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Summary Welding always has a deteriorating effect on fatigue strength in structures under
dynamic loading. Weld joints induce discontinuity in structure geometry and the microstructure.
Welding induced discontinuity, and defects allow for potential fatigue cracks that lead to the
failure of welded parts or structures. The laser welding process differs from conventional arc
welding in process and joint type. The most significant advantage in laser welding comes from
the deep penetrating mode of welding, which also brings challenges to the soundness of the weld.
The benefits of laser welding are most evident in the manufacture of sheet metal products such
as sandwich panels. In literature, laser welding is generally dealt with by using different parts
of the overall process without taking the fatigue point of view into account. In this article, the
process of laser welding is discussed, while keeping fatigue strength in perspective. The fatigue
data of laser welded joints is studied in order to find defect distribution that explains fatigue
strength distribution in tests. The suitability of traditional fatigue assessment for laser welding
is also discussed.
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Introduction

The demand for laser welding is rising in the industry, and thus, research concerning
optimisation, simulation and the fatigue behaviour of laser welding has been an object
of interest. The main benefits of laser welding can be exploited in joints, such as the
lap joint, where laser welding can be used as "continuous spot welding", as this welding
process is easy to control [1,2|. The lap joint can be made by welding through from one
side, making a complete seam with one pass, which provides many opportunities for the
design of lightweight structures [3-5]. Lightweight structures, like sandwich panes made
from sheet metal, have very good weight to stiffness ratio, even when made from thin
sheets.

The welding always leads to defects that have a deteriorating effect on fatigue strength
[1,6,7]. The fatigue strength results have dispersion caused by varied number and size
of defects. The process of laser welding needs to be understood because the defects are
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forming in the process of welding. With a better understanding of defects on the welded
joint, the fatigue strength assessment can be made more precise.
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Figure 1. The principle of sandwich plate structure.

Characteristics of laser welding

Small and focused energy input, which is characteristic for laser welding, leads to beneficial
features compared with traditional arc welding. The high-power density leads to low heat
input, as welding is focused on a very small area, only where welding is needed. This lead
to a narrow heat-affected zone, lower distortions and residual stresses and a beneficial
microstructure [1,9-11]. The heat input is the relation between welding power and speed,
and it can be written in the form of J/mm. The speed of laser welding is significantly
higher compared to traditional welding process [1,12,13]. The high energy density leads
to a deep penetrating welding mode, which allows for an increase of the speed without
compromising the quality of welding.

The laser welding process is easily automated [1,2|, and it is generally done with an
automated process. The automation raises challenges in the process, as it needs to be
preconfigured and programmed. Also, in order to produce the best possible quality weld,
parameters need to be right. The quality of the weld can drop significantly when the
parameters are poorly set [14,15].

A laser-welded joint is more visually sound and unnoticeable compared to a traditional
weld joint. In Figure 2, an example of the difference between a submerged arc welded,
SAW, and laser welded joint is given. The weld bead of laser welding is minimised because
no additional material is generally added in laser welding.

Figure 2. Difference in weld form of T-joint in MIG/MAG and laser welding. Figures from HT-laser
Oy [16]

Physics of laser welding

The laser is applicable to welding, if a sufficient power density and wavelength is reached
[9,17]|. The laser welding can be generally done in two different modes: deep penetrating
and heat conduction welding. Deep penetrating welding or keyhole welding is a more
common mode for laser welding. The term comes from the shape of the weld, where the
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laser beam penetrates into a material, forming a narrow molten pool. The principle of deep
penetrating welding is shown in Figure 3. The heat conduction is similar to conventional
arc welding methods, where the heat is transferred into the material by conduction.
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Figure 3. Principle of deep penetrating welding

Forming of keyhole

In laser welding, heat is inducted into the part with a laser beam [9]. The keyhole
cavity starts to form when the laser beam’s energy is absorbed in the contact area, and
the weldable material starts to melt. When a sufficient amount of heat is conducted to
the metallic material, atomic bonds break, further generating plasma of vaporised metal
atoms and surrounding gases, when electrons are removed [18]. The energy density needs
to be around 1 MW /cm? for deep penetrating welding |9, 10].

The penetrating cavity, keyhole, is formed by the depression of the liquid surface,
as the laser "drills" trough material [9, 10, 19]. Welding forms a molten pool, which
when solidified, forms a welding joint. The keyhole is held open by the recoil pressure of
evaporation particles in the keyhole, where the molten pool hydrostatic pressure tends to
close the keyhole [18]. Laser welding involves multiple physical phenomena, starting from
absorption of the surface, metal melting, keyhole formation, keyhole plasma formation,
laser plasma interaction, liquid pressure, plasma interaction, metal solidification etc.,
which effect the quality of weld and thus fatigue properties [20].

