
D O C T O R A L T H E S I S 1 9 9 2 : 1 0 6 D 

ISSN 0348-8373 

Thermo-Mechanical Modelling 
of Welding with 

Experimental Verification 

b y 

M A T S O . N Ä S S T R Ö M 

Division of Computer Aided Design 

J L ! F TEKNISKA 
HÖGSKOLAN I LULEÅ 

LULEÅ UNIVERSITY OF TECHNOLOGY 



THERMO-MECHANICAL MODELLING OF WELDING 
WITH E X P E R I M E N T A L VERIFICATION 

by 

Mats O. Näsström 

Akademisk avhandling 

som med vederbörligt tillstånd av Tekniska Fakultetsnämnden vid 

Högskolan i Luleå för avläggande av teknisk doktorsexamen kommer att 

offentligt försvaras i Tekniska Högskolans sal E246, E-huset, torsdagen 

den 11 juni 1992, kl 09.00. 

Fakultetsopponent är Professor Åke Samuelsson, Stockholm. 

Doctoral Thesis 1992:106D 

ISSN 0348-8373 



THERMO-MECHANICAL MODELLING OF WELDING 

WITH E X P E R I M E N T A L VERIFICATION 

MATS O. NÄSSTRÖM 

Division of Computer Aided Design 

LULEÅ UNIVERSITY OF TECHNOLOGY 

LULEÅ 1992 



Preface 

This work has been carried out at the Division of Computer Aided Design 

at Luleå University of Technology (Sweden) and has been financially 

supported by the Swedish National Board for Industrial and Technical 

Development (NUTEK) , The Research Council of Norrbotten, Volvo 

Flygmotor AB and V M E Industries Sweden AB. 

I would like to express my gratitude to those who have contributed to the 

completion of this dissertation. 

To Professor Lennart Karlsson who initiated and supervised the work. 

To Dr Mikael Jonsson and Dr Lars Erik Lindgren for their 

encouragement and guidance. 

To Professor John Goldak at Carleton University, Ottawa, Canada for 

spending time in fruitful discussions. 

To Dr Peter Webster at Salford University, Salford, U.K. 

who performed the neutron diffraction measurements. 

To Mr Lars Wikander for an interesting and enjoyable cooperation. 

The experiments in paper E were performed at ESAB AB, Laxå. 

Material support has been received from SSAB Oxelösund. 

Luleå in April 1992 

Mats O Näsström 



Abstract 

Residual stresses and deformations after welding were studied 

numerically and experimentally. The numerical simulations were 

performed using the finite element method. In the calculations a thermo-

elastoplastic material model was used. This means that temperature 

dependence of material properties and volume changes due to phase 

transformations were considered. Different finite element models of 

welded structures were investigated. In these models brick elements, shell 

elements, plane elements and a combination of brick elements and shell 

elements were used. 

The results achieved in the finite element simulations were evaluated by 

experimental measurements. The neutron diffraction technique and the 

hole-drilling strain gauge method were utilized for the determination of 

residual stresses. Also transient measurements of strains were performed. 

The residual diametrical shrinkage after circumferential welding of a 

pipe was measured and compared to calculated results. 
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Introduction 

This dissertation "Thermomechanical Modelling of Welding With 

Experimental Verification" aims at investigating finite element models, 

which can predict residual deformations and residual stresses in a 

structure after welding. These models should also be suitable for 

implementation in a knowledge base computer system. 

Such finite element models should be 

- easy to build 

- computer cost efficient 

- accurate enough 

This work aims at finding models which can fulfil these demands. In 

order to assure that the finite element models are accurate enough the 

models need be experimentally evaluated. For the evaluations, the 

residual stresses were determined using the neutron diffraction technique 

and the hole-drilling strain gauge technique. 

In the appended papers transient temperatures, transient strains, residual 

deformations and residual stresses are studied. A brief description of the 

appended papers is given below. 

In paper A residual stresses and diametrical deflection after 

circumferential welding of a pipe were calculated and measured. Here, 

the application of a shell element for the modelling of deformations and 

stresses due to welding was investigated. The calculated residual stresses 

were experimentally verified using the hole-drilling strain gauge method. 

The diametrical deflection was measured using a cutting procedure. 
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In paper B residual stresses after longitudinal welding of two square pipes 

were calculated using three different finite element models. The 

investigation was focused on simulation of welding with shell elements, 

brick elements, and combined brick and shell element models. 

In paper C the manufacturing process of a beam was investigated. Both 

the cold bending of a flat plate to U-shaped beam cross-section and 

subsequent welding to rectangular hollow cross-section were simulated. 

Calculated residual strains were compared to measured residual strains. 

The neutron diffraction technique was used for these measurements. 

In paper D the component studied was a panel of seven hollow square 

tubes which were longitudinally welded together. The welding of two 

welds out of six welds was simulated. Calculated residual stresses were 

compared to measured residual stresses. The neutron diffraction 

technique was used for these measurements. 

In paper E transient strains during multi-pass welding of thick walled 

pipes and the residual strains after welding were measured. The influence 

of different groove shapes were investigated. The diametrical deflection 

was measured in a cutting procedure. 

Recent literature overviews of the field of this dissertation are given in 

[1],[2],[3] [4], [5] and [6]. 
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Finite element models 

The finite element models investigated in this dissertation are intended to 

be used in the prediction of residual deformations and residual stresses in 

welding. The residual stresses are caused by local plastic strains which are 

formed during welding and cooling to room temperature due to the large 

temperature gradients in the material close to the moving arc. Therefore, 

when simulating a welding procedure by finite element models it is of 

great importance that the model used can predict the temperature field in 

an accurate way. It is also important that the temperature dependent 

material properties and effects of possible phase transformations are 

accounted for in the calculations of the residual stresses and residual 

deformations after welding. 

In general, brick elements give the most accurate results in a welding 

simulation. However, using brick elements only in the simulation of 

welding of large structures is prohibitive even if a very fast computer is 

used. This is even more so if the simulations will be performed in 

connection with a knowledge base computer system for design of welded 

structures. In order to simplify the finite element models for welding as 

compared to brick element models, shell elements were used in paper A 

and Paper B. In paper B also brick elements and a combination of brick 

elements and shell elements were investigated. 

In paper A a shell element model was utilized to simulate the 

circumferential welding of a pipe. In this investigation special attention 

was paid to the influence of the volume changes due to phase 

transformations on the residual deformations and the residual stresses. 
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In paper B two square pipes were longitudinally welded together. This 

welding procedure was simulated using three different finite element 

models. In the first model brick and shell elements were combined. Brick 

elements were used in the area of the weld and the heat affected zone and 

shell elements elsewhere. In the second model only brick elements were 

adopted and in the third model only shell elements were used, see 

Figure 1. For this investigation a brick element was implemented in an in 

house finite element shell code. It can be noted from Figures B7 and B8 

that the choice of finite element model is of crucial importance. For 

example, in the weld and the heat affected zone the combined model and 

the brick element model predict the residual stress state in a similar way 

while the shell element model gives a completely different residual stress 

state, see Figure B8. 

Figure 1. Finite element models. Eight-node brick elements and 

four-node shell elements are employed. 

In paper C and paper D the welded components were modelled using 

plane elements. In paper C plane strain conditions were assumed and in 

paper D plane deformation conditions were assumed. The beam in paper 

C was manufactured from a flat plate which was bent to a U-shaped cross 

section and then welded together with a flat plate, see Figure C l . The 
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complete manufacturing process, which included both the cold bending 

and the subsequent welding, was simulated. In this analysis with the 

assumption of plane strain, the out of plane movements were not 

accounted for. In paper D, where seven square pipes were welded 

together, see Figure 2, the restriction in the plane strain model was 

removed since plane deformation was assumed. The plane deformation 

theory used here differs from plane strain theory in the way that a 

constant strain out of the plane and two rotations around the coordinate 

axis xi and X2 are introduced. This modification of the plane strain model 

makes it possible to determine the bending and twisting deformation of a 

beam using a two-dimensional analysis. The finite element model used is 

shown in Figure 3. 

Figure 2. Welded component 

Figure 3. Finite element model used in paper D. 
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Experiments 

In paper C and paper D the residual strains have been measured using the 

neutron diffraction technique. The neutron technique differs from the X-

ray technique in that neutrons can penetrate into the interior of the 

material which X-rays can not. 

With the neutron diffraction technique components of strain are 

determined directly from measurements of changes in the lattice spacing 

of crystals. When a monoenergetic beam of wavelength X is incident upon 

a polycrystalline sample, Bragg scattering occurs and a diffraction with 

sharp maxima is produced. The angular position of the Bragg reflection 

are determined by the Bragg equation 2dsin9=X where 29 is the angle of 

the diffracted beam relative to the incoming beam and d is the atomic 

interplanar spacing. A small change in the lattice spacing results in a 

corresponding small change in the angular position of the Bragg 

reflection. This means that a small displacement of the peak centre 

corresponds to a change in strain. The neutron technique is appropriate to 

utilize when theoretical models are to be verified, as it is possible to 

measure strains in the interior of the component. 

In paper E where multipass welding with two different groove shapes 

were investigated, the residual stresses were obtained by the hole-drilling 

method. The principle of this method is that an introduction of a hole in a 

residually stressed body relaxes the stresses at that location. This means 

that the shear and normal stresses on the hole surface is zero. The 

elimination of these stresses causes the strains on the surface of the test 

object to change correspondingly. The transient strains during welding 

were measured using strain gauges which can be seen in Figures E2a-
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E3d. The peaks in these figures show that the strains change rapidly when 

the moving arc is passing the location of the strain gauge. 

It is well known that the weld obtained after circumferential welding of 

circular pipes acts like a clamping ring on the pipe, and that the diameter 

decreases in the region of the weld. In paper A and paper E the residual 

diametrical shrinkage were measured after welding. In the determination 

of the diametrical shrinkage the pipe was cut parallel to the weld line at a 

definite distance from the weld. This distance was chosen so that the part 

of the pipe which did not contain the weld was free from plastic strain. 

The diametrical change due to this cutting was measured. In both paper A 

and paper E the measurements show that the diametrical deflection was 

not rotationally symmetric, see Figures A5a and E5a-b. 

Discussion and future developments 

Different finite element models used in welding simulation were 

evaluated in papers A to D. In general, when calculating residual stresses 

and residual deformations after welding, brick element models predict the 

residual stresses and deformations in an accurate way even in the weld 

and heat affected zone where the stress gradients and temperature 

gradients are large. Shell element models can in a satisfactory way model 

the overall behaviour of the welded structure. However, in the region of 

the weld shell element models do not give sufficiently detailed 

information. This weakness of the shell model has to be considered when 

modelling welding with shell elements. If both an overall behaviour of 

the residual stresses and residual deformations in the welded component 

and a detailed description of these stresses and deformations in the weld 

and heat affected zone are desired, a model with both shell elements and 
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brick elements can successfully be used. Such a model is both accurate 

and computer cost efficient. 

The most useful model in simulation of longitudinal welding of beams 

and pipes is the plane model. This model is both computer efficient and 

sufficiently accurate in the prediction of the residual deformations and the 

residual stresses. If the plane model is used with the assumption of plane 

deformation, the out of plane movements can also be predicted. This 

means that, for example, the bending and twisting of a beam due to 

welding can be determined. 

Future research should be directed towards improvement of the brick to 

shell transformation in the combined model in order to enhance the 

performance. Such an improvement will allow movements in the shell 

normal direction of the connecting brick which makes it possible to 

generate shell elements closer to the weld. This modification would make 

the model more computer efficient. 

In the case of plane deformation theory, future work should include the 

addition of finite strain theory for the simulation of cold bending in order 

to account for the out of plane movements of the beam (pipe) cross-

section. This means that a plane deformation welding simulation where 

residual stresses due to cold bending are accounted for, can then be 

performed. The method to account for the residual stresses due to cold 

bending is already available in the case of plane strain theory which is 

used in paper C. 

