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ABSTRACT 

In this paper the fatigue behavior of laser welded T-joints of stainless steel AISI304 is investigated experimentally. In 
the fatigue experiments 36 specimens with a sheet thickness of 1 mm are exposed to one-dimensional cyclic loading. 
Three different types of specimens are adopted. Three groups of specimens are used, two of these are non-welded and 
the third is welded with a transverse welding (T-Joint). The 13 laser welded specimens are cut out with a milling cutter. 
The non-welded specimens are divided in 13 specimens cut out with a milling cutter and 10 specimens cut out by a 
plasma cutter. The non-welded specimens are used to study the influence of heat and surface effects on the fatigue life. 
The fatigue life from the experiments is compared to fatigue life calculated from the guidelines in the standards 
DNV-RP-C203 and EUROCODE 3 EN-1993-1-9. Insignificant differences in fatigue life of the welded and non-welded 
specimens are observed in the experiments and the largest difference is found in the High Cycle Fatigue (HCF) area. 
The specimens show a lower fatigue life compared to DNV-RP-C203 and EUROCODE 3 EN-1993-1-9 when the spe-
cimens are exposed to less than 4.0 1E06 cycles. Therefore, we conclude that the fatigue life assessment according to 
the mentioned standards is not satisfactory and reliable. 
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1. Introduction 

S-N curves are based on experimental data, where tradi- 
tional welding methods are adopted. Therefore, the S-N 
curves may not correctly represent the fatigue life, where 
the laser welding method and other non-traditional weld- 
ing methods are applied. Nowadays the high-speed laser 
weld method is widely used in the industry. Hence the 
standards might need new S-N curves that correctly rep- 
resent the fatigue life of laser welded stainless steel ma- 
terials. Laser welding is commonly used to assemble 
small components in the biomedical, electronics and aer-
ospace industry [1]. 

In these applications weldings require a very small 
melted area, hence small laser beams less than 1 kW are 
used. The Nd:YAG laser beam has been developed fur- 
ther and the maximum heat output is increased to 6 kW 
[2]. Consequently, it is possible to weld sheet compo- 
nents with a higher thickness. Today AISI304 sheets with 
a thickness up to 12 mm can be assembled with a modern 
Nd:YAG laser. Therefore, the application area of the 

laser welding method is expanded to include traditional 
welding tasks and the laser welding replaces the TIG and 
MIG/MAG welding methods. 

One of the most significant types of laser welding is 
the keyhole method [3], which is also used in this study. 
With the keyhole method it is possible to weld, in one 
process, perpendicular plates. Therefore, in production of 
perpendicular plate assemblies the keyhole welding me-
thod permits high production volume and a low man- 
ufacturing price. The possibility to weld a perpendicular 
assembly in one single process has been requested by the 
industry for many years. Therefore, the keyhole method 
became one of the most important welding procedures 
with the laser technology. However, when the keyhole 
welding is used higher stress concentrations are generat- 
ed in the welded zone and consequently a lower fatigue 
life can occur. The fatigue behavior of dynamic loaded 
structures, where the keyhole method is adopted has not 
been investigated thoroughly in the literature. Therefore, 
it is necessary to investigate the fatigue life of T-joints 
exposed to dynamic loading. Laser welding is more ef- 
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fective compared to traditional welding methods, i.e., the 
process is faster and more energy in supplied to a smaller 
welding area [4]. However, the small melted area cools 
down rapidly and high thermal stresses are introduced [5]. 
The thermal stress influences the metallurgy in the weld- 
ing area and thereby the mechanical properties [6].  

