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This report concerns a study which has been conducted for the Swedish 
Radiation Safety Authority, SSM. The conclusions and viewpoints pre-
sented in the report are those of the author/authors and do not neces-
sarily coincide with those of the SSM.

Background
Weld residual stresses have a large influence on the behavior of cracks 
growing under normal operation loads and on the leakage-flow from a 
through-wall crack. Accurate prediction of these events is important in 
order to arrive at proper conclusions when assessing detected flaws, for 
inspection planning and for assessment of leak-before-break margins. 
Therefore, it is very important to have verified procedures to estimate 
weld residual stresses (WRS). During the latest years, there has been a 
strong development in both analytical procedures to numerically deter-
mine WRS and experimental measurements of WRS. The present report 
is the result of an effort to acquire and to develop the latest research 
results in the field of WRS.

Objectives of the project
The principal objective of the project is to use the latest research results 
of determining WRS in piping components and verify such procedures 
against experimental measurements. 

Results
The major changes applied in the new weld residual stress modelling 
procedure are:   

•	 Improved	procedure	for	heat	source	calibration	based	on	use	of	
analytical solutions.

•	 Use	of	an	isotropic	hardening	model	where	mixed	hardening	data	
is not available.

•	 Use	of	an	annealing	model	for	improved	simulation	of	strain	re-
laxation in re-heated material.

The new modelling procedure is demonstrated to capture the main 
characteristics of the through-thickness stress distributions by valida-
tion against experimental measurements. Three austenitic stainless steel 
butt-welds cases are analysed, covering a large range of pipe geometries. 
From the cases it is evident that there can be large differences between 
the residual stresses predicted using the new procedure, and earlier 
recommendations.
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Effects on SSM
The results of this project will be used by SSM in safety assessments of 
welded components with cracks.
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1 SUMMARY 
 
The objective of this work is to identify and evaluate improvements for the residual stress modelling 
procedure currently used in Sweden. There is a growing demand to eliminate any unnecessary 
conservatism involved in residual stress assumptions. The study was focused on the development 
and validation of an improved weld residual stress modelling procedure, by taking advantage of the 
recent advances in residual stress modelling and stress measurement techniques.  
 
The major changes applied in the new weld residual stress modelling procedure are:    

─ Improved procedure for heat source calibration based on use of analytical solutions. 
─ Use of an isotropic hardening model where mixed hardening data is not available.  
─ Use of an annealing model for improved simulation of strain relaxation in re-heated material.  

 
The new modelling procedure is demonstrated to capture the main characteristics of the through-
thickness stress distributions by validation to experimental measurements. Three austenitic stainless 
steel butt-welds cases are analysed, covering a large range of pipe geometries. From the cases it is 
evident that there can be large differences between the residual stresses predicted using the new 
procedure, and the earlier procedure or handbook recommendations. Previously recommended 
profiles could give misleading fracture assessment results. The stress profiles according to the new 
procedure agree well with the measured data.  If data is available then a mixed hardening model 
should be used. 
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2 INTRODUCTION  
Stress corrosion cracking (SCC) is a damage mechanism that has to be accounted for in performing 
structural integrity assessments and inspection planning of stainless steel components in Swedish 
nuclear plants [1-3]. In an unfavourable environment, tensile stresses create a necessary condition for 
stress-corrosion cracking to take place. Welding-induced residual stresses have a significant 
contribution to both the initiation and the subsequent growth of SCC in welded components. Weld 
residual stresses may also influence the final fracture behaviour. However, in ductile steels in nuclear 
components the effect of secondary loads is sometimes limited and not decisive for the critical and 
tolerable crack sizes.  
 
Accurate prediction of weld residual stress fields has a significant influence on the prediction of stress 
corrosion crack growth, and is decisive for proper conclusions on inspection intervals. Inaccurate 
estimation of residual stress fields may also influence conclusions about leak-before-break. 
Consequently it is important to have reliable estimates of weld residual stress distributions, in order to 
avoid non-conservative or misleading conclusions, and to ensure effective measures for safe operation 
of nuclear power plants.  
 
Through-wall residual stress distributions can exhibit rather different forms at a weld, depending on 
factors such as: pipe thickness, number of passes, weld geometry, deposition sequence, pipe radius to 
thickness ratio, global restraints, material properties, weld method, interpass temperature, and heat input 
[4-8]. A reliable finite element residual stress modelling method must be able to capture the correct 
residual stress distribution under given pipe and welding conditions. Earlier efforts in Sweden have 
established a residual stress modelling procedure [6] and a series of recommended residual stress 
solutions [7-8, 3]. These results have been widely used for meeting the needs in performing 
assessment of cracks and planning inspections for Swedish nuclear plants. However, further 
developments and new conclusions in residual stress modelling techniques have emerged since the 
development of this procedure [4-5, 9-12]. Recent reviews [4, 13] of recommended residual stress 
fields calculated by different analysis procedures and organisations, shows that residual stress profiles 
differ very much in many cases. Furthermore, the possibility to compare to measured data has 
improved since detailed residual stress measurement data has become available through different 
international programs [13-15].  This new information gives possibilities for validation and 
improvement of the existing residual stress modelling procedure [6]. Recent advances in residual stress 
measurement techniques such as deep hole drilling [16, 17], high energy synchrotron X-ray diffraction 
[18, 19], neutron diffraction [20-22], and surface contouring [23-25] will further improve the 
capabilities to measure through thickness residual stress distributions accurately, and some methods 
even offer a potential for determining full 3D stress tensor results deep within components.  
The objective of this work is to identify and propose improvements to the existing residual stress 
modelling procedure currently used in Sweden [6-8, 3], by taking advantage of the recent 
developments. The procedure will be validated to a set of existing measurement results. The project 
was set up as a collaboration effort between Inspecta and Battelle, with the following objectives: 
 

1) Identify areas for improvement in the existing residual stress modelling procedure 
2) Develop improved residual stress estimation procedures by performing technology transfer  
3) Perform case studies on a selected set of pipe geometries, representative for Swedish nuclear 

plants. This is done in order to evaluate and validate the effectiveness of the improved 
modelling procedures, by comparisons to well documented measured residual stress fields.  
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4) Investigate and recommend how to evaluate and treat residual stress when performing fracture 
mechanics analysis of welded components, to improve accuracy and decrease any excessive 
conservatism involved in earlier procedures used.   