Altough, not focused on in this work, it is important to balance the finite 

element model and the constitutive model used. 
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ABSTRACT 

Deformations and stresses during butt-welding of a pipe are 

calculated as well as the residual deformations and stresses. The 
temperature field during welding is calculated using an analytical 

solution. The deformations and stresses are calculated by use of the 
finite element method. A thermo-elastoplastic material model is used. 

Special attention is paid to the influence of the volume changes due 

to phase transformations on the deformations (radial shrinkage) and 
the residual stresses. The calculated radial shrinkage and residual 
stresses are compared to experimental values. Good agreement was 

obtained. 

INTRODUCTION 

In earlier work concerning simulations of butt-welding of pipes 

mostly axisymmetric conditions have been assumed, see [1] and [2]-
[6]. Recently three-dimensional simulations have been performed, 

see [7] and [8]. For a pipe with a thickness much smaller than its 

radius it is possible to reduce the size of the problem by modelling 

the pipe with shell elements. 
Deformations and stresses during butt-welding and subsequent 

cooling of the pipe in Figure 1 are calculated. The residual stresses 

and the radial shrinkage of the pipe are compared to experimental 
results. For the temperature calculation during welding the analytical 
solution in [9] is used also in this study. The finite element method 
(FEM) is used in the calculation of deformations and stresses. In 

these calculations the shell element according to [9] is used. This 
element is based on the shell element according to Hughes and Liu, 

[10], and the coding of it in NIKE3D, [11]. The material was 
assumed to be thermo-elastoplastic. The volume increase due to 

phase transformations during cooling is not accounted for in the 
simulations presented in this paper for reasons given below (under 

THEORETICAL ANALYSIS). 

Figure 1. Geometry of butt-welded pipe (length measure in mm). 

EXPERIMENTS 

The pipe in Figure 1 has an outer diameter of 203 mm, the wall 

thickness is 8.8 mm and the total length of the pipe is 350 mm. The 
pipe material is a carbon-manganese steel with a composition of 
0.18% C, 1.3% Si, 0.3% Cr, 0.4% Cu (Swedish standard steel SIS 
2172). The welding method used is MIG (metal inert gas). In the 

experiment the welding torch was held fixed and the pipe rotated 

with constant velocity and the filler material (which was ESAB OK 
Autorod 12.51 with argon as inert gas) was deposited from the 

outside into the 5.5 mm V-groove, as shown in Figure I. 
The welding started at x 2 = 0 and progressed in the positive x 2 -

direction, and the axis of rotation was held in the horizontal plane. 

The pipe was welded in one pass. The welding started at t = 0 s and 
finished at t = 89 s. The gross heat input was Q = 0.73 MJ/m with 

the welding speed v = 0.0071m/s. 

7 
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In the investigation of the diametrical shrinkage the pipe was cut 

parallel to the weld line at a definite distance from the weld. This 

distance was chosen so that the part of the pipe which does not 

contain the weld is free from plastic strain. The diametrical change 

due to this cutting was measured. The pipes were cut apart with a 

cold saw at Xj = 13 mm and x t = -13 mm. The saw was cooled with 

cutting fluid and the rate of speed was low in order to minimize 

introduction of new stresses. The diameter change was measured on 

both sides of the weld (positive and negative xrvalues,see Figure 1) 

to see i f the shrinkage was symmetric with respect to the centre plane 

(x, = 0). The diametrical residual shrinkage was evaluated in three 

circumferential positions (<(> = 0°,60° and 120°) and twentyfive axial 

positions (from 15 to 170 mm away from the weld centre) on each 

side of the weld. The diameter was measured with a micrometer 

screw. The experimental procedure was the same as in [12]. 

The measured residual stresses are taken from [13]. 

THEORETICAL ANALYSIS 

The analytical solution for the heat flow due to a point heat 

source in an infinite homogeneous body with constant thermal 

properties can be used to construct solutions for a wide range of 

problems [14]. The most well-known solutions are Rosenthal's 

solutions for a moving line/point heat source in a thin/thick infinite 
plate. The thin plate solution is based on a heat source with uniform 

strength along a line through the thickness of the plate. The 

temperature field due to this line heat source can be applied to a pipe 
if the radius of the pipe is much larger than its thickness and the 

temperature is assumed to be constant through the thickness of the 

pipe. Further details about the implementation of this solution can be 
found in [9]. Quite good agreement between calculated and measured 

temperatures is reported in [9]. 

The finite element method is used in the mechanical analysis. 
Constant temperature is used in each of the finite elements. This is 

consistent with the linear variation of the displacements within an 

element. Because of symmetry only one half of the pipe in Figure 1 
need be analysed (xj=0.). The half pipe was divided into 448 four-

node shell elements (as those presented above) using 488 nodal 

points, see Figure 2. A three-point Lobatto quadrature rule was used 

for the numerical integration in the thickness direction. The elements 

closest to the line of symmetry (weld centre line) had the width 3.2 

mm. These elements were given a thickness of 6.0 mm in front of 
the moving arc in order to account for the geometry of the groove 

and 8.8 mm behind the arc. The mechanical analysis was performed 

for times t = 0 to t = 14000 s using 89 time (load) increments for the 
welding and 25 time (load) increments for the cooling. 

Figure 2. FE-mesh of half analysed pipe 

The material was assumed to be thermo-elastoplastic with 

temperature-dependent mechanical material properties . Von Mises 

yield condition with the associated flow rule was used. The 

hardening modulus is as in [9] set to zero in this study for the reason 

that no good experimental values were available. Volume changes 

due to phase transformations were accounted for in [9] by use of the 

thermal dilatation e T which is given in Figure 3. These values were 

in [9] taken from [7]. In this study the solid curve in the dilatation 

diagram, Figure 3, was followed both during heating and cooling. 

TEMPERATURE P C I 

Figure 3. Thermal dilatation ET and modulus of elasticity E for the 

steel used:weld metal (WM), heat affected zone (HAZ), 

base metal (BM) 

The temperature dependence of the modulus of elasticity E is also 

given in Figure 3. The temperature dependences of Poisson's ratio v 

and the yield stress o y are shown in Figure 4. Al l material points 

(integration points) follow the solid curve for the yield stress in 

Figure 4 during heating and cooling. At high temperatures the yield 

stress is assigned low values varying from 20 MPa at 1000° C to 10 

MPa at the melting temperature. 

8 
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Figure 5 a Measured diametrical deflection. (<)> is the angle from the 

start position of the weld) 0° solid, <|>= 60° dashed, 

0=120° dotted 

The fact that the solid curves for eT and 0"y are followed in Figure 

3 and Figure 4 .respectively, implies that the influence of volume 

changes due to phase transformations are not considered. It is clear 

from the experimental values of e T that a relatively large volume 

increase occurs during the later part of cooling. This causes negative 

residual hoop stress at the outer surface at X!=0 in the calculations. 

The measured residual hoop stress at this location was tensile (about 

150MPa). The influence on the stresses of this volume change may 

partly be annihilated by the additional plastic strains which are 

believed to be formed due to the so-called transformation plasticity 

effects. As we do not have experimental data to include the 

transformation plasticity it is of interest to investigate a case where 

these volume changes are not accounted for. Thus we can see how 

important the volume changes due to phase transformation are for the 

residual states. 

RESULTS 

The measured change in diameter is shown in Figure 5a for three 

different angular locations and for both negative and positive values 

of the x,-coordinate. In Figure 5b the corresponding calculated 
values are shown. 

In Figure 6 calculated and measured residual axial stresses on the 
outer surface for four different angular positions as function of axial 
position are shown. 

In Figure 7 calculated and measured residual hoop stresses on 
the outer surface for four different angular positions as function of 
axial position are shown. 

The measured residual stresses given in Figures 6 and 7 are 
taken from [13]. 

Contour plot of the hoop residual stress is given in Figure 8 for 
the outer surface of the pipe. 

1 1 1 
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Figure 5 b Calculated diametrical deflection (<(> is the angle from the 

start position of the weld $= 0° solid, <>= 60° dashed, 

$=120° dotted 

DISCUSSION AND CONCLUSIONS 

The measured diametrical deflection is shown in Figure 5a. One 
can see that this deflection is not symmetric with respect to the weld. 

In the welding procedure the pipe was held at its right end, see 

Figure 1, and it was rotated while the welding torch was held fixed. 

This nonsymmetrical welding procedure may be the reason to the 
observed non-symmetric measured diametrical deflection. In the 
calculations symmetry was assumed. Also imperfections from the 

manufacturing of the pipe and groove preparation (e.g. non circular 

pipe) will affect the diametrical deflection.lt is seen from Figure 5b 

that the magnitude of the calculated diametrical deflections are in 
agreement with the measured values. As seen in Figures 5a and 5b, 

the variation in circumferential direction is much larger for the 
experiment than those obtained in the simulation. The curves in 

Figure 5a have the same shape as the measured deflections for thick-

walled pipes in [12]. 

9 
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Figure 6. Calculated and measured residual axial stresses on the 

outer surface (symbols denote measured values and lines 

denote calculated values). 
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Figure 7. Calculated and measured residual hoop stresses on the 
outer surface (symbols denote measured values and lines 

denote calculated values). 

A comparison with earlier work (in [9]) shows that the volume 

changes due to phase transformations do not affect the calculated 
changes in diameter. 

It is noted from Figures 6 and 7 that the finite element model 

describes the axial and angular variation of the axial and hoop 
stresses quite well. Especially, it is noted in Figure 7 that the values 
of the hoop stress at the weld centre as calculated in this study 

(without the influence of volume changes due to phase 
transformations) are in better agreement with the experimental values 
than the values calculated in [9]. In [9] the residual hoop stress at the 

outer surface is negative at the weld centre. It can be concluded that 
volume changes due to phase transformations do affect this residual 
stress at the weld centre. Otherwise their effects on the calculated 
results are small. As volume changes occur in reality during phase 

transformations, these results imply that some other effects need be 

residual hoop stress 

Figure 8. Calculated residual hoop stress on the outer surface of 

the pipe. Note that the scale is changed in the axial 

(xl-) direction (as compared to Figure 1). 

included in the material model. One such effect is the transformation 

plasticity effect which means that additional plastic strains are added. 
It is seen in Figures 6,7 and 8 that the residual state of stress is 

close to axisymmetric except for the start position of the weld. A 

similar conclusion was drawn in [15] where a detailed comparison of 
results from three-dimensional, two-dimensional (axi-symmetric) 

and analytical calculations were performed. Consequently, i f the 

residual state of stress is of primary interest, a two-dimensional 
model may give adequate information. However, in order to predict 
transient strains and stresses a three-dimensional model must be 

used. 
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Abstract 

Finite element calculations of residual stress distribution in a welded component from a 
hollow square section inconel tube are presented in this paper, figure 1. 
Shell element can be successfully used in finite element calculations of thin walled 
structures [1]. However, in the weld and the heat affected zone (HAZ) shell elements may 
not be sufficient, since the through thickness stress gradient is high in these regions. In 
the study presented here a combination of eight-nodes solid elements and four-nodes shell 
elements is used. The solid elements are used in and near the weld and shell elements are 
used elsewhere. This combination of solid elements and shell elements reduces the 
number of degrees of freedom in the problem in comparison with the use of solid 
elements only. 

Introduction and statement of problem 

In the design of welded structures it is of great importance to be able to calculate the 

residual stresses and the distortions due to welding. The residual stresses are needed to 

assess the strength of a welded structure. The distortions must often be known or avoided 

when welded components are mounted together to form a structure. One possible way to 

find the residual stresses and the distortions is to simulate the welding and the cooling to 

room temperature by use of the finite element method (FEM). Simulations have been 

performed of two-dimensional structures for nearly twenty years. Fully three-dimensional 

simulations of welding is very recent [2]. This is also the case for shell structures [1]. 

Fully three-dimensional simulations may be too cumbersome and simulations using shell 

elements may be too inaccurate in the weld and the heat affected zone. 

