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Abstract

Prediction of residual stresses and distortion induced by welding is relevant to
many industries involved with the manufacture and assembly of thin plate struc-
tures. The ability to predict these unwanted effects on such structures subjected
to welding processes is important to minimise costs associated with rework and
other corrective actions. The main challenge is to model the complex and at
times indeterminate nature of the welding process, preferably in a simple and
transparent manner.

The present work dealt with the development, validation and application of
advanced simulation techniques for the prediction of welding induced residual
stresses and distortions. Current literature presents a wide-ranging number of
approaches, which vary in complexity and purpose, but at times fail to present
a clear methodology for numerical based analysis. In the current work a com-
mercial finite element software package was used to develop thermo-elasto-plastic
models suited for this application. The proposed methodology was developed by
initially analysing simple set-ups, validated through the use of experimental mea-
surement techniques for both residual stresses and distortions predictions. This
provided confidence in the application of the numerical models, which were then
used to investigate more complex cases of particular interest to the shipbuilding
industry. This part of the project dealt with ancillary operations, namely the
initial application of tack welds and restraints on the structure, for which little
attention is usually given due to their apparent insignificance compared to the
final welding process. Their effects are in fact substantial and were investigated
by using the thermo-elasto-plastic models together with experimental trials. A

better understanding of their influence was hence illustrated, providing a basis

for the establishment of a best industrial practice.
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Chapter 1

Introduction

1.1 Background

Welding is the most widely used process amongst common metal joining tech-
niques. Key features are the potentially high integrity of the mechanical bond
formed and the economic benefits for industrial production that come as a re-
sult of speed and versatility. Gas metal arc welding (GMAW), in particular, is
a standard in industries such as shipbuilding and automotive. Notwithstanding
its wide-spread use, there are still many challenges related to this type of joining
technique. Most engineering problems arise from the basic reguirement that the
heat source must raise the material temperature to melting point. This scenario,
coupled with the complex response of the materials commonly used, generates
adverse mechanical and metallurgical effects that compromise the quality of the
final result.

The current work deals with certain of the unwanted aspects induced by weld-
ing, namely, distortion and residual stress. Particular emphasis is placed on sim-
ple but important structural configurations, mainly encountered in the shipbuild-
ing industry. Both distortion and residual stress are unwanted effects caused by
the high temperature gradients imposed on the structure during the welding pro-
cess. They lead to problems of misalignment, induced buckling, stress induced
cracking etc., together with disadvantages caused by set-backs and downtime

during production and assembly that come as a result of the waste in resources
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needed for re-work and corrective actions. Although several mitigation techniques
are available, these rely on an understanding of the mechanisms driving welding
induced distortions and residual stresses, and are still not entirely developed to
a point where the effects can be completely removed at the fabrication stage. As
numerical analysis becomes more widely used in the design stage, it is of par-
ticular interest to develop tools for the investigation of these unwanted effects,
especially if they can be used in the early stages of the design process.

The rapid increase in computer power experienced over the past few decades
has made it possible to apply numerical methods to a large range of problems.
The complex nature of the welding process however, together with its extensive
range of applications, make it difficult to find a clear methodology that can readily
be applied to cases of industrial relevance. Analysis of welding induced effects is
not trivial or straightforward, due to the number of physical phenomena involved
and the large variations in material response that come as a result of the wide
range of loadings present. The different aspects involved in GMAW range from
electromagnetic arc physics, to others related to the thermal, metallurgical and
structural response of the materials. The main challenge hence lies in adopting
a simulation technique that is appropriate to the welding induced effect under
investigation and that can be used as a tool at an early design or fabrication stage.
Furthermore, the complex nature of welding analysis means that there are still
many scenarios that have not received particular or any attention in literature,

leading to a deficiency in the understanding of the effects that certain fabrication

procedures have on welding induced distortions.
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1.2 Scope of Work

The main contribution of the present work to this field of research therefore

comprised of:

e The development of simulation methodologies for the prediction of welding

induced distortion and residual stress

e The application of these simulations to industrial cases to which little or no

attention has been previously given

A basic requirement is a relatively simple approach, capable of providing valid
predictions for distortion and residual stress. Experimental measurements are an
essential part of the development of such models. These are carried out, not
only to validate the numerical results, but to understand which aspects of the
simulation deserve particular attention in view of the relevant welding induced
effects. Distortion measurements for the chosen configurations are hence required,
together with tests carried out to extract the various material properties that are
critical in achieving useful predictions. Residual stress measurements are aiso
very beneficial as they provide further insight into the strengths and weaknesses
of the numerical models.

Finite element models were developed using commercial general purpose soft-
ware. Extensive scripting facilities give full control on the the type of analysis
and algorithms used, and there is no need to develop the already well estab-
lished thermal and structural solution methods embodied in the software. The
algorithms developed had to have the potential to be applied to a wide range of
scenarios, In a transparent manner, while providing reliable predictions. It was
evident from the start of the project that successful analysis of welding processes
requires many simplifications and assumptions. Nevertheless, all transient and
residual aspects of distortion and residual stress have to be included. In prac-

tice, the outcome of these welding induced effects depends on a large number of
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factors, meaning that simple weld configurations had to be considered to develop
the numerical models.

The objective for the initial phase of the project was to investigate different
modelling approaches in order to establish the best methodology for the cases of
interest. The main challenges and practical limits relate to the extent to which
simulations can be used to provide useful results. The difficulties lie in the lack
of comprehensive material property data (which are in most cases difficult and
expensive to obtain by means of experiments) together with the customisation
required when using a general purpose finite element software for this type of
analysis. Nevertheless, a number of strategies are investigated to determine the
best approach, keeping in mind that the computational effort had to be kept
within reasonable limits since it was required to create a methodology that could
be used to investigate cases of industrial relevance.