Succeed and efficiency of laser welding

The usage of protection gas makes the process more stable, but keyhole welding can be
done without it. The energy of the laser is absorbed mainly within two mechanisms of an
evaporation region: inverse Bremsstrahlung and Fresnell absorption [9]]. In the inverse
Bremsstrahlung, the energy absorption takes place in formed plasma, where it radiates to
the weldable part. The usage of protective gas makes the keyhole more stable by forming
a more stable plasma in the laser-gas interaction [10]. However, the plume (vaporised
material) and plasma have a defocusing effect on the laser beam and, thus, can reduce
the efficiency of the process and even change the mode to conduction welding [19]. In the
Fresnell absorption, multiple reflections at the walls of the keyhole transfer the energy of
the beam. Absorption is dependent on the polarisation of the beam and its efficiency, as
from material reflectivity, which may even lead to the keyhole not forming [19,21]. The
energy losses in welding are approximately 30 % due to the imperfections and reflection
of the weldable part [22].
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The stability of the keyhole and the molten pool prescribe how well the welding suc-
ceeded. The stability is dependent on two major forces affecting the keyhole region: ab-
lation pressure (or recoil pressure) and the forces and pressures developed by the molten
pool [9,18]. In additional to hydrostatic pressure, the surface tension of the molten pool
effect on the pressure tend to close the keyhole. The stability of the molten pool flows and
the solidification front, the back of the molten pool, where material starts to solidify, also
affect the formation of the weld. The high temperature differences and gradients induce
flows in the molten pool. The flows affect the bead form, porosity formation, inclusion
etc. The stability of the solidification front determines the kind of microstructure that
forms [11].

Laser beam

Ablation pressure

i Local evaporation dents

Figure 4. Schematics of keyhole physics.

Parameters effect on laser welding

Parameters, such as welding speed, power and focal point, have an effect on the stability
[14,23]. Parameters affect the quality and profile of the weld bead. With low welding
speeds, the heat input is larger, leading to a relatively large width of the molten pool.
With high welding speeds, the molten pool width decreases. Laser power has the same
effect: with more power, the welding width increases. This is due to a simple analogy:
if the introduced heat is tremendous, and the heat has a sufficient amount of time to
absorb into the material, the welding region increases. The heat input, J/mm, has an
effect on the weld bead geometry [2,11,22]; with less heat input, the bead geometry is
nail-shaped, whereas increasing the power width of the molten pool increases, resulting in
V-shaped bead geometry. The Marangoni effect starts to appear when the molten pool
widens, resulting in a wider bead geometry through the weldable part. The schematics
of the base types of bead geometry are shown in Figure 5. The focal point is the point
where the laser beam’s focal point is positioned, affecting the weld depth and width. The
focal point is considered as the distance from the surface of the plate.

* — e ——

Figure 5. Different bead geometries: V-shaped and nail-shaped bead geometry. Figures from HT-laser [16]
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The weld bead soundness improves the quality of the weld. In Figure 6, the effect
of heat input on fatigue strength is shown. The heat input has an inevitable effect on
the behaviour of the joint; it effects geometry and fusion wellness. With a large heat
input, the surface of the weld is increased. The quality of weld joint, as the dimensional
accuracy of jointed parts and geometry, also has effect on fatigue strength, as discussed
later [24,25].
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Figure 6. The effect of heat input on the fatigue durability of laser-welded lap-joint. In the figure, the
number of cycles the axis is plotted in log-scale, and stress amplitude is on a normal scale, in order to
emphasize the effect. Fatigue test data collected from the KeKeRa test [26]

Laser welding is generally done by an automated process, thus the welding parameters
need to be preconfigured, and for the welding to succeed, the welding parameters need
to be optimal. Parameters are often determined by the welder’s professional skills, by
the method of trial and error or by charts or equivalent [14,15]. The method of trial
and error is a waste of resources, and it often leads to a sub-optimal solution. Parameter
optimisation is usually based on a visual observation of the weld, but a visually sound
weld can still include porosity, collapse, undercut, root humping etc. [14].

Laser welding is suitable for dissimilar material welding due to its original low and
focused heat input [27]. The usage of dissimilar materials brings difficulties compared with
similar material welding, but on the other hand, it brings great advantages in structural
possibilities [15, 21, 27].

