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Welded Aluminium 2024 Airframe Alloy 

Abstract 

Welding is being considered as a potential alternative metal joining technique 
to mechanical fastening, not only to save cost on existing aircraft versions but 
also to face the challenges in the aerospace industry of the next generation 
mass air transportation. However, before change of a fabrication process, the 
residual stress generation due to welding needs accounting for in structural 
integrity calculations of safety critical components subjected to fatigue loading 
spectra. The present work is focused on determination of the full 3D residual 
stress distribution, and its subsequent evolution due to machining, in fusion 
welded airframe aluminium alloy 2024-T351. Within the overall program two 
fusion welding processes - Metal Inert Gas (MIG) and Variable Polarity 
Plasma Arc (VPPA) were studied. 
A combination of diffraction techniques - neutron, synchrotron X-ray, and 
laboratory X-ray - were used in the course of the project. The recent 
advances in neutron and synchrotron X-ray diffraction techniques were 
utilised to obtain a very detailed three dimensional picture of residual stress 
distribution with high spatial accuracy. The measurement requirements and 
the size specificity of different samples determine the appropriate diffraction 
technique. Material characterisation of grain size distribution and 
crystallographic texture was performed and used as a vital input to the 
diffraction experiments. 
In this dissertation an integrated approach was adopted whereby stress 
magnitude and distribution in an as-welded sample was determined and then 
stress evolution and redistribution was compared before and after machining. 
Two welding processes were studied and compared. The residual stress in 
fatigue samples used to monitor short crack generation and growth (up to 1 
mm) were measured for surface stress distribution and its evolution following 
testing. Fatigue samples for long crack (over 1 mm) growth were also studied. 
The effects of welding structural assemblies will not be manifested in coupon 
samples, and therefore, a structural wing skin and stringer assembly was also 
measured for residual stress generation. 
The weld residual stress generation is found to be higher in a MIG weld than 
in a VPPA weld. A distinct profile and magnitude of stress distribution is 
observed in both the welds studied. A systematic stress evolution is observed 
in the fatigue geometry samples for short and long crack growth monitoring. 
The magnitude of stress reduction due to machining and cutting of fatigue 
specimens, however, is different for the different weld processes. The wing 
skin stringer assembly measured also shows a different magnitude and stress 
distribution pattern. However, the basic footprint of stress distribution was 
observed to be same in the different weld processes and the samples studied. 
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CHAPTER 1: INTRODUCTION 

1.0 Summary 

In this chapter a background to the current project ww ork is given. As a part of the 

literature review the theory of elasticity, along with brief description of stress and 

strain and their relation in the perspective of continuum mechanics, is described. This 

constitutes the vital framework for all calculations described in the coming chapters. 

A brief overview of residual stress in engineering components, its types and 

measuring techniques is given in this chapter. The origin of the residual stress fields 

studied in this project is discussed. 

1.1 Background and Aims 

In recent years extensive research effort in the aircraft industries has been focussed on 

weight saving through design innovation. Weight saving would not only increase the 

cost competitiveness in existing aircraft versions but it is also essential to the 

challenges for the next generation of mass air transportation. One major aspect of this 

weight saving programme is to substitute assemblies and built-up structures by 

monolithic or integral structures [I]. To this end extensive research in Europe and the 

USA is exploring welding as a cost-effective alternative to mechanical fastening of 

aircraft metallic members and components [2]. Welding in place of mechanical 

fastening would not only save cost through weight reduction but also production cost 

saving is envisaged due to a lower number of joints and components. 

In civil aircraft structures, JAA and FAA regulations demand damage tolerance of 

safety critical parts. Use of welded fabrications instead of mechanical fastening ýk ill 

cause [3]: 

" Creation of a local and global residual stress field 

" Creation of microstructure with changed grain size and precipitate distribution 

" Formation of new sources of initiating defect not present in the wrought allo\ 

" Formation of a softened Heat Affected Zone (HAZ) adjacent to all ww elds 

" Creation of an integral structure with single load path 



Damage tolerant design requires fatigue crack growth anale ý, i,. The profound 
influence of residual stress on fatigue crack growth is %% ell documented [4]. Therefore 

before implementation of such process changes it is imperative to understand the 

magnitude and profile of residual stress generation and fatigue crack propagation 
behaviour without which the optimum balance between cost reduction and 

airworthiness safety requirement will not be achieved. 
The present work formed a part of the multidisciplinary EPSRC-sponsored WVELDES 

project on the "Durability of Welded Aircraft Assemblies " to establish the relation', 

between weld process, design and damage tolerance of welded aircraft [3]. Within this 

project fracture mechanics and damage tolerance analysis was adopted to predict 

fatigue life of welded aerospace alloys previously considered as unww eldable. Under 

this integrated research program the aims were to: 

1. Identify factors like residual stress, microstructure, and heat-affected-zone 

properties in controlling short crack growth in welds, since the majority of the 

fatigue life is spent in this regime. 

2. Measure the effect of residual stress, weld microstructure, and heat affected 

zone in fatigue crack behaviour under variable amplitude loading. 

3. Develop fail safe, damage tolerant design in welded structures. Current design 

of civil aircraft reflects the damage tolerance design for fastened joint with 

multiple load paths. Therefore, it is necessary to re-examine the way crack 

grows in the welded fabrication in order to maintain fail safe, crack arrest 

design features. 

4. Determine the magnitude and distribution profile of residual stress field 

across the weld and through the thickness for various weld processes to 

supplement fatigue crack growth data. 

The function of different partners of this multi-disciplinary project is shown in figure 

1.1. 

-2- 
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Fig. 1.1 - WELDES partners and project structure 

The objectives of the WELDES project are; 

" To develop tools for damage tolerant design in welded aircraft structures 

0 To establish the relationship between weld process parameters, microstructure 

and residual stress and damage tolerant behaviour, particularly considering 

variability in performance in relation to weld process control. 

0 To develop models for prediction of fatigue crack location in welded 

fabrications and for prediction of service life to achieve specified crack sizes 

" To develop designs to improve fail safety in welded assemblies 

This dissertation is focussed on describing the analysis of the residual stress 

magnitude and distribution in aluminium alloy 2024 - T351 welded by Metal Inert 

Gas (MIG) and Variable Polarity Plasma Arc (VPPA) processes. Aluminium 2024 

alloy is a popular aerospace alloy, well known for its damage tolerance characteristic'. 

and used in safety critical lower wing skin stringer assembly [5]. Within the larger 

programme, the measured data is being correlated with the fatigue testing- carried out 

by other project partners. The understanding of fatigue crack growth under the 

variable distribution of residual stress field will help to form predictive fatigue life 

models [6], which will act as a tool for damage tolerant design of "'afet% critical 

welded structural members in civil aviation. 

- 



Measurement on welded coupon plate samples %% ill indeed provide the necessary 

valuable information regarding the residual stress state and its distribution profile 

across the weld. However, for practical usability of the data and more accurate 

modelling it is necessary to determine spatially-accurate three-dimensional stress 

states in the geometry of the fatigue testing samples used for characterisation of , short 

and long crack growth. Aircraft structures fabricated by %ý elding will possess different 

combinations of heat affected zone, weld microstructure and residual stress field 

compared to the welded coupon plate samples. Therefore, the structural w in`r skin and 

stringer assembly must be measured in order to correlate the different effects of 

welding on fatigue crack propagation as observed in coupon samples to the structural 
fabrication under the different conditions of residual stress field. 

The requirements of residual stress measurement in this project can be briefly 

categorised as follows 

" Stress mapping across the weld in as-welded coupon samples. All aircraft piece 

parts are machined after manufacturing. With this in view, the residual stress 

evolution was studied after skimming the as-welded sample in a machining 

process likely to be followed by manufacturers. 

" Surface stress determination in 3-point bend fatigue specimen used to determine 

crack formation and growth up to 1 mm. Also surface residual stress re- 

distribution following I S` loading cycle. 

" Mid-thickness three-dimensional stress determination in centre cracked sample 

used to determine the fatigue crack growth characteristics (under constant and 

variable amplitude loading) over 1 mm length. Also the effect of 0.2% pre- 

straining on the existing residual strain field due to the application of uniaxial 

loading was measured. 

" Three-dimensional stress measurement of wing skin and stringer assembly in 

two different orientations. 

The idea is that each of the effects of welding on fatigue crack growth measured in 

coupon welded plates can be correlated and the fatigue crack groxti th behau our in the 

structural component can be understood with the different distribution of re"idual 

stress field. 

-4- 



The aims of this dissertation are 

" Integrated 3-dimensional residual stress distribution study of M IG IG and \'PPA 

welded aluminium 2024 - T351 alloy in as-welded coupon samples and its 

evolution during subsequent machining and service loading and in dc"i`gn 

geometry structural wing skin & stringer assembly panel. 

" To compare the difference in magnitude and pattern of residual stress distribution 

in the Metal Inert Gas (MIG) and the Variable Polarity Plasma Arc (V'PPA 

welding processes. 

The next topic briefly describes the theory of elasticity and the concept of strain and 

stress. Since the thesis is about the measurement of residual strains and stresses a brief 

introduction is in order. 

1.2 Theory of Elasticity: Hooke's Law 

Consider a homogeneous, isotropic cylinder of length Lo and cross section area AO as 

shown in figure 1.2a. Now if axial force F is exerted on the cylinder the length 

increases to L and the cross section area reduces to A (figure 1.2b). 

L0 

A0 

a) 

L 

z 

ý. 
y 

AL 

F 

b) 

Fig. 1.2 - a) Unloaded cylinder b) The cylinder pulled with a force F along the \- 
direction 
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Hooke's law states that in the elastic region the stress applied i proportional to the 

strain experienced by the cylinder and can be expressed as shown in equation. 1.1. 

6xx = Ee 
xx 

Where aXX = 
VA and is the average engineering stress in the X-direction and 

L EXX = 
L- Ly 

L0 and is known as the average engineering strain in the direction. 

E is the proportionality constant known as Young's modulus. The linearity between 

the stress and strain as given in equation 1.1 holds up to a certain limiting" load known 

as the elastic limit, and up to this point the body regains its original configuration on 

removal of the stress. The recovery of the original dimensions of a deformed body 

when the load is removed is known as elastic behaviour. 

When a body elongates under the application of an external load its cross sectional 

area reduces. As shown in figure 1.2 a&b the force F causes elongation in length 

from LO to L and the cross sectional area reduces from AO to A. Considering the initial 

and final radii of the cylinder to be ro and r respectively the contraction the cylinder 

experiences in the Y and Z directions can be expressed in terms of transverse strain as 

o) £transverse - Eyy = £zz -- 
(r - rr0 

1.2 

The ratio of the transverse strain the body experiences in the Y or Z directions to that 

of the strain in the X-direction is called Poisson's ratio and expressed as shown in 

equation 1.3 

£ transverse 
v=- 

£ XX 
1.3 

Poisson's ratio is a dimensionless quantity and varies between 0 and O. for most 

materials. Poisson's ratio of 0 means no deformation in the Y and Z direction even in 

the presence of 6X, which means a change of volume without any change of shape 

while Poisson's ratio of 0.5 implies no change in volume. 

-6- 



Beyond the elastic limit there is a plastic regime ýw here the material c xperiencc 

permanent deformation. A typical engineering stress-strain curve for a ductile material 
is shown in figure 1.3. 

Elastic limit 

U 

r 
e ti 
r. j 

2 
v 

0 
y Strain (E) 

Fig. 1.3 -A typical engineering stress-strain curve of a ductile material 

The stress in a body attains a maximum value in the plastic regime known as the 

ultimate tensile stress (shown as point P in figure 1.3). The stress value at the elastic 

limit is called the yield stress. It is worth mentioning that Young's modulus is strictly 

valid in elastic regime. Poisson's ratio changes after yield point. 

1.2.1 Description of Strain at a Point 

In the preceding section the average normal strain of a cylindrical body is described as 

the ratio of increase in length to the original length. More precisely, strain is caused 

by the displacement of a point in a continuum due to deformation under an applied 

load. Under an applied load a body can experience translation, rotation, and 

deformation. Strain is caused only by deformation of a body under load. A full 

description of strain can be found in [7]. 

Figure 1.4 describes the displacement of a point in a rigid body due to deformation in 

a three dimensional O-X1-X2-X3 axis. Assuming the origin to be at 0 the co-ordinates 

of point P can be defined as (xi, x-,, x3). Nov,, assume the point moves to position Q 

under the application of an external force and the co-ordinates of point Q are (\, + u,. 

-7- 



X2+ U2, X3+U3). Therefore the displacement experienced by the point in the three- 
dimensional co-ordinate system is u; where i=1,2,3. For deformation the value of u, 

should not be the same for all points in the body, which implies the body is simpl\ 
translated. 

In the elastic regime when the load and displacements are sufficiently small, strain iý, 

defined as 

e= 
Au 

or for a point more precisely as e= 
Lt Au 

_ 
du 

Ax Ax -> O Ax dx 
In order to obtain the three-dimensional uniform strain it is necessary to express each 

of the ui components in terms of the initial co-ordinates of the point. As mentioned 

before when dealing with strains within the elastic regime it can be expressed as 

ul =ellx1 +e12X2 +e13X3 

U2 =e21x1 +e22x2 +e23x3 

u3 =e31x1 +e32x2 +e33x3 

or with Einstein's suffix notation it can be expressed as 

u; = eljxj 

where i, j=1 to 3 where i is the suffix and j is the repeated or dummy suffix [8] 

1.4 
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x2 

0 

--5 

Fig. 1.4 - Displacement of point P in a body 

+ul, s)+1. l,. :.:. +1) 

llý 

x1 

From equation 1.4 the normal strain when i =j at the point can be expressed as 

e;; _ 
Au' 

and the shear strain when i#j can be expressed as eij = 
Au' 

0x1 Axj 

To elaborate the effect of normal and shear strain and its occurrence within a body a 

rectangular element abcd is considered in a two-dimensional co-ordinate system XI X, 

(Fig 1.5A). The dimension of ab is Axt and be is 0x2. Assuming the element 

underwent translation, distortion, and deformation its new position is al b, c, dl, the 

displacement point cl experiences are Dui along Xl axis and Due along X2 axis. 

From the definition of normal and shear strain 
Au, 

and 
Au l 

ell=OX e12=0X 
12 

Now considering cidlel triangle the tangent of the angle subtended by c1d, at the point 

dl can be written as 

tan 9= 
Du i 

Ax l+ Au, 

Considering AuI to be much smaller as compared to Ax, it may be written as 

-9- 



tan 6=Au2 =e]2 
Axl 

Therefore, the shear strain e12 describes the rotation of the line segment cd around d. 

the rotational component e12 may be due to distortion or rigid body rotation as shown 
in fig 1.5B. However, during rigid body rotation the strain e1-, = -e 1 since 

displacement of the point c to c2 is negative. 

x2 

A 

3 

ýý 

L; x2+ ar- 
t 1 

lý 

Cý 1 ýI + AU1 

dý c 
f.; 

0 

t-. 

Lm 

i 

X2 
B 

r-. 

ýd 

G2 

Fig. 1.5 - Displacement and rotation in two dimensions 

x1 

X1 

With this in view the strain component can be divided into two parts one for the 

distortion and the other for the rotational component. In three-dimension it can be 

expressed as 

eij =1 (eij +eji)+1 (eij -e) where i, j=1,2,3 or 
22 

,j=E, j +W1.5 

Where, c, j =1 (e; j + ej; ) and w, j =l (e, i - ei; ) 
22 

x1 
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cif is known as the strain component and co; j is known as the rotational component. 

Therefore, a complete definition of the strain component in three dimensions at an\ 

point in a body requires nine individual components and can be described as 

E11 £12 £13 

Eij = £21 E22 £23 

£31 £32 £33 

1.6 

Strain is thus a tensor of rank 2 as it connects the displacement vector to the position 

vector. From equation 1.5 it can be stated that E ij =F -j, and therefore strain 

component needs 6 independent components for complete categorisation at any point. 

When 1::::::: j the strain component is termed the normal strain, which is responsible for 

any volume change and is also known as the dilatation while when i-#-j the strain 

components are known as shear strain and are responsible for change of shape known 

as distortion. 

For a symmetric second rank tensor it is always possible to define a co-ordinate 

system where off-diagonal components do not exist i. e. E; j=O when i#j. This co- 

ordinate system is called the principal axes and the strains are the principal strain 

components [7]. Therefore, when defined in the principal axes system equation 1.6 

modifies to 

ell 00 

Eij =0E 22 0 1.7 

00 E33 

Where c ij is called the principal strain tensor. 

The normal strain components are responsible for a change of volume and are known 

as the dilatational components. It is denoted by A ww here A=E + C-'-'+ E3; and the 

average strain component along each axis is given by A 3. The de% iatoric components 

responsible for distortion or shape change along each axis is given bý, the following 

term [7]. 



11 - 
[£ii I-0 k-, 

3 1.8 

1.2.2 Description of Stress at a Point 

In the simplest way stress is defined as the force per unit area as described in section 

1.2, where a cylindrical body was shown to be subjected under uniform force across 

the cross sectional area. In real components, however, this is not the general case. 

Force acts on a body either as a body force or as a surface or contact force. Body force 

acts through the entire volume while surface forces acts on the surface and are 

transmitted through out the body indirectly [9]. Stress is defined as a force that a 

point inside a body experiences, when the area surrounding the point tends to zero as 

shown below 

Lt Op 
6= 

AA-OAA 
Where OP is the resultant force on the point and AA is the area surrounding the point. 

Referring to figure 1.6 if the force acting on point 0 of ABCDE plane of area A is P 

then the stress acting on the point P is given by 

P 
6=- 

A 

-1? - 
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Fig. 1.6 - Stress and resolution of stress in a point 

However, the force P is acting at an arbitrary angle with the surface of the ABCDE 

plane. Therefore, it is convenient to express the stress normal to the surface and in- 

plane of the surface which is known as shear stress. The normal stress component 

Pcos 9 
acting along the Z-direction on point 0 will be ß=A. The planar component of 

force P is PsinO. The in-plane stress components along the X and Y direction will be 

ß'X = 
P sin O cos a 

^w ,P sin O sin a 
A 

and 6y = 
A 

respectively. The in-plane stress 

components are known as the shear stresses while the stress component along the Z- 

direction is known as the normal stress. 

To explain the state of stress surrounding a point it is convenient to assume a small 

cube surrounding the point and show the stress values as shown in figure 1.7. A 

repeated subscript denotes the normal stresses and the different subscript denotes the 

shear stresses, where the first subscript denotes the direction in which the stress acts 

and the second subscript denotes the direction of the normal to the plane on ýý hich the 

stress acts. 

Therefore stress is also a tensor of rank 2 since it connects the force vector with the 

position vector and at any point is described by nine components. 
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Fig 1.7 - Stresses on the faces of a unit cube surrounding a point in static equilibrium 

Now since the cube is in equilibrium it can be deduced by taking moments along any 

imaginary line through the point 0 that 6; j=6j;.. Therefore stress is a symmetric 

second rank tensor and requires 6 independent components to describe at a point. 

As described in section 1.2.1 for a symmetric second rank tensor it is always possible 

to define a co-ordinate system where the off-diagonal components do not exist i. e. 

6; j=0 when i#j. In this condition the co-ordinate system is called the principal axes 

and the stresses are the principal stresses [7]. Therefore, when defined in the principal 

axes system the principal stress tensor is expressed as 

611 00 

,j=06 -1 20 
00 633 

1.9 
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1.2.3 Conversion between Strains and Stresses 

In its tensor form Hooke's law is written as equation 1.10 when strain is determined 

from the values of stress or as equation 1.11 when stress is determined from the strain 

values. 

Eij = Sijk16k1 1.10 

6ij = Cijkl£kl 1.11 

Sjjkl and C, jk1 are material properties and termed the compliance and stiffness tensors 

respectively. Since both compliance and stiffness tensors are connecting t« 'o 2nd rank 

tensors they are both tensors of rank 4 and expressed by 81 components. Ho%\ cv cr, 

since c1j= Ej and ßiß= ßji and description of strain and stress requires 6 independent 

components the stiffness and compliance vectors can be expressed by 36 independent 

components. 

Now from strain energy calculations [9] it can be shown that for both the compliance 

and stiffness vector S; j= Sji and C; j= Cj; when expressed in collapsed matrix notation 

[7,9] which implies there are 21 independent constant values for an anisotropic 

elastic solid. 

From cubic crystal symmetry it can be deduced that an anisotropic cubic crystal has 

only three independent elastic constants, while for any isotropic solid it just reduces to 

two independent elastic constants the Young's modulus and the Poisson's ratio. 

Except for the cases where the material has pronounced texture, in normal cases a 

polycrystalline solid in the scale of a continuum generally behaves in an isotropic 

manner in the elastic region. The relative individual anisotropies between randomly 

oriented neighbouring grains cancels out, giving an average value of elastic constants 

[8]. Assuming that for small values in the elastic range the normal strains %t ill not 

have any effect on the shear stresses and shear strains will not have any effect on 

normal stresses, suppose a small tensile normal elastic stress 611 is applied along the 

xl direction in an arbitrarily defined xi x x3 co-ordinate axes system in a 

polycrystalline solid. It will cause tensile normal strain along the xl direction and 

compressive strains in the other two directions. Since the stresses are withirn the 
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elastic range of the solid polycrystalline material the normal strain along the xi 
direction will be 

1 
E11 =Eß11 1.1? 

From the definitions of Poisson's ratio the strains in the transverse directions will be 

X22=X33=-vE11=-E611 1. 

Similarly assuming the presence of normal stresses 622 and 633 along x, and x. 

directions respectively the strains along the three normal directions can be represented 

as shown in equation 1.14 to 1.16. 

1vv 
F-11 Eß11 -Eß22 -Eß33 1.14 

1vv 
E22 -Eß22 --611 --633 1.15 

1vv 
£33 

1 
633 E 611 E 622 1.16 

Adding equations 1.14 to 1.16 

11 + E22 + £33 =1 (611 + 622 + 633 - 
21) 

£ (611 + 622 + 633 ) 
EE 

or 

E=1- 
Zu 

E61.17 

Equation 1.14 can be also written as 
1 1) 1) 1) 1) 

£11 -E611 --622 --633 --611 +-611 

or 

1+1) 
X11= 

E 
611- 1) 

E6kk 1.18 

Substituting ßkk from equation 1.17 wie obtain 
E Eu 

611 _l+v £11 +(l+U)(1-? 
v)£kk 

l. ly 
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Equation 1.18 can be expressed in more general form as 

E Eli 
Gi. - £ij + Ekk I l+v (1+v)(1-2v) 

Where 6 is known as Kronecker's delta, and defined as 

f When i =j and 

0 When i#j 

l.? 0 

The dilatational component of strain is defined by A and is equal to ckk . The bulk 

modulus (k) is defined by the ratio of hydrostatic pressure to the volume change i. e 

k=p Where p is the hydrostatic pressure and defined by ßkk /3 and A is the volume 0 

change due to strain. From equation 1.17 the bulk modulus k can be derived as 

k=p or k=6kk 
/3- E 

0 F- kk 3(1- 21j) 
1.21 

The engineering shear strain y; j=2E1j can be substituted in equation 1.20 when oltj and 

can be written as 
E 

6ij = 7ij 
2(1 + v) 

1.22 

For an isotropic polycrystalline solid hydrostatic stresses cause dilatation. Pure 

distortion or shape changes occur from shear stresses only and the shear strain is 

related to shear stress by a proportionality constant known as the shear modulus µ. 

Therefore from equation 1.22 

E 
2(1 + v) 

1.23 

Therefore for an isotropic polycrystalline solid it can be seen that stress strain 

relations can be expressed by only two independent elastic constants. 

Having defined and illustrated stress and strain and their relation, an introduction toi 

residual stresses is in order. 
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1.3 Residual Stress: Definition and Concept 

Stresses acting in a body can be classified as reaction stresses and residual stresse'. 
Reaction stresses develop within a body when it is subjected to external loading( and 

equilibrate with the external loading. 

Residual stresses are locked-in stresses that remain in a body ww hich is not acted upon 

by any external forces and remains stationary and in equilibrium ww ith its 

surroundings. Residual stresses self-equilibrate over an area which depends upon the 

length scale over which it varies. 

With the developments of analytical and computational techniques it is comparably 

easy to estimate the stresses to which a component is subjected vv hile in scr\ ice. The 

presence of residual stresses, however, significantly changes the scenario as they 

superimpose with service stresses and might be the reason of premature failure of a 

component while in service. Beneficial residual stresses can also be introduced 

deliberately within a body, which would enhance the service life performance [ 10]. 

Nowadays as the design of engineering components becomes less conservative it is of 

mounting importance to categorise residual stress qualitatively as well quantitatively. 

This is because a structure can fail from a combined effect of residual stress and in- 

service loading stress. 

Residual stresses are characterised by their origin and the length scale over which they 

self equilibrate. The next section of the thesis describes the origin of residual stresses 

due to various manufacturing and fabrication processes and categorisation of the 

residual stresses based on the length scale over which they self-equilibrate. 

1.3.1 Origin and Types of Residual Stresses 

In practice it is unlikely that any manufactured and fabricated component will be 

entirely free from residual stresses introduced during processing. Almost all 

engineering components are manufactured with some internal stresses inside them. 

Residual stresses can originate in an engineering structure or component either by 

interaction between misfitting parts of an assembly or by chemically or thern'iallý. or 

mechanically induced misfits between different regions of an integrated structure. All 

engineering components are manufactured and fabricated by inhomogeneous 
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deformation of polycrystalline material. The inhomogeneous plastic flow causes 

misfit between different regions within a body resulting in residual stresses. This is 

the most acknowledged primary mechanism of residual stress generation [I I ]. 

Figure 1.8 shows different manufacturing processes that cause a residual stress field. 

Shot peening and cold hole expansion processes are well known in industry for their 

beneficial effect by forming a compressive stress zone which retards fatigue crack 

propagation thus improving the service life of a component. Also bending, ý' eldinyg, 

rolling, forging and different other industrial manufacturing and fabrication processes 

all cause residual stress in components. 

Macrostresses 
Macrostresaeß 

71- 

C, ot Hole Ejcpansion 

L 

Microstresses 
Microstress 

Therrrwl Slrosses 

Loading Stresses 

Transformation Stresses 

MtergranWor Stress.. 

Fig 1.8 - The different processes of residual stress generation from [10]. 

Depending upon the length scale on which it self equilibrates, residual stresses can be 

classified into three classes. 

The type I residual stress varies over a relatively large scale comparable to the 

dimension of a component. In a polycrystalline, multiphase component it may vary 

continuously across phases and typically balances over the entire component 

dimension. Since this type of stress spans over a significant range it encompasses a 

considerable aggregate of grains. Processes such as welding, cold expansion, plastic 

bending, shot peening cause such stresses [10,12]. 
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The type II residual stress varies and self-equilibrates over the grain scale i. e. it is 

extended over a few grains. Volume changes due to phase transformation in a 

multiphase component may give rise to type Il stresses. Rolling or plastic forming 

often cause type II stresses as most engineering metals are plastically anisotropic. and 

during deformation misfit arises between different neighbouring grains that are 

oriented in different directions. Type II stresses are often referred to as intergranular 

stresses as they originate from misfit between neighbouring grains. 

Type III stresses are generated because of misfit at the atomic scale and self- 

equilibrate in sub-microscopic scale within a grain. Stresses generated due to 

coherency at an interface within a multiphase component, or dislocation stress fields, 

are examples of type III residual stress. Figure 1.9 shows the typical variation of 

different types of residual stresses in a polycrystalline multiphase system. 
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Fig 1.9 - The variation of residual stress over different length scale [10]. In the figure 

6,611, (Till represents the type I, type II and type III stresses respectively. M&R 

denote the matrix and reinforcement phases respectively. 

- 20 - 



Since residual stresses are self- balancing it can be said that the resultant summation 

of stresses in a particular direction over an area that is greater than the characteristic 

occurrence of the type of stress, would be equal to zero. The integration of all macro- 

stresses in the X-direction on the Y-Z plane of a plate sample wý ould be equal to zero 

as shown in equation 1.24 

y, Z Jnacroyz 
=0 1.24 

Similarly the microstresses would be equal to zero when integrated over a volume 
larger than their characteristic volume. However, as shown in figure 1.9 there may be 

a phase-dependent micro-stress component present in a multiphase material. 
The design engineer is mostly concerned with the presence of the macro stress 

variation as it is reproducible in components fabricated following the same process 

parameters. Microstresses may also contribute to failure, however, they cannot be 

taken in design considerations since they are specific for individual component and 

not reproducible. The whole work in this dissertation is aimed towards measurement 

of macro residual stresses in aluminium 2024 alloy welds. The next section discusses 

the formation of residual stresses due to welding. 

1.3.2 Generation of Residual Stresses due to Welding 

Welding is a fabrication process, producing non-detachable metal joints under the 

(mostly local) application of heat or pressure, with or without the use of filler material 

(Definition according to German standard DIN 1910). Fusion welding processes result 

in melting and solidification of the base metal and filler wire (if used) along the 

welding pass. The metal in and near the heat affected zone also experiences heat 

transitorily during each welding pass. 

Residual stresses are primarily produced around a welded joint due to inhomogeneous 

plastic strains and the thermal stress gradient produced due to non-uniform heating of 

the base material. 

During welding process the weld area is heated to a very high temperature and fused 

locally. The weld metal and the surrounding heat affected zone at such high 

temperature deforms plastically (as the yield strength becomes \ erg' low) under 
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compression against the surrounding cooler base metal, which gives rise to elastic 

thermal stresses. During cooling, uneven contraction of the elastically deformed 

surrounding and the heat affected region causes misfit and gi% es rise to tensile 

residual stress or distortion, or most commonly a combination of both. The parent 

metal far from the weld shows compressive stress, balancing the tensile residual strain 
in the central region. Along the weld direction the weld metal already solidified 

prevents the shrinkage of the solidifying material, and gives rise to tensile residual 

strain and stresses parallel to the weld bead [13-15]. Figure 1.10 shows the most 

commonly observed residual stress distribution along the welding direction 

(longitudinal) and the in-plane transverse direction in a butt-welded rectangular plate 

[14]. 

Longitudinal 
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Transverse 
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Fig 1.10 - Typical residual stress distribution in the cross sectional area along the 
longitudinal and transverse directions of a rectangular plate butt weld 

In the above discussions it is assumed that the material is not affected by any phase 

change during the welding process. However, in a multiphase material if the resulting 

heating up and cooling results in a phase change with an accompanying volume 

change then the stress formation pattern might change significantly. 

With welding residual stress there also occurs welding deformation such as shrinkage 

or distortion. Stress generation and deformation of welds are opposing features. If the 

plate is restrained at the ends then the shrinkage is less but the residual stress 
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generation is higher [15]. In an unrestrained sample the shrinkage iý pronounced and 
for single pass welding or multi-pass welding from one side it results in angular or 
bending distortion as shown in figure 1.11. 
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..... ................................................................................ .... 
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Fig 1.11 - Longitudinal and transverse shrinkage and angular and bending shrinkage 
observed in a rectangular plate 

In a plate restrained in transverse and longitudinal direction bending shrinkage is 

more pronounced. The requirement of welding is to have minimal residual stress 

generation and also minimum welding distortion for further machinability. The 

welding processes need to minimise these two opposing features of residual stress 

generation and distortion. 

There are a wide range of mechanical and physical techniques developed over the last 

few decades to determine residual strains or stresses in components and structures. 

The following section briefly reviews the important and developing techniques for 

measurement of residual stresses. 

1.4 Techniques of Measuring Residual Stresses 

The residual stress measurement techniques are broadly classified into two categories 

- destructive or mechanical methods 

- non-destructive or physical methods 
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1.4.1 Destructive or Mechanical Methods 

The procedure used to measure stress in mechanical or destructi\ e method can be 

described as follows [16] 

- Destruction of the equilibrium residual stress state in a component and 

creation of a new stress state by machining, sectioning or layer removal 

- Detection of local change in stress by measuring the strain or displacement 

- Calculation of residual stress as a function of the strain measured using the 

elastic theory (analytical approach or finite element calculations) 

There are a wide range of mechanical methods available for determination of residual 

stress. The few most important and widely used ones are described below 

Hole drilling method 

In the hole drilling method the strain relaxation around a hole is measured by a strain 

gauge rosette placed around the hole as shown in figure 1.12. Hole drilling is perhaps 

the most standardised method of residual stress determination and guided by the 

regulations specified in ASTM standard E387-92 for consistent results. The hole 

drilling method requires drilling a small hole typically 1-4mm in diameter in 

incremental steps, and the surface strain relief around the hole is measured by the 

strain gauge rosette [17]. The uniform bi-axial stress field near the hole is related to 

the relieved radial strains around the hole in an isotropic solid by equation 1.25 

£_ (6max + (Tmin)A + (6max -(Ymin)B cos 2ß 1.25 

Where E is the measured radial strain, A and B are the calibration constants and ß is 

the angle measured between the ßmax and the radial vector passing through the centre 

of the strain gauge. The calibration constants A and B are typically determined by 

experimental or theoretical calibrations [10,17]. 
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Fig 1.12 - ASTM type hole drilling strain gauge rosette 
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Three simultaneous equations from three strain gauges of the form of equation 1.25 

can be derived from each strain gauge and from these simultaneous equations the 

principal stresses can be derived. However, this solution is suitable only for through 

holes in a thin specimen where there is no stress gradient through the thickness. For 

the more general case of a blind hole in a thick specimen (where stress varies through 

the thickness) more complex experimental calibrations and finite element calculations 

are necessary to interpret the change in stress with depth [17,18]. 

There is a coupling of maximum measurement depth and lateral resolution in this 

process because the surface stress is almost fully relieved when depth of hole is equal 

to 1.2 x the diameter of hole. Therefore, the strain gauges become insensitive to 

stresses more than 1.2 x the diameter of hole beneath the sample surface. The drilling 

method can provide principal stress information in the plane of the sample at depths 

of up to about 7 mm [19]. 

The hole drilling method has its own advantages and disadvantages. It does % 'cry little 

damage to the specimen and often referred to as semi destructive method of stre' s 

measurement. It allows much more localised stress measurement. Also, the strain 

gauge connections are not disturbed by the drilling process. Ho« c% er-, this method 
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measures only 25-40% of the original residual strain because of rapid deca\ of 

relieved residual strain with distance from the hole. Also absolute care is necc1sar\ 

regarding alignment of strain gauges and eccentricity of hole ww ith respect to the strain 

gauges as these may introduce serious errors in calculation [ 17] 
. 

Layer removal method 

The layer removal technique [20] is applicable to plate samples. The principle of this 

method is based on the static equilibrium of the internal moment and forces. A plane 

part which contains residual stresses is deformed in a manner which maintains the 

static equilibrium of internal moment and forces. When the test specimen is of the 

shape of a thin parallelepiped this deformation is represented by a deflection f. The 

deflection depends on the type and magnitude of the residual stress involved whose 

distribution through out the thickness of the specimen can be characterised by a 

function 6(e), where e is the thickness of the layer figure 1.13 

I------------------------ ------ P---1 cr, 4 ýý ', 

Fig 1.13 - Residual stress distribution through the thickness of a thin rectangular 
parallelepiped 

When a layer of this material is gradually removed without introducing any distortion 

the internal moments and forces are redistributed and the equilibrium is re-established 

by change of the deflection. The change in deflection df produced with the removal of 

layer of thickness de can be related to the surface stress 6e(e) which existed in the 

removed layer by equation 1.26 [20] 

Ge(e) =-4 -E 
e2 df 
-- 3 12 de 

1.26 

Where I represents the length over which the deflection measured and E i1 the 

Young's modulus. 

The equation is based on the assumption that the test specimen i; homogeneous. 

isotropic and its axes coincide with the principal axes. Stress along the through 

thickness and transverse directions are considered negligible. 
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The stress value shown in equation 1.26 is that which existed in the layer at the time 

of machining. To obtain the stress before the machining operation this stress should 
be added with the stress variation for this dimension resulting from remoý al of the 

previous layer. Therefore, the residual stress existed in the specimen before machining 
is given by equation 1.27 [20] 

6(e)=6e(e)+06 1.27 

ee 
Where A=- 

8Ee fdf +gEe Je'df and dimension e< e' 2h3Ih I 

Where E is the Young's modulus and 1 is the length of the component over ww hich the 

deflection measured. 
This method can be used to measure the bi-axial stress field ww hen the main residual 

stress axes are known. The deflections (fl and f2) in the principal axes are measured 

and the apparent residual stresses along the two axes are determined. The apparent 

residual stresses determined are then corrected to determine the actual residual 

stresses by using Hooke's law. 