Following the successful development of the numerical models, simulations
were carried out to investigate scenarios of industrial relevance. Case studies
for fabrication procedures that influence the outcome of distortions and residual
stresses were considered. This part dealt with the investigation of the common
fabrication operations of tack welding and restraining, and their effects on simple
welded assemblies. These procedures have not received much attention to date
and there is consequently a lack of clear understanding with regard to effects
on induced distortions, and concerning the best procedures to be adopted in the
fabrication stages. Tack welding procedures can be analysed in terms of the
sequence in which they are laid. Restraining the structure during welding can be
simulated in order to understand what effects are induced by the adoption of this
technique. The application and use of the models developed in the early stages is
hence demonstrated. These investigations were carried out in conjunction with
experimental trials in order to strengthen the level of confidence in the numerical
results. The simulations provide a useful means to extend the work to cases which

would otherwise be expensive to investigate by means of experimental trials only.
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1.3 Structure of Thesis

The thesis structure follows the chronological order of the different phases com-
prising the current project. A literature review identifies the current state of the
art and trends in welding residual stress and distortion simulation, showing the
large amount of literature available, together with the range of approaches and
case studies that previous authors have investigated. The thermal and structural
parts of the analyses were separated, as this is the approach adopted in most cases,
owing to the weak coupling of the two phenomena and the considerable reduction
in computational time when adopting such an approach. When considering the
thermal aspect of the simulation, those methodologies relevant for subsequent
structural analysis of distortions and residual stresses were considered. The re-
view hence shows many different considerations, assumptions and techniques that
can lead to a temperature field prediction suitable for the structural analysis that
follows.

The structural analysis review finds an even large scope for classification, even
when considering models purely dedicated to distortion prediction, with only a
secondary emphasis on residual stresses. The most convenient classification was
that of simplified vs. complex methods. The former aim at predicting distortions
in the most computationally efficient manner, often lacking information on as-
pects such as the transient phase and induced stresses. The complex methods are
often very specific to the case studies investigated, requiring more information on
the specific process and various material parameters. Other interesting aspects of
relevant literature are presented, namely, those dealing with alternative simula-
tion techniques (such as artificial neural networks) and investigation of numerical
techniques of particular interest for welding simulation.

Based on this review, a need for a modelling technique that could capture
transient eflects of distortion and residual stress in a relatively simple manner
was identified. Chapter 3 presents all theoretical considerations necessary for

an understanding of the developed numerical models whilst Chapter 4 illustrates

Chapter 1. Introduction



the work carried out in developing and validating such models. Two simple butt
welding and fillet welding configurations were considered. Reference distortion
experimental data was employed and results also compared to one of the simplified
techniques in the literature, in order to better understand the level of complexity
of the models and their advantages and limitations.

Having validated the models against distortion measurements, residual stress
measurements were also made to provide further insight. Hole drilling measure-
ments were carried out and are presented in Chapter 5, together with an illustra-
tion of the theory underlying the calculations used to extract the required values.
Comparisons with predicted values were useful in understanding the level of com-
plexity that the chosen modelling technique embodies. This added another level
of confidence on the numerical models, and hence their applicability to this class
of industrial scenarios.

The next part of the project dealt with the investigation of key fabrication
operations, namely the initial application of tack welds and restraints on the
structure, which have a perceived insignificance compared to the final welding
process. Their effects are in fact substantial and were investigated by using the
thermo-elasto-plastic models together with experimental trials. The investigation

proved useful in achieving a better understanding of their influence, providing a

basis for the establishment of a best industrial practice.
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Chapter 2

State of the Art in Welding
Residual Stress and Distortion
Simulation, Literature Review

2.1 Introduction

There is extensive literature reporting research work on computer aided welding
simulation. The application of computational techniques in the field of welding
technology has been an active area of research since the early development of
numerical methods. Owing to the range of welding processes and the different
physical phenomena involved, there are several fields of application depending on
which aspect of the welding process has to be predicted. This review focuses on
the state of the art in modelling welding processes for the prediction of induced
residual stresses and distortion. The application of the modelling techniques
developed throughout the thesis focuses on Gas Metal Arc Welding processes,
but work carried out on other types of welding processes is still relevant from a
simulation point of view, as many modelling techniques are relevant to a range
of welding processes.

The first step in welding simulation is the correct determination of the tem-
perature fields. This can be achieved through purely analytical or computational

methods and usually always requires some form of experimental calibration due

to the many unknown factors involved.
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Computation of the other physical phenomena (structural, metallurgical, fluid
dynamics etc) is then required. This poses many obstacles to the successful use
of numerical simulation techniques. The increase in the required computational
effort and the difficulty in determining temperature dependant material proper-
ties are only two of the main obstacles encountered when trying to include all
physical aspects in the simulation. The latter aspect was particularly important
in early studies when computational power was considerably limited, but is still
relevant today as it is still not computationally feasible to carry out complex
welding analyses on extremely large structures. For this reason one important
approach is to carefully consider which parts of the welding process can be simpli-
fied and/or un-coupled and which assumptions are valid in order to successfully
predict residual stresses and distortion. This has led to a considerable amount of
research work on the development of simplified methods. These methods have the
attractive feature of greatly reducing the computational effort, thus expanding
the possible range of application for the size and combination of structure types.

Another possible approach is to include all aspects of the welding process,
starting from thermal formulations and considering all possible coupling effects
between thermal, structural and metallurgical aspects. It is still however neces-
sary to include certain assumptions and simplifications in order to carry out an
analysis since it 1s not possible to simulate all aspects of the welding process with
purely numerical techniques.

Because of the latter restriction another possibility is to move away from
the more classical deterministic approach and use completely different modelling
techniques, such as statistical methods or artificial neural networks. The appeal-
ing feature of such approaches is that any number of factors can be included in
the simulation, the main downfall being that such an approach requires careful
training of the intelligent system and hence it is not possible to carry out pre-

dictions a priori. This is not particularly useful when new and unknown set-ups

need to be investigated.
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Work on welding simulation can be further subdivided according to which
physical domain is being investigated. Hence some of the literature focuses purely
on specific aspects such as detailed prediction of the formation of the weld pool.
Such analyses do not always yield residual stress and distortion results directly
but are nevertheless important, as the thermal aspect of the welding process is
undoubtedly the driving force for distortion and stresses.

