib ames would sensibly reduce

machining operations and scrapping of material. From a damage tolerance point of

view, fatigue cracks initiated i the welds are expected to propagate through the rib
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frame cross section mder the iruence of weld tensile residual stresses and applied

loads. Cracks would be readily detectable only during internal inspections.

6.6 Damage tolerance evaluation of aircraft welded structures

Figure 6.8 shows a procedure that can be applied for the evaluation of the damage

tolerance characteristics of a welded aircra structure. Critical locations where crapks
are more likely to initiate and propagate should be selected. For a welded structåre,

these are typically welds, HZ and locations characterised by high stress concentration.
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Figure 6.6 Welded spar solution (a) compared with a traditional mechanically fastened

solution, (b).

For each critical location stress spectra based on the aircra typical utilisation should be

developed. This is typically obtained by converting the load factor spectrum into stress

using a stress structural model [13]. Constant amplitude crack propagation data, a

those obtained in Sections 4.2.1 and 4.2.3 and testing full scale welded components,
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should be developed taking into account weld residual stress eects and environmental

conditions. Particularly high humidity, high temperature and salt spray can cause crack

propagation rates i welds and parent material to increase considerably [24].
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Figure 6.7 A possible welded rib solution (a) is compared with the traditional machined rib

solution (b). The amount of machined material is idicated.

Stress intensity factor solutions should be developed for each location a functions of

the crack length. At this stage, crack growth curves for cracks at each critical location

can be obtained by integrating the material crack growth data. The crack growth

analysis is carried out using specic soware packages and fundamentally consists of

solving the following equation:
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= fi E 61n
f1f(AK,c) q' `

where n is the nmnber of cycles om initial crack size a to fmal crack size a, and C a

factor representing the inuence of material. xâº
i

Crack growth retardation due to tensile overloads and acceleration due to compression

loads should be accounted for by suitable analysis models such a yield zone or crack

closure models [27, 98]. Crack growth testing should be conducted on welded joints

representative of structural elements under ight-by-ight spectrum loading i order to

validate the analysis model.

Critical crack lengths and residual strength of the structure in terms of damage extent at

limit load should be estimated considering the fracture toughness values of the weld,

HZ and the parent material for the full range of thickness used. Ispection methods

should be developed at this stage of the analysis. This should take into account the

accessibility, the geometry of the welded component and typical characteristics of the

weld initiation behaviour such a those discussed i± Section 6.3. Calculation of the

inspection irtervals is the nal part of the damage tolerance analysis. The safe period for

inspections is deñned a the period from detectable to critical at limit load, Figure 6.9.

The inspection interval is typically obtained by dividing the safe period into three

intervals so that if a inspection is made just before the crack reaches a detectable size,

then one possibility of missing a detectable crack size is allowed before failure at linit

load is imminent [l0l]. The detemination of the detectable crack size depends on the

selected inspection method, defect locations, distribution and typical size. Accidental

damage and corrosion should be considered in addition to typical manufacturing defects.
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Figure 6.8 Damage tolerance evaluation of aircraft welded structures.
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7. CONCLUSIONS AD RECOMMENDATIONS FOR FUTURE WORK

7.1 Welded joint characterization

1) FSW structures are asymmetric with respect to the PJL, with hardness and structure

also changing through the plate thickress. On the top weld surface, a sharp notch (lip) is

formed on one side of the PJL, parallel with the weld, caused by ow of metal over the

top surface of the original plate during the welding

process.2)Butt FSW structures i 6.35 m thick 2024 T-351 plates consist of three regions: a) a

central oval nugget of 10 m diameter, containing 5-10 m equiaxed re-crystallized

grains; b) a thermo-mechanically affected region of elongated and distorted grains (600-

1000 m i size), 5-13 m from the plate PJL; c) a heat affected region of similar grain

structure to the parent plate but with different hardness values, extending to 44 m (lip

side) and 50 m (side opposite lip) from the plate joint lire.

3) Hardness minima occur 6 m from the PJL i the direction opposite to the lip (103

Hvl) and 4 m from the PJL on the lip side (109 Hvl) i region (b). Within the central

region (a), hardness increases to 138 Hvl on the top weld surface and to 117 Hvl on the

bottom weld surface. At 22 m (19 mm) from the PJL on the side opposite the lip (on

the lip side), the hardness proles show a maximum value of 149 I-lvl (142 Hvl).

Hardness decreases again to 129 Hvl on the side opposite the lip (132 Hvl on the lip

side) before reaching the parent plate value (142 Hvl).

4) Plasma butt welds i 6.35 m thick 2024-T351 plates show a central fusion zone (7

m across) surrounded by a HZ extending to 30 m on each side from the PJL. The

hardness exhibits its minimum value in the fusion zone on the PJL (93-110 Hvl) and a

peak (142 Hvl) at 6 m from the weld. A point of local minimum (102 Hvl) is

exhibited at ll m from the PJL.
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5) The HZ i FSW joints was 1.6 times the width of that i the plasma welded joints.