Mechanics of laser welding

Weld joint always have a deteriorating effect on the fatigue strength of a structure |1,
3,6,7,17,28]. Weld joint induced discontinuity is the main reason for fatigue strength
deteriorating.

A weld joint always induces discontinuity in geometry and in the microstructure, which
is unavoidable. The discontinuity can be divided into defects on the surface, in the mi-
crostructure and inside weld such as porosity, incomplete fusion etc. A fatigue crack
always initiates from defects and imperfections [1,3,11,28]. The defects and imperfec-
tions induce stress concentrations that allow for early crack initiation in cyclic loading,
leading to fatigue failure in the material. Weld induced geometrical defects are defects
like porosity, cracks surface roughness and the weld geometry induced notch effect. Mi-
crostructural defects are microstructure changes, grain boundaries and impurities that
act like geometrical defects, where material microstructure variation through welding
zone varies material properties. Cracks leading to failure usually originate in the region
between the base material and the heat affected zone, where the effect of the defects is at
its highest.
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The misalignment of the joint, plate thickness, material, geometry of joint etc. also
have an effect on fatigue strength |[3,24,25,29-32].The reduction of fatigue strength is
also depended on joint -type. With thin plates, a large variation of fatigue strength is
emphasised by the effect of weld geometry and the misalignment of the joint.

The load type applied affects fatigue durability as often under cyclic loading. The
load type varies the driving force of a crack, and therefore, the fatigue strength of a laser
welded joint varies between normal, shear and bending moment affected stress [33-36].
The fatigue strength of a T-joint is worse than on a normal or shear loaded laser welded
joint, unlike a joint welded through a conventional method, where the T-joint has better
fatigue strength. The laser welded T-joint includes initially crack like defect between
plates.

Laser welding fatigue in general

It is stated in the literature that the laser-welded butt-joints have a better fatigue strength
compared to the convectional welded butt-joints [3,37,38]. The differences are due dif-
ferent geometry and microstructure, as seen in Figure 2. In Figure 7, the difference
between the fatigue behaviour of a laser welded joint, and a MAG welded thin sheet joint
is demonstrated. The data is collected from Marulo et al. (2017) [37] (Ma0...M10) and
Baumgartner et al. (2015) [38] (Bal). The stresses presented are with a fictitious notch
py = 0.05 mm in both cases.
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Figure 7. Notch stresses with py = 0.05 mm for laser welded joints (Ma0...M10) [37] and MAG welded
thin sheets (Bal) [38].

In the experiments, the fatigue strength of the laser welded joints has been found
to have large dispersion. This has been explained with surface roughness induced sharp
notches [3,30,39,40]. In addition to the surface roughness, there are many other factors
affecting fatigue strength, which are discussed later. The surface of the weld root has
significant surface roughness, where surface ripples have a notch-like effect [30,40]. The
schematics of surface roughness are shown in Figure 8. For the evaluation of laser welded
joint fatigue strength through the notch stress method, a fictitious notch with a radius p =
0.05 mm is suggested. A small fictitious notch radius is justified along with the schematics
of surface roughness because the probability of a notch with a radius of p = 0.05 mm is
existent on the surface. Laser welding is traditionally used with thin sheets, which also
increases fatigue strength scatter [41]. The geometry differs between the SAW and laser
welding because the heat derives and usage of additional material (see Figure 2). The
more broad heat effect and usage of the additional material make the joint geometry more
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constantly changing. Where in laser welding the heat input is highly local and additional
material is not used, making the surface ripples more probable. The fictitious notch is
used in the schematics of the notch stress fatigue assessment to describe defects induced
stress concentration.

Figure 8. The schematics of surface roughness in a weld root region

Microstructure changes affect the fatigue behaviour of material 3,42, 43]. To make
welding joint terminal effect, that alters material properties, is inevitable. In general,
laser welding has a hardness rising effect on the heat affected zone in metals [3,26,44]]|.
In case of high-strength steels, welding can lower the quality of the microstructure in
the sense of fatigue in dual-phase steels, but for low-alloy steels, it can increase it [44].
Better microstructure in laser welding is caused by low and local heat input, which leads
to rapid cooling, as the surrounding material acts as a heat sink. Rapid cooling allows
for the formation of martensite, which increases fatigue strength. The average grain in
laser welding is smaller than through conventional methods. The microstructure formed
is dependent on the welding process quality [11].