 
The project was carried out in two phases. Phase 1 focused on improvement and validation of the weld 
residual stress modelling procedure, and included step 1) - 3) above. This phase also involved a one-
week long training at Battelle on the mechanics of residual stresses in welded joints and associated 
modelling procedures. Available residual stress measurement data relevant to nuclear piping 
components were collected for validating the residual stress modelling procedure. A series of residual 
stress analyses were performed for components on which the measurement data was available, by 
using the recommended residual stress modelling procedures established during the project. This 
report provides a detailed documentation for Phase 1. The work performed during Phase 2, which was 
focused upon fracture mechanics treatment procedures of the residual stress distributions, is 
documented in a separate report.  
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3 RESIDUAL STRESS MODELLING PROCEDURE  
 
3.1 The previous procedure used by Inspecta  
The previous weld residual stress modelling procedure used at Inspecta (and formerly at DNV and 
SAQ) was based on the work documented in [6-8]. The recommended stress profiles in the 
handbook [3] are based on this procedure. The residual stress modelling procedure involves 
sequentially coupled heat-conduction-based thermal analysis of the welding heat flow and a 
subsequent incremental thermo-plastic analysis which is dependent on the predicted temperature 
history [6].  Areas of improvement concerning this procedure are identified and discussed below.  
 
Axi-symmetric assumptions are normally used for modelling multi-pass welds in piping components, 
in order to simplify the analysis procedure and achieve a realistic analysis time. This implies a 
simultaneous weld deposition along the entire pipe circumference, and the heat loss in the welding 
travel direction is ignored. As discussed in [4], this may result in overheating effects, depending on 
how the linear heat input from the welding parameters is used. Careful calibration is always needed 
and improvement of the principles for this is identified as an important improvement area.     
 
In the previous procedure [6] it was assumed that the material has a kinematic strain-hardening 
behaviour. This assumption was consistent with most of the modelling published in the literature at 
that time. At that time few reliable experimental measurements of residual stress fields existed and a 
general recommendation was to use kinematic hardening.  However recent results indicate that the 
through thickness residual stress profiles are better captured using an isotropic hardening model.  If 
cyclic stress-strain data would be available, then a mixed isotropic-kinematic hardening model could 
be used. This type of data is however rare.   
 
Weld pass deposition is simulated by the addition of new molten material using “element 
remove/include” technique (inactive elements). Newly activated elements achieve zero strain by this 
technique. In the previous procedure re-heated weld and base metal adjacent to the new bead did not, 
however, achieve zero plastic strain (unless a general user subroutine was programmed). Due to the 
lack of an “annealing” procedure, i.e. simulation of zero strain in hot or re-melted metal, artificial 
strain accumulation existed which affected the final residual stress results. Anneal modelling 
capabilities only recently became available in ABAQUS [26]. The anneal temperature can simulate 
rapid strain relaxation at high temperatures, due to microstructural processes in material re-heated to 
high temperature or re-melted.   
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3.2 The new updated procedure  
The previous procedure described in [6-8] is modified, by taking advantage of the most recent 
developments in finite element residual stress modelling techniques as discussed in [4-5, 9-14]. The 
new updated residual stress modelling procedure that has been established during this project is 
described below. Modelling capabilities that are only recently available in ABAQUS are incorporated 
in the new procedure. Validation has been performed using Battelle’s proprietary modelling tools, 
which are capable of simulating the detailed residual stress development [4]. Validation has also been 
done by comparison with well-documented residual stress measurement data, as reported in Section 4.  

3.2.1 Transient thermal analysis  
The weld residual stress modelling procedure starts with a transient thermal analysis of the welding 
heat flow. Addition of new molten weld material is modelled using the element-include technique 
(inactive elements). If necessary, the quiet element technique (a low stiffness deforming mesh) could 
be used in order to achieve a good deformation and adaptation of the element mesh for the non-added 
beads. The transient thermal history provides input for a subsequent incremental thermo-plastic 
analysis. Similar to the earlier procedure, the thermal material properties are temperature-dependent. A 
heat transfer boundary condition is applied at all free surfaces of the component. The free boundary is 
altered in space as new weld passes are added. The boundary condition is described by a resulting heat 
transfer coefficient h (approximating both convection and radiation), given by [6]:  
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The heat source model for a specific welding method needs to be calibrated by different methods, 
through the use of theoretical models and experimental data. From etched cross sections of a weld by 
the actual welding process and in the actual material, metallurgical information can help to identify 
what temperatures there have been at different distances from the melted material in the weld pool. 
Cross sections also give information on typical shape of the weld pool and the section area of the bead 
fusion zoon resulting from the welding process used and different sets of weld parameters. Information 
for the heat source modelling can also be obtained from temperature measurements very close to weld 
passes by thermal gages, and by thermal imaging methods for assessing the length of the weld pool.     
 
The weld pass heat input per unit run length Q can be calculated from welding process parameters as 

 
             (3.2) 

 
where I is the current, U is voltage,  is the electrical heat input efficiency per welding process, and v 
is weld travel speed. The heat input efficiency for different welding processes is typically 0.95 for 
SAW, 0.8 for MMA (or SMAW), and 0.6 for TIG.  
 
When a 2D approximation is used, e.g. rotational symmetry for simulating pipe girth welding, the 
assumed conditions in the model resemble those corresponding to a simultaneous deposition of the 
weld pass along the entire weld length. The heat conduction in the welding travel direction is by 

v
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definition ignored in a 2D model, and the heat input to the structure is exaggerated. This implies an 
extra need for calibration of the heat source model in 2D models in order to avoid overheating from 
the simulation.  
 
A typical heat source model for arc welding process as MMA, SAW and TIG is illustrated by 
Figure 3.1. The figure shows the temperature in the centre of a newly added weld bead. The 
temperature is rapidly rising to the melting temperature Tmelt and the filler material holds that 
temperature under the period 2

i, before it starts to cool down and solidify, since the weld pool is 
moving on. For these welding processes the dominating part of the melted material is new added filler 
material, and the majority of Q is consumed in the new filler material. The time 1

i is short compared 
to 2

i. The material continue to cool down and has the temperature Tintpass at the instant 3
i when the 

next adjacent weld pass is made. The temperature Tintpass is the inter-pass temperature, and is often 
about 150 °C. The time 3

i is long compared to 2
i.   

 
 

Temperature

Time

Tmelt

1
i 2

i 3
i

Tintpass

 
Figure 3.1.  Temperature transient in newly deposited weld pass a function of time. 