Finally another relevant field of research is the investigation and development
of numerical techniques which are particularly relevant to welding simulations

such as adaptive meshing, element formulations etc.

2.2 Thermal Simulations

It has been recognised early in the study of welding induced residual stresses and
distortion that the high temperature gradients generated during welding provide
the driving force for the development of residual stresses and distortions. It is
therefore fundamental to be able to simulate the thermal response due to welding
of the structure under investigation.

Earlier studies focussed on analytical solutions of the thermal conduction

equation (2.1) for a moving heat source [2.1]:

0°T O*T 9T 0‘T
7 Yo T ow = 2w 21)

Where T is the temperature, z, y and z are the coordinates in the longitudinal,
transverse and through-thickness directions respectively, ¢ is the time and A is
the thermal conductivity.

Rosenthal et al [2.2] considered linear, two and three dimensional solutions

for this heat flow problem. Results for two and three dimensional temperature

distributions are given in equations (2.2) and (2.3) respectively:
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Where K is the Bessel function of first kind, zero order, d is the thickness of

the plate, t is time, Tp is the room temperature and r is defined as:

= VETPF T 2.4)

The above formulations take into account the heat flowing into the plate g

and the thermal diffusivity a. The term £ is defined as:

Where v is the heat source speed. This is a simple transformation required to
keep the coordinate system fixed on the plate relative to the moving heat source.

The following assumptions are taken in order to obtain these solutions:

¢ The plate under investigation in assumed to be infinite
¢ A quasi stationary solution is assumed

e Properties are taken to be constant with temperature

A temperature plot obtained using these equations for typical Gas Metal Arc
Welding (GMAW) welding conditions is given in Figure 2.1. Equations (2.2) and

(2.3) are chosen depending on the thickness of the plate relative to the actual
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weld. The three dimensional solution must be used if the plate is thick enough
to allow heat transfer in the direction of the thickness. On the other hand if the
thickness of the plate is relatively small the problem can be approximated by a

two dimensional heat flow pattern.

Welding Direction

1000 ~

2
[

Temperature (°C)
g g
i i

200 <

200

0 .
Transverse to Weld (mm) _, e mAIong Weld (mm)

=100 500

Figure 2.1: Analytical solution for the temperature distribution using typical
GMAW steel parameters

Lindgren [2.3] investigated the effects of using thermal analytical solutions
when comparing the results with previous work [2.4] in which thermal finite el-
ement analyses were used and found that analytical solutions could be used it
the residual stresses were of interest. However, these fail to give a good ther-
mal simulation if the weld gap is to be computed from the subsequent structural
elasto-plastic analysis.

Friedman [2.5] in an early paper highlights the advantages of using numeri-
cal techniques over analytical solution for the thermal part of the simulation. He
states that it is required to account for phenomena such as temperature dependant
material properties, phase changes, through-thickness temperature variations, ir-
regular weldment geometries, non-uniform distribution of energy from the heat

source, and deposition of filler material, amongst others.

The development of computer based numerical methods led to a wider use
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Figure 2.2: Heat input distribution using: (a) Circular Gaussian distribution and
(b) Double ellipsoid model (using typical parameters as in Figure 2.1)

of numerical methods for thermal analysis. Goldak et al (2.6 presents a review
of the different possible computational approaches. Three groups are identified
depending on the region of interest: the weld pool, the area near the weld pool,
or the area far away from the weld pool and hence the whole welded structure.
Similarly to the analytical solutions presented by Rosenthal, the analysis of the
thermal response of the whole structure is of most relevance for welding induced
residual stresses and distortion simulation.

The latter fact and the adoption of a cut-off temperature technique (discussed
later in chapter 3) led to the adoption of heat generation distributions applied as
loads in numerical analyses. Friedman [2.5] used a Gaussian circular heat input
distribution (shown in Figure 2.2(a)) for his work, which was also adopted by
Camilleri et al [2.7] and validated against experimental studies that made use of
thermocouple and infrared measurement techniques [2.8].

Goldak et al [2.9] also proposed a general heat source model consisting of a
double ellipsoid (Figure 2.2(b)). This is widely used by many researchers since it
is relatively straightforward to implement in numerical codes.

Combined heat source models are often also used. Wahab et al [2.10] used a
split heat source model consisting of the Goldak double ellipsoidal distribution in

conjunction with a spherical distribution. They applied this modelling technique
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to two-dimensional (normal to the welding direction) and a three dimensional
heat flow models. The predicted weld pool shapes were verified experimentally
for various cooling times. Bachorsky et al [2.11] also used a split heat source
model consisting of a Gaussian distribution at the surface to simulate arc heating
and a cylindrical volume heat source to simulate heat input of molten droplets of
the electrode.

Chai et al [2.12] investigated the use of a modified heat source model to reduce
the number of transient steps required to complete the simulation, thus increasing
the computational efficiency in order to simulate welding of large structures. The
authors recognised the limitation in the use of welding simulation for practical
residual stress and distortion control and identified ways in which researchers
often tried to simplify the approach. Notwithstanding this they conclude that
three-dimensional thermo-elastic-plastic simulations are often required to obtain
meaningful results and hence concentrated their efforts on simplifying the thermal
analysis. To this end they proposed two computationally efficient heat source

models:

o Prolonged Gaussian distribution: this is an extruded form of the traditional
Gaussian distribution. It requires a modified acting time to ensure that
the heat input is equal to the originally chosen model (Gaussian distribu-
tion in this case). This method, though computationally efficient, requires

modification for different cases (e.g. fillet welding) and sub-routines to be

developed.

e Prolonged point heat source model: a simplification of the above. The
Gaussian distribution is assumed to be concentrated at a number of nodes

and act simultaneously for the same heating time of the prolonged Gaussian

model.

