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SYNOPSIS 
The WELDON project, short form for “Weld Strength for High Temperature Components 
Design and Operation” was proposed to the EU 5th Framework Programme by several 
European organisations, namely, Research institutions, equipment manufacturers, end users 
and maintenance companies, from six different counties. The project started in December 
2001 with a total duration of 57 months. The driving force for this project was derived from 
the fact that weldments are generally recognized as the single main cause of failure in high 
temperature facilities, while most current design codes rely on base material properties. In 
recent years the concept of Weldment Reduction Factor (WRF) was introduced to take into 
account this problem, however, a standard and literature survey has shown a wide range of 
ways by which this concept is incorporated in design and assessment procedures. 

On the other and little consideration has been given to the role of residual stresses in the creep 
behaviour of high temperature components, despite these components often require extensive 
welding of thick sections, thus particularly likely to develop high stresses due to the high 
constrain. Given the above scenario the WELDON project was conceived to address the 
problem of weldments in high temperature components under creep conditions. The projects 
aims at improving current understanding of welds behaviour and make a contribution to the 
development and harmonization of existing design and assessment procedures, thus 
contributing to safer operation of high temperature plants. 

 

INTRODUCTION 
The world needs for electric energy have been increasing progressively over the years and 
with the development of some emerging economies in different parts of the globe this 
increase could be expected to accelerate in the near future. Although great developments have 
been achieved in the development of renewable energy sources, these are mainly unreliable in 
the sense that the energy source cannot be fully controlled to assure a constant output 
throughout. Therefore the main production relies on hydro generation or thermoelectric power 
(either fossil or nuclear). Common features of the latter cases are the need for materials 
operating at relatively high temperatures and moderate to high stresses (thus under creep 
conditions), considerable effective and potential (in case of accidents) impact in the 
surrounding environment and the need for fuel whose available amounts, although still large, 
are not renewable. 
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The above mentioned conditions have increased the pressure to improve the efficiency of new 
power generation facilities as well as to increase the life of existing ones, which, in many 
places, have already exceeded their expected design life. Therefore, there is an increase 
demand for new materials that can withstand higher temperatures in order to increase the 
thermal efficiency of such facilities. On the other hand the construction of these power 
generation facilities make extensive use of welding for the manufacturing of components and 
pipe work, which in turn is generally recognised as the main single cause of failures. 

Current design codes are generally based on the mean rupture stress of the base material at 
some lifetime, typically 2x105 hours. This approach do not consider explicitly the strain 
tolerance of the weld metal, and a review of several widely used design codes revealed that 
only a few make explicit account of the weakening effect of weldments, Table 1. 

 
Table 1 - Summary of design codes and the way they handle the weldments. 
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Creep damage/rupture No Yes Yes Yes Yes Yes Yes 

Fatigue damage No Yes Yes No Yes Yes Yes 

Creep-fatigue interaction No Yes Yes No Yes Yes Yes 

Crack initiation (creep/fatigue) No Yes Yes No No No No 

Crack Growth (creep/fatigue) No Yes Yes No No No No 

Stress redistribution in weld No Yes Yes No Yes* Yes* Yes* 

Influence of weld constituent sizes No Yes Yes No No No No 
* Indirectly to some extend as reduction factors are based on weld test results 

 
In recent years there have been efforts to develop methodologies to consider the effect of the 
weld. One possibility is the concept of the Weld Reduction Factor (WRF), which could be 
applied to existing design equations without the need to undertake complex analysis of every 
weld. Therefore the introduction of WRFs into well established design codes seems 
straightforward, as they would not require deep changes in the existing calculation 
procedures. However, this would also mean that the WRFs would become the most important 
feature in the procedure and their accuracy critical to the overall design (1). Mainly two 
different approaches have been proposed to determine WRFs, namely: 

(i) Experimental – actual components or more often realistic models of them are tested 
under conditions identical to those in service. Reduction in life is thus derived directly 
from the test results. No deep understanding of either materials behaviour or 
weakening mechanisms is required. However, these types of tests (feature tests) 
require specialised and complex test rigs, becoming expensive and time consuming. 
Besides, a large number of tests would be required to cover different component / 
weld / service conditions. 
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(ii) Calculation – In this method, numerical models are used to simulate the weld 
behaviour. Data for modeling can be obtained from more conventional laboratory tests 
of the individual components of the welded system. However, it requires a better 
understanding of the metallurgical structures / properties developed during the 
welding process and how these interact while undergoing creep damage and failure. 