Hardness mnm and maxima i FSW were 1.1 times the value measured i the plasma

welded joints.

6) Residual stress measurements made on FSW dog-bone specimens (as-welded surface

state) using hole-drilling showed that the weld contained longitudinal tensile
resiualstress of 33 MPa on the PJL and 73 IvIPa at ll m on the side opposite the lip. Movmg

out from the PJL, the longitudinal residual stress became compressive with -51 MPa at

25 m from the PJL. Transverse residual stresses were between 3 and 20% of the

longitudinal values. '

7) The process of surface skimming t remove 0.5 from each side of the welded

plate signicantly changed the residual stresses. Surface skimming produced a complex

response, increasing the longitudinal tensile stress 11 m from the PJL from 73 to 264

MPa and transverse residual stresses 25 n from the PJL from -2 to -192 MPa. It is

not known how the surface skimming process would affect the weld residual stress

distribution i a real structure. The evaluation of the e`ects of surface skimning on

weld residual stresses i a real structure would require the extensive use of nite

element analysis and residual stress measurements.

8) Tensile testing on specimens with transverse welds showed that the soest parts of

the HZ yielded rst at 243 MPa (88% of the parent plate value), reaching a ultimate

stress of 409 MPa (84% of the parent plate value). Tensile failures occurred i shear i a

through thickness plane at 45° to the tensile axis. The location of the failure plane was

coincident with the softest areas of the HZ (104-109 Hvl).

9) Tensile testing on longitudinal welded specimens showed tensile properties to be

generally superior to those for transverse welds. 0.2% proof stress increased by 30% and

ultimate stress by 4% when orientating the weld parallel to the normal stress axis. These

results depended on the specimen test section width (HAZ-parent metal ratio) and
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therefore they are to be considered a a lower estimate of the tensile properties of wider

welded joints.

7.2 Fatigue properties .

1) Fatigue (S-N) tests on longitudinal FSW i the as-welded surface state showed a

endurance limit at 107 cycles of between 121 and 105 MPa. This was approximatfly
58% of the parent plate (L) value (between 185 and 203 MPa). Samples containing

transverse welds in the as-welded condition were 30% lower than those with

longitudinal welds. Fatigue cracks always iritiated from local defects (oxide inclusions

20-70 m i diameter) at irregularities on the top weld surface: these were the ripples

due to the tool marks i the longitudial welds and the lip i the transverse welds. The

stress concentration value associated with the lip was estimated to be between 2.1 and

2.6.

2) Surface skimming the longitudial FSW samples to remove 0.5 m from each

surface increased the endurance limits to values around 80% of those for the parent plate

(L). In the transverse FSW joints, the removal of the lip by surface skimming increased

the fatigue strength to values higher than 90% of those for the parent plate (LT). Crack

initiation i the transverse skimmed specimens occurred at oxide inclusions 7-70 m i

diameter. The cracks always initiated at the softest regions of the HAZ; the inclusiors

were present i the original microstructure of the parent plate. Crack initiation i the

longitudinal skimmed specirrens always took place from the edge of the specimens at

the end of the gauge test length.

3) The S-N curve for plasma welded joints i the skirmned condition showed a fatigue

endurance limit at 107 cycles 20% lower than those for friction stir welds. Cracks

initiated at pores and at solidication defects i the fused regions of the weld. These

were 20-200 m i diameter, therefore larger than the oxide defects in friction stir

welds. Fatigue initiation locations corresponded to the soest regions of the HAZ.
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7.3 Crack propagation

1) Fatigue crack growth measurements performed on 2024-T351 parent plate (LT and

TL crack orientations) showed good agreement with published ESDU data for this

material.

2) Crack propagation tests were carried out on longitudinal FSW specinens.
Crašks

orthogonal to the weld were started at articial thumbnail defects i the weld, ll m

and 25 m om the PJL (opposite lip). Cracks starting from the weld and ll m 'om

the PJL exhibited faster growth rates (up to a factor of 50) ta the parent plate (LT).

Cracks 25 m from the PJL (opposite lip) exhibited slower propagation rates (up to a

factor of 10) ta the parent plate (LT).

3) Cracks growing parallel to the weld 28 m from the PJL (opposite lip) exhibited

40% lower AKN-, values and about 6 times faster growth rates ta the parent plate (TL);

cracks i the weld and 6 m from the PJL (opposite lip) exhibited higher AKNT values

(up to 2 times the parent plate value) and 14 times lower growth rates ta the parent

plate (TL).

