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ABSTRACT 

This paper considers the treatment of residual stresses in structural integrity assessments of stainless steel butt and tee 
butt weldments. The background to the methodology is briefly reviewed together with its application to situations where 
assurance of containment is required. Results are presented on the application of the method to an example reactor 
structure subjected to a primary load in a corrosive environment. Conclusions are made as to the suitability of the 
application and possible benefits over existing methods 

INTRODUCTION 

Knowledge of residual stresses and their treatment has become increasingly important in strength calculations 
particularly with respect to dealing with assurance of containment and damage assessment of structural parts where 
fatigue and fracture modes have to be considered. The treatment of residual stresses has received considerable 
attention as part of the Fast Reactor programme within the UK. A method was developed for butt and tee butt 
weldments of austenitic stainless steels based on measurements [ 1 ]. 

This paper will briefly review the background to the methodology and present some recent improvements 
and discuss its implementation in situations where assurance of containment is needed and where environmental 
aspects need to be considered. An example, based on a practical situation involving a reactor structure subject to a 
primary load in a corrosive environment is presented. The example considers aspects such as material properties, 
fabrication sequence, heat treatment, stress analysis, fracture mechanics and size of initial defects. 

BACKGROUND 

Residual stresses contribute to the overall stress system in a component and its magnitude and distribution needs to 
be taken into account in structural evaluations. Residual stresses remain in a structure after removal of all loads and 
they arise because of the need for compatibility between the total strain field and the displacement field. This 
compatibility is achieved by additional elastic strains that result in elastic stresses. 

Origins of residual stress usually lie in the realm of manufacture and fabrication, such as welding where 
rapid cooling is involved but the residual stresses are difficult to evaluate analytically because of the lack of precise 
information on the stress cycles imposed. Residual stresses in welds may in some cases reach yield stress and can 
result in a reduction in fatigue strength and premature failure of a structural part. 

Weldments are a major concern in structures because: 
• they are frequently the site of damage found in plant 
• they are often associated with geometrical discontinuities 
• they can result in a 'metallurgical notch' or strain concentration due to discontinuities in the properties of the weld 
• at elevated temperature stainless steel welds often have a lower creep ductility in comparison with the parent steel. 
• and they frequently have to be made without stress relief, thus containing significant residual stress 

A typical residual stress field for thin plates with a weld longer than 450 mm is shown in Fig 1. For low 
carbon steels the maximum tensile stress is often of the order of yield stress of the weld metal but for high strength 
steels such as austenitic steels stresses can be considerably lower than the yield stress. 

M E T H O D O L O G Y  AND I M P R O V E M E N T S  

A technique for assessing levels of residual stress due to welding was developed by the UK Welding Institute in 
conjunction with NNC Ltd. to support the design phase of the UK Commercial Demonstration Fast Reactor (CDFR) 
in the 1980's. The procedure was subsequently incorporated in both R6 procedures [2] and Fast Reactor LBB 
procedures [3 ]. 

The method was tailored to butt and tee butt welds of austenitic stainless steel of thickness up to 50 mm 
based on measurements taken on a range of different weld geometries. The joint types covered by the method are 
illustrated in Figure 2. The method employs the following steps: 
• Determination of a restraint coefficients,/9 and q,t 



• Calculation of membrane and bending stresses ( O m and O 0 ) 

• Estimation of the through thickness stress distribution based on skeleton points 
• Estimation of the longitudinal stress distribution 

Figure 3 shows a characteristic cross-weld through thickness residual stress distributions and the steps in its 
estimation using the approach. 

The longitudinal stress is assumed to be uniform through thickness with the maximum value equal to the 
limiting stress (defined as the 1% proof stress of either the parent or weld metal) and its distribution across the weld 
a function of the width of the weld bead and heat input. 

For the through wall distribution the residual stress is assumed to pass through the points as defined in 
figure 3. These skeleton points are based on a rectangular distribution of the total residual stress. Guidance is given 
on the sign to be applied to the bending stress. In some circumstances a negative bending stress and negative shift e, 
in the rectangular distribution are appropriate, such as for single side welds when the weld root corresponds to z = 0. 
For double sided welds or where doubts exist due to for example to the possibility that back-gouging and filling 
operations may have been conducted at the roots of single sided welds, the bending stress is taken as positive. 