The main purpose of this paper is to develope a method of simulation so that it is possible 

to combine the advantages of solid elements and shell elements in order to simulate 

realistic welding problems. Therefore a FE-code has been further developed for the 

combined solid and shell element modelling of welding. The problem used for the 

demonstration of the method is given in figure 1. This figure shows a part of a welded 

panel made of inconel 600. For demonstration purpose the part shown in figure 2 was 

chosen. This part was modelled using solid elements only, shell elements only and a 

combination of brick elements and shell elements, see figure 6. The simulations were 

divided into two parts, Thermal analysis and Mechanical analysis, see below. 
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Figure 1. Inconel welded component. 

Figure 2. Analysed part of the structure of length (in X2-direction) 2.5 mm and the 
temperature field at time 0.5 s. 

Thermal analysis 

Two hollow tubes with a square cross-section of 4x4 mm2 and a wall thickness of 0.4 

mm were joined side by side with a weld on the top surface along the X2-direction, figure 

2. The welding speed, v, was 4.25 mm/s, the gross heat input 39 kJ/m and the arc 
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efficiency estimated to be 0.65. Temperature dependent material properties used in the 

thermal analysis are shown in figure 3. The peak in heat capacity, c, between 1354 °C 

and 1413 °C corresponds to the latent heat of 300 kJ/kg. The convective surface heat 

transfer coefficient was chosen to be 7.5 W/m 2°C and the radiative loss of energy 

corresponds to an emissivity of 0.65. The density is 8430 kg/m3. 

A cross section of the welded component was analysed. The three-dimensional time 

dependent temperature field was obtained from a two-dimensional analysis by the 

transformation below,the coordinate directions are seen in figure 2. 

T( X l , xa, X3, t) = | T 2 D ( X l ' X 3 ' 1 - , x 2 - vt < 0 
ITambient , X 2 - V t > 0 

That is, the heat flow along the weld is neglected [3]. 

Figure 3. Thermal conductivity, X, and heat capacity, c, as function of temperature. 

An in house FE-code [4] was used in the two dimensional analysis. Due to symmetry it 

was sufficient to model only half the structure. It was divided into 695 four-node bilinear 

elements. The surfaces at X 3 = 0 mm, xi = 4 mm and X 3 = 4 mm were subjected to the 

above-mentioned radiative and convective boundary conditions, all other surfaces were 

considered adiabatic. The heat input was modelled by a line heat source with constant 

intensity on the top surface between xi = 0 mm and xi = 0.4 mm. The distribution of the 

heat input was elliptical in the xi -1 plane with the duration 0.4 s and total width 0.8 mm. 

The simulation included 185 time/load steps, 80 for heating and the remaining for 

cooling. The temperature field was passed on to the mechanical analysis with the use of 

area coordinates. 
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Mechanical analyses 

The shell element routines from [1] and the solid element routines from [2] were used in 

the mechanical analysis of the welded square pipe. They were combined in an in house 

code. Three different FEM calculations were performed. In the first only shell elements 

were used, in the second both brick and shell elements were used and in the third only 

brick elements were used. In all these cases the same temperature field and boundary 

conditions were used. Large displacements are accounted for in the the shell and solid 

element formulation, as well as large strains in the solid element. These features are not 

needed in the problem presented here. However these features are needed in the 

simulation of the welding of a large shell structure. 

The nodes which were located on the X2-X3 plane in the weld were locked in the x i -

direction due to symmetry, the node located in xj, x 2 and X3 = 0 was locked in all 

directions and the node located at xi = 0, x 2 = 2.5 mm and X3 = 0 was prevented from 

moving in the xi and X3-directions. Finally the remaining two corner nodes on the x i -x 2 

plane were locked in the X3-direction. The mechanical field is coupled to the temperature 

field only through the temperature dependent constitutive properties and the thermal 

strain. The temperatures were assumed constant in each element in order to obtain a 

compatible thermal strain field since linear elements are used [5] in the calculations The 

material is assumed to be thermo-elastic plastic with temperature dependent material 

properties. Inconel experiences no solid state phase transformations which is reflected in 

the e£ curve in figure 4. The values of the thermal dilatation e l were obtained from the 

Swedish Institute of Metals Research. The following parameters were also needed in the 

mechanical analysis; elastic modulus E , Poisson's ratio v and yield stress o*y. The 

temperature dependence of these parameters shown in figures 4 and 5 were taken from 

[7]. The hardening modulus used is shown in figure 5. In the calculations the thermal 

strain increment was set to zero at temperatures above 900 C°. Results from another 

calculation where the cut of temperature was set to 1200 C° showed a maximum 

difference in maximum residual stress of at most five percent. The mechanical analysis 

was performed for times t = 0 to t = 10000 using 210 time/load increments for the 

welding process and 55 time/load increments for the cooling process. 
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Figure 5. Hardening modulus H', Young's modulus E, Poisson's ratio v, as functions 
of temperature. 

The finite element model used in the combined analysis (case 2) is shown in figure 6a. 

This model has 5350 degrees of freedom. In this model the parent solid elements are 

integrated in the usual manner for this type of element. The only changes that are 

necessary are that the shell assumption of no strain energy normal to the shell element 

must be evoked [6]. 
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The solid model, shown in figure 6b, used in the solid analysis (case 3) had 6846 degrees 

of freedom. 

The shell element model shown in figure 6c was used in case 1. This problem had 3425 

degrees of freedom. 

c 

Figure 6. Finite element meshes used a) combined solid and shell element model 
b) solid element model c) shell element model. 

Results and evaluation of models 

The results in figures 7 and 8 show that the combined model can predict the residual 

stress state if compared to the solid model, while the shell model fails, especially close to 

the weld. This follows partly from the fact that the modelled structure can not really be 

considered as a shell structure, particularly using a fine mesh. It should be noted that 

there are no contours on the part containing shell elements in figures 7a and 8a. 

Surprisingly, the residual X2-stresses on the top surface close to the weld are mainly 

compressive, both in the combined and the solid analyses, see figure 7 a,b. This effect is 

mainly due to bending. 

The residual X2-stress outside the heat affected zone are similar in all three models see 

figure 7 a-c. The mesh used in the shell analysis, see figure 6c, was too coarse in the heat 
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effected zone to model the mechanical behaviour as the temperature gradients were large 

in this region. The shell model was also unable to capture the behaviour due to through 

thjckness temperature variation since all gauss points in each element were exposed to the 

same temperature. This may explain the great difference between the shell model and the 

models with solid element. 

Figure 7. Contours of residual x2-stress a) combined solid and shell element model 
b) solid element model c) shell element model. 

In the xj-direction, see figure 8 a-c, there are somewhat larger differences between the 

stresses in the combined and the solid model. This difference can be derived from the 

solid to shell transformation which does not allow relative movements in the shell normal 

direction of the connecting solid and shell master nodes. For the shell model the residual 
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xj-stress deviates more than the x2-stress. Note that the displayed xj-stress in figure 8c 

should be regarded as a circumferential stress, i.e. it is only the top surface x.-stress 

which can be compared with the other models. 

Figure 8. Contours of residual xrstress a) combined solid and shell element model 
b) sohd element model c) shell element model. 

Discussion and condnsinn 

The residua] stress results show that the combined model can be successfully used in 

structures where high stress and temperature gradients are localized to a narrow region 

i.e. a fine solid mesh in the heat effected zone and a coarse mesh of shell elements 
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elsewhere. In the investigation presented here no mesh refinement was made in the weld 

direction, which if used would reduce the number of degrees of freedom further. In order 

to avoid stress concentration in the shell normal direction in the solid to shell connection, 

relative movements of the connecting solid nodes should be allowed. Such a modification 

would permit the use of shell elements closer to the weld and reduce the number of 

degrees of freedom. It would also be of interest to investigate an extruded model in the 

x2-direction to reduce the influence of end effects. 
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ABSTRACT 

Results of strains from finite element calculations and measurements 
by the neutron diffraction method in a hollow welded beam profile are 
presented in this paper. 

In order to calculate the residual strains, each step in the 
manufacturing process has to be simulated. The D- shaped beam profile is 
built up by a plate which is flanged into a U-cross-section profile and 
then welded together with a plate on the top edges, see Figure 1. 

The finite element analysis includes simulation of the manufacturing 
of the cross-section by bending where large deformations are accouted for, 
see Figure 2. There after the finite element simulation of the welding 
pass follows. Plane strain conditions were assumed. The material was 
assumed to be thermoelastic-plastic with temperature dependent 
mechanical material properties. 

To verify the calculations, measurements of strain were made at 
about fourty points, in three orthogonai directions, using the neutron 
diffraction method. The neutron technique differs from the established X-
ray diffraction in the way that the neutrons can penetrate substantial 
distances into the interior of components which the X-ray can not. 

1. INTRODUCTION 

In industry, components are often jointed together with welds. In design 
of welded structures it is of importance to know the magnitude and 
destribution of the residual strains, as well as the deformations. The work 
described in this paper is an ivestigation where residual strains after 
welding are studied. 

The structure studied is a beam with D-shaped cross section, see 
Figure 1. Strains are calculated and compared with measured values. The 
measurements were performed by use of the neutron diffraction method. 

2. EXPERIMENTS 

The residual strains in the welded beam were determinated from high 
resolution neutron diffraction measurements of lattice strain made using 
the DIA diffractometer at the Institut Laue Langevin, Grenoble, France. 

2.1 The neutron diffraction method 

200 

Figure 1 Welded beam to be analysed. 

In this technique, as with the X-ray diffraction method, components 
of strain are determined from non-destructive measurements of changes in 
lattice spacings. The lattice of the material itself is used in effect as an 
atomic strain gauge. Residual stresses are then calculated from the lattice 
strains in a similiar way to those from strain gauge readings. Due to 
strong absorption X-ray measurements are limited to near surface 
investigations but neutrons are able to penetrate substantial distances into 
most engineering materials. It is usually practical, for example, to make 
measurements in steel components up to 25mm thick. Descriptions of 
the neutron technique, the DIA diffractometer and examples of 
measurements in steel components and welds are given in [l]-[3]. 

When a monoenergetic beam of neutrons of wavelength X is incident 
upon a poly crystalline sample a diffraction pattern with sharp intensity 
maxima is formed. The positions of the maxima are given by the Bragg 
equation: 

2dsin9 = X (1) 
where d is the lattice spacing and 26 is the angle, relative to the incident 
beam direction, at which the reflection occurs. Only the lattice planes hkl 
with their normals oriented along the scattering vector Q bisecting the 
angle between the incoming and Bragg reflected beams will contribute to 
the coherent scattering. A small change in lattice spacing, d, caused by 
stress for example, will result in a corresponding change, 89, in the 
Bragg angle. 
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The lattice strain, at a constant X is thus: 
e = Sd/d = -86cot9 (2) 

In general, to unambiguously define the strain tensor at a point 
measurements should be made in six orientations. However, for plane 
stress or plane strain conditions, or i f the principal stress directions are 
known, complete definition is usually possible from just three 
orthogonal measurements. 

The sensitivity of the method depends upon the angular resolution of 
the diffractometer and the statistical accuracy of the data which is related 
to the counting time, the size of volume sampled and the absorption. 

2.2 Experimental details 

Measurements were made of angular shifts of the position of the 
(211) reflection using a neutron wavelenght of 0.19nm. The (211) 
direction has a modulus of elasticity close to that measured by 
conventional techniques for the bulk of an isotropic bcc material and, at a 
wavelenght of 0.19nm, the reflection occurs at 26 approximately 109° 

which is close to the optimum 90° for best spatial resolution and is also 
large enough to give sufficient angular dispersion 

The welded component was located at the centre of the diffractometer 
using a theodolite to ensure positioning accuracy of ±0.1mm in x l t x j 
and X3 coordinates. Precisely made cadmium absorbing masks were used, 

in the incoming beam and in front of the detector, to define a cubic 
sampling volume of 2x2x2 mm3 at the centre of the diffractometer. The 
volume was sufficient to give both reasonable counts and adequate spatial 
resolution for the strain gradients anticipated. 

