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Roger William O'Brien 

Abstract 

This project was set up in order to investigate whether it may be valid to use a 

simplified approach to weld distortion prediction in order to make an assessment of 

the distortions occurring in a welded structure. Distortion may manifest as problems 

associated with production, which increase costs and reduce profit. In order to 

validate the proposed prediction approach an experiment was developed to gain 

detailed information about distortions occurring in a series of simple welded joints. 

The joints and the parameters used for the experiment were based on the processes 

and applications of the case study company. The experiment was set up with the aim 

of evaluating the general magnitude and directions of distortion in bead on plate and 

butt weld joints to develop a database of distortion. The method for inspection of the 

experimental samples was to scan the parts using a 3D laser scanner to collect a 

detailed resolution point cloud that could be analysed. From the experimental results 

a number of key factors relating to the welded joints were found relating to material 

thickness, weld speed and penetration for the four different modes of distortion 

occurring. The experimental results were compared with the published data and 

equations presented by other authors, and some general agreements found, however, 

some differences were evident. In order for a designer to adjust the shape and fonn 

of a components design to counteract the distortions to achieve a nominal tolerance, 

based on these results, it was necessary to develop some new models specific to the 

materials and process variables of the case study company. Using an approach based 

on DoE software techniques, response surfaces for the experimental results were 

generated. This allowed equations to be developed for each distortion mode, which a 

designer could use to make predictions in the design phase to reduce risk from 

distortion. 
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Executive Overview 

The project was set up in order to investigate whether it may be valid to use a 

simplified approach to weld distortion modelling and prediction in order to make a 

qualitative, and possibly quantitative, assessment of the distortions occurring in a 

welded structure during assembly. Based on such an approach the aim would be to 

introduce a tool that would allow the distortions occurring to be assessed and 

appropriate adjustments made into designs early in the product realisation process. 

This would reduce the risk of late changes to the product due to distortion effects 

and the associated costs these can bring. The project set out to bring consideration of 

weld distortion effects further upstream and into the design process to allow for 

earlier introduction of changes. As many authors have demonstrated early design 

change is far more cost effective, and indeed the cost of design change increases 

exponentially during the duration of product development. 

The background to the project and an introduction to the case study company was 

presented in Chapter 1. Here it was also discussed that distortion may manifest as 

problems associated with creating excessive movements, reduced or out of tolerance 

effects, excessive fit up gaps, or form changes, which in tum increases costs and 

reduces profit. It was shown by a real example that the direct costs associated with 

problems arising from distortion late in the realisation of components can have a 

sizeable cost implication. 

Chapter 2 took a detailed look at the welding processes and particularly those of the 

case study company. The theory, along with the residual stresses and distortions 

occurring were discussed. The various primary distortion modes were discussed and 

it was seen that the key factors which influence the distortion are: 

• The material properties. 

• The stresses inherent in components from manufacturing processes. 

• The restraint applied during welding. 

• The process variables of welding and the weld procedure itself. 
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• The actual design of the product to be manufactured including the 

position of the weld, its fit up, accuracy and tolerance of the weld 

joint. 

It was discussed that it is possible to control this distortion; however there are both 

commercial and practical implications for doing so. The work relating to distortion 

prediction of many researchers was discussed, which would form the basis for 

subsequent comparison of the experimental results of this investigation. 

The direction chosen to validate the proposed prediction approach was to develop an 

experiment in order to learn detailed information about distortions occurring in a 

series of simple welded joints. The joints and the parameters used for the experiment 

would be based on the processes and applications of the case study company. The 

experiment was set up with the aim of evaluating the general magnitude and 

directions of distortion in a selection of representative joints to develop a database of 

distortion values and factors. This information could then be used and applied to real 

designs to predict distortion by a designer so that right at the start of a product's 

development they can understand the distortion effects and make value added 

decisions about whether a design needs to be changed to account for these. In 

addition the process engineers can plan accordingly and decide if it is better for a 

designer to alter the design to attempt to overcome the distortion effects or plan the 

processes knowing where distortions will occur with a view to minimising it or 

accounting for the distortion by additional processes and operations. For the 

experiment a special fixture was designed to enable the experiment to be conducted 

in a repeatable and controlled manner. The experimental procedure was developed 

and documented and consideration given to each of the key stages of the process. In 

setting up the experiment it was necessary to pay careful attention to the methods of 

measuring the distortion results, and it was seen that the initial methodology had to 

be changed in order to find a more robust and accurate method of capturing all of the 

distortion data requiring to be analysed. The final method settled upon for inspection 

of the post weld experimental samples was to scan the parts using a 3D laser scanner 

to collect a detailed and high resolution point cloud that could be analysed without 

needing further additional manipulation. 

v 

Predicting Weld Distortion in the Design of Automotive Components 
Roger O'Brien, MSc Thesis, March 2007 



The welded joints used for the experiment in this work were chosen based on the 

experience of the case study company. Prior to any measurement study being 

undertaken a visual assessment of the weld quality was undertaken. From the 

experimental results presented in Chapter 4 a number of key factors relating to the 

welded joints were found. It was found that generally there was a high degree of 

repeatability in the processes of the case study company which resulted in consistent 

and repeatable experimental results. It was demonstrated that both increasing the 

material thickness and increasing the speed of welding act, in general, to reduce the 

overall magnitude of the distortions. The experiment showed that the longitudinal 

distortion in the welds occurred with a peak distortion at the weld centreline and 

decreased to lower distortion values as the distance from the weld increased towards 

the edges of the plates. Generally this produced a double V shaped pattern of 

longitudinal distortion. The transverse distortions occurring in the plates were seen 

to be relatively constant in the main body of the weld, away from the start and stop 

effects. Angular distortions were seen to be influenced by not only the material 

thickness and weld speed but also the level of penetration occurring in the weld 

itself. The angular distortions themselves occurred consistently along the length of 

the plates with little variation. Bowing distortions were very repeatable and 

consistent. Based upon the results seen from the experiments then it would be 

possible for a designer to adjust the shape and form of the components design in 

order to counteract the effects of these distortions to achieve the idealised nominal 

design that was intended in the initial concept. However in order to be able to do this 

they would need a tool to predict the values and allowances to be made in 

components to overcome the distortion effects. 

The experimental results did not appear to readily agree with the published data and 

equations presented by other authors. However further investigation into many of 

these differences showed that it was the effect of the combination of the various 

distortions occurring together that were acting to give measured results higher than 

would be predicted. The longitudinal distortions were seen to be influenced by the 

value of bowing occurring which in some cases had a significant effect on the 

individual result. Likewise for transverse distortion the influence of the angular 
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distortion on the measured results was demonstrated. It was also found that due to 

the set up of the case study company an additional influence on the transverse 

distortion was the weld gap size. The angular distortions were found to be 

influenced by material thickness, welding speed and penetration, however generally 

poor agreement was found to the published equations. In the case of bowing 

distortion there was good agreement on the butt weld samples to the published 

models from Okerblom's equation for bowing distortion, however the agreement for 

bead on plate samples was not as specific to one particular model. 

Using an approach based on DoE software techniques response surfaces for the 

experimental results were obtained. Following this specific equations relating to the 

design space of the case study company were developed for each distortion type and 

for each joint. These were presented as equations and in a graphical form that a 

designer could quickly used to evaluate the effect. The equations for each joint type, 

specific to the case study company, and considered to be valid over a range of 

material thicknesses (t) based on XF350 material from 1.5mm to 5.0mm thick and 

weld speeds (v) from 500mrnlmin to 1500mrnlmin, are defined and presented. 

Based on these findings then the combined effects of the distortions can be 

characterised and evaluated by using the four equations for each weld type. If this is 

carried out then a designer can adjust the design of a component to allow for the 

effects of these distortions by incorporating an allowance for these into the design. 

Therefore in doing this a post welded component produces a product to nominal 

dimensions. An example of how this could be done for a simple component was 

demonstrated to provide an illustration of the method, calculation and application to 

a simple design. 
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Nomenclature 

a Coefficient of thermal expansion ( ~) (12 X 1 0"6 for steel) 

ap1~ T Linear thermal expansion of the plate between Tr and Tr - Tr 
2 

for steel) 

aw~ T Linear thermal expansion of the weld between Tr and Tr - Tr 
2 

(0.0093 for steel) 

a Weld throat thickness (mm) 

A Cross section of the structure to be welded (mm2
) 

Aw Cross sectional area of the weld (mm2
) 

A'w Cross sectional area ofthe weld with reinforcement (mm2
) 

~ Restrained angular distortion C) 

~f Free angular distortion C) 

b Average width of the plate material (mm) 

bw Average width ofthe welded area (mm) 

c Specific thermal heat capacity (_!_) ( 460 for steel) 
kg.K 

<\ Longitudinal shrinkage (mm) 

<>r Transverse shrinkage (mm) 

E Young's Modulus(~) (210000 for steel) 
mm· 

~>y Yield strain 

EL Longitudinal strain(= ()L/L) 

ET Transverse strain(= 8Jb) 

g Gap or root opening (mm) 

I (Welding) Current (A) 

Second moment of area (mm4
) 

J Moment of inertia (mm 4
) 
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K Thermal Diffusivity (= J:_) 
p.c 

v 

p 

q 

q 

v 

p 

pc 

R 

R 

t 

Tv 

u 

v 

y 

Coefficient of thermal conductivity (~) (46 ... 58 for steel) 
m.K 

Leg length of weld (mm) 

Length ofweld (mm) 

Process efficiency for welding 

Deposition efficiency of a welding rod 

Poisson's ratio 

Weld penetration (mm) 

Heating energy (W) (=U.I) 

Heat input ( :m) 
Linear heat input ( = 17 · ~) 

Density ( ~~) (7800 for steel) 

Volumetric specific heat capacity (--4----) 
m·.K 

Curvature of a section (bowing) ( mlm) 

Radius of curvature (mm) 

Yield stress ( ~2 ) 

Average plate thickness (mm) 

Thickness of fused plate material (mm) 

Average thickness of welded area (mm) 

Room/ambient temperature () 

Temperature above which the deformation is plastic C) 

(Welding) Voltage (V) 

Welding speed ( ~;) 

Distance ofweld to neutral axis (mm) 
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Chapter 1: Introduction 
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1.1 Introduction 

The aim of this chapter is to introduce the problem facing industry with regards to 

weld distortion and the problems facing industry in predicting these in the design 

phase of the product life cycle. 

In the first section the problem to be investigated will be defined and set out, giving 

an example of the sort of impact the problems of weld distortion can present to 

industry. There is a brief discussion of the limitation of existing methods and the 

benefits to be gained from a cost and time effective approach to predicting weld 

distortion. 

Section two sets out the proposed project and describes briefly the work undertaken 

and how it relates to the problem. Along with a brief statement of aims and 

objectives that will be discussed further in subsequent chapters. 

The third and forth section shall introduce the company that will be used for the case 

studies and examples relating to cost impact that this research may help address. The 

problems facing this company are typical of those facing high volume fabrication 

manufacturers, particularly in the automotive industry but also in similar industries. 

Finally, this chapter will summarise the problems and thoughts on these important 

issues in a brief discussion and summary section. 

1.2 Identification of the Problem 

This section sets out to define the problem and its specific relation to high volume 

automotive manufacturing. It sets out to give an overview of the pressures facing 

automotive suppliers in relation to process development of their products. It 

discusses methods to identify and solve some of these process areas, and highlights 

briefly the shortcomings of the current techniques relating to weld processes, which 

are discussed in detail in the literature review sections in Chapter 2. 
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In the competitive automotive market there is a strong drive by the OEMs (Original 

Equipment Manufacturers) to accelerate product development and bring ever more 

models to market in shorter development lead-times. This is often referred to as 

reducing time to market. The mass advent and encompassment of CAE (computer 

aided engineering) technologies, along with their significant advancement, has 

enabled significant reductions to be made in this time to market. It is now common 

to bring new vehicles to the market based on a vehicle development program lasting 

in the region of less than 36 months. In most cases with the principal structural and 

mechanical components, then it is usual for the design iteration activity to occupy 

around the first 18 months of such a program to allow for a 12 month tooling, fixture 

and facility lead-time, with the final six months being used for installation, 

commissioning and quality proving/debugging of the line so volume production can 

commence smoothly at the required date. Underpinning all of this is significant 

testing throughout the development phase. 

During the program there are often a number of prototype stages to both verify the 

structural and vehicle performance, of products, systems and overall vehicle. 

However especially in the early stages these prototype vehicles are extremely 

expensive due to parts being produced off prototype tooling and also not off 

production processes and facilities. In order to reduce the numbers of high cost 

prototype vehicles, there has been and continues to be an increasing trend of 

applying analysis and simulation technologies to replace these prototypes with a 

'virtual' vehicle concept and 'virtual testing'. There is significant work undertaken 

now in the 'virtual' CAE world before the commencement of any 'true' prototype 

production. Most OEMs have already cut the number of 'true' prototype builds to 

around about two, and many have just used basic simulator vehicles to capture and 

collect appropriate data for analysis followed by one true prototype phase. The 

downside of this is that, especially for Tier 1 suppliers, much of the learning about 

the problems faced in manufacturing and assembly processes which is accumulated 

though the prototype stages is reduced. Therefore, the opportunity to develop 

solutions feeding into the planning of the production process is reduced, whilst the 

cost of late modifications increases exponentially with time. 
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One of the major problems arising in the assembly process, and also a significant 

area of weakness to CAE investigations is the effect of the welding process on 

dimensional stability of the structure. During the manufacturing of automotive 

chassis components it is usual to use Metal Inert Gas, MIG, (or Active Gas, MAG) 

welding technology as a means to assembling complex pressed parts. Inherent to this 

welding process some degree of weld-induced distortion is expected in the final 

component. The net effect of this distortion (direction and magnitude) is difficult to 

predict on newly designed parts, however it has been proven on numerous occasions 

to be repeatable (within limits) on established products. The severity of these 

distortions is not always evident or repeatable during prototype manufacture, partly 

because the pedigree of the parts is not always consistent. This is because the 

process does not necessarily follow that proposed for volume production, and 

welding parameters/speeds can vary along with differences in clamping, location 

and also cooling time. As a consequence of this it is common in industrial practice to 

protect critical dimensional and package constraints by the application of other 

technology (i.e. setting /machine operations) downstream to where the distortion 

occurs. These additional operations prove to be costly, have there own inherent 

problems and usually add little or no value to the finished part, other than 

guaranteeing its dimensional conformance at specific locations or features. 

The development of CAE technologies and computational methods based on Finite 

Element Analysis, FEA, has provided powerful and effective tools for 

manufacturing and assembly process simulation and assessment. For example, tools 

such as ROBCAD exist for manufacturing process simulation, primarily to look at 

component movement coupled with fixture and robot movements to guarantee 

access and avoid clashes. However, tools for genuine process simulation are only 

now starting to emerge in some of the core process such as welding. Finite Element 

simulation based on coupled thermo-elastic/plastic methods has enabled process 

simulation of pressed parts produced by sheet metal forming or hydroforming. For 

individual pressings it is possible to analyse their processing using such software 

that can predict items of interest in the forming process such as thinning, splitting, 

thickening, wrinkling, spring back and residual stress state. This can be done using 
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packages such as Pam-Stamp. These residual stresses and material thicknesses can 

in some instances now be mapped onto a dissimilar Finite Element mesh that may be 

required for any particular structural analysis and used to assist in the life or 

performance assessment of the product. The application of multi-step forming 

simulation requires detailed material information and in depth process knowledge to 

actually ensure the accuracy of the simulation. This type of analysis is time 

consuming and complex, and at present can be viewed as the form of analysis that 

would be carried out as a final verification of a process before committing to the 

hard production tools. 

During the design phase the design team needs to be able to make quick design 

iterations with broad-brush tools that allow rapid design changes to be assessed. 

This enables quick decision making that will be generally and directionally correct, 

without support from specialist areas and functions, such as tooling engineers. 

Therefore a method of pressing simulation emerged onto the market several years 

ago that allows such speedy iterations to be considered, and whilst the results are not 

always totally accurate they provide a means of quick and good feasibility 

assessment for drawn pressings. The process used for this is single step forming 

analysis, which in simple terms is geometric and topology based, mapping formed 

parts onto a flat sheet to predict thinning. This has been found to give very 

acceptable initial results when used with developed criteria for assessment, and 

allows a pressed panel to be assessed by a none specialist for initial feasibility in a 

matter of minutes. Once the designs have been developed and input sought from the 

specialist functions, then prior to final sign off the detailed multi-stage analysis can 

be carried out to confirm the parts process with the majority of the potential errors or 

problems designed out by the one step studies. 

Apart from the effects of forming processes on the material of the pressings, the 

weld itself is a non-homogeneous structure making accurate prediction very 

difficult, and this must be combined with the effects the welding process has on the 

individual components that assemble to make the finished product. 
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The welding process may change the material properties of sub~components, 

_ especially in the heat affected zone (HAZ). This also changes the pre-stress state 

both by an annealing action to stress relieve the pre-stress state of the pressings and 

also by introducing residual stresses from the weld solidification (material phase 

change) process during the welding and subsequent cooling of the component. The 

introduction of these phase changes results in the residual stresses that in tum can 

produce some significant distortion effects on the finished product. 

The challenges facing the implementation of simulating the welding process are 

many and can be briefly summarised here in the introduction to the project as 

follows. The welding process consists of heating, melting, addition, solidification, 

and cooling, Masubuchi [1980]. During these processes material phase changes take 

place in complex material structures. The welding processes cause highly non­

uniform temperature distributions which cause thermal expansion and contraction, 

with phase change, which result in plastic deformations. It is these plastic 

deformations that lead to both distortions and residual stresses being left in the 

fabricated assembly. The weld process itself is driven by a number of process 

parameters which relate to it, such as gas mix, arc current, weld speed and materials, 

each of these in tum is difficult to control and simulate. Being able to understand 

and account for these process and material factors from welding is paramount to 

planning a robust manufacturing process, while still being able to eliminate 

prototype builds without losing knowledge about distortion. 

FEA simulation is limited in its application to the simulation of the welding 

processes of complex structures for a number of reasons. The need for coupled 

thermal mechanical analysis leads to long computing time for real structures. 

Individual sub models, each with their own limitations and approximations of the 

actual physics occurring are needed for many of the phase change and process 

parameters, even before things like the final sequencing of welding is taken into 

consideration. It can therefore be seen that the exact problem of simply welding a 

component is very complex and therefore not easy to simulate accurately or in a 

timely manner. This is further discussed in Chapter 2, which is set out to discuss in 
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detail the state of the art challenges in welding simulation and issues, methodologies 

and approaches aimed at addressing these. 

The desire from the product developer and manufacturer is to find a methodology to 

allow rapid assessment of a products design for its performance under welding. The 

aim of any such method is to provide a greatly simplified weld assessment tool that 

can predict the general magnitude and direction of weld distortion on a fabrication, 

to perhaps allow optimization to take place on weld sequencing, and the protection 

in the assembly fixture and processes for areas where high degrees of distortion may 

result from the weld process. Repeatedly, on the development of products, late 

changes are faced to either assembly fixtures or to pressed panels and tooling to 

accommodate the effects of the production weld processes and their induced 

distortions on the product to achieve dimensionally capable and stable products. In 

order to achieve this then the challenges and obstacles set out in the previous 

paragraph need to be overcome or worked around, for any simulation method to be 

successful and appropriate. 

The assessment of distortions early in the design stage would provide a significant 

benefit to the overall development of the product and process. For example a 

structure prone to excessive distortions could be redesigned to provide a more 

feasible welded solution even before the manufacture of prototype parts had 

commenced. Alternatively if such changes were not possible this could clearly be 

identified and the provision planned into the process, rather than being a late and 

costly addition that may not have been budgeted for. The existing software tools that 

predict weld properties and distortion are in their early days of acceptance and not 

widely used, at the same time being expensive, and very time consuming more 

aimed at final sign off. Therefore an early indicative solution for weld distortion 

prediction would greatly aid designers in the development process of products, 

especially if such a tool is quick and simple to use. 
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1.3 Project Proposal 

The aim of this project is to assess the validity of a simplified approach to weld 

distortion, to be used in quantifying the degree and direction of movement that a 

welded structure undergoes during the assembly process. Additionally from this 

assessment it should be possible to develop a method I technique for the analysis 

most suitably employed to achieve either a quick indication of the net effect (for 

example in order to predict concept feasibility), or also a result that may allow 

distortions to be countered and engineered out (necessary to reverse engineer 'out' 

distortions by making component parts 'wrong' to achieve final dimensions after 

welding). 

Initially it will be necessary to gather information and characterise the key weld 

types commonly found in manufacturing processes. For the sake of this project the 

scope will focus primarily on the joint types, materials, thicknesses and process 

parameters of the case study company as a generalised example. From this work it 

should then be possible to determine what needs to be undertaken to transfer this to 

other products, companies, industries or processes. 

The initial direction will be to assess the degree and direction of distortion that a 

welded structure undergoes during the assembly process. From this assessment, it 

should be possible to develop a quick method/technique for the analysis of weld 

distortions. This portion of the project will be different from many other projects 

carried out into the investigation of weld distortion as it is primarily a means of 

providing a company knowledge base and method of analysing potential distortion 

in the design stage of a products development as opposed to calculating actual 

distortion values. In order to achieve this then it will be necessary to build and 

analyse a variety of welded joint parts to evaluate and understand the general 

magnitude and direction of distortion under different variables to help at the design 

stage of a products development. From this it is possible to build up a database of 

distortion results from the tests carried out which can then be used to develop a 

simple weld distortion predictor tool based on experimental data. 
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In undertaking this project the author would develop a sound knowledge into what 

causes distortion in sheet metal welded parts. Combined with this is an 

understanding of practically and theoretically what can be done to eliminate/reduce 

distortion in parts in the manufacturing process. 

In doing these studies it is possible to attempt to identify the key variables which 

contribute most to distortion trends. From this it is possible to investigate the 

development of analytical methods to predict distortion based upon these key factors 

and compare these against the experimental data, in order to determine the success 

of the method. 

1.4 Introduction to the Case Study Company 

ThyssenKrupp Automotive Tallent Chassis (subsequently referred to as TKA 

Tallent) is a high volume manufacturer of complex pressed and welded structural 

chassis components for the global automotive market. By this it means that they 

produce automotive subframes, axles, suspension control arms/links, cross-members 

and perimeter frames. The company tends to focus on the high volume proportion of 

the automotive market place. Their definition of high volume is products produced 

in excess of approximately 60000 units per annum. Volumes can range up to 1.8 

million units per annum in the example of control arms where 2 per car are produced 

for a global platform. The company are responsible as a design development source 

for many of the products they produce. 

The majority of TKA Tallent products are pressed sheet, or formed tubular, steel 

components that are welded together into finished fabrications, which then may be 

machined, if appropriate, before painting and finishing operations. Additional 

components such as rubber bushings or ball joints are often assembled to the 

components before being shipped to the vehicle or modular assembly plant. The 

components are designed to a nominal condition and processes are planned to 

provide robust manufacture to achieve dimensionally stable and capable products. 

The eventual manufacturing processes and their limitations or special needs have to 
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be considered and planned for at the design stage. However, at this . stage clearly 

much is still unknown about th~ detail of the fin:al process or how the component 

will behave under that assembly process. 

Conventional analysis is done on the final design component and at present 

practically this is limited to carrying out the calculations based on a nominal zero 

pre-stress condition at the end of the process. The range of analysis carried out by 

the company at present includes both linear and non-linear static and dynamic 

analysis, modal performance, fatigue prediction, crash studies, and forming 

simulation, both single and multi-step methods. 

1.5 Cost Impact of Distortion on Product Development 

The arrangement of a typical MIG weld joint on one of TKA Tallents components 

can be seen in Figure 1.1. This is a joint on an example of a two piece assembly 

made from two pressings welded together. Distortions in such assemblies are hard to 

predict at the design stage due to the long runs of weld required and variations in 

material thickness, along, with other properties and parameters. 

Figure. 1.1: Typical welds on one ofTKA Tallents components 
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To highlight the importance of being able to predict weld distortion at the design 

stage, so that costly modifications. do not have to be made either to press tooling or 

to assembly fixtures, a previous subframe project carried out at TKA Tallent has 

been used as an example. The subframe for whil;h the figures in this example are 

based is shown in Figure 1.2, which shows why modifications had to be made to 

press tooling at great expense to the company. to compensate for distortion occurring 

in the welded pressed parts. 

Crossmember 

Long welds 
Lengths causing 
distortion 

Sidepanels 
(Upper & Lower) 

Figure 1.2: S1,1bframe as-designed and manufactur~d by TKA Tallent 

Isometric View of Ford 
Mondeo Front Subframe 

In assembly, the Crossmember bracket would not fit to the side panels on the 

Mondeo Subframe due to distortion caused by long runs of weld that were required 

to fit both the Upper and Lower Side panels. together. Expensive rework had to be 

carried out to the press tools so that side panels could be modified to. compensate for 

distortion in assembly. 

Tables 1.1 and 1.2 show a breakdown of the costs to TKA Tailent, for the initial 

tooling and then due to these modifications. The cost are conservative as they are 

incurred cost only and so exclude additional costs of labour for rework, 

reprogrC~mming and redeveloping processes. 
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Table 1.1: Initial costs of tooling 

Press Tool Cost Of Original Tool (£) 

Upper Panel Tool 261,000 
Lower Panel Tool 172,000 
Total 433,000 

Table 1.2: Additional costs for modification due to unexpected/unpredicted 

distortion 

Tooling Modifications Cost To Tallent (£) 

Siderail Up_Qer- Extend around Rear Bush 24,950 
Siderail Lower - Extend around Rear Bush 44,500 
Laser Cut Panels 30,294 
Temp Tool 3,800 
Total Cost For Modifications 103,544 

From the figures presented in Table 1.1 and 1.2, it can be seen that an extra 24% had 

to be spent on top of the original £433,000 spent on press tools in order to solve the 

assembly issues caused through weld distortion problems. 

It is these types of financial costs that compames could save on if distortion 

problems were predicted at the design stage and the appropriate redesign or less 

costly countermeasure put in place in a pro-active rather than reactive manner. 

1.6 Summary of Introduction 

In this chapter the problems facing the fabrication industry with regards to distortion 

control and prediction have been set out. From the information and financial 

examples presented it should therefore be clear that gaining a greater and earlier 

knowledge of distortion in the development and design process has significant 

benefits to successful project delivery of such products into mass production. 

The project has been set out and formulated in order to bring the consideration of 

weld distortion further upstream in the design process to allow changes to be 

introduced earlier if required. Earlier changes in design is more cost effective, as it is 
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generally acknowledged that the cost of change increases exponentially though the 

duration of a product development, and increases significantly once the 

manufacturing phases start. Additional controls and processes can be put in place 

when budgets are available if the problem can not be designed away, if this is 

identified early in the process. The benefits from such an approach are significant 

and worthwhile. Currently distortion problems typically are discovered when it is 

too late to redesign, and therefore modifications have to be made to tooling, fixtures 

or processes that already exist and have been facilitised for the product. Tooling 

modifications or addition operations add costs, either of which can be 

catastrophically expensive or even eliminate profitability from a project. 

Early knowledge is the key to avoiding late changes and this project sets out to 

develop some fundamental steps to facilitate prediction of weld distortion in the 

design stages. In order to do this it is necessary to review the current state of the art 

and practices for distortion control and simulation. These are set out in the literature 

review that follows in Chapter 2. 
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Chapter 2: Review of Welding Distortion 
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2.1 Background and Introduction to Welding Distortion Review 

Having investigated the work carried out previously, it is evident there is a large 

variety of work that can be carried out to help a company with weld distortion 

problems in manufacturing projects. The work here sets out to help to achieve and 

investigate the company building up a knowledge base about weld distortion and 

methods of minimising it. 

No matter what welding procedures are used in practise for different applications, 

there are certain essential variables which need to be addressed while performing a 

welding procedure. Such essential variables involved in the procedure can be found 

listed in Table 2.1, below. 

Table 2.1: Welding process variables 

The welding process and its variation The method of applying the process 

Material: Process Design: 

• type, specification, or composition • the joint type of the weld 

• the need for pre- or post-heat • the travel progression (uphill 

• geometry and thickness or downhill) 

• features of the weld joint 

design 

The polarity of the welding current Welding position & filler material 

Operational parameters involved The size of the electrode or tiller wire 

It is needless to mention that a considerable amount of information can be provided 

on welding technology; however this report focuses on a specific experimental study 

on welding distortions of sheet metal components. A brief overview of distortion 

behaviour due to welding is therefore included in this chapter, as this document also 

serves to document the process for the case study company. 
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2.2 The Welding Process 

The simplest and most understandable definition for welding can be gtven as a 

process used to join metals by the application of heat. However, and more 

completely, The American Welding Society (AWS) definition for a welding process 

is "a materials joining process which produces coalescence of materials by heating 

them to suitable temperatures with or without the application of pressure or by the 

application of pressure alone and with or without the use of filler material". 

Today, in our ever vibrant and constantly changing industrial environment, more 

than fifty processes, used in different applications, are available commercially to 

join metals. The chart from A WS website, in Figure 2.1 shows a summary of many 

of the weld and weld related processes that exist. 

There are numerous main advantages of welding, and the relative merits can be 

discussed extensively however the key benefits can be summarised as follows: 

Welding gives a high joint efficiency with comparison to riveted or bolted joints, 

due to the nature of the weld joint itself and the strength it provides. In many 

applications it is vital to have water and air tightness, especially when submarine 

and storage tanks are concerned, welding can provide this with appropriate process 

controls. It is possible to deliver weight saving, again with comparison to other joint 

types, up to 20%, this may be achievable due to the lack of adding additional 

fasteners and the compact nature of welds. The welding process itself has virtually 

no limit in thickness to be welded, with applications being found on thin and micro 

plate structures, through the range of sheet materials to heavy plate applications and 

beyond. In most cases the design for a weld to be included in a product is a simple 

structural design. Finally and most importantly, reduction in fabrication time and 

consequently overall cost is achieved by welding to create complex assemblies. 
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Figure 2.1: Master chm1 for welding and allied processes (A WS). 

In understanding the welding process, and specifically the processes used in the case 

study company and for this project then it is necessary to review and summarise the 

important technologies of the process itself. 

Fusion welding, which includes gas, arc, and resistance welding, requires the parent 

metals to be melted. This distinguishes fusion welding from brazing. The case study 
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company for this project, TKA Tallent, uses fusion welding processes throughout its 

faCilities. Although numerous types of welding procedures have been identified in 

American or British standards (as shown in Figure 2.1) the scope of this report shall 

however,. be limited to ,the detailed discussion ·of Metal Inert Gas (MIG) welding. 

The use of noble gases in welding started during the Second World: War in the 

·production of airplanes from aluminium and magnesium parts. The use of active 

gases started after 1950s. A typical schematic for modem gas welding processes is 

s_hown in Figure 2.2 to illustrate the general welding arrangement. 

Solid wire 

Current oonductor 

Trave.l 

metal 

Figu·re 2.2: A schematic of a typical MIG/MAG weld. process and welding gun 

(Masubuchi) 

The basic principle of MIG (and also MAG) welding is that a metallic wire is fed 

through the welding gun and melted in an arc. This can be seen in the. schematic in: 

Figure 2.2 and also in the illus.tration of the actual proc.ess in Figure 2.3. The wire· 

serves the dual purpose of acting as the current-carrying electrode and the weld 

metal filler material. Usually a bare wire is used but flux covered wir~s are ~~s~d 

also. Electrical ener~y is supplied by a welding power source. 
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Figure 2.3: View of the weld pool and process in MAG welding 

At TKA Tallent, the case study company for this project, the filler wire used is to 

specification code A WS A 5.18-01 ER 70S-6 type, 1 or 1.2mm thick solid 

MIG/MAG welding wire held in 300kg endless drum. This is used in conjunction 

with the company's robotic welding processes. A typical robotic welding 

arrangement for the company is shown in Figure 2.4. 

Figure 2.4: Motomann robotic welding system at TKA Tallent 

To describe the process in more detail it can be stated that in the MIG I MAG 

welding process, the arc burns under the atmosphere of inert Argon or active Carbon 
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Dioxide gas. The process where a gas like Carbon Dioxide acts as a shielding gas is 

called "Metal Active Gas" and abbreviated as MAG. On the other hand, where 

Argon is used, the process is referred as "Metal Inert Gas" and abbreviated as MIG 

respectively. In this context, an inert gas is one that does not react with the molten 

material. Examples of gases in this category are Argon and Helium. Active gases, on 

the other hand, participate in the process between the arc and the molten material. 

Argon containing a small proportion of Carbon Dioxide or Oxygen is an example of 

an active gas. 

Even just from the definitions, it can easily be seen how these 2 processes interact 

and interchange with each other. Its suitability for automation makes MIG/MAG 

Welding possibly the most desirable and practical process choice. 

Figure 2.5 represents a schematic arrangement of the MIG welding procedure and 

equipment. It can be observed that a basic MIG welding system essentially consists 

of a power source, a wire feeding mechanism, a shielding gas cylinder, a 

regulator/flow meter and a MIG gun. 

Shielding gas 

P'roteetl've 
nozzle --·! 

Figure 2.5: MIG welding system schematic 

Controller 

+or· 

Power source 

-or+ 

Shielding gases for arc welding and cutting are specified according to EN 439 

'Welding consumables - shielding gases for arc welding and cutting' in Europe 
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(BS EN 439 in the UK), examples of which are shown in Table 2.2. The 

classification of gases according to EN 439 is given in Table 2.3. Selection of 

shielding gases for MIG/MAG welding is primarily dependent on the parent 

material for achieving better arc operation. At the same time it should be cost 

effective. The choice of gas is often a compromise between achieving stable metal 

transfer, minimising the risk of defects and obtaining the desired bead profile, 

penetration and considering any metallurgical effects of oxidation, as discussed by 

Gourd [1995]. 

Table 2.2: Shielding gases used for different metals and alloys 

Metal Shielding gas 

Aluminium and alloys Pure Argon 

Nickel and alloys Argon + Helium I pure Argon 

Copper Argon + Helium 

Stainless steel Argon+ 3% Oxygen 

Low carbon steel and carbon- Argon+ Helium+ C02 I Carbon Dioxide I 

manganese steel Argon+ 5-20% C02/ Argon+ 5% C02 

Steels with 1-2% chromium Argon+ 5-20% C02 I Argon +5% 0 2 

Steels with more than 2% Argon +5% 02 

chromium 

Table 2.3: Classification of shielding gases 

Group code Characteristic 

R Reducing gas mixtures 

I Inert gas mixtures 

M Oxidising mixtures containing either 02, C02 or both 

c Highly oxidising mixtures 

F Unreactive gasses for specific applications 

Table 2.2 represents the application of different shielding gases for welding of 

different parent metals. For welding carbon and low alloy steels it is essential to use 

active or oxidising gases to stabilise the arc and wetting of the weld pool. In case of 

stainless steel, Agon-C02/02 mixtures for spray transfer, or Argon-Helium-C02 
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mixtures for all modes of transfer are used for austenitic stainless steel. This is 

because austenitic steels have a high thermal conductivity, the addition of Helium 

helps to avoid lack of fusion defects and overcome the high heat dissipation into the 

material. Inert gases or their mixtures are used for light alloys and alloys that are 

sensitive to oxidation. Typical of such metals are Aluminium and Magnesium, 

Copper and Nickel and their alloys. 

The flow rate of the shielding gas is also an important parameter in the welding 

procedure. This is because, if the flow rate is too low, the shielding atmosphere is 

merely a diluted air and will be ineffective. Similarly if it set too high, it shall cause 

turbulence in the gas stream and shall lead to air entrainment. It is therefore, 

essential to correctly select the welding gun nozzle. Figure 2.6 represents typical 

flow rates for different diameter nozzles and welding currents. 
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Figure 2.6: Flow rate for shielding gases at different nozzle diameters and for 

different welding gases (Gourd) 

MIG/MAG wires are available in a wide range of compositions to suit different 

metallic materials, e.g. fen·itic steels, austenitic stainless steels, aluminium alloys, 

nickel alloys, titanium alloys. These wires are normally specified by composition. 