Although the method was developed for austenitic steels it can equally be applied to ferritic steel joints 
provided appropriate values of limiting stress are used. Austenitic steels do not undergo a phase transformation on 
cooling from the welding process therefore the weld residual stresses come from incompatible strains caused by 
differential thermal contraction. Ferritic steels on the other hand experience phase transformation during cooling 
from welding which tends to counter the thermal contraction and give residual stresses which are less than those 
determined using thermal contraction alone. For some ferritic steels mandatory post weld heat treatments relax 
residual stresses to relatively low levels. 

The method recommends that for subsequent fracture calculations some smoothed distributions are 
adopted. Also the approach requires separation of the stress distribution into linear and self-balancing components 
to assess their contribution to the stress intensity factor. It was realised after a number of sensitivity calculations that 
a polynomial fit as used in R6 cannot meet all of the skeleton point and stress gradient conditions. Alternatives were 
investigated which could also provide stress distribution functions suitable for subsequent use with available stress 
intensity functions and which would avoid the need to separate out the component parts. 

The procedure finally adopted was to fit solutions for extended surface cracks developed by Tada [5]. 
The solutions take the form of: 

A 

(1) 

Where A, B, C are the constants describing the relative magnitudes of the membrane, bending and self- 
balancing components of the residual stress. The compliance function F(a/b) depends upon the type of stress 
distribution and the extent to which the rotation can occur at the crack plane (i.e. level of bending restraint). Data 
sheets in Appendix F of [5] provide expressions for F(a/b) applicable to both bending and self balancing residual 
stress fields with either zero or infinite restraint. Appendix F also provides solutions of stress intensity factor for 
three cases in which through thickness cracks are subjected to residual stress fields suitable for fitting to the 
rectangular distribution defined above. 

The final form of the equation for the stress distribution is: 

o / o L - A + B cos(az / b )+  C c o s ( 2 n z / b )  
(2) 

where z and b are defined in Fig. 4 and the relative magnitudes of the membrane, bending and self balancing 
components depend upon the constants A,B and C respectively. All of the requirements of the method can be met 
when deriving A, B and C directly from the total stress distribution and there are exact stress intensity factor 
solutions corresponding to each of the three terms available. 

EXAMPLE APPLICATION 

The following example illustrates the application of the method to the case of the vessel welds in a corrosive 
environment that requires assurance of containment (see fig 5). The vessel is assumed to contain a number of 
stainless steel (SS) and carbon- manganese (C-Mn) welds and some transition welds. The vessel is fabricated using 



axial and circumferential single sided and double-sided butt welds that can be categorised into the joint types 2, 4 
and 10 depicted in Figure 2. 

The loading on the vessel consists of a small primary (membrane plus bending) load (< 30Mpa) caused by 
the weight of the structure and a residual stress arising from manufacture (adjusted for service exposure as 
appropriate). The structure operates at low temperature (below 90°C) and there is no significant degradation of 
properties due to its exposure to the environment and service life, apart from an adjustment in fracture toughness 
properties to account for strain ageing. 

The potential threats imposed by the environment are from caustic stress corrosion cracking and from 
general corrosion and pitting arising from long term surveillance of the vessel. The effects of general corrosion and 
pitting were shown to be acceptable using a bounding case in terms of metal loss and pitting rates. 

For the threat due to stress corrosion cracking a structural integrity assessment was to be made to establish 
safety margins with respect to failure using conservative residual stress and fracture mechanics assessments. 
Austenitic stainless steel and Ni based alloys were immune from caustic stress corrosion cracking at the vessel 
temperatures, hence the threat to containment from stress corrosion cracking applies only to the C-Mn steel welds 
and to C-Mn side of transition joints. 