The layer removal technique is an excellent method and widely used for its simplicity 

to determine the stress induced during surface treatment in a large variety of 

processes. It is also sensitive enough to be used for detailed studies of the influence of 

various treatment parameters 

Sectioning method 
Development of the sectioning method [21 ] dates back to 1911. Sectioning and layer 

removal techniques are conceptually very similar. Sectioning methods are based on 

measuring the deformation response due to stress relaxation. The strain relaxation 

measured can be used as an input to a finite element model for calculation of stresses. 

It has been reported that finite element approach improved the elastic response 

relation between changes of strain and relaxed stress due to sectioning [21 ] during the 

process of re-construction of relaxed stresses from measured strain. However, 

precautions need to be taken since minor error in measurement of strain relaxation 

would cause significant error in the calculation of relaxed stress in the process of 

reconstruction. 

Rybicki and Shadley [22] used a complex back computation method to determine the 

through thickness variation of in-plane (circumferential and longitudinal) residual 
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stresses in a welded pipe. They used three steps consisted of parting out. splitting and 
removal of layer as described below and shown in figure 1.14. 
Parting out -a coupon of material is removed from the «all of the pipe b\ two 
longitudinal, parallel cuts. 
Splitting - the coupon is then split into two pieces along a plane parallel to the inner 

and outer surface of the pipe wall. 
Layer removal - layers parallel to the splitting plane are removed from each of the 
two coupon halves. 

The steps of the process are shown in figure 1.14. 
el 
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Inside piece Step -La- r rrrars, "al 

Inside piece 
Fig. 1.14 - Sectioning of a welded pipe while measuring strain changes to evaluate 
the residual stress field. After [21,22] 

The deformations of each piece in terms of changes in strain gauge readings are 

monitored through out the process. The back computation method involves three 

separate numerical computations, one for each step. The stresses obtained can be 

added up to determine the state of stress in the pipe weld before parting. 

The process and the numerical calculations have undergone several modifications by 

Rybicki and Shadley for improvement in back calculations [21 ]. The accuracy of the 

improved back computation scheme was investigated by finite element simulation of 

all the steps. The reference stress solution from the finite element simulation 
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compares very well with the residual stress obtained from the back computation 

procedure [21 ]. 

Sectioning and layer removal are simple techniques but the sample is dcýtroved 

completely which at times prohibit the use of the technique. 

The contour method 
The contour method is the latest addition to the series of residual stress measurement 

by destructive techniques. The uniqueness of this method is unlike con% critional 

methods, this technique measures the deformation contour rather than strain in 

determining the stress. Michael B Prime of Los Alamos laboratory [23] pioneered this 

method of measurement of residual stress. 

In the contour method a component is cut into two parts by electro discharge 

machining and the resulting displacement from the flatness of the surface is measured. 

By assuming that the contour is caused by elastic stress relaxation the residual stress 

normal to the cut surface in the original sample can be determined directly using 

finite element modelling [24]. The steps involved in the process are shown in figure 

1.15 

Y ox 
+ tcnsion 

Lx 

- compression 

A 
Original spccimcn 

Fig. 1.15 - Principal steps in the contour method [24] 

+ 

C 

Back to original flat plane 
by applied with opposite of 

measured contour 

The elastic superposition principle is applied in determining residual stress by the 

contour method. Figure 1.15 A shows the original sample with residual stresses 

locked inside it. B shows one half of the deformed body after cutting. This 

deformation is considered to be due to relaxation of the elastic stress locked inside the 

original specimen. In step C the elastic deformation is forced back to the original state 

by opposite application of the measured contour. The residual stress perpendicular to 
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the cutting surface is determined analytically by applying the measured contour to a 
finite element model [24]. 

1.4.2 Non-destructive or Physical methods 

Non-destructive methods of stress measurement rely on the response of intrinsic 

properties of a crystalline material to the presence of residual stress [16]. The main 
advantage of non-destructive methods is it leaves the original sample intact for repeat 
measurements. Therefore, these techniques do not affect the mechanical properties of 
a component or its serviceability. There are a number of techniques available for 

measuring residual strain and stress which includes 

" Diffraction techniques 

¢ Conventional X-ray diffraction 

¢ Neutron diffraction 

¢ Synchrotron X-ray diffraction 

" Ultrasonic methods 

" Magnetic methods 

" Optical methods 

" Raman spectroscopy 

Diffraction techniques 

Diffraction techniques are well established non-destructive, phase discriminatory 

techniques for the measurement of residual stress [25,26]. These mainly apply to 

polycrystalline materials. The diffraction techniques of stress measurement use inter- 

atomic spacing to determine residual strain which can be converted to stress. The 

technique is based on Bragg's law of diffraction [27] whereby the inter atomic 

spacing of a lattice plane is determined from radiation of known wavelength as a 

function of location and direction within the sample. The shift in Bragg peak(s) is 

used to determine strain. The strain is then converted to stress by the use of 

appropriate elastic constants. 
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Conventional X-ray diffraction 

The conventional X-ray diffraction method is a well established technique [28]. 

However, the limitation of this technique is that X-rays can penetrate only a fe"t 

microns into most materials and therefore is useful only to determine surface , tress 
level unless destructive layer removal techniques are also used. X-ray radiation can be 

obtained from a variety of target metals. Cr K-a or Cu K-a radiation are commonly 

used. The surface elastic stress in this method is determined by the conventional sinW 

technique where the lattice spacing of any crystallographic planes in a direction ill 

determined at several inclination angles and the stress is determined from the d- 

spacing vs. sinew plot [7]. This technique is discussed in details in chapter 2 of this 

dissertation. Some qualitative analysis of the microscopic stress can be inferred from 

the peak width data [29]. The overwhelming challenge faced by this technique is the 

presence of heavy texture and coarse grain effects which often exists in components 

for engineering application and which severely affect the peak shape and in turn the 

statistical quality of the data [13,28]. 

Neutron diffraction 

Over the last two decades neutron diffraction has developed and is now regularly used 

as a tool to investigate residual strains and stresses in engineering structures and 

components [25,26]. The main advantage of this technique is that it can penetrate 

deep inside a component up to many centimetres [30]. Also recent advancements in 

neutron sources and instrumentation enable measurement of real scale structures and 

components which is highly significant for engineering process developments [31 ]. 

Also specimens can be measured under load, at higher temperatures simulating 

complex process environments [31 ]. The basic principle of neutron diffraction is the 

same as that of X-ray diffraction but neutron beams can probe much greater depths 

than X-rays. The technique can be applied readily since the wavelength of thermal 

neutrons produced in a reactor or spallation neutron source is the same order of 

magnitude to the inter-atomic spacing of crystalline materials. The technique is also 

suitable to collect large quantities of data and is used to determine complete stress 

patterns. Surface stresses can also be determined by neutrons although the method is 
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not usually recommended for surface stress e% aluation. Howe,, er. neutron source are 
available only at central laboratories and so its usage can also be limited by cost. 

Synchrotron X-rays 

Synchrotron X-rays are a relatively new and rapidly developing technique which 
allows fast internal strain mapping with very high spatial resolution [32]. Synchrotron 

X-rays are differentiated from conventional laboratory X-rays by their high energy 

and intense photon flux which increases penetrability to many millimetres as 

compared to the few microns by laboratory X-rays [33]. Synchrotron sources vv ith 

high level of brilliance (e. g ESRF) [34] provide very narrow, intense X-ray beams 

with very low angular divergence which results in high spatial and angular resolution. 
Owing to their high energy the wavelength of synchrotron X-rays are an order of 

magnitude less than the inter-atomic spacing normal engineering materials. This 

makes the diffraction angle much smaller as compared to that used in con% cntional N- 

ray or neutron diffraction. This characteristic of synchrotron radiation makes it 

suitable for measurement of in-plane strains in transmission while it is not feasible to 

measure the out-of-plane strain direction in reflection [32] due to the larger path 

length in the reflection geometry. However, synchrotron X-rays are becoming crv 

popular for strain scanning as the measurement time is very short and a complete t'% o 

dimensional strain map can often be obtained in a small time [35,36]. 

The different diffraction techniques for measurement of residual stresses detailed 

above are unique with respect to various features and when used complementarily the 

best result may be obtained. Since the whole work presented in this dissertation is 

carried out by diffraction techniques a more detailed review of these techniques ýý ith 

respect to measurement of residual stress in engineering component is covered in 

chapter 2. 

Ultrasonic method 

The speed of sound in a material is sensitive to stress [7]. This change in speed can be 

monitored by measuring the time for a pulse of ultrasound to pass through the sample. 

Conceptually it can be described as shown in equation 1.8 ['171 
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v= vp + kß 1.2ý 
Where v--velocity of ultrasound wave in the stressed medium, 

vo=velocity of ultrasound wave in unstressed medium and 
k= material-dependent acoustoelastic constant 

The different varieties of experimental configurations used are shown in figure 1.1 
. 

In each case ultrasonic waves are launched by transmitting transducer:, then after 

propagating through the material are detected by a receiving transducer. The 

technique is called pulse-echo (monostatic) when the same transducer is used for 

sending and detecting the pulse while it is known as pitch-catch %\ hen two different 

transducers are used for sending and detecting the pulse as shown in figure 1.16 a and 

b. the stress calculated from this measurements is the average stress through which the 

wave traversed inside the material. The spatial resolution in this process is limited b\ 

a volume averaging effect. Also the ultrasound wave velocity may be affected by 

microstructure, inclusions, inhomogeneities and texture as kk ell as residual stre-'1. 

Extreme care is therefore necessary to interpret the stress result from such ultrasound 

experiments. The advantages of this method are fast set up, no radiation hazard', and 

portability for in situ stress measurements. 

/F 

l 

`t 

K) 

________ 

PIIlse-PCho 

transducers 

11 

Pitch-catch 
a) b) 

Fig. 1.16 - a) Schematic view of pulse-echo technique and b) Pitch-catch technique 
(from [37]) 

Magnetic method 

The magnetisation behaviour of ferromagnetic materials is -en, iti% c to internal 

stresses due to magnetostriction and the consequent magnetoela"tic ett'cct. 

Magnetostriction is the process whereby each magnetic domain i, strained along the 
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direction of magnetisation i. e. if a piece of steel is magnetised it would elongate in the 
direction of magnetisation. Similarly when stretched it will be maaneti"ed in the 
direction of stretching. Magnetic stress measurement methods rely on this interaction 

of strain and magnetisation in a ferromagnetic body [38]. 

The stress sensitive parameters of macromagnetic (hysteresis in set up technique, 

eddy current etc. ) and micromagnetic (magnetic Barkhausen noise method, dynamic 

magnetostriction etc. ) natures have been derived from this property to measure 

stresses in a ferromagnetic material. Based on published literature it has been 

observed that most of the work in this field is based on the magnetic Barkhausen noise 

method [39] 
. 

In this method the abrupt reorientation of magnetic domains due to the 

presence of a stress field is converted to an electrical pulse and the signal recorded is 

known as Barkhausen noise. Although the magnetic properties of a material also 

depends upon microstructural and textural effects, the advantage of this method is that 

the effect due to other superimposing factors can be separated out using a combination 

of different magnetic parameters [40] and also by calibration with a sample that 

closely resembles the measuring material in surface properties and microstructural 

parameters [38]. The Barkhausen noise signal is exponentially damped as it travels 

inside a material primarily due to eddy current damping experienced by the electro 

magnetic fields that are created around moving domain walls. The measurement depth 

for practical application in steel varies between 0.01 to 3.0 mm depending upon the 

frequency range of the signal analysis and the conductivity and permeability of the 

test material [38]. 

Magnetic stress measurement method is a non-destructive, portable, and very fast 

technique of stress measurement. The method is also capable of measuring biaxial 

stresses. Its main disadvantage is that, by its very nature, the application of this 

method is restricted only to ferromagnetic material. 

Other than these, optical methods (e. g. Moire interferometry [41], photo elasticity 

[10]) and Raman spectroscopy [33] (mainly used for polymeric fibres and ceramics) 

are few more examples of non-destructive methods for internal stress determination. 

A summary of all the techniques described can be obtained from references [10,4? ]. 

-34- 



1.5 References 

[1] A. Heinz, A. Haszler, C. Keidel, S. Moldenhauer, R. Benedictus, and \V 
. 
S. 

Miller: Recent Developments in Aluminium Alloys for Aerospace 

Application, Materials Science and Engineering. 2000. Vol A280, pp 1O--1O7 

[2] P. F. Mendez and T. W. Eager: Welding Processes for Aeronautics. Ad\ anccd 

Materials and Processes, 2001, pp 39-43 

[3] P. E. Irving, I. M. Richardson, X. Zhang, P. J. Gregson, 1. Sinclair, L. Edwards, 

and M. E. Fitzpatrick: Weld processing, Design and Durability of \\ elded 

Aircraft Assemblies, WELDES Research Proposal, 2000, Cranfield 

University, School of Industrial and Manufacturing Sciences 

[4] M. E. Fitzpatrick and L. Edwards: Fatigue Crack/Residual Stress- Field 

Interaction and Their Implications for Damage Tolerant Design, Journal of 

Materials Engineering and Performance, 1998, Vol 7,2, pp 190-198 

[5] P. Lequeu, P. Lassince, T. Warner, and G. M. Raynaud: Engineering for the 

future: Weight Saving and Cost Reduction Initiatives, International Journal of 

Aircraft Engineering and Aerospace Technology, 2001, Vol 73,2, pp 147-15- 1) 

[6] F. Lefebvre: PhD Thesis, Micromechanical Assessment of Fatigue in Airframe 

Fusion Welds, School of Engineering Sciences, University of Southampton, 

2003 

[7] I. C. Noyan and J. B. Cohen: Residual Stress-Measurement by Diffraction and 

Interpretetion, 2nd ed, Springer-Verlag, New York, 1987 

[8] A. H. Cottrell: The Mechanical Properties of Matter, 2nd ed, John Wiley & 

Sons, Inc., New York, 1964 

[9] G. E. Dieter: Mechanical Metallurgy, 2nd ed, McGraw - Hill, New York, 1976 

[10] P. J. Withers and H. K. D. H. Bhadesia: Residual Stress: Part 1- Measurement 

Techniques, Materials Science and Technology, 2001, Vol 17, April 2001, pp 

355-365 

[ 11 ] P. J. Withers and H. K. D. H. Bhadesia: Residual Stress: Part 2- Nature and 

Origin, Materials Science and Technology, 2001, A" of 17, April 2001, pp 366- 

375 

[12] E. Macherauch and K. H. Kloos: Origin, Measurement and Evaluation of 

Residual Stresses, Verlag, Germany, 1987 

- 35 - 



[13] P. A. Browne: PhD Thesis, Determination of Residual Stress in Engineering 
Components Using Diffraction Techniques, Division of Civil and 
Environmental Engineeing, University of Salford, 2000 

[14] C. Weisman: Welding Handbook, Fundamentals of Welding, 7th cd. American 
Welding Society, 1981 

[15] D. Radaj: Heat Effects of Welding, Springer-Verlag-Berlin, Heideberg, 1992 
[16] M. R. James: Introduction, in J. Lu (Eds), Handbook of Measurement of 

Residual Stresses, Lilburn, GA : Fairmont Press, Senlis, 1996, pp 1-4 

[17] G. S. Schajer, M. T. Flaman, and G. Roy: Hole Drilling and Ring Core 

Methods, in J. Lu (Eds), Handbook of Measurement of Residual Stresses, 

Lilburn, GA : Fairmont Press, Senlis, 1996, pp 5-34 

[18] G. S. Schajer and M. Tootoonian: A New Rossette Design for more Reliable 

Hole-drilling Residual Stress Measurements, in ECRS4,1996, S. Denis-, et al. 
(Eds), pp 265-274 

[19] M. B. Prime: Residual Stress of a Slot: A Literature Review, Los Alamos 

National Laboratory, USA, 1997 

[20] J. F. Flavenot: Layer Removal Method, in J. Lu (Eds), Handbook of 

Measurement of Residual Stresses, Lilburn, GA : Fairmont Press, Senlis, 

1996, pp 35-48 

[21] Y. Ueda: Sectioning Methods, in J. Lu (Eds), Handbook of Measurement of 

Residual Stresses, Lilburn, GA : Fairmont Press, Senlis, 1996, pp 49-70 

[22] J. R. Shadley and E. F. Rybicki: Application Guidelines for the Parting Out 

Step in a Through Thickness Residual Stress Measurement Procedure, Strain, 

1987, Vol 23,2, pp 157-166 

[23] M. B. Prime, D. J. Hughes, and P. J. Webstar: Weld Application of a New 

Method for Cross-sectional Residual Stress Mapping, in Proceedings of the 

Society for Engineering Mechanics, Annual Conference on Experimental and 

Applied Mechanics, 2001, Portland, USA, pp 608-611 

[24] Y. Zhang: PhD Thesis, Measurement of Residual Stresses by Contour N lethod, 

Dept. of Materials Engineering, The Open University, 2004 

[25] A. J. Allen, M. T. Hutching, C. G. Windsor, and C. Andreani: Neutron 

Diffraction Method for the Study of Residual Stress Field, Ad\ anccs in 

Physics, 1985, Vol 34,4, pp 445-473 

-36- 



[26] M. T. Hutchings and A. D. Krawitz (eds): Measurement of Residual and 
Applied Stress Using Neutron Diffraction. NATO ASI Series. 19922, Klu« er 
Academic Publishers: London. 

[27] B. D. Cullity: Elements of X-ray Diffraction, Addison - Wesley Publishing 

Co., Reading, Massachusetts, 1967 

[28] M. E. Fitzpatrick, A. T. Fry, P. Holdway, F. A. Kandil, J. Shackleton, and L. 

Suominen: Determination of Residual Stresses by X-ray Diffraction -A Good 

Practice Guide, National physical laboratory, 2002, 

[29] P. S. Prevey: X-ray Diffraction Residual Stress Techniques, Metals Handbook 

- Volume 10, American Society for Metals, 1986, pp 380-392 

[30] D. Q. Wang: PhD Thesis, Strain Measurement Using Neutron Diffraction, 

Materials Engineering, The Open University, 1996 

[31] J. A. Dann, M. R. Daymond, L. Edwards, J. A. James, and J. R. Santisteban: A 

Comparison between Engin and Engin-X, A Neýý Diffractometer Optimized 

for Stress Measurement, In Press Physica B, 2004 

[32] P. J. Webster and P. J. Withers: Neutron and synchrotron X-ray Strain 

Scanning, Strain, 2001, Vol 37, pp 19 

[33] R. A. Owen: PhD Thesis, Synchrotron Strain Mapping: Aerospace Application, 

Manchester Materials Science Centre, University of Manchester, 2002 

[34] C. Riekel: The Use of Synchrotron Radiation for Materials Research, in M. E. 

Fitzpatrick and A. Lodini (Eds), Analysis of Residual Stresses by Diffraction 

Using Neutron and Synchrotron Radiation, Taylor & Francis, London, 2003, 

pp 28-44 

[35] P. J. Webster: Strain Mapping, in M. E. Fitzpatrick and A. Lodini (Eds), 

Analysis of Residual Stresses by Diffraction Using Neutron and Synchrotron 

Radiation, Taylor and Francis, London, 2003, pp 209-218 

[36] P. J. Withers: Use of Synchrotron X-ray Radiation for Stress Measurement, in 

M. E. Fitzpatrick and A. Lodini (Eds), Analysis of Residual Stresses by 

Diffraction Using Neutron and Synchrotron Radiation, Taylor and Francis, 

London, 2003, pp 170-189 

[37] R. B. Thompson, W. -Y. Lu, and A. V. Clarkor. ): Ultrasonic [Methods. in J. Lu 

(Eds), Handbook of Measurement of Residual Stresses, Lilburn. GA 

Fairmont Press, Senlis, 1996, pp 149-177 

-37- 



[38] S. Tiitto: Magnetic Methods, in J. Lu (Eds), Handbook of ! Measurement of 

Residual Stresses, Lilburn, GA : Fairmont Press, Senlis, 1996, pp 179-223 

[39] M. Dutta: PhD Thesis, Residual Stress Measurement in Engineering \laterials 

and Structures Using Neutron Diffraction, Materials Engineering, The Open 

University, 1999 

[40] N. Ananthaviravakumar: PhD Thesis, Investigation of Residual Stresses in 

Engineering Components Using Neutron and Synchrotron X-ray Diffraction 

Techniques, Division of Civil and Environmental Engineering. Uni\ ersity of 

Salford, 2002 

[411 Z. Wu, J. Lu, and P. Jouland: Study of Residual Stress Distribution by Moire 

Interferometry Incremental Hole Drilling Method, in Fifth International 

Conference on Residual Stresses (ICRSi), 1997, Sweden, T. Ericsson, Ni. 

Oden, and A. Andersson (Eds), pp 804-808 

[42] J. Lu, M. R. James, and L. Mordfin: Comparative Study of Different 

Techniques, in J. Lu (Eds), Handbook of Measurement of Residual Stresses, 

Lilburn, GA : Fairmont Press, Senlis, 1996, pp 225-231 

- ; ti - 



CHAPTER 2: Measurement of Residual 
Stresses by Diffraction Technique 

2.0 Introduction 

This chapter describes Bragg's law of diffraction, the principle on which the 
diffraction methods of residual stress evaluation are based. The different diffraction 

techniques are also reviewed. It is shown that the different diffraction methods can be 

used complementarily. 

2.1 Diffraction and Strain Measurement - Bragg's Law: 

Strain measurement in polycrystalline materials by diffraction is based on Bragýg's la%ý 

of diffraction [1,2]. Diffraction is a scattering phenomenon that occurs when ' ayes 

of X-rays, neutrons, or synchrotron X-rays are incident on a crystalline material 

having periodically arranged array of atoms. The atoms scatter the incident wave in 

all directions. Diffraction occurs for elastic scattering of the incident ý% ave by the 

atoms when a number of scattered beams mutually reinforce each other [1]. Since 

diffraction occurs due to elastic scattering phenomenon, the energy of the diffracted 

beam is same as that of the incident beam [1]. Bragg's law of diffraction describes the 

condition for a crystalline material to diffract an incident beam. Referring to fig 2.1 

suppose a monochromatic X-ray beam of wavelength ý, is incident on the surface of a 

crystalline material at an incidence angle theta (8). For diffraction to occur the 

condition shown in equation 1.2 must be satisfied [1]. 

?= 2dsinO 2.1 

Where d is the inter-planar spacing of the measured direction shown by the Q-vector 

in figure 2.1. 

- N9- 



p =- 

F. 

J 

Fig. 2.1 - Schematic representation of Bragg's law 
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Equation 2.1 can also be written as sinO=k/2d 

Since the value of sing, cannot be more than unity, for diffraction to occur k< 2d. 

Therefore, from equation 2.1 the d-spacing for a particular lattice reflection can be 

determined if the wavelength of incident radiation and the angular position of the 

diffracted beam peak is known. 

The wavelength k of a photon in an electro magnetic radiation is given by 

? =hc/E where h=Planck's constant, c=speed of light and E is the energy of the 

photon. Substituting in equation 2.1 we get 

he 
_ 2dsin O 

E 
2.2 

This equation relates the interplanar spacing d with the energy E. Thereby when the 

diffraction angle is constant the inter-planar spacing d can be determined by 

measuring the energy peak. 

In neutron sources the wavelength (X, ) of thermal neutrons can be related to its 

velocity (v) by De-Broglie wave-particle duality as shown in equation 2.3. 

ý_ h 

my 
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Where m is the mass of neutron and h is Planck's constant 
If a known path length L travelled by the neutron is known then the time-of-flight t of 

neutron can be obtained from t=L/v where v is the velocity of neutron. Substituting in 

equation 2.1 we find 

ht 
= 2dsin 0 

mL 2.4 

Therefore, at a constant diffraction angle, the inter-planar spacing for a particular 
lattice plane can be derived determining the peak time-of-flight in a neutron source. 

Strain as described in the last chapter can be expressed as e= 
11 -10 

10 

When expressed in terms of lattice spacing the small lattice elastic strain can be 

defined as shown in equation 2.5. 

d-d0 
_ 

Ad 

do d 2.5 

Where d is the inter-planar spacing in the strained material and do is the inter-planar 

spacing without strain. 

Thus from equation 2.1 assuming constant wavelength the strain can be determined as 

£= Ad 
= _(O _ 00) cot e do 2.6 

Therefore measuring the shift in angular position of the diffraction peak in the 

strained and in the unstrained condition it is possible to determine the strain. 

From equations 2.2 and 2.5 it can be derived that strain can be measured from shift in 

energy peak as shown in equation 2.7 

Ad AE 
do E .7 

2 

Similarly from the shift in the peak of neutron time-of-flight strain can be determined 

from equation 2.8 as shown below 

Ad At 
do t 

2.8 
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Thus from the Bragg diffraction spectra, the strain in a crystalline material can be 

obtained by 

1. Determining the peak shift in the diffraction angle of the intensity vvs. 26 plot. 
2. Determining the peak shift in the energy spectrum when energy is plotted against 
intensity or by 

3. Determining the peak shift of the neutron time-of-flight when time-of-flight of 

neutrons are plotted against intensity. 

The next sections of this chapter give a brief description of the neutron diffraction, 

synchrotron X-ray diffraction, and the laboratory X-ray diffraction techniques 

generally used to determine residual strains and stresses in engineering components. 

2.2 Neutron Diffraction 

Neutron scattering is one of the most popular diffraction techniques deployed for 

measurement of internal strain [3-5] 
. 

Neutrons, thermodynamically in equilibrium 

with a medium at ambient temperature have a wavelength close to the inter-planar 

spacing of many crystalline materials. These neutrons are known as thermal neutrons, 

having kinetic energy of 10-100 meV and wavelength in the order of 1A [6-8]. The 

earliest references of neutron diffraction for stress measurement date back to 1980s 

[3] and since then continuous development in the field has now led to the possibility 

of measuring real scale engineering components by dedicated strain scanners (for 

example ENGIN-X at ISIS) [9]. The properties of neutrons that make them suitable 

for stress measurements can be summarised as follows [5,10]: 

" Neutrons when in motion behave like waves. The wavelength of thermalised 

neutron beam can be derived from its velocity using De-Broglie's principle as 

shown in equation 2.3. 

0 Neutrons interact with the nucleus of any crystalline material during scattering 

unlike other forms of electro-magnetic radiation which interact with the electron 

cloud of an atom. Therefore, neutron scattering power of an atom is not strongly 

related to the atomic number of an atom. 

" Neutrons are highly penetrating which allows non-destructive measurement deep 

inside the bulk of a material and in common engineering material,, it can probe 

many centimetres. 
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" The wavelength of thermalised neutrons is of the order of the interplanar spacing. 
In diffraction experiments this results in a diffraction angle (20) close to 90=. 

which enables the use of a square geometry gauge volume. 
Free neutrons are primarily produced either by the fission process in a reactor neutron 

source or by a spallation process in a pulsed neutron source [11,12]. In either process 

the neutrons generated are very fast, with short wavelength, having energy in the 

range of MeV. Owing to their high energy and low wavelength these neutrons are not 

suitable for strain measurement purposes. The high energy neutrons. therefore, are 

slowed down by passing them through a moderator [12]. In the moderator, neutron 

make numerous collisions with the atoms of the moderator and release some of their 

energy. The thermalised [5,10] neutrons achieve thermodynamic equilibrium %\ ith the 

moderator temperature. If the moderator temperature is T (in K), the energy of 

thermalised neutrons in equilibrium is given as [13]; 

I 
mv2 = KßT 

2 
?. 9 

Where m=mass of neutron, v=Root mean square velocity of neutrons, KB=Boltzmann's 

constant and T=Moderator temperature in K. 

From equations 2.3 and 2.9 the wavelength as a function of moderator temperature can 

be expressed as equation 2.10 

h 
J2mkBT 2.10 

For application in materials science thermal neutrons obtained with moderator 

temperature of 300 °K are generally used. The wavelength range in this moderator 

temperature is of the order of 1.5 A which is of the same order of magnitude as the 

inter-planar spacing for most polycrystalline engineering materials. From the 

moderator, thermal neutrons can be collected which show a Maxwellian distribution 

[ 14] of flux in the wavelength range determined by the temperature of the moderator. 
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2.2.1 Reactor Neutron Source 

In reactor neutron sources, neutrons are produced by nuclear fission [1 1 ]. Modern day 

reactor neutron sources designed to produce maximum neutron flux consist of a 

compact core of uranium alloy plates enriched in 23 U isotope. Neutrons produced are 

then transported to the required moderator by beam tubes held tangentially to the core 

to minimise fast neutrons and gamma rays. The fast neutrons produced during the 

fission process are thermalised by passing through a moderator. The wavelength 
distribution of thermalised neutrons depends on the moderator temperature as 

explained in the previous section. The thermal neutron beam collected from the 

moderator is polychromatic having a range of wavelengths. For strain measurement 

purposes the white beam is usually monochromated [15] by using a crystal 

monochromator where a single wavelength is selected by Bragg diffraction when the 

polychromatic beam is incident on the single crystal at a particular angle of incidence. 

Reactor 
I 

Mute barn from moderator 
Mono chrornator 

Monocrirorrat. ed brn 

I. B earn shutter 

Incorrlirig beam control slit 

Q- -,; ectoi- of ii sure ent direction 

Receiving silt 

Detector 

Sarriple 

m, ýý nrn -st. op 

Fig. 2.2 - Schematic diagram of experimental set-up in a reactor neutron source 

The monochromator is typically a Si or Ge single crystal cut parallel to a know n 

crystallographic plane [for example the Si (111) plane]. A desirable wavelength can 
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be selected by choosing an appropriate Bragg angle. The wavelength distribution of 
the diffracted beam from the monochromator will depend upon the characteristics of 
the monochromator [15]. The general set up for strain measurement in a reactor 
source is shown in figure 2.2. 

The beam from the neutron tube is collimated inside the tube and passed through a 
pair of slits which determine the dimensions of the incoming beam. The slits are made 

up of a neutron opaque material like cadmium. The diffracted beam is passed either 
through a collimator or a receiving slit for precise location of measurement area. The 

incident and receiving slits define the measurement area precisely for the spatial 

resolution needed for strain measurement purposes. A detailed discussion on the 
diffraction geometry, gauge volume and its effect on spatial resolutions is given in 

section 2.4 of this chapter. The diffractometer consists of two co-axial rotating stage,,. 
The sample stage rotates a smaller radius while the detector rotates a larger radius on 

two concentric circles, the centre of which is shown as a cross in figure 2.2. The 

sample and the detector are rotated to satisfy the Bragg diffraction condition (0-20) 

for different wavelengths and lattice reflections. The variation of observed intensity 

plotted against 20 is measured and the angular position of the peak is determined by 

fitting the peak profile with a mathematical function which depends on the shape of 

the profile. After determining the angular position, d-spacing is calculated from 

equation 2.1. Strain is calculated by a similar principle by measuring the inter-planar 

spacing of a stress-free reference sample and then using equation 2.6. Figure 2.3 

shows a typical peak profile observed at the D1A diffractometer at the reactor neutron 

source at the, ILL. France. 
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Fig. 2.3 - Diffraction spectrum observed at the DIA instrument at the ILL reactor 
neutron source, Grenoble, France 

Samples can be scanned through the measurement volume by an XYZ motorised 

stage and the lattice spacing for a particular reflection can be mapped. With the 

measurement of a stress-free reference a strain map along the principal directions can 

be built up. 

Part of the experimental work presented in this dissertation was accomplished at the 

DIA diffractometer at the reactor neutron source at ILL, France. The detailed 

experimental set up at this instrument is discussed later in the relevant experimental 

portion of the dissertation. 

2.2.2 Spallation Neutron Source 

In a spallation neutron source sharp pulses of high energy protons are accelerated in a 

synchrotron ring, and hit a heavy atomic target (Pb, W, Ta or U) [5,10,11]. As a 

result of the collision, the target nuclei become excited and "boil off' neutrons. Due to 

the pulsed nature of the incident proton beam, the neutrons generated are also in sharp 

pulses. After generation the energy level of the neutrons are very high in MeV range. 

The neutrons are then thermalised by passing through moderators surrounding the 
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target [12]. The spallation process has the advantage of high neutron brightness in the 

pulse. Also the heat generation is much less. 

The pulse of neutrons produced in the process is characterised by a well defined 

spectrum of wavelengths. From the De-Broglie relation of wave particle duality (as 

shown in equation 2.3) the wavelength is inversely proportional to the velocity. 
Therefore, a single pulse of neutrons with different wavelengths will travel different 

times to reach the sample at a fixed distance from the moderator. In spallation sources 

this time-of-flight of the neutrons is measured and the wavelength is deduced from the 

flight time over a known flight path [16]. In a spallation neutron source, therefore, 

unlike a continuous flux reactor neutron source, strain is measured by a polychromatic 
incident beam. In the spallation neutron source at ISIS, UK the detectors are 

positioned at a fixed angle of 90° with respect to the incident beam. The sample is 

placed with the scattering vector (Q-vector) bisecting the incident beam and the 

diffracted beam. Figure 2.4 shows the schematic set up in a spallation neutron source. 

Pulse of Protons High energy neutrons 

*1 *NOW -f 1 odFTator 

Target- metal 

Q2-for direction measured in detector 2 

,- ---ý -- 

2 e1 

+The rnahsed white neutron beam 

Q 1-for direction measured in detector 1 

Jr. 

Detector 1 

-' Bead] Stipp 

Fig. 2.4 - Schematic diagram of experimental set-up at a pulsed neutron source 

The incident pulse of neutrons will be diffracted within the sample at different times 

depending upon the particular wavelength in a pulse satisfying the Bragg condition 

for the d-spacing of a particular family of crystallographic planes. The diffraction 

spectrum in a pulsed neutron source therefore contains multiple diffraction peaks from 

various families of lattice reflections (shown in figure 2.5). The two detector banks at 
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the spallation neutron source at ISIS consist of a large number of elements spanning 

an angular range of approximately 15°. There are time shifts between the diffraction 

spectra recorded in each detector element, since the path length and diffraction angle 

vary from element to element. To produce the final diffraction spectrum, the relative 

time shifts are subtracted and the intensity from all detectors are summed. This is 

known as time focussing [17]. The diffraction data is then refined and the average 

lattice parameter of the unit cell of the polycrystalline material is determined. Strain is 

determined by measuring the average lattice parameter of a stress-free reference and 

then by using equation 2.6. In pulsed neutron experiments, since many 

crystallographic planes show peaks in the diffraction profile, the average lattice 

parameter is generally used instead of the d-spacing of any particular lattice plane. 

The sample mounting table is motorised and the sample can be scanned through the 

gauge volume in all directions to form a strain map. 

A significant portion of the experimental work presented in the dissertation was 

carried out in the ENGIN diffractometer and the dedicated strain scanner ENGIN-X 

(which is in operation for engineering purposes instead of ENGIN since March 2003) 

at the ISIS spallation neutron source Oxford, UK. 
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Fig. 2.5 - Diffraction spectrum of aluminium powder observed at the ENGIN 

diffractometer at the ISIS spallation neutron source, UK 
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2.3 Measurement by Synchrotron X-rays 

Synchrotron radiation is generated by bunches of electrons (or any charged particles) 

which circulate at relativistic energies close to the speed of light [ 18-20]. All charged 

particles can emit synchrotron radiation but electrons are generally used. In 

synchrotron sources (such as European Synchrotron Research Facility at Grenoble, 

France) electrons emitted by an electron gun are first accelerated in a linear 

accelerator (LINAC) and then transmitted to a circular accelerator booster known as a 
booster synchrotron ring. In the booster synchrotron ring the electrons are accelerated 

until their energy reaches a billion electron volts [ 18]. From this booster synchrotron 

ring, the electrons are fed to a large circular vacuum pipe in the horizontal plane 

called the storage ring. Inside the storage ring the electrons are forced through a path 

resembling a polygon. The trajectory of electrons inside the storage ring is controlled 

by powerful electromagnets as shown in figure 2.6. 
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Fig 2.6 - Electron trajectory inside the storage ring. The bold arrows showing 

synchrotron X-rays generated from an insertion device and bending magnets. Further 

correcting magnets (quadrupole, hexapole) are not shown [ 18] 
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When the electrons pass through the magnetic fields of the bending magnets which 

are used to guide electrons from one straight section to the next the electrons are 

radially accelerated. When electrons are accelerated they emit electromagnetic 

radiation which is known as synchrotron radiation. The synchrotron radiation consists 

of a range of frequencies from infra-red light to y-rays, corresponding to an energy 

range of 10-12 to 103 keV. The straight sections of the storage ring contain insertion 

devices which are the other source of synchrotron radiation inside the storage ring. 