Wires are typically supplied with diameters in the range 0.8mm to 2.4mm, normally 

available on 15kg reels, but large packs, as used at Tallent (up to 300kg) are 

available for robotic welding to minimise downtime in wire change operations. The 
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wire is often layer wound to ensure smooth feeding. Solid wires are commonly used 

but tubular cored wires may offer added benefits for some applications. 

For most commercial applications, MIG is operated exclusively with a DC power 

source. Welding current is determined by wire feed speed, and arc length is 

determined by power source voltage level (open circuit voltage). Wire bum-off rate 

is automatically adjusted for any slight variation in the gun to workpiece distance, 

wire feed speed, or current pick-up in the contact tip. 

In most cases, two current ranges are normally used for MIG welding. The higher 

range covers from 300A onwards which results in greater penetration. The lower 

current range 50-80A produces a small weld pool and naturally has less penetration. 

For both higher and lower current range, a wide range of power sources are 

available, with mode of metal transfer being either spray, dip or pulsed. 

In the spray type transfer mode, metal is transferred as a spray of fine droplets 

without the wire touching the weld pool. The pool is retained in the position by an 

oxide skin which forms over the surface. The droplets are detached regularly from 

the end of the electrode and are transferred to the pool by electromagnetic force 

acting in the arc along the line of axis of the electrode. Both the welding current 

level and the arc voltage should be kept high and certainly above the minimum 

threshold level. Gourd [1995] states that the typical welding parameters for a 1.2mm 

diameter wire are within 250A \ 28V to 400A \ 35V. The common practice of the 

case study company is to operate its weldsets in spray transfer mode. 

For the dip transfer mode for welding sheet metal, the heat input has to be 

significantly reduced. In case of dip transfer, a short arc is established at a low 

voltage and at current below 200 A, the end of electrode starts melting slowly. The 

output from the power supply is short circuited which enables the flow of a very 

high current. Ultimately the molten metal is transferred to the workpiece by the wire 

dipping into the weld pool. Circuit inductance is used to control the surge in current 

when the wire dips into the weld pool (which causes a spatter). Modem electronic 
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power sources automatically set the inductance to give a smooth arc and metal 

transfer. 

In the pulse transfer technique, the arc is operated at normal arc length with a low 

background current of 50-I OOA. Pulses of high current are superimposed on to the 

low background current which results in the transfer of a single droplet before the 

current is returned to a low level, thereby giving a spray type transfer at a low heat 

input. As control of the arc and metal transfer requires careful setting of pulse and 

background parameters, a more sophisticated power source is required. According to 

Gourd [1995], Synergic pulsed MIG power sources, which are advanced transistor­

controlled power sources, are pre-programmed so that the correct pulse parameters 

are delivered automatically as the welder varies wire feed speed. 

Additional and comprehensive information on the welding process itself can be 

found in Lancaster [ 1992] which provides a review of welding and associated 

processes. 

2.3 Weld Distortion 

2.3.1 Weld Distortion and Residual Stresses 

To be able to develop a tool to predict weld distortion, it is important to understand 

how different types of distortion are caused in welded fabrications and what effect 

they will have on the finished part. 

Distortion is always a perennial problem resulting from most industrial metal 

working processes, which employs a concentrated nature of heat source. However, 

our focus in this report shall be concentrated primarily on welding distortions, and 

not of those from other heating processes. 

Distortion in a welding procedure is actually, a result of non-uniform expansion and 

contraction of weld and the parent metal caused by the heating and cooling of the 
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weld process. Such a phenomenon can be explained by considering a weld bead 

depositing along the longitudinal axis of a plate with infinite width. The heated zone 

tries to expand but is restrained by the surrounding colder material, causing this zone 

to yield in compression. During the cooling cycle, the colder material prevents the 

contraction of this region, causing tensile stresses to be developed. This tensile stress 

around the weld with simultaneous generation of compressive stresses shall result in 

distortion if they exceed certain levels. 

The welding process causes a highly non-uniform heating of the parts being joined. 

Areas close to the weld arc are heated up to several thousands degrees Celsius, and 

then cooled down, the heat being conducted to the bulk of the body. The local 

heating and subsequent cooling induces volumetric changes producing temporary 

and residual stresses and deformation. If, during heating, the elements of the weld 

were stressed elastically, then, after cooling, the body will return to its initial stress­

free condition. However if, during heating, an element was deformed plastically, 

then, after cooling, it tends to change dimensions proportionally to the amount of the 

plastic deformation. All the elements now have different size and cannot be 

reassembled into a solid body without some changes in their stress and deformation 

state. As a result, residual stresses and deformation form in the body. 

In general, the non-uniformity of the temperature distribution during welding of a 

real structure causes a complex three-axial stress. In other words, all elements in the 

structure expand differently in all three directions. But, in most cases some 

components of the stress are negligible, and it is possible to consider 2D or even 1 D 

stressed states. 

A simple model, first presented by Gunnert [ 1955], that can help to understand the 

process of 1 D-stress fonnation, is presented in Figure 2. 7, which assists in 

understanding how weld stresses develop. The model consists of one central rod and 

two limiting rods, joined with each other by the rigid plates, and each of the rods 

have the same initial length. The central rod is exposed to a high temperature 

simulating the zone close to the weld. The limiting rods are kept at a constant 

temperature, representing the rest of the joining plates. 
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Heating the central rod up will -cause it to try to expand. The limiting rods do not 

allow a free expansion of the central one,, causing rising compression stresses in the 

central rod. If the central rod has been compressed elastically, then, after cooling, the 

system comes to its initial stress, and deformation, free state. But, if during heating 

the central rod was compressed plastically, then a plastic compressive strain is 

introduced into the rqd. During the cooling stage the central rod tends to contract 

while the limiting rods are trying to keep their initial length. Hence, in the central 

rod tensile stresses occur, and the limiting rods are being subjected to compressive 

stresses. 

It should however be remembered that during welding the process of ~tr.ess-strain 

field development is characterised by the elastic-plastic behaviour of the metal, non­

stationary temperature conditions with a high temperature limit, and very high 

temperature gradi~nts. the transient and residual str:ess d~v~lopment is bas~d on 

volumetric change of the structure elements. With the heat propagating .through the 

body and the temperature equalisation, the metal redistribution continues. The 

transient stress field during welding is a process of stress development lasting the 

whole period of welding and subsequent cooling. The transient stress investigation is 

therefore a complicated task because of the huge amount of variables affecting the 

proc~ss. 
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Figure 2. 7: 3 rod system to represent a butt weld (Gunnert) 
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Residual stresses can be defined as stresses that are locked into a component or 

assembly of parts. Such internal stresses can be developed by mechanical processing 

of the parts such as bending, rolling and forging. Such stresses can also be induced 

due to other factors like surface removal operations (e.g. machining), surface 

treatment operations (e.g. shot peening) or by heat treatment. In addition to that, 

residual stresses can be generated due to thermal stresses generated during welding 

which have a major influence on welding distortions. Although residual stresses 

have a major influence on welding distortions, from manufacturing point of view, 

residual stresses do not always have detrimental effects. Though tensile stresses 

reduce the mechanical performance of materials, compressive residual stresses can 

actually increase the fatigue life of a component and stress corrosion by delaying 

crack initiation and propagation. 

All fusion welds which are not subjected to post weld treatment, contains residual 

stresses. The residual stress distributions found across a typical small sample butt 

weld are show in Figure 2.8, and it should be noted that the peak stress value can be 

up to just below the yield value. Welding procedures that are developed to minimise 

distortion cannot actually eliminate residual stresses or reduce their peak value, they 

aim to alter the distribution of the residual stresses. If residual stresses are not 

desired in some service requirements, designers take them into account while 

selecting material and determining the safe working stress. A typical example of it is 

in the design of ships where a combination of low temperature and residual stresses 

could lead to a type of failure called a brittle fracture. To counter this effect, 

appropriate material is generally selected which is not susceptible to this mode of 

failure even at low temperatures. However, in certain other applications e.g. in case 

of pressure vessels, it is essential to reduce the existence of residual stresses in the 

welded joint. To reduce the level of residual stresses in such cases, special 

operations are carried out e.g. stress relieving. 
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Figure 2.8: Residual stress distribution in a butt weld sample. 

Recent years have witnessed a considerable research work on prediction of residual 

stresses by numerical modelling of welding. Further investigations have been ·Carried 

out in different experiments to validate the results predicted by numerical modelling. 

Residual stresses in as-welded structures may be minimised by appropriate selection 

of materials, welding process and parameters, structural geometry and faJxi<;ation 

sequence. Residual stresses may be reduced by various special welding techniques 

including low stress non-distortion welding (LSNO), last pass heat ·sink welding 

(LPHSW) or inter-run peening. 

Residual stresses, as discussed here, and resultant distortion can have· negative 

influence on the production in terms of performance, aesthetics and-finished qual'ity. 

Tensile residual stresses reduce the fatigue strength and on the other hand 

compressive stresses reduce the stability. In addition, distortion can have negative 

impac;t 911 permissible tolerances resulting i1t bad alignments, and tmacceptable gaps 

in joints. 
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2.3.2 Types of Weld Distortion 

Distortion in welded fabrications Is caused by three fundamental dimensional 

changes, which are: 

1. Transverse shrinkage perpendicular to the weld line. 

2. Longitudinal shrinkage parallel to the weld line. 

3. Angular distortion (and bowing, buckling and twisting) - rotation around the 

weld line. 

These distortions can be seen represented diagrammatically in Figure 2.9. The 

distortion types will each be discussed in greater detail, subsequently but in 

summary the following can be stated: 

Both the transverse and longitudinal shrinkage occurs due to contraction of weld 

area on cooling. In transverse shrinkage the contracting weld metal tries to pull the 

plates towards the centre line of the joint and as a result the whole joint is in 

transverse tension. Since the hot weld metal has a lower yield stress than the cold 

plates, deformation first takes place at the weld but gradually when the relative yield 

stress becomes more equal, some yielding of the parent material occurs and overall 

width of the welded plates is reduced. Non-uniform contraction (through thickness) 

produces angular distortion in addition to longitudinal and transverse shrinkage. 

Longitudinal bowing in welded plates can occur when the weld centre is not 

coincident with the neutral axis of the section so that longitudinal shrinkage in the 

welds bends the section into a curved shape. Dishing is generally produced in 

stiffened plating, where plates tend to dish inwards between the stiffeners, because 

of angular distortion at the stiffener attachment welds, Furthermore in plating, long 

range compressive stresses can cause elastic buckling in thin plates, resulting in 

dishing, bowing or rippling. Twisting can be observed in a box section due to shear 

deformation at the corner joints which is caused by unequal longitudinal thermal 

expansion of the abutting edges. 
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Figure 2.9: Primary types of weld distortion shapes 
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There now follows a further brief discussion on each of these distortion modes, 

however it should be noted that it is rare for each of the specifically mentioned 

distortion types to occur in absolute isolation, with the final resultant distortion 

usually being a combination of a number of these modes. 

Firstly let us consider longitudinal and transverse shrinkage in butt welds as a basic 

joint to understand the mechanism further. After the welding high heat cycle and 

during cooling the elements of the plate gradually return to their initial geometrical 

state, except the elements close to the weld centreline (not only the elements of the 

HAZ). Some elements of the HAZ during the heating period could also achieve 

plastic deformation. As a result in the cooled down state, the outer edges of the plate 

come closer to the weld centreline. 

Gatovskii [ 1973] in his works, based on several simplifications, introduces a 

physical model for residual transverse and longitudinal shrinkage. Also, according to 

Gatovskii and Karkin [1980], the residual longitudinal and transverse shrinkage can 

be expressed in similar terms. 
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~ =f.l .~.~=-1 25·~·~ 
tr tr cp h . cp h 

~I =j.11 ·~·~=-0.335·~·~·Lw cp h cp A 

where: 

f.ltr and p1 are coefficients of transverse and longitudinal shrinkage; 

qw is net heat input per unit length of weld [J.s- 1.m-1
]; 

A- cross-section area [m2
]; 

Lw - weld length [ m]. 

Vinokurov [ 1977] in his works assign the value of the f.ltr to be in the interval 

between 1.0 and 1.4 (J1 1r=1.0 11.4). He also postulates that the transverse shrinkage 

equation works for low-carbon, low-alloy and austenitic steels for the thickness up 

to 16mm. 

The equations introduced above are approximate, but for the most cases they work 

quite well according to the research, with some exceptions such as significant effects 

of the heat loss from the surfaces. In these exceptional cases then longitudinal and 

transverse shrinkage can be noticeably reduced. Also exceptions would occur for the 

welding of pre-stressed parts and welding with incomplete penetration, as the cold 

metal beneath the weld gives additional stiffness to the structure, hence reducing the 

longitudinal and transverse deformations. 

These equations give only estimates because according to them, the plates are 

shrunk proportionally. But, the real shape of the deformed plates is more 

complicated than a simple rectangle. In Figure 2.10 an example of the real shape of 

deformation is shown, in comparison to the uniform distortion calculated by the 

equations. 
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0 

Figure 2.10: In plane distortions and magnitudes (Gatovskii) 

It is evident that .the longitudinal shrinkage is concentrated mostly clos~ tQ the w~ld. 

Over the rest of the plate width it is close to zero if the plates are wide and, hence, 

stiff enough. to withstand the longitudinal load applied along the weld centreline. 

The transverse shrinkage is l<nger in the middle section of the plate compared to that 

at both ends. This gives the U-shaped distribution along the length of the plate. The 

uneven character of the distribution smoothes out with increasing plate width. The 

U-shaped transverse shrinkage distribution can be explained by the reduced stiffness 

of the plates close to the edges. The section situated close to the beginning or end of 

the weld, is less restricted during the initial weld heat stages. It leads to reduced 

transverse· shrinkage close to the plate e11ds. At the same time, such aU-shape is hot 

uniquely defined. In some instances (for example, small specimens) a barrel-like 

distortion can be achieved. 

Transverse shrinkage is shrinkage perpendicular to the weld line, in other words 

across the joint. Shrinkage occ;urs over the total weld length. The mechanisms of 

transverse shrinkage have been studied by several investigators including 

Naka [1950] and Fujita, Nomoto and Matsui [1978]. Findings from these 

mathematical studies show that the major part of transverse shrinkage is· due to 

contraction of the base plate. The base plate expands during welding. As the weld 

metal soliditi~s, th~ weld metal mus.t shrink which ac;c;ounts for the transverse 
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shrinkage mechanism as described earlier. According to Iwamura [1974], in his 

study on aluminium joints, in a butt weld, this is mainly caused by the expansion 

and contraction of the base material. Also according to the same author, only 10% 

of the overall transverse shrinkage occurs because of the contraction of weld metal. 

After welding, the heat is transmitted to the parent or base material, which causes it 

to expand. At this point, the weld has no strength and yields under the forces causing 

it to contract. At a certain temperature, the weld metal starts resisting the additional 

expansion of the plate. It is at this moment that the thermal deformation of the plate 

and the contraction of the weld metal during cooling cause the shrinkage. 

Angular change is caused by a non uniform thermal distribution in the thickness 

direction close to the weld line. When a joint is free from external restraint, the 

structure bends at the joint during the welding process. The solidification from the 

weld bead causes contraction while the bottom side of the plate expands causing the 

plates to lift. In a tee joint, it is expected that the bottom plate will form a wavy 

pattern due to the top plate acting as a stiffener. If the top plate remains unrestrained, 

this is expected to pull over to the weld bead side. 

This type of distortion is also called warpage. The distortion measurement is 

actually the angle between the materials joined by welding. When two plates are 

welded together especially in butt configuration, the amount of weld metal deposited 

on the top surface is the cause for this type of distortion. The base material under the 

solidifying weld metal expands again due to the heating cycle. This time there are 

two forces, i.e. double forces acting together. The contraction of the weld and the 

expansion of the unfused material underneath the weld pool are the causes. 

Okerblom [1955], who has looked at this type of distortion in butt welds, however 

noted that during experiments it was observed that this movement did not happen 

simultaneously over the whole length of the weld. It was rather like a twisting and 

buckling movement on the plates. 

Longitudinal shrinkage is shrinkage in the direction of the weld line. It is caused 

when material yields in the heat affected area behind the weld torch. This area 

restrained by the stiff, cold surrounding parent metal. Tensile stresses acting on the 
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rest of the plate counter balance this. When the area cools down, the reaction 

reverses itself as tension then acts on the weld and the rest of the plate is in 

compression. Guyot [ 194 7] carried out extensive studies into this, whilst 

Okerblom [1955] has also extensively studied this type of distortion and carried out 

many experiments, and is frequently cited. 

Rotational distortion is angular distortion in the plane of the plate due to thermal 

expansion. Studies have been carried out by Kihara and Masubuchi [ 1956] who 

found that rotational distortion is affected by both heat input and welding speed. It is 

caused by the separating forces during MIG welding that cause the joints to open up. 

To overcome this, it is necessary to tack the plates together before welding. 

Buckling is caused by thermal compressive stresses that result in instability in thin 

plates. Watanabe and Satoh [ 1961] have both investigated the buckling that occurs 

in long steel strips. It has been found that buckling distortion occurs when the 

specimen length exceeds the critical length for a given thickness. It differs from 

bending distortion as there is more than one stable deformed shape and the amount 

of deformation is much greater. 

Longitudinal bending is distortion in a plane through the weld line and perpendicular 

to the plate. It is caused when the weld line does not line up with the neutral axis of 

the welded fabrication. The longitudinal shrinkage of the weld metal induces 

bending moments resulting in the longitudinal distortion. Various studies have been 

carried out into this theory. Sasayama, Masubuchi and Moriguchi [1955] found that 

when welding Tee joints and I beams in low carbon steel, the deformation gradually 

increases as the weld line progresses. Again Okerblom [ 1955] has a model 

describing this kind of distortion. Nevertheless, authors like Blodgett [1966] have 

similar studies and models. 

It must however be emphasized that although it might seem straight forward in 

terms of classification and understanding of the distortion phenomena, when there 

are several factors involved, the residual stresses may act in a complex way, more so 
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than each of the distortion type separately. The discussions here are kept brief as 

specific models are discussed later in this chapter and further in Chapter 5. 

2.3.3 Factors Affecting Distortion 

In welding process, there are numerous differing and interacting factors. When this 

combines with the several parameters involved in the process itself, it is not hard to 

realise the enormous possible combinations and outcomes. The factors affecting 

distortion can be summarised and described as per the follow sections: 

The inherent stresses in the material to be welded are important in the final 

distortion outcome. Stresses in a material usually originate from a mechanical cause, 

usually the manufacturing process, for example from cold forming, rolling, 

shearing/guillotining, and others. These give the material its required shape but 

create internal residual stresses. The general view that can be gathered from research 

states that the greater the shape change, the greater the residual stresses become. 

During the welding process, extra stresses are created, as previously described which 

either result in increase or reversely decrease of these inherent stresses that already 

existed. 

It is usual to apply restraint, such as clamping, to material to be welded. Applying 

any form of restraint prevents or opposes shrinkage which in return reduces the 

overall distortion. The final shape of the member being welded is dependent on the 

type and amount of intensity of the restraint that has been applied. However, this 

restraining causes the stresses to build up in the fabrication. The general acceptance 

and common practice are the use of heavy restraint in order to stop distortion 

happening. In the example of the case study company this is the usual current 

industrial practice in the majority of their welding operations. 

If a component is welded without any external restraint, it distorts to relieve the 

welding stresses. Therefore, methods of restraint, such as 'strong-backs' in butt 

welds, can prevent movement and reduce distortion. As restraint produces higher 
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levels of residual stress in the material, there is a greater risk of cracking in weld 

metal and heat affected zone, HAZ, especially in crack-sensitive materials. 

Mechanical, thermal and physical properties of metals also influence the degree of 

distortion taking place. Some of these properties are modulus of elasticity, yield 

strength, thermal conductivity, coefficient of thermal expansion and specific heat 

capacity. As distortion is determined by expansion and contraction of the material, 

the coefficient of thermal expansion of the material plays a significant role m 

determining the stresses generated during welding and, hence, the degree of 

distortion. For example, as stainless steel has a higher coefficient of expansion than 

plain carbon steel, it is therefore more likely to suffer from greater distortion. 

The joint design, tolerance and the accuracy of manufacture also influence 

distortion. Both butt and fillet joints can be subject or vulnerable to distortion. It can 

be minimised in butt joints by adopting a joint type which balances the thermal 

stresses through the plate thickness, for example, a double-sided application instead 

of a single-sided weld. Double-sided fillet welds should eliminate angular distortion 

of the upstanding member, especially if the two welds are deposited at the same 

time. However, this is not always practical or achievable, possibly due to access 

restriction or even design consideration. The usual practice to reduce the amount of 

distortion is to use the minimum number of weld runs of weld and also minimise 

weld volume. The design and preparation of the joint was found to be utmost 

important in order to accomplish this. Presetting and welding uniformly around the 

neutral axis are common practices to assist in the goal of minimising distortion. 

In order to have the best possible weld result, including the lowest possible 

distortion, fit-up should be uniform to produce predictable and consistent shrinkage. 

Excessive joint gap can also increase the degree of distortion by increasing the 

amount of weld metal needed to fill the joint. The joints are usually adequately 

tacked to prevent relative movement between the parts during welding, if clamping 

and fixturing is not possible or appropriate. 
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The welding procedure itself influences the degree of distortion, mainly through its 

effect on the heat input. As welding procedure is usually selected for reasons of 

quality, consistency, repeatability and productivity, the welder has limited scope for 

reducing distortion. As a general rule, weld volume should be kept to a minimum. 

Also, the welding sequence and technique should aim to balance the thermally 

induced stresses around the neutral axis of the component. 

f"\ore CI.Arre n-t = 
More distor-tion 

Mort> current = 
less olls:tortlon 

Heat lnpui 

Figure 2.11: Influence of welding current on angular distortion (Mishler) 

The influence of welding current on angular distortion is shown in Figure 2.11, by 

Mishler [1989], where it is evident that with increasing welding current, it results in 

deeper penetration of weld, effectively giving better quality and more fully fused 

weld. Another factor is the travel speed of the heat source or arc. Mishler also states 

that if the travel speed is relatively fast, the effect of the heat of the arc will cause 

expansion of the edges of the plates, and they will bow outward and open up the 

joint. 
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2.4 Prevention of Welding Distortion 

Distortion can often be prevented, or at least restricted, by considering a number of 

factors in the product, process and fixturing. These can be classified into reduction 

of distortion by: 

• Product design considerations 

• Process design considerations 

• Assembly and fixture design 

• Weld process selection 

It is important that each of these is g1ven appropriate consideration during the 

development phase to attempt to plan for the lowest possible distortion outcomes. 

2.4.1 Prevention of Welding Distortion by Product Design 

Welding can often be eliminated at the design stage by forming the plate or using a 

standard rolled section. If such a design is not possible then it may be possible to 

reduce the amount of weld to be laid down. In such cases intermittent welds should 

be employed rather than a continuous run, to reduce the amount of welding. For 

example, in attaching stiffening plates, a substantial reduction in the amount of 

welding can often be achieved whilst maintaining adequate strength. Placing and 

balancing of welds are important. For example, the closer a weld is positioned to the 

neutral axis of a fabrication, the lower the leverage effect of the shrinkage forces and 

the final distortion. As most welds are deposited away from the neutral axis, 

distoriion can be minimised by designing the fabrication so that the shrinkage forces 

of an individual weld are balanced by placing another weld on the opposite side of 

the neutral axis. Whenever possible, welding should be carried out alternately on 

opposite sides, instead of completing one side first. The volume of weld metal 

should be limited to the design requirements. For a single-sided joint, the cross­

section of the weld should be kept as small as possible to reduce the level of angular 

distortion. Joint preparation angle and root gap should be minimised - provided that 

the weld can be made satisfactorily. To facilitate access, it may be possible to 
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specify a larger root gap and smaller preparation angle. By cutting down the 

difference in the amount of weld metal at the root and at the face of the weld, the 

degree of angular distortion will be correspondingly reduced. 

2.4.2 Prevention of Distortion by Choice of Welding Process and Technique 

The amount of distortion will be influenced by: 

• Choice of welding process 

• Reduction in the amount of weld metal 

• Reduction in the number of runs 

• Use ofbalanced welding techniques 

Choice of welding process: Butt joints made in a single pass using deep penetration 

have little angular distortion, especially if a closed butt joint can be welded. For 

example, thin section material can be welded using plasma and laser welding 

processes and thick section can be welded, in the vertical position, using electrogas 

and electroslag processes. Although angular distortion can be eliminated, there will 

still be longitudinal and transverse shrinkage. 

Reduction in the amount of weld metal: In thick section material, as the cross­

sectional area of a double-V joint preparation is often only half that of a single-V 

preparation, the volume of weld metal to be deposited can be substantially reduced. 

The double-V joint preparation also permits balanced welding about the middle of 

the joint to eliminate angular distortion. As weld shrinkage is proportional to the 

amount of weld metal, both poor joint tit-up and over-welding will increase the 

amount of distortion. Angular distortion in fillet welds is particularly affected by 

over-welding. As design strength is based on throat thickness, over-welding to 

produce a convex weld bead does not increase the allowable design strength but it 

will increase shrinkage and distortion. 

Reduction in the number of runs: There are conflicting opinions on whether it is 

better to deposit a given volume of weld metal using a small number of large weld 
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passes or a large number of small passes. Experience shows that for a single-sided 

butt joint, or a single-side fillet weld, a large single weld deposit gives less angular 

distortion than if the weld is made with a number of small runs. Generally, in an 

unrestrained joint, the degree of angular distortion is approximately proportional to 

the number of passes. Completing the joint with a small number of large weld 

deposits results in more longitudinal and transverse shrinkage than a weld completed 

in a large number of small passes. In a multi-pass weld, previously deposited weld 

metal provides restraint, so the angular distortion per pass decreases as the weld is 

built up. Large deposits also increase the risk of elastic buckling particularly in thin 

section plate. 

Use of balanced welding techniques: Balanced welding is an effective means of 

controlling angular distortion in a multi-pass butt weld by arranging the welding 

sequence to ensure that angular distortion is continually being corrected. The 

balanced welding technique can also be applied to fillet joints. If welding alternately 

on either side of the joint is not possible, an asymmetrical joint preparation may be 

used with more weld metal being deposited on the second side. The greater 

contraction resulting from depositing the weld metal on the second side will help 

counteract the distortion on the first side. 

2.4.3 Prevention of Distortion by Assembly Techniques 

Distortion can often be prevented by employing suitable assembly techniques 

including: 

• 
• 
• 
• 
• 
• 

Pre-setting of parts 

Pre-bending of parts 

Tack welding 

Back-to-back assembly 

Stiffening 

Restraint 
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Pre-setting of parts: The parts are pre-set and left free to move during welding. In 

practice, the parts are pre-set by a pre-determined amount so that distortion 

occurring during welding is used to achieve overall alignment and dimensional 

control. The main advantages compared with the use of restraint are that expensive 

equipment is not needed and there will be lower residual stress in the structure. 

Unfortunately, as it is difficult to predict the amount of pre-setting needed to 

accommodate shrinkage, a number of trial welds will be required. For example, 

when MMA or MIG welding butt joints, the joint gap will normally close ahead of 

welding, but when submerged arc welding, the joint may open up during welding. 

When carrying out trial welds, it is also essential that the test structure is reasonably 

representative of the full-size structure in order to produce the level of distortion 

likely to occur in practice. For these reasons, pre-setting is a technique more suitable 

for simple components or assemblies. 

Pre-bending of parts: Pre-bending, or pre-springing the parts before welding is a 

technique used to pre-stress the assembly to counteract shrinkage during welding. 

Pre-bending by means of strong-backs and wedges can be used to pre-set a seam 

before welding to compensate for angular distortion. Releasing the wedges after 

welding will allow the parts to move back into alignment. 

Tack welding: Tack welds are ideal for setting and maintaining the joint gap but 

they can also be used to resist transverse shrinkage. To be effective, the number of 

tack welds, their length and the distance between them should be considered. With 

too few, there is the risk of the joint progressively closing up as welding proceeds. 

In a long seam, using MMA or MIG, the joint edges may even overlap. It should be 

noted that when using the submerged arc process, the joint might open up if not 

adequately tacked. In the tack welding sequence it is imp011ant to maintain a 

uniform root gap along the length of the joint. Directional tacking is a useful 

technique for controlling the joint gap, for example closing a joint gap which is (or 

has become) too wide. When tack welding, it is important that tacks which are to be 

fused into the main weld are produced to an approved procedure using appropriately 

qualified welders. The procedure may require preheat and an approved consumable 
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as specified for the main weld. Removal of the tacks also needs careful control to 

avoid causing defects in the component surface. 

Back-to-hack assembly: By tack welding or clamping two identical components 

back-to-back, welding of both components can be balanced around the neutral axis 

of the combined assembly. It is recommended that the assembly is stress relieved 

before separating the components. If stress relieving is not done, it may be necessary 

to insert wedges between the components, so when the wedges are removed, the 

parts will move back to the correct shape or alignment. 

Stiffening: Longitudinal shrinkage in butt welded seams often results in bowing, 

especially when fabricating thin plate structures. Longitudinal stiffeners, in the form 

of flats or angles, welded along each side of the seam are effective in preventing 

longitudinal bowing stiffener location is important: they must be placed at a 

sufficient distance from the joint so they do not interfere with welding, unless 

located on the reverse side of a joint welded from one side. 

Restraint: Owing to the difficulty in applying pre-setting and pre-bending, restraint 

is the more widely practised technique. The basic principle is that the parts are 

placed in position and held under restraint to minimise any movement during 

welding. When removing the component from the restraining equipment, a relatively 

small amount of movement will occur due to locked-in stresses. This can be cured 

by either applying a small amount of pre-set or stress relieving before removing the 

restraint. When welding assemblies all the component parts should be held in the 

correct position until completion of the welding cycle. This is along with use of a 

suitably balanced fabrication sequence to minimise distortion. Restraint is relatively 

simple to apply using clamps, jigs and fixtures to hold the parts. 
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2.4.4 Prevention o.f l)istortlon by Welding Procedure 

A welding procedure is usually determined by productivity and quality 

requirements, rather than the ne~d to control ·distortion. Nevertheless, the welding 

process, technique and welding sequence do influence the level of distortion. 

Special weldin~ techniques have also been developed which mmtmtses, ihfact, 

almost eliminates distortions, e.g. LSND welding (Low Stress No Distortion). 

Figure 2.12, as shown by Guan, Leggatt and Brown [1988] represents a comparative 

.distortion behaviour between conventional welding and low stress non distortion 

welding. 

Figure 2.12: Distorti0n behaviour in LSND welding 

2.5 Techniques to Correct Distortion 

The following sections briefly explain the commonly .used industrial methods for 

overcoming actual distortions that occur in the fabrication of products tHrough the 

welding process. Each process has it relative .stre[\gths and also, hQw~ver, some 

shortcomings and drawbacks that must be considered and taken ihto account before 

.any course of rework is decided upon. The techniques can be broadly split into two 

categories, which are the application of mechanical rework techniques, or those that 

require the application of heat via a thermal process. 
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2.5.1 Mechanical Techniques 

The principal mechanical techniques to correct distortion are hammering and 

pressing. Hammering may cause surface damage and work-hardening, which in tum 

can lead to other problems such as reduced durability due to stress defects, or 

changed structural performance. In cases of bowing or angular distortion, the 

complete component can often be straightened on a press without the disadvantages 

of hammering. Packing-pieces are inserted between the component and the platens 

of the press. It is important to impose sufficient deformation to give over-correction 

so that the normal elastic spring-back will allow the component to assume its correct 

shape after the correction process. 

2.5.2 Thermal Techniques 

The basic principle behind thermal techniques is to create sufficiently high local 

stresses so that, on cooling, the component is pulled back into shape. This is 

achieved by locally heating the material to a temperature where plastic deformation 

will occur as the hot material with reduced yield strength tries to expand against the 

surrounding cold metal with higher yield strength. On cooling to room temperature, 

the heated area will attempt to shrink to a smaller size than before heating. Local 

heating is, therefore, a relatively simply but effective means of correcting welding 

distortion. Shrinkage level is determined by the size, number, location and 

temperature of the heated zones. The number and placement of heating zones are 

largely determined from previous experience. Therefore, for new designs, tests will 

often be needed to quantify the level of shrinkage. Spot, line or wedge-shaped 

heating techniques can all be used in thermal correction of distortion. However, the 

potential shortcoming of using thermal straightening methods is the risk of over­

shrinking too large an area or causing metallurgical changes by heating to an 

excessively high temperature. 
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2.6 Distortion Prediction Methods 

Many methods and approaches exist and have been postulated to classify and predict 

the various types of weld distortion occurring in components. These methods can be 

split into two broad areas which will be discussed in this section. Firstly, we will 

look at some of the analytical, theoretical and experimental methods and models, 

before we later look at the more complicated and advanced computational based 

methods, which try to take into consideration various aspect of the physics of 

welding in order to improve both the application and generality of the prediction 

method. 

2.6.1 Prediction of Weld Distortions -Analytical, Theoretical and Experimental 

Methods 

With increasing stringent accuracy requirements in specialised fabrication processes, 

quantification of the level of distortion due to welding has become essential. 

However, it is needless to mention that a simple numerical model cannot be 

established to predict distortion, since it depends on a number of factors and 

different welding procedures. 

There have been numerous research works undertaken to predict weld distortion 

behaviour models in order to reduce practical works involved to predict actual 

distortion in a process. However, in most industrial applications such models may 

not be enough to predict the actual distortions encountered in the process. Most 

companies therefore tend to carry out prototype welding procedures to figure out the 

actual distortions that can be encountered during the production process. 

A brief account of a few of the weld distortion key theoretical prediction models 

have been outlined below, from the comprehensive review of the subject undertaken 

by V erhaeghe [ 1998], indicating where the models have been validated and their 

limitations. Tables 2.4 to 2.7 look at each of the key distortion types, and list some 
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of the important existing analytical models for predicting the distortion, highlighting 

some of the key points or limitations specific to each approacb. 

Table 2.4: Summary of sample longitudinal shrinkage models 

MODEL COMMENTS 

Okerblom Assumed that the weld IS deposited 

oL ~ I q a simultaneously over the whole length. 
£L =-=0 .. ,35·-·-·-

L A Y pc 
Model is therefore valid for fast moving heat 

sources or short welds. 

Horst Plufg Model is based on and similar to OkerBlom's 

cl ar Aw 
reasoning. Therefore this model has similar 

-=42·-·--
limitations. L E A-Aw 

Guyot Model is valid only if the resisting (cross 

SL Aw sectional area of the colder parent metal) 
-=-·0.025 

cross sectional area is less than 20 times the L A 

cross sectional area of the weld. 

Table 2.5: Summary of sample angular distortion models 

Okerblom 

Leggatt 

Blodgett 

MODEL COMMENTS 

Valid for a parabolic shaped butt weld where 

q p/t < 0.6 (partially penetrated bead on weld) 
f3 f = c ·J7, . '"2 

vt and b/t < 1.5 

Model is applicable for weld penetration less 

q 1 than half the plate thickness; maximum 
f3c =0.22 ·-·-, 

penetration is observed when the penetration v t~ 

is approximately half the plate thickness. 

Thickness of the weld plate and the weld 

br ·a 1.3 throat thickness have been considered to be 

Pr = 0.053 · 2 the most important factors. (For Fillet welds). 
tf 
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Table 2.6: Summary of sample transverse shrinkage models 

MODEL COMMENTS 

Okerblom Model is valid for fast moving heat sources 

a q 1 
8r = 0.293· -·- ·-

or short welds. 

pc v t Formula is only valid for butt welds where 

the penetration(p) is more than 0.4 times the 

plate thickness(t). 

Watanabe and Satoh Model is valid for one pass welding such as 

-' 1]-Vj2 ( I -~2 
bead on plate weld (derived based on MMA). 

Or-(--,~, -~-i 
-0 °·-'-- ./ '· t.j;) 

Leggatt Model indicates the maximum value of a 
- -

single pass weld, assummg all thermal 
~ ( - a q Dr= l+v)·TJ·-·-

expansion being prevented, shrinkage taken pc V· t 

place freely. 