The second method seems the most cost and time effective. However literature surveys have 
pointed out limitations on existing data and methodologies (2, 3), mainly due to the relatively 
high stresses used which tend to underestimate the weld properties reduction and the use of 
uniaxial loadings which do not evaluate correctly the behaviour of some weld regions such as 
the HAZ and intercritical regions (4, 5, 6, 7, 8, 9). 

As mentioned above, the successful use of the calculation methods requires better data on 
materials behaviour. Whereas conventional uniaxial creep testing can be used to determine the 
creep properties of the parent and weld metal, more refined tests are required for the local 
HAZ structures as the zones can be as narrow as 2 mm or less. Typically impression creep 
tests (8, 9), whereby a steady load is applied to a flat-ended indenter (cylindrical or rectangular) 
placed on the surface of a material at elevated temperature, enable these properties to be 
evaluated. In addition, cross weld and Bridgeman notch testing (10) can supply the multi-
axial creep failure data for the derivation of creep constitutive laws 

The way in which different codes tried to incorporate WRFs is also diverse. In some of them 
the WRF is not a factor directly applied to the allowable stresses, strain or life- time, but 
instead a factor that enhances the stress level in the weldment region. Some codes (11) use a 
WRF only related to NDE after manufacturing, with no other allowance for weldments 
operating at high temperatures. German codes (12) require an allowance factor in stress of 
80% for fully loaded longitudinal seam welds while in the USA Code Case N47 (13), for 
nuclear applications, a simple weld/base metal strength reduction factor can be applied. In 
other countries the codes implicitly assume that any shortfall in weld performance is 
accommodated within the arbitrary safety factor (typically 1.5) applied to the mean material 
creep strength data. Although in BS1113 (14) the +10% allowance on thickness, to account 
for stress increases on bends, goes some way to accommodate inferior weld properties. 
However, the order of shortfall of weldment properties to those of base material can 
frequently exceed 50% in strength, or up to two orders of magnitude in time. Another 
problem is due to the need for repair and refurbishment of exhausted plants. For these, 
weldments between dissimilar metals are finding increased application. Specific strength 
reduction factors due to the presence of these welds cannot be deduced even from similar 
metal weld behaviour, let alone from base metal properties. 

 

TECHNICAL AND SCIENTIFIC OBJECTIVES 

From the above discussion it is clear that improvements to design / assessment procedures are 
required in the near future. It is also clear that these improvements are possible by 
incorporating some allowance for the shortfall of weld properties into the design codes. The 
main objective of this project is, therefore, to increase efficiency and availability of new and 
refurbished industrial facilities operating at high temperatures. It is expected to achieve this 
general objective by: 

• Improving knowledge of the high temperature mechanical behaviour on two 
commonly used steel grades for high temperature applications such as P91 and P22. 
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• Improving material datasets on those steels with not only uniaxial data but also more 
specific data concerning the HAZ by using specialised tests such as impression creep. 

• Improving methodologies to derive WRF by calculation and incorporating them into 
design and assessment codes. 

 

RESEARCH APPROACH 
Given the background previously outlined it was decided to concentrate the research program 
of the project in two steel grades namely, P22 and P91. This choice of materials was basically 
driven by the fact that P22 is probably the most commonly used grade in high temperature 
applications, therefore a considerable experience is already available and could be a 
benchmark material. Besides the refurbishment of old facilities often requires the welding this 
grade to more recent materials. On the other hand P91 is a fairly recent grade with promising 
properties, thus being a prime candidate for construction of new facilities or as replacement 
material in refurbishment work. Furthermore some recent failures involving this grade arose 
some suspicions concerning its properties and particularly some strain exhaustion in the HAZ. 