Verification was done by simulating a bead on plate with the two proposed

heat source models against a base-line simulation in which the standard Gaussian
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disc heat distribution was used. The number (and hence the size) of segments
used for the prolonged models was also varied to give a total of five cases. Low dis-
cretisation levels were purposely considered by using very few segments in order
to investigate the poorest possible precision levels. The least number of segments
to be used is three as that can represent the beginning, quasi-steady and final
conditions of the welding process. In-house code was used and the longitudinal
curvature forming on one side of the plate was taken as the representative mea-
sure of distortion. Results showed similar distortion magnitudes, but a variation
in the distribution. The models with more than one segment yielded an un-
symmetric pattern, due to transient effects. The coarse meshes gave a reasonably
good prediction. As can be intuitively expected, an increase in the number of
segments yielded better predictions, at the expense of computational time. It was
concluded that the prolonged heat source model can be used for stress and distor-
tion prediction. However the authors mention that there are some differences in
the heat source models that could be hidden by the fact that shell elements were
used. Therefore it is still advisable to validate the applicability of shell elements
for each specific case.

The above models all aimed at bypassing the complex part involving the weld
pool formation. This is convenient and is advisable when the thermal analysis
will be used as an input to the structural simulation in order to obtain a global
structural response. However there are also many researchers who have focussed
on detailed simulation of the weld pool. Zhao et al [2.13] dealt with the simulation
of dynamic changes of the weld pool as welding parameters are changed during
the actual welding process. They were able to predict the weld pool shape and

use their model to investigate the effects of step changes in welding current and

welding speed.
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2.3 Structural Simulations

2.3.1 Simplified Models

Reduction in computational time has always been a priority in welding simula-
tion. This has led to the development of simplified methods which allowed for
the reduction in computational effort in order to extend the applicability of the
relevant simulations.

A possible first step in the simplifying the simulation is to recognise the weak
coupling between the thermal and structural behaviour, a technique which is ex-
tensively used by many researchers (e.g. [2.14], {2.15], [2.16], [2.17]) and is shown
schematically in Figure 2.3. Lindgren {2.18] illustrates the effect that de-coupling
has on the simulation process. Jiang [2.19] carried out a study in which coupled
and un-coupled models are compared as regards to their capability of predicting
residual stresses and distortion. It was found that using un-coupled fields ele-
ment greatly reduced the computational time without any loss of accuracy in the
prediction of residual stresses. This means that a sequentially coupled approach
can be adopted in which the thermal analysis is first carried out and is then used

as an input load for the structural analysis.

Heat Flow

(2)
Thermal Properties

Thermo - Mechanical Properties
(b)

Figure 2.3: Simulation flow for cases of (a) Coupled vs. (b) Uncoupled thermal-
structural welding physical phenomena. Adapted from [2.18]
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Figure 2.4: Spring bar model

This simplification however still leaves the complex elasto-plastic structural
part to be solved. This can also be reduced to a simpler analysis by looking at the
evolution of stresses and strains during the welding process and noticing certain
features that can lead to the safe adoption of simplifying assumptions.

A very simple and rudimentary strategy was proposed by Bachorsky et al
[2.11], named the Shrinkage Volume Approach. This reduces the complex tran-
sient elasto-plastic analysis into a single elastic finite element analysis in which
elements associated with the weld pool are given a contraction strain of (—aAT).
By assigning initial nodal temperatures to the weld metal elements, the heating
part of the thermal cycle is essentially ignored reducing the problem to a steady-
state approach. This assumption also causes the stress history during heating to
be ignored meaning that the magnitude of the predicted residual stress field in a
given analysis cannot be accurate. A drawback of this method is the fact that the
results depend heavily on the assumed weld pool shape obtained from the ther-
mal simulation. Discrepancies between predicted and experimental values were
noted for some of the models, which the authors attributed to bad prediction of

weld pool shape. In order to obtain good distortion predictions macro graphs

were used to obtain real weld pool shapes.

Jang et al [2.20] developed a simplified method called the Inherent Strain

Approach. This is based on a spring-bar model schematically shown in Figure

2.4. The spring models the weld pool whilst the bar represents the surrounding

(and hence restraining) material.

The following relations can be formulated for the system:
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E=Eh + Ee+ €p (26)
o = Ek, (2.7)

Fp = Fg (2.8)

The above relations are used to determine the amount of residual plastic strain
as a function of degree of restraint. In this context the degree of restraint is the
level of resistance against thermal deformation of the welding region. The amount
of plastic strain is determined for each case and used to formulate equivalent loads
(longitudinal and transverse forces and moments) to be applied to the structure
by means of an elastic finite element analysis.

Another simplified technique is presented by Deo et al [2.21] (already pre-
sented in earlier work [2.22]). The authors recognise how early models provided
good prediction for residual stresses even if most of the modelling techniques
were two dimensional. However, for set-ups which yield out-of-plane distortion,
two dimensional models may prove to be inadequate. The authors illustrate how
de-coupled, two-dimensional welding simulations can be carried out in conjunc-
tion with three-dimensional buckling analyses on structures where movement ié
restricted by fixtures or tacking. For fully clamped structures the buckling effects
would be noticeable once the clamps are removed. Based on this understand-
ing the author uses a simplified approach in which a two-dimensional welding
simulation is performed followed by a three-dimensional buckling analysis.

This approach is analogous to the work by Jang [2.20] et al using the inherent
strain method, with the advantage that the applied stress/strain field comes from
a two-dimensional analysis rather than an empirical determination based on the
temperature field and the spring-bar model. Hence a two-dimensional de-coupled

sequential thermo-mechanical analysis is first performed. This is an elasto-plastic
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analysis carried out in a quasi-static Lagrangian frame subdivided in several small
static steps. Generalised plane strain conditions were assumed, which imply linear
variation of the longitudinal strain. The resulting plastic strains are then applied
as equivalent loads in a three-dimensional eigenvalue analysis. A constant nega-
tive thermal load is applied at the weld region to introduce the effect of welding
in the three-dimensional structure. The authors further simplify the analysis by
assuming the same material model for the weld and parent material, based on
previous work that which showed that a 20% difference in yield strength of the
electrode material causes only a 3% change in residual stress. Finally, the longi-
tudinal residual stress obtained from the two-dimensional elasto-plastic analysis
is compared with the buckling critical stress to determine if the structure will
indeed buckle. Eigenvalue analyses were used for determining the buckling stress
(an incremental large deformation analysis could have been performed instead
but would have been more computationally intensive). The models were verified
experimentally and an in-house FE-code was used. The method was successful
in predicting whether the plates buckled or not and recommendations could be
made regarding the influence of geometric parameters on buckling.

