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1 ABSTRACT  

In structural applications where environment and temperature effects are negligible, the fatigue strength of 
welded components fabricated from stainless steels is similar to that of C-Mn steels. In many applications, 
material and weight savings can be achieved by improving the fatigue lives of the lower fatigue strength 
details, notably fillet welds. This paper presents a summary of the results of an investigation of several post-
weld fatigue performance improvement techniques for fillet welded stainless steels.  

Fatigue tests were performed on three designs of fillet-welded joint in 10mm thick 304L austenitic and 
S31803 duplex and 3mm Cr-Mn austenitic steels. The fatigue performance of MAG welds was with that 
obtained after weld toe grinding, TIG or plasma dressing and ultrasonic impact treatment (UIT). Factors that 
might limit the benefit of such improvement methods, including the presence of high tensile mean stress and 
the application of variable amplitude loading, were also investigated. 

All of the weld toe improvement techniques reported here improved the fatigue performance of the 
fillet welds. The effect was essentially the same as observed in the application of the same techniques to 
welded C-Mn steels. Initially it had been hoped to achieve a 60% improvement in fatigue strength, but 
30% proved to be more realistic. However, the improvement generally increased with decrease in 
applied stress and the increase in the fatigue limit could be much higher, 100% or more. 

2 INTRODUCTION 

It is well established that the fatigue strength of C-Mn steel fillet welds can be improved by controlled 
welding processes that produce both a good weld profile and small defects (Nykänen et al. 2009) or by post 
weld improvement techniques (Haagensen 1997). Post weld improvement techniques rely on two main 
principles, namely the introduction of compressive residual stress at the weld toe or reduction of the local 
and microscopic stress concentration by improving the weld toe profile and removing microscopic crack-like 
imperfections (Maddox 1991). Although improvement techniques have been well known for many years, the 
vast majority of experience of their benefit is confined to their use on welded C-Mn structural steels. In 
particular, no evidence could be found that they would be equally effective when applied to welded stainless 
steels. Thus, the main aim of the present project was to confirm that they would also be effective when 
applied to welded stainless steels.  

The profile improvement techniques selected were weld toe grinding and weld toe re-melting by TIG or 
plasma dressing. The residual stress technique was ultrasonic impact treatment (UIT). It was anticipated that 
use of these techniques should result in at least 60% increase in fatigue strength. At the same time it was 
recognised that there is a need to ensure that the benefit of a weld toe improvement technique seen in a 
laboratory test will be realised in a real structure. Previous research on improvement of fatigue resistance by 
post-weld treatments indicated that the enhancement of the treated details become substantially sensitive to 
stress ratio and the stress history (Fisher et al. 1979). For example, evidence from tests on welded steel 
beams have shown that improvement techniques, notably those relying on compressive residual stresses, are 
less effective in large welded structures, containing high tensile residual stresses from welding, than in small-
scale laboratory specimens (Fisher et al 1974). However, a more recent study with large scale beams found 
that UIT was effective in improving the fatigue strength of large beams tested at various stress ratios  (Roy et 
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al. 2003). The influence of variable amplitude loading on improved welds has not been fully clarified 
experimentally. 

This project set out to investigate these issues on the basis of fatigue tests performed on fillet welded 
joints in three types of stainless steel, basic Ni-Cr austenitic, higher strength Cr-Mn austenitic and high-
strength duplex ferrite-austenite. It was a collaborative project, part-funded by the European Coal and Steel 
Community. The present document summarizes some important findings from the final report of the project 
(Maddox 2006). 

3 EXPERIMENTAL METHODS 

3.1 Materials and specimens 

The fatigue test specimens were fabricated from three types of stainless steel plate:  10mm thick type 1.4301 
(304L) austenitic stainless steel, 10mm thick type 1.4462 (S31803) duplex stainless steel and 3mm thick type 
1.4376 (Cr-Mn) austenitic stainless steel. 
 