Capel Constant C depends on the material being 

~ . q 1 used, e.g. 3.78x w-3 and 2.90x 10·3 for 
or= C·-·-

V tw structural steels. 

Hansen Model is based on an unrestrained double V 

8 T = 1 + 0.044 - t butt weld, with included angle 60° and 

material thickness in between 16- 64 mm. 

Gil de Model is applicable for both structural steels 

q K a q 1 and stainless steels. Or= 1]·-·a ·-= 11· -·- ·-
v. t A. pc ,. t 
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Table 2. 7: Summary of sample bowing distortion models 

MODEL COMMENTS 

Okerblom 1 q a y Formula has been derived from distortion 
-= 0.335·-· -·-
R v pc J model of longitudinal shrinkage. 

Blodgett 
_..!._= 0.04 · Aw. Y 

Formula has been derived from the basic 

R J formula defined by the author for actual flex, 

applicable for various structures. 

Horst Pflug Model lS based on Okerblom's line 
1 ay Aw · _,. 
-=42·---- reasonmg. 
R E J 

An investigation into distortion analysis and prediction of welded 'T-type' 

stiffeners, related to the shipbuilding industry, at Pennsylvania State University by 

Deo and Michaleris [2002], provides an informative study into weld distortion. 

Although this is not an investigation into sheet steel welded components, it is still 

useful information as both 2D and 3D predictive techniques have been used and 

compared to experimental results. 

If the only concern is with the magnitude and direction of distortion after welding is 

completed, analytical simulation is unnecessary. The dist011ion is treated as an 

elastic stress field containing incompatible strains. The mathematics involved in this 

is relatively simple, making this approach useful in analysing actual practical joints. 

Kihara and Masubuchi [1960] developed a concept to analytically determine 

distortion in under these types of conditions. They looked at the effect of the degree 

of restraint and the ratio between the shrinkage of free welds and restrained welds. 

Watanabe and Satoh [1961] later looked at results obtained by different investigators 

using diflerent types of specimens. The distortion formulas pioneered in the 1950's 

by these Japanese investigators are still used today as references in many weld 

distortion investigations as a base to compare FE methods with. 

Many of the models discussed here will form a basis for companson to the 

experimental results of this project and therefore will be discussed in further specific 

details in Chapter 5. 
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2.6.2 Prediction of Weld Distortions- Computational Based Methods 

There are several ways to analyse residual stresses and distortion as discussed in the 

book 'The Analysis of Welded Structures', Masubuchi [1980]. Many of these are 

recognised as being too complex meaning computer programs are needed. For many 

years, researchers have studied the predictive methods for welding distortions using 

Finite Element Analysis (FEA). Complex models have contributed to the knowledge 

of distortion but are often impractical for industrial use due to the required 

computational intensity. 

Finite element methods have been used in the prediction of welding residual stress 

and distortion for an established period of time dating back over 20 years. However, 

due to the inherent nature of the welding process, the FEA of welding involves 

additional complexity compared to that of traditional structural mechanics. These 

additional complexities include temperature and history dependent material 

properties, high temperature gradients, high gradients of both stress and strain fields, 

both in time and spatial co-ordinates, large deformations in thin structures and phase 

transformation phenomena. 

Most of the early studies into welding simulation accounted for the non-linearities 

due to temperature dependent material properties and plastic deformations, such as 

the work of Goldak, Chakravarti and Bibby [1984], Goldak, Bibby, Moore, House 

and Patel [ 1986], and also Hibbit and Marcal [ 1973]. In most cases these analyses 

were restricted to 2D on the plane perpendicular to the welding direction. It has been 

noted by a number of authors however that, especially for residual stress prediction, 

the 2D models provide accurate estimations comparable to 3D analyses, since the 

stress field exhibits a fairly uniform distribution through the length of the work-

p1ece. 

2D models have been useful due in part to their high efficiency and also accuracy in 

determining the solution in the plane of the analysis, with reduced computational 

requirements. However, for practical situations, where the reality is fixturing or tack 

welding allow out of plane movement then 2-D analysis may not, particularly with 
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respect to distortions, be accurate. In addition the other effects such as weld 

start/stop effects, longitudinal heat transfer and instability cannot be obtained or 

considered from 2D models. 

Many of the welding simulations performed in the literature, both 2D and 3D, 

appear based on small deformation theory, and tend to be limited to simple 

structures and basic weld geometries, or they limit their study to the immediate heat 

effected zone ignoring the remaining structure 

The American Weld Society (AWS) has carried out many studies into areas 

surrounding weld distortion. Recently work by Tsai, Park and Cheng [ 1999] from 

the A WS have worked on a study investigating 'welding distortion of a thin plate 

panel structure'. With the knowledge gained from previous studies in welding 

distortion control, they addressed the basics of the warping mechanisms by studying 

the thermal and mechanical behaviours of thin aluminium panelled structures using 

the FE method. As well as this, they investigated the optimum welding sequence for 

minimum distortion. Weld sequencing optimisation is not of so much interest to this 

investigation as it is more of a manufacturing problem than a design issue; the work 

carried out into warping mechanisms is particularly useful and informative for this 

project. The study goes into great depth about the effect of global bending, the effect 

of residual stresses and the angular distortion created in a thin panel structure. 

The Edison Welding Institute in Columbus, Ohio has investigated methods of 

predicting weld distortion. A study carried out by Michaleris and DeBiccari [1997] 

investigates a numerical analysis which combines two dimensional welding 

simulations with three dimensional structural analysis, 2D/3D Integration method. 

The numerical predictions can be utilized as either a design evaluation or 

manufacturing analysis tool. The methodology presented appears to be both enicient 

and effective. The predictive approach used can be implemented at various stages in 

the design and production cycle. ln the design stage, welding procedures can be set 

and optimised and then various designs investigated. 
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Weldsim is a 3D FEA software package, developed at the University of South 

Carolina used in weld distortion analysis. A report Zhu and Chao [2002) investigates 

the accuracy of this package. The efficiency of the software has been verified 

through comparisons of computed results with experimental data. Although 

experiments carried out were for aluminium samples, a similar approach can be 

extended for a welding simulation of steels. 

Taylor, Hughes, Strusevich and Pericleous [2002] explain that the numerical 

simulation of the process of welding can take place in two alternative ways, using 

Finite Volume methods. Firstly, the complex fluid and thermo-dynamics local to the 

weld pool are modelled by looking at the weld pool and the HAZ. The conservation 

of mass, momentum and heat together with the latent heat and surface tension 

boundary conditions are equated to represent the physical phenomena of the molten 

weld pool and thermal behaviour of the HAZ. Secondly, the solid mechanics 

approach is adopted by modelling the global thermo-mechanical behaviour of the 

weld structure, paying special attention to the heat source. A variety of simplified 

heat source models can be used in the simulation of welding, the accuracy of which 

relying on the theoretical and empirical parameters describing the weld pool size and 

shape. The research is aimed at drawing agreement between the two simulation 

methods, ultimately verifying the modelling parameters of the most appropriate heat 

source. PHYSICA is the software package used for either the thermo-fluid dynamics 

or thermo-mechanical approach, and it is applied to a girth welding of a thin pipe, to 

obtain distortion and residual stresses, without any metallurgical phase transition 

effects. The convective heat transfer in the weld pool is accounted for by modifying 

the conductivity of the molten metal. In their introduction, Taylor et al refer to a set 

of publications forming the basis of the two investigated general methods of weld 

simulations. 

Bachorski, Painter, Smailes and Wahab [1999] are concerned with distortion during 

gas metal arc welding in their shrinkage volume approach. They define the 

Shrinkage Volume Method as a linear elastic FE modelling technique for predicting 

post weld distortion. By assuming that the linear thermal contraction of a nominal 

shrinkage volume, as it cools from elevated to ambient temperature, is the main 
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cause for distortion, there is no longer a need to determine the transient temperature 

field and microstructural changes, thus substantially reducing the time for FE 

distortion analysis. The thermal contraction of the shrinkage volume is resisted by 

the surrounding parent metal, resulting in the formation of internal forces, leading to 

distortion by the parent metal to accommodate the shrinkage forces until equilibrium 

is achieved. The method is applied to the distortion of plain carbon steel plates 

having butt welded joints with different vee-angles. Bachorski et al explain that 

although significant progress has been in FE weld modelling, in actual structures 

many FE techniques are short of being successful at the control of residual stress and 

distortion. For simplicity, they describe the use of linear spring elements to model 

the thermal contraction of the weld metal in a welded joint. This crude method can 

predict distortion reasonably in a fraction of the time needed for the more 

sophisticated fully transient thermal elastic-plastic modelling regimes. It is therefore 

that this approach presents a possible direction for moving the techniques of 

predictive weld distortion forward to earlier in the design cycle, as per the aims of 

the research being undertaken here. However the drawback is that whilst this is an 

analytical approach its success is dependent upon a library of empirical and 

experimental data for a library of welds, configurations and thicknesses of joints. 

The Shrinkage Volume Method assumes that a constant linear thermal strain is 

responsible for post weld distortion. Linear thermal strains are imposed as the weld 

metal elements cool from the assigned temperature, elastically distorting the 

weldment. Thermal strains produced in the temperature range 800-1500°C are hence 

ignored. The heating-up thermal cycle of the welding process is also ignored, 

neglecting the stress history and rendering the produced stress field invalid. For the 

FE distortion analysis, eight-noded brick elements allow for a parabolic distribution 

along the element edge and are used for all the models. 

Goldak, Chakravarti, and Bibby [1984] developed a heat source designed to 

compensate for the absence of flow in conduction models by distributing the heat 

source within an ellipsoidal volume below the welding arc and enhancing the 

conductivity for any molten material. Bachorski et al proposes the more recent heat 

source representation by Smailes, Wahab and Painter [ 1995] who have shown that a 

more effective heat definition for vee-joint butt welds for a plate is the 'split' heat 
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source comprised of the heat content of the welding arc, applied to the weld surface 

with a Gaussian distribution, and a cylindrical volume heat source for the molten 

material. Any discrepancy between the shrinkage volume distortion results and 

experimental data is attributed to the difference between the assumed shrinkage 

(fusion) volume and the actual fusion zone determined from macro-graphs. 

Brickstad and J osefson [ 1998] simulate the residual stresses due to welding using 

ABAQUS to perform the finite element analysis. Their analysis consists of two main 

parts, the thermal and the structural. They assume rotational symmetry of the 

modelled multi-pass butt welded stainless steel pipes. Hence the analysis is two­

dimensional and axi-symmetric. The thermal analysis models the heat input from the 

welding torch into the weld elements causing the weld to melt. Heat losses allow the 

weld region to solidify. The temperature contours obtained from this part of the 

analysis are used in the sequential, structural analysis to derive the stresses generated 

as the material heats up and cools down again. The behaviour of the material 

involves nonlinearity and therefore residual stresses remain in the welded pipe after 

cooling. 

Tsirkas, Papanikos, Kermanidis [2003] have carried out a three-dimensional FE 

analysis of laserwelded butt-joint thick AH36 shipbuilding steel plates using 

SYSWELD. Their work takes into account metallurgical transformations using the 

temperature dependent material properties and the continuous cooling 

transformation (CCT) diagram. The heat input to the welded plates is represented by 

a keyhole formation model, generated by a Gaussian distribution of heat flux with 

the aid of a moving heat source with a conical shape. The welded panel distortions 

obtained from the FE analysis agree with experimental measurements. 

There are many papers and much research on the detailed and complex modelling of 

weld physics, weld heat source models, also weld pool effects and even fluid flow in 

the weld pool. However, whilst these exist they are at this stage outside the core 

direction of this research at this stage of the investigation, and are mentioned here 

for completeness and to give the reader a true feeling for the vast variety and 

complexity of the research being unde11aken into simulation of the welding 
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processes. These approaches cross most of the common and also emerging weld 

technologies, from the well established fusion welding, to more recent developments 

such as laser, hybrid and even friction stir welding. 

2. 7 Measurement of Welding Distortion by Application of Scanning Technology 

The last few years have seen a considerable amount of applications in the field of 

range scanning technology. Automatic 3D acquisition devices (often referred to as 

3D scanners) allow us to build highly accurate models of real 3D objects in a cost 

and time-effective manner, resulting in increasing number of its applications. These 

models are ideal for measurement, inspection and analysis. 

2.7.1 3D Scanning and Reverse Engineering 

Reverse engineering is the process of capturing the geometry of existing physical 

objects and then using the data obtained as a foundation for designing something 

new. The new design can be a duplicate of the original or an entirely new adaptation. 

The design applications are used for wide range of industries including art and 

sculpture, architecture, industrial design, manufacturing, medical applications, 

automotive and aerospace etc. Nowadays three-dimensional scanning is playing an 

increasingly large role in reverse engineering of automotive and aerospace parts. It is 

for this reason that in many cases, aircraft and automotive parts are out of stock, 

since the original parts were made years ago using two-dimensional drawings, or, in 

some cases no drawings exist. Since most modern manufacturing companies will 

only, or prefer to, accept true 3-dimensional file formats, such as iges(128) or native 

CAD formats, it is therefore essential to build a solid model of the component. 

Figure 2.13, presented in the work by Vergeest and Horvath [2000], represents how 

a physical object with the aid of 3D scan is actually able to produce a solid model, 

ready for further downstream processes. They discuss both the conventional reverse 

engineering approach and scanning for conceptual purposes. In the figure the arrows 
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represent transfer of objects or data and the dashed arrows represent the exchange of 

data between the two methods or routes. 
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Figure 2.13: Process map for 3D scanning (V ergeest and Horvath) 

It is therefore evident that such a 3D model can further be used creating a finite 

element model for analysis and data for inspection, generating a NC program for 

machining purposes or a creating a rapid prototype model. It is worthwhile to 

mention that the rapid prototype model can be created by variety of processes like 

FDM (fused deposition modelling), LOM (laminated object moulding), MLM (multi 

jet modelling), SLA (StereoLithography), SLS (selective laser sintering) etc. The 

details of such rapid prototype processes are not included in the scope of this report. 

2.7.2 Component and Process of 3D Scanning 

3D scanning devices can broadly be classified into contact and non-contact types. 

Since our main application involves only a non-contact device, we can further 

classify such devices based on the adoption of optical technology. Rocchini , 

Cignoni , Montani, Pingi and Scopigno [200 l] describe the classification of such 

non-contact scanning devices, and classify optical systems as shown in Figure 2.14. 
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Active optical devices typically consists of an emitter, which produces structured 

illumination on the object to be scanned, and a sensor, typically a CCD camera 

which acquires images of the distorted pattern reflected by the object surface. In 

most applications, the information is reconstructed by triangulation techniques, 

calculations of which are usually performed in the hardware integrated with the 

scanner. It is to be noted that different technologies can be employed to produce the 

structured light pattern e.g. laser emitters, custom white light projectors, 

photographic slide projectors, and even digital video projectors. 

~·~ 
Passive Active 

Sre/1., ~frmn lma~n:::.! ~~pth 
focus/defocus from defocus 

Shape from Shape from 
shading silhouettes Triangulation Adive stereo 

'7~ky 
Moire Holography 

Figure 2.14: Classification of 3D non-contact scanning devices (Rocchini et al) 

The scanner operates by sending out a thin strip of low power laser beam from the 

head unit. The laser reflects from the surface of the item, and is returned to the head 

unit, where it is captured by CCD camera. Rocchini et al illustrated the scheme of a 

typical optical scanner, which can be seen in Figure 2.15, and stated where the 3D 

positions of the sampled points are computed on the sensor plane by triangulation 

given the sampled point projection P(a) on the sensor plane and the known relative 

position/orientation of the sensor and the emitter. This allows the distance to be 

calculated for the hundreds of small points projected back to the unit. This allows 

the surface of an object to be mapped as a series of 30 data points, called a point 

cloud. In this way, information relating to the surface of the item being scanned is 
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recorded in the computer attached to the scanner unit. Figure 2.16, courtesy of Faro 

UK Ltd, shows a typical example of a laser scanner (as used for the project 

application), with its head unit, and portable CMM inspection arm, which can then 

be mounted either on a tripod or by clamping to the work piece or appropriate 

fixture. The provision of 6 joints in the CMM arm allows a number of degrees of 

freedom making it highly flexible. 

sampled 
point 

object's surface 

Ill 
Q emitter 

sensor 

Figure 2.15: Schematic of an optical measuring device (Rocchini et al) 

It is evident, that the scanned data is capable of providing an outstanding 

combination of sub-millimetre accuracy and flexibility. The combination of the 

entire system enables it to record an extremely wide range of objects of different 

sizes. Objects from a few cubic millimetres up to several cubic metres can be 

scanned. The scanners are pmiable and recording can be done in almost any 

location, either on-site or at the laboratory. The scanner is even equipped with 

multiple scanning options (by relocating the scanner unit) in order to facilitate 

scanning of large objects. 
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Figure 2.16: Typical 3D laser scanning device mounted on portable CMM arm(Faro) 

2.8 Summary 

In this chapter we have set out the principles .of the welding process, paying specific 

attention to the weld processes of the case study company,, and the application of 

th~ir key process of MAG welding to the primary joint types in thin plate, those 

being butt weld, and also tee joints. A detailed description is included in the 

document for the reference of the case study company. 

We have seen that residual stresses and dist011ions occur in the welding of metal 

plates, and discussed in detail the; theory and understanding being this. Notably tlrat, 

the. heated weld zone tries· .to expand but is restrained by the surrounding colder 

material, causing this zone· to yield in compression. During the cooling cycle, the 

<;older m~terial prevents the contraction of this region; causing tensile stresses .to be 

developed. This tensile stress around the weld with simultaneous generation of 

compressive stresses shall result in c:listortion. The residual stress and the distortion 

generated have been discussed in detail particularly for butt welds. 
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The three mam distortion modes can be identified as longitudinal shrinkage, 

transverse shrinkage, and angular distortion (which can result in bowing, dishing, 

twisting, buckling and warpage). However in most cases it is unusual is any of these 

distortion modes occur in isolation and the final distortion pattern is usually made up 

of a complex combination of these especially in real components with complex 

geometry and multiple welds. It has been explained and discussed that the key 

factors which influence distortion are the material properties themselves, the 

inherent stresses in the components and material from manufacture, the restraint 

applied during welding, the process variables from the welding process and the weld 

procedure itself, and also the actual design, fit up, accuracy and tolerance of the 

weld joint and component. 

In creating distortion through the welding process it has been discussed that this can 

indeed be controlled, however, often with many practical or commercial 

implications. It is possible through the design of the weld joint and component, the 

design of the process and weld sequence, assembly and fixture design, and actual 

choice of the weld process and parameters to limit, or occasionally almost eliminate, 

and control distortion. 

It has been shown that extensive research exists into the prediction of weld 

distortion. This has been summarised and we have looked at some of the basic 

empirical methods and formulae that exist to calculate distortion predictions. 

Furthermore there is a wealth of research being undertaken to utilise computer aided 

methods such as finite element prediction to simulate the weld process. However we 

have seen that these models require complex physics which push the boundaries of 

CAE applications and it is difficult to accommodate all of the influencing factors 

into a comprehensive yet efficient model to predict weld distortion. Approaches 

exist that will provide relatively efficient and quick predictions of distortion but 

these are at the reduction of quantitative accuracy especially when applied to real 

world problems. However it is such quantitative approaches that may be best 

leveraged to see maximum early benefit in the design phase of components as 

possible. 
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Finally, whilst not strictly related to weld distortion, the process of scanmng 

measurement has been introduced as this is the methodology employed in this study 

to capture as much knowledge of the distortions on the sample components. 

With all these in place we can move on to discuss the investigations undertaken, to 

capture knowledge about the case company's welding processes. This data will be 

presented and analysed in subsequent chapters. This provides the basis for a weld 

prediction tool that could be used on simple joints, and which will be later discussed 

as to how the data can and will be used in future for further work. This further work 

will aim to develop parameters that will lead toward a quantitative tool for design 

engineers to apply to quickly assess real components early in the design stages of 

projects. 
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Chapter 3: Experimental Investigations 
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3.1 Introduction to the Experimental Design 

In order to undertake a successful experiment to investigate the parameters and 

variables associated with weld distortion, it is necessary to design an appropriate 

experiment to enable this to be carried out in a controlled and repeatable manner. To 

facilitate this, investigations were carried out to identify the predominant factors that 

have an affect on the distortion of a welded component, so as to find suitable 

limiting factors that can be applied. Having developed the suitable factors an 

experimental matrix must be designed to cover the range of properties required. 

Furthermore work had to be undertaken to design both the test fixtures and 

specimens to be representative to the needs of the case study company. This chapter 

presents the background and work of the experimental investigation. 

3.2 Experimental Objectives and Proposal 

In order to carry out the experimental investigation, the following 

techniques/methods were utilized: 

• Design of suitable test plates to be used for comparing welding variables. 

• Design for fixture and component design work. 

• Design of experiments (DOE) using Full Factorial Design. 

• MIG welding process to simulate welding technique used in high production 

component manufacture. 

• Measurement processes to accurately measure test pieces before and after the 

welding processes. 

Due to' Just in Time' manufacturing methods being used in the case study company, 

production can not be interrupted for long periods of time due to tight production 

schedules. It was therefore necessary to setup a separate welding cell for the weld 

tests, that would replicate the processes used in the production environment but 

facilitating greater access and flexibility. 
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The main objectives are to build and analyse simple representative welded joint 

parts to evaluate and understand the general magnitude and direction of distortion 

under different variables to give greater understanding of these effects on real parts. 

This in turn can then be applied, and help assist at the design stage of a new product 

development, to plan for more robust production of products by taking greater 

consideration of distortion effects into account at these early stages. Using the data 

from these experiments this can be applied to build up a knowledge base and to 

build up a database of distortion results. In tum this can be used in further work to 

develop a simple weld distortion predictor tool based on experimental data. In a 

longer term view, this data can be utilised to correlate finite element models of 

welding simulation to develop a 'quick' prediction tool. Although this work lies 

outside and beyond the scope of this dissertation it is mentioned for completeness to 

give a full background to the full and initial plans set out for the work and is 

discussed further in the closing chapters relating to further work. 

In undertaking this work then a number of minor objectives are completed in 

achieving and supporting the main objectives. These can be described as follows: 

• Developing a sound knowledge into what causes distortion in sheet metal 

welded parts which can be disseminated within the case study company. 

• Gaining an insight into what can be done to eliminate/reduce distortion in 

parts in the manufacturing process. 

• Establishing and documenting, for the case study company's processes, 

which variables contribute most to distortion trends. 

• Finally, to investigate analytical methods used to predict distortion and 

compare these against the experimental data. 

To be able to assess the distortion a welded structure undergoes in the assembly 

process, weld tests will be carried out on a variety of joint types that will resemble 

typical joints used in automotive chassis structures. Joint types commonly used 

include Butt Joints, Lap Joints, Overlap Joints and Flanged Joints. The tests will 

involve welding plates of different thicknesses under variable process conditions and 

measuring the results to build up a company knowledge base of distortion values. 
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3.3 Selection of Joints for Investigations 

To be able to assess the distortion that a welded structure undergoes in the assembly 

process, weld tests will be carried out on a variety of joint types that will resemble 

typical joints used in automotive chassis structures. Joint types commonly used 

include Butt Joints, Lap Joints, Tee Joints and Flanged Joints. 

It was crucial and utmost important to decide on the joint types of the weld samples 

to be welded in this experiment. Initially it was proposed and stated all possible joint 

types to be included, i.e. bead-on-plate, butt, tee, lap, flange, etc. But it was soon 

discovered due to the diversity of grades, gauges and materials as well as joint types 

used by the case study company this was not practical so sampling would be 

necessary. The fixture for welding joints however has been designed to 

accommodate all joint types in a range of gauges suitable to the case study company. 

For the purposes of this study it was decided to focus on a simple joint type to 

validate the approach and for that reason a simple butt joint sample was chosen as 

the baseline for the experiment. 

3.4 Factors Affecting Distortion in Experimentation 

As has already been discussed in Chapter 2, in order to carry out any experimental 

study into the distortion in welded fabrications it is necessary to gain a full 

understanding of the factors that affect the distortion. Therefore experiments must be 

designed with suitable and varying parameters. From the literature studied in 

Chapter 2 numerous factors affecting weld distortion have already been discussed 

and described in detail. In relation to the industrial welding process of the case study 

company many of these factors cannot be altered significantly, as this would not be 

practical in a high volume production environment due to the risk of increased 

variability and loss of process control. In order that the basic distortion properties of 

the individual basic weld types are understood, the initial study will be limited to 

basic weld geometries. By examination of many of the components manufactured 

from the case study company, the application of these basic geometries to more 
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complex geometries can be deemed to be valid, as many of the joints in real 

components comprise of a variation on the basic joints presented in this work. 

It has been seen that the position of the weld in relation to the neutral axis had an 

influence on distortion, however in this exercise only simple joint geometries of a 

defined dimension will be used and sections eliminated. Therefore this variable can 

be removed from the experimental matrix to be developed. Other factors such as the 

size of the fillet weld, the weld preparation, the quantity of weld metal and gap sizes 

between the plates have also been selected in reference to the design and technology 

in use by the case study company. In this instance the company does not use any 

weld preparation on either butt or fillet welds and therefore this to can be excluded 

from the experimental matrix. Weld gap size has an influence on the final distortion, 

however well designed fixturing in order to control the gap size between the plates 

to be welded, and the actual gap sizes used, will be in common with those used by 

the case study company and its industrial applications. Therefore at this stage it is 

not planned to investigate the affects for varying gap size. For most joints in the 

production environment, the target gap size used is set between zero and one 

millimetre, with a nominal target gap size of 0.5 mm. The length of weld it will be 

chosen to facilitate measurable distortions and based on standards that exist. 

Clamping and restraint clearly indicate different distortion parameters and therefore 

investigation will incorporate the ability to carry out some experiments to find the 

influence of restraint and clamping on the variability of the experiment. The case 

study company generally welds single weld runs from one side of the material 

because of the thin gauge material involved, typically in the range of 2 to 4mm 

thick. The target for this experiment was to weld in the horizontal position so 

removing the influence of a weld orientation to the weld head and weld flow from 

the distortion results. Again material type, thickness and diameter of weld wire, 

along with weld settings and speeds will be chosen to be representative of the 

industry and case study company. 
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3.5 Experimental Set-up and Procedure 

3.5.1 Sample Selection, Design and Preparation 

It was necessary to come up with some relevant and standardised 'Weld Samples' 

design in order to carry out the distortion test. For this reason, the corresponding 

British Standard was searched. The BS EN 2883 gave the necessary information 

about the requirements and specifications for welding experiments. From the 

standards, the dimensions were figured out in order to cut out the sheet metal plates. 

The minimum required dimensions as stated by the BS EN 288-3 for any type of 

plates to be welded together are given as 150mm by 350mm. In addition the test 

plates were designed to meet the following requirements: 

1. To be of sufficient size to ensure a reasonable heat distribution. 

2. All plates to be cut in the same direction of roll from the steel coil to keep 

any stresses in the test material uniform. 

3. Test pieces must fit fixture to be used when welding. 

4. To be free from sharp burrs for health and safety reasons and so that edge 

profile of plates can be scanned accurately. 

5. Profile of plates to be guillotined to size as this is a similar trimming 

operation as production parts manufactured from press tools. 

The case study company uses predominantly a range of steels with yield stresses 

from the mid-200MPa yield range up to around 500MPa yield. This is driven by the 

pressures on the case study company for structural performance in terms of strength 

and durability, combined with the commercial pressures for weight reduction and 

competitiveness. As most of the company's components involved forming via 

stamping and drawing then the elongation is key to the manufacturability of these 

components. However, as elongation decreases with increasing yield strength then a 

balance has to be struck between formability and strength for the component. Most 

commonly materials in the 300 to 400MPa yield strength range tend to be used for 

striking an optimum balance between formability and strength. The optimum 

balance for the company's needs is to manufacture the majority this structural 

components out of a mid-range material that is specified as BS 1449:1982 HR43F35 
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which is a 350MPa minimum yield material. Therefore this is the material grade 

selected for the investigations. It was the most common steel grade used at the case 

study company and it is a High Strength Low Alloy steel manufactured by Corns 

and having the trade name Tenform XF350. This is manufactured. to a BS EN 288 

and the typical properties are show in Table 3 .1. The material was chosen in the 

thickness range consistent with that used by the case study company in the majority 

of its applications, which gave a typical common range of gauge thicknesses as 2.0, 

2.5 and 3.0 mm thick. This thickness range was found to cover approximately 70% 

of the press product manufactured at the case study company and therefore 

appropriate to this study. 

Table 3.1: Material specification taken from BS EN 288-3 

Rolled COJiditton Y1el4 stJength Reo Tlmsilo strengtb Elongation A, min. Bend 
arul grade mln.1l Rm, lllbL mandrel 

diamct~ 
{ 180° liend,Zl 

Origtnal gauge Je~ Lo 

60mm '80~ 200mm 

Ntnun2 N/mm2 % % % 
HR40/30 300 400 26 (24) 18 2a 
HR43/35 350 430 23 (21} 16 2a 
HR46/40 400 460 20 (18) 12 3a 
HR50/46 45o 500 20 (18) 12 30r 

Although, the 'Tensile Strength Test' information and data for the given material 

XF350 is already presented by Corns, it was decided that tensile tests of the selected 

material would be relevant and beneficial to the analysis of overall experimental 

parameters in terms of the whole inputs going into the process. The relevant 

standard for the manufacturing of testing specimens was found m 

BS EN 1 0002-1 :200 1. From each plate thickness, 2 strips were machined according 

to the shape that is defined in the standard and then they were subjected to tensile 

testing. 

The plates had to be prepared from rolls of production steel taken from the end of 

press runs at the case study company. The plates were guillotined to size as this is 

the closest process to the mass production practice of blanking. Samples were 

acquired from production coil ends so actual production steel was used to give a 
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similar edge condition to the plate and avoid inducing any other pre-distortions to 

the plate through processes such as laser cutting. Two datum edges were marked up 

on the cropped plates for reference. Plates were checked for dimensional accuracy 

after every ten were guillotined to check that the stop had not moved out of position 

and to provide a consistent plate size, even though each plate would also be 

measured prior to welding. The plates were subsequently set up from the datum 

faces on a milling table and location holes were drilled in the plates using a vertical 

milling machin~, to allow accurate location onto the weld fixture, and again to be 

representative of the type of fixturing process used in production. All plates were 

deburred, cleaned and uniquely numbered for future identification and tracking 

ready for measurement and use in the experiment. 

c 

'B 

Figure 3.1 : Birdseye view of sheet metal plate sample 

As it can be seen from Figure 3.1, the two location holes have been drilled in the 

plates, which are 50 mm away from each edge thus providing a .clear and safe 

distance from the HAZ (Heat Affected Zone). The idea of having location holes in 

the plates which will mate with location pins of the fixture was to replicate the 

standard production tixturing practices of the company. This also serves purpose to 

be able to hold the plates in position without any movements in any longitudinal and 

transversal directions before and during welding. In addition it also would allow 

angular distortion to occur without any need for clamping if desired, i.e. the .effect of 

restraint factor Wf!S mentioned in the literature review. This would allow comparison 

of clamp and unci amp plates in certain joint configurations in the future. 
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3.5.2 Fixture Design 

To be able to carry out the welding experiment, an appropriate fixture was needed. 

Several options were considered such as an existing base plate at the company's 

shop floor or a rotating table with some clamps, sited at the company's robot 

welding training facility. However, due to the fact that there were some critical 

factors to be considered during welding especially if weld distortion was the 

intended outcome, then a special fixture was required. 

Fixture Design Considerations: 

The physical structure of the fixture had to be rigid, stiff, portable for welding 

operation and practical in a way that it was suitable for the required combinations of 

envisaged weld joints for the current and future studies. Because the main aim of the 

project was to determine the actual weld distortion, the fixture had to be designed in 

a way that it did not act as a heat sink and allow distortion to occur. 

Fixture Design Concept: 

Having considered the above factors and also after consulting process engineers and 

weld programmers a fixture proposal was developed. The fixture concept shown in 

Figure 3.2 was designed on CAD software. Initially, the idea was to manufacture the 

boundary frames for the fixture from angle section as seen in Figure 3.2. The reason 

for the use of angle section was to utilise the existing stock at the case study 

company's test facility. 
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Gap condition for 
welding - to avoid heat sink 

Figure 3.2: Initial fixture design 

Diameter 12mm 
location pins 
6 off 

Machined location 
pads 
15 off 

As seen in Figure 3.2 the fixture has location pads which were to be machined after 

.the fixture has been welded together so that a straight and flat reference or datum 

·plane can be created for the plates to rest on during welding operation for butt joint 

arrangement as seen on Figure 3.3. 

Figure 3.3: Butt joint weld arrangement 
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As shown in Figure 3.2, the fixture has location pins on the horizontal and side face 

of the fixture; which mate with the fixturing and locations holes on the plates, 

described previously in section. 3.5.1. Figure 3c3 shows the experimental butt weld 

arrangement with no gap condition during welding i.e. plates are supposedly to 

touch each other provided the plates are guillotined to theoretical dimensions. 

Figure 3.4: Tee joint weld arrangement 

Figure 3.4 shows the tee joint weld arrangement, which was one of the other primary 

type of weld joint considered in the fixture design, for future ·investigations. 

Variations on these basic geometries by inclusion of flanges or joggles to the sample 

plates would then cover the vast majority of the weld situations seen in the 

company ' s product range. 

To ease removal for welding in the tee joint set up it was decided to make the 

location pins removable and this wquld also allow for variations and distortions. The 

angled section was vtllnerable to· distortion itself during manufacturing, so it was 

changed to box section. Therefore the pins on the perpendicular face were removed 

and also the design was modified to be of box section as shown in Figure .3.5 , which 

offered a stiffer, and more durable structure to resist distortion affects. 
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Figure 3.5: Modified final fixture design 

The fixture was manufactured by the case study company ' s prototype fixture and 

assembly supplier in the south of the UK according to the detailed drawings 

generated and supplied to them. The manufactured fixture can be seen in Figure 3.6. 

Figure 3.6: Fixture as manufactured 
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A final refinement process was carried out on the location pins upon arrival at site. 

The 4 screw pins were to serve a unique and critical purpose. As it was mentioned 

previously, they had to hold the plates in position for each pair, each time and every 

time. This was important again for the repeatability of the experiment itself. 

Although the diameters of the pins and the holes on the plates to mate with the pins 

had supposedly and theoretically the same diameter of 12 mm, it was clearly seen 

from the measurements that the actual figures could be have slight variation on the 

plates datum holes. In order to overcome this problem, the pins were machined to a 

have tolerances to accommodate each pair of plates. The outer ones were machined 

to be 11.40 mm in diameter whilst the inner ones were 11.60 mm. The reason for the 

outer ones to have smaller diameter was to avoid jamming and to allow angular 

rotation i.e. to allow distortion to happen easily. 

3.5.3 Limiting Factors, Welding Parameters and Recording 

Welding tests were carried out, using a robotic weld-set, on a number of different 

plate thicknesses (2.0mm, 2.5mm & 3.0mm) to determine an optimum weld speed. 

Although weld quality was not of importance for the experiments, the speed still had 

to be within a limit so that the welder did not cut out by burning through the plates 

by creating too much heat at low weld speeds. An example of the problem and burn 

through is shown in Figure 3.7. 

The optimum speed that could be used across all three plate thicknesses was 

determined to be 1.0m/min with the variables varying +/- 30% of this value. Using 

these parameters then significant burn through was avoided and a consistent 

production representative quality weld was produced from the resultant process. 
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Bum through due to 
excessive heat 

Figure 3. 7: Example of bum through due to incorrect weld speed 

In common with the practice of the case study company, .due to its high volume 

environment, all other factors on the weld-set were fixed and held at contact value ~ 

In addition it was decide to use a Portable Arc Monitor System (P AMS) device 

connected to the weld set to record and monitor the weld process. The P AMS unit is 

a multi channel data logger, originally deyeloped by OIS, capable of accurate; fast, 

efficient and real time data acquisition of the main parameters in the arc welding 

process. The unit also then provides a hard copy print out of the data and all 

measured properties together with a summary of the key parameter settings and 

calculates items such as heat input. An example of this unit and a typical output log 

is shown in Figure 3.8. 
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Figure 3.8: PAMS monitoring device and typical sample printout it generates 

3.5.4 Experimental Procedure 

After considering the main factors that affect distortion, it was decided to investigate 

how the change in material thickness and weld speeds caused a variation in 

magnitude and direction of distortion based on the case to the company's experience. 

