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ABSTRACT

This study aims to develop and validate a wide-ranging simulation tool to predict
welding distortion in plates and shells, with particular emphasis on out-of-plane
deformation. The approach adopted in this thesis, uncouples the thermal, elasto-
plastic and structural effects leading to distortion and makes use of simple
algorithms, named ‘Mismatched Thermal Strain’ and ‘Contraction Thermal Strain’.
These algorithms are generic with respect to material and welding process and they
enable the application of finite element simulation and analysis on an economical
and industrially practicable scale. The final computational based approach has been
used to investigate alternative welding sequences in multiply stiffened plates, with

respect to the minimization of out-of-plane deformation.

The theoretical models and results generated in this study have been supported at all
stages by welding tests of a realistic nature to maintain confidence in the validity and
applicability of the treatments. To achieve this aim, a pilot programme was designed
to develop thermal and distortion measurement techniques and computational
approaches, before up-scaling to a typical industrial size of fabrication. Steel plates
were butt and fillet welded in the pilot programme to give 0.5m square finished test
plates, while plates of more realistic dimensions at 4m x 1.5m were welded, to act as

a comparison and cross-reference for the large scale computational analysis.

From the computational viewpoint, the problem has been reduced to a single load
step analysis per weld pass. Comparison between the results of the simulations and
the measured out-of-plane deformations was good. The accuracy of the
computational analysis was found to depend on knowledge of the initial out-of-plane
deformations and other external factors such as self-weight and support positions. In
double-sided fillet welding using two-welding heads in parallel, insufficient spacing
or staggering of the heads means that the contraction force could exceed the critical
buckling load of the structure. In multiply stiffened plates, minimization of the out-
of-plane deformation was achieved by welding the central stiffeners first followed by

the adjacent outer stiffeners.
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Nomenclature

Upper case:

A Area (m?)

A, Cross sectional area (m?)

4, Proportional thermal load constant

Ay Proportional thermal load constant for weld run r and
section s

A, Cross sectional area of the weld (m?)

Ay Cross sectional area of deposited weld material (m?)

4, Penetrated cross-sectional area in the plate (m?)

A, Penetrated cross-sectional area in the stiffener (m?)

B, Coefficient of loss of temperature B, = 2% od 'Ch)

B, Free angular distortion (°)

G Planck’s first radiation constant 3. 7415 x 107'® (Wm?)

C, Planck’s second radiation constant 1. 4388 x 10”2 (mK)

E Elastic modulus (N/m?)

E,,(T) Monochromatic emissive power of a blackbody at absolute
temperature T (W/m?)

E, Total radiant emittance of a blackbody (W/m?)

E, Total radiant energy captured by camera (W/m?)

F Contraction force (N)

Gr Grashoff number

H Heat dissipation ratio H = h Ac (m™)

H, Enthalpy (J/kg)

K, Thermal conductivity (J/msK)

K., Thermal conductivity of air (J/msK)




Modified Bessel function of the second kind and zero order

Length of plate (m)

Maximum weld length segment (m)

Nusselt number

Prandtl number

Rayleighs number

Temperature (K)

Ambient temperature (K)

Temperature read from the thermographic camera when
emissivity is set to one (°K).

Surface temperature (K)

Initial temperature (K)

Film temperature (K)

Artificial load temperature at position y (K)

Artificial load temperature at a node in the structural model

X)
Artificial load temperature at a node and run r in the
structural model (K)

Maximum temperature (K)

Maximum temperature reached at node i (K)
Transverse thermal load (K)

Transverse thermal load for weld run » (K)

Total weight of weld material per unit length (kg/m)

Weight of weld material deposited in each successive pass
per unit length (kg/m)
Total weight deposited in first pass per unit length (kg/m)
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Lower case:

"=%,1

Thermal diffusivity (m%s) where A = P and a= K
2K, cp

Thermal diffusivity of air (m?/s)

Weld pool half width (m)

Width of weld pool (m)

Transverse distance from weld axis at 7, (m)

Specific heat (J/kgK)
Thickness of plate (m)

Thickness of stiffener (m)
Penetration depth of fillet weld (m)

Arbitrary non-dimensional thickness

Distance from centre of weld pool to top surface of the plate

(m)

Fraction of heat deposited in front of the weld

Fraction of heat deposited at the rear of the weld

Acceleration due to gravity (m/s?)
Film coefficient (W/m?K)

Radiation film coefficient (W/m?K)
Convection film coefficient (W/m?K)

Fraction not contributing to transverse thermal strain
Fraction not contributing to transverse thermal strain in fillet
welding (second weld pass)

Length of weld pool (m)
Original length of dilatometer test specimen (m)

Rate of heat (J/s)
Rate of heat input per unit length (J/m)

Rate of heat input per unit section (W/m?)
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9vol

9 m.vol

Heat generation rate per unit volume (W/m?)

Maximum value of power density at centre of ellipsoid
(W/m®)
Heat flux (W/m?)

Heat loss due to radiation (W/m?)

Radial distance from moving coordinate (m)

Spherical distance from moving coordinate (m)

Radial distance of heat source (m)

Depth of penetration of a butt-weld (m)

Time (s)

Nodal displacement vector

Welding speed (m/s)

Twist due to local contraction of fillet weld (°)

Distance from heat source along the longitudinal axis (m)
Distance from heat source along the transverse axis (m)

Maximum yielded zone distance from heat source(m)
Maximum elastic/plastic zone distance from heat source (m)

Maximum yielded zone distance for weld run r and section s
from heat source (m)

Maximum elastic/plastic zone distance for weld run r and
section s, from heat source (m)

Distance from heat source along the through thickness of
plate (m)

Centroid of transverse mechanical deformation (m)
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Greek letters:

V4

£

tensile

£

compresion

> > 9

S % e v

)
S

)

Distance from moving coordinate along the longitudinal axis

(m)
Strain

Initial strain

Longitudinal strain

Transverse strain

Inherent strain in longitudinal direction

Inherent strain in transverse direction

Yield strain

Emissivity

Emissivity calibration factor
Initial tensile strain

Initial compressive strain

Efficiency

Fraction of heat used to fuse the base material

Stress (N/m?)
Stefan Boltzman constant 5.67x10° (W/m*K*)

Yield strength (N/m?)
Eigen value
Wavelength (m)
Density (kg/m®)

Coefficient of heat emission (J/m?sK)

Longitudinal shrinkage (m)
Transverse shrinkage (m)
Change in length at temperature 7' (m)

Coefficient of expansivity (K™)

Arbitrary coefficient of expansivity in longitudinal direction
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K™

Arbitrary coefficient of expansivity in transverse direction

K™

Coefficient of expansivity between 7, and T, (K™
Arbitrary coefficient of expansivity in z direction(K™)
Thermal deformation (m)

Elastic / mechanical deformation (m)

Transverse mechanical strain (compression — top surface)
Transverse mechanical strain (tensile — bottom surface)
Average transverse mechanical deformation (m)
Viscosity of air (kg/ms)

Poisson ratio

Bending due to local contraction of fillet weld (°)
Bouyancy of air (K™)

Smoothing parameter
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non-uniform expansion and contraction of the weld and surrounding base metal
result in a number of mismatched thermal strains. This leads to local residual
deformation, which will then cause distortion. Welding deformations not only
complicate the fabrication of welded structures, they are also accompanied by a
residual stress field. Both phenomena might reduce suitability of the structure by
either departing from the calculated stress or by changing the final desired

dimensions.

At present, shipbuilding companies face increasing challenges to produce light
weight structures, in order to decrease weight and maintain a low overall centre of
gravity of the ship. This constraint is being achieved by using thin plates to build the
panels, decks and superstructures that constitute the building blocks of ships. As
pointed out by Masubuchi [1.2], ‘Engineers in the shipbuilding industry will face
severe problems with residual stresses and distortion in the years ahead,” due to
increasing use of thin plates, aluminium alloys and other non-ferrous alloys, and the
stringent tolerance for distortion. Thin plates are particularly prone to buckling and
even more so when the plates are not perfectly flat as a result of induced welding
deformations. The load carrying capacity of these plates is greatly reduced. Thus
the problems associated with welding thin plate structures are of particular

importance and need to be addressed.

Many industries concerned with the fabrication of thin plate structures, consequently
experience difficulties and high rectification costs. Out-of-plane distortion, in
particular, makes it difficult to align the edges of sub-assemblies and results in a lack
of ‘fairness’ in the completed structure. A recent review of an extensive,
collaborative programme, funded by the U.S. Navy Office of Naval Research [1.3]
states that ‘Severe distortions have emerged as a major obstacle to the cost-effective
fabrication of such lightweight structures’. In the review performed by Lightfoot
[1.4] on the ship building company, BAE systems, states that 10% of the steel work
hours involve rework. Typical rework recognised by BAE systems include heat
straightening, fairing and aligning, but omits other man hours involved in handling

the plates, following standards, delays in the programme and any other subsidiary
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K,(Avr). Hence the solution to the two-dimensional heat flow is given in equation

2.25.

qii - A
T-T, =7[11’<”te PAK,(Avr) or T-T, =, 201@%) Equation (2.25)
c

The above solution assumes no heat loss to the environment. The primary drivers to
the heat loss are the dissipation due to convection and radiation from the surfaces.
For a unit surface area the rate of heat losses due to convection and radiation is given

by equation 2.6. For simplification reasons a dissipation ratio will be used such that

h . C
H= %{ . By assuming the heat dissipation from the top and bottom surfaces to be

H,and H, respectively, and if the thickness of the plate dis small enough to

neglect the thermal gradients within the thickness (as in thin plates), then equation

2.24 can be made to include the heat loss effect via equation 2.26.

2
i’r? + %% ——l:(/iv)z +@:I¢ =0 Equation (2.26)
Solving equation 2.26 gives the formulation below.
=4 Ay \/( 2 Hi+Hy -
T-T, = e XK | r () + Equation (2.26)
° 27K.d “[ d 1 (

Rosenthal also proposes a temperature distribution for a two dimensional system but
with a variable line source. In such case the heat source is not assumed to be constant

across the thickness of the plate but varies according to a Fourier series g,,(z)

between z =0 and z =d, shown in equation 2.27.

9in(2) = (O)i A, Cos% Equation (2.27)
0

The differential equation 2.24 will have to be updated by adding the second

derivative with respect to z, to read:
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The value of /,, is the length of the weld pool and if set to zero then equations 2.44

and 2.25 will give approximately the same thermal profiles. By moving heat from
the front to the rear surface of the weld pool, equation 2.44 is able to model the
melting and freezing of the weld pool. Furthermore, Lindgren in [2.28] gives a one
dimensional (transverse direction) heat flow equation that assumes that there is no
heat flow in the longitudinal direction. Comparison of the modified solutions and
the classic two dimensional solution, to the finite element analysis, has shown very
similar results for far field temperatures. Neglecting the heat flow in the welding
direction did not affect the temperatures. On the other hand the extended solution
gives closer temperatures at the weld pool when compared to the finite element

analysis.

Finally Lindgren concludes that the temperature transients could be calculated from
analytical solutions, if the residual stresses are of interest. However if the
displacements, especially the change in gap width is of interest than finite element

methods have to be employed.
2.2.4 Computer aided finite element thermal analyses

With increases in computer efficiency, finite element analysis has been employed for
the calculation of thermal transients evolved during welding. As distinct from
analytical solutions, finite element analysis offers the advantage of using temperature
dependent material properties. Furthermore, any heat generation due to phase
transformations and residual strains can be coupled in the thermal analyses. The
latter is a very small contribution, however, and is usually omitted from the thermal
analyses. Another advantage of finite element analysis is the ability to model a
detailed heat source. = A number of heat sources can be applied to the model,

depending on the region of interest. Radaj [2.29] pointed out that if the far field
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temperatures are of interest then a point or a line source is sufficient. However the
region next to the weld is best described by spatially distributed heat sources such as

a Gaussian distribution.

Research has been conducted in attempt to find the best technique to represent the
heat source. In one of the early finite element analyses, Friedman [2.30] modelled
the heat source as a surface heat flux having a radially symmetric normal

distribution, shown in Figure 2.13.
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Figure 2.13: Radially symmetric normal distribution heat source model

If r is the distance from the centre of the heat source, then the heat flux g, is given
by:
— -cr? .
q,(r) =q,e Equation 2.45

Where g, and C are constants, determined by the magnitude and distribution of the
heat input, hence the parameters g (effective heat input) and r, (the radial distance

in which 95% of the heat flux is deposited) are given by:
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Starting from an ellipsoid with centre at (0,0,0) and semi-axes, a, b, ¢ parallel to the
co-ordinate axes X, y, z , the Guassian distribution of power intensity g,,, is given
by:

—Ax? —By? —C2? )
qvol(xaya Z) = 9mvor€ 4 € By e ¢ Equation 2.48

Where ¢,,,,; i8 the maximum value of the power density at the centre of the

ellipsoid. From the conversation of energy the heat input is given by:

oo —Axr B —Cz )
q=45 [T dmoore e g C de.dy.dz Equation 2.49
Evaluating equation 2.49 yields to:

2gABC

Dmvol = TJ_ﬂ_

To evaluate the constants A, B, and C the semi-axes values a, b, and ¢ are defined as

Equation 2.50
the distances where g,,, =0.05¢,, ,, such that:

9vol (G,0,0) = qm.vole_Aaz = O'Osqm.vol
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Similarly B = b—2 and C = 3 . Substituting the constants into equation 2.50, yields:
c

x> 3 y2 372
a2 b2 02 .
e e Ve Equation 2.51
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Where f is the final modification for taking into account the fraction of heat
deposited in front of the weld ( f, x>0) and the fraction of heat deposited at the rear
(f, x<0), such that f,+ f, =2. A double ellipsoidal heat source is achieved by

specifying two different values for a,ie. g and a, the semi-axis values parallel to
the x coordinate at the front and rear to the weld respectively such that a continuous

slope is achieved when a,f; = a5 f, , (refer to Figure 2.14).
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The best heat source to adopt also depends on the welding process under
investigation. More complex welding processes, such as electron beam welding,
with a small concentrated heat inputs, require a more complex heat source
description, to represent both the stirring action of the molten metal and the digging
action of the key hole. Roberts ez al, in [2.33] developed two heat source models that
best described the penetration associated with tungsten inert gas welding (TIG) and
electron beam welding (EBW). For TIG welding Roberts found that a surface disc

source is satisfactory to represent the heat source and is given by:

Darea(X, ) = —ﬂ% Equation 2.52
a

c
Where 77 is the efficiency of the process, a, is the weld pool half width (in this case
assumed to be 4mm) and x* + y? < acz. In the case of EBW the heat input consisted

of two components, a surface disc and a volumetric conic source such that the total

heat input is given by:

qarea (‘x’ y) = ﬂqz
ac
and Equation 2.53
d-p)ng

Qoo (X5 ¥, 2) =
1 s{tm?s* + msb, +b?)

2

Where x* +y? <a,” and x* +y* +2° < b,’. The constants a,, b, and m are fitting

parameters, p is the partitioning coefficient (determining how much heat goes into

the surface disc and conic source) and s is the penetration depth.

For a transient thermal analysis, the most important thermal properties associated
with phase transformations are the latent heats. Care has to be taken to model these
material properties, due to the sudden increase in latent heat capacity when compared
to the solidus specific heat capacity. This may give rise to a stiff equation. Lindgren

in [2.6] suggests either to specify the latent heat capacity over a larger temperature
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range or to specify the heat capacity using the enthalpy method described in [2.34].
The use of enthalpy will result in a smoother curve and hence easier convergence.

The enthalpy and heat capacity are related according to the following relation:
H(T) = [y pe(t)dt Equation 2.54

Here the heat conduction equation 2.17 is reformulated into enthalpy as shown

below:

+ + =Te -
% e 7 5 Equation 2.55

K, (BzHe 9’H, aZHej— oH
Another important aspect when modelling the weld pool is the conductivity. At the
weld pool the heat is not only transmitted by conduction but also through convection
due to fluid flow and other stirring effects. Many analyses [2.34], [2.35], [2.36],

imitate this by increasing the thermal conductivity at high temperatures.
2.3 Analytical solutions for the prediction of welding deformations

Prior to the development of finite element analysis, extensive work has been done to
derive analytical solutions for the prediction of welding distortions. Typical works
include the Russian solutions derived by Okerblom [2.27], the Japanese work by
Watanabe and Satoh [2.37] and the more recent studies by White, Leggatt and
Dwight [2.38]. The analytical solutions are specific to the different types of
deformation and often bulky analytical solutions have to be performed to find
longitudinal shrinkage, transverse shrinkage and angular distortion. Most of the
analytical solutions, based on experimental results, take crude assumptions to reduce
the complexity of the solutions. However this makes the solutions specific to the
welding process and material. An extensive review is given by Verhaeghe [2.39], in
which he summarizes the analytical solutions to date in four different types of
distortions; longitudinal shrinkage, transverse shrinkage, angular distortion and

longitudinal deformation. =~ The analytical solutions related to longitudinal
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deformation are a direct consequence of the longitudinal shrinkage via simple

bending moment theory and will not be discussed in this review.

2.3.1 Longitudinal shrinkage

In the recent review by Verhaeghe [2.39], the author states that in practice
longitudinal shortening can be assumed to be 0.8mm and 3mm per 3m of weld for
fillet welds and butt welds respectively. Most of the analytical approaches, establish
a force acting at the yielded zone, from which the longitudinal strain can be
recognized. Starting from the work proposed by Rykalin, Okerblom derived an

expression for the prediction of longitudinal shrinkage given by:

0 1
g=—L= 0335—42 Equation 2.56
L A. vep

Gray and Spence [2.25] inspired by Wells improved Okerblom’s model by
incorporating any heat dissipation losses originating in slow moving heat sources,

resulting in the modified model given in equation 2.57

£ =0335—22 0329, Equation 2.57
A.vep v A

(4

The work done by White et al [2.38] named the force acting over the yielded zone as

a tendon force. Based on experiments the contraction force was found to be
F =0.27]% where the efficiency 77is generally assumed to be 80%. This value

gEo
vep

specific heat, density, elastic modulus and expansivity of carbon steels are used in

relates to Okerblom’s force value F =0.335 or F= 0.16577—q— when average
A%

equation 2.56, although White et al make no reference to Okerblom. White et al seem
to agree with Okerblom’s findings in that the tendon force is independent of the type
of weld and the yield stress. Furthermore both studies conclude that in multipass
welding laid in close proximity the final tendon force is the overlapping force of the

different weld runs, such that if two welds having the same parameters are laid on
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top of each other with intermediate cooling to ambient temperature the final tendon
force will be that of one weld.

2.3.2 Transverse shrinkage

The majority of the work assume that the cross-sectional area of the weld A,,

regulates the amount of transverse shrinkage. Depending on the configuration of the
weld, transverse shrinkage will also give rise to angular distortion. Okerblom,
defined the transverse shrinkage as dependant on two variables, the transverse
contraction and the angular distortion. For fast moving heat sources and short welds
having a penetration 40% of the thickness Okerblom suggests that that the transverse

shrinkage is given by equation 2.58.

l1g @
5 =0293—12% Equation 2.58

dvcp
For very long plates and slow moving heat sources, Okerblom suggests that the
transverse shrinkage may be considered as a longitudinal weld of the same length

and equation 2.56 applies.

White et al proposed two formulas for the prediction of transverse shrinkage, that

include:
for a fully penetrated weld o, = 0.0044—7% Equation 2.59
V
for a partially penetrated weld 0, = 0.0044(%% - 50) Equation 2.59
v

Another significant work dealing with transverse shrinkage is that of Watanabe and
Satoh [2.37]. The transverse shrinkage is directly related to the weight and size of
the weld such that in multi-pass welding the transverse shrinkage is given equation
2.60. This means that the transverse shrinkage is again a function of the heat input,

since the net heat input and the size of the weld are directly related.
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4
5 =C =2 Equation 2.60

Where ¥ is the total weight of material deposited and W, is the weight of material

deposited in each successive pass. C, and C, are coefficients determined

experimentally depending on electrode diameter, current and speed.

Goglio et al [2.40] performed a series of experiments on stainless steels, using
manual metal arc process with covered electrodes, gas shielded metal arc welding
and tungsten inert gas welding. Three plate thicknesses were used — 6, 12 and 18mm,
having a V and X groove with an included angle of 60°. The experimental results
were compared to the analytical solutions for the prediction of transverse shrinkage
and showed that Okerblom’s formula for long welds in stainless steels seem to fail.
On the other hand the formulas proposed by Watanabe and Satoh are able to follow
the experimental results after calibrating the coefficients in the formulas. The
experimental results obtained seem to follow a logarithmic curve as proposed by

Satoh et al.
2.3.3  Angular distortion

Okerblom developed a number of analytical solutions, which covered different
modes of welding processes including butt welding, fillet welding and multipass
welding. He concluded that the angular distortion is a consequence of the weld pool
shape and size, penetration and the amount restraint originating from the previous
welds and parent plate. The simplest of these analytical solutions is the one proposed
for the prediction of angular distortion in fast moving heat sources, with a

penetration less then 60% of the plate thickness, given in equation 2.61.

q .
B,=Cn, Equation 2.61
f n vd?