Measurements were made at a representative matrix of points (x., x 2, 
x 3 ) , in the directions of X | , x 2 and x 3 through the weld and in the adjacent 
steel plate, in a series of scans by translating the component through the 
sampling volume and by rotating it about axes through the centre of the 
diffractometer. Measurements were made at one value of x 3 , close to the 
centre of the 200mm long weld where end effects where at a minimum. 
The positions x, and x 2 were chosen to give a matrix of points with x,-
increments of 2.5 mm and x2-increments of 4 mm close to the weld 
where the stress gradients are high. In regions with lower stress gradients 
the xj-increment was 16 mm. The 26 0 angle corresponding to zero strain 
was obtained from measurements on a separate small piece of steel that 
had been strain annealed. The measured x., x 2 and x 3 lattice strains 
determined from peak shifts are shown in Figures 9,10 and 11. 

3. CALCULATIONS 

In order to calculate the residual strains the finite element method 
(FEM) was used. A cross-section of the welded D profiled beam was 
studied where plane strain conditions were assumed. The two parallel 
welds were made simultaneously, see Figure 1. The calculation of the 
residual stresses were made in two steps. In the first step the simulation 
of bending of a flat plate into a U-shaped beam was performed. Large 
deformations were accounted for. In the second step the simulation of the 
welding of the U-shaped beam and the plate into the D-shaped beam was 
performed. The residual stresses due to bending were used as initial 
conditions in this second step. 

In the temperature calculations the heat transfer through the fixture 
was accounted for. 

The mechanical influence of the fixture was accounted for by 
applying a constant force on the parallel walls of the U-shaped beam. 

3.1 Formation of U-shaped beam 

The finite element program NIKE2D [4] was used in the simulation 
of the bending. NIKE2D is an implicit, static and dynamic finite 
deformation code applicable to axisymmetric, plane strain and plane stress 
problems. 

The finite element model of the set-up for the bending process is 
shown in Figure 2. 

Figure 2 Finite element model used in the bending analysis. 

A four node element with two by two Gauss quadrature rule was 
used. A friction contact algorithm was used in the regions of sliding. The 
cross section area of the undeformed plate was 330x6 mm2 with length 
200 mm. The plate was made of the material SS (Swedish steel) 142172. 
The material of the plate was assumed to be elasto-plastic. A 
combination of kinematic and isotropic hardening was used. This 
combination is specified by a coefficient ranging from zero to one. The 
zero value is used for kinematic hardening and the value one for isotropic 
hardening. Here the coefficient was chosen to 0.17. In the bending 
simulation the following mechanical material properties for the plate 
were used: Modulus of elastisity 210 GPa, yield stress 295 MPa, 
Poisson's ratio 0.3 and hardening modulus 5 GPa. 

The material in the tool-parts was assumed to be linear elastic. 

3.2 Welding configuration 

The U-beam and a flat annealed plate of the size 10x188x200 mm 3 

were welded together in a fixture, see Figure 1. A constant force from the 
fixture on the parallel walls of the U-beam kept the plate in position 
during welding. The force per unit lenght was 150 kN/m. The two 
welding arces moved in the x3-direction simultaneously with a constant 
velocity v=0.067 m/s. The gross heat input Q was 0.993 MJ/m and the 
arc efficiency r\ was estimated to be 0.80. The weld geometry can be seen 
in Figure 1. Temperatures were measured during welding at Xj=0 mm, 
x2=16 mm and x,=0 mm, x2=28 mm. The material in the plate was SS 
142132. 

3.3 Thermal properties 

The temperature-dependent thermal properties (thermal conductivity 
and heat capacity) were taken from [5] with exception of the increased 
thermal conductivity in the interval of 0-600 °C. The same thermal 
material properties were assumed for both of the materials, SS 142172 
and SS 142132. The temperature variations of the thermal conductivity X 
and heat capacity c are shown in Figure 3. The high value of the heat 
capacity c (taken from [5]) between solidus temperature 1480 °C and 

liquidus temperature 1530 °C corresponds to a latent heat M of 260 
kJ/kg. For temperatures higher than the solidus temperature die value of 
thermal conductivity X was given the value 230 W/m°C (taken from [5]). 
The convective surface heat transfer coefficient between steel and air was 
chosen to be 12W/m2°C. The heat transfer coefficient 300 W/m2°C 
between the fixture and the beam was chosen to this value by following 
[6]. 
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Figure 3 
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Temperature variations of thermal conductivity X 
and neat capacity c. 

3.4 Mechanical material properties 

The thermal dilatation eT used is shown in Figure 4. These values 

are based on At 8 / 5 which is the time for cooling from 800 to 500 °C. In 
this study the average of A t g / 5 was calculated to be 14s. This cooling 
time was about the same for the entire heat affected-zone where the phase 
transformations occur. During heating the top curve in the dilatation 
diagram was followed Depending on the maximum temperatures reached 
different curves where followed during cooling. The dilatation-temperature 
diagrams for SS142132 and SS142172 in Figure 4 were obtained from a 
steel manufacturer [7]. 

200 400 600 800 1000 
TEMPERATURE < 'CO 

Figure 4 Thermal dilatation. 

Beside the thermal dilatation £ T the following material parameters are 
needed for the mechanical analysis, modulus of elasticity E, yield stress 
o y , Poisson's ratio v and the hardening modulus H'. Isotropic hardening 
was used in the thermo-mechanical model. The temperature dependence of 
E, v and IT are shown in Figure 5 and the temperature dependence of Oy 
is given in Figure 6. All material points (integration points) follow the 

curves marked with Healing in Figure 6 during heating. During cooling 
a material point follows a certain yield stress variation depending on the 
peak temperature (PT) reached in that particular point. The values for cty 

in Figure 5 are taken from [8] and the values for H' in Figure 6 are taken 
from [9]. 

H' E 
CGPaXGPo) 

400 800 1200 1600 
TEMPERATURE C O 

Figure 5 Elastic modulus E, Poisson's ratio v and 
hardening modulus H , as function of temperature. 
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Figure 6 Temperature variation of the yield stress Cy 

3.5 Thermal and mechanical analyses 

Two different calculations of the two-dimensional temperature field 
were performed, Cl and C2. Heat transfer between the beam and the 
fixture is accounted for in C l . C2 is the calculation without accounting 
for heat transfer from the beam to the fixture. C1 is the temperature 
calculation used in this study. Temperatures were calculated from a heat 
source located in the welding groove. The heat input was applied for 3s 
and the strength was linearly varied in time. Temperatures calculated in 
Cl and C2 are compared with measured temperatures in Figure 7. The 
temperature curves in Figure 7 show that the fixture has a large influence 
on the temperature field Therefore it is of importance to include the 
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fixture in the thermal analysis. The pressure from the fixture on the 
paraUel walls of the U-beam is simulated by applying a constant force on 
the walls. In order to avoid other influence than this pressure the 
modulus of elasticity of the fixture was assigned a very low value one 
percent of the modulus of elasticity for the beam material. 
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Figure 7 Calculated and measured temperatures at points 

x,=0, X2=16mm (Tmax=585°C) and x,=0, 

x2=28.5mm (Tmax=2730C) as function of time. 

In the thermo-mechanical analysis the x,x 2 plane was devided into 
1030 quadrilateral elements with quadratic base functions. The system had 
about 2000 degrees of freedom. The finite element mesh is shown in 
Figure 8. 

The temperature field and the mechanical field were assumed to be 
thermodynamically uncoupled [2]. 

Figure 8 Finite element mesh used in the thermal an 
mechanical analyses. 

4. RESULTS 

Calculated temperatures are compared with measured temperatures in 
Figure 7. Calculated strains are compared with measured strains in 
Figures 9, 10 and 11. The calculated strains in Figures 9, 10 and 11 is 
the average of strains in a small volume. This volume is the same 
volume as the one used in the neutron-diffraction measurements. 
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(microstrain) 

( n n ) 

Figure 9 Calculated and measured Xj-strains. Symbols 
denotes measured values. 
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Calculated and measured x2-strains. Symbols 
denotes measured values. 
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x 3-strains 
(microstrain) 

Figure 11 Calculated and measured x3-strains. Symbols 
denotes measured values. 

5. DISCUSSIONS AND CONCLUSIONS 

As can be seen in Figure 7 the calculated temperatures in the case Cl 
where the heat transfer to the fixture was accounted for agree well with 
measured values. 

It is noted from Figure 11 that the calculated values for the strain in 
the X3-direcuon (weld direction) are larger than the measured values in the 
weld and close to the weld. This is due to the plane deformation 
conditions assumed in the calculations. These conditions result in to large 
compressive strains in the x3-direction during heating and owing to that 
to large tensile strains will form during cooling in the x3-direction. These 
high tensile strains in the x3-direction will cause to large compressive 
strains in the x2-direction which is seen in Figure 10. This effect is also 
noted for the strain in the x,-direction in Figure 9. 

One can conclude that the two-dimensional model gives in general a 
fairly good agreement with measured values. The fairly discrepancies for 
the measured values can (as above) be explained by the plane deformation 
conditions. In order to model the welding problem studied here more 
satisfactory, a three-dimensional model need be used 
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Abstract 

Results of finite element calculations and neutron diffraction measurements of residual stress 
disiributions in a component welded from hollow square section inconel tubes are presented in this paper, 
see Figure I , 

Figure 1. Welded inconel square tubes. 

In the finite element analysis, plane deformation conditions were assumed. The material is assumed to be 
thermoelastic-plastic with temperature dependent material properties. The mechanical field is coupled to 
the temperature field only through the temperature dependent constitutive properties and the thermal 
strain. The plane deformation formulation differs from the ordinary plane strain formulation only in the 
nodal displacement-strain relationship. This difference is that £33 instead of being zero is computed from 

the equation e 3 3 = ß i + ß 2 X i + ß 3 X 2 where ß i , ß2 and ß3 are constants. These constants add three 
unknowns to the system of equations in the FE-analysis. In order to validate the calculations, the 
computed strains are compared with measured strains.The measurements were made at ten points between 
two of the welds in three orthogonal directions, using the neutron diffraction technique. The neutron 
technique differs from the X-ray diffraction method in that neutrons can penetrate substantial distances 
into the interiors of components which X-rays cannot. This penetration makes it possible to measure 
through thickness strain variations. In the results one can see that this plane deformation analysis 
predicts the actual strains and stresses much better than the plane strain analysis. Comparison between 
these plane deformation results and earlier results from a three-dimensional analysis w i l l also be done, 
see [13]. 
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Introduction 

In industry, components are often joined together with welds. In the design of welded structures it is 
of importance to know the magnitude and the distribution of the residual stress field. The work described 
in this paper is part of a larger investigation where residual stress fields after welding are studied. 
Furthermore special attention is paid to the improvement of the FE-code with plane deformation theory 
instead of plane strain theory. 

The component studied is a panel of seven hollow square tubes which are welded together. The welds 
were made without filler material,see Figure 1. The material was assumed to be thermo elastoplastic with 
no hardening and temperature dependent material properties. The transient temperature field and the 
associated strain and stress fields as well as the displacements were calculated. The use of two-
dimensional models is discussed in detail in [1] . 

To verify the calculated results strains were measured experimentally. Because of the small size of the 
component, traditional strain gauge methods were not suitable so instead strains were measured by the 
neutron diffraction method. The neutron technique is in principle similar to the established X-ray 
diffraction method. It differs in that the absorption coefficient of thermal neutrons in most engineering 
materials is very low, in contrast with X-rays. Neutrons can penetrate substantial distances into the 
interiors of components and hence non-destructive measurements of lattice strain may be made accurately 
and in all orientations both at the surfaces and throughout the interior of a component. The detailed 
experimental results also give guidance particularly on how to develop the theoretical model further, 
particulary i f ful ly three-dimensional finite element models or shell elements are used as reported in [2]. 

Experimental measurements of residual stresses 

Introduction. The methods available for the measurement of residual stresses in components may 
be categorised under two headings - mechanical and physical. 

The mechanical methods involve the removal of part of the component, by cutting or drilling, as in 
the sectioning, slotting, hole drilling and Sachs boring techniques [3-6]. The residual stresses are then 
calculated from the changes in strain that are observed as the stressed components relax as material is 
removed. These techniques are all destructive or semi-destructive and change the stress state of the 
component. 