                          
 
The steps in the transient heat condition analysis of a weld ars described below. A two-dimensional 
model is considered, and a description of a procedure for the heat source calibration for a 2D axi-
symmetric model is included. Any specified pre-heating is modelled by a corresponding initial 
temperature step for the pipe. The thermal modelling of a new weld pass involves the following steps:  
 

1) A new weld pass to be deposited receives a temperature slightly higher than the melting 
temperature Tmelt. The addition of molten weld material is modelled using the element-include 
technique, i.e. a group of elements representing the new weld bead is activated. The size of the 
fusion zone/bead is related to the weld bead cross sectional area achieved from metallographic 
macro cross sections of the weld for the actual set of welding parameters.    
 

2) A transient heat conduction analysis is then performed to simulate the subsequent heat transfer 
process after the new weld bead is introduced. The weld bead has the temperature Tmelt under 
the time period 2

i, before it starts to cool down and solidify as the weld pool passes by. For 
calibration of the heat source, the time 2

i is determined based on the following considerations:   
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- The time 2
i is determined based on the use of analytical 3D moving heat source 

solution [27-31, 22].  The influence of the pipe thickness is accounted for by using a 
solution developed from two mirrored travelling heat sources.  

- The heat affected zone (HAZ) size is determined by the 3D analytical solution for a 
given pipe thickness, the thermal diffusivity of the material, and the linear heat input Q 
and the travelling speed v for the actual weld pass.  

- The HAZ size is defined by the distance between the fusion line and nearest position 
that reaches to the first phase transformation, i.e. temperature Ac1 for ferritic steels and 
about 800Co for stainless steels [14].   

- For the 2D model, the next step is to calibrate the time 2
i by analytical solution, in 

order to compensate for the missing heat loss in the welding direction (the hoop 
direction), compared to a 3D travelling heat source.   
 

The effectiveness of this calibration method has been evaluated and verified by detailed finite 
element calculations performed by Battelle, as documented in [14].      

 
3) The inter-pass time 3

i is adjusted to receive the prescribed overall inter-pass temperature Tintpass 
before the next weld pass is activated 

 
4) The procedure is repeated until all weld beads are added, and then the entire model reaches 

steady-state room temperature conditions. 
 

5) Any post-weld heat treatment is modelled, and any other thermal loading that may redistribute 
the residual stress field is modelled.  

 
 

3.2.2 Thermo-elastic-plastic mechanical analysis  
Once the temperature history is generated using the procedure described above, stresses and strains are 
calculated by performing a thermo-elastic-plastic analysis. Small strain theory is normally used. The 
analysis follows the given temperature history on a pass per pass basis, until all weld passes are 
simulated.  
 
The mechanical properties are temperature-dependent. Incremental plasticity is used with the 
von Mises yield criterion and associated flow rule. The material hardening law is assumed to be 
isotropic hardening.  A bilinear stress-strain relation is applied, details of which are available in 
Appendix 1.  The experience from recent comparisons to measured weld residual stress fields indicate 
that the through thickness stress profiles are better captured using an isotropic hardening model  
[4, 13]. If detailed cyclic stress-strain material properties are available, then a mixed isotropic-
kinematic hardening model could be used (an expanding and translating yield surface). There are 
arguments claiming that the effect of the isotropic hardening part dominates over the kinematic part, 
which would support the isotropic approximation.  
 
The multi-pass weld is modelled by activating the elements belonging to the current pass at a proper 
time, consistent with the transient heat flow simulation procedure. In the earlier procedure, the 
“element include” technique in ABAQUS was utilized for assuring zero plastic strains in new 
activated elements. However, by this modelling unrealistic plastic strains did accumulate in areas close 
to the fusion line and in HAZ, which affected the final residual stress results. Weld and base material 
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adjacent to a new weld bead will reach high temperatures or even re-melt, and the strain relaxation, 
and the new strain free temperature, in these regions were not modelled. In order to simulate this 
effect, the new annealing capability in ABAQUS is now utilized for simulation of strain relaxation in 
hot and re-melted metal.  
 
Few experimental results are reported about the exact extent to which weld strains are annealed, or the 
extent of strain relaxation in re-heated or re-melted material. Local stress-strain curves in as-welded 
material are presented in [15] and [35] and the measured local yield stress in as-welded filler material 
and in HAZ corresponds to 5 - 10% strain hardening of the base/virgin material. This could indicate 
some degree of strain relaxation, since simulations often generate more strain than that.  
 
Annealing and strain relaxation arises at high temperatures, due to different microstructural processes 
as recrystallization and rapid creep. Conventional annealing is performed using long hold times 
(hours) and starts with temperatures from 1/3 of the melting temperature. However, for the rapid 
temperature transient during welding the amount of annealing in different regions, and the dominating 
process, is not clarified. It is expected that annealing effects are only seen in regions of much higher 
temperatures than 1/3 of the melting temperature, because of the short effective hold time.  
 
By utilizing the anneal temperature capability in ABAQUS it is possible to prescribe a temperature 
above which strain-free conditions are assumed, in order to reset accumulated plastic strains and the 
hardening. The anneal temperature can simulate rapid strain relaxation at high temperatures, or in re-
melted material. Data for the rate of recrystallization or creep at high temperatures is however rare, but 
it has been argued for the use of an “anneal temperature“ in the range 900 - 1200 °C, depending on the 
estimated effective time at high temperatures and the dominating process for strain relaxations. In 
general the assumption of a high annealing temperature results in higher stresses, and generally we 
assume an annealing temperature of 1200 °C in the new modelling procedure. In order to establish 
actual annealing temperature to use for different materials further work is required. Sensitivity 
analyses are performed in section 5. The annealing modelling was also investigated by some 
comparisons to the results from the Battelle’s proprietary weld material model (“UMAM”) which is 
capable of simulating annealing effects as a function of temperature.  
 
Boundary conditions resembling the fixing conditions used (and possibly altered) during the welding 
are applied to the model. Any post-weld heat treatment and other mechanical loading that may 
redistribute the residual stress field is modelled.  
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4 SIMULATIONS AND VALIDATION TO MEASURED RESULTS  
The new weld residual stress modelling procedure described in Section 3.2 was applied to a set of 
cases were residual stress measurement results are available from the literature for well documented 
weld mock-ups. The purpose was to validate proposed modified procedure to experimental 
measurements for future improved prediction of the weld residual stresses.    
 