Where C is a constant dependant on the penetration and 77,, is the fraction of heat

used for fusing the base material typically 0.3.
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Gray and Spence [2.25] inspired by the works of Okerblom, follow the same
reasoning for the determination of angular distortion in butt welding, but assume a

triangular shaped fusion zone and no external restraint. The angular distortion for

the first pass or fully penetrated weld is given by:

- b
B, =tan 1(OJAT —“’—j Equation 2.62
s

Where b, is the width of the weld on the top surface and AT is assumed to be

1000°C based on the assumptions taken by Okerblom.

The model proposed by Watanabe er al follows the same reasoning as for the
transverse shrinkage. The effects due to arc characteristics (heat input), joint
characteristics (cross-sectional area) and electrode characteristics are incorporated in
the analytical solutions. The angular distortion for multi-pass welding proposed by

Watanabe et al is given below in equation 2.63

Y

G iw C

4 [ Z J[ ] [ 3]

B, =C 2x|2dl PN, % Equation 2.63

Where W, is the total weight of material deposited during the first pass and C; and
C, are co-efficients determined experimentally depending on electrode diameter,

current and speed.

From the tendon force concept, White et al proposed a relationship for predicting
angular distortion. The study concluded that the maximum angular distortion occurs
for a heat input corresponding to a penetration equal to half the plate thickness. In
such case and for penetration less then half the plate thickness the angular distortion

is given by:

B, =024 L Equation 2.64
v ¢

Where d, is the distance from the centre of the weld to the top surface of the plate.
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In the case were the penetration is larger than half the plate thickness, the unfused
material will no longer impose a restraint and in this case the angular distortion is

given by:

g -4 1 6s(d—s)
2T 2
vd, d

Equation 2.65
Suresh er al [2.41] investigated the above solutions by performing a series of
experiments on butt welds and fillet welds. The study concluded the following
statements:

e Okerblom’s analytical solutions were found to be mostly matching with the
experimental results for most of the fillet and butt welds analysed, however the
complexity of Okerblom’s multipass welding analytical solutions proved to be
cumbersome and the authors proposed a new analytical solution in the case of
multipass fillet welds which does not take into consideration the configuration of
the welded section, but is more concerned with the percentage re-fused area.

e Satoh’s method gave good results for fillet welds made by submerged arc
welding processes, but fell short when applied to multipass single V-butt welds

e Leggatt’s method was found to give good reasonable results for multipass butt
welding except for the initial two welds.

e Gray and Spence method was found to give the results most coincident with the
double V groove butt welding, but is not suitable for the prediction of single V-
groove welding, even though the proposed analytical solution is based on

Okerblom’s work.
2.4 Finite element analyses for the prediction of welding deformations

The main limitation in analytical solutions arises from the fact that such formulas are
very specific and cannot be applied to all welding geometry and configurations,
particularly when complex welding structures are involved. In these cases the
interaction of the whole structure plays an important role in the structural integrity of
the structure and must be incorporated in the solutions to calculate the final

deformation and welding residual stresses. The use of finite element analysis offers
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a great advantage in this context, with the further possibility of incorporating any
non-linear temperature dependant material properties. The first welding numerical
simulations made their appearance in the early 1970’s, such as the work of Ueda et
al [2.42] and Hibbit ez a/ [2.43]. With the increase in computer power and further
development of finite element software, the complex phenomena of welding have
been successfully investigated by many researchers. The investigations reported

within the last twenty years have covered two main directions:

1. Models incorporating most of the complex phenomena occurring during
welding via a thermo elastoplastic analysis including phase transformation
effects, non linear temperature dependant material properties, and hardening
effects. These models are oriented to investigate the trends occurring in the
heat affected zone, such as an accurate prediction of the residual stresses and
the investigation of any crack propagation essential in finding the life cycle of
welded structures. The drawbacks associated with these models are the
complexities involved, the requirement of a good data on material properties
up to melting point and the large volume of work and computational time

required.

2. Simplified models, directed to the industrial scale welding, that do not claim
to completely simulate the welding process but are confined to give certain

type of results, such as out-of-plane deformation.
2.4.1 Thermo-elasto-plastic analyses

The extensive reviews given by Lindgren in [2.5], [2.6], [2.7] and [2.8] deal with
number of possible modelling configurations and recommendations for the finite
element simulations of welding. Most of the finite element simulations mentioned to
date perform a thermo elastoplastic analysis. The welding residual stress and
deformations are a direct effect of the residual strains generated during welding,
which can be decomposed into six components:

e Elastic strain
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e Plastic strain rate due to rate-independent plasticity

¢ Viscoplastic strain

e Creep strain

* Thermal strain rate consisting of thermal expansion and volume change due
to phase transformations

¢ Transformation plasticity strain

Radaj [2.29] states that the main driving force of welding residual stresses is the
thermal stresses imposed by the expansion and contraction of the material. However
the phase change (y-o transformation) present in ferritic steels will also impose a

transformation strain and hence, stress in the final welded structure.

Lindgren in [2.6] concludes that for residual stresses to evolve, the welding
simulations must at least account for elastic strains, thermal strains and one more
inelastic strain component, of which the plastic strain is usually modelled. A typical
plasticity model consists of a yield condition, flow rule and hardening rule. The
yield condition, often taken to be the Von Mises criterion, defines the boundary
between elastic and plastic behaviour. The flow rule gives equations for the plastic
strains in terms of stresses and the hardening rule defines the hardening and possibly
also the softening behaviour of material. Temperature dependent non-linear stress
strain relationships are used, such that the elastic modulus and yield stress decreases
with an increase in temperature, simulating the softening of the material at high
temperatures. Due to lack of material properties and softness of the material at high
temperature, a cut-off temperature is usually used by various welding simulations.
The meaning of cut-off varies between various studies, but in simple terms it may be
defined to be the temperature above which changes in the mechanical properties are
not accounted for, thus serving as an upper limit to the mechanical analysis.
Furthermore, any plastic strains accumulated above the cut-off temperature are
removed. For example in the study performed by Nasstrom et al [2.44] a cut off

temperature of 900°C was used. Previous studies performed by the same

researchers, have shown that when a cut of temperature of 1200°C is used the
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maximum difference in the maximum residual stress was at most 5%, suggesting that

the cut of temperature can have various values.

The most important factor when dealing with thermo elastoplastic analysis is the
thermal dilatation (thermal strain incorporating any strain generated by volume
change due to phase transformation). A study showing the importance of thermal
dilatation in the investigation of changes in weld gap width was done by Jonsson ef
al [2.45]. Among all factors, the authors concluded that the thermal dilatation has
the largest influence on the change in gap width, with an increase in weld gap when
higher thermal expansion coefficients for temperatures below 500°C, including
volume changes, were modelled. It was also found out that the yielding at high
temperatures does not affect the gap, however the hardening modulus and the yield
stress at lower temperatures play an important role. Higher yield and larger
hardening modulus make the tack welds stronger with high residual stresses, causing

the plates to deflect more. However their major role is in the residual stress.

Various configurations are possible to model welding, depending on the field of
interest. The simplistic way to model the welding residual stresses is to consider that
longitudinal stresses are the most important and hence, the use of rod elements
reduces the problem to a uniaxial stress. For more significant results, a two-
dimensional analysis has to be used. This can take the form a two dimensional cross
sectional model or two dimensional in-plane model. In the 2D cross sectional model
a plane slice transverse to the weld seam and perpendicular to the in-plane axis is
modelled. A number of possible plane rules are possible, which can take the form of
a plane strain model, plane deformation model or plane stress model. The use of
plain strain condition implies that the longitudinal heat flow and displacement are
assumed to be zero. It is as if the whole plate was rigidly fixed in the longitudinal
direction. The in-plane deformation approach models the strain in the longitudinal
direction as a linear function of the coordinates. In plane stress models it is assumed
that everything is constant through the thickness and that the stress normal to the

plane is zero. The welding simulations performed during the 1970’s and early 1980s,
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were limited by computer power and were restricted to two dimensional cross

sectional analyses, of which the plane strain model was generally used.

Another two dimensional strategy is a two dimensional plane model consisting of
shell elements modelling the in-plane state of the welded structure. Shell elements
assume that the stress through the thickness is zero and that a straight line in this
direction will remain straight during deformation. Though shell elements can be
used successfully in calculations of thin walled structures, in the weld and HAZ,
shell elements may not be sufficient, due to the high through thickness stress gradient

in these regions and hence are not suitable for predicting the angular distortion.

The study performed by Bergulund e a/ [2.46] has thrown light on what different
modelling strategies are able to predict. In this study a two dimensional plane strain
model and a two dimensional shell element model were compared with a three
dimensional solid element model. It is fairly evident that the two dimensional plane
strain model failed to predict the longitudinal out-of-plane deformation (bowing —
curvature). Furthermore it was found that the longitudinal stresses in the two
dimensional plane strain model were offset with a tensile net stress, due to the
restraint imposed by assuming a plane strain criterion. The two dimensional shell
elements are able to predict the same residual stresses as the three dimensional solid
model but fail to predict the out of plane deformation due to through thickness

thermal gradients.

The ultimate modelling approach is to assume a three dimensional solid element
model. The response of such analysis would take into consideration all types of
deformation but at the expense of considerable computational time. As pointed out
by Brown and Song in [2.47], a three dimensional model is essential when
considering effects of weld fit up and fixturing. The same conclusion was found by
Michaleris et al [2.48], where the effects of run-off tabs, tack welds and other
fixturings was investigated. However in this study it was also suggested that the
restraint imposed by the fixturing can be modelled via a two dimensional analysis

with the use of dashpot or link elements that restraints the plate from movement
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during the heating stage but un-restraints the model during the cooling stage, with the

assumption that during heating the unwelded plate and tabs will restrain the plate
from moving.

Another consideration in the modelling of welding processes is the fine mesh
required close to the weld, which can be coarsened in the remainder of the structure.
This follows due to the high thermal gradient existing in the transverse direction. A
number of strategies have been adopted by many researchers, the most effective to
date being to move a fine mesh together with the heat source. Nasstrom et al [2.44]
have combined three-dimensional solid elements with shell elements. In this study
solid elements were used to represent the region near the weld and shell elements are
used elsewhere. The combined model was integrated together via coupling equations
that combined the degrees of freedom of the nodes lying in the boundary defining the
solid and shell elements. When compared to a full solid model, the combined model
was able to predict the residual stresses, with considerable reduction in

computational time.

A fundamental requirement when modelling multi-pass welding, is the modelling of
the deposition of the weld metal. Two approaches mentioned by Lindgren are
possible The first referred to as ‘quiet elements’ (also referred to element birth and
death in the context of this thesis), has all elements and nodes present in the analysis
but the elements corresponding to the ‘not-laid’ welds are given material properties
that do not effect the rest of the model via a low stiffness matrix and are given the
appropriate material properties when laid. The other method involves the use of
inactive elements, whereby the ‘not-laid’ elements are not included in the equation.
The element birth and death technique is more widely used by a number of
researchers in context of simulating the deposition of the weld. Younan et al [2.31]
developed another method, named ‘element movement technique’ to model the
deposition of the weld. In the element movement technique, the elements of the
weld pool are separated from those of the base plate prior to the welding and are
made in contact with the base plate to simulate the weld deposition. In the thermal

analysis the weld pool elements are linked to the base plate via two noded elements,
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such that they allow heat to be transmitted between the different components. The
conductivity of such link was initially set to zero and gradually increased as the weld
pool elements came in contact. In the structural analysis, a coupling equation is
activated when the nodes come in contact. The end result will force the deformations
of the coincident nodes to be equal, making the weld pool and base plate act as one
body. When this technique was compared with the element ‘birth and death’ method

a significant reduction in time, with negligible differences in the final residual

stresses, was achieved.

2.4.2  Simplified finite element welding simulations

In the thermo-elastoplastic finite element analyses mentioned in section 2.4.1, the
full heat flow, metallurgical and mechanical processes in welding are simulated via
an uncoupled analysis. This requires the knowledge and use of nonlinear material
properties, plastic flow, volume expansion and phase transformations. However, due
to lack of material property information and knowledge of the thermal strain of the
cooling weld, such analyses are complex and unusable during the design stages of
most structures. Furthermore, when both volume changes and additional plastic
deformation during transformation were applied by Josefson [2.49], it was found that
it was difficult to obtain good agreement with the experimental results. This was

believed to be due to the lack of information.

Efforts have been made to find the most important material properties that have an
effect in the welding simulations. In the study performed by Free et al [2.50], room
temperature conductivity, specific heat and density, constrained by the limitation of
the finite element software package PAFEC used by this study, was used in the
thermal analysis. Furthermore in the mechanical analysis, the coefficient of
expansion and the elastic modulus was assumed to be independent of temperature,
and perfectly elastic plastic material properties were assumed. This study was
performed on low carbon steels BS4360 grade 50D and Free et al claim such
material can be considered to be perfectly plastic to approximately 3% strain and any

strain hardening modulus will reduce at elevated temperatures. Also a temperature
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dependent yield stress was modelled. A strong agreement with experimental results
was achieved and the authors conclude that time dependant plasticity, non-linear
thermal properties and non-linear mechanical properties other then yield strength are
not essential. A similar study performed by Zhu et al [2.51] on aluminium structures
conclude that in the thermal analysis a room temperature density and specific heat
can be used with good temperature results in the thermal analysis, as long as the
latent heat is specified. The thermal conductivity had the most significant effect on
the thermal transients and Zhu er a/ recommended to use an averaged conductivity,
though a room temperature thermal conductivity is fairly accurate. In the mechanical
analysis it was concluded that a room temperature coefficient of expansion and
elastic modulus could be used with substantial accuracy. However the yield stress
had a significant effect on the final residual stresses and distortions, and a

temperature dependent variable yield stress is essential.

Efforts have been made by various researchers to reduce the computational time in
the prediction of the out-of-plane deformation evolved during welding. A particular
feature of the ‘computer efficient’ models is that the thermo-mechanical actions
leading to distortion are uncoupled in terms of three basic actions, namely a thermal
transient stage that describes the thermal patterns, a thermo-elasto-plastic two
dimensional transient cross-sectional structural analysis that establishes the welding
residual stresses and a structural static three dimensional model describing the
geometry of interest. The end effect is a contraction force applied to the weldment of
a three dimensional model. At the other end of the spectrum the welding simulations
have been condensed to simple static shrinkage contraction forces that are
independent of the thermal, welding transients. The latter simplified approach relies
on the fact that the residual stresses and distortion is due to the plastic strain
accumulated in the heat affected zone and / or in the fusion zone, during the cooling
stages of the welding process. Though the heat affected zone undergoes various
changes in microsturcture, thermal and mechanical field, it is the final stages of the
cooling cycle that will determine the residual stresses and distortions in welded
structures. The methods adopted by the above mentioned schemes are often referred

to as inherent shrinkage methods or tendon force method.
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Michaleris and De Biccari [2.36], [2.52] present a simplified numerical technique for
the prediction of the out-of-plane deformation associated large buckled thin plate
structures. The numerical analysis combines a three dimensional large deformation,
small deformation buckling eigenvalue analysis, with a two dimensional thermo-
elastoplastic analysis. First an uncoupled thermo-elastoplastic two-dimensional
(cross-section, transverse slice) plane stress analysis is performed. These analyses
provided an ‘Applied Welding Load (AWLY expressed in terms of a cooling thermal
strain AT in the welding direction, corresponding to a force EAaAT , established by
matching the far field residual stresses to the results of the two-dimensional analysis.
This load was then applied to a large-deformation, three-dimensional analysis. Note,
however that the authors did not consider transverse or angular shrinkage and the
expansivity coefficient used was considered to be orthotropic. To supplement the
analysis a small deformation eigenvalue analysis is also performed such that the

thermal strain applied is given by A, E4A0AT,, where A, is the eigenvalue and AT, is

a -1°C thermal strain, later scaled up by the buckling analysis until the bifurication
load is reached. This load is referred to the ‘Critical Buckling Load’ (CBL) and if
AWL is higher then CBL then buckling is expected in the welded structure. In this
case imperfections have to be applied to the large deformation analysis in order to
simulate the expected buckling mode. Multiple eigenvalues and eigenmodes may
exist suggesting that the final predicted out-of-plane deformation will depend on the
imperfection applied to achieve the plausible buckling mode. The finite element
analyses were supplemented by large scale and small scale mock up tests. A strong
agreement with the experimental results was achieved provided that the right
buckling mode is selected. In fact, in the small scale test, the plates buckled in the

first mode where as in the large scale specimens, buckling was of the fourth order.

Vanli and Michaleris [2.53] used the approach described previously to consider
panels with T-stiffeners. This study identifies significant differences in outcome
related to angular distortion, bowing (ie out-of-plane longitudinal bending with no
buckling component) and buckling. The latter two forms of deformation require a
three dimensional analysis and buckling will only take place unless the contraction

force due to the residual stresses generated during welding exceed the critical
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bifurication loads obtained from the buckling analysis.  Another important
conclusion mentioned in this study is that although the welding stress is not affected
by fixturing and self-weight of the structure, the buckling modes may be influenced.
The finite element simulations have shown that bowing distortion is highly plausible
in the structures studied by Vanli et al, however if the bowing distortion is prevented,

by means of ramming down the stiffener, then buckling will take place.

The simplified numerical analysis of Hinrichsen [2.54] is highly relevant to the
present study and is also inspired the work of Okerblom. It is suggested in this
reference that the effects of angular distortion are small in such thin-walled
structures, when compared with the buckling distortion associated with the stiffeners.
Conrardy and Dull [2.14] appear to agree with this view. This assumption permits
the use of shell elements in the three-dimensional analysis, where longitudinal and
transverse in-plane shrinkages are included, but there is no allowance for through-
thickness thermal or strain gradients. These are essential for simulation of angular
distortion. The finite-element approach adopted by Hinrichsen involves a two-step
thermo-elastoplastic analysis. The transverse shrinkage due to a single pass fillet
weld is found in the first step through a two-dimensional cross sectional, thermo-
elastoplastic analysis. The longitudinal shrinkage is found from a three-dimensional,
shell-element model, whereby the whole length of the plate is assumed to be heated
simultaneously along the weld seam. The author implies that the plate reaches the
same maximum temperature at a particular distance from the weld along parallel
lines. The interaction between transverse and longitudinal shrinkage is achieved by
modeling the transverse shrinkage from the first step by spring elements, which are
incorporated in the second step. Experimental studies were also described, where the
thermal input was calibrated via thermocouple measurements (leading to a weld
energy input efficiency of 0.82) and strain gauge patterns were used to monitor the
development of residual stresses. Effects of the sequential development of residual
stress were not taken into account in the theoretical analysis, as the shrinkages were
applied in a single load step. Good correlation between the experimental buckling

results and the finite-element analysis was shown.
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A similar technique, that follows the works of Michelaris et al and Hinrichsen, was
performed by Tsai ez al [2.13]. This study sets out to investigate the effect of
welding sequences on distortion of aluminium panels (5456-H116 alloy). Inspired
by Michelaris et al, Tsai et al investigate the effect of welding residual stresses have
on buckling, by subjecting the panels to a compressive load, to determine the critical
buckling load and assigning a thermal load applied along the weld line, to simulate
the welding residual stresses. The thermal load analysis is referred to as the inherent
shrinkage method and finds out if the residual stresses exceed the critical buckling
load, thereby resulting in buckling. The inherent shrinkage method, used in this
context, consists of initially prescribing the weld temperature to 649°C, for an Al
alloy with melting point of 1000°C, along the whole weld area and then letting to
cool down, such that the plastic strains are calculated from the prescribed
temperature. In the analysis non-linear temperature dependent conduction, specific
heat, thermal expansion and elastic modulus are used. The end effect will result in a
shrinkage volume along the weld line. From these numerical analysis Tsai et al
concluded that the least distortion occurs by welding first the most rigid joint and
then move to the least rigid ones. Based on this pre-assumption, the study
demonstrates a method to find the correct welding sequence in multiple stiffeners
assemblies for the reduction of welding distortions. This is referred to as the joint
rigidity method (JRM) and sets out to find the most rigid joint. Thus in the JRM a
unit moment is applied to each stiffener and while observing the angular rotation, the
stiffener with the lowest rotation is welded first. Note that, this procedure has to be
performed again after each weld sequence as the joint rigidity may change after each
weld sequence. The analyses performed by the finite element analysis were
supplemented by experimental results. A strong agreement of out-of-plane
deformation was achieved albeit that the proper prescribed weld temperature is

found.