Insertion devices consist of a periodic array of electro magnets which subject the 

electron beam to an oscillating magnetic field. Under this field electrons follow a 

sinusoidal path in the orbital plane of storage ring inside the insertion device. This 

results in production of electromagnetic radiation from each point of the curve in the 

sinusoidal path. The emissions from each point interfere with each other and the 

resulting emission spectra are composed of a series of harmonics [ 18]. The insertion 

devices are so arranged that at the exit the electron beam traces back its original path 

before entering the next bending magnet. The energy lost from the electron beams is 

compensated by passing them through the cavities containing electrostatic field 

oscillating at radio frequencies [18]. 

The emission spectra obtained from both bending magnets and insertion devices 

contain a range of frequencies. In a bending magnet it is a broad spectrum of different 

frequencies, while in case of insertion device it is a range of frequencies in a series of 

harmonics. The graphical presentation of the emission spectra is shown in [ 18]. 

For electro-magnetic radiation the energy of a photon E in terms of frequency v is 

given as 

E=ho 2.11 

For an electromagnetic wave the velocity of particles is constant and equal to 

C=ýv 2.12 

Equations 2.11 and 2.12 give the relation between energy and wavelength of radiation 

expressed as 
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E_hC_12.43 

Where E is in keV and 2 is in angstrom (A). 

2.13 

Strain measurement by synchrotron X-rays can be done in two ways, by using a 

polychromatic beam or by using monochromatic beam. However, unlike neutron 

sources the time-of-flight cannot be measured as in synchrotron radiation the velocity 
is constant. Instead when a polychromatic beam is used for strain measurement the 

energy peak is identified by special detectors which can differentiate bet, veen photons 

of different energies. The spectrum shown in figure 2.7 is very similar to that of time- 

of-flight spectrum with various energy peaks plotted against the intensities [21]. 

Utilising equation 2.7 the lattice strain is measured. 

C 
a) 

Fig. 2.7 - Diffraction spectrum of energy dispersive beam line ID15A 

Where a monochromatic beam is used the white synchrotron radiation emitted in the 

storage ring is passed through a crystal monochromator [18,22]. By adjusting the 

incidence angle of the monochromator, a particular energy level is selected by Bragg 

diffraction which is used as an incident synchrotron X-ray beam. The typical set up in 
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a bending magnet beam line using monochromatic X-ray radiation is shown in figure 
2.8 
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Fig. 2.8 - Schematic diagram of experimental set-up with monochromatic incident 
beam at ESRF 

The set up for monochromatic synchrotron X-rays is comparable to that of continuous 
flux nuclear sources. The white synchrotron X-ray beam from the storage ring is first 

collimated in one plane by passing it through focussing mirrors. The beam is then 

passed through the monochromator crystal which also helps in collimating the beam 

in the other plane. In order to reduce the variation of the wavelength range often two 

single crystal monochromators are arranged in a manner so that the diffracted beam 

from the first monochromator becomes the incident beam in the next monochromator 

at the same angle. This `double bounce' helps in filtering the wavelength further, 

however, intensity is reduced in the process [21]. The incident beam is then passed 

through a slit system which controls the incident beam spot size. Due to very high 

energy and low wavelength (wavelength is an order of magnitude less than that of 

lattice spacing of most polycrystalline material) in synchrotron X-rays the diffraction 

angle is very low. The low diffraction angle, as shown in the figure 2.8, causes 

significant elongation of gauge volume along the direction of the incident beam. The 

vertical opening of the incoming and receiving beam slits determine the gauge 

volume. This is discussed in subsequent sections in this chapter. In strain scanning the 

diffracted beam from the sample can be passed through an analyser crystal, which 

precedes the detector. Analyser crystals are single crystals that stringently define the 

diffraction angle. The diffracted beam detected after the analyser crystal has high 
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spatial and angular resolution. In the diffraction spectra intensity is plotted as a 
function of the diffraction angle (shown in figure 2.9) and accurate angular 
positioning determines the inter-planar spacing of the selected crystallographic plane. 
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Fig. 2.9 -A typical diffraction spectrum obtained by monochromatic synchrotron X- 

rays observed at the ID31 beam line at the ESRF, France 

In a typical experimental hutch at a synchrotron source, detectors are mounted on a 

circular table in the vertical plane, known as the omega table. The sample is mounted 

on positioner which is placed on a smaller circular table in the vertical plane and 

concentric with the omega table. With this arrangement the 0-20 diffraction geometry 

is maintained by individual movement of the two tables. The sample holder is fitted 

with a translational motor which can move the sample across the gauge volume and 

strain maps can be obtained rapidly. 

Several experiments reported in this dissertation were carried out by synchrotron X- 

rays. Experiments were carried out by monochromatic synchrotron X-rays at the 

BM16 beam line and in the ID31 beam line at the ESRF, France. The experimental set 

ups are discussed in the relevant chapters of the dissertation. 
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2.4 Gauge Volume Definition 

The geometric definition of gauge volume is the region of the incident beam being 

viewed by the detector [23] (figure 2.10). Spatial resolution of the measured volume 
inside a material depends on the geometry of the gauge volume and the material 
characteristics. The spatial resolution of the measurement volume has significant 
influence on the determination of strain and stress variation pattern inside a specimen. 
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Fig. 2.10 - Schematic representation of gauge volume in a neutron source 

During measurement of samples with high stress gradient, spatial resolution of gauge 

volume is particularly important. The geometric shape and dimension of gauge 

volume depends upon the incident beam dimension, the collimator or the diffracted 

beam receiving slits in front of the detector and the diffraction geometry. The gauge 

shape in a synchrotron source and in a neutron source would, therefore, be 

significantly different as can be seen from figures 2.2,2.4 and 2.8. 

Neutron source - In a neutron source based diffractometer, since the diffraction 

angle (20) is close to 90° the geometry of the gauge volume is apparently well 

defined. Assuming neutrons travel in a perfect parallel and straight path through the 

defining apertures, the gauge volume will be a perfect cuboid and the intensity 
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distribution as detected by the detectors will be a top hat function as shown in figure 
2.11 a). This gauge volume is known as the nominal gauge volume (NGV) [12,24]. 
Therefore, nominal gauge volume is the simple intersection of the incident and 
diffracted beam. 

However, this is an oversimplification since paths traversed by neutron beams are not 
straight due to divergence. 
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Fig. 2.11 - Schematic plan of a) Nominal gauge volume and b) Instrumental gauge 
volume observed in a neutron source where the diffraction angle is 90° 

When the divergence of neutron beam is considered the resulting gauge volume will 

be different than that of the nominal gauge volume. This is known as the instrumental 

gauge volume (IGV) as shown in figure 2.11 b). The intensity distribution across the 

detector will not be a simple top hat function as shown in figure 2.11 a) [12,24]. 

Both the nominal and instrumental gauge volumes are geometric functions of the 

incident and diffracted beam. The spatial location of gauge volume inside the sample 

from which the diffracted beam intensity is received is known as the sampling gauge 

volume (SGV). The spatial resolution of sampling gauge volume depends on the 

material characteristics i. e. whether the material is strongly absorbing, heavily cold 

worked, textured etc. and also on the geometric location of the gauge volume relative 
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to the sample [23]. The instrumental gauge volume is identical to the sampling gauge 

volume when it is fully immersed inside a non-absorbing material. The sampling, 

gauge volume depends on [12]. 

- The attenuation of neutrons by the specimen 

- Incomplete filling of the gauge volume. 

- Wavelength distribution across the incident beam 

Neutrons mostly interact weakly with engineering materials, therefore shifting of 

geometric gauge volume centre due to attenuation for measurement of general 

engineering material (Fe, Al) is not significant. Incomplete or partial filling of gauge 

volume, however, introduces a systematic shift in the diffraction peak known as 

pseudo strain. In a time-of-flight diffractometer the principle of strain measurement 

can be derived from equation 2.4 and can be written in the form as shown in equation 

bt bd 61 sin 6 2.14 

tdl sin 6 

or Apparent strain = lattice strain + pseudo-strain 

Where t is the time of flight, e is half the diffraction angle and 1 is the total path length 

i. e. the distance between the moderator and the detector. The term lsin8 should be 

constant when assuming the moderator, sample, and detector are point like objects. In 

reality, however, these are objects with finite size and the IsinO term, therefore, 

represents a weighted average of lsine over the whole gauge volume. 
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Fig 2.12 - schematic illustration of the shift of the centre of the gauge because of a 

partially-filled gauge volume 
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Figure 2.12 schematically represents a partially filled gauge volume. It can be seen 
that the centroid of the sampling gauge volume is different than that of the 
instrumental gauge volume. The contribution to diffraction intensity is zero from 

portions of gauge volume which are not filled. This will cause a change in the average 
lsin8 and therefore, in the detected time of flight. A similar effect may happen during 

measurement of a highly-absorbing material. In these cases the measured lattice 

parameter will not be representative of the geometric centre of the gauge volume. The 

geometric gauge centre in such cases will be shifted towards the position where the 
beam is travelling less inside the material. 
It is possible to predict the geometric pseudo-strains due to an incompletely filled 

gauge volume or due to heavy absorption using computer models of the neutron 

scattering process [12]. However, as mentioned before absorption of neutrons in 

general engineering materials is not significant; however, incomplete filling of gauge 

can cause significant geometric pseudo-strain which can be as high as 800 µstrain [l0, 

23,25,26]. Therefore, pseudo-strains arising from partial filling of gauge volume 

need accounting for when using neutrons for near-surface strain measurements. 

Calculation of geometric pseudo-strain by computer modelling of the scattering 

process for near surface stress measurement in the ENGIN and ENGIN-X 

diffractometer has also been undertaken [10,27]. 

Traditionally with monochromatic sources the spatial resolution of the diffracted 

beam is maintained by means of a slit placed in front of the detector. The diffracted 

beam shape across the detector is a convolution of a rectangular and Gaussian 

function [23]. This depends on the dimension of the slit and the angular resolution of 

the diffracted beam which shows a Gaussian distribution pattern. 

On the other hand radial collimators used in time-of-flight sources restrict the vision 

of the detectors to a narrow focussed region in the direction of the incident beam. The 

rate of data acquisition is not sacrificed because of the large solid angle over «hick 

the diffracted intensities are detected. The detector resolution in the direction of the 

incident beam is a Gaussian function [23,27]. 
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The use of a radial focussing collimator is now being extended to monochromatic 

sources with 2-dimensional position-sensitive detectors for faster scanning and with 
improved spatial resolution of the gauge volume [28]. 

All the measurements by neutrons presented in this dissertation were used to 

determine strain deep inside a welded plate or assembly where the gauge volume was 
fully immersed inside the specimen. Surface strain measurements were carried out 

either by laboratory X-rays or by synchrotron X-rays. 

Synchrotron source - In synchrotron X-ray sources the high energy and lo\\ 

wavelength of the incident beam give a low diffraction angle which results in an 

elongation of the gauge volume [29]. The wavelength used in synchrotron X-ray 

diffraction measurements is normally at least an order of magnitude less than that of 

the nominal inter-planar spacing, this results in a small diffraction angle (20). 
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Fig 2.13 - The elongation of gauge volume observed in a synchrotron X-ray source. 
a) Diffraction geometry in transmission mode; b) Diffraction geometry in reflection. 
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slit. The dimension of the short diagonal (DS) is equal to (=RS cosO) w here RS i, the 

opening of the receiving slit and 0 is half the diffraction angle as can be seen in figure 

2.11. Synchrotron X-rays suffer from significant attenuation as compared to neutron,, 
[29]. Therefore, the centroid of the sampling gauge volume will be biased towards the 

part of gauge volume where the path length travelled by diffracted beam is shorter. In 

transmission geometry [shown in figure 2.13 a) where the beam enters and leaves the 

specimen from opposite surfaces] the diffracted beams travels the same path length 

from all portions of the gauge volume. Therefore, when completely immersed, the 

geometrical centre of gravity of the gauge volume is the same as that of the centroid 

of the sampling gauge volume since every portion will be attenuated bý- the same 

magnitude. In reflection geometry [shown in figure 2.13 b) where the beam enters and 
leaves the same surface in the specimen], however, there will be a shift of the 

intensity weighted centroid from the geometrical centre of gravity due to differential 

attenuation from various portions of the gauge volume. 

In this dissertation measurements were carried out in the reflection geometry on 

AA2024 specimen. The displacement of centroid of the sampling gauge volume from 

the instrumental gauge volume was determined and found to be very low for 

aluminium. 

The measurement of surface strain is however easier at a synchrotron X-ray source if 

an analyser crystal is used as, then, for near surface measurement partial filling of 

gauge volume will not lead to a development of a pseudo-strain [29,30]. 

2.5 Surface Stress Measurement by Laboratory X- 
rays 

Laboratory X-ray stress measurement is probably the oldest residual stress 

measurement technique. It dates back to 1925 and like most other stress measurement 

techniques it measures strain to determine stress [21 ]. The penetration depths of 

conventional laboratory X-ray sources are limited to tens of microns inside the surface 

and depend on the X-ray tube used for generation of X-rays. In aluminium, Cu K-a 

radiation, wavelength 1.54 A, can penetrate approximately 40 µm while Cr K-a 

radiation, wavelength 2.208 A, can probe only about 12 µm. The longer wavelengths 
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result in a higher diffraction angle and measurements are performed in a near back 

reflection geometry using this technique [31 ]. Since the measurement is confined to a 

very shallow surface layer for single phase material biaxial stress measurement is 

performed with the reasonable assumption of zero stress in the direction perpendicular 

to the surface measured [32]. Figure 2.14 shows the schematic diagram of the 

laboratory X-ray measurement technique, where the stress 63 is assumed to be zero. 

The strain (E3) perpendicular to the surface layer, however, will not be zero due to the 

Poisson's effect. The measurement of the out-of-plane strain by X-rays at various tilts 

relative to the surface can be utilised to measure the in-plane residual stresses [1 ]. The 

technique is known as the sinew technique. 

Ü-ý 

40 fb 

Fig 2.14 -A schematic representation of the sin2 w technique conventionally used in 

surface stress determination technique by laboratory X-rays 

From equation 1.16 in Chapter 1, the Poisson strain in the normal direction can be 

written as 

u ýý=-E(Y1+62) 2.1 5 
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do -do 
=-v(61 +(52) 

do E ? i6 

For isotropic solid, if the stress in an irradiated layer is biaxial the strain EW at angle 

and at an inclination iV can be written as [2] 

docp-do 
_l+yß s- 

2cß-11 (6 +(3 )2 . 17 09 doEE12 

Where 60 =61 cos 
20 +62 sin 

2 ý+612 sin2ý 

On the principal axes ßý can be represented either as ßl or as 6,. In the figure ?. 14 it 

is shown how the different Nf inclinations would measure different d-spacings as 
different sets of grain would participate in diffraction for various tilts. 

Now subtracting equation 2.16 from 2.17 

do(p - do 1+y. 2 _ d-E 60 sin cp 2.18 
0 

or 

doh +y 
60 sin 2 cpdo + do 2.19 

E 

It can be seen from equation 2.19 that day, bears a straight line relationship with sing 

and from the gradient of the plot stress can be determined with a knowledge of elastic 

properties of the material. 

The measurement of do is difficult. However, from equation 2.18 it can be seen that 

the do is substituted in the left hand side numerator by d, therefore, calculations can 

be made replacing do by do with less than 0.1 % error [32]. 

In experimental cases, however, the plot obtained is not always linear. In practice 4 

various types of deviation from linearity [21,33] are seen as shown in figure 2.15. 
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Fig 2.15 - Schematic representation of deviation from linearity in d vs. sinew plot 

In figure 2.15 a) a split in the positive and negative if tilts are shown. It occurs when 

there is a presence of a shear stress (either 613 or (723) in the measured area. This type 

of curve can be treated mathematically as explained by Noyan & Cohen [2,32]. 

Fig 2.15 b) shows an oscillatory variation of inter-planar spacing with sin2W. This 

means that there is presence of inter-granular strain or high degree of preferred 

orientation. This type of data is the most difficult to treat, however, possible ways are 

described in Noyan and Cohen [2]. 

Fig 2.15 c) shows a curve-like variation. This happens when the depth of penetration 

increases with increasing angle of inclinations. This effect may be a problem when the 

sample has a large stress gradient with depth [21,33]. 

Fig 2.15 d) shows large scatter in the data, which means poor statistical average of dour 

measured. This happens when the numbers of grains participating in diffraction is 
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small. Large grained samples and/or too small an irradiated area can contribute to 

insufficient statistics of measured lattice spacing [21,33]. 

Laboratory X-ray diffraction can be used in a semi-destructive mode to determine the 

stress gradient deep inside a material, by removing surface layer without introduction 

of new mechanical stress. This can produce surface profiles to a depth of about - 
1 mm. 

2.6 Suitability of Different Sources for Measurement 
of Residual Stresses 

The dissertation presents results of neutron, synchrotron X-ray and laboratory X-ray 

diffraction experiments. Both continuous and pulsed neutron sources were used for 

different experiments. For non-destructive, through-thickness, strain mapping the 

choice of diffraction methods depends mainly on the following [29] 

" The penetrability of the source 

" Spatial resolution achievable through definition of the gauge volume 

" The time to scan a point with satisfactory strain resolution 

" Measurement requirements including the location (bulk or surface) of the sample 

to be scanned and the size of the sample. 

The penetration of a radiation source depends upon the type of radiation, flux and the 

material probed. It is observed by experiment that after travelling x mm inside a 

specimen the intensity of radiation (Ix) drops exponentially as compared to the 

incident radiation as shown in equation 2.20 

_(µ)px 
Ix = I0e-µX = I0e P 2.20 

Where Io is the intensity of incident radiation, µ is the attenuation co-efficient and p is 

the density of the material. The expression µ/p is known as the mass absorption co- 

efficient. The mass absorption co-efficient for a given type of radiation at a given 

wavelength can be found in the literature [34]. 

Attenuation length is also a convenient way to express the penetrability of different 

radiations inside various crystalline materials. It represents the path length for a ý(i\ ell 

radiation inside a given material by which the intensity of the radiation falls by I /e 
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times the incident radiation. A compilation of the attenuation length of different 

engineering materials or different energies of synchrotron radiation and thermal 
neutrons can be obtained from Withers and Webster [29]. 
Table 2.1 shows the economically feasible depth of penetrations in 2001 b\ neutrons 
and synchrotron X-rays of different energies in aluminium in transmission and 
reflection geometry (Taken from Withers and Webster [291), ho %% c% er-, 
instrumentation is continually improving so the economical feasible depth are 
changing with time [9]. Neutrons as uncharged particles, interact weakly %\ ith material 
and penetrate much deeper than synchrotron X-rays. However, the fluxes available in 

constant flux and pulsed sources are much less than that of synchrotron X-ray sources, 
resulting in much higher counting times in the neutron diffraction experiments. 
Synchrotron X-rays are ideal for measuring strain in transmission as the high flu\ 

available give very fast measurements as compared to neutron diffraction method. 
However, when measured deep inside a component reflection geometry ýv i11 not be 

suitable since the path length will be very long [(2xdepth/sin6) where 0 is half the 
diffraction angle and for experimental purposes is about 6-8°] as can be estimated 
from figure 2.13. 

0 Time Al 

(deg) (sec) L transmission L reflection 

Neutrons 45 200000 400 170 

ID11 4 240 80 3 

BM 16 8 600 40 3 

Daresbury 

Laboratory 
8 33000 30 3 

Station 

16.3 

Table 2.1 - Estimates of depth of penetration (in mm) inside aluminium alloy in 
transmission and reflection geometries for various neutron and synchrotron 
instruments. The depths have been calculated on the basis of the times to achie\ e 10-' 
strain uncertainty with a signal to noise ratio of 1 and sampling volumes of 20mm' 
and 0.11 mm' for neutrons and synchrotrons respectively. The table is taken from [29]. 
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It is explained in section 2.4 that the gauge geometry in a neutron diffraction 

experiment is well defined and in the shape of a cuboid. The larger gauge volume in 

neutron diffraction experiments gives better volume averaging effect of the measured 
lattice spacing in comparison to that of synchrotron X-ray sources. On the other hand 

in synchrotron sources, although higher energies drive the diffraction angle to rather 
low angle and thus elongate the gauge, the small vertical beam dimension due to 

parallelism of X-rays allow high spatial and angular resolution. 
Measurement time by neutron diffraction is higher than by synchrotron radiation. In 

order to reduce the time for scanning in neutron sources wherever possible 

measurements were performed increasing the opening of the incident beam slit (a 

typical example of this is increasing the incident beam opening in vertical direction 

during measurement of transverse and normal direction of a welded plate) which 

allows faster measurement without loss of spatial resolution. The measurement time 

in synchrotron sources is the fastest because of high flux available in the incident 

beam. However, with the latest developments the measurement time in neutron 

sources has also been reduced by an order of magnitude. In the present 3rd generation 

neutron scanner ENGIN-X, measurement time is lowered by an order of magnitude 

[9]. The measurement time at ENGIN-X varies from a few minutes to tens of minutes 

for different directions while in synchrotron X-ray sources it is tens of seconds [9, 

29]. 

The measurement requirement is one of the major criteria of selection of diffraction 

source. The measurement of near surface stress is possible in neutron diffraction but 

the experiments are difficult [26] as explained in section 2.4. Surface residual stress 

measurement as explained in section 2.3 is much better suited to synchrotron X-rays, 

if analyser crystals are used which define the angle of diffraction and prevents 

measurement of any pseudo strain [30]. 

Size specificity of samples/components is also one of the major parameter to 

determine the source because sample stages in synchrotron sources are not designed 

to accommodate large engineering structures. The design geometry wing skin and 

stringer assembly could only be measured in the latest 3rd generation ENGIN-X strain 

scanner built with the objective to measure and map 3-dimensional residual 

strain/stress distribution in all the principal directions. 
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As described in section 1.1 in chapter 1, the aim of this thesis is to measure the 

residual stress distribution pattern in MIG and VPPA welded aluminium 2024 allo\ 
and how it is affected by subsequent machining and service loading. Chapters 4 to 8 
in this thesis describe the experimental techniques used during measurement of the 

coupon samples, fatigue testing samples and the wing skin and stringer assembly. 
The next chapter describes briefly the material background, welding techniques used 
for fabrication and metallurgical characterisation in terms of hardness distribution, 

grain size, and presence of texture. The characterisation provides vital input to the 
diffraction experimentations. 
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CHAPTER 3: Material Characterisation 

3.0 Introduction 

This chapter describes the metallurgical characterisation of the studied A. A2O2.1 - 
T351 based on terms of optical microscopy, texture analysis and micro-hardness 
variation after welding. A brief overview of strength development in the AA2024 in 
T351 heat treated condition is presented. Under the scope of the current program two 
fusion welding processes - the Metal Inert Gas (MIG) welding and the Variable 
Polarity Plasma Arc (VPPA) welding were studied. A brief overview of these mo 

weld processes is described. 

Grain size distribution plays a major role in macrostress determination by diffraction 

since enough grains should contribute to the diffracted intensity to obtain good 

statistics. Optical microscopy was carried out to determine the grain size distribution 

across the weld and the extent of grain coarsening due to the heat effect of welding in 

the fusion zone and the near heat affected zone. Knowledge of crystallographic 

texture forms a vital input in diffraction experiments as it describes the preferred 

crystallographic orientation of grains relative to the sample co-ordinate system. This 

is particularly important for samples manufactured by thermo-mechanical processing, 

whereby the orientation of grains may evolve to some preferred crystallographic 

direction. The crystallographic texture was determined by an electron backscatter 

diffraction facility in the scanning electron microscope. A micro-hardness 

measurement across the weld was carried. The tensile strength variation across the 

VPPA weld was measured by testing specimens machined out from the weld. 

The next section describes briefly the composition, heat treatment and properties in 

AA2024 -T351. 

3.1 Materials - Aluminium 2024-T351 Alloy 

Commercial wrought aluminium alloys are principally classified into tit o categories: 

heat treatable and non-heat treatable. The non-heat treatable alloys are Al-stn and Al- 

Mg based where the main strength development mechanism is solid solution 
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strengthening and cold deformation. Typical applications of non-heat treatable 
aluminium alloys are in automotive frames and panels. 
The heat treatable aluminium alloys are those where the alloying elements (solutes) 
show a decrease in solubility with decreasing temperature [1]. These alloys are of 
interest for airframe application as very high strength to weight ratio can be de\ eloped 
in these alloys since they show a marked response in age or precipitation hardening. 

Al-Cu (2xxx), Al-Mg-Si (6xxx), and Al-Zn-Mg (7xxx) are the wrought heat treatable 

series of aluminium alloys popular in airframe applications. The heat treatment 

sequence of age hardenable alloys is mostly the same which is as follows; 

1. Solution treatment at high temperature in a single phase region 
2. Rapid quenching to form a super-saturated solid solution. 
3. Controlled decomposition of the super saturated solid solution to form a finch 

dispersed precipitate, usually by ageing for convenient time at one or sometimes 

more than one temperature. 

AA2024 is a high strength precipitation hardened AI-Cu-Mg alloy used extensiv ely in 

fuselages and bottom wing skins and stringer panels for its damage tolerant 

characteristics [2]. The chemical composition of the alloy is given in table 3.1 (from 

[3]) 

Alloy Cu Mg Zn Mn Cr Si Fe Zr V Al 

2024 3.7-4.5 1.2-1.5 <0.25 0.15-0.80 <0.1 <0.15 <0.20 <0.05 - Bal 

Table 3.1 - The typical chemical composition of AA2024 (Wt %). 

The strength development sequences of the Al - Cu alloy are well known [1,4-6]. 

The ageing sequence of a typical Al 2xxx series of alloy is shown below. The nature 

of precipitation composition (whether 8 or S) depends upon the exact composition of 

the alloy and the Cu to Mg ratio [5]. 

SSa GP zones 00º0 (CuAI, ) 

and for alloys which contains higher amount of Mg the precipitation sequence 

becomes 

SSa , GPB zones--f Sf ,S (CuMgAI: ) 
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GP (Guinier-Preston) zones are ordered solute rich clusters of atoms about one or t-ý\ o 

atom plane thick. The formation of GP (or GPB) zones increases hardne'ý through 

elastic straining of the matrix as the solute atoms move very slightly from their 

position during formation. The density of GP (GPB) zones is of the order of 10"- 

l01S/em3. The GP zones usually (but not always) gives rise to intermediate 

precipitates which are semi-coherent with the matrix and much larger in size than that 

of GP zones. The intermediate precipitates may be uniformly distributed in the matrix 

or else form heterogeneously at lattice defects such as dislocations. The equilibrium 

precipitates are much larger, widely spaced, and completely incoherent %ý ith the 

parent matrix. Nucleation of equilibrium precipitates usually occurs at the grain 

boundaries, sub grain boundaries and the interfaces of other particles in the matrix. 

The crystallographic structure of the precipitates in Al 2xxx series is given in table ý. 2 

[7]. 
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Precipitates Crystallography 

Al-Cu-Mg with high Cu/Mg 

GP zones Cu-rich zones (thin plates) 
0 Fully coherent intermediate precipitates 
0 Semi-coherent plates on( 100), generally 

nucleated at dislocations 

Tetragonal: a=0.404nm, c=0.580nm 
0 (CuAl2) Incoherent equilibrium phase vv hich may 

nucleate at the surface of 0 

Body centred tetragonal: a=0.607nm, 

c=0.487 

Al-Cu-Mg with low Cu/Mg 

GPB zones Cu- and Mg- rich zones as thin rods along, 

<100a> 

S Semi-coherent laths on <21()> along 

<100> nucleated at dislocations. 

Orthorhombic: a=0.404nm, b=0.925nm 

and c=0.718nm 

S (CuMgA12) Incoherent equilibrium phase of similar 

morphology to S. 

Orthorhombic: a=0.400nm, b=0.923nm 

and c=0.717nm 

Table 3.2 - crystallography of precipitates commonly seen in AA 2xxx series (from 
[7]) 

The strength development in heat treatable aluminium alloys is controlled by the 

interaction between the mobile dislocations and the precipitates. The strength 

development is a complex function of particle radii and separation distances. In the 

first phase of strengthening, strength increases as the dislocations shear the 

precipitates and in this phase strength increases with the particle size till it reaches a 

critical diameter. As age hardening progresses the equilibrium precipitates form 
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becomes incoherent with the matrix. In this phase of hardening the dislocations loop- 

pass the precipitates. In this stage the inter-particle distance is the controllin i factor 
for strength development. The intersection point between the shearing and looping 

represents the maximum strength that can be developed (Figure 3.1) [I ]. 

wt 
4a 
CU 

wt 
^Cs 
P-M Cl) 

Ageing time 

7 

Fig. 3.1 - Strength development with ageing time for a typical age-hardening alloy. T 
is the shear force necessary to loop dislocation between precipitate particles from [I] 

AA2024-T351 is an extremely popular alloy for aerospace application because of its 

damage tolerant characteristics [2,8-11]. T351 implies the heat treatment condition of 

the alloy. The T3 temper means the alloy is solutionised, quenched, and allowed to 

age naturally. In its naturally aged condition the alloy shows an excellent combination 

of strength, ductility, fracture toughness, and crack propagation resistance features. 

Tx51 denotes the alloy has been stress relieved by stretching by 0.5-3% prior to 

ageing. The crack propagation resistance characteristic of this alloy is almost three 

times than that of the 7xxx series of alloy [1]. 

Complex interactions between GP (GPB) zones and lattice defects occur in 2xxx 

series of alloy during natural ageing. Although the natural ageing process varies with 

individual composition of an alloy, most of the strengthening occurs in the first day- of 

ageing and the process stabilises within next four days. In AA2024-T X51 cold 
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working after quenching causes an increase in dislocation density and subsequently 

refines the size of intermediate precipitates which aids in strength development [12]. 

Mn added in the AA2024 alloy (as shown in table 3.1) increases strength by reducing 

grain growth through formation of dispersoid particles. Distribution of dispersoids in 

matrix is often inhomogeneous (due to casting segregation) and they are not 
influenced by age hardening. Dispersoid particles are incoherent to the matrix. and 

they contribute towards strengthening only by grain refinement. The mechanical 

properties of AA2024 measured by tensile testing a specimen of 7 mm x6 mm cross 

sectional area are shown in table 3.3. 

Alloy 0.2% Proof Ultimate Tensile % Elongation 
Stress stress ( Gauge length 25mm ) 
(MPa) (MPa) 

AA2024 371 477 Z1 

Table 3.3 - Mechanical properties of AA2024-T351 (Experimentally determined by 

measuring standard tensile specimen in MTS testing machine) 

The maximum mechanical strength in AA2024-T351 is normally realised by an 

artificial ageing process. The T3 natural temper is extremely popular because of its 

balance of strength, fracture toughness and crack propagation resistance features. 

3.2 Welding of Aluminium Alloys 

Several techniques for welding aluminium alloys are currently being investigated in 

an attempt to join aerospace structural members and components and replace 

mechanical fastening [13,14]. Aluminium as compared to other metals is more 

difficult to weld since: 

" There is formation of an oxide layer as soon as the base metal comes in contact 

with air causing contamination of the weld pool 

" High thermal conductivity resulting in faster loss of heat (the heat conducti\ ity of 

aluminium is about four times than that of steel, therefore, it is necessary to ha% ea 

heat source which supplies heat four times faster). 

" Higher co-efficient of thermal expansion. The co-efficient of linear thermal 

expansion is twice than that of steel. It is therefore, necessary to ensure that joint 

alignment remains uniform. Also the combination of high thermal conductivity 
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and high linear thermal expansion can cause distortion, although through reduced 
heat input and relatively fast welding speed this problem can be minimised. 

9 Formation of porosity due to hydrogen contamination (hydrogen gas ma\ be 

trapped in molten metal at high temperature due to its high solubility in the liquid 

phase while during cooling as a result of decrease in solubility it forms pores). 
Several welding processes have been developed and are currently being developed for 

welding of aluminium alloys. This thesis concentrates on residual stress formation in 

the Metal Inert Gas (MIG) welding and the Variable Polarity Plasma Arc (\'PP. -\ ) 

welding processes. These two welding processes are being- de\ eloped for the 

precipitation hardened AA2024 and AA7150. The details of the mo fusion \\ cldin(-, 

processes are discussed in sections 3.2.1 and 3.2.2. The other potential welding 

processes being considered for welding of aluminium are 
Friction welding (FRW) [13,14] where metals are joined through mechanical 

deformation. This is a solid state welding process and defects associated with melting 

and solidification do not develop. This process can join components having relatively 

simple cross sections especially circular. This process finds its application for joining 

of turbine shafts, case components, and is being successfully implemented in engines 

of next generation fighter aircraft. 

Friction stir welding (FSW) [ 13,14] was invented by TW I (The ,\ elding institute), 

Abington, UK in 1991. It is also a solid state welding process where metals are joined 

through mechanical deformation. A cylindrical shouldered tool with a profiled probe 

is rotated and slowly plunged into the joint line between two pieces of sheet or plate 

material, butted together. This process has been successfully implemented for welding 

of precipitation hardening aluminium alloys of 2xxx and 7xxx series. As compared to 

fusion welding the process offers less microstructural modification, a smaller HAZ, 

and lower residual stress generation. The process was implemented to weld the 

booster core tank of space shuttle `Delta 11'. The FSW is now under extensive scrutiny 

by the aerospace industries and NASA for joining of aluminium alloy's. Once 

established it could replace some specific applications of aluminium and titanium 

welding by Plasma Arc Welding and Electron Beam Welding processes. 

Gas tungsten arc welding (GTAW) [13,14] which is commonly known as tungsten 

inert gas (TIG) welding. This is a fusion welding process which can produce a , cry 
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intense heat source and is capable of producing welded structure with less distortion 

as compared to metal inert gas (MIG) welds. In this process an arc is formed bet cen 

a non-consumable tungsten electrode and the metal being welded. Argon, helium or 
hydrogen can be used as an inert gas to shield the weld pool. Ho ý\ e 'er, use of 
hydrogen is restricted as it may promote porosity and hydrogen cracking. This process 

cannot compete with other fusion welding processes e. g. plasma arc N elding, laser 

beam welding because of its distortion problem. 

Laser beam welding (LBW) [13,14] is the process of joining of two metals using a 

high power laser beam to melt portions of both alloys with subsequent formation of 

the weld. Together with electron beam welding this can provide the most effective 

and intense heat source. The process is particularly useful for precision welding that 

needs high accuracy and less distortion. 

Electron beam welding (EBW) [13,14] is similar to that of LBW except it has the 

advantage of no beam reflection from the molten metal which is a problem in LB\\'. 

The process needs to be operated in a vacuum and so is particularly useful %% hen 

welding titanium alloys which cannot be welded in open air. This method is used in 

welding of Ti-6A1-4V for the F15 fighter jets. Progress in control systems and 

automation led to a significant development and EBW is now applied for one pass 

welding in one line of curved sections of varying thickness. 

Apart from these flash welding (fusion welding), resistance spot welding and 

diffusion welding (solid state welding processes) are used in welding of aluminium 

alloys or other metals used in aerospace or automotive industries [13,14]. 