Three different pipe welds are simulated. Basic data for the three cases investigated are summarized in 
Table 1. Axi-symmetric modelling was used in all cases. The welding inter-pass temperature was 
assumed to be room temperature, which will tend to over-estimate residual stresses if the actual in-pass 
temperature were higher. The simulations were performed assuming general data for austenitic 
stanless steel, according to [6, 7] – see Appendix A. Isotropic hardening behaviour was assumed in all 
cases. The annealing temperature was set to 1200°C.  
 
Sensitivity studies with respect to the assumed hardening model and annealing temperature are 
presented in Section 5 for the case 2 weld. The residual stress profile has been measurement in detail 
for these cases by neutron diffraction, deep-hole-drilling, and surface-hole drilling techniques, and 
documentation of the cases are found in [13, 32, 33].   
 
All presented results are for 20ºC. 

 
  Table 1: Case definition. 

Case 
No.  

Name Pipe 
thickness 
t  [mm] 

Pipe radius 
to thickness 

ratio  
Rin/t 

Groove 
type 

Number 
of 

passes 

Weld 
type 

Heat 
input * 

[kJ/mm] 

Weld 
speed * 
[mm/s] 

Material 
(parent/weld) 

1 Weld C 15.9 25 X 2  
+ 4 

TIG 
SAW 

0.6 
2.0 

3 
6 

316L/316L 

2 SP19 19 10.5 V 15 (*) MMA 1.2  - 316H/316L 

3 S5VOR 65 2.8 V 45 MMA 2.4 - 316H/316L 

                 (*) Data not fully clear from the mock-up manufacturing information available.  
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4.1 Case 1 – Thin-walled pipe  
A butt-weld in a thin-walled pipe having Rin/t = 25 is analysed, were Rin is the inner radius of the pipe 
and t is the pipe thickness. The geometry of the weld and the finite element mesh near the weld area 
are shown in Fig. 4.1. Axial symmetry is assumed. The length of the modelled pipe is larger than 
3Rt) in order to avoid influence from the support, as discussed in [9].  The mesh design provides 
three straight line paths for evaluation of the residual stress results, denoted CL, HAZ, and HAZ0, as 
shown in Fig. 4.1.  
 

 

 
Figure 4.1: Geometry, sequence of welding and finite element mesh for Case 1. 
 

After the transient heat flow analysis was completed for the six-pass welding as shown in Fig. 4.1, one 
check on the heat flow solution is examination of the peak temperature experienced in the model.   
Fig. 4.2 shows the peak temperature experienced during welding, enveloped over all weld passes. The 
resulting final fusion zone is indicated by the region with temperature above 1500 °C.  The heat 
affected zone (HAZ) is outlined approximately by the temperature interval between about 700 °C and 
1500 °C.   
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Figure 4.2: Fusion zone and HAZ. Maximum temperature experienced during welding. The locations 

with a maximum temperature exceeding 1500 °C are plotted with gray colour and the 
locations with a maximum temperature lower than 700 °C are shown with black colour. 

 
 
The final residual stress distributions at 20°C (room temperature) are shown in Fig. 4.3 for the axial 
residual stress component and in Fig. 4.4 for the hoop stress component. The axial residual stress 
distribution in Fig. 4.3 is dominated by a through-wall bending feature characterized by an axial 
compression area on the outer diameter (OD) side and tension on the inner diameter (ID). The hoop 
residual stresses are dominated by overall tension within the weld zone, consistent with the residual 
stress distributions in similar pipe girth welds (in terms of R/t ratio and heat input) documented in [4].   
 
This particular stainless steel pipe geometry and welding conditions (Fig. 4.1) have been documented 
in a publication by Bouchard [13], with detailed experimental residual stress measurement results from 
neutron diffraction (ND), deep hole drilling (DHD), surface hole drilling (SH), and block removal 
splitting and layering (BRSL) techniques. 
  
In order to compare the predictions achieved using the new modelling procedure with the available 
measured stress data, the residual stress distributions along the three pre-defined paths in Fig. 4.1 are 
plotted with the measurement data reported in [13] in Figs. 4.5-4.7.  The neutron diffraction 
measurements were taken 12mm from the weld centreline [38]. 
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Figure 4.3: Axial residual stress for the thin-walled case 1 weld at 20 °C (unit Pa). 
 
 
 

 
Figure 4.4: Hoop residual stress for the thin-walled case 1 weld at 20 °C (unit Pa). 
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Figure 4.5: Case 1. Comparison of the predicted and measured axial residual stress (S22) at 20 °C 

along the two HAZ paths shown in Fig. 4.1 (X/t = 0 corresponds to the ID surface).  
 

 
Figure 4.6: Case 1. Comparison of the predicted and measured hoop residual stress (S33) at 20 °C 

along the two HAZ paths shown in Fig. 4.1 (X/t = 0 corresponds to ID surface).  
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Figure 4.7: Case 1. Comparison of the predicted and measured residual stress at 20 °C  along the 

weld centerline (CL in Fig. 4.1).  
 
 
Measurements will always give a mean average value of the stress in a gauge volume in the material, 
and with some uncertainty with respect to the distance from the fusion line, see discussion in [22]. 
Considering this, it is reasonable for the comparison to be based on the average from the two 
evaluation paths in HAZ. The measurement data compared to in Figs. 4.5-4.7 were taken from an 
actual weld mock up and reflect measurements along a given path from the actual three dimensional 
pipe. As discussed in [34], the residual stress field in a multi-pass pipe butt-weld has a clearly-defined 
periodic variation along the pipe circumference, in addition to weld pass start and stop effects. In view 
of this and the fact that axisymmetric assumptions were used in the present analysis, the agreement 
between the predictions and measurements is rather reasonable.  
 
 

Sij  
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X/t 
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4.2 Case 2 – Intermediate pipe  
As the second case a medium thick-walled pipe having Rin/t = 10.5 was analysed. The geometry, the 
sequence of the weld passes, and the finite element mesh is shown in Fig. 4.8. Five through-wall paths 
selected for evaluation of the through-wall residual stress distributions are also shown in Fig. 4.8.  The 
pipe geometry is given in Table 1. Detailed information on the weld mock-up fabrication and welding 
process parameters were taken from [13] and [32].  
 
The peak temperature experienced during welding is shown in Fig. 4.9. The fusion zone for the 
15-pass weld is indicated by a temperature exceeding 1500 °C. The HAZ is indicated by temperatures 
ranging from 700 °C to the fusion line (1500 °C).   