1.1. Guidelines 

The present guidelines for fatigue assessment of different 
types of welded joints according to the design standards 
are quite general. For stainless steel the assessment is 
independent of several important aspects mentioned next. 
Geometrically, the laser welding also cause a smaller 
welding compared to traditional welding types. However, 
the smaller welding toe implies in most cases higher 
stress concentrations and accordingly the fatigue life is 
decreased. Furthermore, rotating bending fatigue tests [7] 
with AISI304 materials have shown that the fatigue life 
is sensitive to the initial defects in the material. The 
higher stress concentrations are not properly accounted 
for in the current design guidelines because they are 
based on experiments with relatively smooth welding’s. 
The guidelines suggest that an averaged thickness of the 
sheets and an averaged size of welding toes are used in 
the fatigue assessment. A fatigue calculation based on 
these averaged values may not provide a reliable estimate 
of the fatigue life. The size of the welding toe is known 
to have a greater impact on the fatigue life in a thin sheet 
application compared to a situation, where a thick sheet 
is used [6]. The higher sensitivity in thin plates is caused 
by the stress concentration in the normal plane to the 
specimen. When the welding toe is large compared to the 
plate thickness the toe has a considerable influence on 
the fatigue life [8] and [9]. A reliable estimate of the fa- 
tigue life requires that the geometry of the welding toe is 
taken into account in the design guidelines.  

1.2. Material 

In the design standards the fatigue assessment guidelines 
are based on structural steel like S235JR. These types of 
steel do not show the same tendency in change of the 
microstructure under the maximum crack length is de- 
creased. However, the crack growth rate is also de- 
creased. The induced strains ahead of a fatigue crack tip 
can activate a transformation of an austenitic structure to 
welding process compared to stainless steel. Therefore, 
we do not expect that the fatigue life calculated based on 
the standards fit the fatigue life observed in the experi- 
ments, where thin sheets of stainless steel AISI304 are 
tested. In some types of stainless steel including AISI304 
the microstructure is changed i.e. austenitic phase is 
transformed into a martensitic phase. This transformation 
is mainly controlled by plastic strain rates and the tem-  

perature [10-12]. In case of low temperatures a higher 
amount of martensitic phase is generated [13-15]. The 
martensitic phase is more brittle than the austenitic phase. 
Therefore, the fracture toughness limit is lower and a 
martensitic structure [16-20]. Furthermore, this transfor- 
mation also changes the volume and the expansion of the 
material can lead to compressive stresses. Hence defor- 
mation induced martensitic transformation increases fa- 
tigue resistance significantly and the threshold stress in- 
tensity decreases. The standard S-N curves for welded 
structural steel do not include the mean stress because of 
welding introduced residual stresses. In stainless steel the 
residual stresses coming from the laser welding process 
are often more significant compared to standard struc- 
tural steel. Therefore, the higher compressive stresses in 
the welding zone can lead to crack propagation resistance 
[21-23]. However, the tensile stresses in the welding 
zone are increased accordingly and crack initiations are 
more probable. 

1.3. The Study 

In this study the fatigue life of welded and non-welded 
specimens is investigated experimentally. The welded 
specimens are produced with the keyhole laser welding 
method. The results from the experiments are compared 
to the results from the standards, where the S-N curves 
are based on structural steel and traditional welding me-
thods. Hence this comparison and possible deviations 
will reveal if the guidelines for fatigue assessments in the 
current standards can be safely adopted when stainless 
steel is considered. 

2. Experimental Details 

The stainless steel used in the experiments is AISI304 
and the sheets have a thickness of 1 mm. The welded 
specimen is a T-joint welded with the keyhole method by 
a laser and is shown in Figure 1. The concentration of 
the elements Cr, Ni, S, Mn, Mo, Si and C of the austen- 
itic phase are determined by Electron Probe Micro Analy- 
sis. The AISI304 composition is 0.036% C, 0.42% Si, 
1.28% Mn, 0.031% P, 0.0010% S, 18.21% Cr, 8.30% Ni. 
 

 

Figure 1. The geometry of the laser welded specimen in 
AISI 304. 
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The mechanical properties are σp0.2% = 279 MPa, σp1% 
= 310 MPa, σU = 635 MPa ultimate strength and 57% 
elongation. Three different types of specimen are used in 
the fatigue tests. Two types are non-welded, where one 
type is cut with a plasma cutter, whereas the other non- 
welded type is cut with a milling cutter. The third type is 
a specimen with a transverse welding with respect to the 
load direction (T-joint). The welding is carried out with a 
2 kW NdYAG laser with a speed of 40 mm per second. 
Argon gas is used to prevent oxidation of the steel. The 
steel surfaces are smooth with a maximum variation of 
0.01 mm. The welded surfaces have a variation around 
0.1 mm. A standard servohydraulic Instron 1255 test 
machine is used. The experiments are load controlled 
with a constant amplitude sinusoidal wave form with R = 
0.1 and load frequencies in the interval (2 - 12) Hz. The 
test is completed when a final fracture occurs. The tem-
perature in the laboratory is in the interval (19˚C - 23˚C). 
The geometry is hourglass formed with a design ap-
proximation of ASTM E466 and E468. Two different 
methods have been used to cut out the non-welded spe-
cimens. The different defects from this cutting process 
are observed and the influence on the fatigue life is es-
tablished. The knowledge about these defects can be 
transformed to a tolerable defect size for the S-N curve. 