3.2.1 Fusion Welding Characteristics 

The fusion welding microstructure is essentially characterised by three main zones 

- the base or parent metal not affected by welding 

- the heat affected zone (HAZ) which undergoes a change in metallurgical 

characteristics from the parent metal either directly or indirectly due to the 

heat effect of welding 

- the fusion zone which is the recast base metal with or without filler \ irc, 

known as `weld metal' 

A typical cross sectional sketch of a fusion welded metal is shown in figure 3.2 
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The central portion or fusion zone generally shows a dendritic structure because of 
fast cooling of the re-cast metal. The HAZ undergoes a change in metallurgical 
features due to the heat effects of welding which causes precipitate size re- 
distribution. The boundary between material that has been fully recast and the 

portion which remains fully solid is known as the fusion line or partial melting 

zone [15]. 

Parent metal HAZ T el, 
metal 

I 

Fig. 3.2 - schematic of various zones formed after fusion welding process 

Heat treatable aluminium alloys are considered to be more difficult to weld becaus-c of 

loss of strength in the weld metal and heat affected zone, formation of porosity and 

susceptibility to cracks formed during cooling [16]. 

The loss of strength in the weld metal and the heat affected zone is due to dilution of 

alloying elements and also is due to re-formation of precipitate size and distribution. 

The fusion zone is completely melted and the grains just after the fusion line also 

partially melted due to the heat effect of welding. This causes dissolution of all 

precipitates in the melt which later form low melting eutectics and segregate to the 

grain boundaries. Since precipitation hardenable alloys contain a larger proportion of 

solutes, the effect of eutectic phase segregation is largely manifested for such alloys. 

Some papers report the hardness and microstructure evolution in Al-Cu-Mg-Mn alloy 

due to the heat effects of welding [15,17]. A complex hardness profile is identified 

whereby ageing, over-ageing, re-solutionising, and re-precipitation are suggested to 

explain the complicated hardness profile. 

Aluminium alloys are highly susceptible to porosity by hydrogen [16]. Hydrogen 

becomes soluble at high temperature in the weld metal. The source of hydrogen may 

be moisture, or leakage of shielding gas. During cooling hydrogen loses solubility and 

is entrapped as gas bubbles. The rate of cooling also determines hydrogen entrapment, 

since rapid cooling of the weld does not give sufficient time to diffuse hydrogen. 

Heat treatable aluminium alloys are always very susceptible to cracking due to their 

large solidification range, high co-efficient of thermal expansion and large 
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solidification shrinkage [16]. Also the tendency to form low melting eutectic phases in 

the grain boundaries adjacent to the fusion zone, as mentioned earlier may promote 

cracking. Cracking in these alloys can be classified as 
Solidification cracking which occurs within the weld fusion zone and is caused by 

solidification shrinkage due to the inability of the liquid to support the strain imposed 

by shrinkage, linked to thermal stress. 

Liquation cracking occurs in the region adjacent to the fusion zone %\ hen large 

amount of eutectic phases formed in the grain boundary causing tearing due to large 

thermal stresses. 

With the exception of AA2219 (Al-6.3%Cu) the aluminium 2xxx series of alloy is 

generally classified for poor weldability [ 18,19]. This is due to the formation of lo%\ 

melting eutectics as well since all AI-Cu-Mg alloys are susceptible to hot cracking. 

AA2024 is the most difficult to weld because of the typical composition (Al- 4.4°, ()Cu) 

range that places it directly in the region of solidification cracking. Use of filler \v ire 

with a high Cu percentage e. g. AA2319 (Al-6.3%Cu) often helps in overcoming this 

problem by diluting the parent metal with high melting eutectic phases in the ww cld 

and in the neighbouring transitional regions which make crack formation less likely. 

Under the current program two welding processes have been developed to join 

AA2024-T351 to the aviation standard, using the advancements in power source 

technology and arc monitoring. 

3.2.2 Metal Inert Gas (MIG) Welding 

In Metal Inert Gas (MIG) welding a consumable electrode forms one side of the arc 

while the parent metal at the joint forms the other side of the arc (figure 3-3). The 

process is most widely accepted because of its flexibility. But although it is widely 

used, its application does not extend to manned aircraft due to a relatively large heat 

source which affects the mechanical properties of the welds [13]. 
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Fig 3.3 - MIG welding torch [20] 

ß`1/t 
, /Weid Pool 

.. ý.:. _ Base Metal 4 

Since in MIG welding process a consumable electrode forms one side of the arc, it is 

necessary to use a filler wire and AA2319 (chemistry shown in table 3.4) is used as a 
filler wire for reasons mentioned in the preceding section. 

Alloy Cu Mg Zn Mn Cr Si Fe Zr V Al 

2024 5.8-6.8 <0.02 <0.1 0.2-0.4 - <0.2 <0.3 <0.25 0.1 Bal 

Table 3.4 - The composition of AA2319 used as filler wire (from [3]) 

The electrode was fed at a constant speed by a governed motor. The temperature 

generated by the arc causes melting of the filler wire and the parent metal. Due to low 

heat input two passes were used for welding of 12.0mm thick plate. Tensile testing 

across the weld and parent metal shows that the fusion zone result showed that the 

fusion zone UTS is approximately 85% of the parent metal [16]. The microstructure 

and hardness variation characterisation performed at the across the weld is discussed 

in section 3.4. 
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3.2.3 Variable Polarity Plasma Arc (VPPA) Welding 

In the VPPA welding process a non-consumable tungsten electrode forms one side of 

the arc while the base metal forms the other side [13,16,21]. In this process a highly 

constricted AC arc is produced which causes fusion and subsequent joining of the 

work piece. The electrode is recessed in a constricting nozzle that helps to constrict 

the arc. Constriction of arc is not only achieved by means of the constricting nozzle 
but also due to high current density within the arc that generates a powerful magnetic 
field. Plasma gas is forced through the nozzle at a very high temperature and velocity 

owing to the high current density and constricting nozzle. A shielding gas is also used 

to protect the molten weld pool from the atmosphere which is supplied around the 

plasma column. A schematic representation of the VPPA torch is shown in figure 3.4 

Tungsten electrode 

-VE 

Power 
source 

. VE T Nozzle 

Fig 3.4 - VPPA torch [20] 

Coaling water 

Vorkpieee 

Plasma gas 

Shielding gas 

Another important feature of VPPA weld is the variable polarity which alternates 

between the base metal and the non-consumable electrode. The electropositive 

duration of the electrode helps in cathodic cleaning of the work piece. The invention 

of the VPPA welding process dates back to 1947 but it was not seriously considered 

until 1980s when NASA investigated the process for welding of external fuel tank of 
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the Space Shuttle and also the structure of International Space Station. The 

metallographic characterisation, hardness variation, and UTS results for the V PPA 

welds studied in this project are reported in section 3.5 of this chapter. 
The next section describes briefly the sample preparation procedure for optical 

microscopy, texture analysis and hardness variation. 

3.3 Sample Preparation 

Samples for optical microscopy were cut out from the parent welded plate for 

measurement in two planes - the rolling direction (which is same as the ýv gilding 

direction) and the transverse direction (which shows the cross sectional variation of 

grain size) (see figure 3.5). The sample was first cut by electro discharge machining 

(EDM) which enables very smooth cutting with the least mechanical deformation. As 

mentioned in section 3.2.1 fusion welding is characterised by the formation of three 

regions - the parent metal, the fusion zone and the heat affected zone (HAZ) %% hich is 

adjacent to the fusion zone and metallurgically affected by the heat of welding. 

After EDM samples from these three different locations were 

- rough ground by SiC from grit size 220 up to 4000 

- fine automatic polishing first in 6µm diamond suspension then finishing in I pm 

diamond suspension 

- Etching was done by immersing the specimen for 2-3 minutes in a solution 

containing 2g of NaOH and 5g of NaF in 93 ml of water. The etching solution is 

recommended in Metals Handbook [22] for grain size observation in the 

aluminium 2xxx series of alloys. 

The crystallographic texture analysis was performed in the parent metal and in the 

fusion zone (see figure 3.5) and the crystallographic orientation of the grains relative 

to the sample axes was determined. An electron back scatter diffraction (EBSD) 

technique [23] was utilised to determine the orientation of crystallographic planes 

relative to the sample co-ordinate system. The samples were machined out by EDM 

across the weld. Samples from the parent metal and fusion zone were chosen for 

EBSD analysis to observe the difference between the parent metal and recast , structure 

due to welding. The samples were cut into the required dimensions of 

15 mmx 10 mmX2 mm by EDM followed by: 
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- rough grinding by SiC from grit size 220 up to 4000 

- fine automatic polishing first in 6µm diamond suspension then finishing in 1µm 
diamond suspension 

- Ion beam etching, which helped in removing the deformed layer on the surface 
formed by grinding and polishing without disturbing the internal structure. This 

step is essential as EBSD does not work on deformed surface layer. 

The micro-hardness variation was measured across the weld in the cross sectional 

plane of the sample (see figure 3.5). The sample for hardness variation was obtained 
by machining out a thin layer in the transverse direction by EDM machining. The 

micro-hardness testing samples were 

- rough ground by SiC from grit size 220 up to 4000 

- subject to fine automatic polishing, first in 6µm diamond suspension then 

finishing in 1 gm diamond suspension 

Finally, tensile testing of sub size samples along the rolling direction was carried out 

to determine the variation of tensile strength across the weld in VPPA %ý elded 

AA2024-T351 alloy. The tensile testing specimens of gauge dimension 

30 mmx7 mmx5.5 mm were machined out from the original welded plate by EDM. 

The tensile testing was carried out in a MTS servo hydraulic machine and tensile 

strength, 0.2% proof stress and elongation was monitored. Figure 3.5 shows 

schematically the location of the samples. 

-83- 



strength 

.. TD 

Samples 

Samples fc 
ND 

I___TP 
. Fig. 3.5 - Sampling from various positions of the weld. The green and red marked 

samples are for optical microscopy from the longitudinal direction (LD-TD plane) and 
the transverse directions (TD-ND plane) respectively taken from the FZ, HAZ and 
parent metal. Crystallographic texture analysis was carried out in the parent metal and 
in the fusion zone. Samples were obtained from the ND-TD plane as shown in the 
figure. A hardness trace was measured in the cross sectional plane. For MIG welding, 
a hardness trace was measured in the central thickness as well as near the second pass. 
For VPPA weld a hardness trace was measured only in the mid thickness position. 
Tensile testing samples were obtained parallel to the welding direction (same as the 
rolling direction) for the VPPA weld only. The AA plane shows the sectioning of the 

sample performed for optical microscopy, texture analysis and hardness measurement. 
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3.4 Characterisation of MIG Weld 

The cross sectional macrograph of the MIG welded specimen is shown in figure 3.6. 

First pass 

fN 
econd pass 

Fat. Affert&ra 7rrp Fusion zone 

ND 

LD 
TD 

Fig 3.6 - Cross-sectional macrograph of MIG welded AA2024-T351. 

The three zones of fusion welding are distinctly visible on the cross sectional 

macrograph. The optical microscopy results for grain size re-distribution on welding 

are shown in the next section. 

3.4.1 Optical Microscopy 

The fusion zone grain structure observed in the cross-sectional (ND-TD) plane (see 

figure 3.6) is shown in figure 3.7. The area shown in the figure is close to the first 

pass side. The structure in the fusion zone shows equiaxed dendritic structure with 

segregation of solute particles along the grain boundary. The fusion zone grain 

structure in the welding plane (LD-TD) plane is shown in fig. 3.8. It also shows an 

equiaxed dendritic grain structure with segregation along the grain boundaries. The 

grain size is measured statistically by taking 10-12 fields from 2-3 different samples 

under the eye piece of the microscope. The scale of the eye piece lens is used for 

measurement and magnification is adjusted during calculation of grain size. 

The grain size distribution of the heat affected zone in (ND-TD) plane and (LD-TD) 

plane is shown in figures 3.9 and 3.10 respectively. The parent material grain size 

distribution is shown in figures 3.11 and 3.12 respectively. For the cross sectional 

plane the parent metal grain size is found to be between 70-100 µm in the transverse 

direction and 25-30 µm in the through thickness direction. In the longitudinal plane 

the grain size is about 200-230 gm elongated in the rolling direction and 80-100 µm in 

the transverse direction, almost the same is observed in the HAZ. Elongation of coarse 

precipitates or intermetallics is eminent in the rolling direction. 

_85_ 



ý'ý 

ý; 

L 
60 

v 

-ý#ýýi 

. ý, ý , ýº 
ýý ýý ý. ý_ , 

't 
w 1 

4% 
K* 

tt + ily ww It 

Fig. 3.7 - Grain structure of fusion zone in the cross sectional plane of MIG welded 
AA2024-T351 near the first pass side 
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Fig. 3.8 - Grain structure of fusion zone in the longitudinal plane of MIG welded 
AA2024-T351 on the first pass side 
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Fig. 3.9 - The grain structure of HAZ in the cross-sectional (ND-TD) plane 
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Fig. 3.10 - The grain size distribution of the HAZ in the longitudinal plane 

-87- 



'Rom 

.: t 

"lit vo 

all. 

. 00 

"`te 
rr 

'ar=# 

ý- n 

1ý 

"-r- ar-. 
.,. 

. ate 

" 

Fig. 3.11 - Grain size distribution of parent material in ND-TD plane 
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Fig. 3.12 - Grain size distribution of parent material in LD-TD plane 
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3.4.2 Texture Analysis 

The crystallographic texture of various common diffracting planes was measured by 

electron backscatter diffraction pattern (EBSD). In this study the texture pattern «as 

determined and represented in terms of pole figures using the hkl EBSD software 

[23]. A pole figure shows the projected position of a particular set of crystallographic 

planes (with respect to the sample co-ordinates) which have been projected on to a 

sphere and then on to a circle. The pole figures shown are obtained by contour plot of 

the experimental densities (MUD) obtained from the diffraction pattern. The colour 

contours show a scale from blue to red with blue the minimum and red the maximum. 

The absolute values of densities observed are shown in every figure in the right hand 

scale. The electron backscatter diffraction technique reveals the micro-texture pattern 

with high spatial resolution [24]. However, in the experiments to determine the 

texture pattern in AA2024, a step size of 20 pm over a grid of 2 mmx2 mm was used 

to ensure that information on the crystallographic texture pattern was obtained from 

large number of grains. 

The crystallographic texture observed in the parent metal is shown in figure 3.13. 
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Fig. 3.13 - Crystallographic texture represented as pole figures in the parent metal of 
MIG welded AA2024-T35 1. The relative position of the principal axes is shown on 
the first pole figure. 
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The pole figure shows the crystallographic texture pattern is random and the 

crystallographic planes do not show any specific orientation pattern on the different 

axes of the sample co-ordinates. 
The crystallographic texture pattern in the fusion zone is shown in fig 3.14 
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Fig 3.14 - Crystallographic texture represented as pole figures in the fusion zone of 
M IG welded AA2024-T3 51. 

Texture of the dendritic recast structure shows a complete random occurrence of 

crystallographic planes (figure 3.14). 

3.4.3 Micro-Hardness Variation 

Micro-hardness variation across the cross section in a welded aluminium alloy is a 

result of a complex process of re-solutionisation, re-precipitation, critical ageing, and 

over-ageing. A detailed DSC study can be seen in [7]. 

The micro-hardness was measured in a Leitz-Wetzlar micro-hardness testing machine 

with 300 g load. Reference hardness blocks were measured to check the calibration of 

the machine. Figure 3.15 shows the micro-hardness variation on the cross sectional 

(ND-TD) plane in the central line (Scan I) and in another line which is 5mm from the 

central position towards the second pass side (Scan II). 
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Fig. 3.15 - Micro-hardness variation across the cross sectional (ND-TD) plane of 
MIG welded AA2024-T351 

A symmetric double peak hardness profile was observed on both sides of the weld. 

Position I is the weld metal. This is the softest region since this portion was 

completely melted and then recast. The effect of stretching (as a part of the TX51 

treatment) was completely removed here with subsequent formation of a soft annealed 

zone. Also filler wire AA2319 has high percentage Cu and dilution of Mg takes place 

with subsequent formation of 0 type precipitation in place of S type precipitation. 

At Position 2 (symmetric on either side of the weld) there is at least partial re- 

solutionising and re-precipitation. This zone was clearly not melted but the heat of 

welding caused re-solutionising with subsequent re-precipitation in the zone. 

However, the degree of re-solutionising is low as explained later. 

Position 3 (symmetric on either side of weld) shows a marked drop with respect to 

position 4 (symmetric to either side of the weld): this zone is clearly categorised by 

marked over-ageing. Here the precipitate particles became coarser and widely-spaced, 

allowing dislocations to glide with less resistance. The drop in hardness is significant 
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in terms of the parent ageing while less with respect to position 2. That is why it was 
concluded during explaining the hardness variation at position 2 that the 

re-solutionising and re-precipitation is only partial. 

Position 4 shows a slight increase in hardness over the parent metal ww hich can be 

inferred as artificial ageing by the heat of welding which causes a critical ageing of 

the parent metal precipitate. The small drop of hardness between position 4 and 5 may 
be attributed to a slight degree of critical ageing. 

The near HAZ [up to position 3] in the MIG weld spans about ±9.5 mm on either side 

of the weld and the far HAZ [up to position 4] spans about ±20.5mm on either side of 

the weld. 

3.5 Characterisation of the VPPA Weld 

The optical macrograph of the cross section of the VPPA weld is shown in figure 
3.16. 
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Fig 3.16 - Cross-sectional macrograph of VPPA welded AA2024-T351. 

As in the MIG weld the fusion zone, heat affected zone and the parent metal welding 

by VPPA process can be clearly observed from the macrograph. The grain size 

distribution from optical microscopy is shown in the next section. 

3.5.1 Optical Microscopy 

As for the MIG weld the grain size distribution across the VPPA weld was determined 

in the fusion zone, the heat affected zone and in the parent metal. The grain size 

distribution was determined in the cross sectional (ND-TD) plane and also in the 

direction of rolling in the (LD-TD) plane. Figures 3.17 and 3.18 show the fusion zone 

grain pattern in the cross sectional and longitudinal planes respectively. 
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Fig 3.17 - Columnar dendritic grain structure in the fusion zone of VPPA welded 
AA2024-T351 in the cross sectional (ND-TD) plane 
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Fig 3.18 - Columnar dendritic grain structure in the fusion zone of VPPA welded 
AA2024-T351 in the longitudinal (LD-TD) plane 

In contrast to the MIG weld, the fusion zone in the VPPA weld shows a columnar 
dendritic grain structure. The reason can be attributed to the speed of welding: in M IG 

welding the high metal deposition rate coupled with the use of filler wvire resulted in 
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equiaxed dendritic grain pattern. In the autogeneous VPPA weld the low welding 

speed, no use of filler wire and intense heat input resulted in a columnar dendritic 

structure. The grain boundary segregation in the VPPA weld is evident in figure 3.17. 

Investigations on weld microstructures have also showed similar results for other 

fusion welds [19,25]. 

The grain size distribution in the HAZ in the cross sectional and the longitudinal plane 

is shown in figures 3.19 and 3.20 respectively. 
Imr 

"F 

Fig 3.19 - Grain size distribution in the HAZ of VPPA welded AA2024-T351 in the 

cross sectional (ND-TD) plane 
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Fig 3.20 - Grain size distribution in the HAZ of VPPA welded AA2024-T351 in the 
longitudinal (LD-TD) plane 

The parent metal grain size distribution in the cross sectional plane and in the 

longitudinal plane is shown in figures 3.21 and 3.22 
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Fig 3.21 - Grain size distribution in the parent metal of VPPA welded AA2024-T351 
in the cross sectional (ND-TD) plane 
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Fig 3.22 - Grain size distribution in the parent metal of VPPA welded AA2024-T35 I 
in the longitudinal (LD-TD) plane 

In the VPPA weld, the grain size in the cross sectional plane of the parent metal is 

found to be 50-80 gm in transverse direction and 25-30 gm in the through thickness 

direction. In the longitudinal plane the grain size is about 200-230 gm elongated in the 

rolling direction and 80-100 gm in the transverse direction. The grain size distribution 

in the HAZ appears to be slightly on the higher side of this range. Elongation of 

coarse precipitates or inter-metallics can be seen in the longitudinal direction since the 

rolling direction is the same as that of the welding direction. 

3.5.2 Texture Analysis 

The occurrence of the different crystallographic planes relative to the sample axes was 

determined as described in section 3.3. 

-96- 



{1001 Pole Figges 

1F115-1 cprj 
Akirrwxgn Imo; 
Complete data sex 
8603 data ports 
Equal 

. 
Mea p orechm 

per hecr p 'ergs 

Hat 2t7 
Custer s¢e 5' 

Ep dc----vý I-A 
Mr=0.14 113: =1 

Fig 3.23 - Crystallographic texture pattern in VPPA welded AA2024-T35 I 

The texture distribution pattern in the parent plate is shown in figure 3.23 which 

shows a random texture pattern without any strong preferred orientation of any family 

of crystallographic plane along any of the principal axes. The pole figure obtained for 

dendritic, recast fusion zone is shown in figure 3.24. 
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Fig 3.24 - Pole figure obtained from the fusion zone of VPPA welded AA2024-T35 I 
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3.5.3 Micro-hardness Variation 

The micro-hardness variation was determined across the weld in the cross sectional 
(ND-TD) plane along the central through thickness line as explained in section ý. 3. 
The hardness testing procedure was as described in section 3.4.3. 

The micro-hardness variation observed is shown in figure 3.25 
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Fig 3.25 - Micro-hardness variation across the cross sectional (ND-TD) plane of 
VPPA welded AA2024-T351 

Similar to the MIG weld, here also symmetrically on both sides of the fusion zone two 

double hardness peaks are observed. The formations of the key locations marked are 

explained below. 

The hardness in the weld metal zone marked 1 is the minimum, which is due to 

complete melting and then re-casting of the zone resulting in an annealed structure. 

The solutes also preferentially segregate across the grain boundaries resulting in a 

subsequent loss of strength. The re-melting also caused elimination of dislocations 

and sub-structures formed during the cold stretching action as a part of T 1" I 

treatment before its natural ageing. 

-98- 



The peak in the zone marked 2 (symmetric with respect to the centre of the weld) is 
due to re-solutionisation in this zone with the heat of welding and subsequent re- 
precipitation, but the re-solutionisation is partial as the hardness level is slightly less 

than the parent metal. 

in zone 3 (symmetric with respect to the centre of the weld) the hardness drop can be 

attributed to the heat of welding which was insufficient to solutionise but caused 

extensive over ageing of the existing precipitates. 
Zone 4 (symmetric with respect to the centre of the weld) shows a critical artificial 

ageing by the heat of welding which caused the hardness to rise over the naturally 

aged parent metal shown as zone 5 (symmetric with respect to the centre of the weld). 
A DSC study to correlate the hardness behaviour can be obtained from [7]. 

The intense heat available in the VPPA process caused a much broader heat affected 

zone as compared to the MIG welding. In VPPA welding the near and far HAZ span 

up to ±13.5 mm and ±29 mm on both side of welding. The near and far HAZ in case 

of MIG weld found to span about ±9.5 mm and ±20.5 mm on either side of the « eld. 

3.5.4 Mechanical Properties Variation 

The tensile stress, 0.2% proof stress and the percentage elongation have been 

characterised by measuring tensile testing specimen in a MTS hydraulic tensile testing 

machine. The test specimens were machined out from the longitudinal direction of the 

weld sample as shown in figure 3.5. The gauge dimension of the specimens measured 

was 30mm (LD) x5.5mm (TD) x7mm (ND). Specimens were machined out to 

monitor the variation of UTS and 0.2%PS across the weld. The variation of the 

mechanical properties across the weld is shown in figure 3.26. 
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Fig. 3.26 - Mechanical properties variation across the weld in VPPA %%-elded 
AA2024-T351 

The tensile strength and the yield stress show a slight double peak across the ,ý cld. 

The centres of two neighbouring specimens are separated by 2.75mm. The spatial 

resolution between two tensile test specimens limits the possibility of more accurate 

location of the double peaks. The distribution profile of tensile strength across the 

weld cross section is due to precipitate size distribution across the weld. 

The average UTS in the parent metal was observed to be about 474 MPa, and the weld 

centre UTS observed 320 MPa which is about 67.5% of the parent metal. The 0.2% 

PS in the parent metal was found to be about 371 MPa. The elongation was measured 

on a gauge length of 25 mm and was found to be 19.5% while at the centre it was 

9.2% which is less than 50% of the parent plate. The re-melting and subsequent 

formation of dendritic structure resulted in loss of ductility. 

The next chapter describes the residual stress determination in MIG welded AA2024- 

T351 plate in the as-welded condition. Also the evolution of stress after skimming to a 

lower thickness is measured. 
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3.6 Summary 

Brief literature reviews of AA2024-T351 its properties and applications have been 

presented. 

The different welding processes studied were presented. Hardness variations 

measured across the different welds give an idea about the extent of heat affected 

zones and the precipitate distribution after welding in this precipitation hardening 

alloy. In MIG and VPPA weld processes the extent of the heat affected zone « as 
found to be different. Therefore, the extent of residual stress generation also be 

different for these two welding processes. The centre of the welds shows lower 

hardness due to compositional and structural change from the parent metal plate. This 

emphasizes the need for devising a stress-free reference sample to correct the 

measured strain in the welded samples. 

The grain size distribution is an important input for diffraction experiments. For 

measurement of macro stress and to observe the trend in stress variation, it is 

necessary to ensure sufficient number of grains participated in diffraction. Otherwise, 

there will be unusual scatter in the result. The gauge volume in diffraction 

experiments varies between different sources, directions measured and diffraction 

techniques. In order to establish comparability between different sources and to 

reduce statistical error it is necessary to ensure large numbers of grains participate in 

the diffraction processes. 

Crystallographic orientation distribution is important to decide the use of lattice plane 

to be used during diffraction experiments. The measured aluminium 2024 alloy 

exhibit random crystallographic orientation. However, for alloys which show strong 

textural components (see reference [26]) it is necessary to decide on the lattice 

reflections to be used for measurement of different directions. 

These results are used as a vital input in the diffraction experiments as explained in 

succeeding chapters. 
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CHAPTER 4: Residual Stress in MIG 
Welded AA2024-T351 Plate 

4.0 Introduction 

This chapter describes the measurement details of the coupon sample of MIGv. elded 
AA2024-T351. A combination of neutron and synchrotron X-rays %\a-,, - used to 

measure the strain along the three principal directions in the as-welded sample. 
Complementarity between the two different methods was established by comparing 

one principal strain direction measured at both the sources. Three dimensional stress 

values were calculated from the measured strain using appropriate elastic constants. 
The as-welded plate was then skimmed and stresses were evaluated again using 

neutron diffraction. For all the different experiments, the strains measured %% ere 

corrected for strong compositional variation across the weld by measuring an elastic- 

stress free reference comb sample of insufficient dimension to hold an internal stress 

field. The strain and stress evolution in the process of skimming was then compared. 

Laboratory X-rays were also used to determine the surface residual stress pattern. The 

next part of the chapter describes the experimental techniques for evaluating the three 

dimensional stress patterns in the as-welded sample. A brief description of all the 

instruments used with specific set ups during the experiments is given. The results of 

as-welded and skimmed sample are then discussed and the stress evolution due to 

machining is presented. Finally the surface stress results are described. 

4.1 Experimental Techniques 

The as-welded plate received is 500 mmx 186 mmx 12 mm in dimension, where the 

longest dimension is in the welding direction (which is the same as the rolling 

direction as explained in section 3.3 in chapter 3). The welding direction is designated 

here as the longitudinal direction. The width of the specimen is 186 mm after w\ elding 

two plates of 93 mm width. The direction across the weld is known as the trans\ erse 

direction. The through thickness direction of the sample is called the normal direction. 

The dimension in the through thickness direction is 12 mm. The as-recei\ed sample is 
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shown in figure 4.1, where LD represents the longitudinal direction, TD represents the 
transverse direction, and ND represents the normal direction. 
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Fig. 4.1 - The MIG welded AA2024-T351 sample in as-received condition. 

The sample after receiving was cut into two pieces, one with longitudinal dimension 

of 275 mm and the other of 118 mm. From the end, about 50 mm length was 

discarded. This ensures steady state welding condition in the MIG welded plates. A 

separate experiment was carried out in order to determine the distance from one edge 

of the plate to reach a steady state welding condition (Appendix 2). The specimen 

with 275 mm length was chosen for measurement purposes with the assumption that 

the stress state will be representative of the main welded plate. A macro stress-free 

reference sample was machined out from the end of the 275 mm sample in the form of 

a comb of 3 mmx3 mmx 12 mm dimension. The comb sample was machined out from 

one end of the specimen in a manner that elastic stress free reference can be obtained 

for different locations across the weld and a point to point correction [l, 2] of the 

measured strain can be carried out as explained later. Figure 4.2 shows the picture of a 

comb machined from the weld. The comb was machined out by EDM in the cross 

sectional plane of the weld. The dimension along the longitudinal direction is 3 mm. 

The sample was cut in the transverse direction in an interval of 3 mm up to 8 mm 

depth for stress relieving in transverse direction. 
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Fig 4.2 - Reference comb sample 

As explained in section 1.3.2 of chapter 1, welding residual stress arises due to 

inhomogeneous plastic deformation due to the thermal stress gradient. The heat of 

welding raises the temperature surrounding the weld. At this high temperature the 

metal expands plastically due to low yield strength and deforms under compression 

against the far field material. During cooling the elastically deformed surrounding 

pushes back the expanded region and the misfit due to unequal contraction results in 

tensile residual stress. In the direction of welding as well the shrinkage of the 

solidifying material is opposed by already solidified material, giving rise to tensile 

residual stress, which is balanced in the far field parent metal by formation of 

compressive stress [3-5]. 

The coupon weld samples were manufactured in simple butt geometry, therefore the 

weld stress generation will be mainly along the longitudinal direction and the 

transverse direction. The normal direction will be affected by the process of stress 

generation during welding when the plate is thick [3]. There will be a variation in 

stress across the weld, and along the weld it will remain constant for practical 

consideration. 

A schematic diagram of the sample along with the measurement locations are shown 

in figure 4.3 
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Fig 4.3 - Schematic description of the sample and measurement locations. The comb 
machined out from the weld is also shown 

The measurements were done along the imaginary ABCD plane in the middle of the 

coupon sample and along five through thickness lines at -5 mm, -3 mm, 0,3 mnm, 5 

mm where 0th line denotes the mid thickness. The positive through thickness side 

denotes the first pass of welding while the negative through thickness side denotes the 

second pass of welding. Across the weld a region of ±30 mm was measured. 

As discussed in sections 2.2.3 and 2.6 of chapter 2, synchrotron X-rays are ideal for 

measurement of the in-plane stress directions in transmission. The in-plane 

longitudinal and transverse principal strain directions in the as-welded plate were 

measured by synchrotron X-ray diffraction in transmission geometry on the BM l6 

beam line at the European Synchrotron Radiation Facility (ESRF). The stress free 

reference comb sample was also measured for the two principal directions for 

positional correction of measured strains for the strong chemical composition 

variation across the weld [1]. In the normal direction measurement by synchrotron 

radiation is not possible because the path length in synchrotron diffraction geometry 

becomes very large (for measuring X mm deep inside an engineering component the 

path length becomes 2XX/sin6 where 0 is equal to 7.5°). Also there is the possibility 

of a difference in the centre of measurement between the geometric gauge volume and 

the sample gauge volume. 
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The as-welded sample was then measured for the transverse and normal directions on 
the ENGIN diffractometer at the pulsed neutron source at ISIS. The ENGIN 
diffractometer works on the principle of time-of-flight (TOF) [6]. On ENG IN the 

transverse and normal strain directions were measured simultaneously b% two 
detectors placed 180° apart. The stress free reference comb sample was also measured 
for the transverse and normal directions. Thus the transverse direction, measured at 
both the sources, provided the comparability between the two sources. The 

geometrical configuration during measurement of transverse and normal strain 
directions in a neutron source allows opening of gauge volume which reduces the 

counting time by sampling of large number of grains [7]. This can be seen in figure 

4.11 in section 4.2.2. Increasing the vertical height of the incident beam slit 'ý ould 

lead to sample more grains parallel to the weld, where strain variation is assumed to 

be constant. The principal strain directions were then combined to determine the three 

dimensional state of stress in the as-welded sample, assuming from symmetry that the 

directions measured are the principal strain directions; and that aluminium is isotropic 

in the elastic region. With this experimental technique two dimensional mapping of 

strain and stress state of the as-welded sample could be done in an optimal manner. 

All aerospace specimens are machined before assembly. The design geometry . wing 

skin stringer panels are designed to be machined down to 7 mm after welding. 

Therefore it is of importance to note any stress evolution due to such machining. With 

this in view the as-welded sample was skimmed down to 7 mm from 12 mm in 

several steps by removing 0.5 mm in successive steps from each side (closely 

following the manufacturer's process route). The skimmed sample was then measured 

in the new ENGIN-X dedicated strain scanner [8] where the time of measurement is 

almost five times less than the ENGIN diffractometer. The reference comb sample 

was also measured. The strains measured in the three principal directions were then 

combined to determine the state of stress in the skimmed sample. Stress evolution 

owing to skimming was then studied by comparing the result obtained from the as- 

welded and skimmed sample. 

The next section of this chapter briefly describes the different beam lines wt here the 

experiments were carried out. 
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4.2 Experimental Methods 

This section describes the experimental set ups on the BM16 beam line at ESRF, the 
ENGIN diffractometer and the new ENGIN-X strain scanner at the ISIS spallation 

neutron source. 

4.2.1 BM16 Beam Line at ESRF 

The BM16 beam line at the ESRF was used for strain measurement experiments 

performed before March 2002. The initial BM in the name of this beam line stands for 

bending magnet as discussed in section 2.3 of chapter 2 [9]. The optical arrangement 

at BM 16 was as shown in figure 4.4 [10] 

Horizontal Plane 
optics hutch 

Den 
Mac 

Fig. 4.4 - Optical arrangement at BM 16 (Top view) [ 10] 

In principle the beam line accept white X-ray radiation in the horizontal plane from 

the bending magnet. This is incident on a curved mirror, set at a grazing incidence and 

this mirror collimated the beam in a vertical sense. After the mirror the white beam 

was passed through a double crystal monochromator and the beam was 

monochromated using the Si 111 reflection. The second crystal was bent to focus the 

beam in a horizontal plane as shown in figure 4.4. 

The diffractometer was mechanically very stable, accurate (A1 arcsec) and precise 

(sensitive to displacements of 5x 10-5°). The detector bank consisted of 9 detectors 

each separated by 2°. Each detector was preceded by a Ge 111 analyser crystal. The 

arrangement is shown in figure 4.5 [10]. 
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Fig. 4.5 - Diagram of nine channel multi-analyser detector at BM 16 [10] 

The use of an analyser crystal ensures that the position of the diffraction angle was 

immune to surface aberrations during entering or leaving the specimen surface. The 

energy range available in the beam line was 5-40 keV which corresponds to a 

wavelength range of 0.31-2.48 A. The intrinsic peak width is about 0.003° [10]. 

Detectors 

Analyser crystals 
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0 mega table 

ncoming beam 

Fig 4.6 - The diffractometer at BM 16 

The diffractometer at BM 16 is shown in figure 4.6 The technical details of the 

diffractometer can also be obtained from [11,12]. 



The lateral distance between the incoming beam and the omega table was only 
120 mm. Therefore, to measure the welded plate of 186 mm width, a non- 
conventional set up was utilised where the translator motor fixed on the omega table 
was removed and fixed on the table on the other side of the omega table. 
The experimental set up used for measurement of longitudinal direction is shown in 
figure 4.7. 

Beam location 

'incga table 
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: -- ti -iii ýlariýi 
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Fig 4.7 - The experimental set up at BM16 beam line for measurement of the 
longitudinal strains 

Monochromatic radiation of wavelength 0.3097 A was used. This corresponds to an 

energy level of 40 keV. In section 3.4.2 of chapter 3a random crystallographic texture 

was determined by EBSD analysis. With this information the {3111 reflection was 

chosen to determine the inter-planar spacing in the parent welded plate and in the 

comb sample as a stress free reference. The 13111 reflection is the most suitable in 

FCC polycrystals for least anisotropy and best representation of the average 

macroscopic strain within the measurement volume [ 13,14] 
. 