Weld parameters are generally set to constant during the production weld programs 

and weld speeds are modified according to geometries to give the appropriate level 

of weld penetration. In order to understand the relationship of these variables it is 

necessary to pick at least three levels from the experimental curve to indicate 

whether variables have either a linear or non-linear effect. 

The two factors chosen for the experiment were material thickness, and weld speed . 

The three variable levels used to determine if there is a linear relationship between 

the results were given in Table 3.2. 

Table 3.2: Experimental variable ranges 

Factor X 

Level 1 
Level2 
Level3 

Material thickness (mm) 
2.0 
2.5 
3.0 
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FactorY 
Weld Speed (m/min) 

0.7 
1.0 
1.3 
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Due to the low number of variables being used for the two factors, a Full Factorial 

Design Matrix was used. Table 3.3 shows the Full Factorial Experimental Design 

Matrix used. 3 replicates for each test will be used in order to check repeatability, 

ideally this would have been 6 to provide a higher level of basic statistical 

significance but it was found that even with such a simple set up as this the volume 

of data generated would prove prohibitive to analyse in the time available if 6 

samples were used. However some basic work was carried out to demonstrate that 

the general magnitude and directions of the distortions shown in the experiment 

were very repeatable and stable. 

Table 3.3: Full factorial experimental design matrix 

Experiment Number Level ResuiVRepetition 
X y 1 2 3 

1 1 1 

2 1 2 

3 1 3 

4 2 1 

5 2 2 

6 2 3 

7 3 1 

8 3 2 

9 3 3 

3 Variable Levels, 2 Factors,.'. 32 Design= 9 conditions 

The number of test pieces required to carry out the tests was calculated using the 

experimental design, based on using three replicates. 

Number of experiments= 9, Number of replicates= 3 

9 x 3 = 27 tests per joint type 

2 plates required per test, 

27 x 2 = 54 plates needed per joint type 

54/3 = 18 plates per material thickness required for each joint 
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More plates were prepared for spares and for testing before carrymg out the 

experiments. 

Parts were welded in the fixture using the robot weld set up. Clamping was applied 

during the welding process in order to ensure repeatability of the process and avoid 

any movement of the plates from distortion during welding which may affect the 

results. It is common practice in production for the company to clamp its products 

during welding. The clamping is released as soon as the weld cycle finishes making 

maximum use of the cycle time available for manufacture and welding. In this 

experiment clamping was therefore appropriate. However it was then removed 

immediately upon completion of the weld cycle and the samples removed from the 

fixture and allowed to air cool on a wooden rack. This is to avoid any heat sink 

effects removing heat from the sample quicker than may otherwise occur if the parts 

were placed onto a surface that could rapidly transfer heat out of the parts. Once the 

part had fully cooled and any distortions developed to their final state and mode then 

the parts could be measured. 

3.6 Distortion Measurement and Procedure 

3.6.1 Initial Measurment Methods 

To be able to ensure exact information about the plates going into the experiment 

then it would be necessary to measure all thicknesses, and dimensions for each plate, 

both before being welded and also after welding. This would allow for the most 

accurate understanding of the real distortions occurring from the welding process. A 

number of approaches were considered before finalising on the initial measurement 

scheme. It would be possible to measure all plates by hand however this would be a 

time consuming and labour intensive process. In addition measurement by hand 

using tools such as vernier callipers and surface gauges is prone to both 

measurement and reading errors occurring. Therefore, with the number of samples 

involved this approach was decided to be unsuitable for the nature of the 

investigation being undertaken. The case study company has numerous co-ordinate 
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measunng machines, CMMs, which utilise conventional touch probe/ contact 

measurement. It would have been possible to utilise the company's CMMs but these 

are heavily utilised in the production and prototype environments and therefore 

access as required to these resources could not be guaranteed. In addition many 

points would need to be taken to collect data relating to the edge profiles and surface 

curvatures and these would be quite time consuming to gather and the data itself 

relatively sparse in comparison to other methods that utilise contact or non-contact 

measurement. However, within Durham University, there are facilities for contact 

measurement using laser systems. The particular system employed uses a tracking 

laser scanner to track a special trackball. As access to this facility could be 

guaranteed and the data output generated from this approach more sophisticated and 

detailed then either the hand measurement or CMM approach, it was decided to 

utilise trackball laser scanning as the initial measurement method. 

The laser scanning system used in this phase of the experiment was manufactured by 

Leica. In this system a fixed base transmits a laser from a rotating head, which is the 

emitter. The beam from the laser is used to measure parts by using special tracking 

devices. ln this case, a track ball was utilised, which contains a small reflective 

prism to return the laser to the main scanning unit where the receiving sensor is 

mounted. The unit then computes from the returned signal a position in space for the 

trackball at that time. The benefit of this type of system is that is can scan a full 360° 

area around the base unit, and depending upon the power of the laser source it is 

capable of scanning large areas and also smaller samples such as the plates 

employed here. Figure 3.9 shows the set-up used to scan the samples from the 

experiment, with the Laser scanner a distance away from the objects to be measured, 

which are mounted in a fixed orientation on a measurement table. The trackball is 

then moved around the surface and the edges of the component in order to generate 

the 3D point cloud of scan data. The unit outputs the cloud data in the format of a 

list of points each with an individual x, y and z co-ordinate in space relative to the 

position of the scanner. 

78 

Predicting Weld Distortion in the Design of Automotive Components 
Roger O'Brien, MSc Thesis, March2007 



Figure 3.9: Arrangement and set-up for track ball laser scanning process 

3.6.2 Limitations and Shortcomings of Initial Measurements 

The plates were all scanned both pnor to welding and after welding usmg the 

arrangement shown in Figure 3.9. Whilst the procedure itself was relatively straight 

forward some problems were observed once post-processing ofthe data commenced. 

When the object is scanned in this method the actual position the system records is 

the point at the centre of the trackball, rather than the point on the surface of the 

plate. Therefore all of the data has to be translated to allow for the known dimension 

from the trackball to the measured objects surface, due to this offset. In addition as 

the trackball is round then to measure edges and surfaces whilst maintaining 

orientation to the scanning unit the trackball must be mounted in holders. The 

trackball sits into this holder on a ball bearing racer to allow free movement, but as 

the holder itself has a relatively large dimension in comparison to the dimension of 

the feature to be measured then it is possible for some Joss of accuracy to occur. 

This can be seen in Figure 3 .l 0 which shows the trackball mounted in holder for 

surface scanning. The base of the holder is flat and the surface it is being used to 

scan is curved therefore there is an access limitation and it is not able to truly get a 

full definition of the surface to be measured. Also the size of this holder limits 

access into certain features, and clearly access to measure close to the weld is 
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restricted by this. For edge scanning the stepped holder can be seen, shown upside 

down, in Figure 3.10 also. Using this edge holder then not only do the dimensions 

need adjusting for the height to the trackball centre but also for the offset caused by 

the stepped spigot that is used to track along the edge. 

Figure 3.10: Track ball and holders used in scanning process 

In Figure 3.10 it is clear to see the flat bottom surface and how this will approximate 

the curved surface due to its relative dimension in relation to the small curvature of 

the surface. 

The addition of all of these offsets greatly adds to the complexity of post processing 

the cloud data after collection. Each cloud needs to be read into the appropriate 

software package and then the edges offset in order to compensate for the presence 

of the spigot, before the surface and edges are offset to allow for relative dimensions 

between each of the holders. As the plates to be scanned do not exactly lie in a 

plane, then each plate must be processed and offset individually in 3 dimensions 

using CAD. Whilst this is a relatively straightforward exercise for the regularly 
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shaped pre-weld plates, albeit a time consuming one, it is a much more complex 

problem for the distorted welded samples. In addition, as will be discussed later then 

the relatively sparse surface data meant using the post processing software to 

generate representations of the curved surfaces was not producing smooth surfaces 

but rippled surfaces due to the spacing of the data. Therefore it was decided a better 

and more efficient method was needed for measuring the post weld samples. 

3.6.3 Revised Measurement Methods and Procedures 

Having found the problems associated with processing the data output from contact 

scanning processes then it was decided an alternative approach was needed. In order 

to accurately capture the full surface geometry of the distorted welded plates then it 

was necessary to use a method of data capture utilising a far higher number of 

points. The decision was made that non-contact laser scanning was the most time 

effective and cost efficient way to capture this data to the quality needed to the 

provide distortion results. 

The system utilised is one that the case study company employ for surface scanning 

parts on an occasional basis in its production situations. Therefore the approach 

again fitted with the experience of the case study company's methods. The scanning 

was undertaken using a non contact laser scanning system developed by Faro. This 

was mounted onto a portable CMM arm to manipulate the scanning head around the 

part to be inspected. The system works in a very similar way to the track ball 

method however in this case there is no prism in a trackball to ret1ect the beam back 

from the source to the emitter. Instead the beam ret1ects back off the part, which 

means that the range of the scanner is greatly reduced, in this case the scanning head 

needs to be within around 1 OOmm of the part surface. The point cloud is built up by 

making multiple passes of the laser head over the part until all areas of the inspected 

part have been fully covered. 

The resultant point cloud is then an actual representation of the surface of the 

scanned part and requires no further offsetting or manipulation in order to be worked 
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with or for measurement to be taken. A sample point cloud from a scan of one of the 

welded components can be seen in Figure 3.11. 

Curenl PoOl!•· 1.527.346 
Setectedf'on~ 1.527.346 

II 

Figure 3.11: Typical point cloud frpm non contact laser scanning process (butt weld 

sample) 

3.7 Summary 

This chapter has discussed how the experiment to investigate the parameters and 

variables associ'ated with weld distortion was designed to enable this· to be carried 

out in a controlled and repeatable manner. The main objective of the experiment 

being tp build and analys_e simple representative w~h:led joint parts to evaluate and 

understand the general magnitude and direction of distortion under different 

variables to give greater understanding of these effects ·On real pm1s. The work 
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undertaken to design both the test fixtures and specimens to be representative to the 

needs of the case study company has been documented. It has been shown how the 

fixture developed for this investigation has been designed with consideration for 

expanding the study in future to consider other joints of different geometry or 

dimensions. The experimental procedure used for this investigation has been 

documented and discussed in detail, along with an explanation of the methods used 

to measure and analyse the samples resulting from this series of investigations. The 

differing measurement methods used throughout the analysis of the results of the 

investigation have been discussed so that they can be understood prior to their 

application to the experimental results. Chapter 4 discusses how these measurement 

methods are subsequently used to investigate the results before presenting the results 

themselves. 

83 

Predicting Weld Distortion in tlte Design of Automotive Components 
Roger O'Brien, MSc Thesis, Marclr2007 



Chapter 4: Results and Investigations 
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4.1 Introduction to the Results and Investigations 

This chapter presents the results from the experimental investigations undertaken on 

both the bead on plate weld samples and the butt weld samples. A brief description 

of the measurements schema and how this was used to process the results is 

presented. This is then followed with detailed information about the welding 

distortion results. Firstly a general assessment of the welds is undertaken by both 

visual examination and destructive sectioning to allow macro investigations and 

micro hardness assessments to be undertaken. The subsequent sections then present 

the experimental results from each of the two sample types. These are set out to 

examine the detailed profiles and distortions occurring in a general plate from the 

sample range. Then the effects of varying speed on a constant thickness are 

examined, before then studying the effects of varying thickness on constant speed. 

Finally for each sample a summary of the full effects and trends from varying both 

of the experimental factors of speed and thickness is presented. Finally the chapter is 

summarised and the main conclusions presented. 

4.2 Measurement Procedure and Method 

In Chapter 3, the measurement method was discussed in detail. In this section the 

processing of the relevant measured results is discussed to aid understanding of the 

results presented and where these have been generated from. 

The pre weld data collected via the track ball laser scanner had to be read into a 3D 

CAD package for each pre-weld plate. This was due to the limitations of the output 

from this scanner only being able to output raw point clouds in x,y,z data. This first 

had to be converted to IGES then read into the CAD package in order to be 

manipulated. The pre weld scan picked up the edges of the plate but due to using a 

track ball this data had to be manipulated to account for the dimensions of the track 

ball before it could be used. The edges of each plate had to be offset by the 

appropriate dimension to account for the trackball measurement method. Then the 

points along each edge could be processed to best fit a straight line to represent the 
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plate edge through these points. Again because of the limitations of track ball 

measurement the scan was not possible to capture the full edges of the plates and 

intersect at the comers. Therefore the constructed edges had to be extended in the 

CAD package so they could intersect, then they were trimmed to find the true comer 

positions of the pre weld plates. Once this was done then the dimensions could be 

accurately measured on the CAD package. The processed point cloud for a typical 

example plate can be seen in Figure 4.1(a), the offset edges can be clearly seen, 

relative to the final trimmed CAD generated surface. 

Within the CAD package it was also possible to determine the maximum scatter on 

the surface points collected on the top face of the pre weld sample plate. These 

generally lay in a plate with a scatter about the average of the surface height. 

However in order to decide if the pre weld flatness would significantly contribute to 

the post weld dimensions a calculation of curvature had to be undertaken. In order to 

ensure this accounted for the worst case deviation then the extreme point dimensions 

were taken and assumed to be occurring at the edge and centre of the plate therefore 

providing a worst case possible for a radius of curvature along the plate. A sample 

calculation for this radius of curvature is presented below to illustrate how this was 

calculated for the pre weld plate: 

From the measured data the maximum point deviation was found to be 0.08 mm. 

The plate length is nominally 350mm and plate width is 150mm. If it is assumed that 

the maximum deviation occurs at plate edges and middle of plate to give maximum 

curvature then the radius of curvature can be calculated using the following method. 

For segment of a circle the radius, r = (h/2 + s2/8h), from geometry based on 

Pythagoras, where h represents the height of the curved portion of the segment, and 

s is the width of the segment. So in our case, along the length of the plate h = 0.08 

and s = 350. Applying this in the equation it is possible to calculate the radius as 

follows: 

r = (0.08/2) + (3502/8x0.08). 

From this the radius of curvature along the length of the plate is found to be: 

r = 191 406.29mm along length of plate; 
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If the same calculation is also conducted across the plate then for that case h = 0.08 

and s =150, and therefore r= 35 156.29mm across width of plate. 

All of the pre weld plates were found typically to have maximum deviation of the 

surface points of up to O.lmm. Therefore when compared to the post weld 

dimensions as will be seen later then there is a significant difference in the scale of 

the dimensions in the range of 2-3 orders of magnitude therefore on this assumption 

the individual effects of the pre weld curvature have been neglected from the post 

weld analysis as it can be seen that in this case the pre weld flatness is consistent and 

small enough not to effect greatly the post weld results. 

Due to the complex processing, by using a contact ball scanner in the pre weld 

plates, a relatively sparse point cloud was generated. Figure 4.1(a) shows an 

illustration of this point cloud. Along with the access restrictions (cannot scan 

exactly at the weld) then as discussed previously a decision was taken to process the 

post weld scans using a non contact measurement method using a 3D laser scanner. 

The benefit being that this data could be read directly into a post-processing package 

or CAD system and worked on directly with the need for further manipulation, and 

would also provide a much better resolution. The resolution on a post weld scan can 

clearly be seen in Figure 4.1 (b) which shows a close up on the point cloud data 

collected on a butt weld sample near to the weld. Comparison between the two 

clouds in Figures 4.1 (a) and 4.1 (b) shows the far greater resolution available from 

the laser scanner over the trackball method and avoids inducing further etTors in post 

processing by any errors that may occur in best fitting splines and surfaces through 

the trackball point cloud. Indeed on attempting to manipulate the trackball point 

cloud it was found that small inconsistencies occuned in the NURBS splines and 

surfaces fitted through the data making accuracy of the results from this method not 

suitable for measuring the degree of distortions produced in the welded samples. 

The fitted curves and surfaces to the trackball data showed minor irregularities 

which gave the surfaces a rippled effect due to the low cloud density. 

The data from the laser scan is collected in a series of individual stripes which are of 

narrow width. Therefore multiple passes of the laser need to be made over the plates 
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to capture data across the whole plates as described in Chapter 3. The multiple 

overlapping stripes can be seen quite clearly Figure 4.1 (b). In this exercise it was 

important to ensure that the ~dge of th~ plate as well as the top surface was scanned 

and captured to allow the necessary processing and measurement to take place as 

accurately as possible. 

I 

Figure 4.l(a): Typical point cloud generated using a track ball laser scanner (pre-

weld plate) 

Fi~ure 4.1 (b): Close up of point cl 

sample) 

scanner (butt weld 
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To process the point cloud the post weld samples were each cut at pre determined 

sections across the length and the width, i.e. parallel and transverse to the weld 

direction. In the length direction the measurements were taken every 50mm, and in 

the transverse direction the measurements were taken 9mm either side of the weld 

centreline and then twice more either side, at+/- 25 and 50mm for the bead on plate 

samples and 50 and 1 OOmrn for the butt weld samples. This provided a manageable 

amount of data that could be processed and interpreted in a timely manner. 

Measurements were not taken exactly on the weld centreline and immediately 

adjacent to the weld to ensure the accuracy of the measured results, especially for 

calculating the curvature results. 

The dimensions from each section were then fed into a spread sheet and individual 

plate reports containing data, tables, results and diagrams generated. These could 

then also be compared for plates at the same speed and thickness, and also averaged 

across the weld samples for each factor position. This allowed a comprehensive 

understanding of the different distortions to be developed which is presented in the 

following sections of this chapter. The transverse and longitudinal dimensions could 

be gathered by direct measurement for the point cloud in the post processing 

software. The angles were measured by averaging a best fit line through the points 

on either side of the weld in a transverse section and then measuring between these 

two best fit lines. The radius of curvature was measured by developing a best fit 

curve through the points on the top surface of a longitudinal, or transverse, section 

and then using this to determine the radius by direct measurement in the post 

processing CAD software. Examples of these typical measured dimensions on a 

single scan section are shown in Figure 4.2. Appendix II contains some examples of 

the reports generated for each of the individual plate samples. 
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Dimension 20: 50MM FROM PLANE 2 

I(D1) R 2172.3981 

L 
•••-•- .............. -·~~ ...,._ --· I 

l 

ltD2) 300 .0501 -

Units· mm 

.Snm~ 1\IPnsu.-.d .Sonilunl tn~'1ntiou Tolnnur~ + Tolnnuc~-

Dl 2172.398 2172.398 0.000 

02 300.050 300.000 o.oso 

Figure 4.2: Typical section analysis on data point cloud (transverse section shown) 

4.3 Weld Macro Study 

In order to fully investigate the weld types identified, as part ofthe investigation it is 

necessary to -carry out _a Q_~tailed weld macrogr~ph study and hardness investig~~ion. 

This investigation will provide detailed information about the welds. It will also 

ensure that the welds, rather than just visually looking like a production quality weld 

.on the surface, conform to the requirements and standards of the case study 

company in terms of properties such as penetration, fusion, undercut, and weld 

dimensions. It is also possible from these destructive cut ups to assess the properties 

of the weld material in the various zones of the weld to observe the metallurgical 

changes that have t?k_en place as a result of the welding operation. 
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It may be possible in future to use the results of this investigation to ensure 

correlation of future modelling efforts to simulate the weld production process, 

whereby not only can the distortions be calibrated but also the dimensions of the 

fusion zone and HAZ are compared and correlated. 

For each of the sample speeds, weld types and material thicknesses a typical post 

weld sample was selected to undergo the destructive investigation. The samples 

were cut in the transverse direction at the position that corresponds to the measured 

positions used in the measurement exercise reported in the subsequent sections of 

Chapter 4. Six transverse cuts were therefore made at positions 50,100, 150, 200, 

250, and 300mm along the weld direction. 

Each section was then examined to determine the dimensions of the weld and this 

was tabulated and recorded for use in future calculations to assist correlation to the 

current published predictive formulas that exist. 

4.3.1 Bead on Plate Sample Macros 

The bead on plate welds were subjected to visual examination prior to cut up. The 

weld appeared to be of a consistent high quality, and showed no significant 

undercut. However it could be observed that on the 2mm samples and also the 

2.5mm at the slower weld speeds, when the parameters of the weld were at their 

limit, the weld was beginning to burn through the plate toward the last 20-30mm of 

the weld run. 

For the discussion here a typical set of weld cut ups is chosen to look at in detail. 

The full results and photos from an example of each type of cut up are shown in 

Appendix I. 

The results presented here are from plate sample 41 which was a 2mm thick bead on 

plate sample. This was welded at 700mm/min, which was the slowest weld speed 

used in the experiment and therefore the greatest heat input. 
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The dimensions measured at each section from the weld run are shown in Table 4.1. 

Table 4.1: Illustrative bead on plate weld dimensions from macro study 

Position along 
weld (In mm) 50 100 150 200 250 300 

Bead on plate (ref plate samples 2.0mm plates 41 @ 700mmlmin) 
Note: XSA refers to weld cross section 

area 

H 1.7 1.5 1.5 2 1.7 2.1 

p 0.9 0.7 0.7 1.1 2.1 

H l 
0

_l H 

1~-y= f I 

w 6.4 5.9 5.9 6.2 5.9 5.5 

XSA 5.4 4.8 4.5 5:6 6.2 7.2 

From Table 4.1 it can be seen that the weld dimensions are relatively stable, 

penetration of the weld into the parent plate is typically around 35 to 50% of the 

material thickness. However as can be seen from the section at 300mm the residual 

heat build up occurring from the welding process is begiiming to affect the stability 

of the plate and at this point full depth penetration is beginning to occur. As was 

observed in the full sample shortly after this section then bum through occurred in 

the plate and the process broke down. The bum through can be seen ·in Figure 4.3, 

which was.taken prior to the cut up. 

Figure 4.3: Picture of2.0mm plate showing burn through at end ofweldrun 
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An additional investigation was undertaken to determine the hardening effects of 

the weld on the material and to assist in the determination of the range of each 

region across the weld. The section for the macro study was fine polished prior to 

the hardness study. The photograph of section used for the study, shown in 

Figure 4.4, taken at magnification clearly shows the different metallurgical regions 

created by the weld process. 

Figure 4.4: Fine polished section showing metallurgical regions (bead on plate) 

The results of this hardness investigation are shown in Table 4.2 . The hardness study 

was undertaken using the Vickers micro hardness method; this was dohe using a 

300g load on the indenter. Readings were taken at O.Smm intervals from the centre 

of the weld out over towards the edge of the plate. It can be seen from the change in 

mechanical properties that metallurgical changes have taken place in the various 

regions of the weld. From- the value of hardness reference to the parent plate it is 

possible to say into which region the readings fall. The hardness study was 

undertaken at a section close to the middle of the weld nn) in order to ensure any 

start and end effects did not influence the results. Therefore the hardness study was 

taken at the section cut at 150mm along the plate. 
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Table 4.2: Hardness study results for bead on plate 

Bead on plate 
2.0mm 700mmlmin 

Poslton Descri tion Micro Hardnesss 
1 Weld 235 
2 Weld 219 
3 Weld 216 
4 Weld 212 
5 Haz 176 
6 Parent 162 
7 Parent 171 
8 Parent 157 
9 Parent 162 
10 Parent 158 
11 Parent 161 
12 Parent 156 

In addition to carrying out the dimensional and hardness study, additional high 

magnification images were taken to look at the grain structure and composition of 

the various regions within the weld. These images are shown in Figure 4.5. 

(a) Weld Metal Zone (b) Inner HAZ showing fusion line 

(c) HAZ (d) Parent Metal 
All images taken using 200x magn(fication 

Figure 4.5: Weld microstructure images for bead on plate sample 
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The first image shows the grain structure in the weld itself. This is clearly very 

different in its structure and grain form from that of the base parent metal or even 

the HAZ, the weld material has much more of an Austentic grain form. The second 

image clearly shows the transition from the weld material into the fusion zone and 

the inner heat affected zone. The heat affected zone exhibits a larger and coarser 

grain structure than that of the base parent metal matrix. This is due to the formation 

of Martensite, and the longer and slightly narrower grain shape associated with 

Matrensite is in the image. The parent metal can be seen in this figure to exhibit the 

typical fine grain ferrite structure associated with High Strength Low Alloy Carbon 

steels. The structure is almost pure ferrite, and it can be seen clearly to show the fine 

dispersion of the alloy carbides as Pearlite, which is present in the image as the dark 

dots in the ferrite matrix. It is the fine grain structure of the ferrite, combined with 

the presence of some Pearlite that gives these steels their strength. 

4.3.2 Butt Weld Sample Macros 

The butt weld samples were also subjected to visual examination prior to cut up. The 

weld again appeared to be of a consistent high quality, and showed no significant 

undercut. However again it could be observed that on the 2mm samples at the 

slower weld speeds, when the parameters of the weld were at their limit, the weld 

was beginning to burn through the plate toward the very end of the weld run. The 

burn through was much less evident than on the bead on plate samples and did not 

occur at 2.5mm. This may well be due to the fact that there is now twice the volume 

of plate present so a far greater heat sink and the residual heat effects that lead to the 

previous heat build up do not happen as quickly due to the increase in volume of the 

metal present in this joint configuration. 

For the discussion here a typical set of weld cut ups is chosen to look at in detail. 

The full results and photos from an example of each type of cut up are shown in 

Appendix I. 
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The results presented here are from plate samples 1 .and 1 A which are a 2.5mm thick 

butt weld sample. This was welded at 700mm/min, which was the slowest weld 

speed used in the experiment and therefore the greatest heat input. 

The dimensions measured at each section from the weld run are shown in Table 4.3. 

Table 4.3: Illustrative butt weld ~ dimensions from macro study 

Position along 
weld (in mm) 50 200 250 300 

BuH weld (ref plate samples 2.5mm plates 1/1A@ 700mm/min) 
Note: XSA refers to weld cross section 

area 

7.2 7.1 7 7.2 6.3 

H 2.3 2.4 2.2 2.3 2.3 2.9 

p 2.6 2.6 2.6 2.6 2.6 2.6 

Gap 0 0 0 0 0 0 

XSA 10.6 10.7 10 9:8 11.8 15.3 

From 'Fable 4.3 it can be seen that the weld dimensions are relatively stable, 

penetration of the. weld is around l 00% of the material thickness of the base 

material, in fact showing a very slight amount of over penetration. This is dueto .the 

speed for welding being the slowest speed in this triali and therefore maximum heat 

input, however in all ·cases the btitt welds provide high levels .of penetration. This is 

perhaps not surprising as the parameters were selected based on the case study 

company's production settings, and their ·internal specification is to achieve greater 

than 85% penetration on butt welds. 

An additional investigation was undertaken to determine the hardening e:fifects of the 

weld on the material and to assist in 1the determination of the range ofeach region 

across the weld. The section for the macro study was fine polished prior: to the 

hardness study. The photograph of section used fm: the study, shown in Figure 4.6, 

taken at magnification clearly shows the different metallurgical regions created by 

the weld process. 
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Figure 4.6: Fine polished section showing metallurgical regions (butt weld) 

The results ofthis hardness investigation are shown in Table 4.4. The hardness study 

was undertaken using the Vickers micro hardness method, this was done using a 

300g load on the indenter. Readings were taken at 0.5mm intervals from the centre 

ofthe weld out over towards the edge of the plate. It can be seen from the change in 

mechanical properties that metallurgical changes have taken place in the various 

regions of the weld. From the value of hardness reference to the parent plate it is 

possible to say into which region the readings fall. The hardness study was 

undertaken at a section close to the middle of the weld run in order to ensure any 

stati and end effects did not influence the results. Therefore the hardness study was 

taken at the section cut at 150mm along the plate. 
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Table 4.4: Hardness study results for butt weld 

Butt 
2.5mm 700mmlmin Micrograph for hardness indent itions 

Positon Micro Hardnesss 
1 Weld 222 
2 Weld 224 
3 FL 121 
4 Haz 189 
5 Haz 181 
6 Haz 173 
7 Haz 170 
8 Parent 164 
9 Parent 161 
10 Parent 169 
11 Parent 173 
12 Parent 174 
13 Parent 168 
14 Parent 169 

Finally after carrymg out the dimensional and hardness study, additional high 

magnification images were taken to look at the gain structure and composition of the 

various regions within the weld. These images are shown in Figure 4.7. 

(a) Weld Metal Zone (b) Inner HAZ showing fusion line 

(c) HAZ (d) Parent Metal 
All images taken using 200x magnification 

Figure 4.7: Weld microstructure images for butt weld sample 

98 

Predicting Weld Distortion in tile Design of Automotil•e Components 
Roger O'Brien, MSc Thesis, Marc112007 



The first image shows the grain structure in the weld itself. Again it is clearly very 

different in its structure and grain form from that of the base parent metal or even 

the HAZ, the weld material has much more of an Austentic grain form. The second 

image shows the transition from the weld material into the fusion zone and the inner 

heat affected zone. The heat affected zone exhibits a larger and coarser grain 

structure than that of the base parent metal matrix. This is due to the formation of 

Martensite, and the longer and slightly narrower grain shape associated with 

Matrensite is in the image. The parent metal can be seen in this figure to exhibit the 

typical fine grain ferrite structure associated with High Strength Low Alloy Carbon 

steels. 

Note: - Additionally it should be noted that a similar exercise was undertaken on the 

joint designed to investigate the fillet/tee weld configuration, and whilst this joint 

type does not form part of this report, due to the volume of data generated from the 

two basic joint types, then the investigation is mentioned and included in Appendix 

I, for completeness. This joint will be subject of a separate future report and 

investigation. 

4.4 Bead on Plate Distortion Study 

4.4.1 Individual Bead on Plate Samples and Results 

In this section the basic profiles from a single bead on plate weld test sample will be 

discussed. An example of the typical post welded condition of a bead on plate 

sample is shown in Figure 4.8 to assist with the discussion and understanding of the 

results presented here and in subsequent sections. 
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Figure 4.8: Image of welded bead on plate sample 

For the purposes of this part of the report the sample chosen is a mid-range sample 

from the· variables under investigation. Therefore the profiles reported here can be 

deemed to be typical and indicative of those arising from the bead on plate 

specimens. The sample that has been used for this section of the report is 2.5mm 

thick plate which has been welded at 1 OOOmm/min weld speed. The typical 

measured results were recorded and inserted into the Excel spreadsheet using the. 

method previously described in Section 4.2. These results for the plate qiscussed in 

this section are shown in Table 4.5 for illustrative purposes. 

Due to the volume of data available for each specimen ~hen it is not possible to 

discuss each individttal plate in exact detail but sample summary data of the 

experimental' results and outcomes for these plates are included for completeness in 

Appendix II. 
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Firstly, was considered the longitudinal shrinkage occurring. in this bead on plate 

sample. The graph showing the results for this sample can be seen in Figure 4.9. It 

can be seen thl:lt peak shrinkage in the longitudinal direction occurs close to or at the 

centreline of the weld, with the· lowest shrinkage occurring at the edges of the plate 

which are the furthest from the weld itself. Considering the profile and distribution, 

it appears quite uniform and regular. From the measured results. it can be seen that 

there is a maximum value occurring which is in the region of0.7 to 0.8mm. Because 

the shrinkage was not measured and calculated exactly at centre line of the weld 

then this precise point on the peak of the distortion cannot be positioned, based on 

the curve fitting through these results. The variation in results from the centre line of 

the weld to the extremes of the plate does appear to be regular and fairly uniform 

either side of the weld and it could also be possible to define a parabolic distribution 

that could be. fitted through these points. In order to determine the precise form of 

the distortion distribution then far more points and measurements would need to he 

taken. 
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Figure 4.9: Variation of longitudinal distortion for typical bead on plate sample 

The overall results for longitudinal shrinkage would appear to make sense in that the 

peak shrinkage is. occurring at the weld line where the most physical changes are 
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occurring to the parent material. This reduces as the measurements move away from 

the effects of the heat and material changes. However some shrinkage will still occur 

as an effect of the weld due to the residual forces establi~hed in the plate as a result 

of the temperature changes that occur. 
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Figure 4.10: Variation of transverse distortion for typical bead on plate s<unple 

Next to be considered is the transverse shrinkage, the results for this can be seen in 

Figure 4.10 showing the variation of the width of. the pl_ate for this typical bead on 

plate sample. From the distribution of these results it is possible to see that the 

lowest transverse shrinkage occurs at the start of the weld . This would appear to 

make sense as it is the area where there will have been least heat input and build up. 

As the weld progresses along its full length there will be a build up of heat in the 

material in the plate. This would appear to be in line with the increase in tran_svt;;rse 

shrinkage that occurs as the welding torch moves along the plate in welding it. Once 

the weld is established and moving at speed then a moving temperature tield will 

develop during th~ weld phase. This develops a transient temperature field in the 

plate, but will tend to a steady state during the cooling process. The other points 

away from the weld start would appear to lie within this steady state field region . 

Therefore if the start effects can be considered to be removed the other points taken 
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along the length of the sample give a. measure of transverse shrinkage. In the case 

examined here it can be seen that these all lie within less than +/-1 0 percent of each 

other. Therefore it could be stated that under steady-state conditions of welding an 

almost uniform transverse shrinkage is occurring in the plate. This transverse 

shrinkage can be seen to be being in th~ region of0.75mm and with a scatter on this 

being less than 10 percent. It would therefore be possible to describe this profile is 

having a straight line average shrinkage in the transverse direction to the weld line. 
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Figure 4.11: Variation of angular distortion for typical bead on plate sample 

The next factor that will be considered is the ch_ange in angular distortion along the 

length of the weld. The angular distortion is measured either side of the weld I ine as 

previously described in this chapter. A graph showing the change in angular 

distortion over the_ length of the plate is shown in Figure 4.11 . Here it can be seen 

that towards the start of the weld there is a slightly lower angular distortion. It is 

possible to surmise that this could be due to the build up of the heat inpl)t at the start 

of the weld when considered over the whole plate. Again, as in the transverse 

shrinkage case, as the heat in the plate builds up and so the angular distortion 

increases. However- ditTerently to transverse shrinkage it would appear that the 
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angular distortion actually reduces again as the· weld length increases. This could in 

part be due to increased stiffness of the overall system due to the build-up of the 

weld and addition of material which would therefore reduce very slightly the angular 

distortion. However in the bead on plate samples it is unlikely that the addition of 

the weld significantly increases the stiffness of the resultant base piate when 

compared to weld joints such as butt weld or overlap, where the joining of the two 

plates will dramatically increase stiffness. Therefore it might be expected that in 

other sample results bigger changes in angular distortion may he observed due to the 

increased stiffness upon welding of the system if this belief is correct. However, it is 

of particular note that most of the measured values are relatively small and from the 

results acc.urate measurement is .quite difficult. This is due to having 'to best fit 

straight lines through the point Cloud either side· of the weld and so the results could 

be sensitive to minor C1Jrve fitting errors. 
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Figure 4.12: Variation of bowing distortion for typical bead on plate sample 

The final factor that will be considered and discussed is longitudinal curvature, or 

bowing of the plate, for the bead on plate weld sample. The graph showing the 

change to longitudinal curvature over the width of the sample can be seen in 

Figure 4.12. From these results it can be seen that highest value of curvature occurs 
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close to the weld and decreases as it moves towards the edges of the plate. This is 

possibly due to a stiffness effect as the flexibility of the plate will be greater at edges 

than it is in the centre. It needs to be noted that a smaller radius of curvature 

indicates greater degree of bowing, and that the larger the radius of curvature the 

closer the part is to been flat. Comparison to the pre welded bowing calculations for 

curvature of the plate show that there is a significant difference in the longitudinal 

bowing figures, ~ 1800 for welded plate versus ~ 19200 for pre-weld plate. Therefore 

as the bowing in the welded samples is in the order of 100 times greater than the pre 

weld plates it is safe to discount the influence of the pre weld curvature in the 

experimental results without significantly compromising the experimental analysis 

results. If the range of results across the whole plate is looked at these values are all 

very close to each other. In this particular sample the radius of curvature ranges only 

from approximately 1730mm to 1820mm and therefore for the sample considered 

here all these results actually lie within 5% of one another. It could therefore be 

stated that longitudinal bowing distortion is uniform across the plate with some 

scatter due to the slight geometry variations in relation to the weld at each different 

position. Therefore for future distortion prediction it may be possible to calculate 

and state one single bowing factor that can be applied across a whole plate for a 

bead on plate sample. 