 

 
Figure 4.8: Geometry, definition of sequence of welding and finite element mesh for Case 2.  
 

 
Figure 4.9: Fusion zone and HAZ. Maximum temperature experienced during the welding. The 

locations with a maximum temperature exceeding 1500 °C are plotted with gray colour and 
the locations with a maximum temperature lower than 700 °C are shown with black colour.  

SSM 2009:15



        

  
17  (42) 

The predicted axial and hoop residual stress distributions are shown in Figs. 4.10-4.11.  Comparing 
with the thin-wall pipe case (Case 1) in Fig. 4.3, the axial residual stress distribution for Case 2 (Fig. 
4.10) differs in that the through-thickness distribution in and around the weld area no longer displays a 
clearly defined through-thickness bending feature, although the linear heat inputs between the two 
cases are similar. This difference clearly suggests that pipe Rin/t ratio and thickness compared to bead 
size has a significant effect on residual stress distributions in addition to linear heat input, as discussed 
in [4, 5].  As a result, the hoop residual stress distribution for Case 2 (Fig. 4.11) becomes noticeably 
more localized than that for Case 1. Detailed discussions on the mechanisms dominating such a 
transition in through-thickness distribution characteristics were given recently in [5].  
 

 
Figure 4.10: Axial residual stress for the medium thick-walled case 2 weld at 20 °C (unit Pa). 
 

 
 

Figure 4.11: Hoop residual stress for the medium thick-walled case 2 weld at 20 °C (unit Pa). 
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The predicted residual stress distributions along various HAZ paths in Fig. 4.8 are compared with 
neutron diffraction measurement data documented in [13, 32], as shown in Figs. 4.12-13.  In this case 
the neutron diffraction measurements were taken 14mm from the weld centreline. Again, a reasonably 
good agreement is seen, considering approximations and also measurement uncertainties. Fig. 4.14 
shows the predicted axial and hoop residual stresses along the weld centreline CL (see Fig. 4.8), on 
which there were no experimental measurement data available for this particular case.  
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Figure 4.12:  Case 2. Comparison with measurements of predicted axial residual stress (S22) at  

20 °C  along the different HAZ paths defined in Fig. 4.8 (X/t = 0 corresponds to ID 
surface).  
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Figure 4.13: Case 2. Comparison of predicted hoop residual stress (S33) at 20 °C along different 

HAZ paths with measurements (X/t = 0 corresponds to ID surface).  
 
 

-400

-200

0

200

400

600

800

0 0,2 0,4 0,6 0,8 1

S22
S33

x/t  
Figure 4.14: Case 2. Axial and hoop residual stresses at 20 °C along weld centre line (CL in 

Fig. 4.8) where X/t = 0 corresponds to ID surface.  
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4.3 Case 3 – Thick-walled pipe  
A thick-walled pipe case having Rin/t = 2.8 was analysed. The geometry and the finite element mesh 
near the weld area are shown in Fig. 4.15. The sequence of welding (a total of 45 passes) is defined in 
the figure. Three through-thickness paths selected for evaluation of the detailed residual stress 
distributions are also indicated in Fig. 4.15, i.e. CL, HAZ, and HAZ0.  
 
The peak temperature during welding is shown in fig. 4.16, illustrating the predicted fusion zone and 
the heat affected zone shape and sizes.   
 
 

 
Figure 4.15: Geometry, finite element mesh and weld pass definition for Case 3. 
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Figure 4.16: Maximum temperature experienced during the welding. The locations with a maximum 
temperature exceeded 1500 °C are plotted with gray colour and the locations with a 
maximum temperature lower than 700 °C are shown with black colour. 

 
 

The final residual stress distributions at 20 °C are shown in Figs. 4.17-4.18 for the axial and hoop 
residual stress components, respectively.  It is important to note that the axial residual stress 
distribution in Fig. 4.17 is significantly different from that seen in Fig. 4.4 (Case 1) and that seen in 
Fig. 4.10 (Case 2), although to a somewhat less degree. The axial residual stress distribution across the 
pipe wall thickness becomes highly localized, due to both the thick wall and small Rin/t ratio in Case 3.  
A rather similar observation can be made for the hoop residual stress distribution shown in Fig. 4.18.  
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Figure 4.17: Axial residual stress for the thick-walled case 3 weld at 20 °C (unit Pa). 
 

 

 
 

Figure 4.18: Hoop residual stress for the thick-walled case 3 weld at 20 °C (unit Pa). 
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The predicted residual stress distributions along the three paths (see Fig. 4.15) are compared with the 
available experimental measurements taken from [13] in Figs. 4.19-4.20.  The surface hole 
measurements were taken 50mm from the weld centreline and DHD measurements were taken 20-
24mm from the weld centreline.   The DHD measurements were taken radially through the thickness 
of the pipe where holes were drilled from the outside in.  The predicted axial residual stresses correlate 
well with the measured as shown in Fig. 4.19.  The predicted hoop residual stresses are higher than the 
measured values around the outer diameter (OD), see Fig. 4.20.  
 
The measured through-thickness hoop residual stress shown in Fig. 4.20 for the case using deep-hole-
drilling on “Component A” is mostly compressive. Such a hoop residual stress distribution seems a 
little unusual if the measurement data are correct. As discussed in [4, 13], hoop residual stresses in 
thick pipes with small R/t ratio tends to show localized features, but exhibiting an overall tension due 
to the dominant hoop direction shrinkage deformation mode. The use of the room-temperature for 
inter-pass temperature, due to the lack of actual data, may have played a role in the high hoop residual 
stress prediction at the OD area. A further investigation of the influence is needed once additional data 
become available.   
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Figure 4.19: Case 3. Comparison of the predicted axial residual stress (S22) at 20 °C along the 
different HAZ paths in Fig. 4.15 with the measured (X/t = 0 corresponds to ID 
surface).  
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Figure 4.20: Case 3. Comparison of the predicted hoop residual stress (S33) at 20 °C along the 

different HAZ paths in Fig. 4.15 with the measured (X/t = 0 corresponds to ID 
surface).  
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5 SENSITIVITY ANALYSES  
In this section sensitivity analyses are made in order to investigate the effect of basic assumptions in 
the modelling. Sensitivity analyses should always be performed to assess the influence of different 
assumptions and parameters, especially when they are not obvious or fully elucidated and agreed upon. 
Efforts are made to make the residual stress predictions as realistic as possible in order to promote 
proper conclusions on the structural integrity. The residual stress calculations are generally based on 
realistic best-estimate data and assumptions, but assumptions leading to pessimistic conservative 
results are chosen if essential information is lacking.  
 