Joint type

The joint type has an effect on the fatigue behavior of the joint. The joint type determines
the stress type: nominal, shear or bending. The different FAT classes of nominal stress
approach in IIW correspond to different joint types while e.g. the notch stress method
is assumed not to be joint type depended. [6] In the laser welding joining if done only
in a small focused area leading to cavities in the welding region, which is pronounced in
stake laser-welded T-joints. The fatigue assessment of laser-welded T-joint is challenging
because of the complex stress state [36,45]. The fatigue curve slope has a steeper slope
with a T-joint [36, 46]. Because of joint geometry, the J-integral approach gives the
smallest scatter index comparing to other fatigue assessments. [45]

Residual stresses and strains

Welding induces very strong thermal variation that causes thermal expansion, which yields
residual stresses and strains in the structure [1,4,22,47|. Very non-homogeneous heating
leads to non-homogeneous thermal expansion fields, which then lead to strain fields that
yield residual stresses. These remain in the structure without an external load, as they
are the result of structural self-balancing of non-homogeneous thermal expansion fields.
The residual stress magnitude and distribution is the sum of the material composition,
the thickness of welded parts, the welding parameters and applied restrain [1,4]. The
material phase change affects phase induced plasticity, which also affects residual stress
state |48]. Because lower heat input laser welding leads to smaller residual stresses and
distortions than traditional welding processes [10].
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The residual stress effect is seen in literature, but ignored in most fatigue assessments.
The effect of residual stresses is bypassed, as it is included in S-N curves. The residual
stresses can be reduced with external treatments like preheating and hammer-, needle-
and shot-peening [34,47,49], when after the ITW Recommendations for Fatigue Design of
Welded Joints and Components, the fatigue class stress limit can be improved [50].

The presence of residual stresses affects material behaviour by affecting stress dis-
tribution and material ductility. Residual stresses generally have decreasing effect on
fatigue strength [51]. Usually, residual stresses are assumed to be in the material yield
strength [52], but because of variations caused by welding and cyclic loading, the yield
strength differs from the yield strength of the original base material pull test. Cyclic
loading decreases the residual stress level due to the combined effect of the plastic defor-
mation and fatigue damage [7]. The residual stresses increase the maximum and mean
stress levels, thus reducing the fatigue life. In view of crack growth, the tensile residual
stresses increase the driving force of cracks, while compressive residual stress decreases
it [53].

Distortion of joint

The welding-induced thermal strains result in distortions in the as-welded state 3,25,
29,32,41, 54]. Distortion, axial and angular misalignment decrease fatigue strength by
producing stress arising from additional stress components and decreasing the nominal
surface in the normal direction. The effect of misalignment is most evident in butt-joint
welds and cruciform welds, where the increase in stress can be 30 % to 45 % [6]. The
dimensional inaccuracy can also be a result of welding process. The welding process can
lead to initial air-gaps, misalignment and offset.

The IIW regulations offer the stress magnification factor km to deal with misalignment.
The magnification factor takes axial and angular misalignment and plate thickness into
account; though some axial allowance for misalignment is already induced in the FAT
classes.

Plate thickness

Thin plate welding leads to larger different initial distortions in comparison with thicker
plates [41]. The initial distortion close to the weld is more curved than using thicker
plates due to lower bending stiffness. The curved shape in the weld region makes angular
misalignment determination difficult. Thin plate thickness (f < 5 mm) increases scatter
in fatigue strength tests.

In traditional rule-based fatigue assessments, the welded geometry is optimized, and
thus, misalignment and other form-defects are obsolete [41,55,56]. The idealization is
suitable for thicker plates, but is poorly suitable for thin plates. The response of thin
plates is strongly and nonlinearly dependent on the distortions and magnitudes. In the
ITW recommendations, the plate thickness can be managed by using a shallower slope in
the S-N curve. The S-N curve slope of m = 5 for normal and m = 7 for shear stress is
suggested in the literature for thin and flexible structures [6,49,57].

Porosity

Inner defects of a weld have a deteriorating effect on fatigue strength. Defects such as
porosity are more severe in metals like aluminium that are poorly suitable for welding.
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In the deep penetrating mode of laser welding, porosity defects are frequent [20]. Tt
may lead to mechanical strength reductions in the joint, creep and corrosion failures |18].
Porosity reduces fatigue strength by reducing the effective bearing volume and causes
stress concentrations with irregular porosity shapes [19,20]. Fatigue cracks develop from
pores with the maximum size regardless of the distribution. Despite porosity affecting
fatigue strength, surface defects are more critical. Base material and surface treatment
have a significant effect on porosity formation [19,58]. Stainless steel and aluminium
welding easily lead to porosity problems.