Three designs of specimen consisting of plates with fillet welded attachments were selected, as shown in 
Fig.1. The specimens were nominally 100mm wide, but in some cases they were waisted to smaller width, 
down to 50mm, to avoid failure in the grips. 
 
 
               
a)

 

b) 

 

c) 

 

 

Figure 1. Test specimens designs (dimensions in mm) a) 10mm 304L austenitic or S31803 duplex plate with 
transverse fillet welded attachment, b) 10mm 304L austenitic or S31803 duplex plate with 
longitudinal fillet welded attachment and c) 3mm Cr-Mn austenitic steel plates with fillet welded pad 
attachments. 

3.2 Improvement techniques 

The weld toe dressing techniques, grinding, TIG and plasma dressing, were applied using conditions that 
were broadly in line with the IIW recommendations (Haagensen and Maddox 2007). However, as will be 
seen, in some cases strict adherence to those recommendations was not achieved. The IIW recommendations 
do not cover UIT but guidance on the treatment conditions is available from IIW documents (Statnikov 
1997).   
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3.2.1 Toe grinding 

The IIW procedure requires complete removal of material at the actual weld toe to a sufficient depth, usually 
between 0.5 and 1mm, to remove all traces of undercut or other weld toe discontinuities. The final ground 
surface must be smooth with any grinding marks oriented at right angles to the weld toe, and have a radius 
no less than 0.25 x plate thickness and 4 x grinding depth. The last two conditions are to reduce the stress 
concentration due to the groove produced by grinding, to ensure that it does not itself act as a notch.   Both 
thicknesses of transverse fillet welded specimen were toe ground. However, there was concern that grinding 
to a depth of 0.5mm in the 3mm specimens would be too deep and it was limited to 0.3mm, see Fig. 2(a). 
Visual inspection, supported by the available weld cross-sections, indicated that the grinding was sufficient 
to remove the original toe and produce a smooth transition from the plate to the weld surface. 

3.2.2 TIG and plasma dressing 

The aims of TIG or plasma dressing are the same as those for grinding. However, they are achieved by re-
melting the weld toe region using a TIG or plasma welding torch, without the addition of any filler metal.   
An issue of concern with the duplex stainless steel was that the high local temperature reached would change 
the austenite-ferrite balance, which could be detrimental to the steel’s properties. In the same way, 
autogenous welds in duplex stainless steels may contain unacceptably high levels of ferrite. However, this 
can be avoided by the addition of nitrogen, which is an austenite stabiliser, to the shielding gas. Trials 
showed that the same approach was effective in TIG dressing and hence that it would be prudent to add 1 to 
2% nitrogen to the shielding gas when TIG, or indeed plasma, dressing duplex.  

The TIG or plasma dressing was sometimes mechanised, in which case the welded panel was treated 
before being cut into specimens, but otherwise carried out manually. Full details of the dressing conditions 
are included in (Maddox 2006). Sometimes these were well outside the IIW recommended tolerance box, the 
travel speed being considerably higher than those recommendations extend to. However, the heat input never 
exceeded the recommended level of 2kJ/mm. The original welds containing solidification cracks had rather 
peaky profiles but TIG dressing still produced reasonable weld toe profiles, as seen in Fig.2(b).  

 

Figure 2. Examples of toe ground and TIG dressed fillet welds a) Toe ground 3mm Cr-Mn austenitic steel 
fillet welded joints (millimetre scales shown). b) TIG dressed 304L austenitic steel fillet weld with 
solidification cracks 

 

3.2.3 Ultrasonic impact treatment (UIT) 

UIT makes use of an ultrasonic magnetostrictive element to excite small cylindrical indenters which then 
impact against the weld toe of a specimen. The impact frequency is in the range of 200Hz which is much 
higher than for conventional air driven hammer or needle peening devices. UIT was investigated in all three 
types of specimen. However, due to the steep weld angle, there were problems when it was applied to the 
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3mm thick specimens and this led to a separate investigation, as described in (Huhtala et al. 2006). UIT was 
applied manually, in much the same way as needle peening. Thus, the UIT tool, with needle dimensions 
chosen to allow access to the weld toe itself, is moved along the weld toe, typically at 300-1500 mm/minute, 
in order to plastically-deform the surface and leave a uniform groove with a smooth surface. More than one 
pass is usually needed to ensure full coverage, which is checked by visual inspection. In the present case, the 
treatment rate was around 400mm/min. and 4 or 5 passes were required to complete the treatment. 