4.4.2 The Effect of Varying Speed on Bead on Plate Samples and Results 

Having looked at the effects of the welding on the distortion profiles for an 

individual plate it is now possible to move on to look at the effect of other 

parameters. Firstly, it is possible to look at the effect of varying the weld speed 

whilst holding that the material thickness constant. This investigation will look at 

averaged results for each speed and compare distortions to make generalised 

assessments for the effects of varying speed. Having previously looked at an 

individual 2.5mm thick plates distortions these will now be used as a baseline to 

investigate the effect of increasing and decreasing the weld speed on the distortion 

results from this thickness of plate. 
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The first output to be considered is longitudinal shrinkage. This having been seen 

previously on the individual plates that to have occurred at a maximum near to the 

weld line and decreased toward_s the edges of the plate, Now considering the effects 

of increased and decreased weld speed above and below the previous sample, it can 

be seen from the graph in Figure 4.13 which compares the average results fQr the 

longitudinal shrinkage for the three different weld speeds used in this experiment on 

the 2.5mm thick bead on plate samples, that increasing weld speed decreases the 

overall longitudinal shrinkage that is occurring whilst reducing the weld: speed 

increases the overall distortion values. 

Average Y Length Change for 2.5mm Thick material 
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Figure 4.13: Variation of longitudinal distortion for varying speed (bead on plate) 

On the full range of samples at different speeds it can "be seen from the results that 

the peak distortion for longitudinal. shrinkage always occurs at the weld line and is 

considerably less-at the free edges of the plate. Based mi resl.tlts presented here then 

generally the distortions on either side of the. weld line are equal and seemed to 

follow a bro~dly linef}r relations_hip, b_ased on the number ofmeasured points. The 

slowest weld speed at 700mm/min will generate the most heat input into the plate 

that has been welded whilst the higher weld speeds will proportionally put in less 
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heat input. From the graph in Figure 4.13 it is therefore clearly evident that 

increasing speed decreases longitudinal shrinkage which must mainly be attributed 

to the reduction in heat input per unit length as weld speed increase~. At the fastest 

weld speeds very little .distortion is occurring at the edges of the plate. 
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Figure 4.14: Variation of transverse distortion for varying speed (bead .on plate) 

350 

The next to be c.onsidered is the effects of weld speed ori the transverse shrinkage, as 

shown in the graph in Figure 4.14. Again as was the case in the individual plate in 

all instances the lowest transverse shrinkage occurs at start of the w~ld as the h~at i~ 

building up in the. 'plate. Once the heat has built up in .the plate then consistent 

transverse shrinkage appears to occur over the remainder of the plate length. 

Althol,lgh al~o it COl1ld be argt1ed tha~ this transverse s_hrinkage also reduces towards 

the end of the plate as the heat input stops, creating an .end effect at the end of the 

weld. However all three average curves follow the similar general profile of 

uniformly consistent. transverse shrinkage with the results being very closely packed 

and showing little vari'ation in H1agnitude once the steady-state conditions away 

from the start effects have been established. As i~ the case with the. longitJldinal 

shrinkage, then for transverse shrinkage also, the maximum distot1ion is occurring at 
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the slowest weld speed; the slowest weld speed corresponding to the maximum heat 

input. Likewise also the lowest distortion is occurring for the highest weld speed. In 

this particular case for· 2.5mm thick material then the curves appear at relatively 

evenly spaced proportional to the change in weld speed. Again these cases would 

substantiate the fact that transverse distortion could be approximateci and calculated 

by a single uniform value over the width of a component which would allow for a 

designer to make an estimation and allowance to improve the accuracy and 

production readiness of~ design. 
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Figure 4. 15 : Variation of angular distortion for varying speed (bead on plate) 

The next distortion that is considered i~ the effect of changing speed f9r a c9nstant 

thickness plate on the angular distortion. The results for this investigation are 

presented as a summary in Figure 4.15. Looking at these results it is clear that for 

the · ~lower weld speeds of 700 and 1 OOOmm/min· there is very little difference in th~ 

angular distm1ion results. The 1300mm/min weld speed results gave a very similar 

profile to the two previous results, however in that case all the angular distortions do 

appear to be slightly reduced which -vvould be in keeping with the reduced heat iil.put 

occurring from a higher weld speed. It is· known that the case study company targets 
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high penetration values in their welding processes. Previous work by other 

researchers, including Mischler (1989), as discussed in section 2.3.3, have indeed 

shown that the effects of heat input in relation to angular change can be quite 

different from what would be expected from the previous results for the other 

distortion types. The welding current and speed are closely related factors, and it has 

been shown that up to a certain point increasing current is directly proportional to 

increase in distortion. However when this increasing the current results in a deeper 

penetration weld, then in the case of angular distortion, the increased current may 

result in reduced distortion. It is therefore from considering the above results then 

such effects as this could be part of the explanation for the findings are shown that in 

Figure 4.15. This is due to the case study company targeting a high penetration weld 

and therefore the penetration depth having greater influence over the angular 

distortion. Indeed it may be that the 1300mm/min weld speed is perhaps above the 

threshold and therefore reduced heat input also resulting in the lower distortion 

values. The values found for thinner material in this study would appear to bear this 

finding out in that for the 2.0mm material, which is towards the limit of the process 

values chosen, (as seen by the previously discussed bum through), there is very little 

difference in angular distortion for the three different weld speeds. This is consistent 

with the reasoning that it is due to the relatively high heat input creating deep and 

consistent penetration which is the overriding control on the distortion value. 

Finally in the investigation comparing the change of speed for uniform thickness of 

material, these effects on the radius of curvature in longitudinal direction, or the 

bowing distortion, are considered. The results for the bowing distortion are 

presented in Figure 4.16. Again it is to be noted that in this case the greater the value 

of the radius of curvature than the lesser the distortion is occurring, i.e. a perfectly 

flat plate would have a very large indeed infinite radius of curvature, whereas a plate 

exhibiting a high amount of curvature would have a low radius. Again the series of 

curves appear to demonstrate a general relationship in this series proportional to the 

weld speed. 
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Average ·Radius of Curvature (long It) for 2.5mm Thick material 
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Figure 4.16: Variation of bowing distortion for ·varying speed (b~ad on plate) 

There are some limitations i'n the method used to approximate the radius of 

curvature and these coulg contribute to the s<;att~r on the results. However, as 

discussed in the single plate case if these results are all looked at in detail then 

overall there is very little scatter on the results when com,pared to the base plate 

flatnes~. Therefore it sho_uld be possibl~ to characterise the radius of curvature as a 

single value occurring across the width of the plate which appears to be proportional 

to the weld speed. Therefore, again for simple components perhaps a designer could 

compensate for this and design a pre-bend in order to overcome this effect. 

4.4.3 The Effect of Varying Thickness on Bead on Plate Samples and Results 

In this sectiQI) of the investigation the effect of varying plate thickness on oistortions 

will be discussed whilst holding the welding speed constant. This investigation will 

look at averaged results for each material thickness and compare the ·distortion 

results to make generalised comparisons fot' the effects of varying thickness. Having 

previously looked at an individual 2.5mm thick sample, and the effects of speed, this 
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original plate· will be used as a baseline to investigate the effect of increasing and 

decreasing the plate thickness on the distortion results from this original thickness, 

whilst holding the welding speed constant at 1 OOQmm/min. 

As with the other investigations the first factor to be considered is the effect on the 

longitudinal shrinkage of the plate. The results for this part of the investigation can 

be seen in the graph in Figure 4.17, which compares the longitudinal shrinkage 

based on varying material thickn~ss, Again that it ~an be obs~rved that the pe?k 

longitudinal distortion occurs at the weld centre line: and reduces towards the free 

edges of the plate. It can be. seen that increasing the thickness of the base material 

results in decreasing the longitudinal distortion, which is rypical at all points 

throughout the data set. 

Average Ylength Change for1000mm/min Weld'S'peed 
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Figure 4.17: Variation of longitudinal distortion for varymg thickness (bead on 

plate) 

The decrease in ·distortion wl_th increasing thic:kn~ss will occur at for sev~ral reasons: 

Firstly increasing the thickness immediately increases the cross-sectional area of the 

plate and. hence its !-section, which will directly result in an increase in the plates 
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al;>iiity to withstand' the forces induced by the welding process and therefore-increase 

its ability to inhibit distortion occurring. Also increasing at the thickness of the 

material will increase the volume of metal that is available to act as a heat sink and 

therefore for a constant welding speed the effect of the· heat input is less. 

As the profil~ for longitudinal shrinkage appears more complex than some of the 

other distortion profiles then it will be more difficult for a designer to accurately 

predict or build into their designs. An allowance for longitudinal shrinkage however 

may be able to be made based on the generalised pattern of distortion where the 

maxima occur at the weld centre· line and the minima at the free edges. It may be 

possible to calculate a peak distortion and apply this at the weld centre lin~ with the· 

uniform distribution of distortions to the free edges where it ma_y be assumed limited· 

or no ·distortion occurs. Alternatively, it maybe .suitable to apply an average overall 

l<;mgitudinal shrinkage· compensati0n factQr to the length of the· plate to account for 

the distortion. However, based on the. data presented here this may be too much of a 

simplification to allow accurate compensation for the welding in the design process. 

0.90 

0.80 

0.70 

e 
.§_ 0.60 

~ a .a 0.50 
Ql 

"' ~ 0.40 
"0 
.;; 0.30 
"0 

~ 
0.20 

0.10 

0.00 

0 

Average X Width Change for 1000mm/min Weld Speed 

j--Av@ 2.0 mm thk ---Av.@ 2.5 mm thk --.-Av.@ 3.0 mm thk I 

-
______ ...........--.-____ 

?-~> - ~-..... -..,__ 
~ --.......___ 

.. // / "\_ --
/ / \_ 

I ' I ~ 
.. 

50 100 150 200 250 300 350 

Sec,tlon Position (mml 

Figure 4.18: Variation of transverse q_ist9rtjon tor varying thickness (b~ad on plate) 
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The same general comments and rules about longitudinal distortion can be made 

with respect to the transverse distortion in that increasing the thickness results in 

decrease in transverse distortion. The patterns for transverse distortion lend 

themselves more to apply into a common shrinkage factor in the design phase based 

on the very repeatable values of transverse shrinkage that appear to occur away from 

the ends of the plate where start and stop effects seem to predominate; Figure 4.18 

shows the series of results in graphical form for the transverse shrinkage change 

based on constant weld speed and variant material thickness. 
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Figure 4.19: Variation of angular distortion for varying thickness (bead on plate) 

The angular distortion results for varying material thickness at constant weld speed 

are. shown in Figure 4.19. At first sight these results seem contrary to the effects 

already discussed for the effect of material thickness on transverse and longitudinal 

distortions. It would logically be expected that incr~asing the material thickness 

would result in a section that was more resistant to distortion effects, for the factors 

previously discussed . However as we have previously discussed angular distortion is 

not just dependent on .material thickness but the degree of weld penetration has a 

direct bearing on the angular distortion. It would appear that in the lower thickness 
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materials the greater degree of penetration that has been achieved has more of an 

influence over the resulting angular distortion and effects of thick material' thickness 

change at constant welci speed, for this particular se_t of data. 
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Figure 4.20: Variation ofbowin~ distmiion for varying thickness (bead on plate) 

Finally. in this section the effects-of material thickness on the radius. of curvature in 

the longitudinal direction, or the bowing distortion, are discussed. The graph in 

Figure 4.20. shows the data in this series. Remembering that that the bigger radius 

represents a ·smaller distortion, then again it car1 .be seen at that increasing that 

material thickness at constant weld speed results in reduced bowing distortion·. 

Again, this can be attributed to the increased strength of tlw se<;tion wh.iGh will ac_t to 

resist the distortion effects from the forces and deformations induced in the welding 

process. 
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4.4.4 Bead on Plate - Full Factor Trends 

Having looked at the individual distortion profiles, and having also looked 

separately at the effects of varying weld speed on constant material thickness, and 

varying material thickness whilst holding the weld speed constant, then this section 

will present and discuss the overall effects of varying the both weld speed and 

material thickness on the distortions in order to try and draw out some generalised 

variation trends. 

In order to investigate this further then an average summary for the individual 

material thicknesses and speeds had to be drawn on for each experiment. These 

results are presented in Tables 4.6, 4.7 and 4.8 as averaged results for the bead on 

plate samples for each material thickness at 2.0mm, 2.5mm and 3.0mm thickness. 

These averaged results will then be used to plot trend graphs that can be interpreted 

to identify the significant parameters and the effects they have on the individual 

distortion types. 

Firstly the overall average results for the longitudinal distortion and shrinkage are 

presented in Figure 4.21. Here it can be seen that in order to minimise distortion 

then either increasing the weld speed or increasing the thickness will both have the 

desired effect. Increasing the speed of welding reduces the overall heat input into the 

sample and the overall resulting distortions reduce accordingly. Likewise, increasing 

the material thickness results in an increased cross sectional area and volume 

thereby providing greater resistance to the distortion induced by the forces occurring 

in the welding process. At the same time this is also acting as a bigger heat sink to 

take heat away from the immediate weld area. The results presented in Figure 4.21 

appear to indicate that for this sample increasing that the speed of welding and 

thereby decreasing the heat input as a more significant effect in reducing distortion 

than simply increasing material thickness. However as could clearly be seen 

increasing of both factors act to reduce distortion in the longitudinal direction. 
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Table 4.6: Summary of average results for 2.0mm bead on plate samples 

W.Speed Average OVERALL 1/V:Speed AVerage OVERAll W.Speed Average 
100' section (100) 1000 section 11000)· fJOO section 

mmlmitt results Average mmlmln results Average mmlmln results 

width width width 
change x 1.18 change x 0:75 changex 

(mm ) _tmm ) (nim') 
angle angle angle 

(welil 6.45 (weld 6.63' (weld 
side) side) side) 

lJlmm approx_ approx. approx. 
Radius of 

601 ' Radius of 
609 

Radius of 
qnwture curvature cuMture 

(mm) (mm) (mm) 

Wid_th width width, 
change y 0.8j change y 0.50 

I 
change y 

I 
(mm ) (mm ) (mm ) 
approx. approx. 

I 
approx. 

Radius of. 
1686 

Radius of 1711> 
Radius of 

cuMture curvature I curvature . I (mm) (mr'n) I (mm) 

Table 4.7: Summary of average results for 2.5mm bead on plate samples 

W.Speed Average OVERAll W.SP,eed· Average OVERALL W.Speed Average 
100 section 1700)' 100 ·section 11000) 100 section 

mmlmitt result_s Average mrrlfmin resu~.s Averag_e mmlmin results · 
I I width width width 
) change x 0.9_1 I change x 0.70. ~ change x: 
I (mm ) (mm) (11'\m ) 
) a!Jgle angle angle 
I (weld 7.67 (weld 7.58 (weld I I 

I side) side) side} 
) appro>L approx: approx. 1..Wlm Radius of Radius of Radius of 

curvature 510 
curvature 

525· CUMtura 
(mm) I ' (inm) (mm) 

' width width width 
change y 0.71 I change y 0.43 change y 

(mm ) 
I 

(mm) (mm ) 
' 
I approx. I approx. 

~ a~prox . 
Radius.of 

1720 
R_adius of 

1773 
Ra_dius of 

: curvature ' ' curvature cuMture• 
(mm) : (mm) (mm) 

Table 4.8: Summary of average resuhs for 3.0mm bead on plate ·samples 

Mmm 

W.Speed Average OVERALL W.Speed Aver*ge !oVERAll W.Speed Average 
100 sectiO!l• 1700) 1000 section 11000) '1300 section 

mmlmin results Average mmlmin results Ave~ge mmlmin results 

width ' I width width 
' change x 0.77 change x 0.53 change x 

(mm) (ritm ) (m'ril) 
angle 

I 
angle angle 

(weld 8.65 (weld 8.21. (weld 
side)· side) side) 

approx. _ appro~ _approx, 
Radius of 

492 
Radius of 

542 
Radius.of 

curvature curvature CUf'YStUJel 
(mm). (mm) (mm) 

width width width 
clianiJe 'Y 0;66 c_hange Y. 0.35 change y 

(mm) (mm ) (mm ) 

approx. approx. approx. 
Radius of 

1762 
Radius of 

1822 
Radius of 

c·uMture cirrvati.Jre CUMture 
(mm) (mm) (mm) 
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joVERALL 
11300) 

Average. 

IUO 

6.59 

680 

0.28 

1722 

pvERAl l 
11300) 

Average 

o·.28 

7.04 

701 

0.25· 

1847 

pVERALI.! 
11300) 

~verage 

0.24 

6.19 

758 

0.23 

1899 



From the results· presented for the range of speeds used in this investigation the 

longitudinal distortion is reduced by 20%, 30% and 18% for the 700, 1000 and 1300 

mm/min weld speeds respectively, acro.s_s the material thicknesses in increasing from 

2.0mm to 3.0inm thick. In holding the thickness constant then the longitudinal 

distortions decrease by 66%, 65% and 65% for the respective thicknesses ·of 2.0mm, 

2.5mni and 3.0mm when increasing the welding speed from 700 to· 1300mm/min. 
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Figure 4.21: Trends for longitudinal distortion (bead on ,plate) 
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Increasing thickness also adds weight to any structure. Therefore if strength and 

stitTness requirements can be met at a particular material thickness in a structure 

increasing speed is a rnore effective way to reduce distortion·. This is of .course ·Oh 

.the assumption that weld quality requirements continue to be met by the increased 

weld speeq. 

On consideration of the transverse shrinkage results as shown in Figure 4.22, then 

ve_ry simil(lr trends can be observed as for the longitudinal shrinkage. Again, for this 

particular specimen, then the effect 0f increasing the weld speed appears more 

significant than increasing material thickness in reducing the overall distortion. 

However once again both weld speed and material thickness act to reduce distortion 
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when they are increased. The numerical values presented in these trend graphs can 

be seen in detail in the previous tables mentioned, Tables 4.6 to 4.8 inclusive. 
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Figure 4.22: Trends for transverse di'stortion (bead on plate) 
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From the results presented for the range of speeds us~d in this inv~stigation the 

transverse distortion is reduced by 35%, 29% and 40% for the 700; I 000 and 1300 

mm/min weld speeds respectively, across the material thicknesses in increasing from 

2.0mm to 3.0mm thick. ln holding the thickness constant then the transverse 

distortions decrease by 66%, 69% and 69% for the respective thicknesses ·of 2.0mm, 

2.5mm and 3.0mm when increasing the welding speed from 700 to 1300mm/min. 

These r~duc;:tions are very consistent with the re_duction seen from the longittidinal 

results . 

From these two sets of results it appears that when the thickness is increased for a 

constant weld speed this. gives rise to an average reduction in longitudinal and 

transverse distm1ion of around a third (or 33%) over the range usecl for the 

experiment. The increase in welding speed for a constant thickness gives rise to an 

average reduction of both longitudinal and transverse distortion of around two thirds 

(or 66%) over the range of'speeds considered. 
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The next factor for consideration in the trend analysis is the effect of the parameters 

on angular distortion. The results for the studies are presented in Figure 4.23 

showing the average angular distortion against weld speed and material thickness. 

From this graph it is possible to see that ·on the thinnest material thickness the 

angular distortion is relatively constant. This is in fact due to the higher levels of 

penetration occurring in these weld samples and as discussed previously in this 

chapter higher penetration reduces the overall angular distortion. 
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Figure 4.23 : Trends for angular distortion (bead on ,plate) 
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In the case of the thinner material then all three samples at the differing weld speeds 

exhibit very similar levels of weld penetration and hence similar angular distortions. 

The middle material thickness does show some downward trend for reducing 

angular distortion based on increasing weld speed. However it should be noted that 

the actual angular distortions measured in the 2.5mm material thickness are greater 

than those occurring in the 2.0mm material thickness due to the reduced level of 

penetration that is occurring in the samples for the same heat input at each speed. 

The thickest sample shows. a reduction in angular distortion as the weld speed 

increases but also has the effect of penetration of weld in the thicker sample 

producing higher levels of distortion for reduced penetration in comparison to the 

other thicknesses at the slower speeds. Increasing weld speed appears to have a 
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markedly greater effect in the thicker sample in reducing its weld distortion in the 

angular direction. Therefore for thin section material angular distortion can almost 

be defined as a constant factor if the penetration of the weld into the material is 

large. However once the material thickness increases to the point where the 

penetration is no longer the predominant factor then increasing weld speeq will 

reduce angular distortion. 

Finally, in this section, the effects of material thickness and weld speed on the 

bowing distortion are considered. These results can be seen in Figure 4.24. Again it 

is to be remembered that a bigger radius of curvature equates to less distortion. For 

the bowing distortions then increasing the weld speed or increasing the. material 

thickness also result in reduced distortion. However it would appear that increasing 

mat(;!rial thickness has a marginally great~r influence ov~r increasing weld speed on 

reduction of distortion in the bowing direction for this joint configuration. 
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Figure 4.24: Trends for bowing distortion (bead on plat~) 
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From the results presented for the range of speeds used in this investigation the 

bowing distortion is reduced by 4.5%, 6.5% aild I 0% for the 700, 1000 and 1300 

mm/min weld speeds, respectively, across the material thicknesses in increasing from 

2..0mm to 3.0mm thick. ln holding the thickness constant then the bowing distortions 
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decrease by 2%, 7% and 8% for the respective thicknesses of 2.0mm, 2.5mm and 

3.0mm when increasing the welding speed from 700 to 1300mm/min. 

Based on all of the results presented here for the bead on plate samples then it is 

clear that both increasing material thickness and increasing the speed of welding will 

give a reduction in the general overall distortion levels observed. It is worth stating 

however at this point that the weld speed and material thickness need to be chosen in 

consideration with cost, strength, and performance requirements of any particular 

product. Distortion is really an unwanted by product of the welding process and 

whilst it should be tried to be minimised, this is not usually a designers primary 

consideration in the design of a product. 

4.5 Butt Weld Study 

4.5.1 Individual Butt Weld Samples and Results 

In this section the basic profiles arising from a single individual butt weld test 

sample will be discussed. An example of the typical post welded condition of a butt 

weld sample is shown in Figure 4.25 to assist with the discussion and understanding 

of the results presented here and in subsequent sections. 

For the purposes of this part of the report then the sample chosen is again a mid­

range sample from the variables under investigation. Therefore the profiles reported 

here can be deemed to be typical and indicative of those arising from the butt weld 

specimens. The sample that has been used for this section of the report is a pair of 

2.5mm thick plates which has been welded together by a butt weld at 1000 mm/min 

weld speed (2.5mm thick plates ref 5-5A). The typical measured results were 

recorded and inserted into the Excel spreadsheet using the method previously 

described in Section 4.2 and processed as previously described. 
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Figure 4.25: Image of a typical welded butt weld sample 

Again, due to the volume of data available for each specimen pair of plates then it is 

not possible to discuss each individual plate in exact detail but sample summary data 

of the experimental results and outcomes for these plates are included for 

completeness in Appendix II. 

To begin the investigation into the butt weld distortions, the longitudinal shrinkage 

occurring in the butt weld will be considered. The graph showing the results for this 

sample can be seen in Figure 4.26. It can be seen that the longitudina l shrinkage 

peak value occurs close to or at the centre line of the weld , as was the case with the 

bead on plate results. Similarly the lowest shrinkage is occurring at the edges of the 

plate which are the furthest from the weld itself. Considering the profile and 

distribution, it appears quite uniform and regular. This is again similar to the pattern 

and protile found hom the bead on plate experiments. From the measured results it 

can be seen that there is a maximum value occurring in the region of 0.8 to l.Omm 

near to the weld. Because the shrinkage was not measured exactly at centre line of 

the weld then the precise point on the peak of the distortion, based on the curve 

titting through these results, cannot be positioned with certainty. The variation in 

results from the centre line of the weld to the extremes of the plate does appear to be 
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regular and fairly uniform either side of the weld as was the case with the bead on 

plate samples, although perhaps in this case the shape of the distrifmtion is tending 

more to a distinct peak at the weld-line, This .is more evident if the left hand plate 

results are looked at on the graph. However the right hand also exhibits such a 

curve, if to a lesser extent. Also worth noting is that. it may be the weld is slightly 

biased towards the right hand plate. This would result in a slight difference in heat 

input to the two plates of the joint, and could partially account for the greater 

distortion occurring in the right hand plate as a result of this. 
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Figure 4.26: Variation of longitudinal distortion for a typical butt weld sample 

The overall results for longitudinal shrinkage bear up to examination in that the peak 

shrinkage is occurring at the weld line where the most physical changes are 

occurring to the parent material. This reduces as. we move away from the effects of 

the heat and material changes. However some shrinkage will still occur as an etlect 

of the weld due to the residual forces and deformations established in the plate as a 

result of the temperature and phase changes that occur. 

Next to be considt::red is the transverse shrinkage, the results for this can be seen in 

Figure 4.27 showing the variation of the width of the plate for this typical butt weld 
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sample. From the distribution of these results then it is possible to see that the lowest 

transverse shrinkage occurs at the start of the weld and also at the end of the weld. 

This would appear to make sense as these are the areas where there will have been 

h::ast heat input and build up. The explanation for this is as per that stated in the 

corresponding section for the bead on plate sample. If the start and end effects of 

welding can be considered to be removed then the other points taken along the 

length of the sample to give us a measure of the consistent transverse shrinkage. 

These points all appear to lie very close together with little deviation. Therefore it 

could be stated that under steady-state conditions an almost uniform transverse 

shrinkage is occurring in the plate. In thjs case the transverse shrinkage is 

approximately l.Omm. It would therefore be possible to describe this profile as 

having a straight line average shrinkage transverse to the weld line in the main body 

of the weld with reduced shrinkage towards the beginning and end of the weld run. 
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Figure 4.27: Variation of transverse distortion for a typical butt weld sample 

The next factor to be considered is the change in angular distortion along the length 

of the weld. A graph showing the change in angular distortion over the length of the 

plate is shown in Figure 4.28. Here it can be seen that towards the start of the weld 

then the highest angular distortion occurs. As the weld progresses then the angular 
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distortion very slowly decreases along the length of the curve. It is possible to 

surmise that this could be due to the effect of the joining of the two plates increasing 

the overall stiffness of the system as the weld progresses, Towards the start of the 

weld there 'is only a small amount of connection between the two plates and 

therefore. the plate is able to distort more due to the relatively high flexibility in the 

angular direction in the system. However as the weld progresses then so the stiffness 

of the system will gradually increase and it is likely that this is what is contributing 

to the reducing angular distortion exhibited in the butt welded plates along the 

length of the weld. 

3.6 

3.5 

3.5 

3.1 

3.1 

3.0 

l 
r 
11 
I ~ 
t 
~ 

r 
I 
I 
I 

I 
r 
f 

0 

"" 
-

" 

-

50 

Angular Distortion 

0 

' l 

"" 
~ 

-~ ' ~ 

"" 
~ 

~ 

'"'- I.,...._ Angular Distortion l 
'\ 

'\ . - f, 

"'-
"'---. ' - . ,·, 

a , -· ~ - '"' 
~. 

100 150 200 250 300 350 

Section Position in X (mml 

Figure 4.28: Variation of angular distm1ion for a typical butt weld sample 

This is quite different to the mechanism occurring in the bead on plate samples but 

in this instance then the addition of the weld causes a gradual change in the stiffness 

of the plates, as the two plates are joined. This is .clearly not .occurring in the bead on 

plate system and hence it is purely more a penetration influence there as previously 

discussed. Therefore it might be exp·ected that in other sample results then bigger 

changes in angular distortion may be observed due to the increased change in 

stitiness upon welding of the system if this belief is correct. It would be possible to 

determine if this was the case by repeating the experiment by varying the plate width 
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and hence the ability of the plates to withstand angular change. Again it is worth 

noting that most of the measured values are relatively small and from the results 

accurate measurement is quite difficult due to having to best fit straight lines 

through the point cloud at either side of the weld so could be sensitive to minor 

curve fitting errors. 

The final factor that will be considered and discussed is longitudinal curvature, or 

bowing distortion, for the butt weld sample. The graph showing the change to 

longitudinal curvature over the width of the sample can be seen in Figure 4.29. From 

these results it can be seen that highest value of curvature occurs close to the weld 

and decreases as it moves towards the edges of the plate. This is possibly due to a 

stiffness effect as the flexibility of the plate will be greater at edges than it is in the 

centre. Again the bowing in the welded samples is in the order of 1 00 times greater 

than the pre weld plates it is safe to discount the influence of the pre weld curvature 

in the experimental results without significantly compromising the accuracy of the 

distortion results. If the range of results across the whole plate is looked at then these 

values are all very close to each other; in this particular sample the radius of 

curvature ranges only from approximately 3300mm to 4500mm. Therefore for the 

sample being considered here all these results actually lie relatively close to each 

other. Therefore it is reasonable to state that longitudinal bowing distortion is 

uniform across the plate with some slight scatter due to the slight geometry 

variations in relation to the weld at each different position. 

The bowing distortion occurring in the butt weld sample is significantly less than 

that seen in the bead on plate section, and this must be attributable to the greatly 

increased section of the joined plates being more able to resist the distortion. It may 

also be that it is this gradual increase in stiffness as the plates are welded that is 

contributing to the gradual change in this bowing trend. However in this example it 

would appear that the bowing difference is not due to this as there appears it could 

be considered to be two separate profiles either side of the weld line. It may well be 

that what is being seen here is a uniform distribution of bowing but that the weld in 

this instance may be slightly biased to the right hand plate, and hence more heat 

input into that side of the joint. This may result in the greater bowing as seen by the 
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smaller radius on the right hand plate. Therefore for calculation it may be possible to 

calculate and state one single bowing factor that can be applied across a whole plate 

for a butt weld sample as well as bead on plate. 
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Figure 4.29: Variation of bowing distortion for a typical butt weld sample 

4.5.2 The Effect of Varying Speed on Butt Weld Samples and Results 

Having looked at the effects of the welding on the distortion profiles for an 

individual butt weld sample it is now possible to move on to· look at the· effect of 

other parameters. Firstly, it is possible to look at effect of varying the weld speed 

whilst holding that the material thickness constant. This investigation will look at 

averaged results for each speed and compare distortions to make genGrali.sed 

assessments for the effects of varying speed. Having previously looked at the 

distortions arising from an individual a 2.5mm thick sample then we will use this as 

our baseline and investigate the effect of increasing and of decreasing the weld 

speed on the distortion results from this thickness of plate in comparison to the 

original speed. Averaged results from a number of samples will be considered in 

order to avoid any mii1or inconsistencies that may have been associated with single 
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individual results and to attempt to ~uarantee a greater significance. and generalised 

assessment from the results. 

The first output to be considered is the longitudinal shrinkage. As seen previously on 

the individual samples the longitudinal shrinkage occurred at a maximum near to the 

weld line and decreased towards the edges of the plate. Here the effects of increased 

and decreased weld speed above and below our previous sample are considered. The 

results can be se_en in Figure 4.30, which compares the average results for the 

longitudinal shrinkage for the three different weld speeds used in this experiment on 

the 2.5mm thick butt w~ld samples. This demonstrates tha_t increasing weld speed 

decreases the overall longitudinal shrinka~e that is occurring whilst reducing the 

weld speed increases the overall distortion values. 
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Figure 4.30: Variation of longitudinal distortion for varying speed (butt weld) 

On .the full -range of samples at different speeds it can be seen from the results. that 

the peak distortion for longitudinal shrinkage always occurs at the weld line and is 

considerably less at the edges of the plate. Based on results presented .here then 

generally the averaged dist011ions on ejther side of the weld line are equal and 
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seemed to follow a linear relationship~ The slowest weld speed at 700mm/min will 

generate the most heat input into the plates. Those welded with higher weld speeds 

will proportionally put in less heat input. From the graph in Figure 4.30 it is 

therefore clearly evident that increasing speed decreases longitudinal shrinkage 

which mt~st mainly be attributed to the reduction in heat input per unit length as 

weld speed increases. At the fastest weld speeds very little distortion is occurring at 

the edges of the plate. 
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Figure 4.31: Variation of transverse distortion for varying speed (butt weld) 
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The next dist01tion to be considered is the effects of the 'changing weld speed on 

transverse shrinkag~. The: results for this investigation are presc;:n_ted in Figure 4.31. 

A~ain as was the case in the individual plate in all instances the lowest transverse 

shrinkage occurs at start of the weld as the heat is building up in the plate. Once the 

heat has built up in the. plate then a relatively consistent transverse shrinkage appears 

to occur over the remainder of the plate length. This transverse shrinkage also 

reduces t9wards the end of the plate as the heat input stQps, creating an end effect at 

the end of the weld. However all three average curves follow the similar general 

profile of uniformly consistent transverse shrinkage with the results showing little 
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variation in magnitude once the steady-state conditions away from the start and end 

effects have been established. As is the case with the longitudinal shrinkage, then for 

transverse shrinkage also, the maximum distortion is occurring at the slowest weld 

speed; the slowest weld speed corresponding to the maximum heat input. Likewise 

also the lowest distortion is occurring for the highest weld speed. In this particular 

case for 2.5mm thick material then the curves appear relatively evenly spaced, 

especially in the mid section of the weld, and proportional. to the change in weld 

speed. Again these cases would substantiate the fact that transverse distortion could 

be approximated and calculated by a single uniform value over the width of a 

component which wo4ld allow a designer to mak.e an estimation and allowance to 

improve the accuracy and production readiness of a design. 
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Figure 4.32: Variation of angular distortion for varying speed (butt weld) 

The next to be considered is the effe_ct of .changing speed for a constant thickness 

plate on the angular distortion. The results for this investigation are presented as a 

summary in Figure 4.32. Looking at the~e results it can be seen that for increasing 

weld speed there is a reduction in the overall angular .distortion. The angular 

distortion would appear decrease in all cases along the length of the weld. This 
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effect has previously been discussed and it is thought this may be due to the gradual 

increase in stiffness of the plates acting to restrain the angular distortion as the weld 

progresses and the plates are joined, 
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Figure 4.33: Variation of bowing distortion for varying speed (butt weld) 

Finally in the investigation comparing the change of speed for uniform thickness of 

material, these effects on the radius of curvature in. the longitudinal direction, or the 

bowing distortion are considered. The results for the bowing distortion are presented 

in Figure 4.33. Again it is to be remembered that in this case the greater the vaJue of 

the radius of curvature than the lesser the distortion is occurrin-g. Agai"rl the series of 

·curves appear to demonstrate a general relationship in this series proportional to the 

weld speed. There are some limitations in the method used t9 approximate the radius 

of curvature and these could contribute to the scatter on .the results. However, as 

discussed in the sing~e plate case if these results are all looked at in detail then 

overall there is very littl_e scatter on the res.ults when comp(lred to the base plate 

flatness. Therefore it should be possible to characterise the radius of curvature as a 

single value occurring across the width of the plate which appears to be proportional 

to the weld speed. Therefore, again for simple .components perh-aps a designer could 

compensate for this and design a pre-bend in order to overcome this effect. 
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4.5.3 The Effect of Varying Thickness on Butt Weld Samples and Results 

In this section of the investigation the effect of varying plate thickness on distortions 

will be discussed whilst holding the welding speed constant. This investigation will 

look at averaged results for each material thickness and compare the distortion 

results to make generalised comparisons for the effects of varying thickness. Having 

previously looked at an individual 2.5mm thick plate, and the effects of speed, this 

original thickness will be used as a baseline to investigate the effect of in.creasing 

and decreasing the plate thickness on the distortion results from this original 

thickness, whilst holding the welding speed constant at 1000 mm/min. 
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Figure 4.34: Variation of longitudinal distortion for varying thickness (butt weld) 

As with the other investigations the first factor to be considered is the effect on the 

longitudinal shrinkage of the plate. The results for this part of the investigation can 

be seen in Figure 4.34, which compares the averaged longitudinal distortions based 

on varying material thickness. It can be observed that the peak longitudinal 
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distortion occurs at the weld centre line and reduces towards the free edges of the 

plate. It can also be seen that increasing the thickness of the base material results in 

decreasing the longitudinal distortion, which is typical at all points throughout the 

data set. The decrease in distortion with increasing thickness will occur for several 

reasons as per the bead on plate discussions. Firstly increasing the thickness 

immediately increases the cross-sectional area of the plate and hence its !-section, 

which will directly result in an increase in the plates ability to withstand the forces 

induced by the welding process and therefore increase its ability to inhibit distortion 

occurring. Also increasing at the thickness of the material will increase the volume 

of metal that is available to act as a heat sink and therefore for a constant welding 

speed the effect of the heat input is less. 