A recent review of a large collaborative programme, funded by U.S. Navy Office of
Naval Research [2.55], investigated buckling distortion via two methods, the
‘shrinkage-force-based” buckling analysis after Michaleris ef a/ and a

‘thermoplasticity-based’ buckling analysis. In the shrinkage-force method the

Chapter 2 — Literature Review and Theoretical Background 55



interaction between the thermo elastoplastic analysis and the buckling analysis is
simple a load parameter applied over the weld and does not take into account the
non-linear effects caused by the interactions between multiple welds. In the
thermoplasticity based analysis, the predicted residual stress distributions is used to
form the stress-stiffening matrix [K| 10- I an eigenvalue analysis by taking the form

of:
(K] +A4,[K],, fu}=1{0} Equation (2.66)

which is solved for AA, . Note that [K], is the conventional tangential stiffness

matrix and {u} is the corresponding displacement vector referred to as the buckling
mode. Once the buckling mode is established a non-linear analysis is performed to
find out the buckling distortion magnitude. The study also demonstrates an
analytical approach to determine the buckling mode but it is limited to simple

supported plates and assumes an invariant unit force acting along the in-plane axis.

Another simplified approach that uses the inherent shrinkage method is given in the
study presented by Luo er a/ [2.56]. The inherent strains resulting from a two
dimensional cross sectional thermo-elastoplatic analysis are used to find the inherent
angular distortion, transverse shrinkage and longitudinal tendon force using the

approximations given below:

Tendon force F =[Egdydz Equation (2.67)

Inherent transverse shrinkage o, = é {e,dvdz Equation (2.68)
. 1 :

Inherent angular distortion o= 7 [&,(z —d/2)dydz Equation (2.69)

where

I={(z-d /2y d

Once the inherent strains are known an equivalent elastic strain can be applied over a

region in an elastic three-dimensional analysis. By assuming the width b to the
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region where the inherent strains are applied and using multi layer anisotropic shell
elements, a system of elastic strains can be applied to the model, to represent the
longitudinal tendon force, transverse shrinkage and angular deformation. Starting

from the tendon force, a strain is applied longitudinally along the inherent width after
equation 2.70

. F
& =——=0aAT ' .
Edb ; Equation (2.70)

As with the transverse and angular distortion a layered strain is applied, such that the

top and bottom layers read:

8*top — (5t _%d¢)

— A0
3 5 = PAT
, Equation (2.71)
g;bot — (51 +§d¢) — abotAT
b y

An even more simpler method is the ‘shrinkage volume approach’, proposed by
Bachorski et al in [2.57]. The numerical strategy adopted, consists of a linear elastic
analysis, where by the driving force for distortion is assumed to be the linear thermal
contraction of a nominal shrinkage volume. This volume is assumed to be the weld
prep volume for vee preparations of 50° or less included angle and the fusion zone
for angle greater then 50°. For carbon steels the authors propose to apply a thermal
load of 900°C. Such temperature corresponds to the temperature at which the yield
strength of steel drops significantly that any thermal strains produced above this
temperature are considered not to contribute to the final distorted shape. The crude
assumptions taken by this method are able to predict the angular distortions, but the

residual stresses are not realistic, though having the same profile.

The work performed by Khamassi et al [2.58] also uses a shrinkage volume

approach, but the contraction force is based on the work done by Okerblom. In this

case a cooling contraction starting from 600°C is applied to a volume which
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experiences between 100% and 75% of the maximum temperature achieved from the
thermal analysis. Inspired by Okerblom, the weld path is discretised into a number

of individual segments such that the maximum length of each segment is given by:

2
Lo = 0-506"(%] Equation (2.72)

The finite element procedure, summarised in Figure 2.15, was adopted. For each
weld segment the thermal strains applied to the shrinkage volume, having
temperature dependant material properties, was solved. The nodal displacements, in
the shrinkage volume, generated from each weld segment, was then applied to the
model having room temperature material properties. For every segment a new model
consisting of the previous or initial deformation was created. At the end of the loop, a
set of forces was collected and applied to the model in order to generate the actual

residual distortion.

Induce thermal strains due to the
current welding sequence on the
initial or deformed structure

pi(:::é?ﬁe Nodal displacements
for next l
weld
segment Change material properties and

‘ reapply the displacements

Internal forces

Y

Apply forces on corresponding nodes

Residual stresses and distortion
results

Figure 2.15: Procedure of the welding simulation
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2.5 Discussions

This chapter sets out to define the phenomena occurring during welding. Present
state of the art finite element and analytical approaches directed at the prediction of
residual stresses and distortions are presented. While the thermal transients occurring
in welding are well established and easily found, the welding residual stresses and
hence distortions require a more complex model. This is the most intractable and
complex part of the whole procedure, not least because the required high temperature
material properties are usually poorly known and the material also changes state
Many finite element analysis exists however due to the complexity involved make
such analyses unsuitable at the design stages of welded structures. A number of
simplified approaches have been proposed ranging from the inherent shrinkage force
method to the inherent shrinkage volume approach. Though reducing the
computational time certain analyses are still dependant on non-linear temperature
material properties. On the other hand the elastic finite element analyses use some
crude assumptions, that is the cooling contraction and shrinkage volume is chosen to
suit and match the expected level of deformation. Though these assumptions are
based on experimental results, the methods are not easily transferable to other
materials. The finite element analysis adopted by this study sets out to establish a
simplified algorithm that will find the contraction forces to be applied to different
welded structures. While being generic with respect to material properties, welding
process and material thickness, the simplified approach should be computationally
economic, simply to apply, adaptable and robust. The algorithms used in the thermo-
elastoplastic stages have benefited from the early insights of Okerblom and are

presented in chapter three.
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CHAPTER 3

CONTINUUM ANALYSIS OF WELDING DISTORTION

3.1 Introduction

A combined analytical and finite element approach, that concentrates on the
prediction of out-of-plane deformation, is presented in this chapter. The analytical
part is based on the work of Okerblom [3.1] and a large reduction in computational
time is achieved by applying this approach. The strategy adopted is an uncoupled
computational procedure, whereby the thermal transient, thermo-elastic-plastic and
structural stages of the thermo-mechanical deformations induced by fusion welding

are treated separately.

The first step in any computation of welding distortion is to establish the transient
thermal distributions caused by a given welding process in the geometry of interest.
This may be achieved in a variety of ways, ranging from the early analytical
treatments of Rosenthal [3.2] presented in chapter two, to finite-element based
methods, as reviewed recently by Lindgren [3.3]. In Okerblom’s work, the heat
distribution evolved during welding is based on the work of Rykalin [3.4], and is
described in chapter two, section 2.2.3. Depending on the welding conditions and
size of the plate, temperatures are determined on the assumption of either a point or
extended line heat source. In the context of this thesis, plates of thickness less then
7mm have been modelled and analysed, hence the two dimensional line heat source
quasi-static (equation 2.39) is used. For a line heat source, the width of the heat
penetration zone at given maximum temperatures is given by equation 3.1. This

simplified analytical solution rests on the assumption that the heat source is fast
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moving, such that any secondary effects attributed to the coefficient of heat loss are
neglected.

0.484q

by=2y=—-—"72"9
M vdep(T,, —T,)

Equation 3.1

For simplicity the reference temperature 7, is assumed to be 0°C. An important

aspect of equation 3.1 is that the distance y 1is inversely proportional to the

maximum temperature reached at that particular point. The relevance of this finding

is of particular importance in the evolution of longitudinal residual stresses discussed

in section 3.2.1.

In the second computational stage of the uncoupled approach, differential strains
induced by the transient thermal gradients are translated into contraction stresses,
which produce mechanical distortion. This is the most intractable and complex part
of the whole procedure, not least because the required high temperature material
properties are usually poorly known and the material also changes state. The
algorithms used in the present treatment to solve this stage of the process have
benefited from the early insights of Okerblom [3.1]. He noted various typical
features of the thermo-mechanical transients generated by fast-moving fusion
welding heat sources and made several bold simplifications on the strength of these

observations.

The thermal effects on the material during welding result in a non-uniform heating of
the material and / or volume changes associated with phase change. The latter effect
depends on which type of material being used, which has to be considered when
using quench hardened alloy steels. In case of low-carbon steels phase
transformations (dissociation of the austenite) takes place at a high temperature
where the material is in the plastic state thus Okerblom omits this effect in his
solutions. Okerblom approximates the determination of welding deformations and
stresses, by considering the heating and cooling thermal cycles during welding, from
which areas of plastic deformation in the region about the weld are found in an

uncoupled fashion. Any phase transformations are omitted and constant material
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properties are considered. The availability of new computational methods means
that some of these simplifications are no longer necessary, but others remain very

powerful as ways to avoid the problematic aspects described in chapter two.

The analytical solutions developed by Okerblom are investigated and adapted to
develop a generic algorithm named ‘Mismarched Thermal Strain’ (MTS) and
‘Contraction Thermal Strain’ (CTS) algorithms in terms of contraction strains, later
applied to the structural finite element model. Of particular importance is the
generation of a longitudinal strain (MTS) / force applied in the longitudinal direction,
that may give rise to buckling and bowing distortions. Futhermore a localised
transverse contraction strain (CTS) applied to the weld is identified, the end effect of
which results in both angular distortion and transverse shrinkage. As opposed to
purely analytical solutions, the interaction between the analytical solutions and the
finite element analyses, provides a means of simulating different welding
configurations, while taking into consideration any fixtures and restraint effecting the

distortions.

3.2 Determination of residual longitudinal welding deformations via mismatched

thermal strain algorithms

The simplified finite element simulation discussed in section 2.42 dealt with
establishing contraction forces in the longitudinal direction and transverse direction.
Various techniques have been presented in chapter two ranging from the ‘inherent
shrinkage force’ method to the ‘inherent shrinkage volume’ method. In most of the
simplified analyses, a non-linear thermo-elastic-plastic, two-dimensional analysis
establishes the contraction force to be applied to the three dimensional analysis. In
the presented simplified algorithm the full thermo-elastoplastic analysis is by-passed
and the contraction forces depends simply on the thermal cycles undergone by
various points within the welded structure. Various assumptions are made,
particularly that the material is perfectly elastic and perfectly plastic material, thus

omitting any extra strains resulting from strain hardening.
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The total force developed by the contracting material is the integral of area 1-2-3-4,
given by equation 3.3, whereby the first part of the equation represents the yield zone

and the second part represents the zone residing between elastic and yield zone.

F= 2{[0'y yd|+ ﬁ ad.dyﬂ Equation 3.3

solving the above

y

Ao o]

F=2{0de+EdKaln2—Ede K i—L}}
2¢e ¢

F= 2{[ayd§7‘”] + [Eij?(a/]‘ —¢, )d.dy}}

y £, 2¢,

F =2(EdKcrIn2)

Hence the contraction force is given by:
qEc
vep

F =0.335 Equation 3.4

The evolution of the contraction force takes into consideration the material properties
of the welded structure under investigation. In the work by White et al [3.5] on steel,
a similar approach was proposed for the determination of the contraction force,
named the tendon force. In this study, a linear dependency on heat input has also
been reported in the determination of the contraction force, but the tendon force was

not related to material properties. In such case the tendon force is given by

F= 0.277%. White et al did not compare their experimental force equation with
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Okerblom’s analytical determination, but comparison using standard material data
shows that the writers’ ‘mismatched thermal strain algorithm’ underestimates White

and Leggatt’s experimentally determined force equation by 20%.
3.2.2 Effect of material properties on the contraction force

It is noted in passing that, if a linear inverse relationship exists between 7,, and y, as
has been shown approximately by applying quasi-stationary solutions (equation 3.1)
the yield strength magnitude drops out of the analytical formulation for the elastic
longitudinal contraction force. This suggests, somewhat surprisingly, that the
dependence on yield strength is weak. This would be an immensely simplifying
factor, if the actual transient temperature distribution is indeed similar to the quasi-
static solution. When non-linear effects, including heat losses due to radiation and
convection together with any non-linear material properties, are incorporated in the

thermal simulations, the relationship between T,, and y is not a simple linear inverse

relationship and the effects of this will be discussed in chapter five. The contraction
force given in equation 3.3 can be further expressed in terms of the coefficient of

expansion, thermal strain and the distance y from the weld axis given below.
F = 2{[anld(7] -]+ [[}“; [ Eda.dy.dT]} Equation 3.5

By considering the relationship between the thermal load against the distance y from
the weld axis the contraction force can be further simplified in terms of an area
undergoing permanent / plastic deformation, defined by the yield strength and co-
efficient of expansion and consisting of the thermal load multiplied by the distance y,

such that
F =2FEod.Area Equation 3.6
Figure 3.7 compares the different areas undergoing permanent deformation when

yield strengths of 405 and 360MN/m? were used, together with alternative

coefficients of expansion of 14x10 and 16x10°.
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If the Young’s modulus is not constant, the force developed in the central yield zone
will not necessarily equate to the corresponding part of the force term in the
elastic/yield zone formulation. The effective E is not easy to define in any case, as it
will vary during the time that the respective cooling region is contracting. Assuming
a yield stress of 405 MN/m’ a coefficient of expansion of 14x10-6 /°C and a
Young’s modulus of 205 GN/m?, then the boundary temperature defining the
different zones are T; = 282°C and T, = 141°C. It may be that the variation of
Young’s modulus in the contracting zone is not too severe over the range where the

differential strain occurs.

3.2.3 Determination of longitudinal contraction force due to multiple welds

Most welded structures incorporate more than one weld run and there is therefore a
need to establish how best to model a multiply welded structure. It should be useful
at least to identify different situations, which might be treated differently.
Depending on the distance between the yielded zones of multiple welds, the final
contraction force will be influenced by previously laid welds. Two possibilities may

be identified; separate single run welds and closely spaced welds

In separate single run welds placed consecutively, the welds may be placed
sufficiently far apart so that the local elastic residual stress fields do not overlap. This
is very much like the situation created by welding multiple stiffeners consecutively
(assuming each stiffener is attached by a single weld). If the second or later weld is
placed in a region where there is no longitudinal stress field, or it is negligible, then

the contraction force developed will be exactly as if the weld had been placed singly.

If the longitudinal residual stress field in the region where the second weld is placed
is tensile, this will reduce the contraction force relative to the contraction force for
the first weld (assuming the same heat input rate on both). If the residual stress is
compressive, this will increase the contraction force. Considering the residual stress

patterns and starting from an initial tensile stress it can be seen that if the thermal

expansion is below £, +¢&; then on cooling and again restraining the structure, the
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Zey

F=2EdKa{(gy ) +ln[ i ]_(gy "8")}

Hence the contraction force with an initial residual stress is given by

EFoa 2e
F=04844 ln[ Y j Equation 3.8
vep | &, +¢

Equation 3.9 shows the ratio between the applied force F, where there is no initial
residual stress and the corresponding force, F, where an initial residual stress exists,

for a given heat input. This approach can be also applied to the FE-simulation,
whereby the assumed contraction is adjusted according to the ratio in equation 3.9

depending on the previous nodal residual strain.

2¢e
In y
Fy, _ £, +&

K In2

Equation 3.9

Okerblom’s argument is rather effective on this subject. Instead of trying to find the
contraction force, he considers the plastic deformation that the structure has

undergone during the application of a number of welds. His equation to describe the

effect is
£y —&; ,
Eh | By T8 Equation 3.10
£ £y +0.7¢;

Though the contraction force method is influenced less by the prior welds on the

second or later welds, a strong agreement exists between equation 3.9 and 3.10.

In more closely spaced welds, such as the case of multi-pass welding in butt welds
and multi pass fillet welds on opposite side of the stiffeners, a simpler algorithm may
be used. However, it is important to distinguish the various possible manufacturing

strategies adopted in multipass welding. The interpass temperature between one
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weld pass and the next and the possible deposition of two staggered or simultaneous
welds, in the case of welding of stiffeners are of particular interest. Considering
intermediate cooling to ambient temperature between one weld and the next, if the
second weld run were to coincide exactly with the first run and the thermal
conditions were identical (equivalent to a re-fusion of the first weld, with no addition
of filler material) no further distortion should be developed. However if the second
fillet weld is displaced transversely relative to the first, the individual thermal strain
fields characterised by Figure 3.6 will overlap, rather then coincide. The second
weld cannot increase the longitudinal residual stress in the overlap region beyond the
yield strength and as postulated initially by Okerblom, the effect will merely be to
widen the zone experiencing tensile yield stress by an amount corresponding to the
distance between the two fillet weld centrelines. White et al [3.5] follow the same
argument on overlapping welds and set out to define the total strain field resulting
from the two welds. Thus, completion of the second run will increase the distortion,
but not by nearly as much as would have been the case if it had been applied to stress
free material. The mentioned thermo-elastoplastic algorithm may therefore be rather
simply modified to determine the small additional force caused (if the temperature

transient field of the second fillet weld is known).

In one of the studies dealing with multipass welding performed by Ueda et al [3.8],
compared a thermo-elastic-plastic analysis of a 20 pass weld, assuming a room
temperature interpass temperature, with a simplified version of the analysis involving
the simulation of only the finishing bead. Following the same findings as Okerblom,
the study has shown that very accurate magnitude and location of the maximum
tensile residual stresses appearing near the finishing bead may be found by
conducting the theoretical or experimental analysis for the last few welding passes.
What is also surprising is that Ueda et al believe that simulating the last weld in
multipass weld with interpass temperatures higher then ambient temperature, will

still give substantial agreement with the full thermo-elasto plastic multipass analysis.
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3.3 Determination of transverse and angular deformations

The angular deformation and transverse contraction can be determined by assuming
that it results from the contraction in the fusion zone and that deformations in the
surrounding base metal balance each other, resulting in no direct effect on the local
angular and transverse deformation. The implications are that the transverse thermal
strains in the remainder of the cross section are elastic and offer no restraint on
angular deformation, other than that provided by the unwelded area below the fusion
zone and any other restraints arising from the structural form in a multiply stiffened
structure. In an unrestrained situation such as that of single butt welding and single
stiffener fillet welding, the problem may be treated as a two-dimensional one. This
assumption also relies on the finding that the thermal gradient is small along the
length of the weld. The simplified treatment arising from this assumption will be

designated the ‘Contraction Thermal Strain’ algorithm (CTS).

3.3.1 Evolution of transverse contraction and angular distortion in unrestrained

butt welding.

Consider a weld with a width b, of the fused zone and a depth of weld penetration s

in a welded plate of thickness d shown in Figure 3.15. The thermal contraction

from the weld at element 0-1 is given by a7.b, where T, is the starting temperature

for the cooling process. Based on experimental results, Okerblom suggests a

temperature 7, of 1000°C. Such temperature may also be considered as the

temperature in which steel will start forming crystal structures and hence assumes
some strength. This temperature is often referred to as the cut off temperature by
many researchers in the welding field. Furthermore, Borjesson et al [3.9] claim that
the effect of high temperature properties on the residual stresses was found to be
small and a cut off temperature of 1100°C was used. Tekriwal and Mazumder [3.10]
investigated the effect of varying the cut off temperature from 600°C and above, and
concluded that the residual transverse stresses were overestimated by 2 to 15% at the

lower value of temperature.
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For elements between 2-3 in Figure 3.15, there is no contraction, as the initial
expansion will cancel out the contraction during cooling. Due to the resistance

imposed by the non-contracting element, the final deformation will follow line 4-5,

such that 3, is the free angular distortion, A b, and Ab, are the top and bottom

transverse deformations respectively. Furthermore, for elements within the fusion

zone, the elastic deformation cannot exceed &£ b

yows

that is aT,b, —A b, cannot be
greater than £ b, . Any region extended above this value may be considered to have

undergone plastic deformation. Assuming a perfectly elastic-plastic material, the

plastic extension for element 0-1 is given by:

arb,, —A,b,, —&€,b, =kalb, Equation 3.11

Assuming that the total plastic deformation is permanent on cooling, the final

residual deformation applied to the molten metal, will be given by:

oTb, —kaTb, =(1-k)alb, Equation 3.12

Okerblom’s reasoning may be adopted in finite element analyses by applying a
‘Contraction Thermal Strain’, over the area of the fusion zone, equivalent to
(1-k)al,. The determination of & largely depends on the depth of penetration and
the amount of restraint developed by the unliquified zone. Okerblom finds a

relationship between k and the ratio of the depth of penetration and the thickness by

considering the mechanical deformation given in area 0-6-7-2, shown in Figure 3.15.
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Assuming that 3, is small, the mechanical deformation is given by:

YA, =Yosalh, - Vsk*aTh, = 1 sb,oT (1 -k*)

and

(ﬁz{-—zw)ZAe =%sd1}bw(_‘2i_%)_%sk2m,’bw(§_g)
[g—szz A, = %ZsaT,bw[w(] —k")_ 2s(1—k3)]

therefore
A, = %30ﬂ;bw(l -k ) Equation 3.14
B, =§%‘“aT,[3(l —kz)—zg(l—/é)J Equation 3.15

From Figure 3.15 it can be observed that

A,b, +€,b,=(1-k)aTp, Equation 3.16
and
d :
Ab,=A, +pB; 5 Equation 3.17

Substituting the equations 3.14 and 3.15 in equation 3.17 yields:

A,b, =%§bwaT, (1—k2)+3%10/1’,{3(1—k2)—2%(1—k3)}

After rearranging the above, a relationship between %z’ and k is given by equation

3.18

£
72 2\ (l_k)—_y
_s_=1 k3i ! k3 - ;XT’ Equation 3.18
d 1-k 1-% 1-%
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A, =alb, %(1 ~k) Equation 3.20

B, =6aT, %3{(1 —k)—%(l—k)] Equation 3.21

After rearranging and substituting in equations 3.16 and 3.17, the relation between

%z’ and £ is given by equation 3.22.