In fatigue design rules and regulations, the acceptable levels for porosity and other
imperfections are included in S-N curves. In the IIW, porosity is combined with other
imperfections and considered a single large imperfection [6]. Porosity is given as the
maximum length of inclusion for fatigue classes. Different inclusion sizes are allowed for
different FAT classes.

Porosity is the result of keyhole fluctuation and molten pool flows [18-20,59]. The
fluctuation of the keyhole leads to bubble formation in the bottom of the keyhole, where
molten pool flows are moving bubbles. Porosity is formed when the solidification front is
capturing bubbles. The depth of the keyhole is strongly related to its stability. When a
keyhole fluctuates violently, evaporation at the keyhole walls does not occur uniformly,
but rather concentrates into bumps formed in the keyhole wall (see Figure 4) [58]. The
molten pool flows affect bubble escaping, and a strong vortex in the molten pool makes
escaping more difficult [60].

Laser welding is generally used for thin sheet welding. The effect of the gap between
weldable parts has an effect on porosity formation, which is emphasised in thin sheets,
where even a small gap may be a significant portion of the joint. [59,60]

Imperfections on keyhole formation

Keyhole defects, such as incomplete penetration, incomplete fusion and lack of fusion,
are controlled with welding conditions and parameters [11,20]. A sufficient weld is more
difficult to obtain with high reflectivity or high thermal conductivity materials; the re-
flectivity of material being emphasised. Wrong welding parameters also lead to notable
welding defects such as humping, undercutting and underfilling.

The success of a weld joint affects fatigue strength. The variation of welding causes
distribution in the weld fatigue test.

Laser welding fatigue

A laser welded joint geometry significantly differs from a conventional arc welded joint;
this is because of the characteristic of keyhole welding, where no additional material is
needed, welding is done in the penetrating mode; traditional welding is done on grooves
or as filled welding. Generally, the fatigue analysis of a welded joint is done by using the
nominal stress method, which is an aggregation of multiple fatigue tests with different joint
types, or by using a method that considers weld geometry and the stress concentration
effect - the notch stress method [3,6,11,37,38,50,52,61-64|. The latter is recommended,
and it is based on geometry idealization, where the weld is modelled with a sharp notch on
weld root. The challenge in using the notch stress method in laser welded joint assessment
is that it does not form the required geometry defects. The mentioned fatigue assessment
is poorly suited for laser welded joint fatigue analysis and led to unnecessary conservative
results.
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The joint type/geometry effects structure behaviour, especially in overlap joints. With
conventional methods, such an overlap joint type cannot be implemented. An overlap joint
begins to open when affected by tensile stress, as shown in Figure 9. This leads to the
distortion of the joint [65]], which effect fatigue strength. Cracks leading to a fatigue
failure of the welded joint usually originate from the area between the base material and
the heat-affected zone [39,61,65]. In this region, the effect of the microstructure and
geometry defects are at the highest.

Figure 9. Magnification of distortions calculated with FEA from a lap-joint that includes residual stress.
Asim et al. (2014) [65] point out the same behaviour in lap-shear specimens.

In the rules and regulations, all similar welded fatigue class joints are assumed to
behave in the same way, even though their materials and methods vary [50]. The rules and
regulations do not take defects and imperfections into consideration individually. Also,
the same fatigue strength is assumed for all steels irrespective of their tensile strength.
The stress ratio is also thought to be negligible. These assumptions are justified because
the curves are based on numerous fatigue test results.

Design of a laser welded joint

The laser welded joint fatigue test results gathered from literature did show strong dis-
persion between fatigue strengths. A wide scatter of nominal stress range has also been
reported in literature [25,30]. The chatter range index is following 1:7, = 1:(F AT oy /
FATyyy). It was observed that single fatigue tests had small dispersion and results that
followed a single S-N curve were adequate, but multiple test results from various authors
did not. The joint type and test circumstance, as the sufficiency of the weld, affect fatigue
strength. Better fatigue strength can be achieved with a sound weld. Fatigue strength
can also be increased by taking the laser weld joint type into account.

Tests results shown in table 1 are displayed in Figures 10 and 11. The fatigue test
results are compared with the corresponding fatigue class. Nominal stresses are compared
with the lap joint, from where stresses are inspected from the weld throat, fat class FAT 36.
The notch stresses are compared with the FAT 225 class, which is independent of the joint
type. Nykénen and Bjork [67] analyzed mainly thick plate (t>5 mm) butt-weld joints in
the as-welded state, and concluded that the FAT 225 may lead to non-conservative results.
The fictitious notch radius py = 0.05mm is suggested in thin sheet and laser welded joint
fatigue assessment [11,30,37,38,52,63|.