Below the major new assumptions in the modelling are compared with alternative assumptions. The 
main important changes in the new weld residual stress modelling procedure are discussed in Section 2 
and can be summarised as; (i) improved procedure for calibration of the heat source, based on 
analytical solutions for the HAZ size as a function of wall thickness and actual linear heat input, 
(ii) the use of isotropic hardening (or mixed if data is available), and (iii) the use of the annealing 
model for improved simulation of strain relaxation.  
 
In references [4, 14] a number of parametric analyses on item (i) are presented, in order to demonstrate 
the validity of such a calibration procedure. Further investigation of heat source calibration models is 
not within the scope of the current project. In this section, the efforts will be focused upon the 
assumptions and parameters (ii) and (iii), and demonstrating their effects on the predicted residual 
stresses. The problem definition and conditions corresponding to Case 2 are chosen in all the 
subsequent sensitivity analyses.  

 

5.1 Effect of material hardening behaviour  
The weld residual stresses predicted when using isotropic hardening behaviour is compared to the 
stresses when assuming kinematic hardening. The annealing temperature 1200 °C is used. The residual 
stress distributions obtained for the different material hardening laws are presented in Figs. 5.1 - 5.4 
along the paths “CL” and “HAZ1” defined in Fig. 4.8 (Case 2). It is observed that the residual stresses 
generated with kinematical hardening behaviour are much lower than the stresses calculated for 
isotropic hardening.  
 
Included in Figs. 5.2 and 5.4 are stresses measured by neutron diffraction [32] along an HAZ path. The 
stress profiles and the magnitudes obtained with isotropic hardening agree well with the experimental 
results.  Therefore it may be recommended that, if there is no experimental evidence to support the use 
of a kinematical hardening model, isotropic hardening should be employed in the analysis in order to 
generate higher stress peaks.  
 
If detailed cyclic stress-strain material properties are available, then a mixed isotropic-kinematic 
hardening model could be used. Deep-hole-drilling (DHD) measurement results in Fig. 18 in [13] 
indicate that a mixed hardening model may result in a better agreement.  The results in Fig. 5.4 also 
indicate that a mixed hardening model could be better.  In a recent project by Ogawa et al [36] 
kinematic hardening was used and good agreement was obtained to the experimental data.  Details of 
the data used in the hardening model were, however, not provided. 
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Figure 5.1:  Case 2. Axial stress (S22) along the weld centre line (CL) calculated using 

different material hardenings models (x/t = 0 corresponds to inside of the pipe). 
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Figure 5.2:  Case 2. Axial stress (S22) along the path HAZ1 calculated using different material 

hardenings models (x/t = 0 corresponds to inside of the pipe). Stresses measured 
by neutron diffraction are included.   
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Figure 5.3: Case 2. Hoop stress (S33) along the weld centre line (CL) calculated using 

different material hardenings models (x/t = 0 corresponds to inside of the pipe).  
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Figure 5.4: Case 2. Hoop stress (S33) along the path HAZ1 calculated using different material 

hardenings models (x/t = 0 corresponds to inside of the pipe). Stresses measured by 
neutron diffraction are included.  
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5.2 Effect of annealing temperature  
Strain relaxation due to high temperature in re-heated material is modelled by use of an annealing 
temperature as described in section 3.2. The choice of the annealing temperature is as discussed not 
obvious since the effect is not fully elucidated [15]. The effect on the predicted residual stresses from 
different assumed annealing temperatures is investigated below.  
 
Figs. 5.5-5.8 shows the residual stress distributions along the paths “CL” and “HAZ1”, obtained when 
applying different annealing temperatures. It is seen that the annealing temperature has a strong 
influence especially on very high predicted residual stresses. The effect of annealing is limited for the 
annealing temperature 1200 °C.  
 
“No annealing” corresponds to an infinitely high annealing temperature. In this situation, any material 
point going through re-melting will continue to accumulate plastic strain.  Any strain-hardening 
behaviour considered will thus increase the residual stress magnitude. As a result, the higher the 
annealing temperature used, the larger the predicted residual stress magnitude becomes. Many 
previously publicised results were modelled without any annealing model, since this type of     
capability only recently became available in commercial FEA software. The lack of an annealing 
model was one reason that made many previous publications tend to use either elastic-perfectly plastic 
material model and/or kinematic material hardening law, in order to compensate for unusually high 
residual stress predictions. See [4] for further detailed discussion on this.   
 
In this case a region with large influence of the annealing temperature is in HAZ at the outer diameter 
region where the hoop stress S33 alter by about 200 MPa for Tanneal changing from 1200 °C to 800 °C, 
see Fig 5.8. By comparing to the measured residual stress for this case, included in Fig. 5.4 (or Fig. 
4.13), an anneal temperature of 800 or 1000 °C is indicated. However, a comparison for only one case 
can not give a clear conclusion on the anneal temperature, especially considering the experimental 
gauge volume and measurement scatter. Comparison should be done for a set of welds, preferably 
measured by several methods of latest version.  
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Figure 5.5:  Case 2. Axial stress (S22) along the weld centre line (CL) calculated using different 

annealing temperatures (x/t = 0 corresponds to inside of the pipe). 
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Figure 5.6:  Case 2. Axial stress (S22) along the path HAZ1 calculated using different 

annealing temperatures (x/t = 0 corresponds to inside of the pipe). 
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Figure 5.7: Case 2. Hoop stress (S33) along the weld centre line (CL) calculated using different 

annealing temperatures (x/t = 0 corresponds to inside of the pipe). 
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Figure 5.8:  Case 2. Hoop stress (S33) along the path HAZ1 calculated using different annealing 

temperatures (x/t = 0 corresponds to inside of the pipe). 
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6 COMPARISON OF NEW AND PREVIOUS STRESS PREDICTIONS  
In this section results predicted by the new and the earlier residual stress modelling procedures are 
compared. A medium thick-walled pipe is considered, the Case 2. As discussed in Section 2, the major 
differences between the two modelling procedures are (i) the improved procedure for calibration of the 
heat source, (ii) the use of isotropic hardening, and (iii) the use of an annealing model.  
 