E
, (l-k)-—=
s_2, (_‘7:) L Equation 3.22
d 3 3 3(1-k)

Following the same approach for a parabolic shaped fused zone the thermal

deformations, average deformation and angular displacement are:

> A, =% saTh,1-k'*) Equation 3.23
A, =Aod}bw—2—(l—k1'5) Equation 3.24
B, =1/~ o, l; [5(1 —kl's)—4fl-(1—k2'5 )} Equation 3.25

Hence the relation between £ and < dfor a parabolic fused zone is shown in

equation 3.26.

d 6[1- kj

] Equation 3.26

s _S(-k'), (5(1—/&5)}2 5[(1_]‘)_8/0671

( k2'5) - S(I—kz'sr

Figure 3.17 gives the relation of & with $ g for a triangular, parabolic and rectangle

shaped fused zone for a value of %T =0.14.

!
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In the above simplification the final angular distortion will be dependent on the size

of the fillet weld and the value & assigned to the weld using equation 3.18.

3.4 Discussions

Simplified thermo-elastic-plastic algorithms are presented in this chapter. The
algorithms named ‘Mismatched Thermal Strain’ and ‘Contraction Thermal Strain’
define the plastic deformations and hence contraction forces applied to a welded
structure in the longitudinal and transverse directions. Furthermore, effects arising
from previously deposited welds are taken into account by adjusting the respective
thermal strains. The proposed algorithms are then applied to a structural finite
element model, whereby structural interaction such as gravity and support positions
are taken into account. The simplified algorithms are verified in this thesis via
experimental results and finite element simulations, which are presented in the

subsequent chapters.
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CHAPTER 4

EXPERIMENTAL PROCEDURES & MEASUREMENT
TECHNIQUES

4.1 Introduction

Extensive welding simulation studies have been performed in this project.
However, these are of doubtful use without experimental information from actual
welding tests. In the first place, the development and verification of the assumptions
in the finite element analysis of welding, is dependent on such information.
Lindgren [4.1], also concludes that uncertain material properties and the problem of
predicting the net heat input make the success of simulations to a large extent
dependent on experimental work. Prediction of thermal transients, whether through
thermal finite element analysis or empirical formulas, relies on measured transient
temperatures and / or information from the resultant weld microstructure. In
particular, most of the simulations assume an energy transfer efficiency (ratio
between the total electrical power and the heat dissipated in the plate), which is not
normally known, unless through comparison with experimental results. This

efficiency will adjust the total heat input being induced into the welded plate.

Structural welding analyses, on the other hand, are usually verified via residual strain
measurements and / or distortion measurements. While residual stresses and strain
measurements, can verify the model in local points, particularly in the case of the
fusion zone, overall distortion measurements can give a global characterisation of the

structure under investigation.
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Lindgren [4.1], [4.2], presents a number of references, together with the experimental

procedures adopted by these researchers in order to verify their simulations. Of

principal importance to the present study, are experimental measurements performed

on large plate welded structures reported by Michaleris and DeBiccari [4.3], Tsai ef
al [4.4] and Huang ef a/ [4.5]. In the first two studies, thermocouples were employed
to verify the thermal models, while linear variable transducers and a laser
displacement sensor where used for the verification of the predicted out-of-plane
deformation. Huang et al used the macrographs of the fusion zone to index the
thermal analysis and applied a Lidar sensor system to measure the out-of-plane
deformation. Other studies exist which provide experimental results only. Typical
studies include that of Suresh er al [4.6] and Parmar et al [4.7], who concentrated
their efforts in measuring the out-of-plane angular distortion for different welding

configurations and parameters.
4.1.1 Experimental investigations performed — brief overview

The study in this thesis focuses on the global effects of distortion on large ship
structures and less emphasis is given to the residual stresses built up in weld zone. A
number of experiments have been devised to give better insight and verification of
the previously described simplified thermo-elasto-plastic approaches.  The
experiments maybe divided into two phases. Firstly, a pilot program, consisting of
butt welds and fillet welding, was completed. Butt welds were performed on small
plates of dimension 0.25m x 0.5m x 6mm. Fillet welds, were also studied, where by
a stiffener of dimensions 0.15m x 0.5m x 6mm was welded at the centre of a plate
0.5m x 0.5m x 6mm thick. The above experiments provided a guideline for the
large-scale experimental tests. These included butt welding of 0.675m x 4m x Smm
plates, double-sided fillet welding of a central stiffener 0.1m x 4m x 5mm, welded to
a plate 1.2m x 4m x Smm and multiply stiffened plate structures consisting of three
stiffeners of dimensions 0.1m x 4m x Smm, fillet welded at a pitch distance of 0.5m

to a plate measuring 1.5m x 4m x Smm.
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The tests were carried out on CMn steel plates conforming to LLOYDS 2000 Grade
DH 36 (similar to BS 4360 Grade 50D). Chemical composition tests performed by
the ship building company (BAE systems) in collaboration with this project yielded
an averaged result shown in Table 4.1. The ship building LLOYDS 2000 grade DH
36 standard, specifies a minimum yield strength of 355N/mm? and a tensile strength
ranging from 490 to 620 N/mm?. The certified yield strength of the test specimens,
according to CORUS inspection certificate [4.8], was 405N/mm?3. However, tensile
testing of the plate specimens, presented in chapter 6, yielded a room temperature

yield strength of 360N/mm?

C Si Mn P N Ni Cr Mo Al
| % weight | 0.17 0.35 1.22 0.019 [ 0.010 | 0.04 0.050 | <0.002 | 0.04

Table 4.1: Chemical composition of test specimens obtained from BAE systems

The commitment of obtaining consistent results and simplifications in the boundary
conditions assigned in the finite element analyses required the construction of two
welding rigs. These include a small-scale welding rig for the pilot programme and a

large-scale welding rig to accommodate the welding of 4m long plates.

4.2 Welding rigs design considerations and apparatus used

The welding trials were introduced to reflect industrial practice as far as practical.
However, it was considered to be important to device a system whereby transient
temperatures and out-of-plane deformations could be captured easily and quickly,
while keeping experimental errors to a minimum. The welding rigs at the ship
building company impose a large number of restrictions. Particularly, the field of
view is obstructed by heavy jigs surrounding the welded plate. Access to the plate
for possible transient distortion measurement is also restricted. Furthermore,
capturing of the out-of-plane deformation would be difficult without introducing

errors due to plate handling during transfer from the welding rig to a reference plane.

Also, since the experiments were principally required to provide verification of the

simulations described in the subsequent chapters, the boundary conditions needed to
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be definite and easy to obtain. Heat losses imposed by the welding clamps and other
machinery in contact with the test plates would be cumbersome to simulate.
Therefore a system was adopted whereby the plate would only be subjected to
natural cooling, thus easily identifying the thermal boundary conditions. As opposed
to real welding situations where the plate can have a number of possible contact
points and is usually restrained by welding jigs, the test plates were supported on

known points and unrestrained in both the in-plane and out-of-plane axis.

Welds were completed using an automatic GMAW, flux-cored 20% CO», 80% Ar
gas shielded process. This system involves the use of an electrode, which is fed
through the welding gun, by means of a wire feed unit. Shielding from oxides and
other harmful gases, is achieved through the shielding gas envelope and flux
incorporated in the wire core. Control of the deposition rate is executed through
adjustable voltage and current, together with the weld travel speed. The total heat
generated by the arc, will never be totally absorbed by the plate but some is lost in
heating up the shielding gas, nozzle and the atmosphere. A portable arc monitoring
system (P.A.M.S unit) was also used to give a calibrated measure of the voltage and
current being used in specific welding configurations, thereby giving an accurate

indication of the total energy input used.

4.2.1 Thermal transients data capturing

The thermal transients during the welding and cooling phase of the tests welds were
measured via an array of thermocouples and a thermographic camera -

ThermaCAM™SC500 manufactured by FLIR systems.

The thermocouple investigation had two purposes: to index the surface emissivity, an
essential input for the thermographic data, and to provide accurate comparison of the
upper and lower surface temperatures at specific points. Various types of
thermocouples exist, the choice depending on the temperature range and sensitivity
required. The best known and dominant thermocouple belonging to the chromium-

nickel aluminium group is type K. Its temperature range extends from -200°C to
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1100°C and, for a class one type K thermocouple the deviation from the actual

temperature is £1.5°C [4.9].

Of vital consideration when dealing with thermocouples is the loop resistance. The
resistance of extension and compensating cables varies according to different
conducting metals; the limit to cable lengths which can be accommodated by
measuring instruments therefore depends on both the thermocouple type and
instrument specifications. A general rule for electronics instruments is that up to
100Q2 loop cable resistance (i.e. total of both legs) will not result in measurement
errors. In the case of 0.315mm type K thermocouple diameter wire, the loop
resistance for a type K compensating wire, is 12.8C2 per meter. Hence the length of
the cable should not exceed 3.91m. A larger diameter thermocouple can be used to
reduce the loop resistance, but since the thermal gradients in welding vary
considerable within 0.5mm, it was decided to use a type K, single stranded, 0.315mm
thermocouple. Smaller wire diameter thermocouples, would have limited the length

of the extension wires, essential in the large scale welding tests.

Thermography makes use of the emitted infrared radiation from an object. The
amount of radiation energy emitted from the object under investigation and
background radiation are captured by the thermographic camera and interpreted into
surface temperature. ThermaCAM™SCS500 detects the infrared radiation of spectral
range 7.5 - 13um, via an uncooled focal plane array of 320 x 240 pixels [4.10]. The
camera is calibrated for two temperature ranges, that of -40 to 120°C and 10 to

650°C, with an accuracy of +2°C.

As distinct from the point measurements given by thermocouples, thermography
gives an overall thermal picture of the welded plate. The camera also plays an
important role in the investigation of thermal transients in indefinite heat absorption
systems, where external heat sinks may be relevant. It also determines the thermal
patterns towards the ends of the plates, where a non-quasi static pattern exists.
Thermography has been used by a number of researchers in the welding field such as

Cheng et al [4.11]. It offers the possibility to investigate the thermal transients that
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trigger welding distortions, without the need for finite element simulations, i.e. the
thermal patterns obtained from thermography can act as an input to the decoupled
analysis. However, perhaps due to the cumbersome calibration required and

understanding of thermography, it has not typically been used in industry for this
purpose.

4.2.2 Static and transient out-of-plane deformation data capturing

The transient out-of-plane deformation was investigated via four linear variable
displacement transducers (LVDT’s), manufactured by R.D.P electronics and having
an operating range of 325mm. They offer a linearity corresponding to 0.1% of the
range of operation, that is 0.025mm. The position of LVDT’s was such that the
transient angular distortion and longitudinal curvature (bowing) could be quantified

during the welding and cooling phases of the weld tests.

LVDT’s provide only point measurements and hence a system had to be devised to
measure the global out-of-plane deformation. Haung et al [4.5] used a Lidar system
to measure the out-of-plane deformation. This system essentially consists of a laser
scan that records the distance between the sensor and the specimen under
investigation. The output is a point cloud map of the objects in vision of the laser,
which can then be exported to other computer aided design packages for analysis.
Masubuchi ez al [4.12], proposed a non contact measuring system via laser
interferometer. The distance between the generated fringes, determines the out-of-
plane deformation. Though providing accurate results over a small area, such
arrangement cannot be applied to large plate structures due to the complexity

involved.

The approach adopted in the present project uses a laser displacement measuring
system, based on a MS5L/100 Laser sensor, shown in Figure 4.1. The laser
displacement sensor consists of a class 2 laser and an electronic module used for the
integration and averaging of the distance from the laser diode to the plate. It offers

the possibility to measure displacements within a range of 100mm from a stand off
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The milling machine offered only a maximum 700mm longitudinal traverse, hence
the dimensions of the plates were taken to be a maximum of 0.5m (without run on
and run off plates). Figure 4.2a, shows a schematic diagram of the small welding rig,
while a detailed diagram of the position of the LVDT’s, laser traverse mechanism,

thermographic camera, and welding gun relative to the plate is given in Figure 4.2b.

4.3.1 Pilot programme scheme of work

The welding rig is versatile and flexible, providing a number of minor adjustments
for accurate positioning of the plate relative to the camera, LVDT’s, laser sensor and
particularly to control the stick out distances between the welding head nozzie and

plate. The scheme of work adopted, is given below:

1. Tack weld the plate and thermocouples

2. Mount the plate onto the supports and align the plate to the welding gun, such
that a stick out distance of 10mm is achieved, while making sure that the gun is
also in line with the assumed weld line.

3. Set up the laser and other integrating circuitry required for the capturing of the
displacement voltage.

4. Scan the profile of the non-welded plate by manually indexing the laser in the
transverse direction and recording the out-of-plane deformation while moving the
milling machine table fore and aft. The scanning of the plate will provide a
specific grid of data points.

5. Set up any connections required for the data capturing of transient temperatures
and distortions, via the thermocouples, the thermographic camera and LVDT’s.

6. Set the P.A.M.S. unit to record welding parameters.

7. Start welding and trigger the particular programs for data capturing mentioned in
step 5.

8. Stop welding, but continue taking readings until the plate has cooled to
approximately ambient temperature

9. After complete cooling, re scan the profile of the welded plate as described in

step 4.
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4.3.2 Control algorithms for small-scale welding rig

Data capturing was achieved via a number of LABVIEW programs, specifically
designed to measure the temperature transients from the thermocouples, the transient
displacement reading of the linear variable transducers and the out-of-plane
deformation via the laser sensor system configuration. On the other hand
ThermaCAM Researcher software was used for image capturing. These programs

were not integrated but provided guidelines for use in the large scale welding tests.

Initialisation — ask user for speed, plate dimensions, no of element, side to
start measurement, device number and channel numbers

Check if range sensor is
on, i.e. the plate edge is
reached

Read displacement voltage for the specified number of
samples at a calculated sample per sec

If samples are taken from right to left reorder the array such that
the orientation of the data is preserved, else do nothing

Pause to index the laser in the
transverse direction manually
and continue after changing
the feed direction of the plate

Scanning of the whole No

plate complete?

Write array to a spreadsheet file and plot surface

Figure 4.3: Pseudo-code for the pilot programme static out-of-plane distortion

measurements
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drive system, made up of a gear system and bipolar stepper motors. The traversing
frame also acted as a reference plane for the out-of-plane distortion measurements, as
the plates were supported on ten fixed points. Control to provide steady welding
speed was accomplished via the use of remote stepper motors. The ‘sticky drawer’
effect was eliminated by providing a synchronous movement of opposite ends of the
frame through a system of cables and pulleys. Furthermore, a synchronous stepping

frequency was supplied to the two stepper motors that wound the separate cables.

The system was initially subject to a number of unwanted vibrations. With the use of
two accelerometers attached to the cables the harmonics were quantified, and a
strong component at 20Hz was found. This was particularly due to the length of the
cables in resonance with the natural frequency generated by the stepper motors.
Reduction of harmonics at the typical welding speed was achieved by tensioning the
cables, such that less harmonics were evident at normal welding speeds. For total
removal of harmonics a different drive system would have to be constructed.
Another option would include the use of a rack and pinion setup, but this would be
costly and not enough mechanical advantage would be generated to move the frame
and plate, unless a complex gear system was manufactured. This would again be
subjected to errors and vibrations. The final setup was subjected to minimal
vibrations, acceptable for consistent welding. The smoothness of the traversing
mechanism is discussed in detail in section 4.4.5. The sub systems and control

algorithms of the large welding rig are described below.

4.4.1 Laser sensor distortion scanning system

An essential sub-system of the experimental rig is a two-axis distortion scanning
system, shown in Figure 4.5. This system was designed to provide a fast and
accurate automated measurement of the out-of-plane profiles of the initial and
welded plates. Indexing in the longitudinal and transverse direction is obtained via a
rack and pinion, and two bi-polar stepper motors. The use of stepper motors offers
the possibility to quantify the position of the laser sensor relative to the plate. This

being dependent on the frequency and number of steps categorizing the clock pulse
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4.4.2 Control algorithms of the laser scanning system

Integration of the stepper motors, drive boards, laser sensor and data acquisition card
was based on a LABVIEW program. Figure 4.7 shows the pseudo-code of the

measurement algorithm.

-
Input no. of longitudinal and transverse steps, defining the dimensions of the plate,
obtained from the initialisation program. Set grid positions, i.e. transverse and
L longitudinal pitch of the nodal points.

l

Calculate the number of longitudinal and transverse samples, the number of steps between
the respective longitudinal and transverse nodes (LS and TS) and find the position of the
first node. Note that the latter is not taken at the edge of the plate, but calculated to obtain

a symmetric grid, while keeping the specified pitch.

|

Move laser to the first nodal position — set direction of stepper motors and supply a clock
pulse representing the number of steps to move in the longitudinal and transverse directions

Start scanning the plate — set flag to 1

Set longitudinal direction, if flag = 1
then direction is anticlockwise (towards
welding head) else clockwise.

Move longitudinal stepper motor and record the out-of plane deformation
at every LS steps

Invert array if flag =1

Move laser TS steps in the transverse direction, and
invert flag. That is if flag = 1 then flag = 0 else flag=1

no Scanning of plate

finished?

Move laser to original position, plot surface profile and record data on a
spreadsheet file

( Terminate )

Figure 4.7: Psuedo-code of the measurement algorithm
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Two programs are required for the static distortion measurement. The first program
provides an initialization process to find the actual dimensions of the plate and
attains the relationship between the traverse distance and the number of steps
required to move such displacement. The second program, described in figure 4.7,

sets out to measure the displacement and consequently out-of-plane deformation.

The control signals required by each of the drive boards include a stepped signal
(clock pulse) and a digital high / low output to determine the direction of the stepper
motors. The number of steps traversed by the stepper motors is determined by the
number of negative edges present in the clock pulse and the period of one step cycle
determines the stepping frequency. Hence, rather then outputting a predefined clock
pulse from the data acquisition card, a digital output that alternates between high and
low at a defined rate, was used to control the frequency and number of steps of the

respective stepper motor.

4.4.3 Large-scale experimental scheme of work

Prior to the start of an experiment, the plates undergo a preliminary set-up stage.
This involved tack welding the plates or stiffeners, together with the run-on and run-
off plates. Note the tack welding in butt welds was performed on the underside of
the plate and the configurations adopted are described in chapter 7. Following the

plate preparation, the subsequent steps were performed;

1 Place plate onto the frame, supported at ten fixed points and align the plate to the
welding head.

2 Fix laser sensor and connect any circuitry required for the stepper motor
movement and data capturing of the displacement.

3 Adjust the relative height of the plate with respect to the laser sensor, such that
the points at the supports are at the standoff distance of the sensor. This will act
as a datum to the out-of-plane deformation.

4 Run the initialization program and the measurement program described in section

4.4.2, to record the initial profile of the plate.
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5 Set up the thermographic camera, together with the respective data acquisition
circuitry.

6 Set up the P.A.M.’s unit and welding machine, i.e. set the gas flow and welding
current / voltage

7 Connect the drive boards to the traverse system stepper motors and set the
LVDT’s

8 Run the welding program, described in section 4.4.4, thereby welding the plate,
while taking thermographic pictures, transient distortions and thermal
measurements.

9 After complete cooling to ambient temperature — typically after three hours,

retract the frame and plate under the laser scanning system and follow step 4.

