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Abstract

For laser welding, gaps should normally be avoided to ensure stable weld processes and high weld quality. Nonetheless,
sometimes, gaps are resulting from non-optimal weld preparation in industrial applications. Within this investigation, the
effects of a defocussed beam and laser beam oscillation on gap bridging abilities at reduced ambient pressure were investi-
gated. For reference purpose, conventional laser welding with zero gap at ambient pressure was performed, too. The result-
ing weld geometry was investigated and correlated to gap bridging strategies and weld quality groups according to ISO
13919-1. The welds were characterized regarding their hardness and weld microstructure. Residual stress was determined
by means of X-ray diffraction, and tensile tests as well as fatigue tests were conducted. The fatigue tests were evaluated by
the nominal stress approach, the critical distance approach, and the stress averaging approach and correlated to weld quality
measures. Resulting from this, fatigue resistance of laser welded butt welds with gap can be estimated by the FAT160 design
S—N curve. The stress evaluation parameters for the determination of keﬁ—values (p*=0.4 mm, a=0.1 mm) were confirmed.
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Aoc,; Effective cyclic stress range 2 State of the art

v Poisson ratio

p* Averaging length used in the stress averaging 2.1 Reduced ambient pressure and gap bridging
approach in laser beam welding applications

w Weld flank angle

c Stress A reduced ambient pressure in the welding environment

co.y  Effective stress
Maximum notch stress
Nominal stress
x* Stress gradient

1 Introduction

Gaps present particular challenges for the proper forma-
tion of laser welded joints due to high beam quality and
small focal diameters of modern laser beam sources. In
consequence, the resulting weld geometry is unfavora-
ble with regard to load bearing capacities, e.g., fatigue
strength due to high local stress concentration. Advanced
process strategies such as beam oscillation may be applied
to intentionally broaden the weld width and overcome this
problem [1-3].

Due to increasing efficiencies and the possibility of
using flexible beam guidance systems, the use of solid-
state laser sources is preferred for industrial welding
tasks today. Compared to conventionally used CO,-laser
sources, the use of solid-state lasers results in increased
weld spatter formation during welding. However, this
can be countered by using a reduced ambient pressure
in the process environment. In addition, recent develop-
ments towards precise welding with higher beam quali-
ties and smaller focus diameters place high demands
on the manufacturing accuracy of the components to
be joined. Laser beam welding is usually conducted at
zero gap. However, due to manufacturing tolerances,
gaps cannot always be avoided. Next to the resulting
process instabilities, the weld geometry is affected nega-
tively from gaps. High local stress concentration results
as consequence from sharp geometric notches, which
affects service properties such as ultimate strength and
fatigue life. Effects of weld quality on fatigue life were
studied before and the significance of high-quality welds
for safe operational use of structural components is evi-
dent [4].

This article presents research on laser welding of
16MnCr5 butt welds with and without gap. Specimens
welded at ambient pressure without gap are presented as
reference. Specimens with gap were welded at reduced
ambient pressure for a reduction of weld spatter applying
different gap bridging strategies, focussed, defocussed, and
oscillated beam.
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has two major effects on the welding process during
laser keyhole welding: A change in weld seam forma-
tion and reduced weld spatter formation [5-7]. Concern-
ing the weld seam formation, several researches have
shown that a reduced ambient pressure in the welding
environment leads to narrower weld seams with a higher
welding depth compared to welding at atmospheric pres-
sure [8—11]. This is explained by the change in vapor
pressure temperature of the material depending on the
ambient pressure. At lower ambient pressure the mate-
rial reaches the gaseous phase at lower temperatures
whereas the melting temperature remains unaffected by
the pressure change. Consequently, a lower energy input
is sufficient to vaporize the material and initiate keyhole
welding with increased welding depth. At the same time,
the overall temperature in the molten pool decreases,
causing the formation of a narrower weld seam cross-
section and heat affected zone (HAZ). Additionally, the
ambient pressure affects the flow conditions as well as
the formation of the metal vapor plume. For laser beam
welding at atmospheric pressure, a strong fluctuation of
the metal vapor plume is observed, causing increased
weld spatter formation by impulses on the keyhole rear
wall and melt pool [12—14]. Furthermore, instabilities of
the keyhole can cause the formation of weld spatter [15].
By suppressing the metal vapor plume and changing its
flow conditions as well as the resulting stabilization of
the keyhole, the risk of weld spatter formation decreases
for the welding process at reduced ambient pressure.
It was found, that an ambient pressure of < 10 hPa to a
large extent leads to a suppressing of the characteristic
vapor plume during solid state laser welding.