Figs. 6.1-6.4 highlight the large difference in the predicted residual stresses between the new and old 
modelling procedures.  In this chapter, ‘old’ denotes the use of the old heat calibration method, 
kinematic hardening and no annealing; ‘new’ denotes the use of the new heat calibration method, 
isotropic hardening and an annealing temperature of 1200ºC. 
 
6.1 Axial residual stresses  
As shown in Fig. 6.1, the axial residual stress distribution along the weld centreline (CL) predicted 
using the new procedure is significantly different from the one predicted using the earlier procedure.  
The result from the new procedure shows a strong through-thickness variation, typically seen in recent 
investigations by simulations and measurements for intermediate thickness pipes with multiple passes 
(small relative bead size). The earlier procedure predicts an almost linear distribution from ID surface 
to OD, which is normally seen in much thinner pipes and for larger R/t ratios. 
 
The validation to experimental neutron diffraction results along HAZ, shown in Fig. 6.2, clearly 
demonstrate that the new procedure results in a large improvement of the accuracy of the predicted 
through-thickness stress profile.  
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Figure 6.1: Comparison of axial weld residual stress along the weld centre line (CL) in case 2, 

predicted by the new and old modelling procedures (x/t = 0 at pipe inside). 
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Figure 6.2: Comparison of axial weld residual stress along the path HAZ1 in case 2, predicted 

by the new and old modelling procedures (x/t = 0 at pipe inside). 
 
If the improved heat source calibration procedure (which generally reduces heating) was introduced 
solely, and kinematic hardening still used, the difference is indicated by the results in Fig. 5.1-5.4.  
This shows that the improvement of the heat source model and calibration method had a dramatic 
effect on prediction of the weld induced residual stress. 

 

6.2 Hoop residual stresses  
Figs. 6.3-6.4 compare the predicted hoop residual stresses along weld centreline (CL) for the new and 
the earlier modelling procedure. A similar trend as discussed in Section 6.1 is observed for this stress 
component as well.  
 
The validation to experimental measurement data along HAZ in Fig. 6.4 supports the predictions using 
the new procedure, at least in trend.  
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Figure 6.3: Comparison of hoop weld residual stress along the weld centre line (CL) in case 

2, predicted by the new and old modelling procedures (x/t = 0 at pipe inside). 
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Figure 6.4: Comparison of hoop weld residual stress along the path HAZ1 in case 2, predicted 

by the new and old modelling procedures (x/t = 0 at pipe inside). 
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7 DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK 
Any engineering model has to be validated to experiments and measurements in order to demonstrate 
that its output is representative for the reality. Weld residual stress calculation models are complex and 
involve several physical processes and accompanying assumptions, and is of course no exception from 
this need for verification. Efforts are made to make the weld residual stress predictions as realistic as 
possible, and avoid pessimistic conservative assumptions, in order to promote proper conclusions on 
the structural integrity. This will help achieving effective measures and requirements that ensure safe 
operation. The residual stress calculations are generally based on realistic best-estimate data and 
assumptions, if the essential information is available. This also puts requirements to analyse any 
remaining issues and demonstrate the accuracy of weld residual stress models.  
 
Large improvements have been made by the new weld residual stress modelling procedure developed 
in this project. However, there still exist some questions that are not fully resolved. As discussed 
above, well grounded assumptions are fundamental in order to attain a reliable prediction model. Some 
issues in weld residual stress modelling still needs further investigation in order to confirm and settle 
some basic assumptions and approximations. Further model refinements should preferably be 
validated to residual stress fields measured using the latest versions of the measuring methods. 
 

7.1 Recommendations for future work 
Below larger issues that still remain within weld residual stress modelling are listed. For each 
identified issue a tangible proposal is given for how to solve the problem.  
 

1) Further development and validation of heat source calibration procedure.  
The heat source calibration procedure has a major influence on the resulting stresses, and 
further development and verification of the calibration models is recommended.  
 
The model proposed in this report is based on calibration by use of an analytical solution for 
the HAZ size, as a function of wall thickness, material, actual weld speed and linear heat input. 
This is a major step forward. However, during the project a few ideas on further improvements 
of the method have been identified.  Work is required to identify the best method for hold time 
calibration when adapting the 3D heat source model solution to a 2D welding simulation.  
Additionally, it must be confirmed that the ‘HAZ width’ is the best metric for describing 
equivalence of heat transfer between 3D and 2D welding models.   
 
In order to get an even better relation between the linear heat input and the size of the fusion 
zone (and the gradient to HAZ), a further natural improvement to the current procedure would 
be to develop a Gaussian distribution heat source solution.  
 

2) Sensitivity analysis using best-estimate yield strength data for 316.   
The weld residual stress calculation in this project was performed assuming standard general 
material data for austenitic stainless steel. A closer review of the general stainless steel data 
according to [6, 7] was made towards the end of this project. According to ASME SA-240, the 
steel 316L and 304L has the same minimum required yield strength, 170 MPa at 20 °C. The 
general data for austenitic stainless steel in [6, 7] corresponds to 304 steel. However, when 
reviewing typical measured data for these steels, it was revealed that they differ and the 316L 
steel shows up to about 50% higher yield stress values for unstrained material. In order to 
avoid underestimation of the residual stress, best-estimate yield data should be used in weld 

SSM 2009:15



        

  
35  (42) 

residual stress calculations. Because of this a sensitivity analysis using typical 316L data is 
proposed.  
 

3) Use of virgin-state weld material properties.  
It is common to use weld metal properties measured for as-welded material, with the argument 
to be conservative. In this project also, separate data were used for the austenitic base and weld 
material, according to [6, 7]. In order to get accurate predictions of the residual stress it is 
however proposed that the virgin state yield properties of the filler material is used. This is 
more correct since the simulation model includes the generation of plastic strains, which will 
result in the hardening of the weld material.  
 
Recent measurements of the local yield stress in welds [35, 15], show that the weld material 
plastic properties, in as-welded condition, typically corresponds to a plastic strains of the order 
of 5 - 10%. This corresponds well to typical strain obtained in welding simulations. Thus, the 
use of virgin non-welded filler material properties (or corresponding base material properties) 
should increase the accuracy obtained in modern welding models. 
 
An analysis is proposed where virgin-state weld material properties and as-welded properties, 
are applied and compared to experimental data in order to verify if the agreement is improved.   
 