The reasons for this scatter are discussed in the literature and it is concluded to be
related to the surface deformation, surface ripples and the effect of thin plate thickness
(see Figure 8). The notch stress approach is recommended because weld fatigue originates
from stress concentration. Notch stress concentration is assumed to include the effect of
all defects and imperfections and, thus, covers the whole range of phenomena leading
to failures. Consequently, it is proposed by multiple authors that, through the notch
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Table 1. Nominal stress fatigue test data from literature

Author  Stress Spec. Material Sy R, t R Process  Ref.
[MPa] [MPa| [mm)]
[12] Nominal  Shear Steel 250 320 1.0 0.1 CO, Yan
[1] Nominal  Shear Steel 210 320 1.0 0 COq Cho
[66] Nominal  Shear Steel 790 829 1.0 0.1 - ShO
[66] Nominal = Tensile Steel 790 829 3.55 0.1 - Shl
[30] Nominal — Tensile Steel 355 - 3.0 0 L-HG L10
[25] Nominal - Steel 320 458 3.0 0 L-H® Lm0
[25] Nominal - Steel 320 458 - 0.1 L-H® Lmi
[26] Nominal  Shear RAEX400 1000 1250 2.0 - Nd:YAG Ke0
[26] Nominal ~ Shear  $355 MC 355 430 2.0 - Nd:YAG Kel
[54] Nominal  Tensile Steel (2 (2 3.0-4.0 - - Fr0
[54] Nominal Bending Steel (2 (2 3.0-8.0 - - Frl
[37]C n-s Shear St14 210 313 0920 0 - Ma0
[37]¢ n-s Peel St14 210 313 0.920 0 - Mal
[37]¢ n-s4 Shear  22MnB5 - 1500 1.0 0.1 - Ma2
[37]G n-s(4 Peel 22MnB5 - 1500 1.0 0.1 - Ma3
[37]¢ n-s Shear DC04 210 313 0819 0 - Ma4
[37]¢ n-s4 Peel DC04 210 313 0819 0 - Ma5
[37]¢ n-s Tube St35 235 313 1.0-20 -1 - Ma6
[37]¢ n-s Shear 2340 300Y 315 415 093 0 - Ma7
[37]¢ n-s4 Tube  S235 G2T 235 405 1.0-2.0 -1 - Mas8
[37]G n-s(4 Shear  Dx52D+7 - 343 15 0.1 - Ma9
[37]G n-s(* Shear  XIP 1000 - 1500 1.2 -1 - M10
1) 1-H: laser-hybrid welding
2) Multiple base plate materials
3) test series collected from literature and stress values are calculated by Marulo et al (2017) [37]
4) n-s: notch stress with py =0.05
102 = (ho
1:T; =1:2.91 Fro
. " *+  Frl
Sy + Keo
~ I ¢ e
_% 10 oW le T i = LD
- - 4_‘.‘*. o Lm0
4 Lm1
""-»..__ """ o0 Sh
------- chl
10t . . . == FAT 36 (m=3)
1 10° 10 107 10®
N

Figure 10. Laser-welded joint nominal stresses from literature compared with related fatigue FAT 36.
The T, is relatively high.

stress approach, the scatter can be reduced. In relation, a linear-elastic material model is
proposed, and it may lead to inaccuracy.

In weld fatigue assessment rules and regulations, the fatigue strength of a welded
joint is assumed to be independent of the base material effect, stress material and plate

269



10 13

e A
- of ok .
A e, = M0 . Mab
107 I == r bl VLR T Mal Ma7
— TEeaL . Mal +  MaB

Ma2 «  Ma9

Ma3 == FAT 225 (m=3)
Mad --—- FAT 391 (m=3)
Ma5s

Ao
I
I
!
I
I
[
I
I
I/
i
|

1'}2 4
P. = 97.7% from literature (p=0.05 mm)

10t

10 10° 10° 0’ 108
N

Figure 11. Laser-welded joint notch stresses from literature compared with related fatigue class FAT 225.
The 97.7 % probability curve with m=3 calculated from literature test data is plotted in the Figure.

thickness (with some corrections). It can be noted that the scatter between the nominal
stress approach (Fig. 10) and the notch stress approach (Fig. 11) stress ranges are not
significantly concentrated; therefore, it can be concluded that the scatter of fatigue cant
be explained entirely with the effect of a surface notch.
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Figure 12. Fatigue stress variation of fatigue test from different authors. In the figure the dispersion is
shown as a FAT -class.

