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ABSTRACT. Laserbeam welded tubular specimens with overlap joints made from 
structural steel St35 (S235 G2T), artificially hardened aluminium alloy AlSi1MgMn T6 
(EN AW 6082 T6) and self-hardening aluminium alloy AlMg3.5Mn (EN AW 5042) were 
investigated under proportional and non-proportional multiaxial loading with constant 
amplitudes in the range of 2·104 to 1·107 cycles. The multiaxial fatigue behaviour of 
these joints was assessed by the concept of the reference radius rref = 0.05 mm. The 
equivalent stresses, especially considering the fatigue life reducing influence in case of 
non-proportional loading in comparison to proportional loading, were calculated by 
the Effective Equivalent Stress Hypothesis (EESH) and with a recently developed 
hypothesis which is called Stress Space Curve Hypothesis (SSCH). This hypothesis is 
based on the time evolution of the stress state during one load cycle. 
 
 
INTRODUCTION 
 
In automotive, aerospace and chassis structures the joining technology of laserbeam 
welding is widely used. This technology enables to join effectively thin and filigree 
components for lightweight structures with sufficient stiffness. 

The fatigue behaviour of these structures is influenced by many factors. Beside the 
geometry of the weld, possible crack like defects and/or gas pores and the presence of 
residual stresses, the complex stress state in the fatigue critical area is a very important 
factor. In general, the stress state is not constant during the load-time history. Principal 
stress directions can change, for instance when non-proportional multiaxial loads occur. 
The influence of changing principal stress directions on fatigue life depends on the 
materials ductility and on the elongation. In case of rotating principal stress directions 
ductile materials react with lifetime shortening compared to constant principal stress 
directions. For a semi-ductile material state the fatigue behaviour related to constant or 
changing principle stress directions is indifferent. In comparison to ductile materials 
under non-proportional loading the lifetime of brittle (low-ductile) materials is 
increased.  

In the present paper the influence of changing principal stress directions on fatigue 
life of laserbeam welded overlapped tube-tube specimens is addressed. It is discussed if 
conventional strength hypotheses, like von Mises, are able to describe the present  
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fatigue behaviour sufficiently under such complex loading. Further on, a recently 
developed equivalent stress hypothesis [1, 2] is presented by considering effects which 
can occur under multiaxial loading. The fatigue results are additionally evaluated with 
the hypothesis EESH [3]. 
 
 
SPECIMENS, MATERIAL AND TESTING 
 
Material 
 
Laserbeam welded tube-tube specimens of three different materials were examined in 
this investigation. Base material of the specimens were extruded aluminium tubes of the 
self hardening alloy AlMg3.5Mn (EN AW 5042) the artificially hardened alloy 
AlSi1MgMn T6 (EN AW 6082 T6) and seamless tubes of the structural steel St35 
(S235 G2T). 
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Figure 1. Laser beam welded, overlapped tube-tube specimen 
 
 Rp0.2 [MPa] Rm [MPa] E [GPa] e [%] ν HV0.1 
St35 235 405 210 26 0.30 203 
AlMg3.5Mn 127 269 071 20 0.33 098 
AlSi1MgMn T6 341 359 071 17 0.33 115 

Table 1. Conventional mechanical properties of the specimens 
 
Testing 
 
The tube-tube specimens were tested in a servo-hydraulic biaxial test rig with a 100 kN 
axial and a 3.0 kNm torsion actuator under load control with a testing frequency of 20 
Hz. The load ratio was R = -1. Failure criterion was the total failure / rupture of the 
specimens. All tests were carried out under laboratory conditions in air at room 
temperature. Fatigue test results for constant amplitudes of pure axial loading, pure 
torsion, combined axial and torsion in-phase (ϕ=0°) and combined axial and torsion out-
of-phase (ϕ=90°) loading for each material are presented. The selected ratio of the 
nominal shear to the nominal normal stress amplitudes of the combined loading was 
τna/σna = 1.3 respectively 28 Nm/kN. This ratio was chosen in a way that the equivalent 
von Mises stresses in the notch root were equal for each loading component, i.e. 
τv.Mises,local / σv.Mises, local = 1.0. 