3.3 Fatigue testing 

The specimens were fatigue tested under axial loading at stress ratios of R = 0.1 or 0.5, or cycling down from 
a fixed maximum tensile stress, Smax, close to material proof strength in some cases. In the latter case, the 
stress ratio increased with decrease in applied stress range. This ‘cycling down from yield’ type of loading 
was adopted to simulate the presence of high tensile residual stress, as would be expected to be present in 
real welded structures, but not necessarily in test specimens.  Most of the tests were performed under 
constant amplitude loading, in laboratory air at ambient temperature and cycling frequencies in the range 3-
20 Hz. However, the beneficial effects of some of the improvement techniques were also checked under 
Gaussian variable amplitude loading, with R = 0.1. The load cycles in a block were applied in a random 
order. This spectrum was chosen as being a reasonable representation of a wide range of service load spectra, 
as well as being similar to that used previously to test as-welded joints (Branco et al. 2001) 

The fatigue test results are presented in detail in (Maddox 2006), which also describes the various test 
series numbers. In general, failure was by fatigue crack growth from a weld toe through the main plate. Other 
failure modes included crack growth from the weld root through the plate, crack growth across the plate 
where it was gripped, crack growth through the plate from weld spatter and simply crack growth in the plate 
remote from the weld detail. Some specimens were misaligned, due to distortion from welding, with the 
result that secondary bending stresses were induced when they were loaded. Where possible, the magnitude 
of the resulting total nominal stress, i.e., membrane stress plus bending stress, near the weld toe was 
measured using electrical resistance strain gauges. 

4 RESULTS AND DISCUSSION 

All four of the weld toe improvement techniques investigated improved the fatigue performance of the fillet 
welds, as illustrated in Fig. 3 and 4 for 304L austenitic stainless steel welds. The effect was essentially the 
same as observed in the application of the same techniques to welded C-Mn steels. Initially it had been 
hoped to achieve a 60% improvement in fatigue strength, but 30% proved to be more realistic. However, the 
improvement generally increased with decrease in applied stress range and the increase in the fatigue limit 
could be much higher, 100% or more. 

One expectation had been that the benefit gained from the application of an improvement technique 
would have been greater in the higher strength duplex steel. However, this was not the case and the only 
advantage of using the higher strength steels was that the fatigue strength was still improved at stress ranges 
above the yield strength of the austenitic steel. However, this is only relevant to relatively low-cycle fatigue 
conditions. Improvement techniques are particularly effective in the high-cycle regime, approaching the 
fatigue limit, and there was no difference between the benefit obtained from the different strengths of steel in 
that regime.  
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Figure 3. Effect of three weld toe improvement methods on the fatigue performance of transverse fillet 
welded 304L austenitic stainless steel. 

 

 

Figure 3. Effect of weld toe ultrasonic impact treatment (UIT) or plasma dressing on the fatigue 
performance of 304L austenitic steel plates with longitudinal fillet welded attachments. 

For toe ground 10mm thick 304L austenitic and S31803 duplex steels, the improvement in fatigue 
strength was up to 60%, but the possibility of failure in the plate, especially in the 304L austenitic, could 
limit the improvement to 30% making this a more realistic assumption for design. Nevertheless, the increase 
in the apparent fatigue limit was greater.   Toe grinding was less successful when applied to thin (3mm) Cr-
Mn austenitic steel. This was partly because of the significant increase in net section stress due to the loss of 
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thickness, even though the grinding depth was limited to 0.3mm. However, it is also possible that the toe 
radius after grinding, 1.64mm compared with 0.67mm in the as-welded joint, was too small. 