For the assessment conservative estimates of the maximum possible weld defect sizes were established and 
lower bound threshold stress intensity factors were assumed, derived from appropriate experiments. The 
calculations were performed in two stages: 

O Stage I - upper bound calculation assuming residual stresses are tensile and at the limiting yield stress of the 
material. The limiting yields stress values take account of post weld heat treatment (PWHT), where applied, 
and stress relaxation in service. 

O Stage 2 - more detailed calculations using the derived distributions of residual stress from the above method. 
The stage 2 calculations were performed for each of the important welds. Values were derived for: 

# the level of restraint imposed in terms o f /9  and qJ 

¢ the residual stress transverse to the weld in terms of O L' O m' O b 

. the values of O c and e which define the skeleton points for the through thickness variation of residual stress 

The skeleton points were based on a rectangular distribution of the total residual stress. Smoothed 
distributions are derived from these based on the formulation of equation (2). Stress distributions corresponding to 
selected welds are given in Figure 3 

For the fracture mechanics calculations, stress intensity solutions were obtained for each weld as follows: 
O Stage 1 assessment of longitudinal and transverse defects: 

Preliminary upper bound assessments using Newman and Raju formulations assumed tensile membrane 

stresses of magnitude at O L applied to semi-elliptical surface defect. These were then compared with stress 

corrosion cracking threshold values. The comparison showed that stress intensity values were below threshold 
levels for welds that have been post weld heat treated. As-welded welds required the more detailed stage 2 
assessment. 

O Stage 2 assessment of longitudinal defects: 
Assessments of defects parallel to the welds were made using the Tada formulation [5] for the residual 

stress variations and Newman and Raju [4] for the applied primary loads. The results for maximum possible pre- 
existing defects and threshold stress intensity factors were compared with the derived variations of stress intensity 
factor. For the single sided welds (weld B) with the face root exposed to the corrosive environment, the large 
negative bending stresses lead to negative values of stress intensity factor (UP to 90% of the thickness). For other 
welds (C and D) stress intensity factors are reduced when compared with the above stage 1 values. The stress 
intensity factors peak at crack depths of between 2 to 3mm. Stress intensity factors are below threshold levels for 
crack depths up to at least 12 mm. Note also the stress intensity factors continue to decrease for crack depths 
between 3.1 mm and 12 mm indicating a large margin to cover any uncertainties in both calculation and threshold 
values. 
O Stage 2 assessments of through thickness transverse defects 

This assessment assumed two steps: the first was growth of a semi-elliptical crack from crack tip locations 
at the surface and at the deepest location. This was to establish whether pre-existing defects would grow. The 
Newman and Raju formulations were used for this purpose. It was assumed that once thresholds were exceeded 
crack growth rates were insensitive to stress intensity factor. The second was to consider the growth of through 
thickness transverse defects based on the smoothed residual stress profiles from the above method. This was to 
assess the extent of surface growth beyond the weld bead. 



The results showed that at certain welds through thickness stress corrosion cracks with a semi-length at 
breakthrough of around 20 mm could not be excluded, however leakage from such a crack was prevented by a leak 
jacket. The geometry and residual stress distribution restricted crack growth to less than 80mm semi-length which 
causes no problems with respect to structural failure under the applied primary load. 

SUMMARY AND CONCLUSIONS 

A method has been described based on measurements taken on a range of different weld geometries that enables the 
designer to predict residual stresses in butt and tee butt weldments for assessment against failure. 

To illustrate its application, conservative residual stress and fracture mechanics assessments have been 
described on a representative geometry in a corrosive environment under imposed primary and built-in residual 
stresses from fabrication. Through thickness stress corrosion cracking cannot be discounted at certain C-Mn weld 
locations however a leak jacket provides a further layer of containment for these welds. 
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FIGURE 1 TYPICAL RESIDUAL STRESS DISTRIBUTION 
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FIGURE 2. JOINT TYPES 
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FIGURE 3 DERIVATION OF SKELETON POINTS FOR THROUGH THICKNESS RESIDUAL STRESSE 



(a) Semi-eliptical crack 
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FIGURE 4 CRACK NOMENCLATURE 
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FIGURE 5 VESSEL WELDS 
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Figure 6 Stress and Stress Intensity distribution for longitudinal cracks at weld C 
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