220



EXPERIMENTAL RESULTS AND EVALUATION  
 
The experimental results and the obtained SN curves for 50% probability of survival are 
given in Figs. 2 to 4. The cracks started in the weld roots between the tube halves and 
propagated through the heat affected zone of the outer tube walls. The experiments with 
steel joints reveal a significant difference between in- and out-of-phase combined 
loadings. Out-of-phase loading reduces the fatigue life compared to in-phase loading, 
Fig. 2. This fatigue behaviour was already observed in earlier investigations [4]. An 
important result is that for the investigated aluminium alloys the fatigue life is also 
reduced in case of out-of-phase loading in a range between 104 and 2·105 cycles, Figs. 3 
and 4. 

The local stresses in the fatigue critical area were calculated for pure axial and pure 
torsional load by linear-elastic FEM calculations. This was done by modelling the weld 
roots by a keyhole notch with a fictitious radius of rref = 0.05 mm [4]. This local 
reference radius concept has already been used successfully for the assessment of 
welded structures from thin sheets with sharp weld roots [5, 6] and is today a standard 
method in the German automotive industry. 

 
Figure 2. Experimental results for the structural steel S235 

 
Figure 3. Experimental results for the self hardening aluminium alloy AlMg3.5Mn 
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Figure 4. Exp. results for the artificially hardened aluminium alloy AlSi1MgMn T6 
 
 
ASSESSMENT OF LOCAL MULIAXIAL STRESSES 
 
The aim is to calculate the lifetime, respectively the corresponding equivalent stresses 
for complex multiaxial loadings. Both hypotheses SSCH and EESH use the local stress 
SN curves for pure axial and pure torsion loadings (local stress components calculated 
by FEM) as input values.  
 
The Stress Space Curve Hypothesis equivalent stress does not fit in the classification 
that groups multiaxial fatigue criteria into critical plane or integral stress approaches. 
Both of these groups take time-independent values as input variables, for instance a 
maximum (taken from all possible planes and from one cycle) of a certain stress 
variable that is considered to be the damage-relevant variable, or an integral value of 
such stress variable (integrated over all possible planes over one cycle). The basic idea 
of the SSCH is to take into account the complete time evolution of the 
(multidimensional) stress signal. The approach of the current version of the SSCH can 
be subdivided into three parts: 
a) Generalization of approaches that have a form similar to von Mises or Tresca:
In the current version of the SSCH the stress signal is viewed at in a three-dimensional  
space p-q-τ, which is defined as: 
 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )tτtτ;tσt(σ0,5tq;tσt(σ0,5tp xyyxyx =−⋅=+⋅= ))   (1) 
 

These stress coordinates refer to the Mohr’s circle for a plane stress state. The p-q-τ-
space signals for proportional loadings result in line segments. The basic idea is that the 
length of such stress space line segment is the damage-relevant variable. This means, 
that different types of uniaxial loadings with the same lifetime should lead to line 
segments with the same length. To fulfil this condition, the stress variables p, q and τ 
are multiplicated with weighting factors 
 

αταqαp −⋅→−⋅→⋅→ 4;4; .   (2) 
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This rescales the p-q-τ-space into a new stress space. The assumption in the basic 
version of SSCH is that the damage of proportional loadings is proportional to the half-
length of the line segment in the rescaled space and this length is taken as an equivalent 
stress: 

( ) ( ) ( )( )2
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a

2
a

2
a

2
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aSSCHeq, τqα4αpτα4qα4αpσ +−+=−+−+=   (3) 

 
This approach can be linked to other hypotheses like the von Mises (α=1) or the Tresca-
Criterion (α=0). For this basic version of SSCH, part of the task is to find the correct 
scaling factor alpha for certain specimens, which may depend on material and/or 
geometry. The p-q-τ-space signals for constant amplitude out of phase loadings, yet 
with the same frequency, result in ellipses in the p-q-τ-space, Fig. 5. The shapes of the 
ellipses are invariant against a rotation of the coordinate system. In first order, the 
damage of the ellipse is considered to be proportional to the half-length of the diagonal 
of the circumscribing rectangle, covering the half-length of the proportional loading 
line-segment as a special case (equation (3)). 
 

b) The second part of the SSCH approach is a consideration of out-of phase effects: 
To cover different kinds of out of phase effects, an additional factor is added to (3): 
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The additional factor depends on the ratio of the ellipses semi-minor axis a to its semi-
major axis b, ρ is an additional parameter that may depend on the specimen’s material 
and/or its geometry.  
 