In order to achieve the stated objectives an integrated research program making use of non-
linear modelling to derive WRF and both material relevant properties and residual stress 
fields was set up. This approach was supported by a range of laboratory tests focused mainly 
on the weld behaviour, and special tests such as Bridgeman notch and impression creep to 
assess the properties of particular regions of the welds. The approach was validated by 
specially designed feature tests. Residual stress measurements were performed on original 
welds and feature specimens during the tests to evaluate the effect of these stresses upon the 
creep behaviour as well as on their relaxation mechanisms. The workprogramme was divided 
in nine work packages (WP) eight technical and one devoted to dissemination activities. The 
structure and relationship between this work packages is presented in Figure 1. The work 
packages can be informally grouped in four groups, namely: Preparation, Experimental, Data 
Assessment and Dissemination. 

 

PREPARATION 
This group comprises two work packages. Within WP1 both research and industrial 
information and experience concerning the materials investigated was collected. Data on 
creep behaviour, residual stress generation and relaxation mechanisms of P91, P22 and 
respective similar and dissimilar welds was compiled and used as an input to refine the test 
conditions initially planned. Plant experience concerning failures and repair work was also 
collected. WP2 was devoted to the procurement and preparation of the required materials. 
Forged seamless pipes of P91 and P22 were obtained. For either steel grade the pipes were 
obtained in lengths of 350 mm with 145 mm outer diameter and 50 mm wall thickness. To 
produce the welds for laboratory tests these lengths of pipe were cut transversely in two 
halves which were butt welded together whereas for feature tests two full lengths of 350 mm 
were welded. Three types of welds were produced: two similar P22:P22, P91:P91 and one 
dissimilar P91:P22. Welding and post weld heat treatment followed standard industrial 
practices. Special attention was given to the dissimilar weld for which information was scarse. 
Based on the survey performed in WP1 a matching P22 consumable was selected whereas an 
intermediate temperature between those recommended for P22 and P91 was preferred for the 
post weld heat treatment. 
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Figure 1 - Project flowchart 

 
EXPERIMENTAL 

This second group encompasses three WPs, WP3 to WP5, which made up the bulk of the 
experimental work. In WP3 the testing materials were characterized in the as delivered 
condition, after weld and heat treatment and post testing. Some analyses were also performed 
in the feature test specimens during test interruption for inspection. This characterization 
included basic properties like tensile and hardness as well as microstructural. Post test 
analysis of all specimens was also carried out particularly on feature specimens, which were 
also analyzed by replica metallography and NDE at test interruptions. 

To investigate residual stress fields was the main objective of WP4. These investigation was 
carried out by X-Ray diffraction and hole drilling in as welded and welded and heat treated 
pipes similar to those used in the feature tests. Residual stresses have also been measured in 
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the feature specimens during test interruptions for inspection. In parallel test coupons with 
size similar to the feature specimens were subjected to the same thermal history (but without 
loading) in order to access the effect of both thermal and mechanical histories on the residual 
stresses evolution. This study is currently being complemented by FE techniques, allowing 
modelling of both the welding process and the operational conditions, further enabling the 
prediction of the three dimensional residual stress fields 

The final WP in this stage, WP5, was dedicated to creep testing. A major point of this project 
is an extensive use of feature tests for validation. As analysis of data from feature tests is 
generally difficult, the specimen geometry has been limited to large size uniaxial specimens 
and pressurized and end loaded pipes. Tests of pressurized and end loaded pipes can be more 
directly related to actual operational conditions, whereas the tests of the large tensile 
specimens can be compared with tests of standard specimens for size effects. In both feature 
and laboratory tests the tests duration has been generally chosen in the range of 5000 to 15000 
hours to generate reasonably long-term data. Only a few laboratory tests will be conducted at 
higher stresses to ascertain the material position in relation to the mean data line of the 
materials. 