Welding at reduced ambient pressure shows great ben-
efits in terms of efficiency and weld quality. However,
due to the narrower weld seam formation gaps in the edge
preparation pose a significant challenge. In general, joint
preparation with gaps cause an unevenly absorption of
the laser beam, resulting in an unsteady welding process.
Due to instabilities in the keyhole and missing material
for the joint formation, weld seam defects such as lack
of fusion and undercuts may occur. Studies on the pro-
cess reliability for laser welding of joints with gaps show
significant dependencies on material, sheet thickness,
weld joint geometry, and the process technology used.
Described possibilities for increasing the gap bridging
abilities primarily relate on the use of additional filler
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material [16—-18]. However, the use of filler wire in laser
beam welding requires complex process control and an
elaborate matching of the filler metal to the metallurgy
of the base material. In order to avoid the use of addi-
tional filler material, another approach to improve the gap
bridging properties is to increase the weld seam width [1].
This can be achieved by using a defocused laser beam or
beam oscillation. Focusing on fillet and overlap welding
of thin sheets, Albert et al. and Fixemer et al. used a linear
oscillation in combination with a joint tracking device [19,
20]. By applying a beam oscillation perpendicular to the
welding direction, gaps up to the sheet thickness for steel
and 50% of the sheet thickness for aluminum could be
successfully welded. Vinski et al. reported on using beam
oscillation to compensate for tolerances in weld prepara-
tion on stainless steel tubes by broadening the weld seam
geometry [1]. Previous work by the authors conducted
on butt joints also showed that a beam oscillation during
laser beam welding at reduced ambient pressure leads to
a broadening of the weld seam, thus resulting in enhanced
gap bridging [21].

2.2 Influence of weld quality on fatigue

Weld fatigue is strongly dependent on stress risers such as
axial and angular misalignment, the local weld geometry,
e.g., weld flank angle, undercuts, and weld reinforcement
and inner weld irregularities and flaws, such as pores and
lack of fusion. These features and their magnitudes deter-
mine the weld quality and are summarized in technical
standards [22, 23] regulating communication and require-
ments between structural designers and manufactures of
welded components. The FAT classes of weld details
according to IIW design recommendations for fatigue
loaded structures [24] were related to weld fatigue ear-
lier by Hobbacher and Kassner [25] for arc welds. They
introduced the approach of weld imperfection tolerance
and their classification with regard to weld detail and
type of flaw. Lillemée et al. investigated the effect of dif-
ferent arc welding technologies and their resulting weld
geometries on fatigue of medium and high strength con-
struction steels [26]. They proved a positive effect of base
material strength for high quality welds in the finite life
regime and at high numbers of load cycles. Hesse et al.
investigated fatigue of beam welded steels and correlated
weld geometry to resulting S—N curves, which demon-
strated the potential of high quality beam welds [4]. They
found similar beneficial effects for welds with low local
stress concentration. Stenberg et al. reviewed possibilities
of weld quality inspection in manufacturing of fatigue
loaded welds and highlighted the importance of up-to-
date standards for weld quality with regard to fatigue [27].
The importance of such an realistic quality consideration

was highlighted earlier by Kassner et al. under considera-
tion of manufacturing conditions in the railway industry
[28]. The misalignment and straightening during load-
ing and its effects on resulting fatigue strength of thin
sheets (3 mm and 4 mm) manufactured by various weld-
ing processes was investigated by Fricke et al. [29]. They
proved an S—N curve slope exponent of k=35 being more
suitable for sheets below 5 mm thickness. For thin laser
welds, Liinalampi et al. demonstrated the effects of three-
dimensional undercut geometry for fatigue strength [30].
They derived a correction factor under consideration of
the ratio of weld width and undercut depth.

2.3 2.3. Fatigue strength assessment methods

Various approaches are available for the fatigue assessment
of welded joints and structures [31]. They can be differenti-
ated in approaches that consider the global stress distribution
at the joint such as the nominal or structural stress approach
or the local stress distribution directly at the weld such as
the notch or effective stress approach. In the following, these
approaches are shortly introduced and discussed in terms
of their applicability for the assessment of laser-beam butt
joints welded with and without gap.

