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Abstract

Laser butt-welding of dissimilar heat sensitive materials is one of the most challenging tasks. Significant differences in
melting and transition temperatures are typical and occur frequently. Therefore, accurate control of the temperature profile at
the interface of the weld is essential. In this paper, the influence of the laser parameter power and velocity, as well as laser
spot diameter on the laser process were investigated. It is shown that the beam diameter has a significant impact on the weld
bead formation. Further variation of the type of shielding gas showed an effect on the bead geometry depending on the used
laser spot diameter. Spectroscopic process observations showed a significant impact of the spot diameter and shielding gas on
the energy input and the efficiency of the laser process. A homogeneous damping effect of the laser radiation was obtained by
using the larger fiber diameter accompanied with a higher overall intensity of process radiation.
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1. Introduction

Laser welding of dissimilar materials has received high attention for many applications. Especially the
beneficial combination of lightweight and high strength lead to the intensified research activities. Due to the
precise heat input, laser welding is a promising technology for welding heat sensitive and dissimilar materials.

High quality joints of heat sensitive materials requires defined temperature control at the interface of the
welding partners. Unfavorable temperature profiles in dissimilar butt-joints increase the probability of the
formation of harmful intermetallic phases or incomplete bonding of the welding partners [1]-[5].

Due to the material specific bulking temperatures, the weld seam border as well as the heat-affected zone (HAZ)
correlate with specific temperatures. Variations of the weld seam shapes lead to changes of the temperature
profile at the weld interface in the butt-welding configuration. Several researchers investigated the influence of
laser parameters like laser power, welding velocity, focal beam position, laser spot diameter etc. on the process
stability and the weld bead formation [6]-[10]. Beside the experimental work, manifold papers deal with
multidimensional simulations of fluid flow mechanisms inside the melt bath in laser welding processes. By
analyzing the mechanism of Marangoni convection, the authors elucidate the impact of the laser conditions on
the bead formation [11]-[18]. Therefore, the investigations pointed out that the Marangoni convection is
depended on the oxides on the surface of the liquid melt bath. Admission of different shielding gases influences
the oxidation reactions and the final weld seam shape. In addition, shielding gas also affects the formation and
the size of the induced plume above the keyhole. Spectroscopic analysis of the emitted process radiation showed
the impact of shielding gas on the formation of the plume and the stability of the laser welding process [7], [19]-
[22].

The aim of this work is to enlighten the dependency of the weld seam shape and the metal plume behavior on the
laser parameter power, welding velocity, spot diameter and the interaction of shielding gas with the laser
radiation and the melt bath in butt welding processes. Therefore, the presented work provides the missing link
between weld bead formation and metal plume behavior. This paper is structured as follows. In chapter 2 the
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experimental set up is outlined. Chapter 3 shows the results and the discussion. The paper finally ends with a
conclusion and a scientific outlook.

2. Experimental set up

The welding experiments have been carried out by using the Yd:YAG disk laser TruDisk 2000 from company
TRUMPF. This laser source emits laser radiation with a wavelength of 1030 nm £10 nm. A scanner optic (PFO
20-2 from TRUMPF) was connected with the laser by a dual core fiber. This dual core fiber had an inner core
diameter of 50 um, while the outer diameter was 200 um. The scanner optic was equipped with a focal distance
of 160 mm. In addition with the back focal length of the collimator of 90 mm, the laser beam had a diameter of
89 um for the 50 um-fiber and a diameter of 356 um in case of the 200 um-fiber in the focus point. Beside the
two different beam diameter, the fiber diameter also results two different Rayleigh-Lengths. For the 50 um fiber
diameter and with the current collimator, a Rayleigh-Length of 1.171 mm occurred. The 200 pm fiber diameter
was accompanied with a Rayleigh-Length of 4.682 mm. The focal spot was vertically set in the middle of the
sheet metal and remained in this position during the entire experiments.

Three different energy per unit length values have been defined for the welding experiments (E=25 J/mm,
E=35 J/mm and E=45 J/mm). In respect to these values, power and welding speed have been changed in three
combinations to fulfill these ratios. For welds with 25 J/mm, the power was set to 1500 W and the welding speed
to 60 mm/s. A power of 1400 W and a welding speed of 40 mm/s were given for E=35 J/mm. Finally, for
E=45 J/mm a power of 900 W and a velocity of 20 mm/s was used.