4.4.4 Control algorithms of welding rig

The drive system was integrated with a computer, with the use of stepper motors,
drive boards and an analogue to digital card, via a LABVIEW program that
controlled the starting and finishing of welding, frame movement, thermography,
thermocouple measurements and LVDT data capturing. As opposed to the laser
scanning system a pulse train directly achieved from the on board clock of the data
acquisition card, was used to generate the stepped signal. Limit switches determined
the triggering of thermography, thermocouple and LVDT data capturing, together

with the start and finishing of welding and the stopping of the frame/plate movement.

The control of the welding rig and data capturing consists of three programs running
together in real time. The main program controls the plate movement, welding and
triggering of the other two programs. The sub programs include, a LABVIEW
program integrated with a data acquisition card and a multiplexer for the
thermocouple reading of 30 channels and a ThermaCAM researcher software for the

capture of infrared images. The pseudo-code is given in Figure 4.8.
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Set the direction of the plate movement (towards welding head or towards laser scanner)
and enter the welding / frame speed. If LVDT, thermocouple and thermographic readings
are to be taken and welding is to be performed set reading flag to 1 and specify the time
from the start of welding for data capturing (DT).
|

Find the clock pulse frequency and set the direction of the stepper motors

Check if the frame is in the initial position, if not trigger the user to make sure that
the plate is in the correct position. This sub VI acts as a safety procedure to make
sure that the frame will not go beyond the traverse limit.
|

Output a continuous pulse train

If reading flag =1

Is frame limit
switch triggered?

Delay 0.1s )
yes
Delay 0.1s ) Stop pulse train output

Start taking thermocouple, thermographic and LVDT readings
and start welding
[

Is LVDT limit
switch triggered?

Has the run off
plate been reached?

| Delay 0.1s )

Stop welding and discontinue pulse train movement

Continue to take reading until DT seconds from the start of welding

|

Plot thermal and distortion transients and save data to spreadsheet file

(e )

Figure 4.8: Psuedo-code of the main welding rig program
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4.4.5 Calibration of large-scale traverse mechanism

The relationship between the stepping frequency supplied to the stepper motors and
the actual traverse/welding speed had to be quantified. This is not a direct
relationship, due errors resulting from the backlash of gears and the extension and
compression of the cables. The experiment described in this section quantifies the
smoothness of the traverse system and finds the calibration factor that relates the
stepping frequency to the actual plate movement. The actual displacement of the
traversing frame was quantified by means of two draw string potentiometers,
attached to both sides of the frame, calibrated such that a linear relationship existed
between the output voltage and displacement. This voltage was recorded by means
of a real time LABVIEW program at a sample rate of 10 samples per second, i.e. a
sample every 0.1 seconds. A linear equation between the displacement and time was
fitted to the data and by comparing the actual data with the linear regression
relationship the deviation from a smoothed traverse movement was quantified. This
experiment was performed at typical welding speeds ranging from 3.5mm/s to 8
mm/s.

Table 4.2 shows the maximum and minimum deviations from the assumed linear
relationship together with the standard deviation at the left and right hand side, for
different clock frequencies. The staggering quantified in this experiment proved to be
acceptable for welding. The relationship between the welding velocity (v — mnvs)

and stepping frequency (Hz) is governed by the equation Hz =12424v +2820.

Frequency | Velocity | Maximum | Minimum Left side Right side
(kHz) (mm/s) | deviation | deviation standard standard
(mm) (mm) deviation (mm) | deviation (mm)

50 3.784 2.029 -1.655 0.657 0.875

55 4.180 2.517 -1.711 0.865 1.177

60 4.628 2.181 -1.552 0.603 0.731

70 5.403 2.338 -2.361 0.596 0.787

80 6.248 2.507 -1.743 0.782 1.035

90 7.016 2.833 -1.884 0.931 1.173

100 7.799 2.277 -1.630 0.748 0.960

Table 4.2: Deviations from a smoothed traverse movement.
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4.5 Thermographic measurement techniques

The infrared radiation measured by the thermographic camera not only depends on
the temperature of the object under investigation, but is also a function of the surface
emissivity. Apart from the radiation emitted from the specimen in consideration, the
thermographic camera will also capture any reflected radiation, generated from the
surrounding. The infrared radiation, will also be influenced by the absorption of the
atmosphere. Thus when measuring temperatures using thermography it is essential
to quantify:

e The emissivity of the specimen

e The ambient temperature

e The distance between the specimen and the thermographic camera

e The relative humidity.

While the latter two will determine the absorption of infrared radiation by the
atmosphere, the emissivity and ambient temperature will establish the actual

temperature of the specimen.

The camera is equipped with two lenses, a 45° lens, for far-field examination and a
24° lens for more close-up imaging, both of which are made up from germanium
material. Germanium is transparent to infrared radiation and is difficult to machine.
This gives rise to lens aberrations, such that a plane image will not be viewed as a
plane rectangular image, but a distorted curved image. In so doing, the relative
distance between two specific points, cannot be easily quantified. This section deals
with compensation methods for spatial and thermal calibration of thermographic
images, through an emissivity calibration factor and a programming methodology

that removes effects due to lens aberrations [4.14].
4.5.1 Thermal radiation and emissivity

Thermal radiation is the radiant energy emitted by a medium by virtue of its

temperature. The perfect radiator, referred to as a blackbody, is one that emits and
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absorbs the maximum amount of radiation at any given wavelength [4.15], [4.17].
According to Planck’s law, an ideal radiator at a temperature T emits radiation at a

wavelength A according to the relationship given in equation 4.1.

E,,(T)= Equation 4.1

Cl
A S(ec/ A —1]
By integrating Planck’s formula from A4, =0and A, =< we obtain the total radiant
emittance £, of a blackbody. This is known as the Stefan-Boltzmann formula and is

given in equation 4.2.

E, =0,T* Equation 4.2

The above equations apply to blackbody specimens. Real objects never attain

blackbody properties, but a fraction, ¢, , of the incident radiation may be absorbed, a
fraction p, may be reflected and a fraction 7, may be transmitted, where
o, + p, +7, =1. These materials are referred to as grey bodies. In opaque materials
the transmittance 7, is equal to zero and hence the relationship reduces to
&, + p, =1. From Kirchoff’s law the amount of radiant energy absorbed must be

equal to the emitted radiation, which is quantified via the emissivity. Hence the
emissivity of a material is a measure of how much radiation is emitted from the

object, when compared with a perfect blackbody at the same temperature.

The emissivity of a material is highly dependent on the surface conditions of the
material. Generally, highly polished surfaces have a low emissivity, while oxdized
or painted surfaces exhibit a higher emissivity [4.17]. Also, as a general rule the
emissivity of metals is low, while that of non-metals tends to be high [4.17]. Note
that emissivity is also a function of temperature, whereby it increases with an
increase in temperature for metallic materials and conversely decreases with an
increase in temperature for non-metals [4.17]. It should be pointed out that, while
grey surfaces radiate a constant fraction of the blackbody radiant energy over the

entire spectrum, in real surfaces the emissivity is also a function of the wavelength.

Chapter 4 — Experimental Procedures and Measurement Techniques 118



Due to the number of dependent variants, an experiment had to be devised, to
quantify the emissivity of the specimens under investigation. This was performed
within the spectral range of the thermographic camera and at temperatures ranging
from 25°C to 500°C. Higher temperatures were not considered due to the

complexity and errors associated with the experiment.

4.5.2 Experimental set-up for the measurement of emissivity

The surface conditions of the plates affects the emittance of the specimen
substantially. Hence, for consistent emissivity, all the plates were shot blasted and
spray painted with a zinc silicate primer, prior to welding. Shot blasting was
performed using a steel grit of particle size 0.6 — 1.0 mm, while the coating was
made up of a grey Interplate 937 Nippe Cermao — zinc silicate shop primer, being
made up of two parts i.e. ZnO in a silicate binder. The primer is typically used in
ship building companies and does not interfere with welding and cutting operations.
It is also resistant to damage caused by splatter and, most of all, prevents the
formation of oxides. Typical emissivities of ZnO in silicate binders range from 0.7
to 0.96. It is unknown what the silicate binder, chemical composition is, but for a
ZnO in K,Si0O; binder the emissivity within the whole spectral range according to

[4.16], is given in Table 4.3.

Temperature in C Emissivity
22 0.929
205 0.926
373 0.889
537 0.826

Table 4.3: Emissivity of ZnO in K,SiOj; binder at various temperatures [4.16]

The emissivity was measured via a thermocouple array attached at various positions
on a heated, shot blasted, primed fin. Figure 4.9 shows the experimental set-up while
Figure 4.10 shows the positions of the thermocouples and spot points where
thermographic readings were recorded. The fin was heated by means of an oxy-

acetylene torch, until a steady state condition prevailed. Synchronous temperature
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readings, from the thermocouples and the thermal camera, were taken at various
instances during the steady and cooling phase. By assuming symmetry in the
temperature profiles, the temperature readings from the thermographic camera at
positions shown in Figure 4.10 would relate to the thermocouple readings. These
readings, thermocouple readings and ambient temperature were used to determine the
emissivity calibration factor at different temperatures. The procedure to achieve this

is described below.

Thermocouple array 2

in specimen

Thermographic spot measurements N Smnee

Oxy-acetylene torch Thermocouple array 1

Thermographic camera

)
4
)
i
¢ - _'/

Figure 4.9: Experimental set-up for the determination of emissivity[4.14]

6 —m= | 200 -
L 1 &
10
-+ Beciiadpocncecdpaccasecsarerananae . | eescecerifecPuccacacen —
50 a5 ‘—LI
S SUN N SO l .................. —L
- Y
2021 — 5 -
(35— lt—————— 50—
50—t
-— 65—~
|+——«—80.

Figure 4.10: Geometry of fin specimen and temperature reading points[4.14]
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The thermographic camera measures the radiant energy hence a relationship between
the radiant energy and the actual specimen temperature exists, equation 4.3. The
following simplifications and assumptions were made:
e The primer was assumed to be opaque to infra red radiation and the
absorptivity is equal to the emissivity
e Any background radiation reflected by the specimen was assumed to
develop from a blackbody.
E, =£,04T,% +(1-£,)0,T," Equation 4.3
By setting the camera reading to an emissivity of 1 and performing an energy
balance between the radiant energy captured by the camera and the actual radiant
energy, equation 4.4 prevails.
oolt =e,0,T 0 +(1-£,)0,T," Equation 4.4
Rearranging a relationship between the emissivity and the thermographic, specimen
and ambient temperature results in equation 4.5.

_ Tc4"'T:

= Equation 4.5
Iy -1,

&

Note that the above relationship will yield the emissivity of the specimen over the
whole spectral range, provided the camera measures the radiation emitted by the test
specimen through the whole electromagnetic spectrum. The thermographic camera
used in this study will measure radiation at wavelengths ranging from 7.5 and 13 pm
and hence a radiant energy balance following equation 4.6 will establish the actual
emmisivity of the test specimen in the spectral range of the camera, while equation

4.5 gives an emissivity calibration factor.

310 3x10°° 3x10°
& ﬁ.sxw-"EM(TS)d/IW +Hi-e J;.sxlo'ﬁEb’i(T")dllw =& = J.71.5x10—6 Epa(Te)dA,
Equation 4.6

4.5.3 Emissivity results

Emissivity readings were conducted for the temperature range of 25 - 500°C. The

thermal gradients above 500°C were found to be steep and hence even a slight
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Enter the thermal image of the wire grid, the no of vertical
lines and no of horizontal lines constituting the wire mesh
grid. Specify the element dimensions of the wire mesh.
Input the ambient temperature, emissivity table, together
with the thermographic image, under investigation,
typically that of the welded plate, with emissivity set to 1.
Finally indicate the region of interest, the pixel positions
of the origin of the u-v co-ordinate and that of the point
(0,500), and the required pitch between temperature points.

Find the i,j locations of the nodes comprising the wire mesh grid by calling the
subroutine ‘return_i_j( )’.

Find the x,y co-ordinates of the u-v co-ordinate origin, by calling subroutine
‘global_origin( )’ and repeat the same step for the point (0,500) in the u,v axes

Relate the region of interest (u,v co-ordinates) to the x-y co-ordinates

Find the temperatures of the above, via shape functions using the subroutine
‘finite mesh ()’

[

Calculate the actual temperature of the specimen / region of interest, using the
emissivity table specified earlier — subroutine ‘emissivity( )’

Store data and plot a temperature contour plot of the region of interest

( Terminate )

Figure 4.16: Pseudo-code of the main program

The prime objective of the program is to find the pixel positions of wire mesh nodes,
i.e. the intersection of the heated wires. Such subroutine is named ‘i-jnodes()’ and is
based on the fact that at the intersection of the heated wires a higher temperature
prevails. Each nodal position in the wire mesh grid is assigned five values that
include the i, j, x and y location relative to their respective co-ordinates and the

temperature ¢ obtained from the thermographic image of the welded plate. The

subsequent sub-program, transforms the i-j values of the origin and angular
orientation of the u-v co-ordinate system, to the x-y co-ordinate system. The user
needs to identify the area of the region of interest and the pitch required between one
temperature point and another, in both longitudinal and transverse direction. Both
these inputs should be relative to the u-v co-ordinate system. Using this information,

the subsequent subroutine ‘finite_mesh()’ returns a flat undistorted array of the
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thermal pattern defining the region of interest. Finally the program goes into another
subroutine that finds the actual temperature of the specimen by taking into account

the emissivity calibration factor quantified in section 4.5.2.

The following deals with the various subroutines of interest in the transformation
program. Starting with the function ‘i_jnodes( )’, the program divides the thermal
image into a number of sub arrays, i.e. the number of horizontal lines (HL)
multiplied by the number of vertical lines (VL). Each array assumes dimensions of
240 divided by HL, x 320 divided by VL. For each sub array, the i,j locations of the
node having the maximum temperature is found. This would relate to the
intersection of the heated wires. The function ‘global_origin( )’ involves an inverse
transformation i.e. from the i-j plane to the x-y co-ordinates. The preliminary part of
the subroutine, finds the element associated with the position of interest. For the
inverse transformation the convention shown in Figure 4.17, was assumed, where 2a

and 2b are the element dimensions of the wire grid and i, j, are the nodal pixel

positions.

Node 1 (i1j1) 4’%4 (iaya)
(':‘a'i))’ ('a’b)

* Point of interest (i,j)
0,0 2a Ul
a
Node 2 (iy.j2) b > Node 3 (i3,)3)
(a,-b) 2b > (a,b)
Ev

Figure 4.17: Four node linear Lagrangian type element

The shape functions for a four node linear Lagrangian element are given below.
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N, ™ N, _T”)

4
¢=k§1Nk¢'k e=13,J)

Equation 4.7

Equation 4.8

Knowing the nodal and point of interest i, j locations and the dimension a,b,

equations 4.7 and 4.8 can be used to solve for £,77. Considering the ivalues and

substituting equation 4.7 in 4.8 the following relationship exists.
4abi = (ab—bg ~an + )iy +(ab+b§ - an -~ £n)i,
+(ab+ b +an+En)iy +(ab-bE +an - Emi,

Equation 4.9

Rearranging and considering the following constants yields to equation 4.10

I =ab(4i—i) —iy — iy — i)
I, =b(iy +iy—i, —iy)
I =a(iy +iy — i, —i,)
Iy =G +i3 =iy —iy)

I =&, +nly +¢énly

Equation 4.10

Similarly considering the j nodes and the following constants yields equation 4.11

Ji=ab(&j—jiy—ja—Js—Ja)
Jy =b(jy +j3—Jr = Ja)
Jy=a(js+Jjs—ji—J2)
Jo=U+Jjs—J2=Ja)
Jy =&, +n3+ 8,
Combining equations 4.10 and 4.11:

_L-d
I, +8,

Uy s = LJ)E + (s — I, ~ L J 4 + 1 J1)6 + s/ —11J;)=0

n

Equation 4.11

Equation 4.12

Equation 4.13
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Solving the quadratic equation 4.13 and equation 4.12 vields &,7. The latter stages

of this subroutine, converts the isoparametric co-ordinates to the x-y co-ordinate

system.

The transformation from the u-v co-ordinate axis to the x-y co-ordinate axis is simply
an orientation conversion. It is assumed that both co-ordinates lie in the same plane.
On the other hand the transformation from the x-y to the i-j co-ordinates makes use
of the linear langragian four node shape functions listed in equation 4.6. The
program finds the pixel i-j values of the points of interest, specified within the region
of consideration. The subroutine ‘finite_mesh( )’ makes use of another two functions
named ‘return_i_j( )’ and ‘shape_function( )’. The function ‘return_i_j( )’ finds the i
and j values of the nodal position 1 to 4, of the element in question. It then calls the

function ‘shape_function ( )’ which, first converts the x, y co-ordinates of the point

of interest into the &,77 co-ordinates and then makes use of the shape function to

calculate its pixel i, j locations. These subroutines are performed for each of the
points in consideration, and returns their thermographic reading using the pixel
locations, calculated earlier. The actual temperature of the specimen was then
calculated via the function ‘emissivity( )’ via the relationship shown in equation
4.14. Note that the emissivity is a function of temperature and uses a linear

interpolation to relate the emissivity calibration factor.

T, [ [T4 ] T4] Equation 4.14
.(T¢)

4.6 Use of thermocouples in welding

Welding involves a fairly destructive process, due to the large temperatures
generated by the arc. Hot metal splatters are normally dispersed during the process.
In this section the effect of splatters on the thermocouples is investigated, and
measures to reduce any inherent temperature effects or damage to the thermocouples

is investigated.
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4.6.1 Effect of splatters on thermocouples

The thermocouples used for the measurement of the surface temperatures of the
specimens where tack welded onto the surface of the plate at close proximity to the
weld line. In so doing the thermocouples were subjected to extra heat derived from
the radiation of the arc, together with possible total damage due to splatters. A
means of covering the thermocouples from these external influences, was needed.
Elimination of external influences due to the arc radiation and splatters could be
achieved by tack welding the thermocouple on the opposite side of the arc, that is in
butt welding temperature measurements are taken on the bottom surface of the plate.
However an essential investigation, required by this research was to quantify any
thermal gradients existing within the thickness of the plate. Such investigation
required the measuring of the top and bottom surface temperatures at particular
positions. The top array was subjected to splatters and a number of possible
insulators were investigated to protect the thermocouples from damage caused by
splatters. In so doing it was also important that the protective measures would not

influence the thermal history recorded by the thermocouples.

Three insulator arrangements were examined, that include a ceramic tube of internal
diameter 0.7mm, glass fibre tube of internal diameter 0.7mm and a glass fibre tube of
internal diameter 0.4mm. The thermal histories of bare thermocouples and
‘protected’ thermocouples, tack welded on symmetrically opposite sides of the fin
shown in Figure 4.10, were recorded during the heating and cooling cycle.
Comparison of the thermal histories will quantify any extra influence due to the

insulators. Figure 4.18 shows the thermocouple/ fin configuration.
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4.7.1 Errors due to the laser displacement sensor M5L/100

The laser sensor measures the distance of objects according to the principle of
triangulation. This approach consists of measuring the time of flight between a
transmitted pulsed light and the detection of the same, reflected light. This
calculation is performed by a proportional, integral, derivative device, within the
electronic module of the sensor and gives a linear voltage 10V d.c., with respect to
position. The integration time of the averaged spot distance will determine the
response time of the sensor. Typically the electronic module offers the possibility to
set integration times at 0.2ms or 20ms. Decreasing the integration time will offer
possibilities to do fast measurements but on the other hand will also increase the
level of noise [4.13]. The quantification of the error due to the integration time was
found by directing the laser beam onto a primed plate at a fixed distance. When set
to integration times of 0.2ms and 20ms, it was found out that the maximum deviation
in the readings was 0.333mm and 0.034mm, with a standard deviation of 67.08um
and 7.10um, respectively. The strong influence on the reduction of noise with an
increase of integration time suggest the use of 20ms integration time, but limits the

number of samples recorded per second to 50 samples per second.

Stray light reflected by the specimen under investigation will also be gathered by the
position sensor device and will contribute to the final linearization of the
displacement/voltage relationship. The laser sensor is adequate for most non-
reflective materials. The effect of surface conditions, was investigated by taking
measurements in a typical artificial light environment, where the experiments were
expected to be performed. The laser diode was directed to a primed non-welded
plate and to a welded plate subjected to paint burning due to splatters. While using
an integration time of 20ms, the results yielded a maximum deviation of 0.032mm
and 0.058mm, with a standard deviation of 5.43um and 11.34um for the non-welded

and welded plate respectively.
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The tapes were levelled via a spirit level, and kept taut to prevent any sagging. Of
particular relevance is the alignment in the longitudinal direction, hence the system
offered a means of adjusting the height of the longitudinal beams. It was assumed
that the transverse beam offers no sagging, thus transverse alignment is achieved by
making sure that the opposite tapes gave the same readings, while using the same

tape/tripod set-up, shown in Figure 4.23b.