2.3.1 Nominal stress approach

In the nominal stress approach, acting nominal stresses are
compared to endurable nominal stresses that are collected
for example in rules and guidelines such as [24]. Since
global stresses are evaluated, the stress raising effects of a
specific joint are not considered directly. Instead, the effect
of the geometry on the fatigue strength is included in a sepa-
rate FAT-class for each weld detail and failure mode, such
as a transverse stiffener or a butt weld with weld toe, respec-
tively, weld root failure.

If the weld geometry of the joint to be assessed differs
significantly from the data that build the basis for the deriva-
tion of the FAT-class, this difference needs to be considered
differently.

2.3.2 Notch stress approach with r,,, = 0.05mm

For the fatigue assessment of welded thin sheets, the notch
stresses approach with a reference radius r,; = 0.05mm is
typically [32—-34] used. Within this approach, the fatigue
critical, sharp notches between two overlapping sheets, are
rounded with this reference radius. The calculation of the
maximum notch stresses is performed by a Finite-Element
model and compared to endurable notch stresses that can
be described by a class FAT630 [34]. From a methodi-
cal point of view, the notch stresses correlate to a stress
intensity factor [32].
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For the assessment of welded joints with failure from the
weld toe, such as fillet welds, the reference radius approach
needs to be modified [35, 36]. Due to larger notch opening
angles at the weld toe radii, lower stress gradients and sub-
sequently lower support effects are present. This leads to a
reduction of FAT-classes and a dependency on the notch
opening angle [37].

The application of the notch stress approach is limited
to joints with a certain, minimum stress concentration. For
welds with a notch opening angle w < 170°, non-conserv-
ative results may occur [37]. This is also the case for welds
with a non-defined toe radius such as for TIG-dressed [38]
or mechanically ground joints.

2.3.3 Effective stress approaches

The effective stress approach based on the stress averaging
approach according to Neuber builds the theoretical basis
for the effective notch stress approach with a reference
radius of r,.; = 1.0mm [39]. Whereas the application of the
radius 7. = 1.0mm is limited down to a sheet thickness of
t > 5mm for weld toe failure and ¢t > 10mm for weld root
failure [37], the use of effective stresses in it’s original use
can still be applied for thin sheets. In contrast to the notch
stress approach with a reference radius of r,,,, = 0.05mm, the
effective stress approach can be used for welds with mild
notches, large radii or distinct undercuts. For this, the real
weld profile must be reflected in the FE-model.

Various different approaches exist to evaluate effective
stresses and subsequently the influence of stress gradients
on the fatigue strength:

¢ In the stress averaging approach [40, 41], the effective
stresses are derived by an averaging of the stresses over
a microstructural length of p*.

»
-/

Ces = — | o(X)dx
ff P 0

e In the critical distance approach [42—44], the effective
stress is taken from a distance a in depth of the notch.

Oorf = O'(.x = a)

e In the stress gradient approach [45, 46], the stress gradi-
ents y* are derived directly at the surface of the notch.

O-max

Ocff = = ——
1+ S x*

with
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All approaches contain a parameter [47] that describes the
influence of the material on the support effects.

For the assessment of welded joints, the stress averaging
approach as well as the critical distance approach lead to
similar results [48]. With a critical distance of a = 0.1lmm
and a microstructural length of p* = 0.4mm, the class
FAT160 can be used for an assessment. It has to be men-
tioned that the parameters and the FAT class should depend
on the material strength resp. hardness. However, a detailed
identification has not yet been performed.

3 Applied methods and specimen
characterization

The specimens used for this investigation were manufac-
tured within two research projects at TU Darmstadt and
TU Braunschweig. TU Darmstadt laser-welded reference
specimens without gap at ambient pressure (plate thickness
4 mm) while TU Braunschweig focused on laser welding gap
bridging strategies at reduced ambient pressure (plate thick-
ness 2 mm). The here presented fatigue strength evaluation
was conducted in close cooperation of the research institutes
and is described in the following.