All welds have been carried out as a bead-on-plate-weld in carbon steel sheets of the grade SAE 6135. The
samples had a size of 45x35x1.12 mm. Due to the high energy density on top of the steel sheet, a deep
penetration welding process was given. Therefore, the laser beam penetrated the steel sheet completely. Because
of the full penetration, 2 shielding gas nozzles have been positioned on both sides of the sample (figure 1).
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Figure 1. Experimental set up

Argon (99.996 % purity), Helium (99.996 % purity) and CO, (99.995 % purity) were used to identify the
influence of the type of shielding gas on the welding process. For a sufficient gas supply, the flow rate was set to
21 I/min and kept constant for all experiments. The formation and the behavior of the laser induced metal plume
above the keyhole were observed with the spectroscope HR2000+ from company OCEAN-OPTICS. By doing
so, the emitted process radiation was focused by a converting lens and coupled into an optical fiber, which
guided the light into the spectroscope. The lens was positioned in a distance of 200 mm to focal point of the laser
beam on the surface of the steel sheet and oppositional to the welding direction. To avoid an overload signal, the
integration time of the spectroscope was set to 1 ms and two neutral density filter (ND-filter) were mounted
behind the lens. While the process radiation generated with the 356 um laser spot had a significant higher
intensity, a ND-filter with 5 % and a filter with 10 % permeability were positioned in a row. In case of welds
performed with the 89 um beam diameter, the 5 % ND-filter was sufficient to avoid the overload. Protection of
the spectroscope against the high intense laser radiation was realized by using a short pass filter (cut-off
wavelength 750 nm) for both fibers. The transmission behavior of this filter was nearly 100 % in the range of
380-740 nm.

Conventional spectroscopic process observation uses the light intensity as quality criteria. By doing so, the
result strongly depends on the properties of the optical components and the record parameter (e.g. integration
time). To avoid this not reproducible influence on the result, the radiation density was used to classify the
spectroscopic results. It is calculated based on the following equation:
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In this equation, | represents the measured intensity at a particular wavelength, h the Planck constant, D the
damping factor of the optical components, c the speed of light, t;, the adjusted integration time, Accp the size of
the CCD sensor (5.734 mm?) and 1 the wavelength. The resulting radiation density L has the unit power per area.
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Figure 2. Cross-sections of weld without shielding gas

For the weld seam examination, the welded samples were cut, embedded in a thermoplastic resin, grinded and
polished. After the etching with Nital etchant (3 % nitric acid on alcohol base), the microstructure was observed
under an optical microscope.

3. Results
3.1 Welding with the beam diameter of 89 um

Cross-sections of the different weld seams performed without shielding gas are shown in figure 2. Welds
produced with E=25 J/mm and the 50 um- fiber show nearly an I-shape weld bead. An decrease of the welding
speed and in addition, an increase in the energy up to 35 JJmm generates an intermediate weld bead shape, which
represents a transition of an I-shaped and a X-shaped seam geometry. An ongoing reduction of the welding
speed leads to a higher energy and a X-shaped bead profile. The narrowest point of the X is located in the middle
of the steel sheet. This correlates with the vertical focal position of the laser beam, which was also positioned in
the middle of the sample. However, the significant higher energy density of the 89 um laser spot causes a minor
impact to the bead profile. The same reduced influence can be observed on the process radiation. Increase of the
energy values cause a moderate intensification of the process radiation. Only the process radiation measured for
welds performed with E=35 J/mm show a slight increased radiation density. Because of the high energy density
of the laser beam, the defocusing influence of the metal plume as a function of different power and velocity
ratios is less critical (figure 3). However, the type of shielding has a more significant impact on the bead shape
and the process radiation.
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Admission of argon reduces the weld seam width. The resulting bead shape shows a X-shaped geometry. A
change of the type of shielding gas from argon to CO, and helium results a low influence on the bead formation
(figure 4). However, the different shielding gases cause a distinct difference on the surface morphology of the
weld seam. Spatter and an inhomogeneous width occurs when welding without any shielding gas. Argon
stabilizes the melt flow and generates a smooth surface. Due to the interaction of the oxygen of the CO, gas with
the liquid melt bath, the seam surface shows clear oxidation products. A homogenous seam surface was obtained
with helium potentially as shielding gas. In addition, helium enhances the process stability. Due to the higher
heat conductivity, helium cools the metal bath and the metal plume. This leads to a modified melt bath
convection and stabilizes the process by reducing the plume temperature and therefore the interaction of laser
radiation with the metal gas. In comparison to the welds without shielding gas, CO, and Argon reduce the
process stability and intensify the process radiation. This can be explained by the flow behaviors and interaction
of the metal plume with the shielding gas. Argon and CO, have a higher specific mass compared to the air, while
helium has a lower one. This difference in the density leads to unequal flow properties. The low amount of metal
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Figure 4. Cross-sections and surfaces of welds with E=45 J/mm

plume interferes with the gas and intensifies the process radiation. However, this increase in the radiation density
is quite low compared to the results obtained with the 356 um beam diameter.