Physical methods involving acoustic, magnetic and diffraction techniques have all been used for non
destructive measurements of residual stresses in components, and each have their advantages and 
limitations. The acoustic method is a rapid and portable technique but interpretation is affected by texture 
and preferred orientation in the sample [7]. The magnetic, Barkhausen, method is also rapid and portable, 
and semi-quantitative, but is limited to near surface measurements on ferromagnetic, usually steel, 
components [8] . The X-ray diffraction method is now well established and may be used for on-site 
measurements [9]. In this technique strain is determined directly from measurements of atomic lattice 
spacings. The technique is essentially limited, however, to surface measurements as X-rays are strongly 
absorbed by most engineering materials. The neutron diffraction method is a relatively new technique 
which, in principle, is similar to the X-ray method [10-11]. It differs in that neutrons usually penetrate 
several centimetres into most engineering materials and hence may be used for the non-destructive 
measurement of internal as wel l as surface stresses. However, the technique is only practical at 
laboratories with high flux nuclear reactor or accelerator induced neutron sources. 

In this investigation it was necessary to obtain non-destructive experimental measurements of the 
residual stresses at a number of locations, and in several directions, near the surface, and in the interior, 
of a welded inconel component in order to make comparisons with finite element calculations. Of the 
physical techniques available only the neutron diffraction method was feasible. The neutron technique, as 
used, is described below. 

The neutron d i f f r a c t i o n method. Wi th the neutron diffraction method, as with the X-ray 
method, components of strain are determined directly from measurements of changes in the lattice 
spacings of crystals. Stresses are then calculated from these strains [11]. 

When a monoenergetic beam of neutrons, of wavelength \ , is incident upon a polycrystalline sample 
Bragg scattering occurs and a diffraction pattern with sharp maxima at specific angles is produced. The 
angular positions of the Bragg reflections are defined by the Bragg equation: 

2dsin8 = X (1) 

where 20 is the angle of the diffracted beam relative to the incoming beam and d is the spacing of 
contributing atomic planes with normals in the direction of the scattering vector Q. The direction of Q is 
parallel to the line bisecting the angle between the incoming and reflected neutron beams. A small 
change 5d in the lattice spacings of a crystalline material results in a corresponding small change 59 in 
the angular position of the Bragg reflection given by 
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66 = -(8d/d) * tan.9 (2) 

The lattice strain e in the direction Q, normal to the scattering planes, is thus 

e = Sd/d = -59 * cote (3) 

The strain tensor at a point, and hence the stress state, may be obtained by determining the lattice 
strain as a function of sample orientation. In general, measurements in six orientations may be required 
but for plane stress conditions, or i f the principal stress directions are known, measurements in three, 
often orthogonal, directions may be sufficient. 

A Bragg reflection, f rom a region of constant strain as measured by a high resolution neutron 
diffractometer, usually has a Gaussian intensity profile, the centre of which may be determined accurately 
by a peak fitting routine. In a simple system an elastic change in strain causes only a small shift in peak 
position. In a more complex system peak broadening can occur as a result of plastic deformation, and 
non-Gaussian peak shapes can result i f a significant strain gradient is present in the sampled volume. The 
technique integrates all the scattering from the volume sampled and consequently, i f there is a significant 
parameter variation within that volume it has a corresponding effect on peak shape, width and height as 
well as position. This integration enables a substantial amount of additional information to be obtained 
about the physical state of the sample but complicates the analysis. 

The sensitivity and resolution of the neutron diffraction method depend upon the crystallite size 
distribution, the angular resolution of the system and the number of neutrons counted in a Bragg peak. 
The number of crystallites in the sampled volume should be large enough to produce a good statistical 
average of crystallite orientation. The neutron count is proportional to the volume sampled and the 
counting time and should be large enough to provide an adequate statistical value. The count is also 
affected by preferential orientation of crystalline planes and by absorption in the sample. The size and 
shape of the sampling volume should be chosen so as to maximise neutron counts without causing 
significant peak distortion. 

Experimental details 

Equipment . The experiments were carried out at the Institut Laue Langevin, Grenoble, using the 
D I A high resolution diffractometer. The diffractometer was modified, to make strain measurements, by 
using the Salford/Imperial "Engineering Package". Data analysis was carried out using the "SALFIT" 
software package. 

The diffractometer is shown diagrammatically in plan view in Figure 2. Thermalised neutrons are 
guided f rom the high f lux beam reactor to the monochromating crystal where an essentially 
monoenergetic beam is reflected through a reference point at a height of 500 mm above the centre, and on 
the axis of rotation, of the diffractometer table. The position and cross-section of the beam are defined by 
a precisely made adjustable inlet mask. 

The angle of the diffracted beam is defined by "Soller slits" in front of the detector and the volume 
sampled is defined by an exit mask in the detected beam. For optimum spatial resolution the angle 
between the incoming and detected beams is usually chosen to be close to 90 degrees. A typical sampling 
volume would be a cube of side 2 mm. A diffraction pattern is obtained by moving the neutron detector 
in small angular steps about the position of the Bragg peak. The angular resolution is such that i t is 
possible to determine peak shifts to about five thousands of a degree which usually corresponds to a 
microstrain of about 50. 

The component is positioned relative to the reference point using three orthogonal, computer 
controlled, translators in conjunction with a theodolite. Sample positioning to better than 0.1 mm is 
achievable relative to the reference point. Strain measurements are made at different points in a 
component by translating i t in incremental steps through the sampling volume. Rotation of the 
component enables strains to be measured in different directions. 
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Figure 2. Kffractometer used in the measurements. 

The inconel welded component. The welded component was constructed from inconel tubes 
with a hollow square section that was manufactured to the design shown in Figure 1, approximately 4 
mm square with wall thickness 0.41 mm. Figure 3 shows an example of a weld in the component. I t is 
to be noted that at the weld the concavity is 0.12 mm. A similar degree of concavity is also observed at 
positions mid-way between the welds and mid-way between the comers. This concavity, although small, 
represents a displacement of the inconel surface at both positions equal to about 25% of the wall 
thickness. Additionally, i t is apparent from the micrograph that there has been a displacement of metal in 
the weld towards the inside corners and the microstructure of the weld is different from that of the 
unmelted metal. It is clear that in the weld, near the interface with the unwelded metal, there is preferred 
orientation and that this orientation is different at the centre and at the surface of the weld. A l l these 
factors affect neutron peak intensities and widths and need to be considered both in the experiment and in 
the theoretical analysis. 

Figure 3. Drawing of microstructure of weld 

Experimental procedure. The experiments were designed to measure the strains in the x j , X2 and 

X3 orientations at a series of selected points in and between two parallel welds in the inconel component 

as indicated in Figure 4. The (311) fee reflection from the inconel was employed as it had relatively high 
intensity and, using a neutron wavelength of 0.190 nm, the diffraction peak centre was at about 126 
degrees which gave both good spatial and angular resolution. 

Initially measurements were made on an annealed "stress free" piece of inconel to determine the 
"stress free" zero angle to enable peak positions to be converted to strains. Preliminary neutron scans 
were then made of the welded inconel component, which had been positioned using the theodolite, to 
check the position of the neutron sampling volume relative to the component and reference position. 

As the welds in the inconel component were so small, smaller sample volumes than usual had to be 
employed for the measurements and positioning accuracy was critical. 
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To measure the x i and X2 strains an orthorhombic sampling volume 0.33 x 0.33 x 6.0 mm3 was 

used with the long axis vertical, parallel to the welding direction X3. For the X3 strains a volume 0.33 x 

0.33 x 0.S mm3 was employed as the X3 axis was horizontal, along the scattering vector, and high 

resolution was required in the X2 direction which was now vertical. The x i , x2 sampling volumes were 

about 10% and the X 3 volume was about 1% of the sampling volumes normally used in larger sized 

components. The reduced x i , X 2 sampling volumes were sufficiently small and uniform to give 

diffraction peak shapes that could in most cases be adequately fitted with a single Gaussian. This was at 

the expense of a significant but acceptable loss in statistical accuracy resulting from the correspondingly 

lower neutron count In the X3 orientation the neutron intensities were so small, and the statistical errors 

were consequently so much greater, that no data good enough for standard Gaussian analysis were, or 

could be, obtained in a reasonable time. However, the X3 data were analysed using a weighting technique 

to provide an approximate value for the peak centres and strains and a semi-quantitative measure of the 

residual siresses. 

measured area 
top surface 

r A / 
weld 

bottom 
surface 

' \ 
weld 

Figure 4. Area for neutron diffraction measurements. 

Calculations 

Welding configurations. Seven square tubes placed in a fixture were welded together with six 
parallel welds. For the welding no filler material was used. The tubes were only melted together. The 
welding arc moved along the x3-axis, see Figure 1, with constant velocity v=255mm/min, the gross heat 
input Q was 0.04 MJ/m and the arc efficiency T| was estimated to be 0.65. Temperatures, strains and 
stresses were calculated. 

Thermal properties. The temperature dependent material properties were taken from [12] and are 

shown in Figure 5. For the heat capacity c the peak between 1354 °C and 1413 °C corresponds to the 
latent heat M of 300KJ/kg. Thermal conductivity X was also taken from [12] and is shown in Figure 5. 

The density p is 8430 kg /m 3 . The convective surface heat transfer used was 12W/m 2 o C. The heat loss 
by radiation from the molten metal was included in the arc effiency T) . 

1*1200 

g soo 

I 
u 

1 4 0 0 

0 400 800 1200 1600 
TEMPERATURE (°C) 

Figure 5. Temperature variations of thermal conductivity X and heat capacity c. 

Mechanical properties. The thermal dilatation curve shown in Figure 6 was used. This curve 

shows that no solid phase transformations occur. The values of e' were obtained from the Swedish 
Institute of Metals Research. The following parameters were also needed in the mechanical analysis; 
elastic modulus E, Poisson's ratio v and yield stress (Jy The temperature dependence of these parameters, 

shown in Figure 6 and 7, were taken from [12]. 
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Figure 6. Thermal dilatation e l and temperature variation of the yield stress o"y 
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Figure 7. Elastic modulus E and Poisson's ratio v, as function of temperature. 

Mechanical and thermal analysis. In the mechanical and thermal analysis the xi-X2 plane was 
divided into 816 quadrilatural elements with quadratic base functions and the system had about 2000 
degrees of freedom. In the FE-simulations all seven pipes have been modelled but only the two welds in 
the middle have been taken in to account, the model used is shown in Figure 8. The material was 
assumed to be thermo-elastic plastic with no hardening and the thermal strain increment was set to zero 
at temperatures above 1000°C. In the calculations the panel was allowed to shrink in the xi -direction but 
prevented from expanding in this direction. In reality the boundary conditions for the edges are closer to 
being fixed due to the fixture and the preceding welds. For the mechanical analysis plane deformation 
condition was assumed. Plane deformation theory differs from plane strain theory in that £33 is computed 
from the equation £ 3 3 = ß l + ß 2 x l + ß 3 x 2 instead of being zero. These constants adds three unknowns to the 
system of equations. 

A two dimensional temperature field was used in the mechanical analysis. The temperatures were 
calculated from a heat source located on the surface of the welds. The heat input was applied for 0.4 
seconds and the strength was linearly varied. 

The mechanical field is coupled to the temperature field only through the temperature dependent 
constitutive properties and the thermal strain. The mechanical analysis was performed for times t=0 to 
t=5000 s using 700 time/load increments. 
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Figure 8. Finite element model used in the analysis. 

Results 

A comparison between FE-calculated stresses and stresses calculated from measured strains are shown 
in Figures 10-13. In the Figures the calculated stresses are illustrated with solid lines and the measured 
stresses are illustrated by dots with including errorbars. These errorbars are statistical errors in the 
gaussian fit of the peaks in Bragg reflection. The deformed geometry of the pipes after welding is shown 
in Figure 9. 

Figure 9. Deformed geometry after welding. 
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Calculated and measured xi-stresses (top). 
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Figure 11. Calculated and measured x3-stresses (top). 
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Figure 13. Calculated and measured x3-stresses (bottom). 