Camilleri et al {2.23], [2.24] proposed another simplified approach aimed at re-
ducing the computational time. Similarly to all simulation procedures described
so far (in this section) the thermal part is performed first with a thermal analysis.
The approach for the structural part is based on the early ideas of N. Okerblom
2.25]. The approach comprises two algorithms, namely the ‘Thermal Contrac-
tion Strain (TCS)’ algorithm for computing the angular deformation and the
‘Mismatched Thermal Strain (MTS)’ for determining the longitudinal contrac-
tion. The algorithms are based on key characteristics of the thermal transients
generated by the fast-moving, intense heat sources: the temperature gradient on
the approach side of the thermal source is steep, as the forward heat flow rate is
relatively small, and for similar reasons, the temperature profile transverse to the

weld is steep, whereas the gradient in the trailing region where cooling takes place
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is relatively shallow. Okerblom was the first to draw attention to these features
and argued that the thermo-mechanical processes might therefore be modelled

by considering a transverse plane strain slice, which would be passed through the

quasi-stationary temperature field in the direction of welding.

In the case of the angular deformation (TCS) algorithm, the assumption is
that the transverse angular deformation is dictated predominantly by contraction
across the weld fusion zone, which typically varies in transverse width across the
thickness. The starting temperature assumed for this process should correspond
to a level at which the material begins to develop some strength (which can be
safely assumed to be 1000°C). Similarly to the ‘shrinkage volume’ approach used
in [2.11] (and by other authors presenting simplified models), the TCS algorithm
neglects the heating phase and assumes that an arbitrarily defined zone contracts.
However the authors show how the notion of transverse contraction can be ex-
tended to express the transverse angular deformation ¢ in terms of the relative

depth of penetration of the weld ;- and the relative width of the fusion zone on

the surface 2 by using the following relation:

b = %%aT [ (1-k) - 2t0(1 - kﬂ,)] (2.9)

Where k,, is a geometric parameter dependent on the shape of the fusion zone

(parallel, triangular, or parabolic).

The notion of contraction is developed in a different manner for strains in the
longitudinal direction (MTS algorithm). In this case the longitudinal contrac-
tion forces are derived from the thermal strain mismatches developed during the

cooling phase of the welding process. A plane strain slice can be imagined to

pass through the transient temperature field which in turn progressively spreads
outwards. An important consequence of this is that the development of longitu-
dinal stress is driven mainly by the envelope of maximum temperatures reached

across the slice, shown in Figure 2.5 for typical welding parameters. Although
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these temperatures are reached at different times in practice, there are always
mismatches at each transverse location and therefore the assumption is that 1t
is not necessary to take account of the time offset in attaining the respective
maxima. It is however worth noting that in this approach the contraction forces
are determined by the full temperature field and not, as in the shrinkage volume

approach by the behaviour of a defined region.

4000 e
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Figure 2.5: Envelope of maximum temperatures reached across a slice normal to
the welding direction

The longitudinal stress aspect is the most difficult to analyse in principle, due
to the complexities of material behaviour mentioned earlier. However, substantial
simplifications are admissible due to the fact that the longitudinal stress levels in

central regions of the weld where the complex behaviour takes place are limited

by the final yield strength. The authors also show that the typical profile of max-
imum transverse temperatures 1s inversely proportional to the distance from the

centre line of the weld, approximately, and this leads to a weak dependence on

the actual yield strength value, leaving the expansivity as the major driving force.
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The expansivity and yield characteristics in an elastic-perfectly plastic model for
steel are such that a relatively small temperature difference (120°C) causes yield-
ing in a typical case. Hence the mechanics of contraction force development are
driven primarily by the cooling phase of the cycle within a relatively low tempera-
ture range (e.g. less than 300°C for steel) within which the material properties are
likely to be fairly constant. The resulting MTS algorithm is implemented within a
three-dimensional, elastic, finite-element formulation by applying a ‘load’ profile
corresponding to an artificial temperature reduction at points across the width
of the plane strain slice. In the central region, defined by thermal strain levels
which exceed twice yield strain, yield magnitude tensile strain levels are applied.
No loads are applied in the other regions which remain elastic, defined by thermal
strain levels less than yield strain (ey). In the zones between the fully plastic
and elastic regions, loads corresponding to (aT)s — €y) are applied, where Ty
is the maximum temperature reached at the location. These algorithms were
applied, in the studies reported earlier {2.26] , to a 3D elastic model of a 6 mm
thickness, half-metre square test geometry (two 0.25 m wide by 0.5 m long plates
butt welded along the 0.5 m edges). Comparison between these results and the
average experimental deformation was good although it should be noted that the
complete results are sensitive to the temperature-dependant properties assumed.
These algorithms, however, proved to be a good basis to develop further simpli-
fied methods for different cases such as single [2.27] and multiply stiffened [2.28]
plate structures.

Finally, another simplifying approach is presented by Ueda et al {2.29] , this
time with regards to multi-pass welding. The authors recognise how overlapping
weld passes successively relieve stresses at temperatures higher than phase trans-
formation temperatures. The multi-pass welding process is hence simplified in
the simulation by missing out the simulation of individual passes, reducing the

mesh density.