3.1 Experimental approach

The investigations were carried out using case-hardening
steel 1.7131 (16MnCr5) in the unhardened condition. The
nominal chemical composition is listed in Table 1. The com-
bination of high hardness in the surface layer area (approx.
58-62 HRC) and favorable toughness makes case-harden-
ing steels particularly suitable for the production of highly
stressed transmission components, such as gears and shafts.
Based on a low carbon equivalent (CEV =0.54), case-hard-
ening steels are generally considered conditionally weldable
in the unhardened state.

Prior to sample manufacturing, basic investigations and
process developments for welding at atmospheric (approx.
1000 mbar) and reduced ambient pressure (10 mbar) were
carried out. For reference, specimens in zero-gap configu-
ration were welded at atmospheric pressure. The zero-gap
configuration was ensured by welding bead on plate. Fur-
thermore, samples with gap were welded at reduced ambi-
ent pressure, using three process variations with different
gap bridging abilities according to the parameters given in
Table 2. The experimental setup for welding at reduced
ambient pressure consists of a custom-made vacuum cham-
ber with a volume of 0.25 m>. Within the chamber, an XY-
cross table was used for weld specimen manipulation. The
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Table 1 Nominal chemical . . . . .
composition and mechanical Chemical composition in wt% (according to manufacturer specifications)
parameters of 16MnCr5 Fe C Si Mn P N Cr
Bal 0.14-0.19 <0.40 1.00-1.30 <0.025 <0.035 0.80-1.10
Nominal mechanical parameters, condition of delivery (according to manufacturer specifications)
Yield limit R, , in MPa 350 to 550
Ultimate strength R, in MPa 530 to 680
Elongation A in % 10to 25

laser beam was guided into the vacuum chamber through two
coupling glasses. The laser beam source used for the weld-
ing experiments was a TruDisk 6002 (Trumpf Laser- und
Systemtechnik GmbH) diode-pumped Yb:YAG disk laser
emitting at a wavelength of 1030 nm with a maximum output
power of 6000 W and a beam quality of 8 mm*mrad. The
beam source was operated in continuous wave mode (cw).
For the realization of a beam oscillation superimposed to
the welding direction, a programmable focusing optic PFO
3D-2 (Trumpf Laser- und Systemtechnik GmbH) was used.
The optical configuration in conjunction with an optical fiber
(core diameter of 200 um) for beam guidance resulted in
a spot diameter of the laser beam at the focus position of
368 um. In addition to welding with a stationary laser beam,
a geometrically freely programmable movement of the laser
beam with a maximum deflection speed of 1000 mm/s can
be realized.

To ensure constant gap properties along the weld seam
and to minimize distortion related change in gap width, the
samples with gaps were welded individually. Therefore,
sheets with a width of 50 mm were welded in butt weld
configuration. The additional width of the sample sheets in
conjunction with the final sample geometry for mechanical
testing further ensured, that weld start and stop positions
were located outside the test cross section. The joint gap
was set by inserting feeler gauge tape with a thickness of
0.2 mm at the end faces. The samples were then tack-welded
at the end faces using tungsten inert gas welding. After tack-
ing the specimens, the set gap dimension was checked and
measured using a reflected-light microscope (Stemi2000,
Zeiss). The investigations were based on an acceptance

Table 2 Experimental parameters

range of a maximum deviation of 10% from the nominal
gap dimension.

Laser-welded flat specimens made of 16MnCr5
were investigated under purely axial load. The exter-
nal dimensions of the specimens welded without
gap were 290 mm X40 mm X4 mm and with gap
170 mm X 40 mm X 2 mm, respectively. The geometry of
the specimens is shown together with the testing machine
at TU Darmstadt in Fig. 1. The tests of specimens welded
without gap were performed on a resonance testing
machine with a load ration of R=0 and a frequency of
57 Hz. Fatigue testing of samples with gap was performed
at TU Braunschweig on a servo-hydraulic testing machine
with a maximum dynamic load of + 80 kN at a load ratio
of R=0.1 and a frequency of 20 Hz.