Discussion and conclusion 

In most neutron diffraction strain measurements sampling volumes are typically approximately cubic 
with dimensions around 2x2x2 m m 3 giving a volume of about 10 m m 3 . In this investigation the 
component tubes were 4 mm square section with wall thicknesses only 0.41 mm. With such small 
dimensions the positioning limits of ±0.1 mm are relatively large and may introduce significant errors 
when x i , X2 and X3 strains are combined to derive the stresses. Additionally wall distortions of about 
0.12 mm introduce positioning problems. Nevertheless, adequate data were obtained in x i and X2 
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directions using an elongated sample volume about one tenth the volume of normal. The principal 

limitation are the X3 data which had to be collected from a sampling volume of about 0.05 mm^ which 

is less than a hundreth of normal. I t is not certain that the small sample volume contained sufficient 
crystallites to give a true average measure of strain and the proportionately low neutron counts were 
statistically of limited quantitative value. The combined data are however sufficient for a qualitative 
analysis. 

The overall behavior of the computed results is similar to the experimental results, see Figures 10-
13. Although there are some large discrepancies pointwise which can be seen in Figures 10-13. I t can be 
noted that the computed stresses are substantionally lowered at xi=12.4mm and xi=15.6mm. This can be 
explained by the bending of the top wall of the pipe, see Figure 9, which causes a lower stress in the x i -
direction and consequently, to achieve equlibrium, the stresses in the X2- and X3-direction wi l l decrease. 

One can conclude that the two-dimensional model gives significant differences between the computed 
and measured values. In order to model the welding problem here more satisfactorily, a three-dimensional 
model is needed. 
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ABSTRACT 

Multi-pass butt-welding of thick walled pipes is studied. Two 
different groove shapes are used, single-U and narrow gap groove. 
Strains have been measured on both the pipe outer and inner surfaces 
during and after welding. Residual stresses and radial deflections have 
been measured on the outer surface after welding. The measured 
quantities are compared and discussed for the two different groove 
shapes. Residual stresses at the weld centre and radial deflections were 
somewhat larger for the narrow gap groove. Furthermore the residual 
stress fields for both grooves were found to be rotationally non-
symmetric. The experimentally obtained residual stresses and radial 
deflections are compared with corresponding analytical and empirical 
results based on methods from the literature and with numerical results 
for the same pipe from a separate study. Deviations between the 
measurements and the results from the literature are discussed. 

INTRODUCTION 

Components of piping systems in the process, and offshore industry 
are often joined together by use of butt welding. The welds must 
normally be constructed with several weld passes due to the relatively 
large wall thickness (typically 10-50 mm) that are employed. This type 
of manufacturing is both very time- and material-consuming when 
using traditional groove shapes in combination with arc welding. 

The last years, a new arc welding technique, narrow gap welding, 
see for example [1-6] has been developed for very thick plates and 
pressure vessels with very high wall thickness, up to 100 mm. In this 
method, a narrow groove is used with almost vertical sides, and the weld 
passes are normally deposited over, or under, each other. It is then 
possible to reduce, considerable, the amount of filler material deposited 
and the welding time. A reduction of the resulting welding distortion 
has also been reported, see [7-8], especially when a favourable welding 
sequence is employed with passes being deposited from both the outer 
and inner surface. 

Knowing these advantages with the narrow gap technique, it is of 
interest to investigate if the use of this technique will also result in a 
favourable welding residual stress field andcorrespondingdistortion in 

pipes with much smaller wall thickness (the figure 20 mm is common 
in process, district heating and energy applications) and for cases when 
all weld passes are deposited from the outside. The experimental 
technique developed in [9] will be used for this purpose. One may note, 
that for the two weld grooves studied here, use of the narrow gap 
technique reduced both the amount of filler metal and the welding time 
(and thus the cost for labour) needed with roughly a factor of 2. 

Very little has been published on welding residual stress in narrow 
gap welds. An experimental investigation [7] showed that the axial 
stresses on inner surface were substantially lowered when a narrow 
groove was used instead of a conventional groove. An estimation of the 
residual stress field in a narrow gap welded pipe can be obtained from 
the analytical solution in [10], where the shape of the groove can be 
approximately accounted for, and from formulas in [11] for the axial 
stress at the centre section derived from curve fitting on a large member 
of experimental and numerical results reported in the literature. 

Present investigation 
This work aims at determining, experimentally, the transient and 

residual stress field in a multi-pass butt-welded pipe. In particular, the 
influence of the groove shape and the welding technique on the welding 
residual stress field and the residual distortion is studied. The pipes used 
have an outer diameter of 350 mm, a nominal wall thickness of 20 mm 
and a total length of 920 mm. The pipe material is a micro-alloyed 
carbon-manganese steel with the chemical composition 0.13% C, 
1.44% Mn, 0.43% Si, 0.019% P, 0.018 S, 0.040% V and the room 
temperature yield stress 360 MPa^The pipe material, which is termed 
OX524D by the manufacturer, is roughly equal to the Swedish standard 
steel SIS142132. 

Two different groove shapes were used in the present study as 
shown in Figure 1. The first weld geometry studied is a narrow gap 
groove for which six weld passes were employed. The second weld 
geometry studied is a conventional single-U groove where nine weld 
passes were employed. One may note that the actual wall thickness at 
the weld centre section wasaboutl7mmforthe narrow gap groove and 
about 18 mm for the single-U groove, see Figure 1. For both weld 
geometries the weld passes were deposited consecutively starting from 
the inner surface and with one weld pass in each weld layer. No root 
support was used. 
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Stngle-U Narrow-gap 

Fig 1 Pipe and weld geometry used in experiments. Narrow 
gap and single-U grooves are drawn to scale. Both 
pipe ends are free. 

EXPERIMENTS 

Experimental arrangements 
The pipes for the two experiments were finish-turned on both the 

outside and the inside to ensure a constant thickness of the pipes. After 
the grooves were prepared, the pipes were stress-relieved annealed. The 
holding time and temperature during this annealing were chosen 
according to Swedish codes for the present pipe material. Both the 
narrow gap and the single-U pipe were manually tack-welded with six 
tack-welds, equally spaced around the circumference. The length of 
each tack-weld was about 20 mm. 

In both experiments the pipes to be joined were held fixed in 
horisontal position and the welding torch moved around the envelope 
surface (welding position A.W.S No. 5). 

Automatic gas-tungsten welding (TIG) was used in both experi
ments. This welding process employs inert argon and/or helium gas to 
protect the weld pool. The arc bums between the workpiece and a non-
consumable tungsten electrode. The equipment used was ESAB A21-
PRD together with the current source ESAB PRO TIG 250. The A21-
PRD is a special designed equipment for circumferential welding of 
pipes where the welding assembly (torch and bobbin with feeding 
attachment) turns on a gear ring which is clamped parallel to the groove 
on the outer surface of the pipe. The equipment is computer controlled 
so that current (pulsed or constant), welding speed, pendulation of the 
torch, gas flow and feeding speedcan be programmed and stored for the 
whole welding process. The welding method is described by the 
manufacturer in [6]. 

The single-U pipe was welded by use of nine passes. Each pass was 
made in positive ^-direction, see Figure 1. The first pass started at o> = 
-30° and all the rest of the passes started at <j> = 60° (top surface of the 
pipe). After each pass the welding assembly was turned back to the start 
position, because the length of the cables for the welding assembly did 
not permit more than one turn. 

The narrow gap pipe was welded by use of six passes. During the 
first two passes a special designed gas nozzle had to be used in order to 
keep the inert gas in place. The arc efficiency was increased (probably 
to a value close to unity) for these two first passes, because the nozzle 
prevented radiation from the arc, both axially and circumferentially. 
The passes were made in alternating positive and negative ̂ -direction. 
The first pass started at $ = -30° and turned in positive direction, all the 

others started at <(> = 60°. By alternating the direction, the total time for 
the welding decreased since no time for back tum as in the single-U 
weld was needed. However, the peak temperature in the base material 
is increased by this course of action. For production engineering 
reasons the welding of the final pass for the narrow gap groove was 
performed first in negative redirection for half a turn, then the torch was 
reversed to<p=0 and the last half-tum was welded in positive <t>-direction. 

In both experiments each layer of the groove was axially filled in 
each pass. This was obtained by using pendulation of the arc on the 
single-U pipe. For the narrow gap pipe no pendulation was needed. The 
welding speed, current and voltage (both pulsed) used for each pass for 
both the single-U and the narrow gap pi pe are given in Table 1. The inert 
gas used was argon for the single-U pipe, and 70% helium and 30% 
argon for the narrow gap pipe. In both experiments ESAB OK 12.64/ 
1.2 with a nominal yield stress of about 450 MPa was used as filler 
material. 

Pass Weld Current Voltage Period Eff Gross Radius 
dir hi/lo(A) hi/lo(V) hi/lo(s) weld heat to weld 

speed input pool 
(mm/s) (MJ/m) (mm) 

Singie- 1 + 125/75 10.7/9.8 0.3/0.6 1.61 OSS 159.5 
U 2 + 134/70 10.8/8.4 0.2Æ.4 1.13 0.78 161.2 

3 +185/110 11.6/8.4 0.2Æ3 1.15 1.23 1629 
4 +200/130 10.8/8.4 0.2/0.2 0.81 2.01 164.7 
5 +200/130 11.2/8.4 0.2/0.2 0,76 2.18 166.4 
6 +240/150 11.6/8.4 0.2/0.2 0.84 2.40 168.1 
7 +240/150 12.0/8.4 0.2/0.2 0.85 2.42 169.8 
8 +240/150 11.6/8.4 0.2/0.2 0.86 2.36 171.6 
9 +240/150 11.6/8.4 0.2/0.2 0.68 2.99 173.3 

Narrow • 1 +150/120 11.6/10.6 0J/0.6 0.92 1.55 160.5 

gap 2 • 250/135 12.4/10.6 0.4/0.4 1.21 1.88 162.9 
3 +250/150 12.0/10.2 0.4/0.4 1.24 1.83 165.3 
4 - 250/150 120/10.2 0.4/0.4 1.25 1.81 167.7 
5 +220/125 12.4/10.6 0.4/O.4 136 U O 170.2 
6a - 225/135 12.4/10.6 0.4/0.4 1.31 1.61 1726 
6b +225/135 12.4/10.6 0.4/0.4 131 1.61 172.6 

Table 1 Welding parameters for both single-U and narrow 
gap pipe 

Transient strains 
In both experiments the pipe was equipped with twelve strain 

gauges, where nine gauges measured the axial strain, and the remaining 
three measured the hoop strain. The strain gauges were placed in two 
different axial positions for each experiment. For the single-U pipe 
gauges were placed at z = 25 mm and z = 35 mm, and for the narrow gap 
pipe at z = 21 and 31 mm. At the axial position closest to the weld three 
gauges measured the axial strain on the outer surface (gauges B,D,F), 
three on the inner surface (gauges J,K,L) and three gauges measured the 
hoop strain on the outer surface (gauges A,C,E). The remaining three 
gauges (gauges G,H,1) measured the axial strain on the outer surface at 
the outer axial position. The precise axial and circumferential positions 
where the strain gauges were placed and their direction of measurement 
are given in Table 2. Due to the smaller weld zone all gauges were 
placed about 4 mm closer to the weld symmetry plane on the narrow gap 
pipe as compared to the single-U pipe. 

The experimental procedure used was the same as in [9]. Thus gauges 
used were of type KYOWA KH-5-350-G4(11) with a gauge length and 
width of 5 mm and 1 mm, respectively. According to the manufacturer 
the operational temperature range for the gauges is up to 300"C permitting 
peak temperatures up to 350°C. The gauges were attached to the pipe by 
spot welding. 
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Gauge Localion(f,z(mm)) Measuring 
direction direction 

ng-inside ng-outside sU-inside sU-outside 

A 36/21 36/25 f 
B 30/21 30/25 z 
C 156/21 156/25 f 
D 150/21 150/25 z 
E 276/21 276/25 f 
F 270/21 270/25 z 
G 90/31 90/35 z 
H 210/31 210/35 z 
I 330/31 330/35 z 
J 30/21 30/25 z 
K 150/21 150/25 z 
L 270/21 270/25 z 

Table 2 Location of strain gauges for transient strain 
measurement on both narrow gap and single-U pipe 

During the whole welding process for both the single-U pipe and the 
narrow gap pipe strains were recorded every fifth second, and after 
welding every twentieth second until the pipe had cooled down to room 
temperature again. Hence, also the residual strains were recorded. The 
measured strains were recorded and stored in a micro computer via a 
multiplexer and an 8-bit A/D-converter. 