The amount of flatness was recorded by looking at the offset voltage/ displacement
from the stand off distance of the laser sensor, along the length of the tape. The
experiment was run several times until an acceptable level of flatness is achieved, by

adjusting the height of the longitudinal beams. The final smoothness of the system is

presented in Table 4.4.
Tape Average Maximum Minimum Range Standard
distance displacement | displacement (mm) deviation
(mm) (mm) (mm) (mm)
A 50.015 50.416 49.548 0.868 0.1641
B 50.034 50.443 49.557 0.886 0.1873

Table 4.4: Alignment of the large scale distortion scanning mechanism

The repeatability of the scanning system was also investigated, by scanning a plate of
dimensions 1.35m x 3.75m following the scanning path shown in Figure 4.6. The
pitch between the nodal points in the longitudinal and transverse directions are
20mm and 55mm respectively, giving a total of 4416 points. The plate was scanned
twice, such that the differences of the two scans will give a repeatability error. In
between scans, the frame / plate system was moved fore and aft, to simulate the
traversing of the plate for welding followed by a retraction to the original reference
point. The experiment was performed five times using a clock pulse frequency of

500Hz.
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quantify the out-of-plane deformation via a standard deviation [4.18]. The drawbacks
of both representations are that they do not distinguish between a negative and a
positive out-of-plane deformation. In this thesis, the out-of-plane deformation was
quantified by two numbers, i.e. the longitudinal curvature or flatness of the profile
and the angular distortion. The saddle shape predominant in the small-scale test

could be easily represented in the form of a function, given in equation 4.14.

z=Ax2+Bx+Cy2+Dy+Exy+F Equation 4.14

This function will not yield a longitudinal curvature and angular distortion,
independent of the local positions of the plate. Together with this the angular
distortion is represented in a gullwing. The actual angular distortion exhibited by the
test plates had a definite V shape (refer to chapter 6). By considering each half of the
plate separately a function that allocates an average longitudinal curvature and
angular distortion, independent of the local positions, can be found. This function is

of the form shown in equation 4.15.

z=Ax* +Bx+ Cy+D Equation 4.15

The equations given above were fitted to the results using a direct-search algorithm
[4.19], to generate a detailed, smooth , out-of-plane deformation profiles. Note that
the quadratic function in equation 4.15 defines the longitudinal curvature and the

linear function defines the V-shaped angular distortion. Hence by differentiating

equation 4.15, twice with respect to x (saxig) and once with respect to y (%), two

averaged constants defining the longitudinal curvature and angular distortion can be

achieved.

The representation of the out-of-plane deformation in the large welding structure,
cannot be directly related to a simple function, particularly due to the buckling
shapes associated with the different welding configurations. A means of smoothing
the errors, while obtaining a differential of the discrete sampled surface deformation,
was required. A review of the different conventional and finite element based
smoothing methods is given by Comlekei [4.20]. Typical conventional smoothing

algorithms make use of Fourier transforms and frequency band passes or averaging
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techniques. Finite element based algorithms employ least-square, regression or
spline-type analyses and unlike the conventional methods, they offer the possibilities
to investigate into more detail specific regions, with a direct relationship to the

differentials.

The technique adopted in this thesis, inspired by Feng et a/ [4.21] and adapted by
Comlekci et al [4.22], involves the minimisation of the Euclidean norm composed of
data residuals representing the misfit and second derivatives representing the
roughness of the function, to smoothen the experimental data. The finite nodes will
also contribute the differential output of the experimental data, whereby differentials
with respect to x and y will yield the longitudinal curvature and angular distortion
respectively. As opposed to Feng et al, Comlekci et al [4.20], [4.22], [4.23], used an
isoparametric nine node Lagrangian type finite elements, due to the completeness of
the cubic polynomial function representing the discretization of the region of interest.
The center node not present in the eight-node element, would increase the accuracy

of the representation of the data.

The formulation of the minimization of the Euclidean norm, involves an approximate
scalar function which behaves more smoothly, but does not agree precisely with the
measured values of z. A quadratic positive definite functional ¢(z) is introduced and

¢(z) is minimised using a best approximating function. This relationship is given by:

2 2 2
T e (2] o 2] L2
¢=9e)=5 Zarlzlx.y) -z + 31 (axzj +2[axayJ +(3y2 “

Equation 4.16

Where
@ = quadratic positive definite functional
z = predicted twice-differentiable piecewise function defined in the region
of interest R

z; = measured input value at the i data point at location xi, y;
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i

Total number of data points in R

@; = weighting parameter of data point

¢ = smoothing parameter

The smoothing parameter will influence the interpolation conditions on the function.

As it approaches zero, the predicted smoothing function z will approach the

measured values of z;, giving a pure least square fit of the experimental data. On the

other hand the weighting parameter will determine the influence of each data point.
This is particularly important when dealing with edge errors. Comlekcei et al in
[4.20] and [4.22], used a weighting parameter in order to reduce the effect of edge
errors present in the thermoelastic stress analysis obtained from thermography by
applying a low weighting parameter to the data at the edge of each themrographic
scan. In the case of the out-of-plane deformation every point had the same

contribution to the discretization.

Starting from the scalar and shape functions, equation 4.17, of the nine-node element

shown in Figure 4.26, their first order and second order derivatives are required.

N(&,n)= a +a2§+a377+a4§2 +a5§77+a6772 ‘*‘5’7@::772 +a8§277+a9§2772

wErgnoe ) -fnetr o)

N, = ' ~Enren’=¢n) g + & —én* - én)

4 4

N v et B - G RS
o 2 ¢ 2

P o i B /) e agnes-g)
! 2 ’ 2

Ny =& =& —n* +1
Equation 4.17
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If [N ]=[N1 N, .. N9] then the global co-ordinates within the element are

defined as:

x= [N]{Cx} and y = [N]{Cy} Equation 4.18

where the nodal co-ordinate vectors of the elements are:

{Cx}=[xl Xy e x9]T and {Cy}=[y1 Yy oo yg]T Equation 4.19

A n
4 7
6 S
8
1 2
5
X

n
»

Figure 4.26: Nine-node Langrangian type element

The scalar function within the element is defined as z =[N}z, }where

{ze}=[z1 Zy .. zg]Trepresents the vector for unknown nodal values. By

minimising the quadratic function (equation 4.16) with respect to the unknown nodal

values, equation 4.20 prevails.

{ai(z_)} =0 Equation 4.20
dz

Expanding equation 4.20 and using the global co-ordinates, results in the relationship

shown below.

S lofiven B e ) o), -en)f =]

+ =0

T T T
5I N |atn] N[ [N ]| | |2N]|32N dRlz}
R, || ox? ox2 ; oxdy | .| oxdy i ay? | ©

j J J J

Mk

~.
I
—

Equation 4.21
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where
M =number of finite elements in region R
J = number of input data points in element j

&,,1,= local isoparametric co-ordinates of input data point i

Equation 4.21 can be simplified in the form of

%:Il[k ]j {ze}j = Azlll{P}, Equation 4.22
Jj= j=
where,
J
;[wi N N7,
[k]j ) T +T T
3N azN} [BZN} {aZN} {azN} [BZN}
g +2 + dR
J;i’j [axz :ljl:axZ i 0xdy ; axay j ay2 ; ayZ ;
and

) = oV n)l 2

The assembly of the contributions of each element gives the equation 4.23, where

[K ]is a pseudo-stiffness matrix and [P]is the pseudo-load.
[K ]{0' } = [P ] Equation 4.23

Equation 4.23 was solved via a finite element solver and yielded the nodal

unknowns. The derivatives of the scalar function are then evaluated and averaged at

the nodes, such that g% will give the longitudinal curvatures and tan™ %Jz; will give
X

the angular distortion. The relationship between the cartesian co-ordinate system

with the isoparametric co-ordinates is obtained via two jacobian matrices, both

making use of a number of chain rule derivatives.
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It should be pointed out that the smoothing program, developed by Comlekei in
[4.20] was used in the representation of the out-of-plane deformation. Further
development of the program was beyond the scope of this project, but the program
was essential for a good comparison between the experimental and computational

results, when dealing with the large-scale welded structures.

The effectiveness of this smoothing algorithm depends on the number of elements,
smoothing parameter and amount of data points used. Thus before using the
algorithm the performance, needs to be quantified. Comlecki in [4.20] investigated
the smoothness obtained by applying a random noise to a known thermoelastic stress
analysis. The performance of the finite element smoothing method, when applied to
the out-of-plane deformation was investigated by Comlekci et a/ in [4.23]. In this
case a numerical test, consisting of a typical out-of-plane deformation (that of a
saddle shape), with added computer generated random noise was analyzed using
different smoothing parameters and different number of sample points per finite
element. The random noise followed a normal distribution with a standard deviation
of 0.Ilmm. Table 4.5 compares the out-of-plane distortion, angular distortion and
longitudinal curvature, of a particular point using different configurations. It was
concluded that the number of samples per finite element has a large significance in
the final values. A small smoothing parameter and a large number of data points,
gives better results for the derivatives. A compromise between the number of data
points captured by the distortion scanning rig and the accuracy of the finite element

based smoothing algorithm will have to be established.

Number (size Average Out-of-plane Angular Longitudinal
mm) of samples per | deformation z distortion curvature g%

elements element (mm) tan ™! % ©) (™)
2x2 (250x250) 200 4.392 2.159 -1.561x10*
4x4 (125x125) 50 4410 2.213 -1.743x10°
6x6 (83.3x83.3) 22 4.353 2.000 -3.352x10°
Exact value of distortion: 4.488 2.250 -1.424x10"

Table 4.5: Numerical test results for finite element smoothing of distortion (§ = 0)
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4.8 Discussions

This chapter dealt with the experimental rigs constructed for the data capturing of
thermal transients and static / transient out-of-plane deformations. An overview of
the equipment used, including the accuracy obtained by each apparatus, is presented.
The integration of each of them provided a means of automatic data capturing. The
latter sections in this chapter lays emphasis on the methods adopted to reduce and
counteract any possible errors. Typically a program that adjusts lens aberration is
described. Together with this, a smoothing algorithm, that not only reduces errors
associated with the distortion scanning systems but also provides a means of
representing the out-of-plane deformations, was described. The combination of these
systems and programs were later on used in both the pilot programme and the large

scale welding tests, presented in the following chapters.
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CHAPTER 5

INVESTIGATION OF WELDING INDUCED THERMAL
TRANSIENTS

5.1 Introduction

The first critical step in the uncoupled strategy adopted in this thesis, is to establish
accurate knowledge of the transient temperature distributions caused by a given weld
process and procedure in the geometry of interest. The effectiveness of the final
thermo-elasto-plastic analyses and other simplified methods depends critically on the
thermal input stage, where the complex effects of variable arc energy transfer, non-
linear material properties and work-piece/fixture heat-sink variables are present in a
practical case. Hence, this chapter investigates various models for the thermal stage
of welding in an uncoupled computational strategy and sets out to find
computationally economic and robust thermal finite element or analytical solutions
providing sufficient data for the ‘Mismatched Thermal Strain’ algorithm. Of
particular importance in this aspect, are the far field maximum temperatures, defining

the yielded and elastic boundaries mentioned in chapter three.

The application of infrared thermography and thermocouple data to the measurement
of transient temperature fields generated by fusion welding is significant in this
aspect. Particularly, the net heat input is not known and for every geometry and
weld prep condition, different process efficiencies are applied for the correlation of
the finite element results with the realistic experimental results. Thus the finite
element analyses are cross-referenced to pilot tests and large-scale complementary
experimental results dealing with butt welding, fillet welding and multiple-stiffener

welding, using thermocouple arrays and a thermographic camera to capture data.
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Enter welding parameters (current, voltage, speed)
and process efficiency (0.825). Enter thickness of
plate, ambient temperature and grid points. Finally
specify the specific heat and conductivity in a table
format dependant on the temperature together with

a convergence criterion— conver = 1°C,

Find the average material properties, enthalpy and ‘heat absorption’.
The latter two presented in a matrix of property vs temperature.

Using Rosenthal’s two-dimensional analytical solution and the
constant averaged material properties, find an initial thermal contour

plot defining the grid points — temp(x,y).

Set flagl = sumoftemp(x,y) and flag2 =0

While flagl <(flag2-conver) or flagl
>(flag2+conver)

Set fhag? = flagl

|

For every grid point interpolate enthalpy matrix and ‘heat absorption’

matrix to find the specific material property at temp(x,y). Differentiate

the result following equations 5.4 and 5.5 to find the specific heat and
conductivity.

l

Using Rosenthal’s two-dimensional analytical solution to find a new
thermal contour plot defining the grid points — vartemp(x,y).

Set flagl = sum of vartemp(x,y)

@p iteration and plot thermal contoD













Create model mesh and apply boundary

conditions. Specify the centre of the arc to the

edge of the plate -load-distance = 0.

Select nodes within the arc radius (Smm) and find their
respective node numbers and their local position (x,y) with
respect to the centre of the arc.

Use Friedman’s equation to find the heat flux at each
selected node.

Select elements attached to the above selected nodes and
find the node numbers in the i,j,k,1,m,n,0 and p position of
each element.

Find the average heat flux of each element and apply it to
that particular element and solve the analysis.

Delete the applied heat flux and solve the analysis over a
short period of time, typically 1x10"® seconds.

Increment position of arc,
load-distance = load-
distance + Smm.

End of plate
reached?

C Review results. )
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Figure 5.17: Thermocouple positions for different weld runs






























Create model of stiffener and plate, specify material
properties, boundary conditions and welding
parameters — including weld pool dimensions

I

Generate weld pool volumes each volume assigned an incremental number and weld run
number, relating to the arc position and weld run number relative to the plate. In this
instance 25 volumes per weld run were used, i.e. load steps incremented by 20mm. Find the
heat input to be applied to weld pool volumes (IN1, IN2, OUT1, and OUT2).

Apply boundary conditions and ‘kill” all the weld elements. Constrain the node
temperatures within the ‘killed” elements and the reference temperature to ambient

|

Perform a static thermal analysis of the above to initiate the boundary conditions. Such step
is recommended by ANSYS for equilibrium purposes.

Start transient analysis — set variables Weldvol = 1, Run = 1 and Coolfintime =0

Set time equal to ((length/(25 volumes x Welding speed)) x Weldvol) +
Coolfintime. Activate weld elements relating to Weldvol and Run numbers. Apply

volumetric heat input and remove constraint for the aforementioned elements,

[
Solve the analysis
1

Remove the heat input, set time = time + 1x10°, Weldvol = Weldvol + 1
and solve the analysis

1o Is Weldvol > 257

Set time = 8000 + Coolfintime seconds and solve the analysis. This relates
to the cooling down stage of the plate after complete welding

es
Is Run =27 Y
no
Set time = 8000 + 1x10°®. Constrain all nodes . i
to ambient temperature. Solve the analysis to Review results

simulate the intermediate temperature —
ambient temperature

I

Set variables Weldvol = 1, Run =2,

Coolfintime = 8000
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CHAPTER 6

INVESTIGATION OF WELDING DISTORTIONS - PILOT
PROGRAMME

6.1 Introduction

This chapter describes the experimental and computational investigation of out-of-
plane welding distortion in butt welded 0.5m square, 6mm thick plates and double —
sided fillet welding of a central stiffener of dimensions 0.1m x 0.5m, 6mm thick to
0.5m square, 6.5mm thick steel plates. This study was designed as a pilot
programme, to test out the distortion measurement techniques and computational
approaches before up-scaling to a typical industrial size of fabrication. The overall
longitudinal and transverse (angular) out-of-plane deformations of the plates were
measured dynamically during the welding and cooling phases of the tests. A
separate scanning system was applied before and after welding to measure the

deformation profiles generated by welding.

The thermal transient stage of the uncoupled welding analysis was addressed in
chapter five and this study sets out to investigate use of the thermo-elastic-plastic
contraction algorithms presented in chapter three. The final, structural phase of the
uncoupled computational strategy is then provided by standard finite-element
software. A number of different methods have been examined and these were then
cross-referenced to the experimental results obtained from linear-variable-

displacement transducers and a laser distance measurement system.
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Solved two dimensional
transient thermal analysis

LExtract maximum temperatures T, for each node ]

no

no

£
T,=T,- /
: o yes ]‘,i=2Tu+€% T,

T, =T,

a

Region A Region B Region C

Extrude two-dimensional model/mesh to a three-dimensional model with S00mm length.
Change material properties and element type.

Perform transverse contraction by applying a contraction temperature of -1000°C + ambient
temperature to the weld pool shape and orthotropic coefficient of expansion, i.e. & in the
transverse direction and zero in any other direction.

Remove weld contraction temperature and obtain the deformation of each node, which is applied
as an initial shape to the next stage.

Apply T}, for each node lying in one plane and apply the same thermal strain to the respective

nodes orthogonal with such plane. Change orthotropic coefficient of expansion, i.e. & in the
longitudinal direction and zero in any other direction. Solve the analysis.

Final deformation is the total deformation obtained from the
transverse and longitudinal contraction.










Solved two dimensional
transient thermal analysis

[ Extract maximum temperatures T,, for each node J

yes
£
T, =T, - / ' €s
@ ” T, =21, + 5/, ~T,,
a
T}i = Ta
Region A Region B Region C

Extrude two-dimensional model/mesh to a three-dimensional model with 500mm length.
Change material properties and element type.

Find artificial transverse coefficient of expansion of the fusion zone given by:

Ta_TT
a =——Ll o
Y \T,-e,

Apply T, for each node lying in one plane and apply the same thermal strain to the
respective nodes orthogonal with such plane. Use orthotropic coefficient of expansion, i.e.
@ in the longitudinal direction, ¢, in the transverse direction for the fusion zone

elements and zero in the transverse directions for the rest of the nodes. Solve the analysis.

Final deformation and residual stresses is the result obtained
from the above structural analysis.

Figure 6.20: ‘Simultaneous’ algorithm
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6.2.5 Effect of material properties on the results of the simplified algorithm

The effect of material properties on the simplified algorithm was investigated
theoretically in chapter 3 section 3.2.2. The study concluded that if an inverse linear
relationship exists between 7,, and the transverse distance y, the yield strength
magnitude drops out of the analytical formulation making the longitudinal

On the other hand, the

longitudinal and transverse contraction forces, are highly dependant on the

contraction force independent of the yield strength.

coefficient of expansion. The two effects were investigated via four simulations

using the simultaneous algorithm, described below.

In the first instance the coefficient of thermal expansion was taken to be that
corresponding to % the melting temperature value, i.e. 14x10°° after Okerblom [6.4],
while the yield strength was varied between 405MN/m” and 360MN/m?, obtained
from the supplied steel plate certification and room temperature tensile testing
results, respectively. Finally the coefficient of thermal expansion was increased to
16x107, reflecting an averaged expansivity for material undergoing a temperature
history from 1200°C to ambient temperature, such that phase transformation effects

are taken into account to some extent.

Model no Co-efficient of Yield RMS out-of-plane | RMS angular RMS
thermal expansion | Strength | deformation (mm) | distortion (°) longitudinal
(x10°/°C) (MN/m?) curvature (m™)
1 14 405 2.3917 1.0672 (-) 0.0491
2 14 360 2.4297 1.0790 (-) 0.0467
3 16 405 2.7956 1.2457 (-)0.0574
4 16 360 2.8447 1.2605 (-) 0.0538

Table 6.7 Root mean square values for different material properties

Table 6.7, shows the root mean square values of the out-of-plane deformation,
angular distortion and longitudinal curvature for the four modelling approaches. It
may be concluded that the yield strength had an insignificant effect on the final out-
of-plane deformations, particularly since the thermal maximum isotherms, follow an
approximate inverse proportional relationship with the transverse distance. The

slight differences are related to meshing accuracies. On the other hand, as expected,
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Solved two dimensional
transient thermal analysis

Set variable weld-run = 1 and specify the transverse thermal load
T, of the respective weld passes

( Set r = weld-run. For time ranging from 0 to ¢ 4 EXtract

L maximum temperatures 7,, for each node

£
= -7
Ty =T, 4

Tlir=2Ta +€%_TM

TIir = Ta

Region A Region B Region C

Find artificial transverse coefficient of expansion of the fusion zone given by:
T -T,

~a_ Tr o

T,-¢/a

a,

Set weld-run = 2

no

r=2

yes

C Save data >




Load saved thermal loading variables and set variable weld-run =1

Generate model by extrude two-dimensional thermal transient model/mesh to a three-
dimensional model with 500mm length.

Apply material properties — orthotropic coefficient of thermal expansion, i.e. & in the
longitudinal direction, ay, in the transverse direction for the respective fusion zone

elements and zero in the transverse directions for the rest of the nodes.