The micrographs and hardness of welds are shown in
Fig. 2. Specimens welded with gap showed distinct under-
cuts (b and ¢) and significantly wider welds (¢ and d).
The hardness of the base metal was in the range of 150
HV1 while the weld itself showed hardness of approxi-
mately 470...490 HV 1, regardless the gap bridging strat-

egy applied.
3.2 Weld geometry characterization

The surface profile measurements from the welded joints
were carried out with the triangulation laser technique (type
Micro-Epsilon optoNCDT1800). Since the welding process
strategy for gap bridging had three different approaches
within this study, the butt joints showed relevant geometri-
cal variation at the weld notches among them (Fig. 3) and

Test series Without gap Gap, focussed

Gap, defocussed Gap, beam oscillation

Joint type Butt weld (full penetration welding)
Plate thickness 4 mm 2 mm
Welding speed 4 m/min 1.0 m/min
Oscillation - .

Focal position -2 mm 0 mm
Laser power 3500 W 850 W
Gap 0 um 200 um

- Line
+8 mm 0 mm
1610 W 1400 W

@ Springer
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Fig.1 Specimen geometry for fatigue testing of laser welded flat specimens made of 16MnCr5 without gap (a) and with gap (b). ¢ Fatigue test-

ing machine in Darmstadt used for specimens without gap

consequently different quality aspects. Based on the macro-
graphs and the graphics, it was possible to observe that the
undercuts on the weld toe side /; were larger than the excess
penetration at the root side 4,, i.e., they can be more fatigue
critical [30, 49]. It was also verified, that the misalignment
m and excess penetration /i, were all included in the clas-
sification B from the specification standard ISO 13919-1
[23]. For the undercuts 4, the quality ranged from C to D for
the focussed beam and B to C for the defocussed and beam
oscillation. All the parameters were in accordance with the
maximum permitted values defined by the norm.

Fig.2 Weld seam cross-sections
of specimens welded without
gap (a) and different gap bridg-
ing properties using focussed
laser beam (b), defocussed laser
beam (c¢), and laser beam oscil-
lation (d) and hardness (e)

()
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Specimens welded with gap and focussed beam showed
relatively narrow welds with parallel fusion lines. The result-
ing weld undercuts /; were relatively large compared to other
test series. Wider welds resulted from defocussing and beam
oscillation which helped to limit the occurring undercuts.
Welding with defocussed beam created a V-shaped weld with
distinct weld root, while the fusion lines of specimens welded
with focussed and oscillated beam were more parallel.

To extend the seam geometry analysis, the ratio between
the weld undercut depth and weld width (k,/w,;) was calcu-
lated. This value describes the shape and quality aspect of the

(b)
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quasi-elliptic notch [30]. The ratios for each process (welded
without gap, welded with gap and focussed beam, defocussed
beam and beam oscillation) are presented in Fig. 4. The range
among them varied from 0.03 to 0.16 for specimens welded
without gap respectively for specimens welded with gap from
0.16 to 0.64 for focussed beam, 0.07 to 0.19 for defocussed
beam, and 0.02 to 0.12 for beam oscillation.

The ratio above mentioned was considered and evalu-
ated in another studies, which confirmed its influence on the
resulted stress notch for flat plates i.e., the deeper the notch
is, compered to the length (sharper), the more the 2D and
3D analysis diverge [30, 49].

In the case of thin plates, there is no clear evidence of
the correspondence between undercut depth and the fatigue
strength [30]. Besides, the low fatigue strength and the scatter
values can also be associated with higher undercut magnitudes
and so higher (h,/w,) ratio. This evidence can be observed in
the S—N graphic presented in Fig. 11, where the results from
specimens welded with gap and focussed beam correspond to
a lower fatigue strength range and a more scatter values, con-
firmed by the higher (/,/w;). The sum of these characteristics,
e.g., higher depth undercuts, led to a narrower cross-section
and consequently rose its nominal stress.

3.3 Residual stress

The residual stress was measured on the surface of fatigue
test coupons by means of X-ray diffraction applying the
sin’¥-method. The measurement was conducted on the
side where fatigue cracks mainly initiated, e.g., the root side
(specimens welded without gap) respectively the top side
(specimens welded with gap). Residual stresses were deter-
mined along a line perpendicular to the weld in the specimen
center, beginning from the weld into the adjacent base metal.
Results for transverse and longitudinal residual stresses are
presented in Fig. 5. The stress component transverse to the
weld acted in fatigue loading direction.

In longitudinal direction all specimens showed tensile
residual stress in the weld metal and the heat affected zone
and compressive residual stress in the base metal. In fatigue
loading direction (transverse to the weld) and at the loca-
tion of fatigue crack generation, e.g., in the weld undercut,
the focussed beam showed compressive residual stress of
~ — 250 MPa which was significantly higher compared to
focussed beam and beam oscillation with ~ — 80 MPa.