The reason of this approach is that increasing the phase difference ϕxy for the same 
loading amplitudes leads to a growing ellipse that is still located in the same rectangle, 
Fig. 5.  

 Circumscribing 
rectangle  

 
 
 

 
 
 
 
 
 
 
Figure 5. Stress space curves for different combined load cases (ϕxy = 0°, 45° and 90°) 
 

Depending on the sign of ρ, it is possible to cover all three kinds of out of phase effects 
(lifetime shortening, lifetime lengthening or neutral behaviour). 
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c) The third part of the SSCH approach takes into account, that the slopes of the basic  
SN curves may be different:  
Comparing the basic SN curves for pure axial and pure torsion loading with the 
previous SSCH formula leads to a proportional coherency between these two types of 
loadings (assumption: σy = ν·σx ; for plane stress state at the surface in the notch): 
 

( )ν2αν1σσ 2
ax,AxialSSCH,eq, −++= ; ( )α4τσ axy,TorsionSSCH,eq, −=   (5) 

 
This would lead to a torsion SN curve being parallel to the axial SN curve. But in 
general the slopes of these two lines are not equal (and in most cases they are unequal). 
To cover this fact, the previous SSCH formula is modified. The constant α is now 
considered to depend on the lifetime N: ( )Nαα = . (This approach takes also in account 
that fatigue processes may be based on different damage mechanisms). The function 

( )Nαα =  can be calculated by comparing points on the axial and torsional SN curves 
that belong to the same lifetime N:     
 
       (6) 
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Formula 7 shows the whole SSCH that is currently used, which must be solved 
numerically in a way that the point ( )( )N;Nσ SSCHeq,  fits onto a reference SN curve. 
 
The Effective Equivalent Stress Hypothesis method belongs to the group of integral 
stress approaches, valid for ductile materials. In case of proportional loadings the EESH 
equivalent stress is the von Mises approach. 
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Taking into account that the basic SN curves for pure axial and pure torsional loading 
often have different slopes and different position, a size factor  is added to the 
torsional component: 
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The multiplication with  substitutes the von Mises stress component for pure torsion Gf

axy,3τ  with a von Mises stress from pure axial axialMiseseq ,,σ  taken from the uniaxial SN-
curves for same lifetime ( )axyNN ,τ= . The most important idea of the EESH is that the 
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arithmetic average of the shear stress amplitudes an,τ̂  in all considered planes, which is 
an integral value, is the damage-relevant variable: 

• Considered planes : All planes that are orthogonal to the surface 
• α → Rotation angle, that represents the considered plane (α ∈ [0°; 180°]) 
• Formula for the shear stress amplitude in the plane α: 
 

( ) ( ) ( ) ( ) ( ) ( ) ( )ατϕτασσασσατ 2coscos4sin5,02sin25,0 22
,,,,

22
,,, axyxyaxyayaxayaxan +−−−=  (10) 

 

• Arithmetic shear amplitude average is calculated: ( )∫=
π

αατ
π

τ
0

,
1 danarith
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In line with the uniaxial case σeq,EESH(ϕxy=0) (formula (9)), the approach arithEESHeq τσ ∝,  
leads to the formula:  
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To cover the influence of stress gradients for rotating principal stress directions, 
concerning more complex geometrical structures, an additional Factor C, depending on 
the notch factors Kta and Ktt, is added and the whole EESH Formula currently used is: 
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Displayed in Figs. 6 and 7 are the calculated life-times Ncalc versus the experimental life 
times Nexp. 
 
 

 
Figure 6. Ncalc vs. Nexp diagrams for steel joints 
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Figure 7. Ncalc vs. Nexp diagrams for aluminium joints 
 
SUMMARY AND CONCLUSIONS 
 
The laserbeam welded steel and aluminium alloys all show a reduction in lifetime under 
changing principle stress directions (non-proportional loading). The steel alloy shows 
the strongest shortening effect, not depending on the cycle range. For the self hardened 
aluminium alloy the shortening effect is stronger than for the artificially hardening 
alloy, but for both alloys this effect only occurs in a range below 2·105 cycles. 

In case of non-proportional loadings, a calculation with the von Mises approach 
would overestimate the lifetimes for all three alloys, because the von Mises equivalent 
stress is smaller compared to the proportional case. However, calculations with EESH 
and SSCH lead to a satisfactory estimation that tends more to the safe side than to the 
unsafe side. 
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