TIG dressing was generally more successful than plasma dressing, which was consistent with the better, 
more uniform weld profiles produced. Both techniques produced a similar benefit in the case of duplex 
stainless steel welds, just achieving the 30% increase in fatigue strength, but there was no significant benefit 
from plasma dressing in the case of the austenitic specimens.  The most likely reason for this was that the 
weld profile was not improved significantly. The average weld toe radius was 3.6mm. The two specimens 
that gave the lowest results had radii of only 2.5 and 3.2mm. These results imply that plasma dressing, and 
presumably TIG dressing, must produce a minimum weld toe radius of the order of 6mm in order to achieve 
a 30% improvement in fatigue strength. 

TIG dressing proved to be the most effective of all the improvement techniques for the 3mm thick Cr-
Mn austenitic steel welds, with all specimens tested exceeding the 30% improvement. This reflects the fact 
that TIG dressing produced very favourable weld profiles, with typical toe radii of 6mm or more. None of 
the TIG dressed specimens failed from the weld toe. Instead, fatigue cracking was in the main plate, 
initiating at the plate edge or at the weld root. The occurrence of these modes of failure suggests that no 
further improvement in fatigue performance can be obtained from the present type of joint. However, the 
improvement is still very significant, especially in the high-cycle regime where the data indicate a possible 
three-fold increase in the fatigue limit. Plasma dressing was less effective than TIG dressing, with most 
failures initiating at the plasma dressed weld toe and some tests not achieving the 30% improvement in 
fatigue strength. The average radius near the weld toe of 6.46mm was similar to that obtained by TIG 
dressing, but more variable (down to around 3mm). It is likely that the lower test results were associated with 
the sharper profiles. Even so, the results suggest a very significant increase, perhaps by a factor of 2, in the 
fatigue limit. These results suggest that the weld toe re-melting techniques are preferable to grinding for such 
thin material since they do not cause any loss of thickness. 

UIT usually produced a 30% increase in the fatigue strength of the fillet welds in the 10mm thick 
stainless steels, with around three-fold increase in the fatigue limit. A more consistent improvement of 30% 
or more was gained in the lower fatigue strength longitudinal fillet welded joints. A limiting factor in relation 
to transverse welds in the 304L steel was the problem of fatigue failure in the plate at stresses of around 
200MPa. However, this was less of a problem in the longitudinal fillet welded specimens because the 
improvement was already well above 30% before plate failure intervened at that stress level. 

A feature of improvement techniques like UIT that rely on the presence of beneficial compressive 
residual stress is that their fatigue performance depends on the applied mean stress, or more particularly the 
maximum applied tensile stress. In general, the closer the maximum tensile stress is to yield, the less the 
benefit. To a lesser extent, it can also be expected that the fatigue behaviour of welds treated to improve their 
profiles will also depend on applied mean stress. In order to investigate this issue, tests were performed on 
both duplex and austenitic steel transverse fillet welded specimens treated by TIG dressing or UIT, under the 
severe loading condition involving cycling down from a constant maximum tensile stress that is close to 
yield.   None of the plasma dressed specimens in 3 or 10mm thick steel displayed any significant effect of 
applied mean stress for stress ratios ranging from 0.1 to 0.6. It will be noted that there was another case of a 
specimen in which the plasma dressing had missed part of the weld toe, with the same consequences as 
before.   In contrast, the benefit of UIT was reduced or even lost under high tensile mean stress conditions. 
Thus, as in the case of other improvement methods that rely on compressive residual stress, UIT is not a 
suitable for structures operating under such conditions. 