Deactivate (‘kill’) fusion zone elements

Set r = weld-run, time =r and activate (‘alive’) the fusion zone elements of

the respective weld pass

Apply Ty;, for each node lying in one plane and apply the same thermal strain to the
respective nodes orthogonal with such plane. Solve the static analysis.

Set weld-run =2

no

Yes

Final deformation and residual stresses is the result obtained
from the above structural analysis.
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CHAPTER 7

INVESTIGATION OF WELDING DISTORTION —
INDUSTRIAL-SCALE PROGRAMME

7.1 Introduction

The overall project aims to improve the applicability of computational distortion
prediction by providing simple and adaptable methodologies, which can be readily
validated through experience of application in industrial-scale welded components.
A key factor that underlies this aim is an uncoupled computational strategy. This
technique has already been demonstrated for smaller plates, as described in chapter
six and substantial agreement with the experimental results was obtained. However
the scale of these test pieces was not entirely realistic in relation to common
industrial practice. Typical industrial scale assemblies in the present study explore
further complexities not present in the smaller models, such as buckling phenomena,
the effects of gravity and support positions and variations in pre-welding assembly
practices. The study also encompasses other difficulties related to mesh density and
other finite element modeling problems, which make the full thermo-elasto-plastic
finite element analyses complex and inefficient to use in the context of industrial

scale welded structures.

The first step in the uncoupled approach to welding distortion is to establish the
transient thermal distributions. This may be achieved in a variety of ways, and some
of these have been analysed in chapter five. In the second computational stage of the
uncoupled approach, differential strains induced by the transient thermal gradients
are translated into contraction stresses, which produce mechanical distortion. The

thermo-elasto-plastic simplified models, developed from the early insights of
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Okerblom [7.1] and presented in chapter three, were used in the present treatment,
with certain extensions, relating to buckling, restraints and gravity effects which will
occur in thin, large scale welded structures. This chapter addresses various
simplifications and modelling approaches essential in the prediction of the out-of-
plane deformation in typical industrial scale welded structures and investigate ways
to minimize the final out-of-plane deformation, via an optimisation of the welding

sequences in multiply stiffened plates. Three forms of welded structures and

procedures are considered:

1. Butt-welding 0f 3.99m x 1.35m x S5mm thick, CMn steel plates.

2. Attachment of a single stiffener to a large plate, through double-sided fillet
welding of a CMn steel 100 x 6mm stiffener, attached at the centre, to a 4m x
1.2m x Smm thick base plate of the same material.

3. The attachment of multiple stiffeners to a large plate, through single fillet
welds applied on one side only of each stiffener. The welded attachments
consist of three CMn steel stiffeners of dimensions 100 x 6 mm, attached at

0.5m pitch to 4m x 1.5 m x 6 mm thick base plates of the same material.

The theoretical models and results generated in the above schemes have been
supported at all stages by welding tests of a realistic nature to maintain confidence in
the validity and applicability of the treatments. This approach has been demonstrated
in chapter six, where experimental and computational results were given for the

welding distortion of a pilot test series of small steel plates.
7.2 Out-of-plane distortion of large-scale butt welded steel plates

Six test butt welds were carried out using a purpose-built rig (see Figure 7.1)

described in chapter four, to carry out the following functions:

o Complete a single-pass, full-penetration, automatic MIG weld with Ar/CO,
shielding and flux-cored wire on 3.99m x 1.35m x 5mm thick plates, while

continuously monitoring voltage, current and travel speed.
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The CMn steel plates (LLYODS 2000 DH36) were supported on an array of height-
adjustable point supports, fixed to a moving frame in the layout shown in Figure 7.1
and Figure 7.2. This frame was traversed at the required welding speed under the
welding head and thermographic camera, which were mounted in a fixed position.
The relative deformation data acquired by the LVDTs was processed to measure the

angular distortions and longitudinal profiles over the plate area spanned by the array.

The MIG weld was applied to a 60° included angle V-preparation. A ceramic
backing strip was used to prevent burn-through, as there was some variation in the
root gap. Welding conditions were 26V, 210A and 5.75mm/s travel speed, giving a
nominal gross heat input of 950 J/mm. Correlation with the thermocouple data,

presented in chapter five, indicated a weld energy input efficiency of 72.5%.

The plate specimens were shot-blasted, primed and laser-cut to size by the industrial
partner in the project, in order to embody commercially realistic practice in the trials.
Typical variations in fit-up and weld tacking procedure were also tolerated, to give
some indication of sensitivity to such variations. The plates, when offered up for
assembly and tacking, proved not to be ideally flat and it was not always possible to
align both sides of the joint to a common plane. Likewise, the initial aim to have a
tight butt joint with no gap was not achieved throughout and in some cases a gap of

1-2 mm resulted.

Different tack weld assembly strategies were applied, in the light of known variations
in industrial procedures and continuously developing evidence from the test welds.
In all cases, the run-on/off tabs were fillet-welded first, as indicated in Figure 7.1.
Then, in the first three specimens, longitudinal weld tacks were applied
consecutively on the underside of the joint at 250 mm pitch, beginning at the starting
edge of the intended weld run. The disadvantage of this procedure was that it proved
to be difficult to force the weld preparation edges level, particularly towards the end
of the joint. Two measures were applied to deal with this. In specimens 3 to 6, the
tack spacing was increased to 307 mm pitch (this also reflected advice on typical

practice from the industrial partner). Also for specimens 4-6, a symmetrical tacking
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strategy was adopted, starting at the centre of the weld run and working outwards,
towards both ends. Eventually, in the two final tests, small mismatches in plate
height were simply tolerated, in order to further reduce any ‘locked in’ bending
moments due to forced levelling and tacking procedures, as applied in specimens one

to four.
7.2.1 Test observations and results — Butt welds

Each tack-welded assembly was scanned prior to welding and then after complete
cooling to ambient temperature, each scan comprising 394 longitudinal x 22
transverse points. The data points where then smoothed using the algorithm
presented in chapter four after the work of Feng et a/ [7.2] and Comlekci [7.3]. In

this instance the smoothing parameter ({ ) was set to zero, and 16 x 9, nine-noded

0.249m x 0.27m Langragian plane elements were used for the representation of the

butt welded plates.

The initial out-of-plane deformation patterns of the assembled plates mounted on the
rig could fairly be described as unstable, as relatively small out-of-plane forces on
the surface of the assembled plates could flip the initial shape from one configuration
to another. This is relevant to the outcomes of each test, as will be noted later. In
particular a larger initial angular out-of-plane setting was noticed in specimens 4 to 6
as opposed to specimens 1 to 3. This is attributed to the fact that symmetric tacking
(specimens 4 — 6) required less force to bring the specimens into alignment,
consequently the plates were subject to less inherent residual stresses such that
gravitational effects are more predominant. In the event, the net (final minus initial)
root mean square out-of-plane deformation of each of the six specimens was similar.
However the deformation profiles varied substantially for each specimen in the
series. Test specimens two and four were particularly eccentric, as the final half-
meter of these plate assemblies flipped from positive to negative angular
deformation, leaving a severe transverse fold at the transition point (see Figure 7.3).
(Note in this figure that the zero co-ordinate on the ‘length’ axis corresponds to the

start-of-weld position).
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Extract maximum TMi temperature of successive node

no 1 = last node of the model




< Three dimensional plate model >

|

input smoothed initial shape — an array 33 x 11, corresponding to the initial nodal
deformations of 16 x 9, nine-noded 0.249m x 0.27m langragian plane elements.

J

For each flat model node (i)

]

Find nx(i),ny(i), nz(i) and the respective initial
deformation element.

Find isoparametric co-ordinates and use shape functions of a nine-noded lagrangian
type finite element to evaluate the respective initial deformation nz,,; (i)

Create an array consisting of the element numbers and their respective 1* to 8"
nodal numbers

Save data and delete model

Create new model, with nodal nz(i) = nz,,; (i) + nz(i), while keeping
the previous element number and x, y nodal positions

( Apply load and solve the analysis D




<Solved two dimensional thermal analysis>
I

T, =1000, T, =0,i=0

Extract maximum 7, temperature of successive node

no //h(no%' of the model

Find average proportional constant 4,, save data and clear model.

]

Build new model - 3.99m x 1.35m x 5mm thick plate, having a coefficient of expansion a in the transverse
direction for the molten zone and zero coefficient of expansion in any other zone and direction.

Input initial shape

yes [ Initial shape algorithm ]

Perform transverse contraction by applying a contraction temperature of -1000°C + ambient
temperature to the weld pool. Solve the analysis and record the out-of plane deformation

Clear model and build new model — 3.99m x 1.35m x 5mm thick plate consisting of the initial and angular
contraction out-of plane deformation, together with an orthotropic coefficient of expansion, i.e. a in the
longitudinal direction for the whole model and zero coefficient of expansion in any other zone and direction.

l

Apply artificial loads — for nodes — y; < (i) < yy, T; =—€, + T, for nodes (i) 2 y, or y(i) < —y,,

g A
T, =T,, fornodes y; < y(i) < y,or —y; > y(i) >-y,, I;(y;) = 2T, +-Z§-——L. Solve the analysis

i

Final deformation and residual stresses is the sum
of the transverse and longitudinal analyses.




Other computational features essential in the analysis of large thin plate structures
include gravitational loading, incorporated in the analysis via the ANSYS command

ACEL together with large displacement strain analyses activated via the ANSYS
command NLGEOM, ON.

7.2.3 Computational results

The structural finite element results may be grouped into three. In the first instance
(referred to as ‘flat plate simultaneous’ analysis ‘FPSIM”), the initial profile of the
plate was assumed to be flat while the second group (IPSIM) comprised analyses
where the initial out-of-plane deformation of the respective six butt weld tests was
incorporated in the start of the analyses. In both of the above mentioned approaches,
the longitudinal and transverse contraction where applied in a simultaneous fashion
as described in Figure 7.10. Finally, a group of analyses (IPSEQ) in which the
thermal loads were applied in a sequential fashion as described in Figure 7.12, and
having the initial out-of-plane deformation fed into the analyses, were also
performed. Various effects related to the choice of Poisson’s ratio (set to 0 or 0.3),
coefficient of expansion (set to 14x10° or 16x10°), fusion zone shape relating to a
fully penetrated and unpenetrated weld having a root of 0.5mm, and load stepping

strategies were investigated to optimise the computational process.

Although assuming an initial flat profile in the ‘FPSIM’ analyses, the self weight of
the plate generated an initial small out-of-plane deformation dependant on the
support positions. These ripples are then magnified by the longitudinal tension in the
welding simulation and this is accompanied by a root mean square angular distortion
of 1.05°. The changes in the final out-of-plane deformation of ‘FPSIM’
computational results resulting from the aforementioned parameters are not
significant with respect to the final out-of-plane deformation profile, particularly
since only one definite shape is evident in all the configurations (See Figure 7.13).
No change was observed when the artificial thermal loads were applied in a one load
step analysis and a ten load step analysis, when LINK 10 elements were used to

model the supports, particularly since an elastic analysis was performed. Note that
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< Solved two dimensional thermal >

Set variable Run = 1

Set variable Section = 1

| —

timerange = 10000s
(weld run one cycle)

/

yes no

timerange = 20000s
(total weld cycle)

]

T,=1000, 7,=0,i=0

Select nodes at base Select nodes at base
plate right section plate left section

L

Select nodes at
stiffener section

_

Extract maximum T, temperature of successive node

Yes

Run=2

Y = (@)
Ty = TMi

Yooy = y(i)
T, =Ty

Section =
Section + 1

Figure 7.23: Algorithm to find the mismatched thermal strain in fillet welding
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Build model —3.99m x 1.2m x Smm base plate and 0.1m x 3.99m x 6mm stiffener,
having orthotropic coefficient of expansion, i.e. o in the longitudinal direction for the
whole model, or in the transverse for the fusion zones and zero coefficient of
expansion in any other zone and direction.

Input initial shape Initial shape algorithm J

Apply artificial loads — for nodes at0 < y(i) < y,,)» I =—€, + T,

. £ .
for nodes at Vieysy < y() < Yarxsys Ti(p) =2T, + %~ Ao .
o Vi
no
Sets=s +1
yes
Solve the analysis
Activate the fusion zone elements 1o

of weld run two and set r =2

yes

Qnal deformation and residual stresses is the result of the above analysD













Test specimen no One Two
Weld run no 1 2 1 2
L, /L, (mm) 7.600 7.165 8.696 7.102
L,/ L, (mm) 5.732 6.748 4.815 6.120
L,/ L, (mm) 0.339 0.515 0.354 0.483
L,/ L, (mm) 1.014 0918 0.998 0.966
A (mm?) 25272 27.568 26.138 25.077
4, (mm?) 1.297 2.318 1.137 1.971
A, (mm?®) 5.160 4.384 5.787 4576
Ty - T, condition 1 (°C) -1049.1 -1043.1 -1050.7 -1047.6
Ty - T, condition 2 (°C) -644.0 -732.1 -507.6 -687.5
Ty - T, condition 3 (°C) -1049.1 -732.1 -1050.7 -687.5
Ty - T, condition 4 (°C) -119.6 -119.6 -119.6 -119.6

Table 7.5: Fusion zone dimension and transverse thermal load

In the case of the test specimen two, the welding process conditions applied in the
first run favoured the stiffener and this feature was reflected in the thermal analysis
simulation and in the weld shape assumed for the structural simulation. Alternative
models for the angular deformation process were explored via the quantification of
the magnitude of k in the transverse thermal contraction, thus reflecting different
restraint conditions. The greatest deformation results from an assumption that the
angular change is due entirely to contraction of the fillet weld fusion zone from the
arbitrary 1000°C starting temperature and the contraction arising from the penetrated
weld material in the plate and stiffener (refer to equation 7.1). This was applied to
both welds and is referred to as ‘condition 1°. A modification of this would be to
consider that this contraction is resisted by bending of the base plate - for both welds
(‘condition 2), such that the fusion zone will be partially restrained and following
equation 7.2. In ‘condition 3’ partial restraint (refer to equation 7.2) is applied to the
second weld only, while the first weld will contribute the maximum thermal strain
(equation 7.1), based on the grounds that completion of the first weld has generated a
strong stiffener/base plate structural connection. Maximum restraint is applied to

the angular distortion in ‘condition 4> such that both welds will exert a transverse
thermal contraction of yield nature (7, =7, —%/). Condition 3 is probably the most

logical assumption, especially if the tack welds are considered to offer only weak

resistance to bending, where as ‘condition 4’ reflects the case where an in-plane
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Figure 7.29 shows a comparison between the thermal loads applied to simultaneous
and staggered welding. It is apparent that the thermal loading is drastically reduced
in the 4m welding case when compared to the other sequences, but is still slightly
higher than the intermediate cooling welding pattern. In the first instance the thermal
strains were applied in a one load step analysis, however, apart from the 4m welding
case, the simulations did not converge. Convergence problems were encountered in
the other sequences due to instability of the plate. In particular, the contraction force
was high enough to exceed the buckling load of the stiffener/plate assembly. The
analyses fluctuated from one mode to another even though the PSTRES, SSTIF and
PRED ANSYS commands (commands that account for buckling) were switched on.
Convergence was enhanced when the thermal strains were incremented over three
load steps and using full Newton-Raphson, Sparse direct, non-linear geometry,

prestress effects, and line search method equation solver.

Computational StagOm | Stag 0.2m | Stag 0.6m | Stag Im Stag 4m
analysis
RMS distortion 18.179 16.958 16.211 16.620 5.633
Test (mm)
specimen RMS angular 1.913 1.781 1.711 1.766 1.295
one distortion (°)
Buckling mode 1 2 2 1 Initial
profile
RMS distortion 17.003 16.936 16.367 15.780 6.107
Test {(mm)
specimen RMS angular 1.813 1.816 1.798 1.714 1.161
two distortion (°)
Buckling mode 2 2 2 2 Initial
profile

Table 7.7: Out-of-plane deformation of staggered and simultaneous double-sided
fillet welds (rms basis)

Table 7.7 gives a comparison between the five sequences in terms of root mean
square distortion and angular deformation, when the initial shape of test specimen
one and two were used as the starting point of the analyses. As expected an increase
in deformation was associated with closely spaced welding heads. Note that an
increase in angular distortion was a result of the transverse thermal strain coupled
with the torsional deformation. Nonetheless, when compared with the intermediate

ambient cooling welding cases and considering the reduction in manufacturing time,
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mean square values were attained when the plates deformed to the final profile
shown in Figure 7.30a, as in the case of Stag Om and Stag 1m in test specimen one.
A direct comparison between the different sequences cannot be made unless all
plates follow the same buckling mode, however it is apparent that staggered or
simultaneous welding is only advantageous when the critical buckling load of the
structure is not exceeded. Notwithstanding, it is imperative to have a good control of

welding as was demonstrated by test specimen three.

7.4 Out-of-plane welding distortion in multiply-stiffened plate structures

Orthotropically stiffened plates and shells are key elements in a wide variety of
lightweight structures in the transport field, notably, in ships, aircraft and land
vehicles. Specifying the configuration of such multiply-stiffened welded structures
is highly problematic and depends currently on practical, incremental development of
the processes, procedures and sequences used to build the structure. Shape
deviations from the desired outcomes in the finished product are inherently very
difficult or even impossible to rectify, given the integral nature of completed weld
fabrications. Hence the use of computational methods or, what has been called
‘virtual fabrication technology’[7.4], to predict the outcomes of particular fabrication
strategies is clearly very attractive and feasible to some extent. However, it is
difficult enough to predict the outcome of single weld joints in such components,
given the wide variety of possible inputs, in terms of process variables, deviations
from initial flatness, boundary constraints and many other parameters. The problem
is substantially compounded when one considers the further variables introduced by
sequential, non-linear addition of several stiffeners and welds, together with the
residual stress fields and developing deviations from flatness associated with these

additional joints.

These considerations have led the author to develop simplified models and
algorithms to predict the forces and deformations associated with the application of
individual weld runs, so that the overall effects of applying the welds according to

particular sequences can be explored. The overall aim is to provide design support
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The welds were applied consecutively (after complete cooling to ambient
temperature) following the three sequences described above to give 45° fillet welds.
Welding conditions were 217A, 25.9V and Smm/s travel speed, giving a nominal
gross heat input of 1.124kJ/mm, however these conditions were not always achieved
precisely and each test weld constituted different weld lengths and welding
conditions. Hence the thermal and structural analyses were specific and differed

from each weld test, to reflect the different fusion zones and their respective thermal

strains.

The computational analyses were supplement by out-of-plane transient deformations
measured during the welding and cooling stages, via LVDT, placed at a fixed array
as shown in Figure 7.31. Furthermore, the out-of-plane deformation over the whole
stiffened plate assembly was measured during each stage of stiffener fillet weld
completion, before and after welding and cooling. This comprised of 394
longitudinal x 18 transverse points, which were then smoothed out to form a the plate
profile made up of 16 x 3, nine-noded 0.25m x 0.5m Langragian plane elements.
Note that the displacements in the stiffener were not recorded and only the out-of-

plane deformations of the base plate are presented and examined.
7.4.1 Test observations and results — multiply stiffened plates

Although the supports were placed in a manner such that gravitational effects were
least significant, the initial out-of-plane deformation of the three test specimens was
high, ranging from -20mm to 18mm in extreme cases. The transversely hogged or
sagged initial profile assumed by the test specimens was also dependant on base plate
side used to attach the stiffeners, and is presumably an effect of the rolling direction
of the plate. Unfortunately crucial information such as the rolling direction,
manufacturing process and which end the test plates were cut, were not known.
However it is evident that these test plates are subject to a high initial residual stress

fields, making the computational analyses even more difficult to match.
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specimen three (contraction at the outer stiffeners and tension at the central stiffener)
were large enough to detach tack weld 6 (refer to Figure 7.32) from the plate as
welding progressed, such that the gap between the stiffener and the plate increased to
10mm. In essence complete sound fillet welding was not achieved at distances
ranging from 2.5m - 2.9m from the edge of the plate and a bead was deposited on the
base plate. However fluctuations in heat flow pattern and contraction forces can be
catered for in the computational analyses, as long as a definition of thermal transients
is available. Fortunately a thermocouple array was placed in this region. Thus in the
computational analysis of test specimen three the thermal transients of a bead on
plate were available and the equivalent contraction force acting on the base plate
only was applied within this region. Another important aspect is that the stiffener
and plate assembly could no longer be considered as an integral structure and hence
the elements were unmerged and contact elements were used at this region. The
resulting differences in the computational analyses when assuming a perfectly sound
weld and the above assumptions were not significant and may be attributed to the

fact that in both instances the same initial shape was used.