An allowance for longitudinal shrinkage may be able to be made based on the 

generalised pattern of distortion where the maxima occur at the weld centre line and 

the minima at the free edges. It may be possible to calculate a peak distortion and 

apply this at the weld centre line with the uniform distribution of distortions to the 

free edges where it may be assumed limited or no distortion occurs. Alternatively, it 

maybe suitable to apply an average overall longitudinal shrinkage compensation 

factor to the length of the plate as a simplistic assumption. 

The same general comments and rules that we have made about longitudinal 

distortion can be made with respect to the transverse distortion in that increasing the 

thickness results in decrease in transverse distortion. The patterns for transverse 

distortion lend themselves more to apply into a common a shrinkage factor in the 

design phase based on the very repeatable values of transverse shrinkage that appear 

to occur away from the ends of the plate where stm1 and stop effects seem to 

predominate. Figure 4.35 shows the series of results in graphical form for the 

transverse shrinkage change based on constant weld speed and variant material 

thickness. The profiles are relatively evenly spaced implying quite a linear 

relationship to the change in material thickness. 
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Figure 4.35: Variation of transverse distortion for thickness variation (butt weld) 
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Figure 4.36: Variation of angular distortion for varying thickness (butt weld) 
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The angular distortion results with varying material thickness at constant weld speed 

are shown in Figure 4.36. These results are similar to the effects that have been 

already discussed for the effe~t of v(_lrying speed on angular distortions for butt 

welds. The general trend is that increasing material thickness reduces the angular 

distortion. However there appears to be some degree of scatter and overlap on these 

results which may in part be due to the very small angles that are being measured 

and any errors therefore being more significant. As seen previously the angular 

distortion decreases as the weld progresse~, which is considered to be· due to the 

increasing stiffness of the system as the plates are progressively joined. 

Average Radius of Curvature:(longlt) for·1000mm/inln Weld Speed 

l -+.- Av.@ 2.0mm thk --Av.@ 2.5mm thk --Av.@ 3.0mm thk I 
~ ~ 
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Figure 4.37 : Variation of bowing distortion for varying thickness (butt weld) 

Finally iri this· section the effects of material thickness on the radius ofcurvature in 

the longitudinal direction, or bowing distortion, are discussed. The graph in Figure 

4.37 shows the data in thi ~ series. Remembering that that the bigger radius equals 

smaller distortion, then again it .can be seen at that increasing that material thickness 

at constant weld speed results in reduced bowing distot1ion. Again, tbis can be 

attributed to the increased strength of the section which will act to resist the 

distortion effects from the forces and deformations i'nduced in the welding process. 
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The values of the bowing distortions for each of the thicknesses can be seen to be 

relatively constant and exhibit little variation across the plates. 

4.5.4 Butt Weld - Full Factor Trends 

This section will present and discuss the overall effects of varying both the weld 

speed and material thickness on distortions in order to try and draw out some 

generalised variations and trends. 

In order to do this then an average summary for the individual material thicknesses 

and speeds had to be drawn on for each experiment. These results are presented in 

Tables 4.9, 4.10 and 4.11 as averaged results for the butt weld samples for each 

material thickness at 2.0mm, 2.5mm and 3.0mm thickness. These averaged results 

will be used to plot trend graphs that can be interpreted to identify the significant 

parameters and the effects they have on the individual distortion types. 

Firstly the overall average results for the longitudinal distortion and shrinkage are 

presented in Figure 4.38. Here it can be seen that in order to minimise distortion 

then either increasing the weld speed or increasing the thickness will both have the 

desired effect. Increasing the speed of welding reduces the overall heat input into the 

sample and the overall resulting distortions reduce accordingly. Increasing the 

material thickness results in an increased cross sectional area and volume thereby 

providing greater resistance to the distortion induced by the forces occurring in the 

welding process. At the same time it is acting as a bigger heat sink to take heat away 

from the immediate weld area. The results presented in Figure 4.38 appear to 

indicate that for this sample increasing the speed of welding and thereby decreasing 

the heat input has a more significant effect in reducing distot1ion than simply 

increasing material thickness. However as can clearly be seen the increasing of both 

factors act to reduce distortion in the longitudinal direction. 
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Figure 4.38: Trends for longitudinal distortion (butt weld) 
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From the res_ults presented for the. -range of spe-eos used in. this investigation the 

longitudinal .distortion is reduced by 37%, 39% and 38.5% for the 700, 1000 and 

1300 mm/min weld speeds respectively, across the material thicknesses in 

increasing from 2.0mm: to 3.0mm thick. In holding the thickness constant then the 

longitudinal distortions decrease by 60%, 61% and 60.5% for the respective 

thicknesses of 2.0mm, 2.5mm and 3.0mm when increasing the welding speed from 

700 to 1300mln/miil. These reductions are very consistent with the reduction seen 

from the bead on plate results previously presented, 

On .coilsideration of the transverse shrinkage results as shown. in Figure 4.39, then 

very similar trends can be observed as for the longitudinal shrinkage. Once again 

both weld speed and materi(}l thickness act to reduce distortion. when they are 

increased. The numerical values presented in these trend' graphs can be seen in detail 

in the previous tables mentioned, Tables 4.9 to 4.11 inclusive. 
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Table 4.9: Summary of average results for 2.0mm butt weld samples 

lllf.Speed Average OVERALL W.Speefj Average OVERALL W.Speed Average 
7otJ section 1700) 1000 section 11000) 1J(UJ section 

"'""'"In results Average mrn.mm results Average lmlttriln results , 

' width width width 
' chang, x 1.19 changex 1.01 change x 

I (mm) _(_mm~ (mm~ 
angle angle angle 

I (weld side) 4.48 (weld side) 3.42 (Weld side) 
: (deg) (deg) _id~ 

Llmm approx. approx. approx. 
Radius of 

2021 Radius of 
2127 Radius of 

curva1ure curva1ure curvature 
(mm) (inm) (mm) 
width width width 

change y 0.97 change y 0.66 change y 
(mm) II (nun) (mm) 

I 
approx. approx. m• approx. 

Radius of Radius of Radius of 
I ~ curvature 

1966 
curva1ure 

2318 cu·rvature 
~ (mm) , (mm) (mll1}_ 

Table 4.10: Summary of average results for 2.5mm butt weld samples 

W.Speed Average OVERALL W.Speed Average OVERALL W;Speed Average 
700 section 1700) 7tNJ section 11000) 700 section 

mmhnln results Average rnrnhnln resuns . Aver~e mmlmln results 
width .. i width 

~-
width 

change x 1.02 .change x 0.92 change x .(b 
(mm) (mm_l ~ (mm_l 

~ angle angle ~ · angle 

·~ (weld side) 3.93 (weld side)' 3.24 ~ · .<weld side) 
(deg) II (deg) . _(d~ 

. 2.5mm approx . approx. II" ' approx. 
Radius of 

2173 Radius of 
2280 J I Radius of 

curvature curva1ure curvature 
(mm) " (mm) I~ I (mm) 
width I ~ 

I 
width 

I' ~ 
width 

change y 0.8.2 change y 0.53 change y 
(mmJ 

I 
(mm) «l (mm~ 

approx. approx. i' 11 approx. 
Radius of 

2868 
1 Radius of 

3769 
1 Radius of 

curvature II J curvature t ~.urvature. 
(mm). . (mm) ,:), I (mm) 

Table 4.11: Summary of average results for 3 .Omm butt weld samples 

3.0mm 

W.Speed Average OVERALL W.Speed Average. OVERALL w;speed Average 
700 section 1700) 1000 section 11000) 13otJ section 

mmhnln res.uns Average mmltnln. results Average mmhnln r.esults 

width. width ~~~ M 

1 
width 

changex 0.88 cliange x o.n change x· 
(mm) (mm)' (mm) 
angle. angle ~ angle 

(weld side) 3.62 • (weld side) 3.07 ·(weld side) 
(deg) . (deg) (deg) 

approx. approx. t approx. 
Radius of 

2474 
Radius of 

3224 
Radius of 

curvature curva1ure curvature 
(mm) I (nim) (min) 
width I width width 

~ change y 0.61 II changey 0.40 change y 
(mm) (mm) (mmj_ 

ajlprox. I approx. approx. 
Radius of 

4071 
Radius of 

48~ 
Radius of 

curvature I 
curvature curvatur~ I 

(mm) J . (mm) -
L _(mll1}_ 

-
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OVERALL 
11300) 

Average 

0.91 

2.94 

2583 

0.39 

3659 

OVERALL 
_11300) 
Aver~e 

0.80 

2.81 

2629 

0.32 

5038 

OVERALL 
11300) 

Average 

0.67 

2.45 

3~9 

0.24 

6853 
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Figure 4.39: Trends for transverse distortion (butt weld) 
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From the results. presented for the range of speeds used in this. investigation the 

transverse distortion is reduced by 26%, 24% and 26% for the 700, I OdO and 1300 

mm/min weld speeds respectively, across the material thicknesses in increasing from 

2.0mm to 3.0mm thick. ln holding the thickness constant then the transverse 

distortions decrease by 23 .5%, 21.5% and 24% for the respective thicknesses of 

2.0mm, 2.5mm and 3.0mm when increasing the welding speed from 700 to 

1300mm/min. Therefore for this joint under these conditions then increasing the 

material thickness or increasing· the w~ l d speeds appear to hav~ similar effe<;:ts. 

The next factor for consideration in the trend analysis is the effect of the parameters 

on angular distortion. The results for the studies are presented in Figure 4.40 

showing the average angular distortion against weld speed. and material thickness. 

From this graph it is possible to see· that both increasing material thickness and 

increasing welding speed act to reduce the angular distortions. 
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Figure 4.40: Trends for angular distortion (butt weld) 
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From the results presented for the range of speeds used in this investigation the 

angular distortion is reduced by 19%, 10% and 17% for the 700, 1000 and 1300 

mm/min weld speeds respectively, across the material thicknesses in increasing from 

2.0mm to 3.0mm: thick. In holding the thickness constant then the angular distortions 

decrease by 34%, 28.5% and 32% for the respective thicknesses of 2.0mm, 2.5mm 

·and 3 .Omm when increasing the welding speed from 700 to 1300mm/min. Therefore 

it would appear that angular distortion i~ slightly more responsive to being reduced 

by increasing weld speed co1npared to increasing material thickness. 

Finally, in this section, considering the effects of material thickness on weld speed 

on the bowing .distortion then these results can be seen in Figure 4.41. Again it is to 

be remembered that a bigger 1radius of curvature equates to less ·distortion. For the 

bowing distOJ1_ions then increasing the weld speed or increasing the material 

thickness also result in reduced distortion. However it would appear that increasing 

material thickness has a marginally gr~ater intluence over inc:;reqsing weld speed on 

reduction of distortion in the bowing distortion for this joint configuration. 
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Figure 4.41 :· Trends for bowing distortion (butt weld) 

From the results presented for the range of speeds used in this investigation the 

bowing distortion is reduced by 107%, 109% and 87% for the 700, 1000 and 1300 

mm/min weld speeds respectively, across the material thicknesses in increasing from 

2.0mm tq 3.0mm thic.:k, In holding the thickness constant then the bowing distortions 

decrease by 86%, ·76% and 68% for the respective thicknesses of 2.0mm, 2.5mm 

and J.Omm when increasing the welding speed from 700 to 1300mm/min. 

Based on all of the results presented here for the butt weld samples then it is clear 

that both increasing material thickness and increasing the speed of welding will give 

a reduction in the general overall distortion levels observed. 

4.6 Conclusions and Summary 

This c.:hapter has presented. the results from the experime·ntal investigations 

undertaken on both the bead on plate weld samples and the butt weld samples. The 

welds used for this experiment where seen to' be representative of the c~se s~~1dy 

company's welds, both in terms of their visual appearance, as well as the quality 
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factors associated with the weld such as penetration values. It has been demonstrated 

that both increasing the material thickness and increasing the speed of welding act to 

decrease the distortions generally. This has been quantified and the various 

magnitudes of these distortions reviewed and compared. In the case of the bead on 

plate welds it has also been observed that the penetration levels have a influence on 

the angular distortion values. In this case it was noted that very similar levels of 

distortion were observed due to the similar penetration values which exhibited more 

influence over the angular distortion, especially at the thinner of the material ranges, 

than the material thickness or weld speed effects. A great deal of detailed distortion 

information is presented which will enable subsequent predictions to be developed. 

The effects of varying speed on a constant thickness showed that increasing 

thickness resulted in decreased distortions, as did the study showing the effects of 

varying thickness on constant speed also decreased distortion. 

From the results then it can be seen that for longitudinal distortion in both weld 

types, the peak distortion occurs at the weld centreline and decreases to lower levels 

at the edges of the plates. This produces a V shaped distribution, which may be 

considered as either a simple v varying from peak distortion to zero at the edges, or 

as a simple average length shrinkage to compensate for this in the design stages. The 

transverse distortions are seen to be relatively constant in the main body of the weld 

away from any start stop effects so could possible be accounted for in design by a 

constant width reduction allowance. Angular distortion has been seen to be a fairly 

consistent level but decreasing slightly along the length of the butt weld, due to 

increasing system stiffness as the joint is welded. This could be very simply 

accounted for by introducing a constant angular oversetting value at the design 

stages. Likewise bowing distortion was seen to be very consistent and repeatable 

and could be allowed for in design by calculating a bowing factor and introducing 

this as an allowance into the pre welded plates. 
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Chapter 5: Discussions and Distortion Prediction 
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5.1 Introduction 

This chapter presents the discussions based on the experimental investigations 

undertaken on both the bead on plate weld samples and the butt weld samples. An 

initial comparison is made of the experimental results to the published literature, 

along with a discussion of the models chosen for this comparison. This is undertaken 

for each of the distortion types and the correlation or differences to the published 

data discussed, and possible explanations offered for any differences. There then 

follows a detailed section which derives appropriate equations that can model the 

distortion effects specific to the case study company's typical design space and 

discussions of various ways in which these could then be used by a designer. Finally 

there is a discussion of the possible sources of error and variation that may have 

occurred in the experiment. 

5.2 Detailed Comparison to Existing Formulae 

In order to understand fully the experimental results then it is necessary to make 

comparison to the previously published results and formulae established by other 

researchers. Therefore the subsequent sections present a brief comparison for the 

experimental results for each type of distm1ion to published work. 

5.2.1 Longitudinal Distortion 

The established formulae for predicting various distortions were previously briefly 

discussed in Chapter 2. Table 2.4 illustrated some sample formula for longitudinal 

distortion and brief discussions were given. Here the most applicable formulae for 

predicting longitudinal distmtion have been used to calculate a prediction of the 

distortion effect. Five models are chosen for longitudinal distortion for this 

comparison, and these are summarised as follows: 
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Rule of thumb: 81_ = 0.001· L (Equation 5.1) 

This is a commonly used approximation established based on 0.1% plastic strain, 

and therefore provides the simplest and easiest method to make a prediction of 

longitudinal distortion, however as it is a rule of thumb it really does not account at 

all for process or material parameters. 

1 q a 
Okerblom: 8 1 = 0.335 · L ·- ·-·- (Equation 5.2) 

" A v p.c 

Okerblom [ 1955] established his models based on experimentation using varying 

widths of steel bar. This concluded that the longitudinal shrinkage was related to the 

heat input and the cross sectional area of the plate. From these experiments a model 

was derived which assumed that the weld was deposited simultaneously over the 

whole length of the weld, and therefore his model is only valid for fast moving heat 

sources. 

1 q a K t 
Okerblom Wells: o1 = 0.35 · L ·-·-·--0.8 ·-·- ·£, 

- A v p.c v A · 
(Equation 5. 3) 

Wells [1952] based his model on the work of Okerblom but chose to improve the 

equation for longitudinal shrinkage by including the effect of the temperature 

distribution transverse to the weld which will act to reduce the distortion effect. 

H Pfl ~ 42 L CTY A"' orst ug: u L = · · - · ---"---
E A-Aw 

(Equation 5.4) 

Horst Pflug [ 1956] followed similar reasonmg to Okerblom but the area that 

undergoes plastic deformation defined by Okerblom is replaced by an expression 

relating this to the weld area. However the exact reasoning behind this assumption is 

not clearly presented. 

. 160 q 1 
White et al: o = L ·-·-·-

'- E v A 
(Equation 5. 5) 

White, Dwight, Legatt and Kamtekar [ 1980] developed their equation for 

longitudinal shrinkage based on the tendon force concept introduced in the 70's. In 

addition this work included the effects of process efficiency which had not been 

included in previous work by authors such as Okerblom. 
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Table 5.1: Calculated longitudinal distortions 

Thickness 2.0mm 
-

Joint Bead on Plate Butt weld 
- --

Speed 700 1000 1300 700 1000 1300 

Rule of Thumb 0.350 0.350 0.350 0.350 0.350 0.350 

Okerblom 0.450 0.315 0.242 0.225 0.158 0.121 

Okerblom Wells 0.243 0.131 0.070 0.122 0.065 0.035 

Horst Pflug 0.491 0.466 0.441 0.331 0.319 0.30E; 

White et al 0.306 0.215 0.165 0.153 0.107 0.083 

Thickness 2.!5mm 
-

Joint Bead on Plate Butt weld 

Speed 700 1000 1300 700 1000 1300 

Rule of Thumb 0.350 0.350 0.350 0.350 0.350 0.350 

Okerblom 0.360 0.252 0.194 0.180 0.126 0.097 

Okerblom Wells 0.168 0.078 0.029 0.084 0.039 0.015 

Horst Pflug 0.475 0.449 0.424 0.289 o.2n 0.264 

White et at 0.245 0.172 0.132 0.123 0.086 0.066 
r I 
,, 

Thickness 3.0mm 
-

Joint Bead on Plate Butt weld 
- -

Speed 700 1000 1~00 700 1000 1300 

Rule of Thumb 0.350 0.350 0.350 0.360 0.350 0.350 

Oker:blom 0.300 Q.210 0.162 Q.160 0.105 0.081 

Okerblom Wells 0.118 0.043 0.002 0.069 0.021 0.001 

Horst Pflug 0.458 0.432 0.407 0.268 0.260 0.252 
' 

White et al 0.204 0.143 0.110 0.10~ 0.072 0.055 

Whilst many other models exist, such as Guyot [ 194 7] and Mamlin[ 1976] thes~ are 

not considered here as they are limited in their application by being applicable to 

specific geometry, dimensional limits or being process specific r:espectively. Those 

selected for the comparison are the models most commonly used and referenced. 

Table 5.1 shows a summary of the calculated longitudinal shrinkage based on the 

results of each equation with the specific process and dimensional values being 

substituted in line with the practice of this· experiment. The calculated values· can be 
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compared to the experimental results which are summarised and presented in Table 

5.2. It can be seen that in the case of the experiment conducted in this project larger 

values of longitudinal distortion are being measured than the published data would 

predict. The Okerblom model is the most commonly accepted basic model for 

longitudinal shrinkage but in all cases the model is considerably under predicting 

compared to the value found in the experiment. 

Table 5.2: Measured values for longitudinal distortion 

Longitudinal Shrinkage- Experimental Values 

Joint Bead on Plate Butt weld 

Weld Speed (mmlmin) 700 1000 1300 700 1000 1300 

2.0mm 0.83 0.50 0.28 0.97 0.66 0.39 

2.5mm 0.71 0.43 0.25 0.82 0.53 0.32 

3.0mm 0.66 0.35 0.23 0.61 0.40 0.24 

A possible explanation for the under prediction of the models is that in the 

experiment it is quite difficult to separate the effects of each of the individual 

distortion factors. Therefore, when the longitudinal shrinkage is measured and 

calculated this value is being influenced by the bowing distortion that is occuning in 

the lengthwise direction of the plate. The effect of the bowing will be to make the 

longitudinal distortion measured appear to be larger than the value of the pure 

longitudinal shrinkage. If this is considered for a specific example such as the butt 

weld experiment carried out on the 2.0mm material at 700mm/min weld speed, then 

it is seen the experimental measured shrinkage is 0.97mm. This compares to the 

predicted value which ranges between 0.122mm and 0.350mm depending on the 

formula used. In this case the bowing distortion was measured at 1966mm. This 

bowing distotiion gives rise to an angle of the segment of a circle fitted through the 

curved plate of 10.214°, based on the nominal 350mm plate length from the 

experiment. Using this to find the curved length of the plate, this gives a length of 

350.46mm. Therefore in that pmiicular case there will be an approximate 0.46mm 

difference between the measured straight line shrinkage and the curved line 

shrinkage of the plate. lf this difference is taken into consideration with the straight 
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line measured shrinkage then the true longitudinal shrinkage will be found. 

Therefore the actual longitudinal shrinkage is found to be 0.51 rnrn for that one case. 

However, this is still an error of around 30% when compared to the highest of the 

calculated predictions. It is much closer to the predicted values, and therefore 

demonstrates the influence of bowing distortion. Evaluating the other extreme value, 

for the 3.0rnrn thick plates welded at 1300mrn/min weld speed, the curvature 

accounts for a 0.04mm difference. This will reduce the measured value of 0.24mm 

to 0.20rnrn as a true measure. However in practical terms these effects do occur 

together so the full experimental values need to be used to make an easy prediction 

tool for a designer to accurately predict distortion and incorporate it into a design, 

rather than simply calculating the individual effect. Therefore a tool or method of 

predicting the overall shrinkage shape based on the combined effects would be most 

beneficial to a designer to assist in planning to overcome or accommodate the effects 

of weld distortion. 

5.2.2 Transverse Distortion 

This section will consider the comparison of the transverse distortion results to the 

predicted values. Some of the formulae for transverse distortion have previously 

been discussed in Chapter 2 and were summarised in Table 2.6. For the purposes of 

this comparison a number of the commonly accepted formulae will be chosen and 

the predictions calculated. The formulae used in this section can be summarised as 

follows: 

Guiaux: Sr = 0.18 · b\1' (Equation 5. 6) 

This is a simple empirical based approximation established by Guiaux [1962] that 

relates to the width of the weld in butt welds, and cited by many authors in review 

papers such as Berthet, Gerbeaux, Piette and Renault [1988], and Verhaeghe [1998]. 

lt is used here for its simplicity. 

1 q a 
Okerblom: Sr =0.293·-·-·­

t v p.c 
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Okerblom [1958] established his models based on experimentation using varying 

widths of steel bar. In the form presented here the formula is also only valid for bead 

on plate or butt welds, for fast moving heat sources, where the penetration is more 

than 40% of the plate thickness. For very long or slow moving welds he proposes a 

treatment in line with longitudinal distortion instead. 

Malisius: 0,. ~ 1.3 { 0.6 ·a,18T ·C · ~~ + a.8T ·b,) (Equation 5.8) 

Malisius whose work is discussed by Masubuchi [1980] and others, presented his 

equation which allows for terms that represent the contraction of the base material 

and also one for the contraction of the weld metal. The value of the constant, C, in 

the equation is process dependent. 

Guyot: 8r =0.1716· A~ +0.0121·bw 
t 

(Equation 5. 9) 

Guyot [1947] based his model on the work of Malisius but refined his model to be 

specific to steel plates and specific welding technique. 

q 1 
Capel: 8r =C·-·-

v tw 
(Equation 5.1 0) 

Capel, as cited in Verhaeghe [ 1998] developed his equation based on experiments 

and derived and equation that contains a constant, C, that is this time material rather 

than process specific. 

Blodgett: 8T = 0.10 · Aw 
t 

(Equation 5.1 1) 

Blodgett [1966] undertook extensive experiments on steel plates of varying 

thickness and also considered the int1uence of edge preparation in his study, to 

derive an equation relating the area of deposited weld and material thickness. This 

produced a simple equation that provides a relatively easy estimate of transverse 

distortion. 
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Leggatt: oT = (1 + v) ·1] · ~ · _i_ 
p.c v.t 

(Equation 5.12) 

Leggatt [1980] used both theoretical and experimental investigations to derive his 

equation. He found his equation to be valid for a range of processes and steels, and 

also found it to be independent of gap or edge preparation of the joint and valid for 

both butt and bead on plate samples. 

In Chapter 2 several other distortion models for transverse shrinkage were discussed. 

However, for the comparison here they are not included. The models of Watanbe 

and Satoh [ 1961] are not considered as they were derived specific to the MMA 

welding process. Hansen [1973] proposed a model but his work is based on edge 

prepared butt welds and as the case study company does not use edge preparation 

then it is not applicable to this investigation. Gilde [1958] put forward a model for 

steels however this model is similar to that of other authors and it is difficult to 

determine how some of its parameters are defined therefore it has been excluded 

from the comparison. Numerous other models exist some of which cover material 

thicknesses outside the scope of this investigation and those chosen are considered 

to be a representative selection of the widely accepted published models. Using the 

values applicable to the experiments conducted in this study then the predicted 

distortion values for transverse distortion were calculated based on the equations 

documented above. The results for these calculations can be found in Table 5.3. 

Whilst not all of the equations are strictly valid for each sample type, they have been 

included in all cases for comparison, as generally a fully penetrated bead on plate 

sample should distort in a similar manner to a comparable sized restrained butt weld 

sample. However a partially penetrated bead on plate weld will show a smaller 

transverse distortion as the parent metal beneath the fusion zone will act to prevent 

the transverse shrinkage. 

The experimental results for transverse distortion measured in experiment 

undertaken as part of this study are shown as a summary in Table 5.4. Whilst the 

values do not show the same high levels of disagreement that was seen in the 

longitudinal models they still do not tend to follow any one particular model that has 

been offered. It can be seen that the Guiaux model always provides an upper bound 
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on the maximum value of the distortion, in that it consistently over predicts, when 

compared to the experiment. 

Table 5.3: Calculated transverse distortions 

Thickness 2.0mm 
--

Joint Bead on Plate Butt weld 
-

Speed 700 1000 1300 700 1000 

Guiaux 1.062 1.008. 0.954 1.440 1.386 

Okerblom 0.169 0.118 0.091 ' 0.169 0.118 

Guyot 0.578 0.548 0.519 0.783 0.754 

Malisius 0.578 0.548 0.519 0.783 0.754 

Capel 0.500 0.350 0.269 0.500 0.350 

Blodgett 0.295 0.280 0.265 0.400 0.385 

Leggatt 0.428 0.247 0.150 0.428 0.247-

Thickness 2.5mm 
-·-------

Joint Bead on Plate Butt weld 
-

Speed 700 1000 1300 700 1000 

Guiaux 1.026 0.972 0.918 
I 

1.260 1.206 

Okerblom 0.135 0.095 0.073 0.135 0.095 
I 

Guyot 0.558 0.529 0.499 0 ·.685 0.656 

Malisius 0.558 0.529 0.499 0.685 0.656 

Capel 0.400 0.280 0.215 0.400 0.280 

Blodgett _0.285 0.270 0.255 ' 0.350 0.335 

Leggatt 0.307 0.163 0.085 0.307 0.163 

" 

Thickness 3.0mm 
-

Joint Bead on Plate Butt weld 
Speed 700 1000 1300 700 1000 

Guiaux 0.990 0.936 0.882 1.170 L134 

Okerblom 0.113 0.079 0.061 0.113 0.079 

Guyot 0.538 0.509 0.480 0.636 0.617 

Malisius 0.538 0.509 0.480 0.636 0.617 

Capel 0.333 0.233 0.179 0'.333 0.233 

Blodgett; 0,275 0._2f:i0 0.2o!J~ 0.~25 0.315 

Leggatt 0.227 0.106 0.041 0.227 0.106 
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Table 5.4: Measured values for transverse distortion 

Transverse Shrinkage- Experimental Values 

Joint Bead on Plate Butt weki 

Weld Speed (mmlmin) 700 1000 1300 700 1000 1300 

2.0mm 1.18 0.75 0.40 1.19 1.01 0.91 

2.5mm 0.91 0.70 0.28 1.02 0.92 0.80 

3.0mm 0.17 0.53 0.24 0.88 0.77 0.67 

Both Okerblom and Leggatt appear to considerably under predict the distortion for 

the arrangement and conditions studied in this project. The Guyot and Malisius 

equations can be seen to be equivalent to each other from substituting the values for 

the experiment, but still don not agree with the experimental results. 

One factor which will influence the transverse distortion is the value of any weld 

gap in a butt weld sample. Most of the models that have been used for the 

comparison were developed based on no gap condition existing in the weld set-up. 

However, as the experiment was set up to replicate the industrial practice of the case 

study company the nominal weld gap was designed into the experiment to be 

0.5mm. Due to tolerances there will of course be some variation of this weld gap 

both between samples and along the length of each weld. The weld gap will 

certainly lead to increased shrinkage in the transverse direction, as additional 

material has to be added to fill this gap and therefore increasing the weld bead area 

and the heat input. However it is not possible to quantify exactly how much this will 

contribute to the overall transverse distortion from this study. A separate experiment 

would need to be conducted varying this weld gap in order to quantify this effect in 

the experimental set-up. 

In addition, as was the case with the longitudinal distortion, then the influence of the 

other distortions will have an additive effect to the distortion that has been measured 

and recorded as transverse shrinkage. In particular the effect of the angular distortion 

on the measured value will be significant to the transverse distortion. For example a 

4 ° angular distortion will result in a measured width reduction across 2 nominally 
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150mm plates of 0.2mm, which would be typical of the butt weld transverse 

distortion results. For the bead on plate samples the average angular distortion is 

about 7.5· which would give rise to a typical 0.32mm increase in the measured 

transverse distortion. 

Therefore for bead on plate samples the angular distortion will act to increase the 

measured value of transverse distortion. Likewise for the butt weld samples the 

effect of the weld gap and the angular distortion will both act to increase the 

measured value of the transverse distortion. If as examples of this the experimental 

values are amended accordingly, then for the 2.5mm thick bead on plate samples 

produced at 1 OOOmm/min weld speed the true transverse distortion will be reduced 

from the measured value of 0. 75mm down to 0.43mm. This value lies between the 

predictions from the Malisius and Capel/Blogdett models. Doing likewise for the 

butt weld sample at 2.5mm thick and 1 OOOmm/min, the measured value of 0.92mm 

would reduce to 0.72mm due to the removal of the angular distortion effect. This 

would further reduce by an amount that at this stage cannot be quantified from this 

experiment but will lie between 0.0 and 0.5mm reduction due to the weld gap effect. 

Therefore the likely true transverse distortion is in the region of 0.72mm to 0.22mm, 

which again is more in line with the predicted values from the formulae. 

However as previously stated, to be of maximum benefit then a designer would wish 

to know the combined effect on transverse shrinkage in a joint from all distm1ions so 

consideration could be included into the designs based on one simple calculation. 

Therefore a specific equation relating to the range of interest of the case study 

company could be developed and applied at the design stages. 

5.2.3 Angular Distortion 

Some of the models for angular distortion where summanse m Table 2.5 in 

Chapter 2. Here the most applicable models for predicting angular distortion have 

been selected and used to present a comparison to the experimental results. The 

formulae used in this section can be summarised as follows: 
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Okerblom: {31 = C ·'1m·~ 
v.tc 

(Equation 5. 13) 

Okerblom [1955] developed his model from his experiments on bead on plate 

samples, and is valid for parabolic shaped weld profiles, and where p/t < 0.6. An 

efficiency was used which accounts for the heat fusing the base material, and a 

constant which is dependent on the joint configuration. Subsequent researchers such 

as Gray, Spence and North [1975] have found this equation can also be valid for butt 

welds with the constant adjusted accordingly. 

Leggatt: fJ 1 = 0.22 · g_ · ~ if p< t/2 
· V tc 

(Equation 5.1 4) 

Leggatt [1980] showed in experiments on bead on plate samples that the angular 

distortion for single pass welds peaks to a maximum, which was described as 

occurring at a penetration which is half the material thickness. After this value the 

angular distortion decreases with increasing heat input. He suggests it is the effect of 

the restraint from the unfused material that limits the angular distortion, and if 

penetration is deeper then the unfused material yields. Based on this the equation 

was adjusted to provide an empirical relationship for higher penetration welds. 

Table 5.5: Calculated angular distortions 

Thickness 2.0mm 
-~------ - ---~---~--

Joint Bead on Plate Butt weld 
---·------------

Speed 700 1000 1300 700 1000 

Okerblom 8.61 6.03 4.64 11.06 7.74 

Leggatt 18.86 13.20 10.15 24.43 17.10 
-~., "·. 

' --

Thickness 2.5mm 
---

Joint Bead Butt 
--·- -----------

Speed 700 1000 1300 700 1000 

Okerblom 5.51 3.86 2.97 7.08 4.95 

Leggatt 12.07 8.45 6.50 12.64 8.85 

' ' 

Thickness 3.0mm 
Joint Bead Butt 

----- ·----------------

Speed 700 1000 1300 700 1000 

Okerblom 3.83 2.68 2.06 4.91 3.44 

Leggatt 8.38 5.87 4.51 7.37 5.16 
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Using these equations calculations of the predicted angular distortion for the joints 

in the experiment can be made. These are recorded in Table 5.5. These can be 

compared to the experimental values which are summarised in Table 5.6. 

Table 5.6: Measured values for angular distortion 

Angular Distortion- Experimental Values 

Joint Bead on Plate Butt weld 

Weld Speed (mmlmin) 700 1000 1300 700 1000 1300 

2.0mm 6.45 6.63 6.59 4.46 3.42 2.94 

2.5mm 7.67 7.58 7.04 3.93 3.24 2.81 

3.0mm 8.65 8.21 6.19 3.62 3.07 2.45 

From the calculation in Table 5.5 it is possible to see that there is not a particularly 

good agreement to the experimental vales that were recorded. In previous 

discussions in Chapter 4 the method used to calculate the angular distortion was 

described, along with its shortcomings. The angular distortion measured is taken as 

an average across each section cut in order to ensure a consistent measurement. This 

was done by best fitting straight lines through the points on either side of the weld. 

Therefore this would tend to result in a smaller angular distortion that may actually 

be occurring. If the length taken either side of the weld used for the best fit was 

altered then the angular distortion value changed due to the change of the best fit 

straight line. In order to further evaluate the accuracy of the angular distortion 

results then an alternative measurement method would need to be developed that 

measured the angular distortion over a consistent area close to the weld bead. 

However what could be observed and has been discussed in detail in Chapter 4 is the 

effect ofthe penetration on the angular distortion. 
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5.2.4 Bowing Distortion 

In Chapter 2 some of the equations for predicting bowing distortion were described, 

and these were summarised in Table 2.7. The equations used for this comparison are 

summarised and discussed as follows: 

Okerblom: _!_=0.335·1J·!I.~. y =235·1J·L. q 
R v p·c J EI v 

(Equation 50 I 5) 

Okerblom [ 1955] derives his equation based on the effective force in the 

longitudinal shrinkage of the weld acting offset to the neutral axis to produce 

bowing. 

1 ay Aw 0 y y 
Horst Pflug:-= 42·-·--=9830-·A 0 

R E J EI ,. 
(Equation 50 I 6) 

Horst Pflug [1956] derived his equation based on the work of Okerblom but uses 

slightly different formulation in his equation. 

1 AwoY Y 
Blodgett: - = 0.04 · -- = 8400 · n ·-·A 

R J ., EI "' (Equation 501 7) 

Blodgett [1960] derived his equation based upon the flex of a structure. He included 

in his work validation based on a variety of sections including both T and I sections. 

In his review paper Verhaeghe [1998] uses the tendon force concept to compare the 

terms used in these equations. The rewriting of these formula based upon tendon 

force is shown as the second part of each equation above. 