The diffraction angle (20) for the 13111 reflection was 14.5°. An angular range of 

0.5° was scanned in 200 steps with an angular speed of 1° per minute to locate the 

exact angular position of the peak. The peak obtained was fitted by a Gaussian 

distribution function and a flat background with the ESRFit routine [1-5]. A typical 

peak fitted with Gaussian distribution is shown in figure 4.8. 
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Fig 4.8 -A typical peak shape fitted with a Gaussian distribution 

The different parameters used during the experiment on BM 16 at ESRF are shown in 

table 4.1 

Parameter BM16 beam line at ESRF 
Reflection used 311 

Energy level 40 keV 
Wavelength 0.3097 A 

Fitting function Gaussian 
20 14.5° 

Gauge Volume 4x 2x 0.5 mm3 
Directions measured LD & TD 
Measurement time 30 seconds 

Table 4.1 - Important technical parameters used at BM16, ESRF 

As mentioned in section 2.4 of chapter 2 the gauge volume when measuring by 

synchrotron radiation is elongated significantly due to the low angle of diffraction. At 

a particular diffraction angle the geometry of gauge volume depends upon the vertical 

opening of the incident beam slit and the opening of the receiving detector slit. In 

order to keep the elongation low the vertical opening of the incident beam slit was 

kept at 0.5 mm. The receiving detector slit was also kept at 0.5 Im". With this 
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configuration the dimension of gauge volume observed during measurement of 
longitudinal and transverse directions are as shown in figure 4.9 

Q-vector LD(TD) 

Diffracted beam-", ' 
ii LI 

a) 

Incoming beam O 5-LD(T t 

l! 

3.96-ND 

b) 

Fig 4.9 - The diffraction geometry and the gauge volume dimension is show n here. In 
a) the side view of the diffraction geometry. In b) the gauge volume dimension along 
various directions is noted. The direction in the bracket shows the dimension observed 
in sample co-ordinate system during measurement of the transverse strain direction; 
while the direction shown outside the bracket shows the dimension observed in 
sample co-ordinate system during measurement of the longitudinal strain direction. 

The horizontal opening of the incident beam was kept at 2 mm. The high diffraction 

energy drives the diffraction peaks to a rather low angle with consequent elongation 

of gauge volume in transmission geometry, but the small vertical beam dimension due 

to parallelism of X-rays allows high spatial resolution [12]. Also the narrow peak 

width, 0.02-0.04° (20), allows very high angular resolution as can be seen in figure 

4.8. 

4.2.2 ENGIN Diffractometer at ISIS 

The ENGIN diffractometer at ISIS spallation neutron source operates on the principle 

of time of flight (TOF) diffractometry as explained in section 2.2.2 of chapter 2. 

ENGIN was a custom built strain measurement instrument at ISIS (now superseded 

by ENGIN-X). The schematic top view of the diffractometer is shown in figure 4.10. 
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Fig 4.10 - The schematic top view of the ENGIN instrument 

In a spallation source the neutrons from the moderator are directed towards a beam 

line. The wavelength resolution of a time-of-flight instrument increases with larger 

flight paths. However, a longer distance will lead to loss of neutron flux and pulse 

overlap i. e. neutrons with low wavelength in the succeeding pulse would begin to 

overlap the higher wavelength neutrons of the preceding pulse. To avoid the later 

problem a chopper device (which periodically cut the beam from the moderator to 

avoid overlapping of pulses) is used for high resolution instruments. This reduces 

pulse frequency with subsequent loss of time integrated intensity [16]. In ENGIN 

diffractometer no chopper was necessary. The flight path in this instrument was 15 m. 

The wavelength range was 0.8-6.6 A. ENGIN had two banks of detectors each centred 

on the Bragg angle at a relative angle of ±90° as shown in fig 4.10. The sample was 

positioned at a fixed diffraction angle bisecting the incoming and the diffracted beam 

as shown in figure 4.10. Thus, at a given time, two strain directions could be 

measured simultaneously. The collimators of ENGIN defined an approximate distance 

of 1.5 mm in the through-thickness direction from which the diffraction information is 

received. The detectors cover a solid angular range of 81.4 - 98.6 in 20 [17]. This 

range is reasonably small for proper definition of the scattering vector but it greatly 

increases the intensity as more grains contribute to diffraction. However, there are 

time shifts between the diffraction spectra recorded in different detector elements 

since the path length and angle vary from element to element. To produce the final 

spectrum, the relative time shifts are subtracted and the intensities from all detectors 
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are summed. This is known as time focussing [16,18]. The ENGIN instrument could 
measure strain inside a component with a resolution of -50 µc. The gauge volume 
could be resolved up to 2 mm3. Samples could be scanned up to ±13 cm in x, y and z 
with positioning accuracy of more than +0.1 mm [6,19]. 

The as-welded samples were measured for transverse and normal direction on the 
ENGIN diffractometer. The experimental set up is shown in figure 4.11 
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Fig 4.11 - Setup for transverse and normal strain measurement at the ENG IN 
diffractometer at ISIS. The comb sample was also fixed on the sample for 
measurement of stress free reference lattice parameter in the two directions. 

As mentioned before, in this set up it is possible to increase the gauge volume along 

the direction of welding assuming strain variation to be constant in the measured 

length. Opening the gauge volume in the welding direction would help in sampling 

more grains, resulting in faster measurement without loss of resolution. 

The diffraction angle of 20=90° results in a well defined geometric shape of the gauge 

volume as shown in figure 4.12. 
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Fig 4.12 - The diffraction geometry and the gauge volume dimension on ENGIN is 
shown here; a) the top view of the diffraction geometry for measurement of transverse 
and normal directions. In b) the gauge volume dimension along various directions is 
shown 

The incoming beam dimension during the experiment was kept at 2 mm horizontal 

opening and 20 mm vertical opening. The diffracted beam collimation collects the 
intensity in a length of 1.5 mm along the through thickness direction. The resulting 

gauge volume geometry and dimension is shown in figure 4.12 b). 

The reference comb sample was also measured in the two directions; however, the 

gauge volume for measurement of the comb was reduced to 2 mmx 2 mmx 2 mm in 

all the three directions. The important parameters of measurement are shown in table 

4.2 

Important Parameters ENGIN beam line at ISIS 
Reflection used Multiple diffraction spectra 

TOF range 6-14 msec 
Available wavelength (X) range 0.8 - 6.6 A 

Fitting function Pawley refinement of entire diffraction 

spectra utilising GSAS program 
20 90 

Gauge Volume 2x 20x 1.5 - for sample 
2x 2x 1.5 - for reference comb 

Directions measured TD & ND 
Measurement time 25 minutes - for sample 

90 minutes - for reference comb 
Table 4.2 - Important technical parameters used at ENGIN, ISIS 

The peak shape at the ENGIN diffractometer is not symmetric because of the 

wavelength distribution in a pulse shape from the moderator [16,17]. The peak profile 

observed at ISIS can be described as a Voigt profile (a linear combination of Gaussian 

1.5mm-ND 20mm-LD 

2nun-TD 
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and Lorentzian) on one side and an exponential decay on the other [ 16]. The 

algorithm for fitting such a peak shape is incorporated within the GSAS [20] (General 
Structure Analysis System) and a Pawley refinement [21 ] was used to determine the 
lattice parameter of the unit cell. A single peak observed at the ENGIN diffractometer 

is shown in figure 4.13. 
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Fig 4.13 - Single peak profile observed at ENGIN at ISIS. 

4.2.3 ENGIN-X Diffractometer at ISIS 

The ENGIN-X diffractometer is built as a dedicated strain scanner with the objective 

of accurately measuring the lattice spacing (dhk1) inside a component at a precise 

location [8,22]. The primary flight path of this instrument is 50 m as compared to 

15 m for ENGIN. The beam travels through a curved super mirror guide to minimise 

the loss of neutrons in the travelled path. The increase in path length results in 

superior time resolution as each wavelength distribution in each pulse of neutron is 

much better characterised. It has been shown by Daymond and Johnson [22] that in a 

dedicated strain scanner design, the influencing factors to achieve high peak 

resolution are by improving the time resolution of each pulse, which can be achieved 

by increasing the primary flight path, and by reducing the horizontal angular 

divergence of the incident beam. The design of ENGIN-X houses a tuneable 
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resolution of incident beam which can be achieved by inserting or removinL slits 

along the horizontal side of the final 12 m primary path [8]. Ho« e% er, there is a trade 

off with the intensity. Almost an order of magnitude improvement in time required for 

scanning is realised on the new ENGIN-X instrument over the ENGIN diffractometer. 

This allows a much more complete study of the residual strain stress field in 

engineering components. The wavelength range at ENGIN-X is between 0.10 A. A 

complete basis of the design criteria for the strain scanner and a comparison of the 

improvements achieved can be seen in [22]. The translation stage at ENGIN-X allow" 

scanning up to ±25 cm with an accuracy of positioning of 0.005 mm. Detector 

collimation of 0.5 mm, 1 mm, 2 mm and 4 mm is available for different through- 

thickness spatial resolution [23]. 

The MIG welded specimen after skimming was measured on ENGIN-X. The three 

principal directions (longitudinal, transverse, and normal) were measured on three 

through-thickness lines (-2.5 mm, 0 mm and 2.5 mm). The horizontal and vertical 

opening of the incident beam slit was kept at 2 mm x2 mm during measurement of 

the longitudinal direction. Since longitudinal strain scanning is done by vertical 

scanning using the Z-translation with the weld direction horizontal (bisecting the 

incident and the diffracting beam), the incident slit needs to be restricted to maintain 

the spatial resolution. During measurement of the transverse and normal direction the 

gauge volume was increased to 2 mm x 20 mm to reduce the measurement time 

further by large number of grains sampling as described in the previous section. A 

2 mm collimator was used to define the spatial resolution in the through-thickness 

direction. The reference comb sample was also measured in the longitudinal and 

transverse strain directions to determine the stress-free references (do) across the weld. 

A2 mm x2 mm x2 mm gauge volume was used during measurement of the reference 

comb sample. During the experiment the comb was carefully scanned from all 

directions to locate the surfaces and the gauge volume was placed completely 

immersed inside each tooth of the comb. Figure 4.14 shows the setup during 

measurement of the transverse and normal strain directions. 
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Fig 4.14 - Set up for determination of transverse and normal direction on ENGIN-N 
at ISIS 

The important technical parameters during measurement on ENGIN-X is given in 

table 4.3 

Important Parameters ENGIN-X strain scanner at ISIS 
Reflection used Multiple diffraction spectra 

TOF range 15 - 45 msec 
Available wavelength (2, ) range 0.5 - 10 A 

Fitting function Pawley refinement of entire diffraction spectra 
utilising GSAS program 

20 900 
Gauge Volume (mm-) 2x 20x 2- for measurement of TD & ND 

2x 2x 2- for measurement of LD and reference 
comb 

Directions measured LD, TD & ND 
Measurement time 5 minutes per point - for TD & ND 

15 minutes per point - for LD and reference 
comb 

Table 4.3 - Important technical parameters at ENGIN-X 

It can be seen that the measurement time for measurement at ENGIN-X is reduced by 

almost 6 times as compared to that of ENGIN. The saving in time realised is utilised 

for more complete mapping of residual stress. 
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4.3 Results for the As-welded MIG Sample 

The results for the as-welded sample are given below. The stress-free reference 
(henceforth referred to as dog) is vital in determination of the strain values in the 

welded plate. As mentioned in the experimental method section, the d� variation was 

always determined from the comb using identical measurement conditions. The 

method of calculation of error associated with measurement of strain and calculation 

of stress at any point presented in this thesis is explained in appendix 1. 

4.3.1 Measurement of Reference Comb Sample 

The do variation in terms of pseudo-strain (calculated with the average value of 

observed do as reference) across the weld observed at BM 16 is shown in figure 4.15. 
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Fig 4.15 - Pseudo-strain variation in reference comb sample across the weld as 
observed in the longitudinal and transverse directions on BM16 

The 31 1 reflection was used to measure the lattice spacing by synchrotron radiation. 

The total strain variation in the LD is about 1239 µstrain while in the TD the strain 

variation is approximately 1734 µstrain. Unlike the LD strain, in the TD the strain 

variation shows scatter in the far field parent metal. This may be attributed to the 
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problem of granularity i. e. in the transverse direction there are possibly fewer grains 

with crystallographic orientation such that the 311 plane normal is parallel to the q- 

vector. Also the geometry of sample setup is such that during measurement of the 
transverse direction, spatial location of gauge volume between two consecutive 

measurements were not overlapping unlike during measurement of longitudinal 

direction when two consecutive measurements overlapped each in two consecutive 

measurements (Refer to figure 4.9). 

The reference comb strain variation as measured at ENGIN diffractometer at ISIS is 

shown in figure 4.16 
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Fig 4.16 - Pseudo-strain variation in reference comb sample across the weld as 
observed in the normal and transverse directions on ENGIN diffractometer. Data 
inside the box were taken from measurements of the other side assuming symmetry. 

At ENGIN the measurement of several diffraction peaks minimises the possibility of 

measuring any type II strain present in the parent metal. The strain variations show a 

similar trend as measured by synchrotron radiation. However, the overall strain 

variation is less, as expected due to sampling more grains compared to the 

synchrotron measurement. It is clear from the figures that variation of d� spacing is 

mainly in the fusion zone where complete melting and solidification as well due to the 
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introduction of filler wire cause compositional variation across the weld. The 

reference lattice variation in LD and TD as measured on ENGIN-X is shown in figure 
4.17. 
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Fig 4.17 - Pseudo-strain variation in reference comb sample across the weld in the 
longitudinal and transverse directions on ENGIN-X. Data inside the box were taken 
from measurements of the other side assuming symmetry. 

The strain variations observed during measurement of the LD and TD are 782 and 843 

µstrain respectively. From the results it may be inferred that the strain variation in all 

three directions is in the range of 800 tstrain. The higher variation when measured by 

synchrotron radiation can be a combined result of the presence of type 11 strain for a 

particular reflection (as the plates are manufactured by plastic deformation process 

and aluminium is anisotropic in the plastic region [24]) and granularity where fewer 

grains participated in the process of diffraction. 

4.3.2 Comparability between the two processes 

The 3-dimensional stress tensor in the as-welded plate is determined by combining the 

longitudinal and transverse strains measured by synchrotron X-rays and the normal 
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strain measured by neutrons. Therefore, it is necessary to determine the comparability 
between the two processes. The comparability can be observed by comparing the 
transverse strain distribution obtained from these sources. The transverse strain 
distributions (after correction for the reference lattice measurement measured on the 
different sources) along the central through-thickness line is shown in figure 4.18. 
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Fig. 4.18 - Centreline transverse strain comparison between ESRF and ISIS. The data 

shown inside the boxes show difference in strain value observed near the parent 
material. 

Good comparability can be seen in the transverse direction strain distribution pattern 

between the two sources. The main difference in the strain values is observed near the 

parent plate material where the data show scatter (in the regions identified with 

rectangles). This difference can be explained by reference do figure 4.19 which shows 

the parent plate and the reference comb lattice parameter distribution from both 

sources. 
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Fig 4.19 - Lattice parameter plot of the parent plate and the stress free reference. Near 
the parent plate high scatter in data from synchrotron source resulted in high strain 
values near the parent plate 

From the lattice parameter variation in the plate and the reference comb sample, the 

reason for the transverse strain variation in the parent plate can be inferred. It is 

shown in section 3.4.3 of chapter 3 that the near-HAZ is limited within a range of 

+9.5 mm. The weld metal, where compositional changes occur during fusion welding, 

is within ±5 mm from the centre of the weld. The variation in the far-HAZ and in the 

parent plate where there is no compositional change can therefore be attributed to 

granularity and scatter due to difference in experimental conditions (e. g. gauge 

volume, effect of inter-granular strain). With this in view the do values measured after 

±10 mm is averaged in each direction to produce a single do representative of the 

parent plate to reduce the scatter in data. The resulting strain distribution after 

averaging the parent plate do value is shown in figure 4.20. With constant parent plate 

do the transverse strain variation at ESRF ranges from 1164 µstrain maximum to 

-885 Astrain. The same variation in case of neutron diffraction result ranges from 

1028 µstrain to -1042 µstrain. 
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Fig 4.20 - Centreline transverse strain comparison between ESRF and ISIS with 
constant parent metal value. 

The transverse strain map comparison of the synchrotron X-ray and neutron 

measurement is shown in figure 4.21. 

Transverse Strain Distribution with synchrotron data 

ä 

-30 -20 -10 0 10 20 30 

Transverse Strain Distribution with neutron data 
Q) 
U) 
a) 

0 

Strain(X1e6) 
Above 1,340 
1,000- 1,340 

0 650- 1,000 
0 300 - 650 

-50 - 300 
0 

-400- -50 
-750- -400 

-1,100- -750 
Below -1,100 

Fig 4.21 - Two dimensional strain map comparison measured by neutron and 
synchrotron X-rays. (Constant parent do) 
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4.3.3 Determination of Strain and Stress Tensors 

The centreline strain distribution is shown in figure 4.22. Here the longitudinal and 
transverse direction strain data is taken from the experiments by synchrotron X-ray 
data. The normal direction strain is taken from the neutron diffraction experiment 
data. 
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Fig. 4.22 - Centreline strain distribution across the weld along the three principal 
directions. 

The longitudinal strain distribution shows a double peak at ±6 mm and ±12 mm from 

the centre of the weld. The peak strain value appears at about ±6 mm position which 

is about 3400 µstrain. The tensile peak pattern in the LD then gradually becomes 

compressive at ±20 mm distance from the weld centre. The maximum compressive 

strain in the LD is -492 tstrain. The transverse and normal strain directions show an 

similar variation. Compressive strain is observed in the central region of the weld in 

the transverse and normal directions, which near the far field become tensile. The high 

compressive strain distribution in the transverse and normal direction balances the 

high tensile strain distribution of the longitudinal direction in the weld and the heat 
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affected region of ±20 mm. The maximum compressive strain in the transverse 
direction is -885 µstrain and at the far field the maximum tensile strain observed is 

1164 µstrain. The maximum compressive strain in normal direction is -1300 p. strain 

and the maximum tensile strain, near the far field, is 290 Astrain. The full strain maps 

across the weld are shown in figure 4.23. 

It is worth mentioning that the measured parent plate strain is corrected by a point-to- 
point d0 correction which minimises the possibility of accounting of inter-granular 

strain. 
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Fig. 4.23-Strain maps across the weld cross-sectional plane 
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The positive side of the y co-ordinate in the map is the first pass side for the M IG 

weld. The strain generation is much greater in the longitudinal direction than the other 

two principal directions. The weld profile is clear in the longitudinal strain 

distribution map. The heat effect during the second pass of welding, relaxing strain 

near the first weld pass side is clearly observed in the map. 

Strain along the three principal directions is then combined to determine residual 

stress generation, assuming Hooke's law in the elastic regime. Aluminium is isotropic 

in the elastic regime [25]. The Young's modulus used in conversion of strain to stress 

is 72 GPa and Poisson's ratio is taken as 0.345. 

The centreline stress variation in the three directions is shown in figure 4.24. 
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Fig 4.24 - Centreline stress distribution of MIG welded AA2024-T35 I 

The centreline stress distribution shows a double peak profile in the longitudinal stress 

pattern. At the centre, the transverse and normal stress distribution show compressive 

stress. The longitudinal stress variation in the centreline shows tensile residual stress 

in the weld and HAZ, becoming compressive at the far field. The first peak stress in 

LD is observed at ±5 mm and the next peak is observed at +12 mm. The maximum 

tensile stress at a position 5 mm from the weld is 292 MPa. The stresses in the 

transverse and normal directions at the same position are 122 MPa and 70 MPa tensile 

stresses respectively. This results in a hydrostatic stress at 5 mm from the weld centre. 

The maximum stress generation in the transverse and normal directions are 122 MPa 

and 74 MPa respectively. The stress variation across the entire cross sectional plane is 

shown in two-dimension in figure 4.25. The LD stress shows the highest level of 

tensile stress generated during the process. The positive side in the through-thickness 

is the first pass side which shows some annealing from the heat generated during the 

second pass welding. The stress peak in the near HAZ is closer to the centre of weld 

in the second pass as compared to the first pass. 
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Fig 4.25 - Stress distribution map in a MIG welded AA2024-T351 

4.3.4 Sensitivity between the Sources 
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In sensitivity analysis, stresses determined from transverse strain values from 

synchrotron radiation data are compared with the stresses determined using transverse 

strain values measured from neutron diffraction. Since the purpose of diffraction 

experiments is ultimately to determine the stress, sensitivity analysis between the 

sources provides a direct mode to compare the results obtained in this novel hybrid 

technique. 

In figure 4.26 the centre line stress distribution calculated from synchrotron X-ray 

data and neutron data is presented. Stress values are calculated by combining the 

longitudinal strain determined from synchrotron source with the transverse and 

normal strain obtained by neutron diffraction (shown here as neutron data) and 

longitudinal and transverse strains from synchrotron source with normal strain data 

from neutron source shown as synchrotron data. 
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Fig 4.26 - Stresses obtained from combining longitudinal strain from synchrotron 
radiation with transverse & normal strain data from neutron diffraction experiment 
(black line) and longitudinal & transverse strain data from synchrotron X-rays with 
normal strain data from neutron experiments (red line) 

The maximum and minimum stress values obtained through the two different 

processes are given in table 4.4 

Stress calculated from transverse Stress calculated from transverse 

strain data from synchrotron X- strain data from Neutron 

rays experiments 

Maximum Minimum Maximum Minimum 

Longitudinal 292 ±8 6± 12 285 ± 14 4.3 ± 14 

direction 

Transverse 122 ± 10 -16 ± 10 106 ± 12 -7 ± 13 

direction 

Normal 75 ± 12 -33 ± 11 71 ± 12 -28 ± 14 

direction 

Table 4.4 - Magnitude of maximum and minimum stress determined through the two 
different sources 
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The sensitivity analysis between the two sources shows excellent comparability with 
respect to stress magnitude and distribution. 

4.4 Results from the Skimmed MIG-welded Sample 

As mentioned in section 4.1 of this chapter the as-welded sample after measurement 

was machined to 7 mm thickness. This section shows the 3-dimensional strain 

measured along the principal directions and the stresses determined from the 

measured strains. 

The centreline strain variations in the principal directions are shown in figure 4.27. 
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Fig. 4.27 - Centreline strain variation observed in skimmed MIG welded AA2024- 
T351 

The strain variation in all three principal directions shows a similar trend as vv as 

observed in the as-welded sample. In the longitudinal direction a tensile strain peak is 

observed in and around the weld up to a distance of ±5 mm. After ±12 mm the tensile 

stress reduces sharply to zero and becomes compressive after ±20 mm. The double 

peak, however, is less pronounced in the far HAZ at ±12 mm. The maximum tensile 
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strain in the LD is 3463 pstrain at a position ±5 mm from the weld centre. The 

compressive strain in the far field is -328. tstrain. The transverse and normal strain 

variations also show a trend similar to that observed in the as-welded plate. The 

transverse direction shows a compressive strain in the weld and HAZ, becoming 

tensile at the far field in the parent metal. The maximum tensile transverse strain is 

425 µstrain. The maximum compressive strain observed at ±12 mm is -862 µstrain. 

In the normal direction although the strain pattern remains the same, it is fully 

compressive. The maximum compressive strain at the region of ±12 mm is 

-1700 p train while it reduces to -235 p strain near the far field parent metal. 

The strain maps in the principal directions are shown in figure 4.28. 
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Fig 4.28 - Strain map in MIG welded AA2024-T351 skimmed sample 
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The centreline stress distribution in the three directions is shown in figure 4.29. 
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Fig 4.29 - Centreline stress variation in skimmed MIG welded AA2024-T351 

The maximum longitudinal stress value of 300 MPa is seen at ±5 mm from the centre 

of the weld. In the skimmed sample the second tensile stress peak at ±12 mm 

(observed in the as-welded sample) has almost completely disappeared. The 

longitudinal stress after ±12 mm falls sharply and becomes compressive after 

±18 mm. The transverse stress profile shows a maximum tensile stress at ±5 mm and 

the stress value is 130 MPa. In the centre of the weld the stress remains compressive 

in the transverse and normal directions. The normal direction stress profile closely 

follows the transverse profile, with the stress values more compressive. In the normal 

direction the maximum tensile stress observed is 67 MPa at position ±5 mm from the 

weld. The maximum compressive stress in the transverse and normal directions is 

observed at ±12 mm and of value -55.25 MPa and -100.44 MPa respectively. As in 

the as-welded sample at ±5 mm from the weld centre hydrostatic tensile stress is 

observed. 

The two dimensional stress maps along the three principal directions are sho\ý ri in 

figure 4.30. 
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Fig 4.30 - Stress distribution maps in the skimmed plate. 

4.5 Stress Evolution in Skimmed Sample 

From the strain and stress distributions of the as-welded and skimmed sample it is 

apparent that the longitudinal direction is the most affected direction in terms of 

generation of residual stress. In this section the residual strain and stress evolution in 

the longitudinal direction is discussed. Figure 4.31 shows the centre line stress 

evolution in the longitudinal direction in the as-welded and skimmed sample. 

- 135 - 

-20 -10 0 10 20 30 
Normal stress ästribution 

-20 -10 0 10 20 30 

Distance from weld centre (mm) 



-u- Skimmed 
3501 -" As-welded 

300 

250 

200 

co 
CL 150 

100 

V! 

50 

0 

-50-1 

-30 -20 -10 0 10 20 30 

Position (mm) 

Fig 4.31 - Centreline longitudinal stress distribution in as-welded and skimmed 

sample 

The stress distribution shows a similar distribution pattern in the as-welded and 

skimmed sample. The maximum stress observed in both samples remains at ±5 mm 

from the weld centre and at about 300 MPa. In the skimmed sample at ± 12-14 mm 

the stress peak which is prominent in the as-welded sample has almost disappeared 

and stress values sharply become compressive after +18 mm from the centre. 

The longitudinal stress evolution near the first welding pass is shown in figure 4.32. A 

through-thickness position of 2.5 mm towards the first pass side is considered for the 

skimmed sample. For comparison with the as-welded plate the 3 mm through- 

thickness line towards the first pass is considered. The tensile stress peak in the as- 

welded sample is observed at 12 mm with a value of 267 MPa, similar maxima in the 

skimmed sample appeared at 5 mm from the weld centre. 
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Fig 4.32 - LD stress distribution comparison near the first pass 

30 

The two dimensional longitudinal direction stress maps in as-welded and skininied 

sample are shown in figure 4.33. 
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Fig 4.33- Longitudinal stress map in as-welded and skimmed sample. 

It is apparent from the two-dimensional map that the tensile stress region in both cases 

remains the same, extending ±15 mm on both sides of the weld. Ho\ý e\ er, the tensile 

peak region is squeezed considerably towards the weld centre and the double stress 
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peak near the central portion of the weld has almost disappeared in the skimmed 

sample. 

It is worth mentioning that the principal strain directions in the skimmed sample ý< crc 

measured by neutron diffraction unlike the as-welded specimen where the 
longitudinal strain was measured by synchrotron diffraction. Neutron diffraction 

measurements have a higher volume averaging effect as compared to synchrotron 
diffraction. The stress distribution pattern studied was probably to an e \tent 
influenced by this phenomenon as well. 

4.6 Surface Stress Determination by X-rays 

The surface stress was determined using laboratory X-rays. Cr K-a radiation v. as used 

to determine the surface at a penetration depth of 10-15 microns. A Stresstech X-ray 

machine was used with incident Cr K-a wavelength 2.29 A operating at tube voltage 

20 keV and tube current 6.7 mA. Two reflections ý 311 ; and ;222} ýv e re used at 

20=139° and 20=156° respectively and surface stress was determined by measuring 

12 psi (Ni) tilts between -45 to 45° range. The stress was measured in the longitudinal 

direction as this is the most affected region by residual stress generation. The result is 

shown in figure 4.34. The surface stress distribution also shows a double peak at 

+8-9 mm and X11-13 mm from the weld centre. The surface stress distribution shoýti s 

excellent comparability for the two reflections up to X18 mm. The difference in stress 

value in the parent metal may be attributed to plastic anisotropy effects. The 

maximum stress of 199 MPa from the {222} reflection is observed at 8 mm from the 

weld centre. The maximum stress of 180 MPa was observed at a similar position from 

the { 311 } reflection. 
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Fig 4.34 - Surface stress distribution measured by Cr K-a radiation by laboratory X- 
rays 

4.7 Summary 

A novel technique was used to measure three dimensional residual stress distributions 

in a MIG welded plate. Using the advantages of the latest developments in neutron 

and synchrotron X-ray measurement techniques full three dimensional strain mapping 

was performed through a cross section in the middle of the plate. In spite of 

significant differences in diffraction geometry and gauge volume, these two 

diffraction techniques show excellent comparability. The complementarities between 

the techniques were utilised to determine the full residual stress profile in an 

optimised manner. 

Stresses were found to be pre-dominant in the longitudinal direction. In the welding 

direction the already solidified material prevents the shrinkage of the solidifying 

material resulting in tensile residual stress. The centreline stress distribution in the as- 

welded condition showed a double peak profile with maximum tensile residual stress 

of about 290 MPa. The transverse and normal directions show much less stress 

generation of 122 MPa and 75 MPa respectively. The longitudinal stress near the 

parent material becomes compressive to achieve stress balance. 
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Stress evolution following skimming was studied as almost all ýý gilded structures in 

aerospace applications are machined after welding. The ENGIN-X strain scanner «as 

used to map the residual strain pattern in the skimmed sample. 
The skimmed plate did not show any major reduction of stress level in the 
longitudinal direction. A maximum residual stress of 300 MPa was observed in the 

near-HAZ. Similar to the as-welded sample, tensile stresses in the trans\ ere and 

normal directions are much less compared than those in the longitudinal direction. 

The maximum tensile residual stresses in the transverse and normal directions w\ ere 

observed to be of 130 MPa and 67 MPa respectively. The stress distribution profile. 
however, in the skimmed sample showed significant difference from the as-welded 

sample. The double peak tensile stress distribution is eliminated in the slimmed 

specimen with a single peak stress distribution across the weld. In the skimmed 

sample the tensile stress region near the weld seems to be squeezed in close to the 

weld centre. 
In both as-welded and skimmed samples in the near HAZ at about tý mm from the 

weld centre a hydrostatic tensile stress region is formed. This is important since 

normal annealing heat-treatments will not be able to relieve hydrostatic stresses. 

The surface stress distribution shows a maximum tensile stress of 180 MPa in the near 

HAZ and, since both the as-welded and skimmed sample show considerable through- 

thickness stress gradient, it is vital to determine stress distribution profile on the 

surface for full characterisation. 
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CHAPTER 5: Residual Stress in VPPA 
Welded AA2024-T351 Plate 

5.0 Introduction 

This chapter describes the residual stress generation in welded AA2024-T ýý1 plate h% 

Variable Polarity Plasma Arc welding. Here also the three-dimensional str c 11 
distribution across the weld was determined in the as-welded plate and subsequently 
its evolution was studied after a reduction of thickness. First the as-%\ elded plate %\ as 

measured in a reactor neutron source. The sample ww as then skimmed and a 

combination of neutron and synchrotron X-rays were used (similar to as- described in 

chapter 4) to determine the three-dimensional stress variation across the ý\ eld. The in- 

plane transverse and longitudinal strain directions of another as-wwelded "ample of 

identical origin was measured by synchrotron radiation and compared v.. ith the results 

from neutron diffraction for the as-welded sample. This provides an opportunity to 

compare the repeatability of the weld process in terms of residual strain generation 

along the two main principal directions and also comparability between reactor 

neutrons and synchrotron radiation. 

5.1 Experimental Techniques 

Two as-welded plates of dimension 470 mmx280 mmx 12 mm ww ere received for 

measuring stress generation from the welding process. The plates were welded along 

the rolling direction. Figure 5.1 shows the as-welded sample. 
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Fig. 5.1 - As welded sample 

The principal strain directions are shown on the figure. The welding direction (ýýhich 
is the same as the rolling direction) is called the longitudinal direction (LD). The 

direction across the width is called the transverse direction (TD) and the direction 

through the thickness is called the normal direction as shown in figure 5.1. The 

dimensions along the transverse and normal strain directions are 280 mm and 12 nine 

respectively. 

The sample was then cut into two pieces of 240 mm and 120 mm length. The 240 mm 
long piece was used for measurement. A separate experiment was carried out by 

laboratory X-rays to determine the length from the edge after which steady state 

welding condition is achieved for VPPA welding in terms of residual stress. The 

result shows that after -60 mm from the edge the residual state stress is similar to that 

of the centre of the weld (Appendix 3). Strain measurements were thereby carried out 

in the middle of the 240 mm long plate with the knowledge that the stress state will be 

representative of a full size sample. 

A reference comb sample of dimension 3 mmx3 mmx l2 mm was machined out from 

one end of the specimen by EDM. 
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Fig 5.2 - Schematic representation of the measured specimen and the reference comb 

Figure 5.2 shows the dimensions of the specimen measured and of stress-free 

reference sample machined out from the weld. In the sample the imaginary ABCD 

plane in the middle was measured. 

Considering the centre of weld as the origin, ±50 mm on each side was measured. 

Three through-thickness (the central line and ±3 mm on either side) lines were 

measured. The reference comb sample was measured at mid-thickness. 

The specimen in the as-welded condition was first measured on the DIA 

diffractometer at ILL. The three principal strain directions were measured and the 

stress across the weld was evaluated. 

The sample was then skimmed to 7 mm thickness. The skimmed specimen was 

measured using a combination of neutron and synchrotron X-rays, as described in 

chapter 4. The in-plane strain directions were measured by synchrotron radiation on 

the ID3I beam line at ESRF. The transverse and normal strain directions were 

measured on the ENGIN diffractometer at ISIS. The principal strain directions 

measured were then combined to determine the stress variation. Another as-welded 

sample of identical origin was measured for the in-plane strain directions on 1D31. 
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A reference comb sample was measured at all the sources to correct the . train 
measured in the plate for do changes due to compositional variation. \\ hen measured 
by monochromatic beams using reactor neutrons and synchrotron X-ray, the do 

spacing shows a different trend for each principal direction. 

In order to find out the reason for this variation a conventional sin'w technique [1] 

was used to determine the presence of any unrelieved macro stress in the normal 
direction since this is the direction of maximum dimension 12 mm (see figure 5.2). 

The experiment was performed on ID31 beam line using the fast measurement by 

synchrotron radiation. The stress measured on each finger of the reference comb \\ as 

used to correct the do spacing measured in all principal directions. 

The reference comb measured by spallation neutrons at ENGIN did not show a 
difference in trend when the average reference lattice parameter .t as observed. The 

diffraction data from ENGIN was refined for multiple diffraction peaks as 'ý ell as 

individual lattice reflections were refined to observe the trend. 

The diffraction results using monochromatic radiations and pulsed neutrons .ý crc 

analysed for a complete understanding of the difference in do) spacing within the 

principal directions. 

After the correction for unrelieved macro stresses a positional cl� correction [2,3] 

across the weld was done which ensured correction for compositional & structural 

modification in the weld and the heat affected region. Position based c! � correction also 

ensured elimination of undue accounting of anisotropy strain. 

Two as-welded samples were measured for the in-plane strain directions by reactor 

neutrons and synchrotron X-rays. This helps in establishing the weld process 

repeatability and also provides a comparison between processes by reactor neutrons 

and synchrotron radiation. The next section briefly describes the beam line and 

experimental set up on the different diffractometers. 
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5.2 Experimental Mef - hods 

In this section the experimental set ups on different diffractometers at the neutron and 
synchrotron X-rays sources are described. 

5.2.1 DIA diffractometer at ILL 

The D1A diffractometer is presently used for strain scanning at ILL, the high flux 

reactor neutron source. The diffractometer is situated at a distance of 60 in from the 

reactor. The white thermalised neutron beam was monochromated by using an 

anisotropically squashed Ge monochromator. The monochromator focuses a 250 mm 
high beam to 30 mm. Depending on the hkl plane of the monochromator a range of 

wavelengths from 1.39 - 2.994 A can be used for strain scanning purposes. A near 
Gaussian peak shape is observed with peak width resolution of 0.32° for diffraction 

angles (20) close to 90°. The flux (2x 106 N/cm2/s) at sample stage is the highest 

amongst reactor neutron sources allowing for reasonably fast measurements [4,5]. 