It is essential to be aware of the deficiencies that are commonly present in
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most simplifying approaches in order to make correct use of them and obtain
meaningful results. The following are usually true for most simplifying welding

simulation approaches:

e The transient evolution of stresses is normally bypassed, leading to weak

prediction of residual stresses

e The effect of high temperature material properties is usually ignored or
approximated in a particular temperature range and this choice usually

affects the results to some degree

e The initial shape of the structure under investigation has an important

effect on the final result
e Transient aspects such as intermediate buckling cannot be predicted

Notwithstanding this, the above deficiencies do not pose a limit for the use of
such simplified simulation techniques in several industrial applications. They are

in fact, particularly useful when:

e A relatively large structure has to be analysed

e Parametric studies have to be carried out

e Some of the expected distortion modes are validated through experiments

and distortion of similar set-ups needs to be investigated

Much research effort is therefore still being put into the use of simplified

simulation techniques, usually verified and validated through experimental inves-

tigations and/or the use of more complex modelling techniques.

2.3.2 Complex Models

More complex models, that aim at including some or most of the aspects on

the elastic-plastic phase are usually adopted if the following aspects need to be

investigated:
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e The effects of temperature dependant material properties
e Effects of phase changes

e Plastic response of the material

e Transient aspect

Transient elasto-plastic analysis carries a penalty in terms of computational
time. The other drawback is usually the lack of information on material proper-
ties for the full range of temperatures to which the welded structure is subjected.
Nonetheless, a great deal of literature is available on complex finite element anal-
ysis of welding induced residual stresses and distortion. It is important to notice
that in most cases the thermal part of the analysis is still de-coupled, on the
same basis as described in the previous section for the simplified models. The
approach is sometimes referred to as ‘sequentially coupled’, but does not imply

the use of coupled field elements. Some authors (such as [2.30]), however, still
prefer to resort to fully coupled analyses in which thermal and structural fields
are solved simultaneously, at the expense of computational time.

Friedman [2.5] was amongst the first to illustrate the use of numerical tech-
niques for the analysis of the complex elasto-plastic parts of the welding process,
despite the fact that his work was done when computer limitations placed a con-
siderable restriction for developing full models. Again the author highlights the
low thermo-elastic coupling coefficient which makes it possible to use the un-
coupled thermal-structural approach. Friedman gives a detailed description of
dynamic stress development during welding, and the effect of plane strain as-
sumption. An important result is the demonstration of how the residual stresses
in the plastic regions exceed the room temperature yield strength because of
material strain hardening. The brief initial compressive yielding produces an ex-

pansion of the yield surface followed, during cool-down, by yielding in tension at

a stress level higher than the monotonic yield strength.
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Murthy et al [2.31] also present numerical techniques for the solution of the
elasto-plastic phase of the simulation. They also carry out a de-coupled thermal
analysis to be subsequently input in the structural analysis. The authors high-
light the restriction in running three-dimensional models because of the compu-
tational effort required. The accuracy of the two-dimensional model increases as
the welding speed increases since temperature gradients in the longitudinal direc-
tion become negligible. The authors mention Goldak’s three-dimensional double
ellipsoid heat source model and then present a simpler, easier to converge, trape-
zoidal model (ramp up - constant - ramp down). The authors reference work
demonstrating that the time independent thermo-elasto-plastic formulations are
sufficient as opposed to the thermo-elasto-visco-plastic models. Creep must be
included however when analysing stress relief conditions of post welding heat
treatments. The authors show how the material dilation produced as a result of
solid phase transformations during cooling induce microscopic plastic flows that
are similar to the thermally induced strains. These are found to cause a reduction
in the peak longitudinal tensile stress and are limited to the weld zone and part

of the heat affected zone. They can be evaluated either by:

e Reducing the thermal expansion coefficient over the transformation tem-

perature range

e Computing the dilatations proportional to the quantities of various phases

formed

The first method is more convenient for implementation in commercial soft-

ware, but the second gives more accurate predictions of changes occurring during

the transformation.

On the other hand the microscopic plastic flows that occur during metallur-

gical transformations (transformation plasticity) are modelled by either:

¢ Reducing the yield strength of the material over the temperature range for

which the transformation is occurring
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e Including an additional plastic strain which is related to the progress of

transformation and also the instantaneous deviatoric stress state

The first method is more suitable for commercial codes, but the second case
gives better results with user generated codes. Also, it is highlighted how the

effects of phase transformations may be neglected unless:

e They occur at very low temperatures
¢ They are comparable to the thermal contraction strains

e There is a rapid cooling of the weld pool

Berglund et al [2.32] investigated the prediction capabilities of two-dimensional
and three-dimensional shell elements by comparing the result with equivalent
three-dimensional solid element analyses. For each type of model they investi-
gated three cases of clamping ranging from a fully clamped model to one loosely
fixed at one end. With the exception of the transverse deformation of the fully
clamped case, the two dimensional plane strain models proved inadequate to
predict the out-of plane deformation. Residual stresses were also predicted cor-
rectly for all models with the exception of the longitudinal stress of the two-
dimensional plane strain model which exhibits the characteristic profile shifted
upwards (greater residual tensile stress).

Nasstrom et al [2.33] also investigated the effects of introducing shell elements
in order to reduce the number of degrees of freedom. They created models with a
combination of solid and shell elements together with models containing purely ei-
ther or type of elements. An un-coupled, sequential thermal-structural approach
was used with the use of a welding efficiency in order to relate the heat input in
the model to the actual energy being provided by the welding power source. Sim-
ilarly to previous authors, thermal analyses were carried out in a two-dimensional

fashion based on the fact that the greatest thermal gradients are found in the di-