For the reasons already discussed in relation to the effect of applied mean stress, there is also the 
possibility that improvement techniques will be less effective under variable amplitude spectrum loading 
than under constant amplitude loading. A further reason for this is the fact that the beneficial effect of any of 
the improvement techniques tends to decrease with increase in applied stress range. Consequently, the 
benefit seen under spectrum loading is likely to be less than the maximum seen under constant amplitude, the 
difference depending on the nature of the applied stress spectrum. This issue was investigated for two of the 
improvement techniques, TIG dressing and UIT, applied to transverse fillet welded specimens.The results 
generally mirrored those obtained in the study of the effect of mean stress. Thus, the benefit of TIG or 
plasma dressing was not reduced significantly by the application a Gaussian variable amplitude load 
spectrum. However, the benefit of UIT was reduced or effectively lost under spectrum loading if it contained 
stresses above yield. This was always the situation with the lower strength 304L austenitic steel. Thus, again 
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care is needed if reliance is to be placed on UIT for improving the fatigue performance of welded stainless 
steel structures subjected to spectrum loading. 

5 CONCLUSION 

Apart from the factors that were expected to influence the benefit of the improvement methods addressed in 
this project, various other issues arose. The benefit of an improvement technique was often limited to a 30% 
increase in fatigue strength by the occurrence of fatigue failure in the plate. The 304L austenitic steel seemed 
to be particularly vulnerable, either as a result of the presence of surface notches from mechanical damage or 
if the maximum applied stress exceeded yield. The weld toe re-melting techniques are preferable to grinding 
for very thin material since they do not cause any loss of thickness. Investigation of the effect of TIG 
dressing on the austenite-ferrite content of duplex stainless steel showed that it was prudent to add 1 to 2% 
nitrogen to the shielding gas to ensure an acceptable phase balance. Care should be taken to avoid spatter 
from TIG or plasma dressing since it can provide the site for fatigue crack initiation. If it does occur, it 
should be ground smooth to avoid premature fatigue failure. In both TIG and plasma dressing, it seemed that 
a finished radius of at least 6mm was required in order to ensure 30% improvement in fatigue strength. Table 
1 provides a summary of the important results.  

Table 1. Summary of results. 

 
Fatigue strength improvement  

 
 
Method 

 
 
Weld detail  
and steel 

Constant 
amplitude 
R=0.1 

Constant 
amplitude high 
mean stress 

 
Spectrum 
loading 

Transverse duplex Better than x1.3, 
x2.5 near fatigue limit 

N/I N/I Toe  
grinding 

Transverse 304L x1.3, or 
x2 near fatigue limit, 
but limited by potential 
plate failure 

N/I N/I 

Transverse duplex x1.3 x1.3 N/I 
Transverse 304L x1.3, or 

x2 near fatigue limit, 
but limited by potential 
plate failure 

x1.3 or more in 
high-cycle regime 
provided 
Smax < yield 

x1.3, or 
x2 near fatigue limit, 
but limited by potential 
plate failure 

TIG 
dressing 

Transverse 304L 
with flaws 

None; failure from 
flaws 

N/I N/I 

Transverse duplex Better than x1.3 N/I N/I 
Transverse 304L  None due to sharp plasma 

dressed weld toe profile. 
N/I N/I 

Longitudinal duplex x1.3 but limited by 
potential failure from weld 
root 

N/I N/I 

Plasma 
dressing 

Longitudinal 304L  x1.3 if Smax < yield N/I N/I 
Transverse duplex x1.3 Reduced or even 

lost at low stresses 
if high R 

x 1.3 

Transverse 304L  x1.3 but limited by 
potential plate failure. 

Benefit lost if Smax 
> yield 

Benefit lost if Smax in 
spectrum > yield 

Longitudinal  
duplex 

Better than x1.3, up to x3 
near fatigue limit. 

N/I N/I 

UIT 

Longitudinal  
304L  

Better than x1.3, up to x3 
near fatigue limit 

N/I N/I 
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