In Figure 2 the non-welded specimen geometry cut by 
the milling cutter is shown and Figure 3 shows the ge- 
ometry cut by the plasma cutter. 

The missing data points do to the limit number of 
sample is estimated with interpolation between the low 
and high cycle fatigue life. 

3. Results 

The shape of the welding significantly influences stress 
concentrations. Thus the shape of the welding is an im- 
portant factor in the estimation of the fatigue life. A ma-
cro photo of the cross section of the welding is shown  
 

 

Figure 2. The geometry of the modified non-welded speci-
mens cut out with a milling cutter. 
 

 

Figure 3. The geometry of the modified non-welded speci- 
mens cut out with a plasma cutter. 

in Figure 4. The welding has clear defects, which intro- 
duce high stress concentrations. The shape is like a 
wedge in the area where the two parts are welded to- 
gether. A crack most probably initiates at the end of the 
wedge shape and the fatigue life will be lower compared 
to a specimen with a smooth welding. No materials are 
added during the welding process, which explains these 
clear defects shown in Figure 4. 

Figure 4 clearly reveals that the shape of the toe is 
non-smooth at the corner compared to a welding geome- 
try obtained from a traditional welding method. In a 
standard welding procedure this geometry is not accept- 
able. However, in many configurations with thin sheets 
and laser welding’s these defects are acceptable because 
generally these types of welding are exposed to low 
stress levels. The results of the fatigue test of the non- 
welded specimens are shown in Figure 5. 

In the low cycle area the fatigue life is nearly identical 
for the two specimens. In the high cycle fatigue (HCF) 
area the specimens cut by the milling cutter tend to show 
a higher fatigue resistance. The tendency is that the fa- 
tigue resistance is low for the specimens cut by plasma 
compared to the specimens cut by the milling cutter. 
However, the difference in fatigue life for the two types 
of specimens is insignificant and it can be assumed that 
the fatigue life is identical. Furthermore, the S-N curve  
 

 

1 mm 
 

Figure 4. Transverse section view for the keyhole laser weld- 
ed T-joint. 
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Figure 5. S-N data results of the fatigue life of mill cut and 
plasma cut non-welded specimens. 
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clearly shows a knee that starts around 1E06 cycles. The 
surface on the milling cut specimens is smoother when 
compared to the surface from the specimens cut by plas-
ma. Generally, a smooth specimen would show a higher 
fatigue life. However, the results show that the fatigue 
life is independent of the smoothness of the surface. The 
heating from the plasma cutting process may affect the 
surface so that the stress distribution is lower at the sur-
face. The crack initiates at the edge in all the non- 
welded specimens. In some of the welded specimens the 
crack initiates at the edge of the specimen and in the ma- 
jor part of the specimens the crack initiates at the weld- 
ing. In Figures 6 and 7 the two types of crack initiations 
are shown. 

In Figure 8 fatigue results from the welded and non- 
welded specimens are presented. 

Clearly the difference in fatigue life is small. In Fig- 
ure 9 the fatigue life of the non-welded specimens is  
 

 

Figure 6. The edge crack growth at the laser welded speci-
men. The cracks tend to grow in the HAZ Zone. 
 

 

Figure 7. The center crack in the welding at the laser weld- 
ed specimen. The crack grows in the pre-crack area be- 
tween the two parts. 
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Figure 8. Plot of the fatigue life for the welded and non- 
welded specimens. 
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Figure 9. Plot of the fatigue life for the non-welded speci- 
mens and the estimated fatigue life based on EUROCODE 3 
EN-1993-1-9 and DNV-RP-C203. 
 
compared with the fatigue life calculated on basis of the 
guidelines in EUROCODE 3 EN-1993-1-9 and DNV 
RP-C203. 