In Figure 12, the fatigue stress variation from different authors is shown. The test
results are with butt-joint (Lm0) and lap-joints (Kel and Sh0). The corresponding mate-
rials are 5355 with Lm0 and Kel, and SPFH780 with Sh0. The figure shows the variation
in fatigue strength and the slope of the curve between different fatigue tests. This indi-
cates that the material and joint type have effect fatigue behaviour. These factors, among
other factors such as defects, can be considered in fatigue behaviour study.

Advanced fatigue assessments

There are several advanced welding fatigue assessment methods presented in literature.
In the assessments the load ratio, joint geometry, plate thickness, etc. are taken into
account. The novel fatigue assessments are general fatigue assessments utilized in weld
joint, such as continuum damage mechanism approach in welding, and development of
traditional fatigue assessments to predict fatigue more accuracy, such as various strain-
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based approaches. The fatigue assessments can be also improved by adding geometric
variables such as distortions to model. The plate thickness has a major role in fatigue
behaviour of welded joint, especially with thin sheets with thickness under 5 mm. Eggert
et al [29], Fricke et al [54], and Lillemé&e at al [31,32,41] have shown that by taking
initial distortion of thin plate in account with the hot spot assessments, the results can
be improved.

Notch based approaches

The most developments have been presented for the ITW’s notch stress concept. The
initial idea of notch stress is to model weld with fictitious rounding with radius r..; = 1
mm and compare stresses on FAT-225 -class. The toe of the weld acts like notch, causing
stress concentrations, which can be assumed to explain the most fatigue behaviour. The
Tref = 1 mm suits poorly with thin plates and with the geometry of laser welded joints
and therefore fictitious rounding 0.05 mm is suggested for thin plates and laser welded
joints [50]. Later the small reference radius have been validated by e.g Bruder et al. [63],
Baumgartner et al. [38], Liinalampi et al. [30], Liu et al. [11], Marulo et al. [37]. For
laser welded joints also V-shaped notch have been suggested [3]. The stresses on the
notch surface are higher and increase of structural stress can be describe with notch
factor K,. The small fictitious rounding demands stress averaging over thickness or
inspecting stress from distance from surface. The stress can be averaged over thickness
with length corresponding to Neuber’s hypothesis of microstuctural support or by using
Taylor’s critical distance approach [37,38,61,68]. The surface roughness varies in welded
joints and commonly stress averaging length p* = 0.4 mm is suggested for welds. Liinalmpi
et al. [30] studied actual notch geometry based on 3D laser microscopy and resulting K.
They stated that the for welds the ferritic steels p* (0.05-0.1 mm) can be used for thin
plates using measured geometry. Marulo et al. [37] re-analysed large number of thin laser-
welded joints to compare stress averaging methods and stated that the Taylor’s critical
distance approach gives a better scatter band than the Neuber’s stress averaging.

In the notch strain approach, material properties dominate the fatigue life [52,57,61].
The fatigue endurance is investigated with material elasto-plastic stress-strain response
failure criteria. The framework of notch strain method is that the mechanical behavior of
is comparable in experimental specimens. The notch strain concept is further developed
in e.g strain-based approach and 3R-approach.

Continuum damage mechanism approach

The continuum damage mechanism approach, CDM, is an approach based on the mechan-
ical behaviour of material and macroscopic progressive damage [7,69,70]. The approach
deals with mechanical behaviour of material in a macroscopic scale and plastic deforma-
tions that occurs due cyclic loading. The fatigue behaviour is controlled with a damage
model. The CDM applied to welded joints by Do et al [69] and Shen et al [7]. In the
framework of the approach, the residual stresses and distortions, material defects and
geometric defects, can be taken into account.

Strain-based approach

In strain-based approach introduced Remes et al. [3,24,35, 71| consider the actual weld
notch geometry and the variation in the microstucture characteristics of the material. In
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the framework of approach the fatigue crack growth simulation form the crack initiation
to the critical crack length is possible. The material plasticity and microstructures grain
sizes are taken into account in notch region, where the crack growth is calculated. The
approach allows calculating the progress and direction of crack growth.