The values of the sections and parameters used for the experiment were substituted 

into the above equations to derive predictions of the bowing distortion, expressed as 

the radius of curvature for ease of reporting. These values can be found in Table 5. 7. 

The experimental results found in this study are summarised in Table 5.8 to allow a 

comparison to be made. 
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Table 5.7: Calculated bowing distortions 

Thickness 2.0mm 

Joint Bead on Plate Butt weld 
--· 

Speed 700 1000 1300 700 1000 1300 

Okerblom 9n 1396 1815 1955 2793 3630 

Horst Pflug 1086 1144 1209 1602 1665 1732 

Blodgett 1589 1674 1769 2344 2435 2534 

I 

Thickness 2.5mm 
--~-------·-----

Joint Bead on Plate Butt weld 
-----····--------------

Speed 700 1000 1300 700 1000 1300 

Okerblom 1527 2182 2836 3054 4363 5672 

Horst Pflug 1405 1484 1571 2289 2391 2503 

Blodgett 2056 2170 2298 3348 3498 3662 
·-

·- ' 
.-... 

Thickness 3.0mm 
--------

Joint Bead on Plate Butt weld 
----------------------

Speed 700 1000 1300 700 1000 1300 

Okerblom 2199 3142 4084 4398 6283 8168 

Horst Pflug 1748 1849 1962 2958 3052 3152 

Blodgett 2557 2704 2870 4327 4464 4611 

Table 5.8: Measured values for bowing distortion 

Bowing Olstortion - Experimental Values 

Joint Bead on Plate ButtwekJ 

Weld Speed (mmlmin) 700 1000 1300 700 1000 1300 

2.0mm 1686 1711 1722 1966 2318 3659 

2.5mm 1710 1773 1847 2868 3769 5038 

3.0mm 1762 1822 1899 4071 4854 6853 

From the results presented above it can be seen that generally the trends and values 

for bowing distortion for the butt weld sample agree very well with the predictions 

from the Okerblom model. The higher weld speed experiments in the thickest plate 

exhibit the highest errors at 22% and 16% respectively, however most other values 

lie within 10% or better of the value calculated by the Okerblom model. It can also 
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be seen that the experimental values are generally smaller than the prediction 

therefore the curvature of the section is greater than expected. Given the method 

used to calculate the curvature based on best fitting a single curve through the 

experimental scanned points at each section then some error is not to be unexpected. 

However the general agreement to the model gives a good indication of its 

applicability. The bowing distortion is probably the distortion that when measured is 

influenced least by the other distortion effects and therefore it is perhaps not 

unsurprising that this shows the best correlation to the published works. The bead on 

plate samples exhibit much greater curvature and hence lower values of radius of 

curvature, R. In this particular setup and experiment it would appear that the overall 

Horst Pflug model gives the closest correlation to the bead on plate bowing 

distortion results. Although at 2.0mm material thickness it is the Blodgett model that 

appears to correlate more closely to the bead on plate results, with errors less than 

6% for this particular thickness. However for bowing distortion on the bead on plate 

samples no one model can be said to give the levels of general agreement seen with 

the butt welds to the Okerblom model. Therefore there is value in generating 

specific equations to suit the case study company's typical range of applications that 

may give a better approximation for a designer to consider in their design. 

5.3 Distortion Prediction 

In order to make best use of the data generated from the experiment, then the initial 

step to utilise this to create some simple equations that characterise the distribution. 

Such equations can then be used by designers to evaluate joints for the distortions 

that will occur and decide if they need to compensate for the predicted distortion in 

the design. This section looks at the generation of such equations and the validity of 

these. In order to do this the initial experimental data is once again examined to see 

if any simple relationships exist. It is also used to generate response surfaces for the 

individual distortion outcomes. Subsequent analysis of the best fit response surface 

can then generate equations to characterise the response and judge if this makes a 

suitable equation that could be used by a designer for quick and simple distortion 

prediction. 
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In order to generate the equations, and for these to be of use, then it needs to be 

decided upon the design space envelope that these need to cover. From the 

experiment, two factors were varied to give four primary distortion responses. 

Therefore, the practical range of the input parameters in relation to the case study 

company needs to be determined. The first factor varied was material thickness. At 

the case study company they manufacture products in thicknesses ranging from 

1.5mm thick material, although 2.0mm is a more common lower bound, up to 

6.35mm thick. However the 6.35mm thicknesses are extremely rare and in practise 

the upper limit on thickness tends to be between 4.0 and 5.0mm for press forming 

considerations. Therefore for this study the design space that will be used and the 

experimental data extrapolated to fit to will be limited to ranging between 1.5mm 

and 5.0mm thickness of material. The second factor chosen was welding speed. In 

practice unless there is a very long straight run then the upper speeds of this study 

are rarely seen in production. The lower speed is often used however, especially 

when the weld path is a complex shape and form. In order to attempt to fit the 

response outside the values used in this experiment then the design space values will 

be chosen to be slightly wider than used in the experiment. Therefore for this 

exercise the values of weld speed chosen will be to lie in a range from 500 to 1500 

mm/min. 

Having decided upon the ranges to be considered in the design space the following 

sections will look in detail at the derivation of equations relating the experimental 

variables to the distortion outcomes. It should be remembered that that equations 

derived in this study are specific to the parameters used in the case study company's 

processes and therefore do not attempt to be a generalised categorisation of all 

welding processes and parameters. They also represent one material type and grade, 

which as mentioned earlier, however, accounts for the majority of the case study 

company's components at this point in time. The subsequent sections look at the two 

different weld types and geometries separately, first considering the distortions for 

the bead on plate sample and then for the butt weld joint. 
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5.3.1 Generating Equations for Bead on Plate Samples 

Firstly, the longitudinal distortions from the bead on plate experiment are 

considered. Looking at the averaged experimental results separately for variation of 

both material thickness and weld speed, it is clear that distortions do appear to have 

a relationship. The family of curves generated from this data is shown in Figure 5.1. 

Figure 5.l(a) demonstrates that the distortions decrease with increasing material 

thickness, however whilst the curves are relatively evenly spaced there is not a 

perfectly linear relationship from the experimental data. Figure 5.l(b) shows a 

similar relationship for longitudinal distortion as the weld speed is changed. The 

curves are not equally spaced, and unlike the curves in Figure 5.l(a) they do not 

' follow the same shape as closely as the first relationship. Therefore a simple 

equation is easily identified to cover the range of experimental outcomes, 

furthermore for it to be able to be expanded to be valid across the desired range for 

the design space for a prediction tool. 

If these results are then looked at as a response surface across the range of the 

experimental variables an idea is formed about the nature of any equation to be 

expanded to a larger region. Figure 5.2 shows the experimental results represented 

as a surface variation plot. From this it again can be seen that the trend is towards a 

linear relationship for varying both parameters, but clearly they have some 

interaction with each other due to the form of the surface. The plots for these 

investigations are shown as sample studies for both this and the transverse 

distortion. For all subsequent investigations they are recorded in Appendix III, in 

order to keep the discussion as concise as possible. 
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Figure 5.1: Family curves for lOiigitudinal distortion (bead on plate) 
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Therefore, in order to approximate the outcomes across both the experimental space, 

a..nd subsequently the design space it was necessary to analyse the· data· using 

software. In this case the data was fed into a Design .of Experiments package to 

attempt to characterise the response, based on a historical fitting approach. The 

software chosen was Design Expert by Stat-Ease, as this was software that had 

previously been used by the case study company and seen to give good results for 

DoE studies. The averaged experimental data was input as a two factor 3 l ev~) 

experiment, giving rise to 4 responses, each of the distortions, and based on 9 

outcomes from varying the factors. This allowed a response surface to be generated 

and fitted through the historical experimenta_l c;lata. Analysis of the surfaces allowed 

a best response to be selected and characterised by choosing ditJering form of the 

response. Figure 5.3 shows the 3D response surface for the best fit model to the 

experimental data. In this case the best fit model is a quadratic relationship for each 

factor. In this and the subsequent plots of response surface the experimental results 

are shown as ' Design Points ', and identitied as being either above or below the 

response surface· itself. 
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Figure 5.3: Best fit response surface for longitudinal distortion (pead on ·piCJ.te) 

From the response surface generated it is possible to extract an equation relating the 

response to the variable factors . In this case the equation approxima.ting the. 

longitudinal distortion response for the variation of welding speed and material 

thickness c.an be found to be expressed as: 

81. = 3.05963- 0.00278148.v- 0.55667.t + 0.0002.v.t + 7.40741 e-7.v2 + 0.046667.t2 

(Equation 5.18) 
Clearly this is still quite a complex equation, however, it is .one that could be quickly 

evaluat~d by a designer to make a distortion prediction. It also needs to be 

remembered that this is a distortion that would appear to be size dependent, 

therefore the equation would need to be normalised to take into aq:ount the weld 

length to be accurate. The experiments were carried out using a 350mm long plate, 
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but a 1 Omm start and stop allowance was made to prevent bum through and 

notching of the plate edges, so the results are effectively from a 330mm long weld. 

It has been seen previously from the published formula for longitudinal shrinkage 

that the distortion is proportional to the length of the weld. Therefore to be a correct 

general prediction for this method and value would need to be divide by 330 to give 

a distortion per unit length, before being multiplied by the weld length being 

considered. Therefore the equation should be presented in its generalised form as: 

oL =L.(3.05963- 0.0027815.v- 0.5567.t + 0.0002.v.t + 7.40741e-7.v2 + 0.046667i) 
330 

(Equation 5.18a) 

Alternatively this equation and response curve can be represented in a 2D graphical 

format with contours and this could be used as a basic look up table for the design 

space. An example of how this graph could appear is shown in Figure 5.4. Again the 

result will need to be corrected for the actual weld length, as described above, once 

the designer has found the approximate longitudinal distortion factor from the graph. 

In order to check the validity of the equation then the experimental outcomes were 

each checked against the equation and the values generated are shown in Table 5.9 

which gives an indication as to the fit of the response surface. From this data it can 

be seen that the equation is a good fit to the experimental data, and based on the 

methods used to determine this it is suitable to use to navigate the design space with 

confidence. 

Table 5.9: Comparison of longitudinal distortion prediction to experimental data 

(bead on plate) 

Weld 
Speed 
mmlmin 

700 

1000 

1300 

Material Experimental Predicted Variation 
Thickness Result Distortion Expt -v- pred 

mm mm mm mm 
2.0 0.83 0.83 0.0011 
2.5 0.71 0.73 -0.016 
3.0 0.66 0.65 0.014 
2.0 0.5 0.49 0.0078 
2.5 0.43 0.42 0.011 
3.0 0.35 0.37 -0.019 
2.0 0.28 0.29 -0.0089 
2.5 0.25 0.25 0.0044 
3.0 0.23 0.23 0.0044 
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Figure 5.4: 20 representation of longitudinal distortion equation (bead on plate) 

Having looked at the longitudinal distortion then a similar approach can be applied 

to the transverse distortion. Figure 5.5 shows the response to the individ'ual 

variations, and it can be seen that whilst there is a more even spacing of the response 

family of curves they again do not follow exactly the same pattern as each other. 

However looking at these and the experimental response surface in Figure 5.6 then it 

is possible to suggest that there is more of an underlying linear relationship between 

the factors. This is due to the very small curvature of the lines fitted through the data 

which for a simple approximate model could perhaps be ignored. 
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If thi~ is then considered to be the case across the whole experimental space then it 

is possible to derive some approximate equations which may be valid for the 

experimental results. Analysis of the experimental results leads to the following 

equations being derived to approximate the experiment: 
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31::::: 1620 I (v.t) fort= 2.0 and t = 2.5 mm 

and 

(Equation 5.19) 

31 ::::: 960 I (v.t) fort = 3.0 mm (Equation 5.20) 

where 31 is transverse distortion (in mm), v is weld speed (in mrn/min) and t 

is material thickness (in mm). 

However, these are only valid for the experimental outcomes and as the factor is 

different depending on the thickness it is not possible to state what the ~quation 

would be at other thicknesses outside, or even in between, those considered. Further 

experiments would therefore be required to establish these other factors so these 

cannot be considered as generalised equations for the design space to be considered. 
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Therefore, -in order to establish a generalised equation valid across the design space 

under consideration that is applicable to the case study company; it is necessary 

again to .utilise the DoE software to assist in 'best fitting a response t0 the data and 

extrapolating this across the full design space. This. time the best fit response was 

based on a linear combination of the factors , and the best fit response surface across 

the design space can be seen in Figure 5.7. 
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The equation derived by using the software to characterise this response surface for 

the bead on plate transverse distortion was found to be: 

lh· = 3.41778 - 0.00211944;v- 0.68.t + 0.000416667.v.t (Equation 5.21) 

In order to check the validity of the equation then the experimental points are 

entered and checked to the predictions. Note that for ease of use, in this and 

subsequent derived equations. the speed is in mm/min rather than mm/s. The results 

of the comparison are presented in Table 5.1 0. The fit for the derived equation is not 

as good as for the longitudinal distortion equation to its data, with some errors being 

as high as 13%, but generally the equation is a reasonable fit through the data with 

the errors typically about 5%. However the equation is considerably less complex 
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than the longitudinal equation and the balance needs to be struck between the 

complexity of the equation for ease of use and the fit of the data. 

Table 5.10: Comparison of transverse distortion prediction to experimental data 

(bead on plate) 

Weld Material Experimental Predicted Variation Error 
Speed Thickness Result Distortion Expt -v- pred 
mm/min mm mm mm mm % 

2.0 1.18 1.16 0.023 1.95% 
700 2.5 0.91 0.96 -0.053 -5.82% 

3.0 0.77 0.77 0.0008 0.11% 
2.0 0.75 0.77 0.022 2.93% 

1000 2.5 0.7 0.64 0.06 8.57% 
3.0 0.53 0.51 0.022 4.15% 
2.0 0.4 0.39 0.014 3.50% 

1300 2.5 0.28 0.32 "'0.037 -13.21% 
3.0 0.24 '0.25 0.0075 3.13% 
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Figure 5. 8: 20 representation of the transverse distot1ion equation (bead on plate) 
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The transverse shrinkage occurs in the weld and region immediate to it, the HAZ, 

subject to metallurgical change. Therefore this does not really have to be factored to 

account for plate width dimension. Therefore, the equation derived can therefore be 

used and applied over the design space directly. Alternatively it can also be 

represented on a 2D chart and used as a look up tool. An example of how such a 

chart could look for the transverse distortion is shown in Figure 5.8. 
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The next distortion to consider is the angular distortion. The figures for these factors 

from the experiments are to be found in Appendix III. The variation of the two 

fac.tors shows that there is no ~asily oistinguishable relationship between the family 

of curves for both factors. The results shown as a summary on an experimental 

response surface again highlights the complex form which makes it difficult to 
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deduce a simple relationship to defi'ne the relationship. Utilising the DoE software to 

map the results and extrapolate over the whole design space then it is possible to 

form a basic equation that can define the angular distortion. The respQnse surface 

generated over the design space for the angular distortion is shown in Figure 5.9. It 

is found that the response surface can be characterised by the following equation: 

· ~f = -4.78778 + 0.00919444.v +5.46.t- 0.004333.v.t (Equation 5.22) 
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Figure 5.10: 2D representation ofthe angular distortion equation (bead on plate) 

In order to che.ck the validity of the equation then the experimental points are 

entered and checked to the predictions. The results of which are presented in 

Table 5.11. 
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Table 5.11: Comparison of angular distortion prediction to experimental data (bead 

on plate) 

Weld Material Experimental Predicted Variation Error 
Speed Thickness Result Distortion Expt -v- pred 
mm/min mm Degrees Degrees Degrees % 

2.0 6.45 6.50 -0.052 -0.81% 
700 2.5 7.67 7.72 -0.045 -0.59% 

3.0 8.65 8.93 -0.28 -3.24% 
2.0 6.63 6.66 -0.03 -0.45% 

1000 2.5 7.58 7.22 0.36 4.75% 
3.0 8.21 7.79 0.42 5.12% 
2.0 6.59 6.82 -0.23 -3.49% 

1300 2.5 7.04 6.73 0.31 4.40% 
3.0 6.19 6.65 -0.46 -7.43% 

From the comparison of results it can be seen that whilst this equation does fit the 

data, some the errors however are larger than the longitudinal equation generated. 

The maximum error between the experimental and predicted results is in the region 

of 7 .5%. Also in considering the complex form of the experimental response surface 

and as has previously been discussed that the angular distortion is not purely an 

effect of thickness and speed, then the equation needs to be used with caution, 

especially when the combination of factors lies outside of the experimental space. 

Figure 5.10 shows a 2D representation of the equation as a series of iso-curves to 

represent the response surface, which is another way the equation could be used by a 

designer as a quick reference tool. 

The final distortion to be considered for the bead on plate samples is the bowing 

distot1ion. Again the variation of the individual factors is considered, for which the 

figures can be found in appendix III. The relationship has been seen to be quite 

evenly spaced which would tend towards a linear relationship, however this is not 

directly obvious from the simple investigation. Therefore applying the DoE software 

to generate a response surface through the data and extrapolating across the design 

space, then the output can be seen as the response surface in Figure 5.11 
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Figure 5.11: Best fit response surface for bowing distortion (bead on plate) 

From the response surface then the equation characterising this is found to be: 

2350 

1650 

R = 1722.16667- 0.25417.v- 47.t + 0.16833.v.t (Equation 5. 23) 

If the results from this equation are compared to the averaged experimental results 

then it is possible to detem1ine if the equation is a good fit. Table 5.12 documents 

the results of this comparison. Generally from these results it can be seen that the 

equation gives a very good fit at these points with the maximum error being less 

than 1.5%, although generally the results can be seen to be in even better correlation 

with errors much lower than this. 
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Table 5.12: Comparison bowing distortion prediction to experimental data (bead on 

plate) 

Weld Material Experimental Predicted Variation Error 
Speed Thickness Result Distortion Expt -v- pred 
mmlmin mm mm mm mm % 

2.0 1686 1685.92 0.083 0.00% 
700 2.5 1720 1721.33 1.33 0.08% 

3.0 1762 1756.75 5.25 0.30% 
2.0 1711 1710.67 0.33 0.02% 

1000 2.5 1773 1771.33 1.67 0.09% 
3.0 1822 1832.00 -10.00 -0.55% 
2.0 1722 1735.42 -13.42 -0.78% 

1300 2.5 1847 1821.33 25.67 1.39% 
3.0 1899 1907.25 -8.25 -0.43% 

Another way to represent the equation and response surface is as the 2D graph as 

shown in Figure 5.12 which provides a quick and easy way for a designer to predict 

the distortion given the material thickness and weld speed combination. 

Using the approaches described equations have been derived for each of the 

distortions for the bead on plate samples. These equations are valid for the material 

and parameters of the case study company based on the experimental outcomes, and 

have been extrapolated to cover the companies typical design space. Therefore in the 

case study company for the chosen material, with thickness ranges from 1.5mm to 

5.0mm and weld speeds ranging from 500 to 1500 mm/min then the following 

equations may be applied to predict distortion at the design stage for a bead on plate 

weld configuration: 

Longitudinal distortion: 

8L =L.(3.05963 - 0.00278-i5.v- 0.5567.t + 0.0002.v.t + 7.4074le-7.v2 + 0.046667.t2
) 

330 

Transverse distortion: 

Dr= 3.41778- 0.00211944.v- 0.68.t + 0.000416667.v.t 

Angular distortion: 

~f = -4.78778 + 0.00919444.v +5.46.t- 0.004333.v.t 

Bowing distmiion: 

R = 1722.16667- 0.25417.v- 47.t + 0.16833.v.t 
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(Equation 5.18a) 

(Equation 5.21) 

(Equation 5.22) 

(Equation 5.23) 
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Figure 5.12: 2D representation of the equation for bowing distortion (bead on plate) 

5.3.2 Generating Equations for Butt Weld Samples 

Following the same approach used for the bead on plate samples, the investigation to 

find equations for the butt weld design was c;;~rriecl out. The family of response 

curves were generated for each type of distortion for both varying material thickness 

and weld' speed independently. The experimental space response surface was created 

for each set of res:ults. However, the distortion responses did not have expressions 

that simply allowed the results to be expanded to fit .the design space of the case 
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study company. The graphs from these investigations are presented in Appendix III 

for completeness, and excluded here for brevity. 

Following the historical data fitting using the DoE analysis software then response 

surfaces were generated for each response and experimental outcome. The response 

surface generated for the longitudinal distortion extended to the design space of the 

case study company is shown in Figure 5.13. 
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Figure 5.13: Best fit response surface for longitudinal distortion (butt weld) 

From this response surface an expressiOn was derived relating the longitudinal 

distm1ion to the material thickness and weld speed. This was then normalised to 
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allow for the effect of weld length and the following generalised equation 

developed: 

aL =L. ( 2.87111- 0.00168056.V- 0.60667.t + 0.00035.v.t) 
330 (Equation 5. 2 4) 

The values of the experimental data points were substituted into this equation in 

order to check its validity and fit to the data. The results for this comparison are 

presented in Table 5.13. 

Table 5.13: Comparison of longitudinal distortion prediction to experimental data 

(butt weld) 

Weld Material Experimental Predicted Variation Error 
Speed Thickness Result Distortion Expt -v- pred 
mmlmin mm mm mm mm % 

2.0 0.97 0.97 -0.0014 -0.14% 
700 2.5 0.82 0.79 0.029 3.54% 

3.0 0.61 0.61 0.00028 0.05% 
2.0 0.66 0.68 -0.017 -2.58% 

1000 2.5 0.53 0.55 -0.019 -3.58% 
3.0 0.4 0.42 -0.021 -5.25% 
2.0 0.39 0.38 0.0069 1.77% 

1300 2.5 0.32 0.31 0.013 4.06% 
3.0 0.24 0.23 0.0086 3.58% 

It can be seen that the expression is a good fit to the experimental data, with the 

maximum error being in the region of 5%. Several of the experimental points lie 

almost exactly on the response surface best fitted through the data. The equation 

generated takes a linear form with an expression for the combined effect of thickness 

and speed also. The response of this expression to the input factors is not dominated 

by any one particular term, with the values of the term for thickness effect, speed 

effect, and combined effect each having a similar influence on the resultant 

distortion value. 

The equation can also be represented in a 2D graphical form with iso-contours as 

previously demonstrated with the other equations. It needs to be remembered in 

using the graphical format for longitudinal distortion as a quick reference tool, that 
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the value found from the graph needs to be normalised to account for the weld 

length, as described previously and included in the general form of the equation. 
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Figure 5.14: 2D representation of the equation for longitudinal distortion (butt weld) 

The approach was then applied to the transverse distortion to generate the response 

surface based on the butt weld results shown in Figure 5.15. From the form of the 

response surface;: it Gan be. seen that the resultant expression to characterise this will 

be a linear response based on each factor. The equation characterising this response 

surface was found to be: 

8T = 1.96056- (i).QQ03944,v- .0.2633.t (Equation 5.25) 
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Figure 5.15: Best fit response surface for transverse distortion (butt weld) 

Table 5.14: Comparison of transverse distortion prediction to experimental data 

(butt weld) 

Weld 
Speed 
mmlmin 

700 

1000 

1300 

Material Experimental Predicted Variation 
Thickness Result Distortion Expt -v- pred 

mm mm mm mm 
2.0 1.19 1.16 0.032 
2.5 1.02 1.03 -0.0061 
3.0 0.88 0.89 -0.014 
2.0 1.01 1.04 -0.029 
2.5 0.92 0.91 0.012 
3.0 0.77 0.78 -0.0061 
2.0 0.91 0.92 -0.011 
2.5 0.8 0.79 0.011 
3.0 0.67 0.66 0.012 
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% 

2.69% 
-0.60% 
-1.59% 
-2.87% 
1.30% 
-0.79% 
-1.21% 
1.38% 
1.79% 



The experimental values were once more substituted into this expression to assess 

the fit to the data. The results from this compm:ison are found in Table 5.14. This 

shows that the fit of the equation to the experimental results is very good. The 

maximum error is under 3%, although generally the results are even better than this. 

Also from studying the equation it can be seen that it is the term relating to thickness 

that has a more significant response. on the overall distortion result. 

The equation is again presented in its 2D graphical format for use by a designer as a 

quick reference guide, in Figure 5.16 
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Figure 5.16·: 20 representation of the equation for transverse distortion (butt wel_d) 
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The angular distortion was modelled in the same way based 0n the experimental 

results. However, in fitting the response surface to this data there was not a 

particularly good fit that gave the same level of correlation and significance as was 

found with the other expressions. The initial fit to the angular distortion resulted in 

the response surface shown in Figure 5.17. 
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Figure 5.17: Best fit response surface for angular distortion (butt weld) 

This generated a response surface based on a linear relationship of the two factors to 

the angular distortion. In order to attempt to find a better fit to the experimental qata 

for the response surface then the outcome was subject to several mathematical 

transformations in order to see if this significantly effected the correlation of the 
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response surface to the experimental data. It was found from this exercise that the fit 

could be improved by applying a reciprocal transformation to the data, and then the 

best fit to this reciprocal of angular distortion was a linear expression. The resultant 

response surface relating the angular distortion, as a reciprocal, to the input factors 

of weld speed and material thickness is shown in Figure 5 .18. The equation 

representing this response surface was found to be: 

II Pr = 0.05113.t + O.OOOI9033.v- 0.012319 (Equation 5.26) 

This equation can be rewritten to give a direct expression for angular distortion as 

follows: 

Pr = 1/ (0.05113.t + 0.00019033.v- 0.012319) 
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Figure 5.18: Best fit response surface for 1/angular distortion (butt weld) 
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Using the e9uation for the reciprocal of angular distortion, as .shown in equation 

5.26, then a comparison can be made for. the fit of the experimental data to the 

prediction. The results for · the comparison are shown in Table 5.15. It can be seen 

that the equation provides a good fit to the experimental data, with a maximum error 

of less than 4%, although generally the errors are much smaller than this maximum. 

5 .0 

4.5 

4.o· 
(/) 

~ 
c 
~ 

.2 3.5 

..c 
I-
co 
'L: 
<l> 
+-' 

3.0 

co 
~ 

Cri 
2.5 

2.0 

1 .5 

500 600 700 800 

• Design Points 
0.54 

900 1 000.' 1100 1200 1300 1"400 1500 

A:· Weld Speed 

Figure 5·. i 9: 2D r~presentation of the equa.tion for I /angular distortion (butt weld) 

Neither of the two factors dominates the expression more than the other in this form 

of the equation. This is more evident when the 2D graphical repi·esentation of the 

equation is looked at, as shown in Figure 5.19, where the iso-contours can be seen to 

run at almost 45 degrees. This form for representing the ~quation can be used as a 

quick reference tool for a designer to generate an approximate value for the 
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response, remembering that the answer is the reciprocal of the angular distortion, 

therefore needs to be transformed back. 

Table 5.15: Comparison of angular prediction to experimental data (butt weld) 

Weld Material Transformed Predicted Variation Error 
Speed Thickness Experimental Result Expt -v- pred 
mmlmin mm Result Degrees Degrees % 

Degrees 

2.0 0.22 0.23 -0.0015 -0.68% 
700 2.5 0.25 0.25 0.0031 1.24% 

3.0 0.28 0.28 -0.00065 -0.23% 
2.0 0.29 0.28 0.0084 2.90% 

1000 2.5 0.31 0.31 -0.0009 -0.29% 
3.0 0.33 0.34 -0.0094 -2.85% 
2.0 0.34 0.34 -0.002 -0.59% 

1300 2.5 0.36 0.37 -0.012 -3.33% 
3.0 0.41 0.39 0.015 3.66% 

The final distortion response to be analysed is the bowing distortion for the butt 

weld samples. It was found that a good fit to the experimental data could be obtained 

by using a quadratic form for the equation of the response surface. However this 

results in a complex expression, as was seen for the bead on plate longitudinal 

response, with equation 5.18. The graph for the response surface for the bowing 

distortion based on the quadratic fit is shown in Figure 5.20. In order to attempt to 

simply the expression then the use of mathematical transforms was considered. In 

this particular case the transforms produced a comparable level of fit to the data if 

the square root of the bowing distortion value was considered. The benefit this had 

was that it enabled the equation to be expressed in a far simpler form than the 

quadratic expression. The response surface based on the transformed response, using 

square root, is shown in Figure 5.21. The equation characterising this response 

surface can be shown to be: 

,JR = 21.09434.t + 0.02196.v- 20.24817 (Equation 5.27) 

This can be rewritten as follows to show the calculate the bowing distortion: 

R = (21.09434.t + 0.02196.v- 20.24817)2 (Equation 5.27a) 
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The values of the factors for the experimental results were substituted into the 

equation to generate predictions and allow a comparison to the actual experimental 

results to be made. The summary ofthis comparison is shown in Table 5.16. It can 

be seen that generally there is a very good fit of the equation to the experimental 

data, with 5 of the points being in the region of 1% error or less. The maximum error 

is seen to be just over 6%. From examining the equation then it is seen that the 

response is more sensitive to the factor of material thickness. 

Table 5.16: Comparison of bowing distortion prediction to experimental data (butt 

weld) 

Weld Material Transformed Predicted Variation Error 
Speed Thickness Experimental Result Expt -v- pred 
mmlmin mm Result mm mm % 

Mm 

2.0 44.34 42.38 1.96 4.42% 
700 2.5 53.55 52.93 0.63 1.18% 

3.0 63.8 63.47 0.33 0.52% 
2.0 48.15 51.14 -2.99 -6.21% 

1000 2.5 61.39 61.68 -0.29 -0.47% 
3.0 69.67 72.23 -2.56 -3.67% 
2.0 60.49 59.9 0.59 0.98% 

1300 2.5 70.98 70.44 0.54 0.76% 
3.0 82.78 80.99 1.79 2.16% 

The equation can again be represented in the 2D graphical form, for easy of use as a 

quick reference tool by a designer, however the transformation of the result must be 

remembered to be undertaken. This graph can be seen in Figure 5.22. 

Having now considered all of the responses it can be seen that it is possible to 

generate equations that characterise the distortion responses over the case study 

company's design space based on the experimental results. Whilst these equations 

are best tit approximations, it has been shown that the errors arising from these 

equations all generally lie within acceptable limits for a prediction tool. The 

maximum error from the prediction equations to the butt weld results is just over 

6%. Therefore in the case study company for the chosen material, with thickness 

ranges from 1.5mm to 5.0mm and weld speeds ranging from 500 to 1500 mm/min 
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then the following equations may be applied to predict distortion at the design stage 

for a butt weld configuration: 

Longitudinal distortion: 

oL =L. ( 2.87111 - 0.00168056.v - 0.60667.t + 0.00035.v.t) 
330 

Transverse distortion: 

OT = 1.96056- 0.0003944.v- 0.2633.t 

Angular distortion: 

~r = 1 I (0.05113'.t + 0.00019033.v- 0.012319) 

Bowing distortion:· 

R = (21.09434.t + 0.02196.v- 20.24817)2 

(Equation 5.24) 

(Equation 5.25) 

(Equation 5.26a) 

(Equation 5.27a) 
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Figure 5.22: 2D representation of the bowing distortion equation (butt weld) 
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5.3.3 Example of Applying the Distortion Prediction to Design 

Having generated equations to enable the prediction of weld distortion and discussed 

how to apply these then an example is presented to illustrate clearly the possible 

approach. 

For the purpose of the example a butt weld joint design will be considered. This is a 

simple butt weld to be in keeping with the findings to date. Indicative values are 

chosen to lie within the design space of the case study company. Therefore in the 

example two plates are welded together, each plate having the dimension of 600mm 

long and 200mm wide, and being manufactured from 2.8mm thick XF350 material. 

It is also assumed that the plates will be welded together at 1200mm/min weld 

speed. The values chosen are specifically different for the experimental dimensions 

to illustrate how the equations can be applied to any combination of factors within 

the case study company's design space. The typical arrangement and layout for such 

a design can be seen in Figure 5.23 (a). 

The designer will design the parts based on the nominal dimensions required for the 

finished product. This is the usual current design practice of the case study 

company. If these plates are then welded together using a butt weld the finished 

product will contain distortions. The typical shape that this welded product will 

finish up after processing can be seen in Figure 5.23(b). Here it can be seen that the 

product will exhibit all of the major distortion discussed in this project, and will be 

away from the nominal dimensions. If these distortions are too big and take the 

product out of tolerance then the process engineers will have to come up with 

methods of correcting the distortion. This could be by additional operations such as 

straightening or presetting of the parts. However, at this stage the process will have 

already had costs established and quoted to the customer for the automotive 

environment in which the case study company does business. Therefore the cost of 

additional operations will have to be carried by the manufacturer and not passed on 

to the customer. This will directly reduce any profit on this part. The bowing and 

angular distortions may be possible to correct by such simple methods, however if 

the length and width dimensions are critical then these will need to be corrected also. 
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It may be possible that sequencing the weld by breaking it into a series of smaller 

weld runs and spreading these out may reduce the overall distortion, but this will 

increase the cycle time, and therefore once more increase the manufacturing cost 

base. In addition this requires additional development after a facility is available and 

this has limitations on how much any process can be varied. This may therefore 

require additional capital investment to achieve the desired results. Capital 

investment will have to be recovered through being apportioned to the piece price. 

Again as this is already set by this stage then the increased investment will result in 

reduced profit. 

If processing changes cannot control the longitudinal and transverse dimensions of 

the part to a low enough level to maintain the finished product within tolerance then 

the only other option is to modify the parts going into the process to compensate. As 

the case study company works in the high volume automotive sector, product 

volumes can be in hundreds of thousands of units, therefore all child components 

will be manufactured of tooling for cycle time considerations and repeatability. 

Therefore to modify the components to compensate for distortion by increasing their 

length or width in order to maintain or achieve end product tolerance will require 

tooling modifications. This has several effects: Firstly the tooling modifications will 

have to be paid for, which will have to be funded by the manufacturer. The tooling 

modifications will have a lead-time, which introduces the risk of delays. If these 

delays cause the supplier to fail to achieve a customer milestone then not only does 

this lead to customer dissatisfaction, but opens the possibility of penalty costs. In 

order to maintain production or even pre volume supply and ramp up, whilst the 

tools are modified, the supplier will have to manufacture additional panels from a 

prototype route to the new intended dimensions. As this is not the production route 

then this is again more costly, reducing project margins, but also it could jeopardise 

and affect maturation of the production processes and product, delaying customer 

sign off and acceptance, and therefore delaying final tooling payments. This is 

because it is common practice in the automotive business for the customer who may 

be paying for the tooling to hold back a significant value of the tooling order to only 

be release on produce sign of based on dimension and process perfonnance. 
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Therefore, even in such a simple component, the possible impact from not 

considering distortion effects is high. Failing to do so presents the real prospect of 

increased costs, rework, and modifications all of which reduce the profitability of 

the product. 

Having seen the possible implications of not making allowances and modifications 

at the design stage it illustrates the impor~ance of the predicting distortion effects 

from the welding pm<;ess in the design. This is because it happens before any 
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tooling or processes exist, and before costs have been quoted. Based on the 

dimensions of the plates to be welded, a designer can take these values and 

substitute these into the previously generated equations. Putting these values into 

equations 5.24, 5.25, 5.26a and 5.27a respectively then the following values can be 

calculated as follows: 

<k = 600. ( 2.87111-0.00168056.1200- 0.60667.(2.8) + 0.00035.1200.(2.8)) 
330 

=0.6032mm 

<h = 1.96056- 0.0003944.1200- 0.2633.(2.8) 

=0.75mm 

Pr= 1 I (0.05113.(2.8) + 0.00019033.1200- 0.012319) 

= 2.784° 

R = (21.09434.(2.8) + 0.02196.1200- 20.24817i 

= 4247mm 

Using the knowledge gained and discussed previously in this report, then these 

values can be used to adjust the dimensions and form of the component parts to 

allow for distortion. The longitudinal dimension of the plate needs to be increased 

by the 0.6mm calculated, and this should be applied as an increase in length at the 

edge that will be welded, the other edge dimension should remain at its initial length 

and the allowance applied equally to each end of the plate, i.e. half of the 

longitudinal shrinkage allowance applied to each end of the weld edge. For the 

transverse dimension then both plates should be increased in width by a value that is 

half of the 0.75mm transverse shrinkage allowance that has been calculated. The 

angular distortion may be allowed for by presetting the plates from the nominal 

position by half of the calculated angular distortion change, either side of the weld. 