4) Effect of mixed isotropic-kinematic hardening model  
Detailed cyclic stress-strain material properties are now available for 316 austenitic steel. It is 
proposed that a study is performed to evaluate the result from using a mixed isotropic-
kinematic hardening model (expanding and translating yield surface). The results should be 
compared to isotropic and kinematic hardening results, in order to assess the accuracy and 
realism in the proposed use of isotropic hardening as a standard model.  

 
5) Settle the anneal temperature for weld residual stress simulations. 

Unrealistic plastic strain may accumulate in areas close to the fusion line and in the HAZ, 
which affect the final residual stress results, especially in the HAZ. Weld and base material 
adjacent to a new weld bead will reach high temperatures or even re-melt, and the resulting 
strain relaxation, and the new strain free temperature, in these regions should be modelled in 
detail.  
 
As demonstrated in this work, the use of an annealing model can influence the residual stress 
field considerably. The anneal temperature can simulate rapid strain relaxation at high 
temperatures in re-heated material. Arguments and recommendations for what anneal 
temperature (or transition region) to use are however lacking. Data for the rate of 
recrystallization or creep at high temperatures is rare, and it has been argued for the use of an 
“anneal temperature“ in the range 900 - 1200 °C. It is however necessary to demonstrate that 
these assumptions are well founded, and in order to establish the actual annealing temperature 
to use further work is required.  
 
It is recommended to develop simple estimates of the rate of recrystallization and creep at high 
temperatures (in austentic material) from a literature survey. In relation to the effective time at 
high temperatures, and the dominating process for strain relaxation, a rationale for the choice 
of the anneal temperature can be developed. In addition to the strain relaxation in material 
heated to high temperatures, also the effect of resetting the new strain free temperature in these 
regions should be evaluated. The proposed anneal temperature can be validated to experiments 
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by analysis of a set of well documented weld geometries that covers a wide range of pipe 
geometries and types of residual stress fields. Since measurements methods has improving 
rapidly, as new measurements as possible should be used for the comparisons.  
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8 CONCLUSIONS  
The objective of this work is to identify and evaluate improvements to the existing residual stress 
modelling procedure used in Sweden. The study was focused on the development and validation of an 
improved weld residual stress modelling procedure, by taking advantage of the recent advances in 
residual stress modelling and stress measurement techniques.  
 
The earlier procedure used by Inspecta has provided adequate baseline residual stress information, 
through an appropriate interpretation for achieving conservative fracture mechanics assessments. 
However, there is a growing demand to eliminate any unnecessary conservatism involved in residual 
stress assumptions. Efforts are made to make the weld residual stress predictions as realistic as 
possible, and avoid pessimistic assumptions, in order to promote proper conclusions from subsequent 
fracture assessments. This will help achieving effective measures and requirements that ensure safe 
operation of nuclear power plants. 
 
Modelling and measurement techniques have evolved since the earlier procedure was first put in place 
more than a decade ago. Weld residual stress modelling procedures can be rather complex due to the 
multi-physics and multi-scale nature involved in welding processes. The project team consisting of 
engineers from Inspecta and Battelle has however focused upon identifying and implementing the 
most relevant modelling procedures, which have been proven essential and effective.  
 
The main improvements in the new weld residual stress modelling procedure can be summarised as:    

1) Improved procedure for heat source calibration. The new calibration procedure is based on use 
of analytical solutions for the HAZ size, as a function of wall thickness, material, actual weld 
speed and linear heat input. This will reduce the risk of overheating, especially when actual 
linear heat input is used in axi-symmetric models. 

2) Use of isotropic hardening model as standard. Experience from recent comparisons to 
measured weld residual stress fields indicates that the stress profiles are better captured using 
isotropic hardening.  If detailed cyclic stress-strain material properties are available, then a 
mixed isotropic-kinematic hardening model could be used. 

3) Use of an anneal modelling for improved simulation of rapid strain relaxation at high 
temperatures in re-heated material.  
 

The new modelling procedure is demonstrated to capture the main characteristics of the through-
thickness stress distributions by validation to experimental measurements. Three austenitic stainless 
steel butt-welds cases are analysed, covering a large range of pipe geometries. From the cases 
considered it is evident that there can be large differences between the residual stress predicted using 
the new procedure, and the earlier procedure or handbook recommendations.  The stress profiles 
according to the new procedure agree well with the measured data. Residual stress predicted by the 
new procedure is more accurate while achieving a reasonable conservatism.  
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APPENDIX 1 – MECHANICAL AND THERMAL MATERIAL PROPERTIES 
 
Mechanical material parameters used in the new weld residual stress modelling procedure, for the weld 
and parent material, are listed in Table A1. 
 

Table A1  Mechanical properties for stainless steel (304) and weld [6,7, 37].  

Temperature 
[oC] 

Young's 
modulus  
E [GPa] 

Poisson's 
ratio [-] 

Yield stress 
(304) 

[MPa]  

Yield stress 
(Weld) 
[MPa] 

20 200 0.3 216 460 

100 195 0.3 173 419 

200 185 0.3 140 368 

400 170 0.3 116 264 

600 155 0.3 85 210 

800 145 0.3 70 154 

1000 96 0.3 50 50 

1200 50 0.3 10 10 

1340 10 0.3 10 10 

1390  0.3 10 10 
 
 
A bilinear hardening model was used in the new weld residual stress modelling procedure, as 
discussed in Section 3.2.  The model, illustrated in Fig. A1, is described by, 

pl
yf K  00   plwhere , and 

0 f             0 plwhere      (A1) 

where f, y and pl are the flow stress, yield stress and equivalent plastic strain, respectively and 
00 and K are material parameters.  A value of 0.1 was assigned to 0. 
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Figure A1: Illustration of the bilinear hardening model (in red) used in the new weld residual 

stress modelling procedure.  Parameters for the model were obtained by fitting to 
an experimentally determined material flow curve (illustrated in blue). 

 
Thermal material parameters used in the new weld residual stress modelling procedure, for the weld 
and parent material, are listed in Table A2. 
 

Table A2  Thermal properties for stainless steel (304) [6,7, 37]. 

Temperature 
[oC] 

Conductivity 
[W/m/oC] 

Specific heat 
[J/kg/oC] 

Thermal expansion 
[10-6/oC] 

20 15.0 442 17.0 

100 15.5 479 17.0 

200 17.5 515 17.5 

300 18.8 539 18.0 

400 20.0 563 18.5 

500 21.3 572 18.75 

600 22.5 581 19.0 

800 24.0 596 19.5 

1000 25.5 609 20.0 

1200   20.0 

1340   20.0 

1390   20.0 
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