3R

The novel notch stress approach, 3R, is intoduced by Nykdnen and Bjork [49, 72]. The
approach takes material behaviour and stress ratio into account in cyclic loading. The
3R method is based on a local stress ratio, Rj..q, and with it, the residual stress effect,
a applied stress ratio, and the material property can taken into account. The R,y is
obtained with the notch strain approach and fatigue behaviour is utilized with a damage-
model such as Smith-Watson-Topper.

Linear elastic fracture mechanism

Multiple approaches are base on linear elastic fracture mechanism, LEFM, such as the
stress intensity factor method, SIF, the peak stress method, LEFM, and the strain-energy-
density method, SED, and the J-integral method [73,74]. With novel approaches such as
presented in [35] the fatigue crack growth can be calculated with taking account the mi-
crostructure. The LEFM approaches work better than nominal or notch based approaches
for some joint types. In case of stake-welded T-joint the J-integral approach gives most
accurate predictions [36,45,46].

Applying the statistical probability in laser welded joint fatigue assessment

The defects have a deteriorating effect on fatigue life, and the size and occurrence of
defects are statistical; thus, the dispersion of fatigue strength can be explained |75, 76].
Murakami [75, 77| suggested and proved via tests that the defect size has an effect on
fatigue ductility; bigger defects have a bigger impact. In Murakami’s theory, theory, a
critical area y/area, is used instead of crack length. y/area describes the effect of small
surface defects, small surface cracks and nonmetallic surface inclusions.

The statistical analysis, in base of welded joint, can be done on the basis of Murakami’s
theory that defect affects fatigue curve transformation. The actual defect size is not known
and therefore a relative defect size is used. The notch stress analysis is based on fictitious
notch, which have defect like effect. A fictitious notch with radius 0.05 mm is suggested
for laser welded joints based on research and test results, consequently the p; = 0.05 mm
is used as relative defect size in calculations.

The statistical study was made for the fatigue test data was collected from LI0 [30],
Lm0 [31], Lm1 [31], Kel [26]. The ratio of the literature test data for S355, o, and stress
of FAT,.s, 0, in corresponding N was calculated for each test data points. The F'AT,.;
was assumed to correspond with y/area,., ; as the actual defect distribution is not known.
The ratios of o7 and o;, presented ad relative defect size, \/area/\/area,,,, were fit in
log-normal distribution. The schematics of analysis is shown in Figure 13.

Assuming that a defect size of py = 0.05 mm is present with a 50 % probability, the
cumulative density of calculated relative defect size can be presented with a function of
the defect size v/area. The expected defect size is shown in Figure 14.

The welded joint fatigue behavior is sum of multiple factors such as soundness of
weld joint, porosity, surface roughness, residual stresses, distortions etc. Studying the
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Figure 13. The schematics of statistical calculations. The laser welding fatigue test results are compared
to reference FAT curve.
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Figure 14. The calculated log-normal distribution presented as cumulative density of assumed probable
defect size.

dispersion of the fatigue test data in view of Murakami’s theory that the defects affect
fatigue curve transformation, the assumed defect distribution can be calculated. The
assumed global defect size calculated from nominal fatigue data includes all defects causing
dispersion on fatigue data. The statistical analysis can expand to processing different
defects separately if ones are known. For an example if the statistical dispersion of
distortion, residual stresses or porosity is known, it can be excluded from global defect
size. The approach allows to map a different defects effect on fatigue strength. The
statistical analysis of defects improve fatigue prediction of the welded joints.

Conclusion

Convectional fatigue strength assessment suitability for a laser-welded joint is discussed,
and it is noted that using conventional weld fatigue assessment leads to conservative re-
sults. The Traditional geometry idealization of convectional methods does not fit well
to laser-welded joints because of the different bead shapes. With advanced fatigue as-
sessment presented with literature, more precise evaluations can be made. But when
more phenomena such as material behavior in cyclic loading, distortions, microstructure,
etc. the factors in fatigue assessment increase. The fatigue assessment precision could be
improved by introducing a statistical approach.

In this study, the process of laser welding was discussed. The formation of a laser
weld is processed from the scope of the fatigue strength of a laser welded joint. In
the welding process, the formation of defects that have an effect on fatigue strength is
likely. Defects such as porosity, lack of fusion or misalignment affect fatigue strength and
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explain fatigue strength dispersion. When the process is understood, defect distribution
can be included in the statistical probability in fatigue assessment. The article presented
a method to divine dispersion of fatigue stresses in the probability density of fatigue
stress-reducing defects. The probability of defects and sizes of defects can be utilized to
improve fatigue assessment statistical accuracy. The statistical analysis was made on the
basis of Murakami’s theory.
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