Weld run no One Two Three
Welding RMS RMS RMS RMS RMS RMS
sequence Distortion Angular Distortion Angular Distortion Angular

L (mm) Distortion (mm) Distortion (mm) Distortion
(@) @) @)

Test specimen 1 - 1.923 0.419 4.116 1.017 4.139 1.028
sequence A

Test specimen 2 — 2.541 0.701 3.143 0.839 3.278 0.820
sequence B

Test specimen 3 — 2.540 0.684 2.459 0.769 3.292 0.819
sequence C

Table 7.8: Out-of-plane deformation in multiply stiffened test plates (RMS basis)

Experimental results showed that sequence A results in the most out-of-plane
deformation (refer to Table 7.8). Given the wide variety of possible inputs, in terms
of process variables and deviations from initial flatness, this conclusion is debatable.
The three test specimens were subject to different initial profiles, not to mention the
different initial residual stresses present in the as-received plates. While keeping the
variables similar for the different sequences, the finite element analyses presented in

the next section are used to elucidate the best welding sequence in terms of welding
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distortions. However, the primary aim is to investigate and calibrate the simplified

thermo-elasto-plastic algorithms for the case of multiply stiffened plates.
7.4.2 Computational analyses and results

As distinct from double-sided fillet welding on a single stiffener, in multiply
stiffened plates, the welds are usually placed sufficiently apart such that the elastic
longitudinal contraction force fields do not overlap. In the multiple case, the
contraction force of the later welds will be influenced by the stress fields present at
the region of welding. The theory has already been demonstrated in chapter 3, and
concluded that if the longitudinal residual stress field in the region where the second
weld is placed is tensile, this will reduce the contraction force relative to the
contraction force developed in a stress free region. On the other hand if the residual
stress is compressive, this will increase the contraction force. The new contraction

force may be found by using equation 7.3 below, where F,is the new longitudinal

force and ¢, is the initial strain in the region of the second weld (negative if it is

2
In &
F,  \&+¢&

=2 7 Equation 7.3
F In2

compressive strain).

Primarily the contraction forces of the respective welds (central and outer stiffeners)
when applied to a stress free region are first extracted from the thermal analyses.
This was done by dividing each stiffener/plate assembly into three sectors as
described in section 7.3.2 (refer to Figure 7.23), and hence obtain the bounded

Iegions ¥,y and y,.,, together with 4,,, .. In this instance r refers to the weld

number. Note that the local co-ordinate positions are altered such that the origin is
moved to the intersection of the stiffener/plate assembly under investigation.
Subsequently the mismatched thermal loads of each weld are found in terms of nodal
positions and node numbers. The above information together with fusion zone
dimensions and their respective transverse contraction forces are then fed in

computational analysis as described in Figure 7.37 and Figure 7.36.
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Three dimensional model with initial out-of plane

deformation

e

Select sequence, A = centre weld first, B = sequential, C = outer welds first

Sequence
=A
yes

Weldno(1) =2
Weldno(2) =1
Weldno(3) =3

Sequence
=B

Sequence
=C

Weldno(1) = 1
Weldno(2) =2
Weldno(3) =3

Weldno(1) =1
Weldno(2) =3
Weldno(3) =2

| I |

Set r = 1 and deactivate all fusion zone elements (EKILL)

Activate fusion zone elements of Weldno(r) (EALIVE)

no
For each node

Find €, from previous load

yes

Apply thermal load T}, step
|

Find factor
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T
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|
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|

Solve the analysis

no €S

@st-processing - final deformation and residual stresses)

Figure 7.36: Structural finite element algorithm for multiply stiffened plates
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< Solved two dimensional thermal analysis >

EXtract Y.,y ) » Yaerysy 304 Ay y sy for each weld run (Figure 7.23)

Clear model — specify fusion zone dimension and transverse thermal contraction 75

Build new three dimensional model — 4m x 1.5m x Smm base plate and three stiffeners
0.1m x4m x 6mm, having orthotropic coefficient of expansion

For each weld run find the mismatched thermal load for initially stress free region 7},

for each node and save data in an array specifying 7}, and node number

[ Input initial shape — initial shape algorithm (Figure 7.11) ]

Figure 7.37: Algorithm to input initial shape and find the mismatched thermal loads

The above algorithms were applied to the three test specimens to validate the thermo-
elasto-plastic algorithms. Different conditions of transverse thermal strains were
investigated. Condition one assumed that the angular distortion was unrestrained and
arising entirely from the fusion zone elements. In condition two, the fusion zone was
assumed to be partially restrained and hence following the same principle devised for
the second fillet weld in double-sided welds. Finally condition three partially
restrains the angular distortion for the outer stiffeners but fully restrains the fusion

zone at the central stiffener, thus the angular distortion for the outer welds followed
equation 7.2 and for the central stiffener 7, was set toT, —8% (vield strain). In

multiply stiffened plates, the extra restraint arises from the adjacent stiffeners rather
than from the previously laid welds, as assumed in double-sided fillet welds. The
highest restraint is found at the central stiffener, being bounded by two stiffeners at
adjacent sides. On the other hand the outer stiffeners are exposed to a free edge and
therefore will assume partial restraint. Condition 3 maybe the most realistic,
particularly since a distinct angular distortion is observed at the outer stiffeners of the
test specimens, as opposed to the insignificant angular deformation arising at the
central stiffener. In essence, Michaleris and DeBicarri [7.6], Hinrinchsen [7.7],

Conrardy and Dull [7.8] found out that in multiply stiffeners the angular distortion is
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The compressive residual stresses due to previously laid welds and at subsequent
weld run positions, were small, and thus the contraction forces were not drastically
affected. Nevertheless, the highest longitudinal residual stress and thermal strain was
obtained for sequence C. Furthermore, ‘sequence C’ showed the highest divergence
in the out-of-plane deformation. This does not necessarly contradict the
experimental results, but implies that for this plate/stiffener configuration, the initial
shape of the plate and presumably the inherent residual stresses, play a more

significant role in the final deformation.

7.5 Discussions

The main aim of this study was to investigate a simplified finite-element simulation
of out-of-plane distortion, caused by different welding procedures namely fusion butt
and fillet welding. The key simplifications in this approach are embodied in
analytical treatments of the angular and longitudinal deformations through the
‘contraction thermal strain’ and ‘mismatched thermal strain’ algorithms respectively.
From the computational viewpoint, the problem has been reduced to an elastic finite-
element structural model, with an artificial temperature loading, applied in a single
load step, with certain provisos relating to large plate analyses, such as gravity,

support positions, buckling, large deformation and welding sequences.

The measured deformation behaviour of the large welded plates was found to be
complex. Variations between different test specimens were identified, due to initial
shape imperfections, effects related to initial assembly and weld tacking procedures,
transient mechanical variations in boundary support conditions and variations in the
welding conditions. These effects are nevertheless encountered normally in
industrial practice and therefore represent a realistic challenge for the simulation of
welding. The experimental programme highlighted the fact that most of the final
out-of-plane movement takes place long after the weld has been completed. This
finding implies that detailed knowledge of high temperature material properties may
not be crucial to the simulation process for the prediction of welding deformation

(but accurate expansivity values are important).
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Various computational strategies have been investigated, namely the application of
the thermal loads in a sequential or simultaneous formulations, the influence of the
initial out-of-plane deformation on the final deformation outcome, and the effect of
welding configurations on the transverse and longitudinal thermal strains. The
sequential and simultaneous approaches interacting with the angular and longitudinal
deformations gave slightly different results, the latter probably being the more

realistic.

Comparison between the results of the simulations and the out-of-plane deformations
measured was good, bearing in mind the substantial variations found in practice.
Overall shape comparisons were good, except for certain test plates, where other
factors intervened, such as buckling and offsetting of the longitudinal contractions,
prevailed. The magnitudes of angular deformations and overall out-of-plane
deformations were predicted well enough to be useful as a guide to what would
happen in a practical case. However a good definition of the coefficient of thermal

expansion is required

As, distinct from the pilot programme, it is demonstrated that the initial profile plays
an important role in the final deformation and must be included in the finite element
model. This may take different forms i.e. the direct input of the initial displacements
or the quantification of the initial as-received residual stresses, included the inherent
welding residual stresses during the tack welding procedures. The latter is difficult
to enumerate unless the inherent residual stresses are measured and mapped onto the
finite element model at fine discrete points. Nonetheless the finite element analysis
can be used to estimate the initial profile by performing buckling analyses of the
different geometries or computing the initial residual stresses due to the tack welds

via the simplified computational algorithm presented in this thesis.

The different welding configurations gave rise to different evolutions in both
longitudinal and transverse contractions. The evolution of the thermal strains is
fairly straightforward in unrestrained butt-welding of two plates and replicates the

behaviour of the small-scale test plates. However the transverse thermal strains of
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large plate fillet welding may be influenced by restraints arising from the geometry,
particularly due to the high thermal gradient between the ends of the plate and the
stiffness of the stiffener/plate configuration or previously laid welds. As distinct
from the small-scale test plates, in double-sided fillet welding the second weld pass
was restrainted by the deposited material of the previous weld pass. Hence,
Okerblom’s theory was adopted and modified to give a partially restrained transverse
thermal contraction, dependant on the thickness of the base plate and fusion zone
dimensions. In multiply stiffened plates the angular transverse contraction was
found to be less significant. In these cases the angular distortion cannot be analysed
as a plane section but the whole three dimensional model should be taken into
account. In essence it was found that the highest restraint arises in bounded
stiffeners (such as in the central stiffener of the test specimen). In these cases the
maximum transverse contraction is of yield strain nature. On the other hand the outer
stiffeners are exposed to a free edge and hence may be assumed to be partially
restrainted. The following assumptions have been demonstrated and good agreement

was achieved when compared with the experimental results.

The longitudinal thermal strain, (mismatched thermal strain) was found to be
dependant on previously laid welds and in particular the distance between welds. In
double-sided fillet welding, the final longitudinal thermal strains of two consecutive
welds with intermediate ambient cooling gave a slight increase in contraction force
produced by a single weld and are related to the offsetting distance between the two
welds. However, this is highly dependant on the welding sequence adopted. In fact,
in simultaneously laid double-sided fillet welding, the final longitudinal contraction

was approximately twice that of one fillet weld.

The application of double-sided fillet welds using simultaneous and staggered
welding was also examined, with respect to mitigation of out-of-plane deformation
while reducing the manufacturing time to the maximum. Not surprisingly, closely
spaced welding resulting in higher deformations, however drastic increases in
deformation were observed when the critical buckling load of the stiffener/plate

configuration was exceeded. It is also evident that when buckling occurs, the final
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deformation is largely independent of the initial deformation and assumes a profile
dependant on the buckling mode assumed by the computational model. It is also
recommended to stagger the two welds such that the final longitudinal thermal strain
does not exceed the critical buckling load. In so doing, the final deformation is not
significantly increased while the manufacturing time is considerably reduced, when

compared to double-sided fillet welding with intermediate cooling.

The effect of welding sequences was also investigated in multiply stiffened plates.
While the experimental results have shown that sequence A (welding the central
stiffener and then the outer stiffeners) results in the highest out-of-plane deformation
the computational analyses have shown that this is an effect of the initial shape and
presumably the inherent residual stresses. If one considers the effect of welding
residual stresses on the welding sequence, the computational models have shown that
welding the central stiffeners first and the subsequent outer stiffeners results in least
distortion. This effect would have been more pronounced in closely spaced welds
and hence the stiffener/plate configuration, in particular the distance between the

stiffeners, plays an important role in the final out-of-plane deformation.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Many industries concerned with the fabrication of thin plate structures experience
difficulties and high rectification costs related to cutting and welding thermal
distortion. It is attractive to quantify the thermal deformations by mathematical or
finite element models. In so doing, design engineers would be able to explore
alternative parameters and joining sequences during the design stages, such that the

required tolerances of the sections can be achieved by a minimum rework.

Various welding finite element models exist but the complexity involved makes such
analyses unsuitable at the design stages of welded structures. A number of
simplified approaches have been established by various researchers and are reviewed
in chapter two. The main aim of these analyses is to reduce the computational time.
Typically this is done via a two-dimensional non-linear transient finite element
analysis that establishes the welding residual stresses which are later applied to the
full three-dimensional model, thus making the analyses dependant on knowledge of
the non-linear material properties. At the other end of the spectrum, efforts have
been made to perform simple elastic finite element analyses using some crude
assumptions, such that a cooling contraction and shrinkage volume is chosen to suit
and match the expected level of deformation. These assumptions are based on

experimental results and the methods are not easily transferable to other materials.
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o From the computational viewpoint, the problem has been reduced to an
elastic finite-element structural model, with an artificial temperature loading
applied in a single load step per weld pass. This was relatively simple to
implement and solved quickly. Typically the simulations required 2 to 8
hours, depending on the number of weld passes, when performed on a dual

processor workstation with 2.2GHz CPU and 1GB RAM.

e Comparison between the results of the simulations and the out-of-plane
deformations measured was good, bearing in mind the substantial variations
found in practice. Overall shape comparisons were good, except for specific
specimens where special factors intervened. The magnitudes of angular
deformation and overall out-of-plane deformations were predicted well

enough to be useful as a guide to what would happen in a practical case.

e The success of the simulation process clearly depends on the quality of input
data and it was found, not surprisingly, that it was crucial to input
information on the initial shape of the test specimens for accurate prediction.
It was also clear that the deformations due to self-weight were important,
both in the initial state and transiently during the welding and cooling

process.

¢ Simulations have shown that the simplified computational thermo-elasto-
plastic algorithm is insensitive to the yield strength of the welded structure,
particularly if an inverse relationship exists between the transverse distance
and the maximum temperature of specific nodal points. For the test
specimens performed in this study, this relationship was close to an inverse
proportional relationship and hence the insensitivity of the algorithm to
yield strength was shown. This outcome should not be specific to mild steel

but might depend on process conditions relative to thermal properties.

Chapter 8 — Conclusions and Recommendations 305



2. Experimental observations:

e The experimental work using the two welding rigs was found to be very
informative in the analysis of welding distortions. Thermal imaging, coupled
with thermocouple results were essential for the correlation of the
computational transient models with the real behaviour. The use of linear
variable displacement transducers also gave insight into the evolution of
welding distortions. In essence the experimental results have shown two
important results, firstly that the vast majority of welding distortions occur
during the cooling stages and secondly that a high thermal gradient exists in
the transverse direction as opposed to the low longitudinal thermal gradient

behind the heat source.

e It was initially thought that transverse out-of-plane (angular) distortions were
associated with temperature gradients between the top and bottom surfaces of
the plate in the regions experiencing temperatures of 600°C and below, where
the parent material achieves significant mechanical strength. Thermocouple
and computational results have shown that such thermal strains do not exist to
an extent likely to cause such out-of-plane distortion and it may be deduced
that this phenomenon is more related to the shape of the weld zone or better

the weld pool.

e Thermal imaging provides whole-field information in a practical situation and
therefore constitutes a unique tool for the evaluation of inputs to a thermo-
mechanical determination of distortion or residual stress caused by a welding

process.

e As the thermal image provides direct evidence of transient temperatures, this
approach avoids the need for complex theoretical determinations in the input

stage of a thermo-mechanical computation.
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e Suitable techniques and algorithms for spatial and temperature calibration of
the images, necessary for accurate prediction of outcomes, have been
developed and are presented in chapter four. In particular efforts were made

to reduce errors related to lens aberrations.

3.  Thermal simulations:

e The study in chapter five has shown consistency between the various
analytical and computational thermal approaches and these agree
satisfactorily with the experimental results. However, the thermal transients
generated by analytical and computational models depend on an empirical
heat input efficiency. Different welding configurations gave rise to different
welding efficiencies making the analyses dependent on the experimental

thermocouple / thermal imaging information.

e The various strategies adopted in modelling the heat input gave adequate
simulation of the thermal transients in the far field temperature region but
were not sufficient to simulate the thermal evolution of the fusion zone

elements.

e Only small discrepancies were observed between the different thermal
models. In particular the use the element ‘birth and death’ technique was not
justifiable considering that the end thermal transients could be correlated with

realistic results via a thermal efficiency factor.

e The analytical thermal solutions, require the least computational time, but are
specific to certain geometries and are not readily available to investigate the
evolution of thermal transients in complex welded structures, particularly
when different boundary conditions, such as heat sinks are associated with

the setup.
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welds, gravitational effects, support positions and restraints arising from the

size of the plate.

e Stronger correlation with the experimental results was achieved when the
plates were symmetrically tack welded. This is an effect of the inherent
residual stresses induced in the plates due to plate edge alignment problems.
In sequential tack welding, the plates were subject to higher bending
moments, particularly towards the ends of the plate. Such stresses were not
modelled in the computational analyses and are difficult to quantify. Hence it
1s suggested to adopt a tack welding procedure that imposes the least residual

stresses, that is, tack weld the plates symmetrically.

o Transient distortion results have shown that, when the second weld pass in
double-sided fillet welding is completed after full intermediate cooling there
is only a slight increase in longitudinal contraction force, relating to the
offsetting distance between the two welds. The angular distortion is restrained

by the extra stiffness offered by the previously laid weld.

e [t is clear that simultaneous or closely staggered double-sided fillet welding,
result in drastic out-of-plane deformations, while the least deformation is
achieved if intermediate ambient cooling is employed. The optimum
manufacturing time versus deformation was found to be in cases where the
total longitudinal contraction force did not exceed the critical buckling load

of the structure.

¢ In simultaneous and closely staggered double-sided welds the longitudinal
force was large enough to buckle the plate, the resulting profile for the test
specimens under investigation was independent of the initial out-of-plane

deformation of the test specimens.

e Experimental and computational analyses of multiply stiffened plates have

shown that the angular distortion in bounded stiffeners (as in the central
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8.2

stiffener being bounded by the two adjacent stiffeners) is highly restrained
and gives rise to a transverse contraction of yield strain, whereas the outer

stiffeners are partly restrained.

Computational analyses have shown that welding ‘sequence A’ (centre first
then outer stiffeners) results in the least out-of-plane deformation, and this is
an effect of the compressive residual stresses at regions of newly welded
positions. In fact the highest residual stresses were noticed at the central

stiffener when welding using ‘sequence C’ (outer first then centre).

The experimental results from the three multiply stiffened test specimens
have shown that welding ‘sequence A’ results in the highest out-of-plane
deformation, however this was due to initial shape and presumably due to the
inherent residual stresses of their respective manufacturing and tack welding

procedures.

The variations in the out-of-plane deformation and welding residual stresses
between the different welding sequences in multiply stiffened plates were not
major, however the residual stresses due to previously laid welds is more
significant in closely spaced welds, that is the effect will be more detrimental

for smaller pitches of stiffener assemblies.

Recommendations for future work

A simplified thermo-elasto-plastic algorithm has been successfully demonstrated for

the prediction of the out-of-plane deformation in industrial scale welded structure.

Effects of previously laid welds and restraints in angular distortion arising from the

structure have been taken into account. The simplified algorithm outlined in this

study, reduces the complexity of welding simulations to a simple one load step

elastic analysis. While it is not necessary to include many non-linear aspects, the

success of the simplified algorithm depends on knowledge of the welding efficiency,
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fusion zone dimensions, initial out-of-plane deformations and coefficient of thermal

expansion. Some further investigations are required in the following themes:

1. Welding efficiency and fusion zone dimensions:

Firstly, the welding efficiency changes between different processes and welding
configurations, and a precise library of the thermal efficiencies is not available,
presumably due to the number of variables associated with welding. This makes the
thermal transient simulations dependant on good experimental data. While thermal
imaging can be used as an input to the thermo-elasto-plastic analyses, it may be
better to concentrate efforts in performing more localized computational models of
the weld, including gas flows, deposition of weld material, electromagnetic-thermal-
flow and other non-linear analyses. In addition to defining the weld thermal
efficiencies, the computational models will also characterize the fusion zone

dimensions driving the angular distortion.
2. Initial out-of-plane deformation — initial inherent residual stresses:

The study has shown that the initial shape of the plate plays an important role in the
final out-of-plane deformation. In this study the initial out-of-plane deformation was
measured using a laser scanning system but this is impractical in industrial context.
Initial perturbations arise from inherent residual stresses due to their respective
manufacturing process (such as normalizing, hot-rolling etc etc) and tack welding
procedures. The former is difficult to enumerate unless the residual stresses are
measured and mapped onto the finite element model at discrete points. Various
strategies are possible to measure such residual stresses however, due to size of plate,
the most viable systems are magnetic sensors. Though confined to ferrous materials,
the apparatus is non-destructive and provides direct measurement of the principal
stresses. The use of a magnetic anisotropic sensor has been investigated in a number
of undergraduate projects during the term of this project and gave promising results.
On the other hand the formation of the welding residual stresses due to the tack

welds can be easily modelled using the simplified thermo-elasto-plastic algorithm
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