For this experiment a monochromatic beam of wavelength 1.911 A was used. The 

{3111 plane of reflection was chosen which gives a diffraction angle (20) of 103°. An 

incoming beam of 2 mmx2 mm was used during measurement of the longitudinal 

direction, while for transverse and normal directions the incoming beam size «as 

increased to 2 mmx 10 mm. A1 mm collimator was used before the two dimensional 

Position Sensitive Detector (PSD). Use of a collimator before the t« o-dimensional 

PSD ensured high through-thickness spatial resolution of the measurement volume 

with increase in count rate due to large detector area [6]. A schematic representation 

of the sample and the gauge volume is shown in figure 5.3. Figure 5.3 a) shows the 

schematic set up for longitudinal direction for which a vertical scan ýw as performed 

across the weld. Figure 5.3 b) shows the gauge volume during measurement of the 

longitudinal direction. Dimensions along the specific directions shown are for the 

sample co-ordinate system. The gauge volume during measurement of the transverse 

and normal directions was the same and shown in figure 5.3 c). The incoming beam 

height was increased to 10 mm as it is assumed that there is no variation of strain in 

the longitudinal direction. This reduces the measurement time drastically, ww ith larger 
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numbers of grain sampling. The sample was mounted on a translating table Nti hich 

moves at a precision of 5 µm under computer control [5]. 

Monochromatic beam 

Si: 

NIP 

TIC` 

a) 

or (LD) 

SD 
nun 

2mm ND 
TD 

2mm 
LD 

b) 

10n 
LD 

c) 

Fig 5.3 - a) The schematic set up on DIA at ILL for measurement of LD, b) &c) 

show the gauge volume during measurement of longitudinal and transverse directions 

respectively. 
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The near Gaussian peak shape at DIA is shown in figure 5.4 
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Fig 5.4 - The peak profile observed at D1A, ILL 

The gauge volume for measurement of the reference comb sample was 2 mm X2 

mmxl mm during measurement of all principal directions. The important parameters 

of measurement on D1A is shown in table 5.1 

Parameter DIA diffractometer at ILL 
Reflection used 311 

Wavelength 1.911 A 
Fitting function Gaussian distribution 

20 103° 
Gauge Volume (mm3) 2x 2x 1- LD 

2x l Ox I- TD & ND 
2x 2x 1- Reference comb 

Directions measured LD, TD, ND 
Measurement time 10 minutes per point for TD &ND 

40 minutes per point for LD and 
reference comb 

Table 5.1 - The important technical parameters at D1A 

The set up for measurement of the longitudinal direction on DIA is shown in figure 

5.5. 
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Fig 5.5 - Set up for measurement in longitudinal direction on D1A 

5.2.2 ID31 beam line at ESRF 

After March 2002 the diffractometer of BM 16 beam line was transferred to ID31 for 

strain measurement. As the name suggests the synchrotron radiation in 1D31 is 

generated by insertion devices which are undulator magnets. Undulators can deliver a 

higher energy level as compared to bending magnets. Also, the photon flux is much 

higher as compared to a bending magnet beam line [7]. The beam received from the 

undulator source is better collimated in the vertical or horizontal plane because of a 

lower emission angle. The white beam received is monochromated by a cryogenically 

cooled Si 111 or Si 311 double crystal monochromator. The features of the 

diffractometer are the same as described in section 4.2.1 of chapter 4. The detector 

bank consists of 9 scintillation counters each preceded by a Si 111 analyser crystal. 

The photon flux of the received beam is higher by several orders of magnitude than 

the BM 16, which results in faster measurement and better peak quality. The energy 
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range available in the beam line is 5-60 keV which corresponds to wavelength range 
of2.48-0.21 A. 

During measurement of the VPPA welded AA2024, an energy level of 45 keV ' as 
used which corresponds to a wavelength of 0.2745 Ä 

. The , 311 If reflection ýý as 
measured which gave a diffraction angle of 12.90°. The peak shape closely follows 

the pseudo-Voigt [8] function. The peak shape and fitting (using pseudo-lv'oigt 
refinement routine available in the beam line) is shown in figure 5.6. 
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Fig 5.6 - The peak shape observed at ID31 fitted by pseudo Voigt function 

The maximum distance available between the beam and the omega table of the 

diffractometer is about 165 mm. The specimen shown in figure 5.2 therefore, was 

measured in a non-standard set-up as explained in section 4.2.1 in chapter 4. The 

schematic experimental set up is shown in figure 5.7 a). An incoming beam spot size 

of 2.0 mm (horizontal opening) and 0.5 mm (vertical opening) was used. The low 

diffraction angle results in an elongation of gauge volume which along the through 

thickness direction was 4.45 mm in the experimental set up. 
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a) b) 
Fig 5.7 - a) Side view of schematic set up at ID31 [similar to BM 16 shown in fig 4. 
- a)], b) gauge volume shape and dimension during the experiment. Direction `given 
inside the bracket shows the gauge volume dimension during measurement of 
transverse strain direction in the specimen co-ordinate system while direction: ', ho%% n 
outside the bracket show the gauge dimension in sample axes during measurement of 
longitudinal strain direction. 

The complete gauge volume dimensions in different directions are shown in figure 5.7 

b). 

During the experiment an angular range of 0.3° was scanned at a speed of 4.0 or 21.0 

per minute. The time required per point thus came to -5-10 seconds. 

The reference comb was also measured under identical diffraction conditions 
As mentioned in the introduction in order to determine the presence of any unrelieved 

macro stress in the normal direction (12 mm dimension) a conventional 

sin2tp experiment was performed on ID31 exploiting the fast measurement. In the 

experiment each finger of the comb sample was measured in five different tilts [(0°, 

450,30°, 60°, 90°) where 0° and 90° are the measurement of longitudinal and normal 

directions respectively]. The stress was then calculated directly from the slope of d,,, J 

vs. sin2q' plot [1,9] in accordance with equation 2.20 described in section 2.5 in 

chapter 2. The stress in the through-thickness direction was calculated with the 

reasonable assumption that the longitudinal direction (3 mm dimension) is elastic 

stress-free. A schematic side view of the set up is shown in figure 5.8. 
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Fig. 5.8 - Experimental set up of sin2W technique on the ID31 beam line (side view). 

Set up for measurement of a reference comb sample in the longitudinal direction is 

shown in figure 5.9 
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Fig 5.9 - Set up for measurement in longitudinal direction of the reference comb 

sample on ID31 at the ESRF. 
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The diffraction parameters used at ID31 are shown in table 5.2 

Parameter ID31 beam line at ESRF 
Reflection used 1,311; 

Wavelength 0.27457A 
Fitting function Pseudo Voigt 

20 12.9c 
Gauge Volume (mm) 4.45x 2x 0.5 
Directions measured All the three principal directions 
Measurement time 5-10 seconds per point 

I able D*. 2 -I ne measurement parameters on ID31 

5.2.3 ENGIN diffractometer at ISIS 

The transverse and normal directions of the skimmed plate were measured on the 

ENGIN diffractometer. The technical details of the diffractometer ýw ere described in 

section 4.2.2 in chapter 4. The reference comb sample was also measured. During 

measurement of the transverse and normal directions the gauge volume was increased 

along the longitudinal direction to sample a larger number of grains. An incoming 

beam size of 2 mm (horizontal opening) x 20 mm (vertical opening) ýý as used. A 

1.5 mm beam collimation was used before the detectors. 

The reference comb sample was measured in its longitudinal and transverse 

directions. A gauge volume of 2x2xl. 5 mm3 was used during measurement of the 

comb sample. The time for measurement of each finger of the comb sample was 

increased to analyse individual peak from the multi-peak diffraction spectrum. This 

exercise was carried out to correlate the difference of lattice spacing variation trend 

among principal directions observed during measurement of single peak on the DIA 

and ID31 beam line. Analysis was done by Pawley refinement of single peaks [10]; 

analysis of the entire diffraction spectra using GSAS software [11 ]. 

The set up on the ENGIN diffractometer was explained in section 4.2.2 in chapter 4 

(refer to figure 4.8). The technical parameters of measurement are given in table 5 
.3. 
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Parameter ENGIN diffractometer at ISIS 
Reflection used Multiple peak diffraction spectra 

TOF range 6-14 ms 
Available wavelength (X) range 0.8 - 6.6 A 

Fitting function Pawley refinement of entire diffraction 
spectra using GSAS program 

20 900 Gauge Volume (mm) 2x 20 x 1.5 - For TD & ND 
2x2x1.5 - During measurement of 

comb 
(The longitudinal and transverse 
directions were measured in the comb 
sample) 

Directions measured TD & ND 
Measurement time _ 25 minutes per point during plate 

measurement 
2.5 hrs during measurement of comb 

sample 
Table 5.3 - Technical parameters used during measurement of VPP. A welded 
AA2024-T351 plate and the comb sample 

5.3 Results 

This section discusses the results of the as-welded and skimmed plates measured by 

synchrotron radiation, by reactor & pulsed neutrons. 

5.3.1 Measurement of Reference Comb Sample 

Figure 5.10 shows the lattice spacing variation of the reference comb sample as 

measured on the D1A diffractometer. 
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Fig. 5.10 - {311 } lattice spacing variation in the principal directions in the comb 
sample measured on D1A 

It can be seen that within ±18 mm from the weld centre, the lattice spacing in the 

three principal directions shows a similar variation. However, close to the parent 

metal the lattice spacing variation in the longitudinal direction shows distinct 

difference from the transverse and normal directions. The longitudinal direction has a 

pseudo strain variation of 448 tstrain while the transverse and normal directions show 

pseudo strain range of 696 µstrain and 723 µstrain respectively. 

The comb was then measured on the ID31 beam line by synchrotron radiation. The 

lattice spacing variation for the { 3111 reflection is shown in figure 5.11. The trend of 

variation along the principal directions is similar to that measured by neutron 

radiation. The pseudo strain variation in the LD is 560 tstrain while in the TD it is 

1113 µstrain and in the ND it is 757 tstrain. 
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Fig. 5.11 - Lattice spacing variation as observed on the ID31 beam line at ESRF. 

As mentioned before in order to find out the reason of difference in d� variation trend 

a sin2NJ experiment was conducted on the ID31 diffractometer to determine the 

presence of macro stress in the through-thickness direction which is of maximum 

dimension. 

The stress was determined directly from the slope of the dýW vs. sinew plot which 

bears a straight line relationship as explained in section 2.5 in chapter 2. A typical dow 

vs. sin2xV plot in the heat affected zone is shown in figure 5.12. 

Presence of unrelieved macro stress is shown in figure 5.13. 
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Fig. 5.12 -A typical d vs. sin2yf plot 
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Fig. 5.13 - Stress variation within the comb in the normal direction 
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From figure 5.13 it can be seen that in the weld metal and H. AZ i. e. approximately 
within +20 mm from the centre of weld, the stress values are within -ý1( \lPa. In the 
far field the stress is higher and a maximum of 47 MPa is observed near the parent 

metal. The sin2ijj experiment provided an important insight on the presence of 

unrelieved stress in the reference comb in the normal direction. 

The transverse direction showed a similar trend. The dimension in this direction in the 

comb is 3 mm and therefore it is unlikely to have a macro stress in this direction. 

However, the material is produced by plastic deformation and there is a possibility of 

anisotropy strain generation [12]. The anisotropy strain, from pre\ ious plastic 
deformation present in a crystal lattice would lead to line broadening and the 

qualitative effect can be studied by studying peak broadening [ 13]. Due to high peak- 

width resolution (0.003°), synchrotron diffraction peaks are ideal for study of peak 

width. The centreline peak width variation along the three principal directions is 

shown in figure 5.14. 

The peak width variation shows a distinctly different trend in the trans% crsc direction 

near the parent plate. In the transverse direction the peak width is higher near the 

parent plate which suggests anisotropy in plastic strain history. 
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Fig. 5.14 - Peak width variation along the principal directions on the comb sample 

30 

The comb sample was measured in the longitudinal and transverse direction on the 

ENGIN diffractometer. The multi-peak diffraction spectrum observed was fitted 

according to Pawley refinement. Since in this method multiple diffraction peaks are 

analysed, any variation in lattice parameter due to anisotropy between different 

reflections will be minimised. 

Figure 5.15 shows the lattice spacing variation across the weld in the longitudinal and 

transverse directions. Unlike DIA and ID31, the trend is similar between the 

longitudinal and transverse directions. It can be concluded that the difference in trend 

between the longitudinal and transverse directions seen for the single peak data in the 

far field is due to anisotropy strain rather than macro stress. 
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Fig. 5.15 - The lattice parameter variation in the comb sample as measured on the 
ENGIN diffractometer 

From the diffraction spectra single peak analysis was performed for the :111:, 

{220}, {200} and {311} reflections. The single peak analyses, along with Pawley 

refinement for the longitudinal and transverse directions, are shown in figure 5.16. 

The anisotropic behaviour in the parent metal can be clearly seen in figure 5.16. The 

lattice spacings for various diffracting planes are showing different trend of variation 

for the two principal directions. 
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Fig. 5.16 - Single peak and Pawley refinement along the two principal directions 

From all the studies it can be inferred that the variation in stress free reference is due 

to 

1) Presence of macro stress in the normal direction as this is the direction of 

maximum dimension and, 

2) Presence of type II anisotropy strain along the transverse direction. 

The anisotropy strain in the parent plate and the reference comb will mutually cancel 

each other during strain calculation. The presence of macro stress in normal direction 

was accounted for and corrected by means of a correction factor as shown in equation 

5.1 and 5.2 as suggested by Hauk [ 14]. 
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aO, ND 
aND 

= 
ý, -. 1 (1+-1'-) 

E 

v aO, LD/TD =aLD/TD(l+E6n) 

Where aO, ND is the corrected stress free variation, aND is the measured variation and 6� 

is the measured stress. The stress free reference variation in LD and TD %\ as ako 

corrected because of the Poisson's effect of these stresses. 
The compositional change in the weld is restricted to the fusion zone and the near- 

HAZ. For this particular weld, due to the heat effect of welding, the % ariation in the 

stress free reference sample is found to be up to ±25 mm (refer to figure 
.I 

Therefore, after ±25 mm the parent metal reference comb variation was a\ era`ged out 

in each direction assuming constancy in the parent field. 

5.3.2 Measurement of the As-welded VPPA Plate 

The centre line strain variation in the VPPA as-welded plate is shown in figure 5.17. 
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Fig. 5.17 - Centreline macro strain variation across the weld in a VPPA welded 
AA2024-T351 as-welded plate 

The longitudinal direction shows high tensile strain with a double peak in the near and 
the far heat affected zone. The tensile strain peaks are observed at :7 mm and at 

±15 mm from the centre of the weld. The maximum tensile strain in the longitudinal 

direction observed is 2361 µstrain. After the second peak the longitudinal strain 

reduces sharply and becomes compressive after ±23 mm on either side of the weld. 

The transverse strain distribution shows compression in the weld and HAZ (up to ±1 7 

mm) then it becomes tensile in the far field. The maximum compressive strain 

observed is -531 µstrain and the maximum tensile strain observed is 578 µstrain. 

The high tensile strain field is balanced by compressive strain in the normal direction. 

The normal direction shows a similar trend as the transverse direction but is more 

compressive in the weld and HAZ. The maximum compressive strain observed is 

-1389 µstrain. The normal strain variation becomes tensile after ±26 mm from the 

weld centre. The maximum tensile strain in normal direction observed is 679 ustrain. 
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The stress variation is then calculated from the measured strain and is, sho« n in figure 
5.18. 
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Fig. 5.18 - Centreline macro stress variation across the weld in a \'PPA welded 
AA2024-T351 as-welded plate 

The longitudinal direction shows the highest tensile residual stress. The residual stress 

shows a double peak with the peak locations at ±8 mm and ±15 mm from the centre of 

the weld. The maximum tensile stress is found to be 182 MPa at about 16 mm from 

the weld centre. The stress becomes compressive at a distance of ±23 mm from the 

weld centre. 

The transverse direction does not show any significant variation in the stress profile 

and the maximum tensile transverse stress is observed to be 57 MPa near the parent 

metal. The maximum compressive transverse stress is observed to be -40 MPa at 

29 mm from the weld centre after which it becomes tensile. 

The normal stress direction follows a similar pattern to that of the transverse direction. 

The stresses are more compressive in the weld and HAZ. The maximum compressive 
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stress is observed to be -63 MPa at 12 mm from the weld centre. The maximum 
tensile stress in this direction is observed to be 65 MPa in the parent metal. 
As mentioned in section 5.1 of this chapter another as-vý elded sample of similar origin 

was measured for in-plane longitudinal and transverse strain directions on the ID 3I 

beam line at ESRF. This measurement is used to compare measurements between a 

reactor neutron source and synchrotron radiation. Also, the weld process repeatability 

can be checked as two different as-welded plates were measured. The longitudinal 

strains measured at both sources are shown in figure 5.19. 

The longitudinal strain variations obtained from the two different samples- shoNk 

excellent similarity. The variation shows a tensile double peak in the near & far HAZ 

(+8 mm from the centre of the weld and at ±16 mm from the centre). The maximum 

strain measured by reactor neutron source is 2361 µstrain and by synchrotron X-rays 

it is 2538 µstrain. The difference may be due to more grain averaging when measured 

by neutrons with a higher gauge volume, and the difference in diffraction geometry 

between the two sources. This is within acceptable range for two different samples. 
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Fig. 5.19 - Longitudinal strain variation observed in two different coupon samples 

measured by synchrotron radiation and reactor neutrons 

After skimming the plate (i. e. reduction of thickness from 12.0 to 7 mm) the in-plane 

strain directions in the skimmed sample were measured by synchrotron X-rays. The 
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stress was calculated by combining the strain measured from synchrotron X-ray 

source and spallation neutron source. In order to have better comparability during 

study of stress evolution on skimming, the stress in the as-welded plate was 
determined combining the in-plane strains measured by synchrotron X-rays and those 
in the normal direction measured on the DIA diffractometer at the reactor neutron 

source. 
Figure 5.20 shows the centreline stress variation obtained by using the in-plane strains 

measured by synchrotron radiation. The stress variation pattern is very similar as 

shown in figure 5.18. 

The longitudinal direction shows tensile residual stress across the weld with a double 

peak at +7mm and +15mm from the weld centre. A tensile peak of 210 MPa is 

observed at about 15 mm from the weld. The stress variation after the second peak 

becomes compressive at ±22 mm from the weld centre. Maximum value of 

compressive stress observed is -97 MPa. 

The transverse and normal stress variations show a similar trend ýý ith the normal 

direction showing more compressive stresses. The tensile peak in the transverse 

direction is 77 MPa and compressive is -36 MPa. The tensile peak in the normal 

direction is 55 MPa and maximum compressive stress is -98 MPa. 
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Fig. 5.20 - Three-dimensional centreline stress variation across the weld 
The through thickness strain and stress maps in the as welded sample are shown in 
figures 5.21 & 5.22. 
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Fig. 5.21 - Two-dimensional strain distribution across the weld 
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The full two-dimensional strain map across the weld is shown in figure 5.21. 

The strain through the thickness does not show any significant variation. The 

longitudinal direction shows high tensile residual strain in the fusion and the heat 

affected zone. 

The two-dimensional stress distribution is shown in figure 5.22. Tensile residual 

stress is observed in the longitudinal direction. A clear double peak can be seen in the 

map and the variation through the thickness is almost constant. The pre-dominant 

tensile stress variation is observed to a length of about ±22 mm across the weld. 
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Fig. 5.22 - Two-dimensional stress distribution across the weld 
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The transverse and normal directions do not show significant stress generation. 

The centre of the weld and surrounding heat affected zone in the transverse direction 

show very low stress. The normal direction shows compressive stress in the weld and 

near HAZ, while in the far HAZ and in the parent metal it shows a small tensile 

residual stress. 

From the stress map it can be seen that in the near and far HAZ at certain positions 

hydrostatic tensile stress is generated, in particular at ±15 mm from the weld centre. 

Also, a hydrostatic compressive stress can be seen at ±22 mm from the weld centre. 

5.3.2 Measurement of the Skimmed Sample 

The as-welded sample was machined in to reduce its thickness to 7.0 mm from 12.0 

mm. This was carried out as all aerospace structures are machined after welding and 

there remains a possibility of stress evolution during the machining process. The 

skimming was done by machining 0.5mm alternately from each side of the plate. 

A combination of neutrons and synchrotron X-rays were used to determine the strain 

and the measured strain was converted to stress. The in-plane longitudinal and 

transverse strain directions were measured by synchrotron radiation and the transverse 
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and normal strain directions were measured on the ENGIN diffractometer. Thus the 
transverse strain was measured at both the sources to establish the necessary 
comparability between the two sources. 
The transverse strain variation after correction by the stress-free reference measured at 
individual sources is shown in figure 5.23 

- - Synchrotron X-rays 
1000 Neutron 

800 

600 

400 

a) 
200 

!^0 
V/ 

-200 

-400 

-600 
-60 -40 -20 0 20 40 60 

Position across the weld (mm) 

Fig. 5.23 - Centre line transverse strain comparison measured by neutrons and 
synchrotron X-rays 

The centreline strain comparison between the neutron and synchrotron radiation 

shows good agreement. The total strain variation is in the range of 1 100 tstrain. The 

strain variation measured by synchrotron radiation shows some scatter in the far field 

parent metal and heat affected zone, possibly due to granularity and anisotropy in the 

parent metal. 

The maximum tensile strain observed by synchrotron radiation is 694 µstrain and by 

neutrons it is 773 pstrain. The maximum compressive strain observed by synchrotron 

radiation is -425 µstrain and by neutrons it is - 316 µstrain. 

The centreline strain variation in the three principal directions across the weld in the 

skimmed sample is shown in figure 5.24. 
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Fig. 5.24 - Centreline strain variation across the weld in the skimmed VPPA welded 
AA2024 plate. The LD and TD strains were measured by synchrotron X-rays and the 
ND strains were measured by neutrons. 

The skimmed sample shows a similar variation as observed in the as-welded plate. 

The longitudinal direction shows a tensile strain variation with a double peak at 

±7.5 mm and at +15 mm from the weld centre. After 15 mm from the weld centre the 

profile drops sharply and becomes compressive at ±22 mm from the weld centre. The 

maximum tensile strain observed is 2598 ltstrain at about 15 mm from weld centre. 

The maximum compressive strain observed is of -887 µstrain. 

The transverse direction strain shows a small variation, being predominantly 

compressive near the weld and surrounding HAZ. The strain variation becomes 

tensile in the far field parent metal. The maximum tensile strain observed is 

694 p. strain near the parent metal. The maximum compressive strain of -425 µstrain 

is in the region adjacent to the fusion zone. 

The normal direction shows a similar variation however, it is more compressive. The 

maximum compressive strain in normal direction is -1288 Astrain which becomes 

tensile in the far field at about 92 Astrain. 
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The high tensile strain created in the weld and the surrounding HAZ in the 
longitudinal direction is balanced to a large extent by the formation of compressive 

strain in the normal and transverse directions. 

Figure 5.25 shows the cross-sectional strain map across the weld. It can be seen that 

the strain does not change significantly through the thickness 
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Fig. 5.25 - Two-dimensional strain map across the weld in the skimmed sample. 

The centreline stress distribution across the weld is shown in figure 5.26. 
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Fig. 5.26 - Centreline stress variation in the VPPA welded AA2024 skimmed plate 
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The stress variation in the skimmed plate is found to be similar to that of the as- 

welded plate. The longitudinal direction shows a double tensile peak at =7.5 mm and 
+15 mm from the centre of the weld. After the second peak the stress profile reduces 

and becomes compressive after ±22 mm from the weld centre. The maximum tensile 

stress observed is 232 MPa and the maximum compressive stress is found to be -ý2 
MPa near the far field. 

The transverse direction shows a much smaller variation compared to the longitudinal 

direction. The maximum tensile stress of 96 MPa is observed in the far HAZ. The 

maximum compressive stress observed is about -57 MPa. 

The normal direction follows closely the variation observed in the transverse 

direction. The peak tensile stress observed is 53 MPa in the far HAZ at about 15 mm 

from the centre of the weld 

It can be seen from figure 5.26 that a prominent hydrostatic tensile stress zone is 

formed ±15 mm from the weld centre near the second peak. Also, a compressive 

hydrostatic stress distribution is seen at ±22 mm. This is significant to understood 

fatigue crack propagation behaviour and also from the point of view that it would be 

difficult to relieve hydrostatic stress fields by annealing treatment. 

The full two-dimensional stress map across the weld in the principal directions is 

shown in figure 5.27. 
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Fig 5.27 - Two-dimensional stress map across the weld in all the three principal 
directions. 

The next section discusses the stress evolution due to the skimming process. 
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5.3.4 Stress Evolution due to Skimming 

It can be seen that for butt welding of rectangular plates, the longitudinal direction is 

the most affected in terms of generating high tensile residual stress near the ww eld. 

Therefore, the longitudinal direction is of most interest and is discussed in this 

section. 
The centreline longitudinal strain evolution in the skimmed plate is shown in figure 

5.28. It is apparent that reduction of through-thickness did not show any effect in 

strain distribution. The difference between the peaks and troughs between the double 

peaks are reduced in the heat affected zone but the maximum strain magnitude 

remains the same at about 2550 µstrain. In the far field parent metal, however, there is 

a relaxation of compressive strain. 

The stress evolution is shown in figure 5.29. 
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Fig 5.29 - Longitudinal strain variation across the VPPA weld in as-welded and 

skimmed condition 

-174- 



250 

200 

150 

100 
IL 

50 

0 

-50 

-100 

-150 

-"- As-welded 
-"- Skimmed 

-60 -40 -20 0 20 40 60 

Position across the weld (mm) 

Fig 5.29 - Longitudinal stress variation across the VPPA weld in as-vý clded and 
skimmed condition 

The stress across the weld does not show any significant change in magnitude 

following the skimming operation. However, the difference between peaks & troughs 

between the tensile stress peaks are reduced significantly in the process. 

The evolution map in the longitudinal direction is shown in figure 5.30 
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Fig 5.30 - Stress evolution map in the longitudinal direction. 
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It is apparent from figure 5.30 that there is no significant stress evolution due to the 

skimming process. The longitudinal stress maps also show the same thing except 

slight through-thickness stress gradient is created after skimming. 

5.3.5 Surface Stress Measurement by X-rays 

The surface stress distribution is important for full stress characterisation of the VPPA 

welds, which will be complementary to the through-thickness stress profile. The 

longitudinal surface stress was measured since longitudinal direction show s 

predominant tensile stress generation. Cr K-a radiation was used to determine the 

surface stress at a penetration depth of 10-15 microns. The same Stress-tech machine 

described in section 4.6 in chapter 4 was used [15] to determine surface stress 

variation using { 3111 reflection. 

The result is shown in figure 5.31. The surface stress distribution shows slight double 

tensile stress peak at +6-8 mm and ±14-15 mm from the weld centre. The maximum 

stress of 165 MPa is observed near the second peak at ±14 mm from the ýveld centre. 

The maximum compressive stress observed is -114 MPa in the parent metal. 
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Fig. 5.31 - Surface stress variation observed on the as-welded plate. 
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5.4 Summary 

This chapter presents neutron and synchrotron diffraction techniques utilised to 
determine the three-dimensional stress tensor in VPPA welded plate. Stress evolution 
after skimming the through-thickness is studied. 
The stress-free reference comb was found to hold internal residual stress field (of 
maximum value about 48 MPa) in the normal direction which has a large 12 mm 
dimension. Correction in do values owing to the presence of unrelie\ ed macro stress 
were carried out amounting to about 600 . tstrain in the normal direction and 200 

tstrain in the longitudinal and transverse directions. 

Predominant tensile stresses are found in the longitudinal direction. In the weld the 

already solidified material prevents the shrinkage of the solidifying material resulting 
in tensile residual stress. In the as-welded sample prominent double tensile peak is 

observed at +7.5 mm and +15mm. Maximum residual stress value of 2? 0 MPa is 

observed on the second peak. The high tensile residual stress field in the vv eld and 
HAZ is balanced by compressive stress in the parent material. The maximum 

compressive stress found was -97 MPa. Stresses in the transverse and normal 
directions were found much less as compared to longitudinal direction. The maximum 

tensile stresses in transverse and normal directions are 77 MPa and . S5 MPa 

respectively. 

Skimming did not alter the residual stress magnitude. The profile of stress generation 

also did not change significantly. The maximum longitudinal residual stress after 

skimming is of 230 MPa at 15mm from the weld centre. The high tensile stresses 

were balanced by compressive stresses near the parent material after ±22 mm from the 

weld centre. The maximum compressive stress observed is -72 MPa. The transverse 

and normal directions did not show significant stress generation. 

The stress maps of as-welded samples did not show any through-thickness ; treys 

gradient. After skimming a slight through-thickness stress gradient is created and high 

stress regions are more prominent in the central region of the "N eld. In chapter 4 

during analysis of MIG weld significant through-thickness stress gradient 

observed. 
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The maximum tensile longitudinal stress in surface is found to be of 165 1Pa. Due to 
small through-thickness gradient the difference in maximum stress magnitude k about 
50 MPa where as in case of MIG it is more than 100 MPa. 
The repeatability of weld processes studied show excellent agreement between the 
different as-welded plates measured. 
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CHAPTER 6: Surface Stress Profile 
Determination in Short Crack 
Characterisation Specimens 

6.0 Introduction 

In chapters 4 and 5 the 3-dimensional stress tensor in MIG and VPPA coupon ý\ elded 

samples were presented. Also the stress evolution for both the ww elding processes 

owing to skimming of plates was discussed. Measurement of welded coupon plate 

samples provides necessary information on the stress pattern after NAweldin`g. Elm\e er, 
in order to model the effect of residual stress on crack formation and growth, it is 

necessary to determine the residual stress magnitude and distribution pattern on 

similar geometry fatigue testing samples used for this purpose. 

In this chapter the near surface residual stress in 3-point bend specimens used for 

characterisation of `short crack regime' fatigue crack growth is described. Both M I( 

and VPPA welds were studied. Also the effect of stress shake down in the early stages 

of fatigue loading identical sample was studied after one fatigue load cycle. 

6.1 Experimental Method 

Specimens of 100 mmx90 mmx7 mm (see figure 6.1) dimension machined out from 

the MIG and VPPA welded coupon plate samples, were used to identify the factors 

controlling formation of cracks and growth up to 1 mm length [I ]. 3-point bend testin L 

was carried out on this specimen to assess the initiation and growth of a crack on the 

surface with an objective to make a predictive model under the influences of 

microstructure, mechanical properties, and residual stresses [1]. Residual stress detai 1 

measured in coupon welded plates will not be similar to this laboratory 'scale fatigue 

testing specimen. Therefore, it was necessary to determine the 3-dimensional surface 

residual stress profile, also stress relaxation in the initial stages of fatigue life was 

determined. The dimension of the 3-point bend specimen and application of loading is 

illustrated in figure 6.1. Maximum load of 300 MPa «was applied to the top (ýti eldin g 

side) of the VPPA welds and second pass side of the MIG weld and crack formation 
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and growth was monitored on the surface. Details of fatigue testing procedure can be 
obtained from [1]. 

Surface scanned line 

Fig. 6.1 - Schematic illustration of 3-point bend fatigue specimen and loading 
configuration. The stress was measured along the red line in the middle of the 
specimen and close to the surface. 

Experiments to determine the surface stress profile were carried out on ID31. A briet 

description of the beam line is detailed in section 5.2.2 in chapter 5. 

The experimental parameters are shown in table 6.1. 

In short crack characterisation specimens surface stress profile was measured since 

the fatigue crack origin and propagation was monitored on the surface. It is ideal to 

measure the surface strain using synchrotron X-rays at 1D3I since the detectors are 

preceded by analyser crystals and gauge volume are immune to surface aberrations. In 

the experiment the geometric centre of the gauge volume was placed at about 0.65 

mm from the specimen surface. All three principal directions were measured. Normal 

direction was measured in reflection geometry, where the grazing angle of the 

incident beam (see table 6.1) leads to a path length of about 10.0 mm to measure the 

strain at a depth of 0.65 mm from the surface. This is penetrable by the synchrotron 
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radiation of energy 40 keV [2] used during the experiment. So strain in all three 
directions could be measured using synchrotron X-rays. 

Figure 6.2 shows the diffraction geometry for the longitudinal and trans\ erne 

direction. As mentioned in section 2.4 in chapter 2, the gauge volume at such lo '. N 

diffraction angle will be elongated in the direction of the incident beam. The 

elongation of the gauge volume depends on the vertical opening of the incident beam 

and the angle of diffraction. The long diagonal in the gauge volume is related ww ith the 

vertical opening of the incident beam control slit as VO'sin6 (where VO is the vertical 

opening). A vertical opening of 0.5 mm was used during the experiment. Therefore, 

along the through thickness direction the diagonal length (DO ww ill be 3.96 mm. 

Determination of the dimensions was important for accurate positioning of the 

geometric gauge centre. 

During measurement in transmission geometry, the gauge volume ý'N as placed half 

immersed inside the specimen through careful wall scanning. The diffracted beam 

travelled equal distance through the material and the geometrical centre of gauge 'k as 

equal to the sample gauge volume in this configuration. The intensity based "t sighted 

centre of the gauge volume can be obtained by solving equation 6.1. The gauge 

volume was centred at 0.66 mm from the surface. Determination of the precise centre 

of the gauge volume is shown in appendix 4. 

JJJI0 ye"dv 
C=v_ e JJJIoedv 

v 

Io Le -µD JJ yds Jjyds 

s 
_s IoLe-µD ff ds fjds 

ss 

(6.1) 
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where I0 is the intensity of the incident beam, D is the path length of the beam inside 
the specimen, L is the width of the irradiated area, s is the surface area of the gauge 
volume and y is the depth from the surface 

Longitudinal or transverse direction 

Inc 

Thickness 

Transmission geome 
Z-75 try 

--)P 

Fig. 6.2 - Schematic representation of gauge volume location in transmission 
geometry 

The diffraction geometry for measurement of normal direction in reflection is shown 

in figure 6.3. The length of the short diagonal is controlled by the opening of the 

receiving slit and the diffraction angle. The opening of receiving slit was kept at 0.5 

mm. The length of the short diagonal (Ds) is given by RS/cos0 (where RS denotes 

here the opening of the receiving slit). Since the opening of the receiving slit was also 

kept at 0.5 mm the length of the short diagonal was equal to 0.504 mm. Referring to 

figure 6.3 the distance x from the surface during the experiment was kept at 0.40 mm. 

This means the geometric or instrumental gauge volume was centred at 0.65 mm from 

the specimen surface. As shown in figure 6.3 the sample gauge volume will be 

different than the instrumental gauge since the diffracted intensity received from the 

top of the gauge volume is more than the diffracted intensity from the gauge volume 

at higher depth. Therefore, there will be a shift in the centre of gauge volume as 

shown in figure 6.3. 
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Since attenuation co-efficient of aluminium is low [2,3], the shift will not be 

significant. The exact centre of gauge volume is determined using equation 6.2 which 
shows the intensity weighted centre of gravity. 

Ce = 

JJJIoyedv 

v 
$JJIoedv 

v 

IoL ff 
ye µDds 

s 

IoLJJe-µDds 
s 

JJyeds 

_s JJeds 

s 

(6.2) 

Where D the distance traversed inside the material by the beam and is a function of 

the depth (2x x/ sing), lo is the intensity of the incident beam, L is the width of the 

irradiated area, s is the surface area of the gauge volume and y is the variable denotes 

the depth from the surface The precise centre of the sample gauge volume is 

determined by solving equation 6.2 and is shown in appendix 5. The attenuation co- 

efficient µ is taken as 0.167 mm-' [2]. The shift in sample gauge volume from 

instrumental or geometric gauge volume is only about 0.035mm. 