3.4 Numerical modeling
3.4.1 Model setup
The creation of the FE models was preceded by detailed

measurements of the weld profile (compare the “Weld geom-
etry characterization” section). These measurements were

obtained on multiple paths similar to M, see Fig. 6. The sur-
face height progression (Y) over the length (X) of the speci-
mens was measured along 10 differing lines spaced over the
width of the specimen (Z). Out of these line-measurements,
the presumed worst-case scan was used for modeling. The
worst case for fatigue life was assumed to be depending on
notch depth and sharpness.

The models were created as 2D models assuming a plane
strain state in the z-direction, thus top and bottom surface con-
tours along M are represented. Elements with quadratic shape
function and a maximum element edge length of 0.02 mm
on the surface were used. Material properties were set to the
Young’s modulus E = 210GPa and the Poisson ratio v = 0.3
assuming linear elastic material behavior. The boundary con-
ditions approximated the real situation in the test rig: The
specimens were modeled at full length between the clamping
jaws of the test rigs (free length 130 mm). The specimens
modeled contained misalignment as determined from laser
profile scanning. At one end, all degrees of freedom were
fixed. At the other end, the displacement in Y-direction was
fixed and the one X-direction was allowed. The rotation was
suppressed. A tensile force was applied in order to achieve a
nominal stress of ¢, = 1MPa in the sheet. The influence of
angular distortion and axial misalignment resulting from the
welding process were considered by using the weld profiles as
the basis for the models. In total 31 specimens were modeled
this way: 13 welds with gap and focused beam, 10 with gap
and defocused beam, 7 with gap and line oscillation, and 1
specimen welded without gap were simulated.

3.4.2 Calculation results

Figure 7 shows the result image of a specimen welded with
focused beam and gap for demonstration purpose. The pic-
ture visualizes the maximum principal stress field in the
vicinity of the weld. A maximum stress of 10 MPa was
reached right at the surface of the notch (marked by loca-
tion B1). Due to the notch effect, the stress decreased quickly
from there into depth direction (path from B1 to B2).
Results for further evaluation were obtained on path
B1-B2 and on A1-A2. B1-B2 was selected as perpendicu-
lar to the surface from the maximum. The path A1-A2 fol-
lows the top surface of the specimen while being offset by
0.1 mm. For the stress averaging approach, the stress gradi-
ent along path B1-B2 was evaluated. Numerical extraction
and evaluation of all values from the surface up to the micro-
structural length p*, resp. critical distance a was performed.
In order to visualize the effective stress by the critical dis-
tance approach along the surface, the stresses along a path
A1-A2 in the depth of a = 0.1mm were additionally evalu-
ated. In Fig. 8 some exemplary evaluations are shown for all
specimen types. A large influence in terms of the evaluated
maximum principal stress was identified between the four
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«Fig.3 Weld seam macrographs and geometric characterization (upper
weld bead undercut h;, upper weld bead width w;, misalignment m,
excess penetration h,, root width w,) for specimens welded without
gap (a) and different gap bridging properties using focussed laser
beam (b), defocussed laser beam (c), and laser beam oscillation (d)

specimen types. Differing from the standard procedure for
the critical distance approach, the maximum results on path
A1-A2 were used — which do in most cases coincide with
the critical distance evaluation on B1-B2. In some cases, the
maximum on path A1-A2 diverges slightly from the maxi-
mum on B1-B2, compare Fig. 8: with gap, focused beam.
Here, path A1-A2 crosses the local minimum at the top of
the graph at approximately 2.86 MPa so the chosen approach
yields a slightly bigger stress with 3.04 MPa.

Because a unit-stress was applied, the numerical values of
stresses translated directly to factors k. for the effective stresses.
Remarkably, the critical distance approach yielded consistently
larger factors k¢, than the stress averaging approach. Exemplary
k.ss-values and their determination are shown in Fig. 8.

k

O
eff:O_LflethanlMPa

n

For most of the specimens, the maximum principal stress
was determined at the top side, as displayed in Fig. 8. Only
two specimens showed the maximum at the bottom side.
Over all specimens, a clear trend was visible: The specimens
without gap had the lowest stress concentration, specimens
welded with gap and focused beam had the highest ones.
Gap bridging by beam oscillation and defocusing fell in
between. This is illustrated in Fig. 9.