4) Stretching the welded panels by 2% nominal plastic strain hd dramatic effects on

crack growth rates and AKNT values. Cracks orthogonal to the weld hd similar growth

rates and AKNT values, irrespective of their location. The growth rates were almost

identical to those found i the parent plate material (LT). Cracks parallel to the weld 6

m om it and i the PJL after stretching exhibited similar growthprates and AKNT

values to the parent plate (TL). Crack growth rates 28 m from the weld line were

ma`ected by the stretching operation. This different response is attributed to the non-

uniform plastic strain distribution i the joint obtained durirg the 2% nominal

stretching.

5) The stretching operation was found to reduce residual stresses orthogonal to the

direction of crack propagation signicantly. Stretching did not cause any sigricant

changes in the joint hardness and microstucture. This indicates that the differences in
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fatigue crack growth rate and AKNT values observed i each specimen are a consequence

of residual stress differences rather than hardness or rricrostuctural differences. The

conclusion is further conrmed by the crack closure measurements. A values for

cracks were all similar for the sane values of growth rate despite great differences i

nominal values ofA a generally observed i previous works.

l-
7.4 Design consíderations il

1) FSW transverse skimmed joints exhibited (under constant load amplitude) fatigue

strength equal or better ta mechanically fastened joints. This suggests that FSW

aircra structures could have equal or better in-service durability than riveted structures.

2) Typical initial defect sizes i FSW skirmned joints (7-70 m) were larger than i the

riveted joints (between 9 and 30 m, being more likely to be between 16 and 24 m). I

contrast to the welded skimmed joints, i riveted joints cracks initiated from defects at

rivet holes where high stress concentrations were present. These differences are likely to

produce a strong impact on the determination of irspection intervals.

3) Design of aircra structures should consider the use of longitudinal welded joints iÄ±

order to maximise structural strength. Fail-safe can be only achieved with hybrid

structures (welded-riveted) whereas welded structures could be certied a damage

tolerant slow crack growth.

4) Weld residual stress i real structures can be larger than that i smaller test

specimens. For this reason, the effects of weld residual stress on crack propagation

observed in test specimens may be amplied in the real structure. In this light, damage

tolerance evaluation of large welded structures should consider test results obtained

from welded specinens a well a from full scale components.

7.5 Recommendations for future work

1) Control of residual stress is a major requirement for effective prediction of fatigue

crack growth rates i welded structures. Quantitative models able to predict crack
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propagation behaviour based on information on residual stress and applied loads need to

be developed. This cn be fully achieved provided that a detailed description of the

residual stress distribution around FSW joints is available.

2) Developing a statistical database of mechanical properties is essential to any in-

service application. FSW mechanical properties (tensile, fatigue and crack

propagatin)should be described on the basis of results obtained on a large population of specime ' .

3) The present research does not address the prediction of fatigue crack growth rates i

welded aircraft structures. Areas where further research is required include:

- A detailed study of the interaction of short cracks with weld microstructures and

residual stress levels

- Testing under compressive mean loads representative of the upper wing loading

- Testing under variable amplitude loading

- Assessment of models to obtain fatigue crack growth lives under variable amplitude

loading

- Testing of full scale welded structural components.

- Testing ofwelded structural elements under ight-by-ight loading spectra.
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APPENDIX

Design of high load capacity grips

During a fatigue crack propagation test i which the DCPD technique is used to measure

the crack length, the specimen is electrically insulated from the frame of the test

machine. In fact, during measurements, it is essential that no portion of the appkied
current is shunted i a parallel circuit through the test machine [1]. I addition, the high

current input if even partially owing through the test machine might cause damage or

interference with the test machine control systems. Figure IA shows the high load

capacity grips designed ad hoc to allow the use of the DCPD technique. The specimen

electrical insulation was achieved using non-conductive Tufnolm elements interposed

between the grip body and the gripping pads (Fig. 1A).

The grips were designed using a safe-life design approach. The grip components were

initially sized to full the static requirements. The simultaneous presence of tensile

stresses due to the test loads and bending due to the clamping action by the screws were

taken into account. A safety factor of 2.0 was applied to the estimated maximum load

condition. The most critical locations for fatigue initiation were identied and the

relative stress intensity factors estimated. S-N curves and endurance limits for the

selected material (EN24T high resistance steel), for a stress ratio of 0.1 and for each Kt

value were obtained [2]. A safety factor of 2.0 was then applied to the endurance limit

corresponding to the most critical location [3].

The fatigue strength verication of the values initially estimated i the above procedure

demonstrated that the dimensions fullled the fatigue requirements by a factor of 3.0.

The gripping pads were designed so that the centre of pressure was slightly offset with

respect to the geometrical centre of the gripping surface allowing a progressive

distribution of the gripping pressure applied to the specimen. This was obtained by

reducing locally the gripping pad tlickness, i.e. stiffness. Flanges and bolted

connections, designed considering both static and fatigue strength requirements, were

assembled using calculated maximum allowable torque values.
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