rection transverse to the weld. An in-house finite element code was used to carry
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out the thermal and the elasto-plastic analyses, without phase change modelling,
as the material under investigation experiences no solid state transformations.
The authors carried out another interesting investigation with regards to mod-
elling techniques by varying the cut-off temperature from 900°C to 1200°C. This
turned out to yield only a small change (5%) in the predicted maximum residual
stress. As regards the solid vs. shell element investigation, the results showed
that for the longitudinal stresses, the results from the combined model approached
the solid model residual stress field whilst the shell model gave erroneous results
especially in the region close to the weld. This is in contrast to Berglund et al
2.32] who found three dimensional shell elements to be adequate. This might be
attributed to the differences in case studies and shows how there often are many
uncertainties and unknowns as to the correct modelling technique to be adopted.
The authors identified one source or error as being the lack of temperature
variation through thickness for the shell element model. For transverse residual
stresses, differences between solid and combined model were even greater and
might have been caused by the adopted solid to shell transformation. Another
source of error was the restriction of movement in the shell’s normal direction
for nodes connecting the solid and shell elements. The possibility to adopt shell
elements in a commercial general purpose finite element package is also illustrated
in [2.34] together with the programming/scripting methods that must be adopted
in order to implement various welding modelling strategies and techniques.
Borjesson et al [2.35] tried to include several material modelling aspects for
multi-pass welding simulation, especially focussing on the temperature depen-
dency of the properties. They used a mixture rule in order to resolve the problem
of modelling different properties for the different phases. This technique was also
used by other researchers (e.g. [2.36]) and consists of computing properties at
a macro level according to volume ratios of the respective phases present in the
material. The increased complexity of the material model did not lead to a great

improvement in correlation with experimental data, and this was attributed to
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the limitation of the material data available for the different phases.
Zhu et al [2.37] investigated the implications of increasing the complexity of
the material model for aluminium (stating the investigation could be extended

to steel) by comparing three models in which the properties were taken as:

e Constant (room temperature values)
e Averaged over the temperature range and history

e Fully dependant on temperature

Again an un-coupled thermal-structural approach was used with a Gaussian
heat distribution input and a cut-off temperature technique which was taken to
be two thirds of the melting temperature. An in-house (user developed) code was
used in which dummy elements were used to simulate multi pass welding. This
is analogous to the element birth and death technique, sometimes referred to as
element activation/de-activation. The temperature dependency of material prop-
erties was investigated for both thermal and structural analyses. In the former
analysis the authors considered a number of models by varying the combination
of density, specific heat and thermal conductivity each one of these properties
in turn being taken as constant, averaged or completely temperature dependant.
The case in which all properties were set to be temperature dependant was taken

as the reference analysis. The following conclusions were reached from the ther-

mal analyses results:

e Density can be taken as room temperature value

e Specific heat can also be taken as room temperature value

e For thermal conductivity:

— Room temperature values resulted in an overestimate of temperature,
by less than 10%
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— Averaged value gave a very close match

e When all three properties were set to room temperature values, the results
were very close to the case where the conductivity was given a room tem-
perature value and other properties were made temperature dependant. For

this case the results were within 10% of the base-line simulation and also

close to experimental data

The same study was performed to investigate the dependency on structural
material properties. The authors illustrated the elasto-plastic constitutive equa-
tions show that the Young’s modulus, yield stress and thermal expansion co-
efficient are the driving factors for deformation modelling. Poisson’s ratio and
plastic hardening were not included as varying factors and were kept constant.
Again authors used a combination for the type of temperature dependence to be
used. The heat input models were also varied to see the effect that the thermal
properties temperature dependence has on the final structural analysis, leading
to a larger number of cases. Similarly to the thermal investigation, the case for
which all properties (for both the thermal and structural analyses) were taken to
be temperature dependant was taken as the reference analysis. Keeping the same

mechanical properties but varying the thermal input material properties led to

the following conclusions:

o If averaged conductivity is used, values agree well, except in regions very

close to weld line

e For all thermal properties taken at room temperature values, the maximum

error was found to be less than 10%

Hence the authors conclude that the variation in thermal properties has no

effect on the subsequent structural analysis.

For cases in which same thermal input was used the following observations

were made:
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e If room temperature Young’s modulus values are used, results matched well

o If average Young’s modulus values are used, results deviated considerably

¢ If room temperature yield stress is used, the residual stress and deformation

were Incorrect

e If averaged yield stress is used, results were in the correct mode but of

incorrect magnitude

¢ In the case of the thermal coefficient of expansion, both the room tem-

perature and averaged value cases agreed very well with reference and test

data

The discrepancy in the cases where a constant yield stress was used led the

authors to formulate a piece-wise function to model the variation of yield stress

with temperature. This proved to be a good approximation.

Bergheau et al [2.36] investigated the effects of modelling visco-plastic ma-
terial behaviour by comparing results obtained from analyses with plastic and
visco-plastic material formulations. Their work stems from an interest in weld-
ing induced residual stress prediction for the nuclear industry and the control of
distortion in automotive welding applications. The authors highlight the scarcity
of literature presenting simulations that have accounted for visco-plastic effects.
These are often neglected because the welding processes under investigation are
usually too short in duration to account for creep effects. However their experi-
mental work consisted of a set-up (schematically shown in Figure 2.6) specifically
designed to maximise the influence of the material behaviour in the heat affected
zone (HAZ), where viscous effects can take place. It also provided a simple ge-

ometry which is easy to simulate with an axisymmetric model. The following

measurements were taken for experimental verification:

e Thermocouples for an a priori determination of the unknown thermal bound-

ary conditions (this is similar to the method used to determine welding
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. Thermal Loading
Specimen

Figure 2.6: Schematic representation of set-up used in [2.36]

efficiency in the present work)
e Inductive sensors to measure transient displacements
e X-Ray diffraction measurements for final residual stresses

e Strain measurements using the “numerical image correlation” technique to

check for axisymmetry

e Metallurgical macro-graphs

The experimental error on measured stresses was thought to be of the order
of 50MPa. In their simulations the thermal and metallurgical computations were
fully coupled. Heating arising from plastic (or visco-plastic) dissipation and the
influence of stresses and transformation kinetics were disregarded. This essen-
tially meant that the thermo-metallurgical calculation was de-coupled from the
mechanical one.