As mentioned above, the parameters p* and a theoretically
depend on the material strength. In order to empirically iden-
tify the values leading to a minimum scatter in the fatigue
evaluation, p* and a were varied between Omm and 0.4mm
in steps of 0.01mm. The evaluation shows a clear result,
Fig. 10. For the stress averaging approach, a minimum scat-
ter of 1 : T = 1.53 was achieved for p* = 0.33mm. A scat-
ter of 1 : Ty = 1.58 was determined for a = 0.08mm in the
critical distance approach. These values are quite close to the
values recommended for a fatigue assessment p* = 0.4mm

Fig.4 Shape of the undercut 1 W4 0,8
and parameters utilized for I Wa/2 ¥ 07 l%]ﬁ:‘/izaszk
the ratio h1/w1 calculation for | 1 l 06 ]  Median Line
specimens welded with gap . 0' 5] e Mean
N I 2]
< 031
0,2
* For the specimens from beam 0.1 |:| % o
oscillation, it was considered half 0,0 - . . -

weld width, because of the

and a = 0.1mm. Therefore, the use of recommended values
has been continued in all further evaluations.

4 Fatigue strength investigations
4.1 Fatigue test results

The nominal fatigue test results as well as S—N curves based
on nominal stress evaluations are presented in Fig. 11. The
resulting S-N curves for 50% probability of survival were
determined with a fixed slope of k=5, as recommended
for thin sheets [29, 50]. Specimens welded without gap as
well as welded with gap and defocused respectively oscil-
lated beam showed comparable fatigue strength results of
approximately Ac = 250 MPa at N= 1,000,000 load cycles
until specimen fracture. The specimens welded with gap and
focused beam showed significantly lower fatigue strength
of Ac = 120 MPa at N=500,000 at large scatters. This was
most likely resulting from the weld geometry and present
undercuts of large magnitude. For evaluation of weld geom-
etry effects, local fatigue strength approaches were applied.
It should be noted that the data shown here was not cor-
rected with regard to resulting load bearing cross sections,
e.g., weld undercuts were not considered when calculating
the nominal stress. However, the stress magnification due to
smaller load carrying weld cross sections of individual test
series and specimens did not represent the fatigue strength
reduction appropriately.

4.2 Fatigue strength evaluation by local
approaches

Effective stresses have been derived based on the deter-
mined effective stresses and the endurable nominal
stresses. The results achieved via both local approaches
(critical distance approach and stress averaging approach)
were compared to a class FAT 160. This FAT-Class was
derived for high tensile residual stress and an effective
stress ratio of R=0.5. Residual stress measurements of the

Without Gap Focussed Defocussed Line Osc.

undercut geometry (dashed line).
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Fig.5 Surface residual stress
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welded specimen showed low residual stress, so a fatigue
enhancement factor f(R) should be considered to improve
the assessment. According to Hobbacher [24] a so-called
bonus factor f(R) can be calculated for low residual stresses
to f(R)= —0.4-R+ 1.2. For specimens welded with gap
f(R=0.1)=1.16 and for specimen welded without gap
f(R=0)=1.2 was applicable. By scaling the experimental
data with these factors and kg, all specimen types can be
evaluated with FAT 160. The assessed Ac is calculated
according to the following formula:

Fig. 7 Finite-Element analyses
of a specimen welded with gap
and focussed beam — Maxi-
mum principal stress in weld
proximity; result paths used for
critical distance (A1-A2) and
stress averaging approach (B1-
B2); color on paths not to scale

A: 27
Maximum Principal Stress
9,987 Max
H 8,9278
7,8556
6,7834
58143
4,8452
3,876
2,9069
1,9377
0,9686
-0,00053737 Min
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Assessed S—N curves are presented in Figs. 12 and 13.
The same data points as in Fig. 11 were used, but all stress
ranges were individually scaled on the Y-axis according
to the formula above. As expected, the numerical values
of all stresses increased, moving all data points upwards.
Additionally, the specimens welded with gap and with
focused beam were no longer an outlier of the data sets,
as shown in to Fig. 11. Both approaches yielded conserva-
tive results when evaluated with the FAT 160 design line.
The evaluation according to the critical distance approach
was slightly more conservative compared to the evaluation
according to the stress averaging approach, in which one
of the 42 test results examined lied in the non-conservative

range.
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b) Stress Averaging Approach