The curves in the DNV RP-C203 standard are associ- 
ated with a 97.7% probability of survival, whereas the 
curves in the EUROCODE 3 EN-1993-1-9 standard are 
associated with a 95% probability of survival. Therefore, 
the test data should provide higher fatigue strength to 
compensate for the safety incorporated in the standards. 
In the calculations according to EUROCODE 3 EN-1993- 
1-9 (see Equation (1)) the detail category 125 is used, 
where m = 3 below constant amplitude limit at 5.0 1E06 
cycles and m = 5 up to 5.0 1E08 which is the cut-off limit. 

62 10m m
R R cNσ σΔ = Δ ×             (1) 

The calculations with the DNV RP-C203 standard (see 
Equation (2)) are based on design curve C, where m = 3 
and log(a) = 12.592 below 1E07 cycles and m = 5 and 
log(a) = 16.320 above 1E07 cycles. The thickness expo- 
nent k = 0.15 with a reference thickness of 25 mm. 

( )( )log log log
k

refN a m t tσ= − Δ        (2) 
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In Figure 10 the curve from EUROCODE 3 EN-1993- 
1-9 is designed from detail category 80, where m = 3 
below the constant amplitude limit at 5.0 1E06 cycles 
and m = 5 up to 1E08 cycles, which is the cut-off limit. 
The DNV curve is based on design curve E, where m = 3 
and log(a) = 12.01 below 1E07 cycles and m = 5 and 
log(a) = 15.35 above 1E07 cycles. The thickness expo- 
nent k = 0.20 with a reference thickness of 25 mm and a 
structural stress concentration factor of 1.13. 

It is clear from Figures 9 and 10 that the calculated fa- 
tigue life gives a long estimate life at the HCF area. With 
lower cycles fatigue the fatigue life for the specimens 
tend to have less resistance to a dynamic load. The negli- 
gible difference in fatigue life for the welded and non- 
welded specimens is most probably caused by local re- 
laxation of the material. The residual stresses from the 
welding process relax the material by local compression 
areas and thereby extend the fatigue life. Microstructural 
transformations can also change the fatigue life. It has 
been observed that AISI304 can change microstructure 
from austenite to martensitic and thereby change fatigue 
and fracture parameters like KIC, KC and crack growth 
speed. The residual stress and the microstructure trans- 
formation are most probable the source that influence the 
fatigue life so it is similar for welded and non-welded 
specimens. 

The slope of experimental data and of the design code 
is not equal. The design code is based on ferritic steel 
and the material used in the experiments is austenitic 
stainless steel. In the Stainless steel a considerable 
amount of chrome and nickel affect the fracture parame- 
ter and microstructure. This is the reason for the varia- 
tion of the slope on the S-N curve. 

4. Conclusions 

In this paper the experimental investigations of the fa- 
tigue life for laser welded T-joints and non-welded  
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Figure 10. Plot of the fatigue life for the laser welded speci- 
mens and the estimated fatigue life based on EUROCODE 3 
EN-1993-1-9 and DNV-RP-C203. 

specimens made of AISI304 stainless steel are presented. 
Based on these experimental results the main conclusions 
are: 
• The difference in the fatigue life of a specimen gener- 

ated by plasma cut or milling cut is insignificant. 
• The largest difference in the fatigue life for the plas-

ma and milling cut shows to be in the high cycle fa-
tigue area. 

• A comparison between the fatigue life of the welded 
T-joints specimens and the non-welded specimens 
shows the tendency that the fatigue resistance is 
higher for the non-welded specimens. 

• The results show that the fatigue life for the welded 
specimens is lower than the fatigue life estimation 
based on the standards. 

Finally it can be concluded that the fatigue life estima- 
tion based on the standards does not satisfy the probabil- 
ity of survival below cycles 4.0 1E06. With cycles above 
4.0 1E06 the standards provide lower fatigue life com- 
pared to the experiments. In the design standards the fa- 
tigue assessment guidelines are based on structural steel 
like S235JR. Therefore, if these standards are used in the 
design of stainless steel components only the high cycle 
fatigue area should be used. Generally, the DNV-RP- 
C203 standard suggests a higher fatigue life compared to 
the EUROCODE 3 EN-1993-1-9 standard. 
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