This should be on the opposite side to the weld, and it would be possible to 

introduce this by designing the fixture to have this allowance. Finally the bowing 

distm1ion needs to be compensated for. This would have to be done by introducing 

the bowed form into the component plate. In order to do this an additional press tool 

would be needed, but as the costs have not been quoted this can be built into the 

overall product costs, if this is considered when the part is still in design. The bow 
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will be in the opposite direction to the side the weld is applied to the component. An 

illustration of the form these modifications would take to the pre welded 

components can be seen in Figure 5.23(c). 

Having made these modifications the product can then be developed and produced 

with reduced risk to the profitability of such a component. In making a pre 

allowance for the distortion that is occurring from the welding process and using the 

specific derived equations to calculate the appropriate values of distortion, the 

product should deliver a manufactured result that will lie within tolerance and be in 

line with the nominal dimensions desired by the designer in the original design. This 

is illustrated as an example in Figure 5.23(d). 

5.4 Improvements Based on Sources of Error and Variation 

In the previous discussions in this chapter and Chapter 4, some of the potential 

sources of error and variation have been mentioned and investigated. However, in 

order to cover some further aspects that would offer scope for improvement to 

increase the experimental accuracy and speed of results processing then this section 

is included. 

Previously, the problems associated with the initial scanning method, using a laser 

track ball have been discussed. This meant that the pre and post weld samples were 

measured using different methodologies. Clearly having welded the samples it is not 

possible to repeat the measurement of the pre weld scanning using the revised 

non-contact method. The initial measurement approach required significant fitting 

and manipulation of the sparse scan data, all of which is prone to error and 

approximations. This therefore means that the actual measured and calculated 

dimensions for the pre weld plates will not be as accurate as the post weld scans. 

Ideally both the pre and post weld plates should be measured using the same 

methodology, and by choice this would now be the non contact method for any 

future experiments of this nature. In the scanning process it is important to ensure 

the scan captures the edges of the plates fully and not just the top surface. Whilst 
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this was attempted in the post weld scans, some sections still did not capture the 

edge as clearly as may have been desired. Capturing the edge and top surface avoids 

any minor measurement errors if a point does not lie exactly on the edge of a plate. 

An additional benefit that using non-contact scanning to generate point clouds for 

both the pre and post weld samples is that they can then be manipulated and 

analysed in the same post processing package. This would allow direct comparison 

of pre and post scans, which could be aligned to each other in the post processing 

software. To do this the areas of the scans around the datum tooling holes in the 

plates could be selected on both scans and aligned using a best fit alignment to 

orientate the scans together to each other. This would allow sections to be cut 

through both point clouds simultaneously and the distortion results then measured 

directly on the two clouds. This guarantees that the measurements taken are the 

actual difference, and not taken at two sections that may be slightly different 

position on each point cloud. Whilst this error is likely to be small the benefit it 

gives in speeding up post processing would be considerable, and provides a much 

more visual assessment of the results as they are generated. 

In considering some aspects of the experiment then several other areas have been 

identified which would offer scope for improvement. When processing the pre-weld 

samples then there was significant variation seen in the dimensions between 

individual plates. In some individual plates the dimensions of length or width 

showed variation of approaching 0.5mm arising from the manual manufacturing 

processes used to produce the plates. This also showed itself as a variation over the 

family of plates used in the experiment to produce a range of plate dimensions that 

varied by over 2mm in overall distribution. This variation was again in part due to 

the manual preparation method of the san1ple plates and also the fact that the plates 

had to be produced in batches therefore slight variations in set up may have occurred 

during their manufacture. In order to reduce this variation then it would be prudent 

for future samples for any further experiments to be produced by using a blanking 

tool to press out the plates. An additional benefit is this would exactly represent the 

case study company's production process. Based on data from the case study 

company, the likely spread of dimensions would be greatly reduced to a very tight 
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and consistent distribution and individual plate dimension variation virtually 

eliminated. If a more consistent and accurate pre-weld plate could be produced then 

it may even be possible to eliminate the pre-weld measurement step, if the 

manufacturing process for the plates can be demonstrated to be repeatable, stable 

and capable. 

The pre weld plates all had datum edges identified, and offset datum holes 

incorporated to provide fixture and orientation location, however there is still scope 

for manual error in loading the samples. The plates could still be loaded in 2 

orientations if the edge orientation was not observed by the operator loading the 

fixture. Therefore a third tooling hole should be introduced to totally avoid any 

manual effect of incorrect orientation. It would be simple to introduce this into the 

welding fixture and plate samples. 

A further improvement that could be made concerns the weld gap. The fixture was 

designed based on the case study company's practice of welding a gap of nominally 

0.5mm dimension. This gap size is determined from the maximum gap size the weld 

wire and process will tolerate. It has been shown in the comparison to the published 

data that, especially for transverse shrinkage, the influence of the gap size 

contributes to the overall distortion result. Due to the tolerances from the 

manufacturing process for the plates and fixture, then the weld gap size used in the 

experiment may have varied. There was a clearance between the tooling location 

pins and the plate tooling holes to allow for these manufacturing tolerances; 

however this will have allowed some variation in weld gap size. Whilst tolerances 

can be improved by the use of more robust manufacturing processes for the sample 

plate production, some minor variation can never be eliminated. Therefore it would 

be useful to establish the exact weld gap for each sample joint welded to detem1ine 

if this is influencing the result. To do this it is recommended that the gap size be 

gauged, probably using feeler gauges, at either end of the weld joint prior to the 

plates being welded. 

The improvements to the overall set up would act not only to improve the 

measurement accuracy but to speed up the data processing. Due to the volume of 
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data generated, post processing was an extremely time consuming to process, 

requiring multiple steps, cross referencing, and calculation, all of which in 

themselves induces further scope for human error. Whilst the results have been 

thorough checked and reviewed, minimising the number of steps in this process, 

reduces the possibility of errors occurring in the first instance. 

5.5 Conclusions and Summary 

In this chapter the experimental results were reviewed in companson to the 

published work. It was seen that generally at first sight the experimental results did 

not appear to agree with the published data and equations presented by other 

authors. This required further investigation and explanation, to gain a better 

understanding of the effects occurring in the experiments. It was seen that some of 

the difference between experimental and theoretical results could be accounted for 

due to the effect of the combination of the various distortions occurring together. 

These acted in a way to give measured results higher than would be predicted. 

The longitudinal distortions were seen to be influenced by the value of bowing 

distortion which acted to increase the measured distortion. This effect was quantified 

and it was shown that it had a significant effect on the individual result. The 

transverse distortion was influenced by the angular distortion acting in combination 

with it. Again the values were calculated and the effect on the measured results was 

demonstrated. For the transverse distortion, it was still found that even having 

accounted the effects of angular change there was still discrepancy to the published 

equations. It was discussed that due to the welding set up of the case study company 

an additional influence on this mode of distortion was the weld gap size. The 

experiment was set up based on a nominal gap size, but the exact influence of this 

on the distortion outcomes could not be determined from the experiment as it was 

not set up as a process variable with the intention of doing so. However it could be 

stated that due to the differences to the published models, which are based on no 

weld gap assumptions, then the influence of a weld gap is to increase the transverse 

distortion. The angular distortions, which were found to be influenced by material 
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thickness, welding speed and penetration, gave generally poor agreement to the 

published equations. Finally the bowing distortion results showed there was good 

agreement on the butt weld samples to the published models from Okerbloms 

equation. However the agreement for bead on plate samples was not as specific to 

one particular model, although the trend seemed in line with the model of Horst 

Pflug at the thicker gauges and Blodgett at the thinnest material. 

As there was a general discrepancy to the published data, in the main due to the 

combination effect of the distortions not being included in the published 

expressions, then it was necessary to attempt to develop some new models specific 

to the materials and process variables of the case study company. These models 

were developed with the design end user in mind to show overall factors to be 

included as design compensations. The final approach used to assess the overall 

experimental results in order to generate a response that could be characterised in an 

equation form was based on using DoE, and the Design Expert software tool by 

Stat-Ease was employed. Using this approach response surfaces for the experimental 

results were obtained which could then be varied in form to obtain a good fit to the 

data. Following this, from the best fit response, specific equations relating to the 

design space of the case study company were developed for each distortion type and 

for both bead on plate and butt weld joints. These equations were evaluated to check 

the validity across the range of the experiment and generally it was found that they 

could be used to approximate a distortion value that would be accurate within 6% or 

less based on the investigations undertaken in this project. The equations were also 

presented in a graphical fonn that a designer could quickly used to evaluate the 

effect, which would allow easy and rapid consideration without need to carry out 

detailed calculation. These could be assessed by a designer with very basic 

knowledge about a design and not requiring specific process information except an 

estimation of weld speed to be used. The equations for each joint type, specific to 

the case study company, are considered to be valid over a range of material 

thicknesses (t) based on XF350 material from 1.5mm to 5.0mm thick and weld 

speeds (v) from 500mm/min to I 500mm/min. These can be found as equations 

5. I Sa, 5.2 I, 5.22 and 5.23 for the bead on plate weld, for longitudinal, transverse, 
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angular and bowing distortions respectively. Likewise equations 5.24, 5.25, 5.26a 

and 5.27a were correspondingly developed for the butt weld case. 

Using the equations generated an example was given of how a simple butt weld 

design could be refined using knowledge of distortion effects at the design stages. 

This included discussion of the consequences for not taking such steps to illustrate 

the power and importance that such an approach can have. The combined effects of 

the distortions were evaluated by using the four equations for the weld and it was 

then discussed how to apply these in practice to the design. It was shown that if this 

is carried out then a designer can adjust the design of a component to allow for the 

effects of these distortions by incorporating an allowance for these into the design. 

The example showed how in doing this a post welded component could be designed 

at the outset to produce a product to nominal dimensions. 

Finally a brief discussion summarised some of the findings from undertaking the 

experiment and analysis of the results that could be used in order to refine the 

process of carrying out similar experiments in future. This centred on consistent 

measurement methods and refinements to the manufacturing methods used in the 

plate preparation, with some changes to the experimental procedure. 
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Chapter 6: Conclusions and Future Work 
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6.1 Introduction 

This chapter presents the main conclusions arising from the work undertaken in this 

project. The overall conclusions are discussed briefly and related to the intended 

aims of the project. The project, in summary, consisted of several major aspects 

including a review of published work relating to distortion prediction, the 

development and carrying out of an experiment to evaluate distortion specific to the 

typical process properties and arrangements of the case study company, the 

evaluation of the experimental outcomes against the existing published equations, 

before finally suggesting a method to predict distortion based on these results. 

Finally this chapter is concluded with a short discussion about areas of further work 

relating to this work. 

6.2 Conclusions from the Investigation 

This project was set up to investigate predicting weld distortions in the design phase 

of automotive components, and utilised experimental methods to establish these for 

some basic weld geometries and types. The experiment was carried out based on the 

variation of two factors, material thickness and weld speed. It was demonstrated that 

increasing either or both factors acted generally to reduce the overall distortion 

outcome. 

The longitudinal distortion was shown to occur at a maximum at the weld centreline 

and this decreased as the transverse distance from the weld increased towards the 

edges of the plate. Transverse distortion was found to occur as a uniform shrinkage 

in the main body of the weld away from the start and stop effects, and it was also 

found to increase to this constant value quite quickly at the start of a weld and vice 

versa at the end. Therefore it is considered that careful programming of the weld 

speed to give a variable speed profile at the start and end of the weld, coming to the 

constant required speed in the body of the weld would likely result in a uniform 

transverse distortion along the whole weld length. The angular distortion was found 

be able to be approximated across the width of the component and varied little over 
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the length of the weld. Therefore a method to compensate for the angular distortion 

would be to introduce a preset angle opposite in direction, of the value of the angular 

change. The angular distortion was seen not only to be influenced by the weld speed 

and material thickness but also the level of penetration. The bowing distortion 

occurred consistently across plate and could therefore be accounted for by inducing 

a negative pre bend in the plate of the value the welding process induced in the flat 

plate. 

In comparing the distortions to the predicted values based on published equations it 

was found the equations generally were under predicting when compared to the 

measured results from the experiment. However further study indicated that when 

the combination effect of the distortions was accounted for then the values measured 

were more in line with the published models. The distortion effects do not occur in 

isolation and therefore in order for a designer to understand the real effect on a 

component and adjust correctly for this it is the combined distortion value that 

should be calculated. Particularly good agreement was seen to the model of 

Okerblom for bowing distortion in the bead on plate samples manufactured in the 

experiment. 

ln studying the results it was possible to see that there was a relationship between 

the variables of the experiment and the distortion values, however it was not one that 

could simply be extracted and used as valid across a full range of inputs without 

careful consideration. By limiting the range of application to the design space of the 

case study company for the variables, some relationships between the experimental 

variables and distortions were drawn by using the DoE tool Design Expert. 

Equations have been generated relating the combined distortion effect values to give 

results for longitudinal, transverse, angular and bowing distortion. These are based 

on the parameters of material thickness and weld speed, and separate equations for 

both bead on plate and butt joint welds generated. Using these equations a designer 

can determine the overall distm1ion and decide if the design needs to be changed 

accordingly to compensate. An alternative format for these equations was presented 

based on a 2D graphical format with iso-contours that could be used to quickly 
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determine an approximate distortion value rather than having to calculate the results 

from an equation. 

It has therefore been shown that it is possible to make simple reliable predictions of 

distortion outcomes, before a product ever exists, to evaluate these effects in the 

design phase. However further work will be needed to broaden and generalise the 

approach and allow it to be used in complex real geometries based on multiple weld 

joints. 

6.3 Recommendations for Future Work 

Having demonstrated that the approach could derive equations for simple joint types 

then recommendations for further work to build upon these foundations can be 

made. 

In conducting the experimental part ofthis project only bead on plate and butt welds 

sample had to be considered due to the volume of data generated. However clearly 

there are many more joint types in practical terms than those considered in this 

initial investigation. Having established the validity of the approach then it would be 

useful to extend the study to investigate other basic joint types. Indeed the basic set 

up and work has already been carried out to examine the same effects on tee joint 

samples. Additional joint types that could be investigated include overlap joints and 

tee joints that have a flanged edge which is welded. These are both commonly used 

in the case study company. 

Having established the results for basic joints based on the plate sizes used in this 

experiment then it would be useful to validate if there is a size effect by increasing 

and decreasing both the length and the width of the plates used for the experiment. 

ln addition, as already highlighted previously in the discussion of the results then it 

would be interesting to evaluate and quantify the effect of the weld gap. 
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Extensive experimentation is both time consuming and expensive. In addition the 

combination of multiple joints has not yet been considered. Therefore, having 

established a thorough knowledge base of distortion results then it would be 

beneficial to utilise computer aided simulation approaches to maximise the benefit 

of the studies. A next step would be to develop a CAE model that replicates the 

basic experiment and develop this to generate correlation to the experimental results. 

When a model has been generated to correlate the experimental results it can then be 

used with higher degree of confidence to predict the distortions occurring in other 

simple joint arrangements. Combining CAE with DoE provides a powerful tool to 

examine large design problems and build up a wider range of results than would be 

possible by experimentation alone. Once a comprehensive database of distortion 

results is available, these can be used with there corresponding equations to produce 

simple models and simulations. This data could then be used with an approach based 

on finite elements to code expressions to specific weld joints. If this can be done 

then more complex geometrical assemblies can be studied, and these can be 

validated to produce confidence in the method. If this provides good correlation then 

it would form the basis of a general and quick method for evaluating the influence of 

distortion at the design stage. Also if it is quick to use then the effects of changes 

made to overcome distortion problems can be evaluated also. This would not be 

dissimilar to approaches being used by other researchers such as volume shrinkage 

methods; however it would be based on developing specific elements coded to the 

equations of distortion for the case study company. 

A more long term direction if the above approach could be validated would be to 

combine the distotiion prediction tool with optimisation software to look at the 

sequential build up of the weld distortion and to attempt through weld sequence 

optimisation to reduce the distortion to a minimum. 
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Appendix I - ·weld Macro Study 

Weld d!rtlens!onal study 

Ppsition .along 
weld(in mm) 50 100 150 200 250 300 

Bead on plate (ref plate samples 2.0mm plates 41 @ 700mm/min) 

w 6.4 5.9 5.9 6.2 5.9 5.5 

H 1.7· L5 1.5 2 1.7 2.1 

p 0.9 0.7 ·0.7 1.1 2.J 

XSA 5.4 4.8 4.5 5.6 6.2 7.2 

Butt weld (ref plate samples 2.5mm plates 111A@ 700mm/min) 

7.2 7.1 6.8 7 7.2 6.3 

H 2.3 2:4 2.2 2.3 2.3 2.9 

p 2.6 ~.6 2.6 2.6 2.6 

Gap 0 0 0 0 0 0 

XSA 10.6 10.7 10 9.8 11.8 15.3' 

Tee weld (r.ef plate samples 2.5mm plates -15/15A@ 1'000mmlmin) 

Throat 3.3 3.2 3 3 2.9 2.5 

Leg A 3:8 3:7 3.3 3.4 3.1 2.9 

LegB 4.2 4 4.2 4.3 4.7 5.3* 

Pen A 0.5 0.4 0.6 0.4 0.2 0.2 

PenB '0.7. 0.8 0.5 0.7 0.9 0.8 

Gap :o 0' ·0 0 0 

XSA 7.5 7.3 7.2_ 7.4 7.1 7 

Reference diagrams (see also Figure 3. 1 -
weld section nomenclature): 

! H_! H 

.--10-1 " ----"-'--t=--<0 f I 

H !o-! H 

I" =p f I 

Jl ~ega 
~enB 

Leg A 
Pen A 

• undercut 0.14mm 
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Hardness survey 

Method = Vickers micro-hardness, 300g load 
Readings taken at 0.5mm intervals 

Study undertaken at mid position of weld runs: @ 150mm section cut 

2.5mm 
Positon 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

2.5mm 
Positon 

1 
2 
3 
4 
5 
6 
7 
8 
9 

700mmlmin 
Micro Hardnesss 

222 
224 
121 

Haz 189 
Haz 181 
Haz 173 
Haz 170 

Parent 164 
Parent 161 
Parent 169 
Parent 173 
Parent 174 
Parent 168 
Parent 169 

1000mmlmin 
Micro Hardnesss 

254 
270 
256 

Haz 188 
Haz 178 

Parent 170 
Parent 178 
Parent 172 
Parent 177 
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Weld Macro Graphs- Bead on Plate 

Bead on plate· (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

50mm along weld 

100mm along weld 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

150mm along weld 

200mm along weld 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

250mm along weld 

300mm along weld 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

Micro Hardness Test on section @ 150mm : showing indent positions 

Fine Polished sample for section at 150mm 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

Micro-structure : Weld metal (magnification x 200) 

Micro-structure : Inner Heat Affected Zone (magnification x 200) 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

Micro-structure : Mid Heat Affected Zone (magnification x 200) 

Micro-structure : Outer Heat Affected Zone (magnification x 200) 
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Bead on plate (Ref plate sample 2.0mm plate 41 @ 700mm/min) 

Micro-structure : Parent Metal (magnification x 200) 
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Weld Macro Graphs - Butt Welds 

Butt Weld (Re.f plate samples 2.5mm plates 1/1A@ 700inm/min) 

50mm along weld 

1 OOmm along weld 
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Butt Weld (Ref plate samples 2.5mm plates 1/1A@ 700mm/min) 

1SOmm along weld 

200mm along weld 
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Butt Weld (Ref plate samples 2.5mm plates 1/1 A '@ 700mm/min) 

250mni along weld 

300mm aloTJg weld 
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Butt Weld (Ref plate samples 2.5mm plates 1/1A@ 700mm/min) 
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Butt Weld (Ref plate samples 2.5mm plates 1/1A@ 700mm/min) 

Micro-structure : Weld metal (magnification x 200) 

Micro-structure : Inner Heat Affected Zone (magnification x 200) 
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Butt Weld (Ref plate samples 2.5mm plates 1/1A@ 700mm/min) 

Micro-structure : Mid Heat Affected Zone (magnification x 200) 
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Butt Weld (Ref plate samples 2.5mm plates 1/1A@ 700mm/mil1) 

Micro-structure : Parent Metal (magnification x 200) 
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Weld Macro Graphs ... Tee Welds 

Tee Weld (Ref plate samples 2.5mm plates 15/15A @ 1 OOOmm/min) 

50mm along weld 

100mm along weld 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A @ 1 OOOmm/min) 

150mm along weld 

200mm along weld 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A @ 1 OOOmm/min) 

250mm along weld 

300mm along weld 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A@ 1000mm/min) 

Micro Hardness Test on section@ 150mm: showing indent positions 

Fine Polished sample for section at 150mm 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A@ 1000mm/min) 

Micro-structure : Weld metal (magnification x 200) 

Micro-structure : Inner Heat Affected Zone (magnification x 200) 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A@ 1000mm/min) 

Micro-structure : Mid Heat Affected Zone (magnification x 200) 

Micro-structure : Outer Heat Affected Zone (magnification x 200) 
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Tee Weld (Ref plate samples 2.5mm plates 15/15A@ 1000mm/min) 

Micro-structure : Parent Metal (magnification x 200) 

Micro-structure : Heat Affected Zone (magnification x 50) 
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Appendix II - Sample Results Inspection Analysis Reports 

Appendix Il(i)- Sample report: 2.0mm bead ·on plate welded at 700mm/min 
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Specimen Plafl! 
Weld joint Weld speed 

and plate ll!ickness 
IUIIIIbss (lllm) 

type (mmlmin} 

41 2.0 Bead on PI 700 ' 

seaton .. 50 

reslllm 
Wefdtcl Pre walel!d Call& 

width w. 
1~9.85 151.01 11~ 

(mm ) 

lft9l&{l'llki 
173.3. 180.0 8.7 

liceHaea). 

~ 
Radiuscf sea flatwitllin.8 
o.uvatllla 

(nun) 

S!Ciion ~o-50 

results 
Welel!ll Pre welel!d Delta 

leng!lll 
349.75 350.07 0.32 

(nun) .. 
SJ!prox 

Ra!lilliof 
amtetwa 

1!142 ll1.1witllin .6 

{nun) 

Origin at end of plates and ~»-incident with weld line 

gas BOlli 
ifargetweld ~c:lual vteld 

llleld type /en gill · length 
(Jhnin) 

(mm) (mm) 

mig 26 330 

=100 ~ 10 150 

w.ld!G Prawaldld Delta Wataaa 

1~9.8.2 151.03 1.21 149.85 

173.1 180.0 6.9 173.1 

550 111.1 within .6 ~0 

--
v=-25 y=:s 

WelcLod Pie welel!<l Dell! Wet cLAd 

349.33 350.09 0.76 348.85 

169.2 flatl'lithin .6 1737 

.. 

wile Slick 
out(mmJ 

2o 

~ •200 ~=250 -~· S&a!Dn 
results 

Prewelelld Delta Weldld Prewalel!ll Delta Welaaa Prawelel!ll Delta Weld tel Ptl wallftll 0&111 

151.0-4 1.20 149.84 151.08 1.22 149.93 151.07 1.14 149.95 '151.09 1.13 widthW 
(mm) 

anat&1 
180.0 6.9 173.6 180.0 8.4 173.8 180.0 8.2 1745 180.0 5.8 (Weldst41) 

(dtg) 
-

~PPm 

Ratwithin.8 576 flat wltllin .8 851 llahvilhi n .8 820 !Wwi1hin.6 RadiUiof 
Glmtl.n 

(mm) -- ·-'-

v=9 y=25 ~=50 seaiC!JI 

Pre IW!leled Delta Welded Pte welel!d Deltl Welded 
ltildll 

Pre welded oetta Welel!d Pra\\'llded Delta 

350.10 1.25 l48.96 350.12 1.18 349.18 250.13 0.95 349.83 350.1!! 0.53 
lengtlll , 
(mmJ 

~ 

flat within .6 17~.5 flatwithin.8 1677 flatl'lilhin .6 1815 flatwitltln .8 Radius of 
QI!Yalllle 

(mm) 
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IJ!Idpla!E lhickness 
nmnber5 (mmj 

45 2.5 

~on =50 

resulls 
~lded 

wt_cllll·w 
149.65 

{mm ) 

angle (Wela 1724 
side) (Gag) 

SJ!PIW. 
Radius of 

560 
am/81111& 

(mm) -- '-

!o!!ctllln ~=·50 

rwl:l 
Welded 

lengthL 
349.84 

(mm) 

l!ppm:L 

Rac:iusof 1743 
lliJWIII1e 

(mm) 
-

IVeJdjoinl ~dspeed gas !low 
targellff!d ~cCioJiweld 

weld lype length lengtll 
rype (mmlminJ 11/111it11 (mmj (mmJ 

Bead on P1 1000 mig 26 330 -
. -

~ = 100 .= 150 

Pre welded Delta Welll!d Pre nlcl!!d Delta Welded 

1Sc.15 0.50 1~9.35 150.1 5. 0.80 1~9.38 

180.0 7.0 1i1.7 180.0 8.l 1718 

flal within .8 5ee flat within .6 470 

'---·---~ - '- -----.,,, 

~=-25 iv=·9 

~welded Delta WaiGad Prewaldecl Delta Welded 

349.97 ' o.n 349.56 349.9.8 0.42 34~42 

flmwlthin .6 1780 flat withln.6 181i 

L__ 

wire stick 
out(mm} 

20 

-

=200 ~=250 

Pre welll!d Datta We lOad Pr&weldefi Delta Wtlded Prtwe!IL"'I 

150.1 5 o.n 1~9.37 150.15 O.i8 149.46 150.1~ 

180.0 8.2 1720 180.0 8.0 1727 180.0 

flat within .6 5~ flat within .6 471 fla1wlthin.6 

'-

v=S y=25 

Prsw•lcleil 'O.lta Welded Pre Hided Otlta Wtlded ~welded 
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flat within .6 1801 flm wi!llin .e 1765 fla1within .6 

=3lio 

Delta Waldt!! Preulll!!l Dell!! 
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7.3 .H4.1 180.0 5.9 
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'-

v= 50 

Otlta Welded Pre welded O.lta 
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1731 fla1v.itltin .6 

--
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Spet:!m~ ,Plate 
Weld joint ~eldspee~~ 

i!Dd p!ilte ·ttridmess weld type 

=~ (mm) . type (mmlminJ 

58 3.0 Bead on PI .,_300 mig 

section ~ = 50 = 100 

resui!S 
Weldgjj Pre weldad Delta weld.. Ad 

-
v.1d!IIW 

149:83 150:oo 0.17 149.74 
(mm ) 

engla (weld 
173.6 180.0 6.4 1711 

sid2)(deg) 

apptcx. 
Ralii~nof 

73ll flat within .6 769 
aavature 

(mm)l 
--

section y =-50 y =·25 

JCSUII$ 
Welded Pre weld!:d Delta Welllad 

lengti!L 
349.13 349.18 0.05' 349.00 ' (mm) 

epprox. 
Rediusof 
:auvaturi! 

1819 ftst within .6 1916 

(mm): 

Origin at end of plates and oa-in~twi!llweld liM 

ga51low 
iarget weld ~CIIIalweld 

lenglfl lengltl 
(1/min) 

(mm) (mm) 

26 330 

=·150 

Preweldei: Delta Welded 
-

150.00 0.26 149.64 

180.0 6.9 1il5 

flat within.6 . 739 

- · -

y =-9 

Pre weld!:d Delta We!~ 

349.20 0.20 348.73 

flat within .6 2023 

~re sticlf 

out(mm) 

20 

~ = 200 ~ -~ 250 

Pre ll'i!lded Delta Weliied PreW!!Ias 'Delta Welded Pra weldad 
-. 

150.00 '0.36 149.72 150.00 0.28 149.81 150.00 

180.0 6.5 me 180.0 6.4 '174.2' 180.0 

flat within .6 m flat whhin .e 798 fl atwithin .6 

-
-- -

~ = 9 ~ =25 

Pre welded Delta 'Weld!:d Preweld2c Delta Weld.."'l Preweldad 

349.22 0.49 348.84 349.24 0.40 349.04 349.26 

flat within .e 19.28 ilatwithin .6 1861 flatwilhin.e 

- - -

='300 

Delta Welded Pre v.'l!llla Delta 

0.19 149.80 150.00 0.21 .. 
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Ti5 flstwllhin :e 

.. 
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Delta ~ Pre \\t!ldet: Delta 

0.22 349.20 349.28 0.03 

1845 fist within .6 
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Preweld Analysis of 2.0mm thick plates 

All points on Plate lie with 0.08' 
flatness tolerance - therefore 

curvature of initial plate can be 
neglected (Rmax(y) 

=191406rnm, Rmax(x)=35156) 
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Specimell Plate 
Weld joint ~eldspeed 

and plate thickness 
type (Ipmlmin} 

rrumbets {mm) 

2·2A 2.0 Butl 700 

section 11 =50 

161111> 
"VelcL"d Pte welded Delta 

wicllh W 
300.21 30129 1.08 

lmm) 

angle(weli:l 
175.3 180.0 4,.7 

iida)(deg) 

appmx 
RadiL5of 

1882 flatwithin .6 
CUJVature 

(rnm) 

se,ction y=-100 · 

results 
Welded Preweld!!d Delta 

lengti!L 
349.02 349.55 '0.53 

(mm) 

ep;lSDJl 

Radiw;ol 
.CUJVeture 

2076 flatwithin .6 

{mm) 

Origin at end of plats and o:Hncident >Yith ~ld line 

gas flow 
targeJweld ~c1Ualweld 

weld type 
(//min} 

leng1h lenglh 
(mm} (mm) 

mig 2~ · 330 
-

~r= 100 ~ = 150 

Welded Pre weld.!!<! Delta Weld!!<! 

300.12 301.29 1.17. 299.98 

175.3 180.Q 4.7 ti5.( 

2032 fls1 within .6 2125 

:.. - ---- --

y=-50 y=-9 

Welded Pra welded Delta Welded 

348.53 349.59' 1.06 348.14 

2059 flat within.6 2041 

wire stick ' 
oui(mm}. 

20 

~ =200 ~=250 ~ =300 sedicn 

·Pte \!o'eld!!<l Delta Weld!!<! Pre~ld!!<l Delta Weld!!<! 
li!5Uits 

Pte welded Delta Welded- Pre welded Delta 

301.29 U1 lOO.Ol 301.28 1.25 30008 30128 1.20 300.14 30128 1.14 
widlhW 

(mm) 

180.0 4.3 175.6 180.0 4.4 175.i 180.0 4.3 175.7 180.0 ~ -3 
angle1 I 

(weld side) 
(d2g), 

approx 

. flat within .6 t8gj! flatwithin .6 2032 flatwithin.6 2157 flat within .e Radiw;of 
OJJVature 

{mmj - -
[y-;9 y=50 y=100 section 

results 
Pte welded D&lta Welded Pte weld!!<! Delta Weld!!d Pte welded Delta Welded Pte welded Deltl. 

'349.82 1.49 350.30 . ~1.65 D5 350.70 351.82 0.92 351.09 351.58 0.49 
len;thl 
(mm) 

~ 

flst within .6 2045 ~Biwilhin .6 1811 flat within .6 ti65 ~within.& Radiusd 
OJJVstm! 

{IMI) 
--
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SpeQr1Je11 ·Plm 
andplale tlticlml!SS 

'1/eldjoinl Weld speed 

numbenl (mmJ 
type (mmlminJ 

s.6A 2.5 BuD , 1000 

seaion =50 

14!511lts 
Welded Pre welded Delta 

wicllh W 300.05 300.80 0.75 
(mm) 

angle (weld 176.5 180.0 3. ~ 
side)(d!1;) 

app!llJ. 

Radi.sof 2172 flal within.6 
auva!llre 

._.lmm) - '-

seaion iv=.- tOQ 

resul!i 
Welded Pre welded :Delta 

lenglhl 
350.61 350.85 025 

(mml 
appnlll 
RadiUlOf 

4506 ~a1 within .6 
auvslu1e 

(mm) 

Origin at end of plata and c:o-incidEftl wilh weld li~ 

l.irJie!~ ~alweld 
llield ty_pe 

gasfiow · 
lengtli .lengJh 

(1/mirrJ 
(mm) tmznj 

mig 26 330 

~=100 ~ = 150 

Welded Pri! wei!Lod Delta ,WElded 

m89 300.85 0.96 299.89, 

1766 180.0 3.4 r;:e.; 

2125 H31within.6 2282 

----- -- -
y=·50 y=-9 

Welded Pre welded Delta Weld!i! 

~.30 350.73 0.43 ~9.89 

42e8 ~atwitnin .e 4499 

- '-------

lllirestick 
out.(mm) 

20 

=200 =250 

Prewalded Delta Welded Pre waiQad Delta Weld ad 

300.91 1.02 299.88 300.97 1.09 300.00 

180.0 33 170.8 180.0 3.3 170.9 

Hatwithin .6 2221 Ha!within .6 2458 

~ ~ 

y=9 y=50 

Pre wilded Delta Welded Prt welded Della . We !dad 

350.62 0.73 349.85 350.72 0.87 350.le 

~a!within .6 3825 ~at wi1hl n.6 3251) 

ir =300 
-
Prewald~ Della WeldiKI Pre welded 

301.03 1.03' 300.~ 301.08 

180.0 3.1 1Ti.O 180.0 

Hs!wi!hin.6 2.508 natwithin .e 

y=tOO 

Pre welded Della Welded Pre welded 

350.83 0.57 350.71 350.97 

flatwithln.6 3194 Hatwithln.6 

I 

seaion 
ltiUIII 

Del~ 

0.54 wil!lh W 
(mm) 

angle 1 
3.1 (IOE!cl side) 

(deg) 

spprax 
RacliiiSal 
auvBlln 

(mm) 

seaion 
results 
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approx 
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Specimen Plate 
Weld joint Weld speed gas flow 

taJgetwe/d 

_and plate thidmess 
type (mmlminl. 

weld tyjle 
(//min} 

length 
IIUIIIbets (mm} (mm} 

7-7A l.O Butt 1:WO m~ 26 330 

section =50 = 100 

raults 
Welded Pre weldell Delta Welded Pre aclded Delta 

wic!ti'IW 
300.57. 301.10 0:54 300.4<1 301.08 0.65 

(mm ) 

angle (weld 
side)_(deg) 

17i.3 180.0 2.7 17i.3 180.0 2.7 

ejlprc:r. 
Radi~ _cf · 3180 flatwitl1in .6 3203 flat witl1in .6 
ClJJVII!ule 

(mm) --- --'- -'- -~'- -'-

seaion ~=-100 ~=-50 

results 
Welaed Pre welded Celts Wel4ed ·Pre welded Delta 

leng111L 
349.95 350.05 0.10 349.83' 350.08 0.25 

(mm) 

spjlfQlt· 

Radius at 
8962 lffm witltin.6 8405 flat witltin .e 

CUIV!I!Wi! 
(mm) 

Origin at end of ~Isles ana en-incident witl1 weld lin: 

-
actilaJ weld 

IlliTe sticlr 
lengtl! 

out(mmJ 
{mm} 

20 

~=150 

Weidel! f'rawaldEd 

300.29 ~1.06 

177.5 180.0 

3551 llatwitnin .e 

-'-- ·-
~=-9 

Welded Pra welded 

349.76 350.10 

7115 latwithin .e 

--

>c=200 ~=250 

Delta Welded Pre welded Delta Welded Pre welded :Delta 

·o.n 300.23 301.05 0.82 300.29 301.03 0.74 

2.6 17i.6 180.0 2.4 177..8 180.0 2.2 

3879 latwithin.e 3878 flatwitl1in .6 

- -~-
_._ -------

y=9 ~=50 
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Appendix III -Additional Experimental Response Graphs 

Bead on plate -Angular distortion 
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Family curves for angular distot1ion in bead on plate weld samples 
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Bead on plate - Bowing distortion 
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Butt Weld - Longitudinal distortion 
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Butt Weld- Transverse distortion 
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Butt weld - Angular distortion 
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Butt Weld- Bowing distortion 
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