Fig.8 Exemplary path results a) Critical Distance Approach
used for critical distance (a) and 35 T T T T
. 3.04

stress averaging (b) approaches. 3.0 1
Only a selection of specimens is 25 ]
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Fig. 9 Box-plots of k¢ of a) Critical Distance Approach b) Stress Averaging Approach
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Scatter 1:Tg

0.2
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Fig. 10 Empirical evaluation for the parameters p* and a leading to
the lowest scatter in the fatigue evaluation

In a statistical evaluation, an S—N curve was derived for
each approach. The determined scatter is a value for the
assessment reliability. In comparison to the nominal stress
approach, the severe differences between weld param-
eter sets were eliminated by the assessment with local
approaches. Thus, a single scatter over all weld groups

that both local approaches can be used to evaluate laser
welds with and without gap successfully. The large scatter
of the specimens within their weldment groups was also
reduced by this evaluation.

5 Discussion and conclusions

Gap bridging in laser welding was successfully conducted
at reduced ambient pressure by welding with focused, defo-
cused beam and by beam oscillation. The weld quality, espe-
cially the weld width and the undercut depth were highly
dependent on the welding strategy applied. The weld quality
according to ISO 13919-1 was evaluated and a clear cor-
relation of weld strategy and weld quality parameters was
proven. It was found that large scatter of local weld geometry
parameters resulted in large scatter of fatigue data conse-
quently. Such large scatter needs to be addressed in design of
such welded components accordingly. Additionally, the ratio
of (h,/w;) was determined and found to correlate with weld
strategies applied. Defocussed beam and beam oscillation
resulted in comparable weld quality parameters, while the
focussed beam showed significantly worse quality param-
eters. The scatter of the derived S-N curves in Figs. 12 and
13 is mainly caused by the large scatter of each test series
welded with gap. Even though a separate FE-model was set

@ Springer



1878 Welding in the World (2022) 66:1867—1881
Fig. 11 Fatigue test data and 600 y
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up for each specimen, the scatter is still quite large. Two
assumptions may explain the scatter: Firstly, the fatigue criti-
cal cross section may not have been modeled, either because
it was not included in the line scans or because the manual
selection process did not identify the worst case scan appro-
priately. Secondly, a 2D-model may not be able to describe
the real stress state. For future research the modeling of the
fatigue critical cross section may be ensured by using a full
3D-surface scan of specimens.

The determined weld quality parameters were found to
correlate with fatigue test results. The data from specimens
welded with gap and focussed beam had shown significantly
lower fatigue strength and large scatter compared to other
test series. These other series showed comparable quality

@ Springer

parameters and similar fatigue strength, regardless whether
the samples were welded with gap or without gap. Accord-
ingly, effects of defect could be described in good approxi-
mation by weld quality parameters applied.

The scatter of fatigue data was significantly reduced by
the application of local fatigue evaluation concepts. The
standard values of p* and a resulted in scatter close to the
minimum scatter identified in the identification process,
Fig. 10. The high hardness did not seem to have an effect
on these parameters. Both applied concepts, stress averag-
ing and critical distance approach, were able to merge the
split fatigue test data of the nominal stress approach into a
single set. This data could be compared to design S-N curve
FAT 160 and k=5, which was well fitting and conservative
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Fig. 13 Fatigue test results 800 = o
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for both approaches. Thus, it has been shown that the butt
welds made from 16MnCr5 could be evaluated conserva-
tively if local stress raising effects were considered in the
calculation model.

6 Summary

Butt welds made from 16MnCr5 were laser welded with
and without gap while different gap bridging strategies
were applied. The weld quality of all test series was exam-
ined based on weld profile measurements and micrographs.
Fatigue testing was conducted and correlation of weld
quality and fatigue test results was observed. All data was
assessed by means of local fatigue strength approaches,
i.e., the critical distance approach and the stress averaging
approach.

It was found that the fatigue strength of welds of vary-
ing quality could be evaluated by FAT 160 if these local
approaches were applied and local weld geometry param-
eters were accounted for.
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