Enthalpy was used in the thermal analysis to avoid numerical problems caused
by sharp changes of conductivity with temperature. The overall specific heat vs.
temperature variation was determined experimentally from a small sample. It was
not fed in the model directly but instead used to calculate properties of different
phases so that metallurgical aspects could be fully included. This essentially led
to a custom made heat input distribution. The use of such an advanced mate-

rial model however required extensive efforts for the determination of the actual
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properties. This is evident by the extent of the referenced data which was used in
order to carry out the metallurgical calculations. The volumetric fractions of each
material model were determined with “first-order evolution equations” (this is a
similar approach to that used in {2.35]) from parameters obtained experimentally
from free dilatometry tests. This, in conjunction with the Koistinen-Marburger
martensitic transformation model, was used to extend modelling up to the HAZ.
Transformation plasticity is hence fully accounted for whilst other mechanisms
involving metallurgical to mechanical changes were proved to be negligible for
this class of material.

The viscous effects were introduced by allowing a variation of yield stress with
strain rate. Isotropic hardening was used and was set to zero for newly formed
phases. The remaining material data were determined experimentally with a fo-
cus on plastic vs. visco-plastic effects. The low strain rate data (no visco-plastic
effects) was taken so that the strain rate was roughly equal to the experimental
cooling part. This obviously meant that the purely plastic (no viscous effects)
models did not pick up the high strain rate effects that occur in the heating part
of the welding cycle. An important consideration made by the authors was that
the purely plastic models could only be made to fit precisely either the heat-
ing or the cooling part of the process. This relates to the present work in which
purely plastic models were used, with an emphasis on the cooling part of the ther-
mal cycle since this is the driving part for the formation of residual stresses and
distortion. The authors determined visco-plastic material properties experimen-
tally. Extrapolation of the data to higher temperatures was validated by means
of comparison with independent tests. Finally, the analysis was carried out with
the inclusion of large displacements in a Lagrangian numerical framework.

The results showed an accurate thermal history prediction which even exhibits
perturbations caused by phase changes. HAZ predictions of temperature matched
with experimental data. The transient distortion prediction however did not

compare as well. The main form of distortion occurred early in the plastic-
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model simulation with the residual distortion being over-predicted by a factor of
two. The discrepancy was greatly reduced in the visco-plastic-model simulation.
Residual strains were well predicted for both models, with a slight over prediction
of the maximum radial and tangential strain for the plastic model. The maximum
residual stresses were found on the periphery of the HAZ. Within the HAZ the
stresses decrease because of the expansion caused by the bainitic and martensitic
transformations and the transformation plasticity. Good correlation with plastic
and visco-plastic models was achieved. Both calculations predicted the location
and magnitude of peak values. On average, the visco-plastic models predicted
stresses slightly better. Hence the author concludes that the effects of visco-
plasticity were marginal on residual stress prediction.

Abid et al {2.38], [2.39] omitted the complicated metallurgical transformations
when modelling pipe-flange joint welds. They carried out sequential un-coupled
thermal-structural simulations with material model complexity limited to the
inclusion of non-linear, temperature-dependant thermal and structural properties.
Nevertheless this method proved to be adequate in the prediction of welding
induced flange distortion. Residual stresses could also be extracted from these
models that were also used to investigate the effects of tack weld positions on the
flange. It is worth noting that the tacks were considered by assuming them as
existing material prior to the simulation of the full weld, i.e. no simulation as
regards to the tack welding process was included. The element birth and death
technique was used for simulating metal deposition in the joint V-groove. The
thermal simulations were carried out in a similar manner to the models referenced
earlier, with the addition of a “scalar multiplier” for the thermal input model.
This additional feature is analogous to the welding efficiency: i.e. a parameter
whose initial value is chosen arbitrarily and is then re-adjusted iteratively to
achieve a good match to the weld pool shape. Whilst the welding efficiency is
a single parameter representing the ratio of total net heat input in the model

to the heat provided by the welding equipment (power = current X voltage)
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the “scalar multiplier” used by the authors varied with axial and radial distance
from the weld and outer surface respectively. This allowed for a relatively simple
heat input model (the authors use a volumetric heat input model) that still gave
detailed weld pool and HAZ predictions.

It has been shown how most researchers employ an element birth and death
technique in order to simulate weld metal deposition. This simulation technique
is based on multiplying those terms in the stiffness matrix that represent the
de-activated elements by a very low factor (multiplying by zero is not permitted
to avoid numerical problems). This is done to remove the effects the welded
elements have on the structure until they are deposited/activated. Fanous et
al [2.40] compared this technique with a slightly different re-activation technique
based on gap elements. The activation of the elements was based on an arbitrarily
set spacing between the gap element and the base plate, which is changed as the
elements became reactivated. Results showed a good match with the standard
element birth and death technique and a reduction in computational time.

Tsirkas et al [2.41] attempted to partially apply the complex thermo-elastic-
plastic treatment at an industrial scale by applying a “local-global” approach, first
presented by Michaleris et al {2.22], to laser welding of large shipbuilding sub-
assemblies. Laser-welding processes are attractive as they provide a smaller heat
input and hence a smaller susceptibility to distortion. Trial-and error approaches
have proved to be problematic in the prediction of distortion and control tech-
niques based on numerical simulations are therefore required. Many laser welding
models concentrated on small specimens where the heat affected zone area is com-
parable to the work-piece. Although these are fundamental for the understanding
of the process, global models are required in order to predict residual distortion
correctly. The authors highlight how it would not be feasible to create a model
with enough refinement at the HAZ to include both local and global effects, hence
the adoption of the “local-global” approach. A number of authors have previ-

ously dealt with the simulation of the localised effects of laser welding (key-hole)
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and the application of various heat source models. As a general rule they have
all approximated the shape of the key-hole to simple geometrical models. In this
work however, the software Physica was used to determine the fused zone. The
author references various research work for the complex elasto-plastic approaches
for welding simulation but highlight the fact that in many cases not all the pa-
rameters influencing the welding process are taken into account. In an attempt to
include all possible factors the commercial package Sysweld was used. Many as-
pects of the package are however similar to the approaches presented earlier such
as the use of a Gaussian heat distribution (based on the key-hole model) with
an elasto-plastic analysis that includes the effects of temperature-dependence and
metallurgical transformations. The case study consisted of a stiffened panel, with
particular emphasis on the fillet welds and on their sequence of welding. Although
parameters vary during the actual process because of adaptive process co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>