--)Pl 

Incid 

Reflection geometry 
Fig. 6.3 - Schematic representation of gauge volume location in reflection geometry 

Therefore, it is shown that for less absorbing material like aluminium, the near surface 

stress can be measured using synchrotron radiation. In spite of these difficulties the 

greatest advantage in synchrotron diffraction over neutron diffraction is derived from 

the presence of analyser crystal before the detectors [4]. At ID31 Si I11 is used as 

analyser crystals before the detectors [5]. This ensures that the diffraction angle is 

strictly defined by the diffracted beam from the sample rather than interpreting it from 
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the receiving slits. This is a major advantage over neutron diffraction as surface strain 

measurement by neutrons can result in measurement of pseudo-strain if adequate 

precautions are not taken during measurement. The set up for measurement of 

longitudinal and normal direction on ID31 are shown in figure 6.4. A standard , et up 

was used for measurement of these samples of relatively shorter dimension. 
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Fig. 6.4 - Measurement set up for the longitudinal and normal set up on 1D31 beam 
line 

Also the reference comb samples of both the welds were measured under identical 

condition for positional correction of measured strain in the fatigue specimen 

The specimens after measurement at ESRF were measured by laboratory X-rays after 

removing 60-70 µm from the surface by electro-polishing. Here also the 1,31 ]If 

reflection was used for measurement. Also by laboratory X-rays the surface stress 

profiles of both as-machined and after first fatigue cycle loading specimens were 

determined. 
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6.2 Measurement Results of VPPA Welded Fatigue 
Specimen 

6.2.1 As-machined VPPA Welded Specimen 

The surface strain variation across the weld is shown in figure 6. i. The longitudinal 

direction shows a maximum residual tensile strain of 1173 µstrain at a distance of =12 
mm from the centre of the weld. The double peak observed during measurement of 
the coupon welded sample has now disappeared and a single peak is observed. The 

strain profile then reduces to zero and becomes compressive at ± 19 mm from the '\ eld 

centre. The maximum compressive macro strain observed is -1290 µstrain in the 

parent metal. 

The transverse direction shows less variation. The maximum tensile residual strain of 

781 µstrain is observed near the far field parent metal. In the centre of the \\ eld and in 

the near HAZ the strain is close to zero. The maximum compressive strain 

-115 µstrain is at 18 mm from the centre of weld. The transverse strain profile 

remains similar as in the coupon welded samples with compression at the centre and 

tension in the far field. The strain variation is much less. In the parent field data some 

scatter is observed which may be attributed to the problem of granularity i. e. less 

grains participating in diffraction near parent metal may also contribute to the scatter 

observed. 

The normal direction strain variation shows a clear compressive zone in the ý, w eld and 

near HAZ which slowly becomes tensile at the far field. The maximum compressive 

strain observed is -560 tstrain at ±5 mm from the weld centre. The maximum tensile 

strain observed is 847 µstrain near the far field parent metal. 
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Fig. 6.5 - Near surface strain variation across the weld in machined VPPA specimen. 
In the weld centre no diffraction pattern has observed probably due to dendritic grains 

In the centre of the weld in all directions in a few points on the weld centre no 

diffraction pattern was observed. Those points are not taken in calculation. 

The stress profile is shown in figure 6.6. The weld centre could not be measured due 

to poor diffraction peaks. A maximum tensile stress of 113 MPa is observed at 

±12-14 mm from the weld centre. The tensile stress then reduces sharply to 

compression at about +18 mm from the weld centre. The transverse stress shows 

small tension in the weld and HAZ. The stress shows compression at about ±22 mm 

from the weld centre. It then slightly increased and becomes tensile near the parent 

metal. 
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Fig. 6.6 - Near surface stress variation across the weld in the as-machined VPPA 
welded fatigue specimen 

The maximum tensile stress in the transverse direction is 73 MPa and the maximum 

compressive stress observed is -31 MPa. 

The normal direction shows a stress variation similar to that of the transverse 

direction. In the heat affected zone up to 18 mm it is tensile with very low magnitude. 

After ±22 mm on either side it becomes compressive and then in the parent metal it 

becomes tensile. The maximum tensile stress observed is 58 MPa and the maximum 

compressive stress is -11 MPa. 
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6.2.2 VPPA Welded Fatigue Specimen after 1St Cycle Loading 

The surface strain variation in the VPPA welded specimen after one fatigue loading 
cycle is shown in figure 6.7. 
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Fig. 6.7 - Near surface strain variation across the weld in VPPA welded fatigue 
specimen after one fatigue cycle loading 

The application of 3-point bend load can be seen in figure 6.1. With the geometry of 

applied load, stress in the longitudinal direction is likely to evolve. The maximum 

tensile strain in the longitudinal direction is now observed at ±16-18 mm. Another 

peak can be seen very near to the weld at ±6-8 mm. The peak in the as-machined 

specimen is on +12-14mm. In that position in the loaded sample there is high 

compressive strain of approximately -500 µstrain. This can be interpreted as the 

applied stress coupled with the residual stress resulted in local yielding in that region. 

The material in the region deformed plastically under compression against the 

surrounding metal which was deformed elastically resulting into compressive strain. 

On removal of load the surrounding material pushes back the high strain region 

resulting in shifting of the strain peak. 
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The maximum tensile strain in the longitudinal direction is 1180 ustrain at ±18 mm 
from the weld centre. The maximum compressive strain observed -1245 Astrain in the 

parent metal. The transverse direction does not show any significant strain evolution 

across the weld but some relaxation is apparent with a maximum tensile strain 
564 ptrain and maximum compressive strain of -210 µstrain. 

The normal direction shows compressive strain in the weld and heat affected zone. It 

becomes tensile in the parent metal field. The maximum tensile strain obser\ ed is 

855 tstrain and the maximum compressive strain observed -502 Astrain. 
The stress variation is shown in figure 6.8. 
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Fig. 6.8 - Stress variation across the VPPA welded \fatigue specimen after one fatigue 
load cycle 

The magnitude of stress did not show any significant relaxation in the specimen at cr 

I" cycle fatigue loading as compared to as-machined specimen. The application of 3- 

point bend load, however, shows considerable change in the longitudinal stress 

distribution profile in the specimen after 1't cycle fatigue load. A small tensile peak is 

created at ±6-8 mm. After that the stress drops sharply and shows compression at 

t 10-12 mm. Then the tensile maximum peak of 111 MPa is observed at =16-18 mm 
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region. After the stress reduces and becomes compressive at about 25 mm from the 

weld centre. The maximum compressive stress in LD is -100 MPa in the parent 
metal. The transverse and normal directions of the loaded specimen do not show any 

significant evolution in stress distribution pattern as compared to the as-machined 

specimen. However, at ±14-18 mm a hydrostatic tensile region is created. There is 

also a hydrostatic compressive region at t22mm from the weld centre. In the parent 

metal the transverse and normal directions show tensile stress. The maximum tensile 

and compressive stresses in the parent metal found are to be 67 MPa and -48 M Pa in 

transverse direction and 64 MPa and -40 MPa in normal direction. 

6.2.3 Comparison between As-machined and Loaded 
Specimen 

The geometry of loading the 3-point bend specimens resulted in evolution of the stress 

distribution pattern in the longitudinal direction. This direction is compared for study. 

The longitudinal stress variations in the as-machined and after l cycle of fatigue 

loading in VPPA welded specimens are shown in figure 6.9. 
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Fig. 6.9 - Longitudinal stress variation comparison in as-machined and loaded sample 

of VPPA2024. 
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From the surface stress profile it can be interpreted that due to the bending load, the 

peak of stress in the as-machined sample is shifted. In the =12 mm region of the as- 

machined specimen the applied stress superimposing the residual stress exceeds the 

0.2% proof strength. This region shows localised plastic deformation. The region 
deforms plastically under compression against the neighbouring material as the 

applied stress coupled with the residual stress exceeded the yield stress in this region 

locally. On removal of load the parent metal which is elastically deformed pushes 

back the yielded region resulting in tensile stress while the region of stress peaks in 

the as-machined specimen shows compressive stress. Thus the stress peak shifted in 

the 1St fatigue cycle loaded specimen to about +16-18 mm from the 12 mm position 

of the as-machined specimen. 

6.2.4 Surface stress measurement by laboratory X-rays 

The surface stresses on these sample were also measured by laboratory X-rays. The 

as-machined and the loaded sample were measured using the ; 311 If reflection and the 

results compared. Figure 6.10 shows the stress comparison between the as-nmachined 

and loaded samples. 
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Fig. 6.10 - Surface stress comparison between as-machined and loaded VPPA welded 

fatigue specimens 
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The stress profile on one side of the weld is measured assuming svmmetry. It is 

clearly revealed that the magnitude of the stress is relaxed in an area from the .ý eld 

centre to up to 18 mm. The maximum stress observed in the as-machined sample is 

169 MPa at 12 mm from the weld centre. In the synchrotron X-ray measurement the 

maximum stress is also observed in that region. On loading. the stress %alue changed 

to almost compressive in that region. The peak stress value in the loaded specimen is 

shifted but to a much lesser value of 118 MPa at 18 mm from the . veld centre. The 

reduction in maximum tensile value is probably due to less constraint during 

deformation at surface than the region below the surface. 

6.3 Measurement Results of MIG Welded Fatigue 
Specimen 

MIG welded fatigue testing samples for short crack measurement vv as also measured 

by synchrotron X-rays to determine the stress level and its re-distribution after 1 

cycle fatigue loading. 

6.3.1 As-machined MIG Welded Fatigue Specimen 

The strain variation across the weld is shown in figure 6.11. 
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Fig. 6.11 - Near surface 3-dimensional strain variation across the ýý cld in N11(. 
welded specimen 

The longitudinal direction shows tensile residual strain with double peaks at ±K mm 

and ±12 mm from the weld centreline. The maximum tensile residual strain observed 
is 2364 µstrain in the second peak region. After the second peak the tensile strain 

reduces becomes compressive at ±17 mm from the weld centre. The maximum 

compressive strain observed is -1467 µstrain near the parent metal. 

The transverse strain does not show any significant variation. The weld metal and 

near HAZ is nearly zero strain which becomes compressive at ±12 mm and then 

becomes tensile in the parent plate region. The maximum tensile strain observed is 

1127 µstrain in the parent field while the maximum compressive strain observed is 

-497 µstrain in the +12 mm region. 

The normal strain shows a similar variation as the transverse direction with more 

compressive strain. The maximum compressive strain observed is -1336 Astrain at 

±12 mm from the weld centre. The normal direction shows tensile strain near the 

parent metal. The maximum tensile strain observed is 630 Astrain. 

The surface stress variation is shown in figure 6.12. 
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Fig. 6.12 - Near surface stress variation across the weld in MIG ý elded fatigue 
testing specimen in as-machined condition 

The longitudinal direction shows tensile stress in the weld with a double peak in the 

HAZ. The maximum stress observed is 200.5 MPa at 8 mm from the weld. After 

12 mm the tensile stress drops sharply and becomes compressive at 17 mm from the 

weld centre. The maximum compressive stress in LD observed in the parent metal is 

-156 MPa. 

The transverse and normal direction do not show any significant variation across the 

weld except a tensile peak observed at ±6-7 mm from the weld. The maximum tensile 

stresses in the transverse and normal directions are observed to be 138 MPa and 

95 MPa respectively in this region. This results in a hydrostatic tensile stress in that 

region. The stress variation in the transverse and normal direction then tends towards 

compression and results in a hydrostatic compressive zone at 18 mm from the weld 

centre. The maximum compressive stress observed was -83 MPa and -102 MPa in 

transverse and normal direction respectively. 

6.3.2 MIG welded specimen after 1St Fatigue Cycle 

The strain variation is shown in figure 6.13. 
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Fig. 6.13 - Near surface 3-dimensional strain variation across the weld in M IG 
welded fatigue specimen after 1St loading cycle 

It can be seen that in the longitudinal direction the strain is now compressive near the 

weld metal. The near and far heat affected zone strains also reduce significantly as 

compared to those of the as-machined sample. The compressive strain in the weld 

metal may be due to microstructural effect. The soft weld zone has the minimum yield 

stress it deforms under compression against the neighbouring regions. 

The stress profile after Ist loading cycle in the MIG welded fatigue sample is shown in 

figure 6.14. 
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Fig. 6.14 - Near surface 3-dimensional stress variation across the ýN eld in M IG 
welded specimen after single loading cycle 

The stress profile shows a reduction in stress level as compared to that of the as- 

machined specimen. The maximum tensile stress in LD of 198 MPa is observed at 7 

mm from the weld centre. The transverse and normal directions do not show any 

significant variation after 1st cycle loading. The peak stress region is not shifted as 

observed for the VPPA welded specimen. 

Also the stress variation shows asymmetry in both sides of the weld. Therefore, in one 

side the stress is relaxed with plastic deformation, while the other side resisted the 

deformation of the weld metal which deforms under compression. After removal of 

load the elastically deformed region pushed back and creates a tensile residual stress 

field. The asymmetry in stress profile in the fatigue testing specimen after single cycle 

may be due to set up error during application of load. 

6.3.3 Comparison between as-machined and loaded sample 

1'` The longitudinal stress re-distribution in MIG welded fatigue specimen after 

fatigue loading is shown figure 6.15 
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Fig. 6.15 - Longitudinal stress re-distribution in MIG welded fatigue specimen after 
Ist fatigue loading cycle 

The stress variation in the LD shows a reduction on one side while it is almost the 

same on the other side of the weld. In contrast to the VPPA weld (where there is a 

shifting of peak in a location away from the weld) in MIG weld there is an 

asymmetric stress reduction across the weld. In the VPPA welded fatigue specimen 

the initial maximum tensile residual stress was 110 MPa which when superimposed 

with the 300 MPa applied load crossed the 0.2% proof stress and the constrained 

plastic deformation takes place. In the MIG welded fatigue specimen the initial stress 

state was 200 MPa which when superimposed with the applied load cause much 

higher degree of plastic deformation and resulting stress relaxation. The asymmetry in 

stress profile across the weld in case of MIG welded fatigue specimen may be 

attributed to error during set up for loading. 

6.3.4 Surface stress measurement in MIG welded specimens 
by laboratory X-rays 

The surface stress in the machined and loaded sample is determined by laboratory \- 

rays using the 31 1 lattice reflection. The stress variation is shown in figure 6.16 
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Fig. 6.16 - Surface stress comparison between as-machined and loaded MIG Ný cldcd 
samples 

The surface stress variation in the as-machined and after Is' cycle loading is shown in 

figure 6.16. It is apparent that in the loaded specimen there is a degree of relaxation in 

the stress level. The fusion zone and the near HAZ show compressive stress in the 

loaded specimen which is due to the plastic flow and deformation under compression. 

The asymmetry of stress profile across the weld in the specimen after 1'` fatigue cycle 

is observed here as well. The maximum stress in the as-machined sample is 224 MPa 

in the peak region of +7-12 mm. The maximum stress after loading is observed to be 

177 MPa at 8 mm (in one side only) of the weld. 
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6.4 Summary 

Residual stress evolutions after 1st cycle of fatigue loading are shown for 3-point 
bend short crack characterisation samples. Both MIG and \"PP. -\ weld processes are 
studied. The study is aimed to obtain the 3-dimensional surface stress distribution in 
the 3-point bend specimens and the stress shake down after one cycle of fatigue 
loading. 

All measurements were carried out by synchrotron radiation since near surface strain', 
are ideally measured at a synchrotron source. 
In VPPA weld, on single cycle loading shift in residual stress peaks is obser\ cd. the 

applied stress of 300 MPa, super imposing on the maximum longitudinal tensile 

residual stress of 110 MPa causes local yielding. This resulted in constrained plastic 
deformation against the surrounding and on removal of the applied load, the 

neighbouring material pushes back the peak stress zone resulting in a shift of 
longitudinal tensile residual stress peak. 

In MIG weld the initial longitudinal tensile residual stress state ýý as 200 MPa with this 
high load when the applied stress of 300 MPa is superimposed, it resulted in a very 
high degree of plastic deformation. This plastic flow resulted in stress relaxation. 

The re-distribution of stress profile after one fatigue loading cycle w as also dependent 

on the mechanical property distribution across the weld which is also ditttrent for the 

two welds. It has been reported that in MIG the ultimate tensile strength in the fusion 

zone is 85% of the parent metal [6] while in VPPA weld it is observed to be 68% of 

the weld metal (see 3.3.3. in chapter 3). 

The 3-point bend specimens were used to identify the effect of ww eld microstructure. 

heat affected zone and residual stress field on the origin of fatigue crack and fatigue 

life for the crack to grow 1 mm. It is therefore, vital to determine surface residual 

stress profile to understand the dominating cause for crack formation and also to 

obtain predictive model of fatigue life for crack propagation up to 1 mm [l, 7]. 
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CHAPTER 7: Stress Determination in 
Fatigue Specimens for Long Crack 

Characterisation 

7.0 Introduction 

The influence of a variably distributed residual stress field on fatigue crack growth i 

well understood [1]. There are also some works demonstrating the effect of residual 

stress in welded aluminium alloy for aerospace applications [2.3]. Measurement of 
MIG and VPPA welded coupon samples (shown in chapters 4& 5) provide the 

general stress distribution pattern and the magnitude of stress generation. This is 

extremely useful for qualitative understanding of the variation of crack growth rates in 

different regions across the weld. However, for damage tolerant design as stipulated 

by JAA and FAA regulations it is necessary to model the fatigue crack life and for 

that accurate knowledge of residual stress magnitude and distribution profile is 

necessary in samples having the same geometry as the fatigue testing sample. Centre 

Cracked Tensile (CCT) specimens are used for long crack characterisation in this 

programme. A through-thickness EDM flaw of 1.7 mm length \\ as introduced in these 

specimens. The crack length was constant through the thickness. 

This chapter presents neutron diffraction results of the centre line strain and stress 

distribution in the CCT specimens for both MIG and VPPA welds. The experiments 

were performed on the ENGIN-X strain scanner. 

Also, the effect of 0.2% pre-straining on the existing residual stress field in aM IG 

welded CCT specimen was studied by measuring the longitudinal weld strain in a 

CCT specimen and after 0.2% pre-straining. This strain measurements were 

performed by synchrotron X-rays in the BM 16 beam line. 

The residual stress measurement results described here are important in understanding 

and explaining the fatigue crack growth behaviour [4]. 
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7.1 Experimental Method 

The schematic of the as-machined CCT specimen is shown in figure 7.1 
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Fig. 7.1 - CCT specimen for long crack (> 1.0mm) characterisation 

Along the longitudinal direction the sample is 300mm, and it is 80mm in the 

transverse direction. The thickness of the specimen is 7mm. The detail of specimen 

preparation can be seen in Lin et al. [4]. 

A MIG welded specimen of identical dimension was 0.2% pre-strained by uniaxial 

loading in the longitudinal direction. This sample was measured with an as-machined 

sample by synchrotron radiation to determine the longitudinal strain evolution 

following pre-straining. 

7.1.1 Stress Measurement by Neutron Diffraction on ENGIN-X 

The centreline strain distribution was determined using ENGIN-X. The technical 

details of the instrument have already been described in section 4.2.3 in chapter 4. 

Strain scanning was performed along the central thickness line across the ý eld over a 
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distance of ±20 mm in MIG weld and ±36 mm in "PPA weld. The schematic set up 
for longitudinal direction and the gauge volume observed during mCa, urement of 
different directions are shown in figure 7.2 
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Fig. 7.2 - a) Three-dimensional schematic view of experimental set up on ENGIN-X. 
Longitudinal and normal directions are measured simultaneously by t« o detectors. b) 
& c) show the gauge during measurement of longitudinal and transverse directions 
respectively. An incoming beam size of 2x2 mm2 was used during measurement of 
the LD when a vertical scan was performed. The incoming beam size was increased to 
2X20 mm2 during measurement of the transverse direction. A diffracted beam 
collimation of 2 mm was used. 

During measurement of longitudinal direction the gauge volume ýw as 2x 2X2 mm3 in 

order to have the desired resolution while during measurement of the trans\ crý, c 

direction the gauge volume was increased to 2x20x2 mm3 for faster counting. The 

measurement parameters are shown in table 7.1 
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Important Parameters ENGI\-X strain scanner at ISIS 
Reflection used Multiple peak diffraction , pcctra 

TOF range 15 - 45 msec 
Xrange 0.5-10A 

Fitting function Pawley refinement of entire diffraction 
spectra utilising GSAS program 

20 90 
Gauge Volume (mm) 2x 20x 2- for measurement of TD & ND 

2x 2x 2- for measurement of LD 
Directions measured LD, TD & ND 
Measurement time 5 minutes per point - for TD & ND 

15 minutes per point - for LD and 
reference comb 

Table 7.1 - The parameters for measurement of M IG and VITA welded ((ý 

specimens on ENGIN-X 

7.1.2 Strain Measurement in the Longitudinal Direction by 
Synchrotron X-rays 

Strain measurement in the as-machined sample was performed on BM16. The detail 

of the beam line are given in section 4.2.1 in chapter 4. Strain evolution in the 

longitudinal direction was measured as it is apparent that this direction showy the 

maximum stress generation. 

The side view of the experimental set up and gauge volume is shown in figure 7.3. 
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Fig. 7.3 - a) Schematic representation (side view) of experimental set up on BM 16 for 
measurement of longitudinal direction; b) Gauge volume geometry observed during 
measurement of the LD. Dimensions in sample co-ordinate system. 

A non-standard set up as explained in section 4.2.1 in chapter 4 was used during 

measurement of the centre-cracked specimen at BM 16. Figure 7.4 shows the set up 

for measurement of the longitudinal direction of the CCT specimen. 
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Fig. 7.4 - The experimental set up for measurement of the longitudinal direction of 
MIG welded CCT specimen on BM16 
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The measurement parameters used during the measurement is chn,. k-n in tahle 7 
Parameter B\116 beam line at ESRF 

Reflection used : 311; 
Energy level 40 keV 
Wavelength 0.3097 A 

Fitting function Gaussian distribution 
20 14.5° 

Gauge Volume (mm-) 3.92x 2x 0.5 
Directions measured LD 
Measurement time 30 seconds 

Table 7.2 - Measurement parameters used during measurement of MIG welded CCT 

specimen on BM16 

7.2 Results 

7.2.1 Measurement Results from VPPA Welded CCT Specimen 

The 3-dimensional strain distribution across the weld is shown in figure 7.5. The 

strain measured in the fatigue specimen is corrected for strong compositional variation 

across the weld by measurement of a reference comb sample. 

2000 

1500 

1000 

500 
co 

x0 

-500 4-1 

-1000 

-1500 

-2000 

- - LD 
" TD 

ND 

-40 -30 -20 -10 0 10 20 30 40 

Position across the weld (mm) 

Fig. 7.5 - Strain variation across the weld in the centre line through the thickness in 

VPPA welded CCT specimen 
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The longitudinal direction shows tensile strain variation across the weld with a double 

peak at ±7 mm and +15 mm from the weld. The maximum tensile strain observed is 

1730 µstrain. After the second peak, the stress reduces to zero and becomes 

compressive at ±23 mm from the weld centre. 

The transverse and normal directions show a very similar variation to each other. Near 

the weld metal and near the heat affected zone the strain is compressive type which 

gradually becomes tensile in the far field. The normal direction shows higher 

compression in the weld metal region. The maximum compressive strains in the 

transverse and normal directions are -474 and -738 µstrain respectively. In the far 

field transverse and normal direction show maximum tensile strain of 668 pstlain and 

657 µstrain respectively. 

The centreline stress variation is shown in figure 7.6 
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Fig. 7.6 - Stress variation across the weld in the central line through-thickness line in 

VPPA welded CCT specimen 

The longitudinal direction stress distribution shows a double peak in the near and far 

heat affected zone at ±7 mm and ±15 mm from the weld centre. The stress sharply 

falls to zero and becomes compressive at ±23 mm from the weld centre. The peak 
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stress of 152 MPa is observed at 15 mm from the weld centre. A ma. \imum 
compressive stress -144 MPa is observed near the far field parent metal. 
The transverse and normal directions do not show any significant stress variation. The 
maximum tensile stress in the transverse and normal directions is observed at 12 mm 
where the tensile stresses are 53 and 48 MPa respectively. The maximum compressive 
stress of -56 MPa in both directions is observed near the far field at about =28 mnm 
from the weld centre where a compressive hydrostatic zone is created. It is worth 
mentioning that near the weld e. g. at position -3 mm and 12 mm from the ww eld centre 
a tensile hydrostatic field is observed. 

7.2.2 Results from MIG Welded CCT Specimen 

7.2.2.1 Neutron Diffraction Results 

This section discusses the stress distribution the MEG welded AA2024 CCT specimen. 
Only ±20 mm from the weld centre could be measured due to beam time constraint. 
The centreline strain profile is shown in figure 7.7. 

The strain variation was corrected for compositional change across the ýý cld by 

measuring reference lattice variation. However, the reference lattice was not measured 

with this experiment. The reference lattice parameter measured in an earlier 

experiment was used. A stress-free aluminium powder was measured during both the 

experiments and the pseudo-strain observed for the same aluminium powder between 

the two different experiments was used to convert the reference lattice parameter 

measured in the earlier experiment. 

The longitudinal strain variation shows a tensile double peak at ±5 mm and +12 mm 

region from the weld centre. However, the second peak is much less pronounced. The 

maximum tensile strain is found to be 2113 µstrain. After the second peak the strain 

values reduce and tend towards compression. 

The transverse and normal directions show a similar trend to each other and in the 

weld metal and the near HAZ they show a small tensile region where the maximum 

tensile strains observed are 545 and 319 µstrain respectively. The strain then becomes 

compressive and maximum compressive strains of -535 and -2)5 ustrain arc 
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observed. After ±20 mm the strain values increase and are likely to be tensile in the 
far field parent metal. 
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Fig. 7.7 - Strain variation across the weld in the central through thickness line in M IG 
welded CCT specimen 

The stress variation calculated by combining the principal strains, are shown in figure 

7.8. 

The longitudinal direction shows a double peak tensile stress with a maximum value 

of 238 MPa. The second peak at ±12 mm, however, is not as pronounced as in the 

VPPA welded specimen. After the second peak the tensile stress reduces drastically 

and tends to compression near the far field. 

The transverse and normal directions show tensile residual stress in the weld and heat 

affected zone. A maximum tensile stress of 152 MPa and 132 MPa are observed in the 

near HAZ in the transverse and normal directions respectively. The stress then 

becomes compressive at + 18 mm from the centre of the weld. 

In the fusion zone a hydrostatic tensile stress is observed. 
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Fig. 7.7 - 3-dimensional stress variation across the weld in the central through 
thickness line in M IG welded specimen 

7.2.2.1 Results from Synchrotron X-ray Measurements on 
Longitudinal Strain Evolution in MIG Welded CCT Specimen 

The effect of 0.2% pre-straining on the longitudinal strain wk as investigated by 

synchrotron radiation. 

As mentioned in section 7.1.2 the strain in the longitudinal direction only was 

measured in the centreline and in 7 through thickness (3,2,1,0, -1, -2, -3) l incs, 

±30 mm across the weld. 

The strain values reported here were corrected for compositional variation across the 

weld by measuring a reference comb sample. 

The centreline longitudinal strain in the as-machined and 0.2% pre-strained specimens 

are shown in figure 7.9. 
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Fig. 7.8 - Strain variation across the weld in the central through thickness line in M IG 
welded CCT specimen 

The evolution in longitudinal strain following pre-straining is quite apparent. The 

applied load in longitudinal direction coupled with the existing residual stress in the 

direction went to a high tensile state of stress. The high tensile stress formed exceeds 

the yield strength and deforms plastically pushing the parent metal. The elastically 

deformed region of the parent metal pushes back the central plastically deformed 

region resulting in compressive residual strain in the central region and tensile 

residual strain in the parent metal. 

The two-dimensional cross sectional map for longitudinal strain distribution is shown 

in figure 7.9 
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Fig. 7.9 - Cross-sectional map of longitudinal strain across MIG welded AA2024- 
T351 plate 

7.3 Summary 

This chapter describes the residual stress measurement details in centre cracked 
tension (CCT) fatigue specimen used to characterise long crack grmvth behaviour. 

Both the VPPA and MIG welded specimens were studied. 
The maximum stress in the VPPA welded CCT specimen is observed in longitudinal 

direction and is 152 MPa at 15 mm from the weld centre. The transverse and normal 
directions do not show significant stress generation. In the MIG ýýcldcd (VT 

specimen the longitudinal direction shows a maximum stress of 238 MPa in the near 

HAZ at about 6 mm from the weld centre. The transverse and normal directions show 

a maximum tensile residual stress of 152 MPa and 132 MPa respectively in similar 

location. In both welds in the near HAZ a hydrostatic tensile stress field is observed. 

Also the effect of 0.2% pre-straining on the longitudinal residual strain field is 

illustrated by measurement of a MIG welded specimen in as-machined condition and 

after pre-straining. 

The results are important not only for qualitative understanding of crack growth 

mechanism through the variably distributed weld residual stress field but also to form 

predictive models of crack growth necessary for damage tolerant design. The 

magnitude and spatial distribution of residual stress field is vital to understand the 

influence of residual stress on crack growth. The effect of residual stress field on 

fatigue crack growth for these specimens can be seen in [4,5]. 
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CHAPTER 8: Stress Determination in Wing 
Skin & Stringer Assembly 

8.0 Introduction 

One of the objectives of the `WELDES' project is to determine fatigue crack 

propagation mechanism in wing skin stringer structure and compare that with the 

small scale coupon sample (centre cracked tension panel) to determine the changes 
from small scale coupon behaviour arising from fabrication of the larger scale 

assemblies. Fatigue crack growth rate data produced in coupon test', vv ould indicate 

the substantial effect of residual stresses, heat affected zone and weld microstructure. 
Aircraft structure fabricated by welding will possess different combinations of 

residual stress, HAZ and structure to those found in the coupons. Therefore, it i' 

important to assess the contribution of each towards fatigue crack growth rate to form 

predictive model that would reflect the effect of 'welding in different part of the 

welded structure. Measurement of the residual stress in a wing skin stringer- assembly 

is therefore important in terms of fatigue crack growth rate behaviour. 

Study of the weld microstructure, defect population and initial fatigue life (in short 

crack regime) showed VPPA welding process is superior as compared to that of M IG 

welding [1]. Also possibility of welding thicker sections in a single pas; is an 

advantage in VPPA process. With this in view the Welding Research group of 

Cranfield University produced the lower wing skin and stringer assembly by VPPA 

welding of AA2024-T351. The fabrication was manufactured by autogeneouý 

welding. The welded structure was then machined by BAE systems and the residual 

stress field in the design geometry fabrication was measured on the ENGIN-X strain 

scanner. This chapter describes the measurement details and results of the wing skin 

stringer panel. 

8.1 Geometry of Sample and Measurement Location 

The machined wing skin and stringer assembly is shown in figure y. 1 
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Fig. 8.1 - Lower wing skin and stringer assembly. The material is AA2024-T35 I 
welded autogenously by the VPPA welding process. 

The bottom of the stringer panels are welded with the wing skin along the longitudinal 

direction as shown in figure 8.1. The measurements were carried out in one stringer 

panel in the middle of the specimen. A schematic cross sectional v ieý, w along the AA' 

plane is shown in figure 8.2. 
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Fig. 8.2 - Schematic cross sectional view on the AA' plane of figure 8.1 
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Measurements of residual stress were made along the web of the stringer and acro- 
the doubler as shown by the red and green dotted lines in figure 8.2. In the vv eb 

measurement points are along the normal direction and in the doubler measurement 

points are across the transverse direction. It can be seen from figure 8.2 that the heat 

effects of welding will be along the stringer and across the doubler, hock e' er, the heat 

sink is much larger towards the doubler in comparison to the stringer. 

The weld centre is taken as the origin during measurements. Along the \\ eb. 

measurements were 23 mm down towards the skin panel and 49 mm upwards towards 

the flange of the web. In the doubler ±35 mm was measured considering the 

projection of the centre of the weld as origin (where the red line intersects the green 

line). The strain measured was corrected for compositional variation by measurement 

of the reference comb sample which was machined out from the coupon V PPA 

welded plate. The heat extraction processes are different for the structural assembly 

and the coupon welded plates. However, it is assumed that as far as compositional 

segregation is concerned it would bear similar foot print in and around the \k eld for 

both structural assembly and coupon welded plate since both are manufactured by 

autogeneous VPPA welding process. With this assumption the comb sample from the 

coupon welded plate was used as a stress-free reference parameter. 

8.2 Experimental Method 

The measurements were performed on ENGIN-X strain scanner [2,3]. The brief 

technical specification of the strain scanner is given in section 4.2.3 in chapter 4. 

The wing skin and stringer assembly (as shown in figure 8.1) is measured along the 

three principal axes. The longitudinal and transverse set up on the ENGIN-X strain 

scanner is shown in figure 8.3 a) and b) respectively. The normal direction was 

measured simultaneously in both set ups. 
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Fig. 8.3 - Set up of wing skin and stringer panel for a) measurement of LD & ND b) 
for measurement of TD and ND 

The experimental parameters are shown in table 8.1. The longitudinal direction was 

measured with a gauge volume of 2x2x2 mm3. During measurement of the transverse 

direction the vertical opening of the gauge volume was increased to 20 mm as 

explained in section 7.1.1 in chapter 7. The geometric configuration of gauge volume 

remained exactly the same along the different principal axes of the sample as shown 
in figure 7.2 b) and c). 
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Important Parameters ENGIN-X strain scanner at ISIS 
Reflection used Multiple peak diffraction spectra 

TOF range 15 - 45 umsec 
range available 0.5 - 10 A 

Fitting function Pawley refinement of entire diffraction 
spectra utilising GSAS program 

20 90 
Gauge Volume (mm) 2x 20x 2- for measurement of TD & ND 

2x 2x 2- for measurement of LD & ND 
Directions measured LD, TD & ND 
Measurement time 7 minutes per point - for TD &ND 

30 minutes per point - for LD 
Table 8.1 - The measurement parameters for the structural assembly on ENCuIN-X 
diffractometer 

Navigation of gauge volume in the desired location of such complex structurc Is 

difficult and time consuming. It is worth mentioning in this contc\t that the 

experimental set up was performed by a newly developed SCANSS soft%t are \ý hich 

enabled faster set up of sample with accurate determination of the co-ordinates of the 

measurement points [4]. 

8.3 Results and Discussion 

In the result part the strain and stress distribution along the web and across the doubler 

are shown and compared. 

8.3.1 Results in the web 

Figure 8.6 shows the strain distribution in the web 
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Fig 8.6 -Strain distribution along the web section of the wing skin and stringer panel 

From the dimensions shown in figure 8.2 it can be seen that towards the skin about 23 

mm could be measured while towards the upper side of the flange 49 mm was 

measured. The strain profile in the structural component is of very similar nature as 

that of the coupon welded plates. The longitudinal direction shows tensile type strain 

variation with double peaks at +4 mm and +12 mm and -9 mm on both sides of the 

weld. Towards the upper side of the flange, after the second peak the strain sharply 

reduces to zero and become compressive after 29 mm towards the flange, but towards 

the skin side due to dimensional constraint the strain never becomes compressive. The 

maximum tensile strain observed is 1720 µstrain and maximum compressive strain is 

-780 µstrain in the furthest point towards the flange. The transverse and normal 

directions show similar trends as observed in coupon welds. The centre shows low 

compressive strain with high compressive strain in the heat affected zone and then 

tension in the far field. However, the transverse direction here shows higher 

compression due to dimensional constraint. Also machining of the as-welded structure 

was done in the transverse direction in the web portion. 

The transverse direction shows a complete compressive variation with maximum 

compressive strain of -907 µstrain and minimum near the parent metal ot' 
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-133 µstrain. The normal direction shows a maximum compressive strain of 

-1017 µstrain and a maximum tensile strain in the parent metal of 161 ustrain. 
The strain values were then converted to stress assuming the measured axes are 
aligned with the principal strain directions. Figure 8.7 shows the stress variation along, 
the web. 
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Fig. 8.7 - Stress distribution along the web section of the wing skin and stringer panel 

The stress distribution profiles are similar for all the principal directions. The 

longitudinal direction shows high tensile stress across the weld. Towards the flange a 

double peak distribution at 3mm and 13mm from the weld centre can be seen. 