A separate investigation has been performed to determine the 
apparent thermal strain, i.e. the difference between measured strain and 
mechanical strain. A strain gauge attached to apiece of the pipe material 
(without mechanical load) was placed in a heating oven. Apparent 
thermal strain was measured from room temperature up to 30OC. The 
temperature was measured with a Ni-CrNi thermocouple that was also 
spot welded to the same piece as the strain gauge. 

In order to be able to determine the mechanical strains from the 
measured strains in the experiments, temperatures were measured 
during welding at the axial positions where the strain gauges were 
located. Temperatures were measured in three points in each experi
ment, two on the outside and one on the inside of the pipe. The same 
kund of thermocouple as mentioned above was used. Also the tempera
tures were recorded and stored in the microcomputer. 

Residual stresses 
After welding and cooling to room temperature residual stresses 

were measured with a separate set of strain gauges on the outer surface 
in three axial and circumferential positions, nine points totally on each 
pipe. Though it would have been most interesting to determine also the 
stresses on the inner surface, the size of the equipment used did, 
however, not permit measurements in the bores. The locations of the 
gauges are shown in Table 3. In the axial direction gauges were placed 
at z = 0, 20 and 30 mm. It would have been interesting to measure the 
stresses inside the axial interval 0 < z < 20 mm. However, the 
reinforcements of weld were so large that grinding a flat surface in the 
boundary between filler and base material would have influenced the 
welding residual stresses noticeably. As it was believed to be hard to 
estimate the influence of grinding it was decided not to make any 
measurements in the interval mentioned above. The hole drilling strain 
gauge method with a high speed end mill was used (Measurements 
group Inc, RS-200) in the measurements [12]. The strain gauges were 
of type Micro-Measurements TEA-06-062RK-120.The through thick
ness variation of the residual stress field has not been considered, hence 
the measured stresses are recorded at full drilling depth (1.9 mm). If the 
stresses in the area of the drilled hole are near the yield limit plastic 
yielding may be introduced in the region of the hole. This plastic 

yielding may influence the values of the measured stresses [13]. No 
compensation has been introduced for this effect. The area on the outer 
surface of the pipe where the strain gauges were attached had to be 
smooth. This smoothing can introduce residual stresses and affect the 
measured stress values. This effect is believed to be small. 

Diametrical residual shrinkage 
The diametrical residual shrinkage was measured on both the 

single-U and the narrow gap pipe. These measured deflections can be 
compared with the measured residual hoop strains below. It is also 
interesting to see i f the shrinkage was rotationally symmetric, and 
which of the two pipe grooves that experienced the largest shrinkage. 

When the pipes are welded together and cooled to room temperatu
re, residual stresses of locally high levels develop. In particular, in a 
region close to the weld plastic strains form. When the welded pipe is 
cut parallel to the weld line at a definite distance from the weld, this 
distance should be chosen so that the part of the pipe which does not 
contain the weld is free from plastic strain. Then this part will regain the 
shape it had before welding. In the separate numerical study [14] on the 
same pipe grooves and welding conditions it was found that the 
accumulated effective plastic strain on the outer surface was very small 
for z > 11 mm. 

In the present investigation the diametrical change due to the cutting 
was measured. The pipes were cut apart with a cold saw at z = 13 mm. 
The saw was cooled with cutting fluid and the rate of speed was low in 
order to minimize introduction of new stresses. The diameter change 
was measured on both sides of the weld (positive and negative z-values, 
see Figure 1) to see if the shrinkage was symmetric with respect to the 
centre plane (z = 0). The diametrical residual shrinkage was evaluated 
in three circumferential positions (at <|>=0,60 and 120°) and twenty axial 
positions (from z = 15 mm to z = 385 mm) on each side of the weld. The 
diameter was measured with a micrometer screw. To obtain proper 
results from such a measurement it is necessary to put the device in the 
exact same points in the two readings (before and after cutting). 
Therefore the surface of the pipes were smooth grinded, permanent 
marks were made on the surface and pointed ends on the micrometer 
screw were used. 

EXPERIMENTAL RESULTS 

Transient and residual strains 
The apparent thermal strain for the combination of strain gauge and 

pipe material used was measured up to 300°C. This strain increases from 
zero at room temperature to a nearly constant value of 100 ustrain between 
90C and 160°C. For higher temperatures the value decreases down to 
about 50 ustrain at 300-C. 

The "bulk" temperature in the single-U pipe was about 35°C after 
one pass, 47°C after two passes and up to about 90*C after the last passes. 
The bulk temperature is reached when the cooling rate has decreased 
and the temperature is nearly constant before the heat source passes the 
thermocouples in the next pass. The corresponding "bulk" temperature 
in the narrow gap pipe was 50C after the first pass. After the fourth pass 
the highest "bulk" temperature, 80C, was obtained. The maximum 
peak temperature at the axial position of the gauges close to the weld 
was 346"C and 360°C for the single-U and the narrow gap pipe 
respectively. For the single-U pipe the maximum peak temperature was 
obtained during the last pass, and for the narrow gap pipe during the 
fourth pass. 

The transient and residual strains shown in Figures 2 and 3 are the 
measured strains. As the peak temperatures obtained were in the 
interval 200-30OC (except for one peak in each experiment which were 
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Fig 2 Measured strains on the single-U pipe in: (a) 
circumferential direction and (b), (c), (d) axial 
direction. In (a), (b) and (d) gauges were placed at z 
= 25 mm and in (c) at z = 35 mm. Strains in (d) were 
measured on the inner surface of the pipe, the rest on 
the outer surface. Residual strains are given in right 
part of each figure. 

higher) 50 to 70 ustrain should be subtracted from the measured strain 
peaks to get mechanical strain peaks. Between the peaks about 100 
ustrain should be subtracted. The tolerance at room temperature of the 
gauge factor of the strain gauges is ± 1 per cent. The gauge factor 
decreases with 0.020 per cent/*C, which means that the strains shown 
in Figures 2 and 3 are 3.5-5.5 per cent smaller at the peaks and about 1.5 
per cent smaller (in absolute values) between the peaks compared with 
the corresponding mechanical strains. The accuracy of the 8-bit A/D-
interface is 1/128x2000 ustrain = 15.6 ustrain. The tolerances for the 
linearity of the bridge amplifiers and the A/D converter are within 1 per 
cent. To summarize, i f the measured values at the peaks are increased 
with 4 per cent and subtracted with 60 ustrain, the values between the 
peaks are increased with 1.5 per cent and subtracted with 100 ustrain, 
the obtained mechanical strains have a maximum error of about ± 4 per 
cent (3 per een t for the equipment and about 1 per cent for the difference 
between measured apparent strain and the 60 and 100 ustrain to be 
subtracted for this effect). However, the residual strains (at t = 80000 
s) are correct mechanical strains, since the thermal effect then has 
decayed. 

After each welded pass the diameter in the region close to the weld 
will decrease due to shrinkage of the filler material caused by cooling. 
This effect is seen most clearly in Figures 2a and 3a where the gauges 
register an increasing compressive hoop strain after each pass. 

Around the heat source large temperature gradients develop which 
lead to large thermal expansion of the base material close to the heat 
source. The peaks in measured hoop strain shown in the present Figures 
can be explained by this thermal loading. For example, in Figures 2a 
and 3a the gauges register first a compressive peak followed by a tensile 
peak and then another compressive peak for each pass. The first 
compressive peak is due to the compression in front of and axially 
outside the heated area. When the heat source has reached the cir
cumferential position of the gauge, the thermal expansion will be 
detected as a large tensile strain by the gauge since at the axial distance 
where the gauges are placed the base material has not yet been heated. 
When the heat source has passed the gauge the filler material solidifies 
and begin to cool down which results in mechanical shrinkage. At the 
same time the base material at the gauges is heated (and expanded) due 
to heat conduction. As the measured strains are almost pure mechanical 
strains (see above) the gauge will detect the thermal expansion as a 
compressive strain because the expansion is partly prevented by sur
rounding material. When also the material at the gauge begins to cool 
the recorded compressive strain reduces and only the effect of shrink
age at the weld remains. Tbe peaks in the curves showing the axial 
strains can be explained with a similar argumentation. The axial gauges 
are also sensitive to the local increase of the pipe radius close to the heat 
source which gives compressive axial strains on the outer surface and 
tensile axial strains on the inner surface. 

All the recorded strains show that the peaks increase for each pass 
(both tensile and compressive) when the heat source passes the gauges. 
This is due to the supply of filler material in the gap. For each pass the 
joint between the two pipe halves becomes suffer. During the first 
passes, when only the bottom of the gap has been filled, the edge of the 
gap above the weld is not restrained from axial movements. As seen in 
Figures 2b and 3b only small axial strains are detected on the outside of 
the pipes during the first four tums for the single-U pipe and the first 
three turns for the narrow gap pipe compared with the corresponding 
axial strains on the inner surface (Figures 2d and 3d). The explanation 
for this difference is the possibility of the edge of the gap above the weld 
to move in the axial direction, and not the fact that the heat source is 
closer to the gauges on the inside of the pipe because one can see in 
Figures 2d and 3d that also the peaks in strain on the inner surface 
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Measured strains on the narrow gap pipe in: (a) 
circumferential direction and (b), (c), (d) axial 
direction. In (a), (b) and (d) gauges were placed at z 
= 21 mm and in (c) at z = 31 mm. Strains in (d) were 
measured on the inner surface of the pipe, the rest on 
the outer surface. Residual strains are given in right 
part of each figure. 

increases (for the later passes) when the heat source moves radially 
outwards. 

As mentioned earlier the strains were recorded until the pipe had 
cooled down to room temperature. The measured residual strains are 
shown in the right part of each figure. One can not compare the definite 
values of the measured strains in the single-U and the narrow gap 
experiment since the gauges were placed in different axial positions, 
see Table 2. The axial locations of the strain gauges close to the weld 
were chosen so that the estimated peak temperatures should not exceed 
350"C, which gave about the same distance from the edge of the groove 
on the outside in the two experiments. Figures 2a and 3a show residual 
compressive hoop strains of about 500 nstrains. Assuming rotational 
symmetry this value gives the radial displacement: u = e(*r= -500* 10 
**0.175= 87 nm. The diametrical residual shrinkage would then be 175 
um, which is in good agreement with the shrinkage measurements, see 
section 3.3. 

From the axial residual strains one can outline that the diametrical 
shrinkage was larger for the narrow gap pipe compared with the single-
U pipe, because larger tensile axial strains on the outside and more 
compressive strains on the inner surface appear on the narrow gap pipe. 
This means larger curvature in the axial direction for the narrow gap 
pipe. This observation is supported by the shrinkage measurements, see 
section 3.3 and by the measured residual hoop stresses, section 3.2. The 
parameters that differs between the two experiments are groove geome
try, heat input and pendulation of the welding torch. The use of 
pendulation of the welding torch will result in a low welding velocity 
in the circumferential direction. It is hard to specify in what way these 
differences will influence the residual stress field and the radial deflec
tions for the narrow gap groove. This would require a further investi
gation where the influence from groove geometry, heat input and 
pendulation were separated. It is however clear that the narrow gap pipe 
was more locally heated, since no pendulum motion was employed. 
Note also, that the net line energy deposited is different for different 
weld passes for both grooves especially the single-U groove. The 
highest net line energy for the narrow gap groove is deposited in the first 
pass (due to the high efficiency caused by the gas nozzle discussed 
above) while the highest line energy for the single-U groove is deposi
ted in the last weld pass. 