3.2 Welding with the beam diameter of 356 pm

In contrast, the seam shapes generated with the 200 um-fiber show a distinct development in the geometries.
Due to the significant lower energy density of laser spot with the 356 pm beam diameter, variations of the
energy per unit length values affect the bead shape. Low energy leads to X-shaped weld seams, while lower
welding speed and higher energy causes a wide I-shaped profile. Furthermore, the type of shielding as also
affects the Marangoni convection and the surface morphology of the weld seam.

As [22] showed, argon potentially interacts with the laser radiation. This interaction leads to defocusing beam
caustic and a reduction of the energy in the laser spot. The changed heat input affects the fluid low in the melt
bath and finally the bead formation. A X/Y-shaped bead shape is the consequence, where a wide upper width
and a narrow lower seam width can be measured. However, a smooth seam surface occur. The radiation density
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Figure 5. Radiation densities with 356 pm beam diameter
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of the emitted process glow is significantly increased by using argon as shielding gas. In contrast, CO, reduces
the process radiation. In the cross-section, the bead has a predominant V-shaped profile. Comparable to the
previous welds, oxidation products are located on the weld seam surface. The lowest process radiation was
obtained by using helium. Similar to the welds performed with the smaller beam diameter, a smooth and
homogenous seam surface can be achieved with helium. The cooling effect of helium reduces the process
radiation and allows a higher energy supply into the keyhole. A wide X-shaped seam geometry is the result.

4. Conclusion

Application of different beam diameters impacts the bead geometry and the process stability. With the same
optic, the beam caustic changes under different fiber diameters. An enlarged Rayleigh-Length and spot diameter
is the consequence for increased fiber diameters. Therefore, smaller fiber diameters cerate higher energy
densities in the focal point. This high energy density leads to narrow weld seams as well as to a less critical
damping effect of the laser radiation caused by the initialized metal plume. High welding speed promotes the
formation of I-shaped weld seam. The resulting vertical seam boundaries are favorable for welding heat sensitive
material. The resulting homogenous vertical temperature profile along the phase transition area liquid / solid
allows to obtain defined temperatures at the interface of a butt-welded joint. Lower welding speed leads to X-
shaped weld seams, which hinders to ensure a defined temperature profile at the interface with a complete
bonding of both welding partners. Shielding gas shows a limited effect to the bead shape. However, helium
stabilizes the process by cooling the melt bath and the metal plume. A smooth and homogenous seam surface can
be generated.

The same influence of helium on the process stability and the weld surface can be observed for a larger beam
diameter. A smooth surface, accompanied with low process radiation is achieved by using helium as shielding
gas. Due to the lower energy density in the laser spot, the type of shielding gas affects the bead profile
significantly. While argon promotes X/Y -shaped weld seams, CO, causes V-shaped bead profiles. In addition,
the interaction of laser beam and metal plume can be reduced by using CO, shielding gas. Due to the low
interaction of helium with the laser radiation, the seam geometry shows a X-shaped appearance. Welds without
shielding gas enable wide I-shaped seams. However, welds performed without shielding gas and higher welding
speeds lead to X-shaped beads. An I-shaped bead profile only can be produced with higher energy densities and
without shielding gas. Unfortunately, these welding conditions are associated with high process radiation and,
due to the large seam volume, with slow cooling speeds. Especially for dissimilar material combination of heat
sensitive materials, this leads to multiple problems (thermal stresses, distortion, formation of intermetallic
phases, etc.). Therefore, these materials should be welded with high laser spot energy densities (small fiber),
high welding speed and helium as shielding gas. By doing so, a stable process with a defined temperature profile
at the interface can be achieved. Future research activities will focus on the detailed understanding of the
interaction mechanisms between shielding gas and the liquid melt bath as well as on the fluid dynamics of the
gas. For understanding the complex interaction mechanism, CFD-simulations are needed. Based on the deep
understanding, purposeful manipulation of the bead shape should be possible. With the following control of the
temperatures at the interface and the heat input, multiple dissimilar heat sensitive materials can be welded in a
butt-joint configuration by means of laser welding.
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