While conventional uniaxial creep testing were used to determine the creep properties of the 
parent and weld metal, more refined procedures were required for the local HAZ structures. 
Typically, these zones can be as narrow as 2 mm. Impression creep tests (13,14), as well as 
cross weld and Bridgeman notch tests (21) were performed to supply the multi-axial creep 
failure data for the derivation of creep constitutive laws. 

 

DATA ASSESSMENT 
The WPs in this group encompass the work related to the analysis of data and the developing 
of procedures and are currently on-going. Connection with the rest of the work is provided by 
WP6, where the development of a data bank to store research and plant experience was 
envisaged. Two other WPs are considered in this stage, WP7, data analysis, and WP8, life 
assessment methodology. 

The aim of WP6 was the development of a data bank to store the information gathered in 
WP1 together with test data generated in WPs 3 to 5. This is a relational database, 
incorporating a user-friendly graphical interface, which will allow easy queries to be made. 
The availability of all data in such a flexible format will facilitate a direct comparison 
between test data and plant experience data. The final composite database will form a unique 
deliverable for the Project as a whole, which when eventually released outside the 
Consortium, will undoubtedly attract considerable interest and demand. 

Within this group, WP7 is devoted to the study of Weld Reduction Factors and creep 
deformation parameters, assessing their impact on design rules. Development and validation 
of design rules based on rupture strength and creep deformation of uniaxial cross-weld 
specimens and end-loaded pipes will be undertaken. Creep continuum damage mechanics 
validated against experimental results will be used to analyze the welds (15-17). The 
University of Nottingham has developed an in-house finite element code (18), incorporating 
the appropriate constitutive laws in order to predict damage and failure. In addition, the team 
has also developed extensions to commercial FE codes using user-subroutines for continuum 
damage mechanics. The analyses will aim at generating models capable of representing the 
commercially produced welds, and will be validated by the uniaxial cross weld tests carried 
out as part of the test programme. 
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In a first step, the Weld Reduction Factor analysis will be based on the data from uniaxial 
tests on cross-welds and then the residual stress data added. The predicted reduction factors 
will be validated against data from the feature tests. This research will improve the 
understanding of the creep behaviour of such welds by using creep continuum damage finite 
element analyses to identify the damage position and damage accumulation rate. Moreover, 
the sensitivity of damage positions and magnitudes relative to the zone dimensions and 
material strengths, local structural geometry and additional system loading, will be evaluated. 

Finally, life assessment methodologies will be considered under WP8. It is expected that this 
project will provide empirical data to calculate life of weldments using the same inverse code 
methodology used for wrought components but incorporating the measured weld strength 
reduction factors the data generated will be input to existing life prediction algorithms for 
direct comparison between predicted and measured lives. For dissimilar metal welds, the 
identified damage mechanisms and damage accumulation rates will be considered to 
determine appropriate predictive assessment routes. The finite element solutions, validated by 
the use of experimental test data, will be used to perform sensitivity studies.  

 

DISSEMINATION 
Dissemination of the project objectives and results was the main objective of WP9. The 
dissemination strategy of the project relied mainly on the organization of two seminars and a 
final Symposium. The latter is in fact the event in which this paper has been presented. The 
previous two seminars were actually sessions of two international conferences namely: 

• 2nd International Conference Integrity of High Temperature Welds, 10 – 12 November 
2003, 1 Carlton House Terrace, London, UK 

•  “International Conference WELDS2005: Design, Testing, Assessment and Safety of 
High Temperature Welded Structures”, 8-9 September 2005, GKSS-Geesthacht 
(Hamburg), Germany. 

The association of project dissemination events with international conferences on high 
temperature behaviour of materials and particularly weldments was though to be the most 
effective way to divulge the project activities. Nevertheless an internet site has also been set 
up and will remain available for some time after the project conclusion. 

 

CONCLUISONS 

This paper has presented an overview of the WELDON project work program and objectives. 
The limitations of existing design and assessment codes have been reviewed and identified, 
proving the full relevance of the project. Although not completely finished the strategy 
adopted in the project to improve those codes and methodologies seems to have been 
successful. 
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