Transient and residual stresses 
Figure 4 show the circumferential variation of the axial and hoop 

stresses on the outer surface for the single-U groove. The axial location 
is z = 25 mm. These stress values have been obtained from strain 
readings from gauges A-F assuming elastic conditions and assuming 
that the axial and circumferential directions are principal directions. 
Average values for the Youngs modulus and the Poisson ratio in the 
temperature interval 20-30O°C were used in the calculations. The axial 
and hoop stresses in Figure 4 are presented when the weld source has 
progressed 90, 210 and 330° of the final (ninth) pass, after the com
pletion of the final pass and after cooling to room temperature. It can 
be seen from Figure 4 that the magnitude of the axial stress is lowered 
at points on the outer surface when the heat source passes. Points 
located behind the heat source experience a strong tensile axial stress. 
During the final cooling the axial stress magnitudes are lowered 
noticeably, but the residual axial stress field is seen to be rotanonally 
nonsymmetric. The hoop stresses are seen to have smaller magnitudes 
than the axial stresses, and the magnitudes increase when the heat 
source passes. It was found that the development of axial and hoop 
stresses during welding of the final pass for the narrow gap groove was 
similar to the one seen in Figure 4. Furthermore, the axial and hoop 
stress development during welding of the final pass was found to be 
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similar to the stress development recorded in [9] for a single-pass butt-
welded pipe although the circumferential variation for the hoop stress 
was smaller in the present experiment. 
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Fig 4 Transient and residual axial and hoop stresses as 
function of angular position for z = 25 mm in single-
U case. Transient stresses are shown for four diffe 
rent times (positionsof welding torch) during welding 
of final pass. 

Residual stresses were measured at nine points on the outer surface 
on each pipe. The locations and the corresponding stresses are shown 
in Table 3. As noted above the yield limit of the pipe material is 360 
MPa. In comparison with the yield limit the maximum measured 
residual stress value is less than 0.65 times the yield limit. This indicates 
that errors due to plastic yielding during drilling is negligible, see [13]. 
According to the manufacturer of the drilling equipment, strains can be 
measured with an accuracy o f+5 per cent under perfect conditions. In 
this case uncertainty in Youngs modulus and poissons ratio and the fact 
that smoothing may influence the evaluated stresses the error is belie
ved to be less than ± 10 per cent. 

Gauge Location 0 0 

(f.z(mm)) (MPa) (MPa) (MPa) 

single narrow single narrow single narrow 
U gap U S* U gap 

1 0.0 -174 -147 28 130 3.0 2.8 
2 120.0 -123 -130 32 118 1 4 1.0 
3 240.0 -74 66 0.7 
3 242,0 -158 83 2.9 

4 0.20 -35 88 -59 45 0.2 9.9 
5 120.20 -21 142 -95 Al 12.1 28.0 
6 240,20 2 -70 3.6 
6 242,20 102 •30 7.9 

7 0,30 -18 76 -55 -31 7.5 11.3 
8 120,30 22 119 -91 -61 0.5 7.3 
9 240.30 23 -85 6.0 
9 24230 89 -62 7.2 

Table 3 Locations of points for residual stress measurements 
and obtained corresponding residual stress values 

When comparing the residual stress results for the outer surface it is 
seen that use of the narrow gap groove results in larger tensile hoop 
stresses (2.6 times in average) and somewhat larger compressive axial 

stresses at the weld centre. It is also seen that both stress components 
change sign between z = 0 and z = 20 rnrn. The results for the single-
U groove was found to be more rotationally nonsymmetric, especially 
for z = 0. 

Diametrical residual shrinkage 
The measured diametrical residual shrinkage for the single-U and 

the narrow gap pipe are shown in Figures 5a and 5b respectively. As 
seen, the shrinkage is not rotationally symmetric. In the circumferential 
position 0=60" the maximum shrinkage close to the weld occur for both 
the single-U and the narrow gap pipe. This position differs from the 
other two since all passes (except the first one) started and stopped at 
about <j> = 60", and that during welding $ = 60* was the top position 
(meaning that the diameter measured for t> =60" was the "vertical" 
diameter). Most likely the welding start and stop at t> = 60" is the ex
planation for the large shrinkage at that position. It can also be seen in 
Figures 5a and 5b that the residual diametrical deformation is quite 
symmetric with respect to the weld line, except for the single-U pipe at 
q>=0° and -60". It may be surprising to see that the residual deformation 
is not restricted to a narrow region close to the weld, but is noticeable 
over the whole pipe length (about 400 mm from the weld line). The 
shrinkage close to the weld is larger for the narrow gap pipe as 
compared with the single-U pipe. 
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Fig 5 Measured residual diametrical deflection on the 
outer surface for: (a) single-U groove and (b) 
narrow gap groove. Deflections are shown for three 
circumferential positions. 

During measurement of the shrinkage the micrometer screw used 
was calibrated after every 20 measured diameter against a calibration 
rod. This control showed very stable results, and since pointed ends 
were used on the micrometer screw, which made exact positioning 
possible, the error in measured diametrical residual shrinkage is belie
ved not to be larger than ± 10 um. 

22 



E7 

COMPARISON WITH ANALYTICAL AND NUMERICAL 
SOLUTIONS 

Very few analytical or empirical solutions can be found in the 
literature for the residual stress field in a multi-pass butt-welded pipe. 
In the present report the experimentally determined residual stresses for 
the single-U groove and the narrow gap groove are compared with the 
analytical methods proposed in [ 10] and [ IS], with the empirical formulas 
in [11] and with a FE-solution [14] valid for the same pipe. 

Both analytical methods [10,15] are based on engineering theories 
for elastic thin shells which are assumed to be applicable here, the outer 
radius over wall thickness ratio is roughly 9 for the pipes studied. 
Rotational symmetry is also assumed. 

In [10] the temperature history experienced during cooling is 
represented with a hoop tendon force, calculated using the assumption 
that adjacent cooler material completely prevents any hoopwise expan
sion of heated material, the weld metal and HAZ during welding. 

The angular distortion at the weld centre line enters as a parameter 
in the analytical solution [10]. It is difficult to estimate this parameter 
for the pipes experimentally studied here. In the present study the 
angular distortion was set to zero. One may note, however, that the 
calculated stress values are strongly dependent of the choice of value 
for the angular distortion. 

The thermal loading on the pipe caused by the welding process is 
represented in [15] with the axial temperature field present in the cross 
section studied when the filler material has solidified and has cooled 
down to about 1000*C. A correction for through-thickness temperature 
variation is also included. The thermo-elastic stresses caused by the 
temperature field, as presented in [IS], has been reduced with respect 
to yielding by a radial return algorithm as proposed in [ 16], a procedure 
often used in nonlinear FE-codes. This procedure is believed to be more 
consistent than the "uni-axial" reduction proposed in [ IS] for each stress 
component. The approach presented in [15] has later been improved in 
[17] where a more complex method of obtaining the through thickness 
variation of the axial and hoop stresses is introduced. 

In [II] empirical formulas are presented for the axial stress at the 
inner and outer surface at the weld centre. Based on a large number of 
experimetal and numerical results from the literature it was found that 
the axial stress value at these two locations could be correlated to the 
line energy over the wall thickness. 

The numerical FE-solution from [14] is obtained with a simplified 
approach where the heating period of each welding pass is modelled 
with only one load step and the subsequent cooling pass is modelled 
with one load step (the two final weld passes with three loadsteps). The 
material parameters used in [ 14] were taken as temperature dependent 
but no effects of phase transformations were included. The approach is 
discussed in detail in [14]. 

Table 4 shows analytically and numerically calculated axial stress 
values at the outer and inner surfaces of the weld centre together with 
the corresponding (averaged) measured value from Table 3. 

Narrow gap Single-U 

stress at weld 
centre (Mpa) Ana- Ana- FEM lite- exp Ana- Ana-

lyt lyt ral lyt lyt 
[10] [15] [14] [11] [10] [IS] [14] [11] 

axial IS 
axial OS 

126 111 
-126 -111 

-50 134 
-220 -245 -145 

111 430 100 
-111 -330 300 

277 
-325 

As seen in Table 1 the line energy varies considerably, for both groove 
shapes, during the welding process. The values forTable4fromref [11] 
are based on the line energy for the last weld pass. 

It is seen that the analytical solution in [10] predicts axial stresses 
at the weld centre in good agreement with the measured values. The 
high values obtained from formulas in [11,15] and from [14] for the 
outer surface are caused by the combination of a high line energy for the 
last passes of the single-U groove in combination with the assumption 
of rotational symmetry. This high line energy value is caused by the low 
velocity and not a high heat input. This resulted in a high radial 
temperature gradient and a rather fast , non rotationally symmetric 
cooling which reduces the axial stresses considerably as compared to 
a rotationally symmetric case. 

The residual radial deflection along the pipe calculated by the 
methods in [ 10,15] and numerically in [14] are shown in Figure 6 together 
with the measured diametrical contraction. The measured values shown 
in Figure 6 for each axial location are the average value over three 
circumferential locations and two axial locations (positive and negative 
z-value). As stated in [10] the radial deflection is obtained by use of the 
(average) line energy from the first and final pass. When calculating the 
radial deflection from formulas in [IS] the average line energy from the 
last pass was used. It is seen that the numerical FE-model [14] gives an 
axial radial displacement variation in good agreement with the measured 
displacement variation for distances up to z = 100 mm. For larger 
distances the calculated values in [14] underestimates the measured 
values. Both analytical methods [10,15] give radial displacements that 
differs considerably from the experiments, both in magnitude and 
shape. The high value for the radial deflection obtained from formulas 
in [IS] for the single-U groove is due to the high line energy used in the 
final passes. 

. 

"f:' 

SINGLE-U \ \ ' / / NARROW GAP 

i 
/ / 

1/ 

i RER Hi SOLID 

RER IS) PHANTOM 
REH 10) DASHED 

\ 
MEASURED DOTTED 

Table 4 Calculated and measured axial stress at outer (OS) 

and inner (IS) surface of weld centre 

Z-COORDINATE (mm) 

Fig 6 Residual diametrical deflection of outer surface for narrow 
gap and single-U groove. Comparison between measured 
deflection and analytical and numerical results from the 
literature 

DISCUSSION 

As discussed above, it is important that the residual stress and 
deformation fields generated by the welding process has low tensile 
magnitudes and small distortions in order to obtain, for example, a high 
load carrying capacity for the welded structure. The experimental results 
presented here in Section 3.2 and 3.3 indicate that both the residual stress 
and radial deflection on the outer surface have larger magnitudes for the 
narrow gap groove, although the differences between the two grooves 
are found to be rather small. The residual axial stress at inner surface of 
the weld centre is often of prime interest, but it was not measured here. 
However, the numerical results from [ 14] for the same pipe indicate that 
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the narrow gap groove will have a more favourable stress field on the 
inner surface. One may note that the welding sequence used here for the 
single-U groove is perhaps uncornmon. With such a wide groove it may 
be more common to deposit the final weld passes in layers with more 
than one weld pass in each layer. 

From a production point of view the narrow gap groove has several 
advantages over the single-U groove. In the present experiments the 
effective welding time and the amount of filler material needed were 
reduced with factor of 2 and 2.4 respectively for the narrow gap groove. 
Also the costs for groove preparation was reduced for the narrow gap 
groove since less turning work is required for a narrow groove. 

CONCLUSIONS 

As the heat source passes a specific point compressive axial strains 
and tensile hoop strains develop. After passing the point both strain 
components immediately change sign and large values of opposite sign 
develop, especially in the axial direction. 

The residual stress state, as measured with the transient and the 
residual strain gauges, was found to be noticeably rotationally nonsym-
metric at the weld centre. Far away from the weld centre the residual 
stress state was found to be reasonably rotationally symmetric. 

The measured residual diametrical deflection was also found to be 
rotationally nonsymmetric with noticeable magnitudes over a large part 
of the pipe. 

The measured residual stresses and radial deflections on the outer 
surface were found to be somewhat larger for the narrow gap groove as 
compared to the single-U groove. 

The welding procedures used are the same as those used in practice 
for the present weld grooves. The resulting difference in heat input per 
weld pass makes it hard to use available empirical or analytical methods 
for estimation of the residual stress and distortion fields. 
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