Towards the skin side a peak is observed at 4 mm from the weld and then it shows a 

plateau, but unlike the other side it did not become compressive. The maximum 

tensile residual stress of 146 MPa is observed in the second tensile peak. Maximum 

compressive stress observed is -99 MPa in the furthest point towards upper flange 

side. 

The transverse and normal directions follow exactly the same pattern as each other. 

The weld centre shows compressive stress while at ±3 mm it becomes tensile creating 

a hydrostatic tensile stress field in this region. Also near 13 mm towards the upper 

flange another tensile peak is observed after a strong compressive peak at 10 nom 

from the weld centre. Towards the skin side after a compressive zone at 10 nom the 

- 222 - 



stress distribution shows a plateau of tensile stress in the far field. Thi" 1" due to the 
dimensional constraint in this side. The maximum tensile and compressive ý, tT-C, ICIS in 

the transverse and normal direction observed are 51 and -91 M Pa Pa and 62' and 

-82 MPa respectively. 

8.3.2 Results in the doubler 

As mentioned in section 8.1 the doubler was measured for ±3 _5 mm across the ww eld. 

The line of measurement of doubler is approximately 17mm down from the '\ eld 

centre. Here the negative side denotes the outer side of the assembly ww hi le the 

positive side denotes the inner side of the assembly (i. e. to« ards the other stringer 

side). Measurement of the residual stress field ý, w ithin the doubler is % ital as a crack 

growing through the skin section would interact v, ith the residual field of the doubler. 

The possibility for residual stress generation is very high since the skin section would 

act as a potential heat sink during welding resulting in inhomogeneous, local plastic 

stress due to the thermal stress gradient. 

The strain distribution across the weld is shown in figure 8.8 
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The longitudinal direction shows a residual tensile strain peak in the weld centre. The 

strain then reduces up to +10 mm and a peak observed at ±12 mm from the centre of 

weld. The strain profile then slowly reduces to compressive after ±25 mm from the 

weld centre. The maximum tensile residual strain is observed (much less than the 

maximum strain in the web) of 1155 µstrain. The maximum compressive strain 

observed is -441 µstrain. 

The transverse and normal directions show a very similar variation with compressive 

strain in the centre of weld and the near heat affected zone. The strain becomes tensile 

in the normal direction after +15 mm. The transverse direction shows almost complete 

compressive strain with tensile only at ±15-17 mm region. The maximum tensile and 

compressive strain in the transverse and normal directions are observed to be 132 and 

-639 tstrain and 296 and -523 p strain respectively. 

The stress distribution is shown in figure 8.9 
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Fig. 8.9 - Stress distribution across the doubler 

The stress distributions in all the principal directions show very similar profiles across 

the weld. The longitudinal direction in the weld centre shows a relatively high tensile 

stress region as compared to the transverse and normal directions. At ±15-18 mini 

region a hydrostatic tensile stress formation is evident. The maximum tensile and 

compressive stresses in the LD are 121 and -75 MPa respectively. Similarly the 

maximum tensile and compressive stresses in the TD and ND are 56 and -83 MPa 

and 64 and -65 MPa respectively. 

8.3.3 Comparison between Web and Doubler 

The stress profiles observed in the component bears excellent comparability in 

distribution to what has observed in the butt welded plate specimens. The longitudinal 

direction shows high tensile residual stress. The magnitude and distribution profile of 

generated stress in the longitudinal direction between web and doubler is compared. 

The comparison provides the heat effect of welding in different parts of the %k gilded 

structural member. 

Figure 8.10 shows the stress comparison between web and doubler 
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Fig. 8.10 - Longitudinal stress comparison between web and doubler 

It can be seen very clearly that the stress distribution profile is comparable. The web 

shows a double peak distribution towards the upper flange side. The doubler shows a 

plateau in the weld metal region. The doubler shows a peak at about 12 mm from the 

weld centre but it is much less than the stress generated in the web. Towards the skin 

side in web there is a tensile stress plateau. Due to dimensional constraint the stress 

has not become compressive. The magnitude and distribution of stress peak in the 

HAZ in doubler is comparable to this. In the doubler, however, the stress measured 

slowly becomes compressive. The maximum tensile stress observed in the as-welded 

and skimmed coupon sample is 220-230 MPa whereas in the skin-stringer component 

the maximum stress is observed to be 146 MPa in the web. 

A complete study of stress evolution with machining in different samples and stress 

developed in structural component is given in next chapter. 
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8.4 Summary 

This chapter presents the measurement details and discusse the re,, ults of the w ingy 

skin & stringer assembly. Fatigue testing of the structural component as intended to 
determine the fatigue crack propagation mode. With this in % iew. the principal 
stresses were determined in two different orientations. 
The stress distribution patterns along the web and across the doubler show a sing i lar 
tendency to that observed in the coupon plates. 
Due to dimensional constraint the stress distribution is asymmetric along the vv eb. A 

double peak variation was observed in the longitudinal direction on one side while on 
the other a plateau in stress profile was observed due to dimensional constraint. The 

spatial position of the double peak stress distribution is ho« ev er different than the 

coupon plate. The maximum stress distribution was found to be 146 M Pa at I? nom 
from the weld centre towards the upper side 

The maximum longitudinal stress in the doubler observed at the centre of about 121 

MPa. It should be noted here that the centre of measurement in case of doubler is not 

the weld metal but the projection of the weld centre (see figure 8.2, the centre of the 

measurements in doubler is the intersection of the red and green line and the '\ eld is 

17 mm above from the line of measurement). A hydrostatic stress in the doubler Strcýý 

distribution is evident, in particular in the heat affected zones at ±14-17 mm range. 

The residual stress distributions would be vital for predictive modelling of fatigue 

failure mode in life assessment of the structural assemblies. 
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CHAPTER 9: Discussion and Conclusion 

9.0 Introduction 

The aim of the present study is to measure the spatially accurate macro residual stre,,, 
field for the different fusion weld processes studied. This constitutes the most \ ital 
input to develop tools for damage tolerant design. The magnitude and profile of the 

macro residual stress field was determined for the Metal Inert Gas (M IG) and the 
Variable Polarity Plasma Arc (VPPA) fusion welding processes. 
The residual stress distribution pattern was first determined in as-ww elded coupon plate 

samples. This provided valuable data on the residual stress magnitude and distribution 

for the weld processes. In order to understand fatigue crack origin and (-, t-o\\ th 

behaviour, it is important to determine the stress distribution in fatigue geometry 

samples. Accordingly stress profiles were determined in fatigue test samples. In order 

to assess the effect of stress relaxation associated with local plastic deformation the 

fatigue geometry samples were measured for residual stress re-distribution after 1" 

fatigue cycle loading. 

However, many of the effects of welding are associated with the specifics of a 

particular structural fabrication and would not be manifested in coupon plate ýý gilds. 

With this in view the weld residual stress distribution was measured in a structural 

wing skin and stringer assembly. The residual stress distribution will enable complete 

understanding of fatigue crack growth in the design geometry structural components. 

9.1 MIG Welded Specimens 

Figure 9.1 shows the longitudinal stress variation in the as-welded and skimmed 

specimens. 

"A predominant tensile residual stress is observed in a +13 mm zone across the 

weld. 
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" The tensile residual stress distribution in the as-welded sample shows a double 
peak distribution at +5mm and ±12mm from the weld centre . The skimmed 
sample, however, does not show a prominent second peak in the H. Z. 
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Fig. 9.1 - Longitudinal stress comparison in as-welded and skimmed sample of M IG 

welded AA2024-T351 

" The maximum tensile residual stress, however, remains almost the same at 300 

MPa for both the samples. 

Figure 9.2 shows the longitudinal stress evolution in the skimmed sample and in a 

machined centre cracked tensile (CCT) specimen. 

" Significant stress evolution owing to the reduction of width is observed in the 

MIG welded CCT specimen as compared to the coupon plate 

" The maximum tensile residual stress reduces by more than 65 MPa. The 

maximum residual stress in the skimmed plate is approximately 300 MPa while in 

the CCT specimen it is 239 MPa. The stress, however, follows a very similar 

pattern. 
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Fig. 9.2 - Longitudinal stress comparison in skimmed sample and CCT specimen of 
M IG welded AA2024-T3 51 

Figure 9.3 shows the stress distribution pattern in a 3-point bend fatigue specimen for 

short crack characterisation. Here also stress evolution is compared with respect to the 

skimmed coupon specimen; however, since the surface of the second weld pass was 

measured in case of 3-point bend specimen, it is compared with the line measured 

1 mm below the surface on the second weld pass side of the skimmed sample. 

" Significant stress evolution owing to the reduction of dimensions is observed. 

" The stress follows a similar pattern as observed in the central through thickness 

line. 

" The maximum stress observed in skimmed sample is 244 MPa while in the 

3-point bend specimen it is 200 MPa. The magnitude of stress evolution due to 

machining of the skimmed specimen is significant. 
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Fig. 9.3 - Longitudinal stress comparison in skimmed sample and 3-point hend 
specimen in MIG welded AA2024-T351 

Figure 9.4 shows the central thickness and surface stress variation in MICA . tcldcd 

coupon plates. Through the thickness high stress gradient is apparent. This 

emphasizes the need of through-thickness stress profile determination along ýk ith the 

surface residual stress for full profiling of residual stress. The maximum stress as 

measured by X-ray is 180 MPa while at the centre of the specimen it is approximately 

300 MPa. 
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Fig. 9.4 - Longitudinal stress comparison in the centre and surface of MIG welded 
AA2024-T351 specimen. 

9.1.1 Conclusions - MIG welded AA2024-T351 

" The longitudinal direction shows the greatest residual stress generation. The weld 

metal and surrounding heat affected zone show a tensile residual stress 

distribution. The stress then reduces and becomes compressive at or about - 30 

mm from the weld centre. 

" The transverse and normal stress show much less magnitude than the longitudinal 

direction. In the weld centre compressive stress is seen while at the near heat 

affected zone it becomes tensile. The stress then becomes compressive in the far 

heat affected zone. In the parent metal it becomes tensile. However, it needs re- 

emphasizing that the stress magnitude is much less than that of the longitudinal 

direction. 

" MIG welding was done in two passes. The heat of welding of the second pa,,,,, 

considerably relaxes the stress generation in the first pass welding. 

" Considerable stress evolution is observed in the fatigue geometry specimens 

machined out from the welded coupon plate. The longitudinal stress magnitude 
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showed reduction in the fatigue geometry specimens also the di. tribution acro, 
the weld modified significantly and at locations weld metal and near heat e. g. I 
affected zone a prominent hydrostatic tensile stress region is obser\ ed in fatigue 
testing specimens. 

0 The effect of initial fatigue cycles on residual stress distribution was studied b% 

measuring the specimen after 1St fatigue loading cycle. In the case of the M IG IG 

weld some relaxation was observed in the surface longitudinal residual strc. 1 

profile after 1St fatigue cycle. 

0 Significant through-thickness stress gradient was observed from surface to the 

centre of the weld. This can be seen from the surface stress data measured h\ \- 

rays and neutron and synchrotron diffraction results. In MIG ýý eld this is more 

evident in the weld metal and associated heat affected zone region. This shows the 

necessity for complete residual stress mapping to understand the influence of 

residual stress on fatigue crack propagation in different through-thickness and 

various distances across the weld. 

9.2 VPPA Welded Specimens 

The VPPA welding process was chosen for welding of the wing skin and stringer 

assembly. The longitudinal stress variation pattern in as-welded and skimmed samples 

is shown in figure 9.5. 

0 The longitudinal stress distribution shows a tensile residual stress field in the weld 

centre and surrounding heat affected zone up to ±16 mm. The tensile residual 

stress distribution shows a prominent double peak profile. 

" In both as-welded and skimmed samples a maximum stress of about 22 5 MPa '% as 

observed at ±16 mm from the weld centre. The variation between peaks and 

troughs between the stress peaks is, however, reduced in the skimmed sample. 
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Fig. 9.5 - Longitudinal stress comparison in as-welded and skimmed samples of 
VPPA welded AA2024-T351 

Figure 9.6 shows the stress evolution in the centre cracked tensile specimen machined 

out from a skimmed plate sample. 
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Fig. 9.6 - Longitudinal stress comparison in skimmed sample and CCT specimen of 

VPPA welded AA2024-T351 
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0 The longitudinal stress distribution in the skimmed and CCT specimens are 
identical to each other 

" The magnitude of stress, however, evolved significantly owing to machining of 
the width (transverse direction in the sample). The maximum stress observed is 
152 MPa instead of 232 MPa in the skimmed sample. It means a reduction of 
longitudinal stress by almost 80 MPa. 

Figure 9.7 compares the surface stress in 3-point bend fatigue test specimen with the 

stress observed at 1 mm below the surface of the skimmed sample 

0 The stress in the skimmed and the 3-point bend specimens shows that the distinct 

double peak in the skimmed sample is not present in the 3-point bend specimen. 

" Owing to machining, stress evolution is significant in 3-point bend specimen as 

compared to the similar through thickness position of the skimmed sanmple. The 

maximum stress observed in the similar position of the skimmed specimen is 210 

MPa while in case of the 3-point bend specimen it is about 1 10 MPa. 
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Fig. 9.7 - Longitudinal stress comparison in skimmed sample and 3-point bend 

specimen for short crack characterisation in VPPA welded AA2024-T351 
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Figure 9.8 shows stress comparison of the skimmed coupon plate sample with the 
stress generated along the web and the doubler of the machined wing skin and stringer 
assembly. The welding geometry is very much different for the skin stringer assembly 
as compared to the welded coupon plate samples. 
Stress distribution in the doubler (skin part) shows almost identical stress variation in 

all the principal directions. This resulted in a hydrostatic tensile stress field at se\ eral 
regions in particular the heat affected zones. Maximum stress of 121 N1 Pa is obser\ ed 
in the weld centre. 
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Fig. 9.8 - Longitudinal stress comparison in skimmed sample and along the web & 

across the doubler of the structural wing skin and stringer assembly 

" The stress distribution pattern in the skimmed plate and the wing skin & stringer 

assembly are significantly different although the data follow a similar broad 

distribution. 

" The longitudinal stress variation along the web of the stringer shot sa double 

peak profile towards the upper side of the flange. Towards the skin due to 

dimensional constraint the stress variation forms a plateau. Stresses in the LD, TD 

and ND along the web follow very similar distributions but the stress magnitude 

in the LD is much higher and tensile compared to the TD and ND. The double 
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peak locations observed are at =4 mm and 13 mm from the weld centre. The 
maximum longitudinal tensile stress of 146 MPa observed at 1-1 mm from the 
weld centre. This is different from the skimmed plate where the stress peaks arc at 
f7 and ± 15 mm from the weld centre. 

" The stress magnitude profile in the doubler is significantly different. The tensile 
longitudinal stress peak shows a plateau in the region directly below the weld 

metal. The maximum tensile stress in LD observed to be 121 MPa. At --11 nom in 

the LD another tensile peak appeared which is lower in magnitude. The stress 

profile in the LD, TD and ND in the doubler also shows identical \ ariation pattern 

and a hydrostatic tensile stress distribution is observed at several regions across 

the doubler (see figure 8.9 in section 8.3.2 in chapter 8). 

0 The stress magnitude in the structural assembly is significantly lower than the 

coupon plate sample. The stress profile also differs from the coupon 'ý clded plate. 

In the skimmed plate maximum longitudinal tensile stress of about -130 fN 1 Pa i. 

observed and a symmetric double peak stress distribution profile across the '\ eld 

is seen. 
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Figure 9.9 show the stress comparison observed in the centre line of the as-welded 
sample and the surface stress measured by laboratory X-rays. 
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Fig. 9.9 - Longitudinal stress comparison in the centre and surface of VPPA welded 
AA2024-T351 specimen. 

" The longitudinal stress distribution profile in the centre and surface of the coupon 

plates are comparable. The through-thickness stress gradient can be seen from 

figure 9.9. The maximum longitudinal tensile stress in the centreline was observed 

to be 210 MPa and in the surface stress is 165 MPa. This shows the 

complementarities between X-rays and neutron and synchrotron diffraction 

processes for complete stress characterisation necessary for understanding the 

fatigue crack propagation. It is worth mentioning in this connection that in VPPA 

welds the degree of stress gradient from surface to centre is much less as 

compared to MIG weld. 

9.2.1 Conclusions - VPPA welded AA2024-T351 

" The general stress variation pattern in VPPA welded AA2024-T351 shows a 

similar trend to the MIG weld of similar material. The longitudinal direction 
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shows the highest residual stress, with a double peak distribution pattern in the 
weld and HAZ. 

" The maximum tensile stress in the longitudinal direction i 
222() M Pa Pa on the 

second peak from the weld centre. The stress in the tran, \ erne and normal 
directions is much less compared to the longitudinal direction. The trans% erne and 
normal directions also show very similar stress variation where it e\hibits 

oscillating stress distribution between tensile and compressive zone. The normal 
direction shows more compression in the weld and heat affected region. Both 

directions show a tensile stress balance in the far field parent metal. 

0 Skimming did not cause any evolution of either stress magnitude or distribution of 
the longitudinal stress. However, some areas in the heat affected zone show 
hydrostatic tensile stress. 

" Significant stress evolution is observed in the C CT panel as compared to the 

skimmed coupon sample. The distribution profile remained the same, but the 

maximum tensile stress magnitude is reduced by 80 MPa. 

" Significant evolution is observed in the longitudinal stress distribution of the 3- 

point bend specimen. A reduction of maximum stress by 100 MPa is observed a 

compared to the stress in a similar through thickness position of the skimmed 

sample. The longitudinal stress distribution profile after application of 1 S` fatigue 

load cycle shows significant evolution. 

" Stress evolution due to cutting and machining operations to produce C'C'T panels 

and 3-point bend specimens resulted in hydrostatic stress state at locations near 

the weld and heat affected zone. This is significant and emphasizes the necessity 

of 3-dimensional stress measurement in the fatigue geometry samples as from the 

fatigue crack growth behaviour data of these specimens predictive models are to 

be formed. 

" Surface stress distribution follows closely the centre line stress distribution. 

However, a difference in peak values of 45 MPa is observed. To address the stress 

gradient it is necessary to determine the magnitude of surface stress distribution. 

" The measurement of wing skin and stringer assembly show significant difference 

in 3-dimensional stress distribution magnitude and pattern from the coupon plate. 

Also, due to dimensional constraint, there are regions where a hydrostatic tensile 
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stress distribution is seen. The importance of measurement of structural assembly 
is demonstrated as the stress distribution pattern and magnitude is significantly 
different from the coupon welded plate sample. 

The next section briefly compares the MIG and VPPA welding processes in terns of 
residual stress distribution. 

9.3 Comparison between MIG & VPPA welding 
processes 

The hardness comparison across the weld is shown in figure 9.10 
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Fig. 9.10 - Micro-hardness comparison in MIG & VPPA welded AA2024-T351 

specimen. 

The heat input is higher in the case of VPPA welding which results in a wider heat 

affected zone 

The centreline stress variation in the as-welded MIG and VPPA welded AA2024- 

T351 is shown in figure 9.11. 
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Fig. 9.11 - Centre-line stress comparison in MIG & VPPA welded AA? 024-T35l 
specimen. 

The stress variation in MIG and VPPA welds are shown above. 

" The maximum stress generation in MIG weld is hig her to about 300 MPa as 11 
compared to 220 MPa in VPPA weld. The widths of the welded plates by MI(; 

and VPPA are large enough to cause any significant difference in heat extraction 

rate. The total heat input in the MIG welding process is much lower than for the 

VPPA welding process but MIG welding is faster and welding speed influences 

residual stress generation because of faster heat extraction. Also the MIG weld is 

done in two passes while the higher penetrability of VPPA allows welding of 

similar section in one pass. 

" Also in the case of the MIG weld filler wire was used which resulted in higher 

compositional change in the weld and heat affected region. This also could 

contribute to difference in stress generation through modification of solid solution 

composition. 

" In both processes a double peak stress distribution is observed in the 'geld metal 

and the heat affected zone. The effect of higher heat input in V PPA proccý, iý 

manifested by a broader tensile residual stress zone. The maximum tensile 
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residual stress peak in the case of the MIG weld is located on the first peak %% hi le 
in the case of the VPPA weld it is on the second peak in the far heat affet: tcd zone. 

9.4 Concluding Remarks 

" The thesis presents complete residual stress characterisation of \IIG and V"PP. A 
welding of aluminium 2024 alloy heat treated in T351 condition. 

"A novel hybrid technique utilising neutron and synchrotron X-ray diffraction was 
utilised during the measurement which resulted in complete through thicknle"-, 
strain mapping and then calculation of stress. 

" An elastic macro stress free reference comb sample ýý a measured which ensured 
correction for compositional variation and also eliminated the possibility of undue 
accounting of inter-granular strains 

" 3-point bend fatigue geometry samples measured for surface stress distribution 

show significant evolution in comparison to the coupon «elded plate sample. 
Measurement of same sample after first cycle loading helps in understanding the 

stress evolution associated with local plastic deformations. 

" Centre cracked tensile specimens for long crack characterisation also show 1tres 

evolution in terms of magnitude and distribution profile. 

" The wing skin and stringer assembly was welded in a different geometric 

configuration. The 3-dimensional stress in the design geometry ' ing skin and 

stringer panel was measured along the web and across the doubler. Different stress 

magnitude and distribution is observed although the basic distribution profile 

follow similar pattern as observed in the coupon plate sample. 

" Measurements of the welded coupon plates give a qualitative understanding of the 

weld residual stress generation. Measurement of the laboratory scale fatigue 

testing specimens gives the opportunity to understand crack growth and correlate 

with the residual stress field which are to be used for formation of predictive 

models. The effect of weld residual stress, heat affected zone in structural member 

will be different from the coupon welded plate. Therefore, to predict the crack 

propagation behaviour in the structural member as a part of damage tolerance 

analysis, it is necessary to determine the weld residual stress in structural member 
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and use the crack propagation data from the laboratory scale coupon pecimen, 
under the modified residual stress field of the structural member. Týý o dittercnt 
orientation of the structural member was studied to supplement fati. Tue crack 
propagation behaviour for different fatigue mode of the structural component. 
These enable a fracture mechanics based approach for damage tolerant design in 
welded structural members of civil aircraft. 

9 Different diffraction sources were utilised based on the measurement criteria and 
specimen specification. An optimal measurement technique enabled detailed 
dimensional stress mapping. 

9.5 Suggestions for Future Work 

In the dissertation a fully integrated study of the residual stress distribution 

accompanying MIG and VPPA welds in aluminium 2024 alloy and how it is affected 
by subsequent machining and service loading is described. 

From the data the effect of residual stress on fatigue crack propagation can be 

inferred. However, it must be noted that the effects of residual stress on fatigue crack 

are not universal and depend on stress state that exists before the crack started 

growing since the residual stress field also can relax due to the passage of crack. In 

future it would be helpful to check residual stress state at different levels of crack 

growth to determine the influence of crack propagation on residual stress field. It 

would also be interesting to utilise very high resolution of synchrotron X-rays to 

determine the residual stress state on crack tip and its surrounding by designing an in- 

situ experiment where diffraction data can be obtained for different loading conditions 

and at various crack lengths. Then the effect of elastic stress field and plastic field 

behind the crack on the pre-existing residual stress state can be obtained. 

Also the effect of fatigue cycles on re-distribution of residual stress field will be 

interesting for wing skin and stringer assemblies tested with service loading spectrum. 

Together with the fatigue crack initiation data it would be possible to assess fatigue 

life to grow specific crack lengths necessary for damage tolerant design. 
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Under this project fusion welds are only studied. Similar integrated studtc, for solid 

state welding, in particular friction stir welding may provide interesting comparison 

between fusion welds and solid state welds. 
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Appendix 1 

Error Associated with Measurement of Strain and 
Calculation of Stress 

The calculated error associated with measurement of strain and hence calculation of 

stress is based on the principle of statistical propagation of error as explained below: 

In monochromatic sources the intensity of diffracted beam is plotted as a function of 
diffraction angle. The plots as shown in figures 4.8,5.4,5.6 is then fitted in 

accordance with an appropriate mathematical function that closely defines the peak 

shape. The goodness of fit gives the uncertainty of angular peak position 

determination. The angular uncertainty gives the error in determining the inter-planar 

(d) spacing. 

In the ENGIN diffractometer at the pulsed neutron source at ISIS the multiple peak 

diffraction spectra is refined in accordance with Pawley refinement using, GSAS 

software. The complex algorithm of peak shape in a pulsed neutron source has been 

included in GSAS software. Refinement of the entire diffraction spectra ýgi\cý directly, 

the error of measurement of lattice parameter (a) of a unit cell. 

Calculation of Strain Error 

Strain is calculated in accordance with equation 2.5 as given below 

d-do 
= 

a-ao 
do ao 

The error in strain is calculated as 

( 
/2cEd)2+(LdO)2 

Ed Edo 

Where 

AE and E are the error in strain and the strain measured. 

AEd and Ed are the error in strain due to error in measurement of inter-planar spacing 

in the welded plate and the strain calculated with the error 

AEdp and Edo are the error in strain due to error in measurement of inter-planar 

spacing in the stress-free reference comb and the strain calculated with the error. 
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Similarly from the uncertainty in the measurement of lattice parameter otI a unit Cell 
the strain error can be calculated. 

Calculation of Stress Error 

From equation 1.19 the principal stress can be expressed as 

all = aEi, + bekk 

Where ii stands for any principal direction (either x or y or z) and Ekk_ 

and a&b are constants as described in equation 1.19. 

The error in measurement of stress is calculated as 

06 = 
\(aAEÜ )2 + (bAEkk )? 

where 

AEk (AExx)2 +(DEý, ý 
)`ý +(AE, 7), 
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Appendix 2 

Steady State Welding Condition for Metal Inert Gas 
(MIG) Welding 

This study shows the distance from the edge of the welded plates after which N1I(i 

welding attains its steady state i. e. the distance from the edge after ký hieb the "" eld 

properties would not show any appreciable variation along the welding direction. It 

has been mentioned in chapters 4 and 5 that residual stress generation in -%N eld is 

variable across the weld and remains constant along the direction of weld. HoN\ ever, 
depending upon the distance from the edge after which a ýw eld process becomes 

steady the residual stress generation would also show fluctuation in the Ný elding 

direction. An experiment carried out to determine the distance from the edge of the 

plate after which MIG weld attains the steady state is described. 
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Fig. Al - Positions of different line scans along the weld line, measured across the 

weld 

In this experiment a MIG welded AA7150 post weld heat treated to T651 condition, 

was measured by laboratory X-rays in several positions along the welding, line, across 

the weld. The sample dimension and relative position of different lines measured 
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across the weld is shown in figure Al. The measurements across the different line-- 
are compared to find out the steady state welding condition. 
The first line (marked as A) is 10mm from the edge. The gap between line A and B is 
30mm i. e. line B is 40mm from the edge. The subsequent gap between every pair of 
lines is 50mm. 

The surface stress result is given in figure A2 
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Fig. A2 - Surface stress variation across the weld in different positions along the .ý eld 
line 

From the figure it can be seen that at line A which is 10 mm inside from the edge, the 

weld process had not attained its steady state but from line B onwards the variation is 

within an acceptable range. From this it can be stated that weld steady state had been 

achieved. Therefore, it can be safely assumed that 50 mm inside from the edge of the 

welded plate the weld process attained the steady state and residual stress generation 

from 50 mm onwards would be constant along the longitudinal direction. 

Appendix number 2 describes the same experiment carried out for VPPA ý\ eld 

process. 
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Appendix-3 

Steady State Welding Condition for Variable Polarity 
Plasma Arc (VPPA) Welding 

The same experiment as described in appendix l was performed to find out the steady 
state conditions for variable polarity plasma arc welding process. The relative 
positions of the different lines are, however, different as shown in figure Al 
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Fig. A3 - Positions of different line scans along the weld line, measured across the 
weld 

In the experiment an as-welded sample of 500 x 280 x 12 mm' was measured along 6 

different lines along the longitudinal direction and surface residual stress was 

measured across the weld. The position of different lines relative to the edge is shown 

in figure A3. Line A is measured 8 mm from the edge and subsequent lines are 

measured at an interval of 10 mm. The results are shown in figure A4. In the same 
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figure along with the line scans the stress variation obtained at the middle of the 
sample is plotted. 
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Fig. A4 - Surface stress variation across the VPPA weld in different positions along 
the weld line 

The surface stress variation across the lines is plotted with the stress variation 

observed in the middle of the sample. It can be seen that line F which corresponds to 

58mm from the edge is almost of the same magnitude and distribution profile as that 

of the centreline stress variation. Therefore, it can be safely assumed that 60mm 

inside the plate edge steady state welding condition is reached in case of VPPA 

welding. 
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Appendix 4 

Determination of Centre of sampling gauge volume 
during Measurement of Residual Strain in 

Transmission 

In chapter no. 6,3-dimensional surface strain measurement result has bail dkcu,, cd 
for fatigue testing samples used by Southampton Uni\ crsity, for short crack 

characterisation. Navigation of gauge volume for measurement of out-of-plane strain 

would be different as that is measured in reflection geometry ,O hercas the in-plane 

strain directions (longitudinal and transverse) are measured in transmission geometry. 

Also in reflection there is possibility of shifting of centre of sampling gauge volume 

from the geometric gauge centre due to differential attenuation. 

In appendix no. 3 the centre of gauge volume is determined in accordance with 

equation 6.1 as given below 

J$yds 
I 

C=s=1 e JJds I2 

s 

The diffraction geometry is shown in figure A5 
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Fig. A5 - The gauge volume positioning during measurement of in-plane surface 

residual strain 
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The gauge volume is positioned half immersed inside the specimen. In transmi�ion 
the diffracted beam travel equal distance inside the specimen. therefore, there ýý ill be 

no shifting of sampling gauge volume due to differential attenuation from different 

portion of the gauge volume. The centre of sampling gauge volume would be on the 
CD line and determined by simple integration according the intensity \ ariation across 
the depth as a function of the gauge shape profile i. e. line BC. 

The calculation is done in two parts as I1 the numerator and 1, the denominator. 

The routine written in Matlab for I1 is given below: 

11 

"theta = 7.25 *pi/180 

mu =0.167 

W=0.5 

DL= W/sin(theta) 

Ds= W1 cos(theta) 

dl = DL12 

ds =Ds/2 

Xo =-dl 
Xi=Xo+dl 

Xf=Xo+2 *dl 

dx = (Xf-Xi)/200 

x=Xi: dx: Xf 

y=(Xo+2 *dl-x). *x. *ds/dl 

plot (x, y) 

z=trapz(x, Y) ,) 

Where 

theta = half the diffraction angle 

mu (µ) is the attenuation co-efficient considered 0.167 mm-' 

DL is the long diagonal 

Ds is the short diagonal 

W is the opening of incident and receiving beam slits in the studied case both are 

equal to 0.5 mm 

Xo is the distance of the tip of the diagonal (point A in the figure) from the ý, urfacc of 

the material 
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Integrating according to the routine gives a value of I, equal to 0.1048 
The routine for 12 is shown below 

"theta = 7.25 *pi/180 

mu =0.167 

W=0.5 

DL= W/. sin (theta) 

DS= W/cos(theta) 

dl = DL12 

ds DS12 

Xo= -dl 
Xi =Xo +dl 

Xf=Xo+2 *dl 

dx =(Xf-Xi)/200 

x=Xi. dx: Xf 

y= (Xo+2 *dl-x). *ds/dl 

plot (x, y) 

z=trapz(x, y) " 

Integration of I2 gives 0.2496 

Therefore, the centre of sampling gauge volume for this case is equal to 

Ce = 
Il 

= 
0.1648=0.66 

12 0.2496 

Therefore the centre of gauge in transmission is 0.66mm from the surface. 
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Appendix 5 

Determination of Centre of sampling gauge volume during Measurement of Residual Strain in Reflection 

Appendix 4 describes the centre of sampling gauge volume during measurement of 
out-of-plane (normal direction) strain in reflection geometry. In reflection ýgeometryy 
as described the diffracted beam travel different length inside the specimen as shown 
in the figure A6. 
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Fig. A6 - Gauge volume positioning during measurement of normal direction in 

reflection 

Path length travelled by beam abc is less than that of def. In the figure the geometric 

gauge volume is at point o. The sampling gauge volume will be, however, shifted 

towards the surface due to more intensity of diffracted beam which is near to the 

surface. 

The centre of sampling gauge volume can be determined from equation 6.2 as shown 

below 

Ce = 

fff Ioxe µLdv 

v 
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JJeds 

s 

Where L stands for the path length traversed by the beam. From figure A('. the path 

travelled by a beam is dependent on the depth of penetration and is equal to 'xx sinO. 
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The exact location of the gauge volume is obtained from integration of the w% eighted 
intensity with depth for triangles Aboy and Aeoy. For triangle \bov, the numerator 
and denominator integrals are denoted by I1 and 12, while for Jeov the numerator and 
denominator are determined by integrals 13 and 14. 

For triangle Aboy the integrals can be written as 
JJ 

xye-2µX 
/ sin 0ds 

__ 
I1 Ce -s $Jye_2°ds 12 

S 

and for triangle Aeoy the integrals can be written as 
ff 

xye-2µx 
/ sin 0 ds 

C=S= I3 
e JJye2ds I4 

S 
Where y is a continuous function along the line ye of the Aeoy and c\prc' cd in terms 

of x. 

The resultant intensity weighed centre of gravity can be expressed aý 

Ce=I1 + I3 

12 +Iq 

The routines written to evaluate the integrals are given below. All the notations and 

symbols are the same as described in appendix 3. 

11: 

"theta = 7.25 *pi/180 

mu =0.167 

W=0.5 

DL Wls in (theta) 

DS W/cos (theta) 

dl= DL/2 

ds = Ds/2 

Xo =0.4 
Xf=Xo +ds 

dx=(Xf-Xo)/200 

x=Xo: dx: Xf 

y=. x. *(exp(-2 *mu *x/sin (theta))). *((i. -. ko) *dl/ds) 
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plot (x, y) 

z=trapz(x, y) " 

Il = 0.0314 

The routine written to evaluate 12 is given below 

12: 

"theta =7.25*pi/180 

mu=0.167 

W=0.5 

DL = W/sin (theta) 

DS=W/cos(theta) 

dl=DL/2 

ds =DS/2 

Xo=0.4 

Xf=Xo +ds 

dx=(Xf-Xo)/200 

x=Xo: dx: Xf 

y =(exp(-2 *mu *x/sin (theta))). *(x-Xo) *dl/ds 

plot (x, y) 

z=trapz(x, y) " 

I2 = 0.0562mm 

The routine to evaluate 13 is given below 

13: 

"theta= 7.25 *pi/180 

mu=0.167 

W=0.5 

DL = W/s in (theta) 

DS= W/cos(theta) 

dl=DL/2 

ds =DS/2 

Xo =0.4 

Xi =Xo +ds 

Xf=Xo+(2 *ds) 
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dx=(Xf-Xi)/200 

x=Xi: dx: Xf 

plot (x, y) 

y=(exp(-2 *mu *x/sin (theta))). *x. *(Xo+2 *ds-x) *dl/ds 

z=trapz(x, y) " 

13 = 0.0262 

The routine to evaluate 14 is shown below 
14: 

"theta =7.25*pi/180 

mu=0.167 

W= 0.5 

DL =W/sin(theta) 

DS = W/co s(theta) 

dl= DL/2 

ds = DS/2 

Xo =0.4 
Xi =Xo +ds 

Xf=Xo+(2 *ds) 

dx=(Xf-Xi)/200 

x=Xi: dx: Xf 

plot (x, y) 

y=(exp(-2 *mu *x/sin (theta))). *(Xo+2 *ds-x) *dl/ds 

z=trapz(x, y) " 

I4=0.0360 

The centre of sampling gauge volume therefore, can be derived as shown above 

Ce = 
0.0314+ 0.0262 

= 0.6247 mm 0.0562 + 0.0360 

The geometric centre of gauge volume is at 0.65mm, therefore, the sampling gauge 

volume is shifted from geometric gauge volume by only 0.025mm. The gauge volume 

centre for transmission experiment is 0.66m. 

Therefore, the difference in gauge volume centre for the two types of experiments 

only 0.035mm. 
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