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Abstract

Brilliant laser beam sources in connection with a high frequent beam oscillation make it now possible to join metallic material
combinations, which have been conventionally non-laser weldable up to now. It concerns especially such combinations like Al-
Cu, where brittle intermetallic phases occur. Extreme small weld seam with high aspect ratio leads to very short meld pool life
time. These allow an extensive reduction of the heat input. On the other side the melting behavior at metallic mixed joint, seam
geometry, meld pool turbulence and solidification behavior can be influenced by a high frequent time-, position- and power-
controlled laser beam oscillation.
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1. Introduction

1.1. State of the Art

Welding of different metallic materials regardless of the procedure is a very interesting topic in research and
practice. A review of metallurgical and manufacturing bases, including several embodiments for welding of material
combinations are among others as a German-language reference work [1]. Phase diagrams give information of
occurring phase transitions, thermodynamic balances and possible diffusion processes and are necessary tools for
assessment of welded joints of dissimilar materials. Welding defects and different types of cracking such as hot
cracking, cold cracking, shrinkage cracks, relaxation cracks, hydrogen induced cracks and disbonding can be
explained in this context.
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Electron beam welding of material combinations

In the past electron beam welding was the state of the art for beam welding technology, which allows on one side
producing welds with extreme narrow seam, nearly parallel fusion face, short melt pool life time and very low line
energy. On the other side for electron beam welding varying the spot size and meld pool geometry by beam
oscillation is state of the art, too. Regarding the possibilities for welding of dissimilar materials, this technology has
been extensively studied and documented in the 1960’s [2]. The principal technical advantages of electron beam
welding for joining dissimilar materials are among others [3]:

e cxactly controllable energy input, high focusing ability and high positioning accuracy for monitoring the
resolution of the involved material components

e low heat input to reduce residual welding stress and distortion and

e advantages of high-purity environment and the reduced heat dissipation, especially in materials with high thermal
conductivity such as copper.

Procedural technical limitations in electron beam welding of different metal materials are e. g. the beam deflection
caused by asymmetric electrostatic or electromagnetic fields. Basic scientific studies to the electron beam welding of
dissimilar joints of the ISF-Aachen are concerned with the welding material combinations such as steel-aluminum,
copper-tungsten, steel-molybdenum and steel-tungsten [4]. Distribution of heat and energy application were
specifically changed with the help of several rays, and varying the modulation shape and frequency, in order to
achieve material adapted temperature fields, to influence of diffusion and distribution of stress in the weld seam.

Laser beam welding of material combinations

Now solid state laser beam sources with 3...10 fold optical efficiency compared to conventional laser beam
source and brilliant beam quality (M? ~1.1) available. A spot size of 0.015 to 0.05 mm allows laser beam welding
with significant lower line energy. The challenges for laser beam welding with new brilliant laser beam sources
compared to electron beam welding are technologies and welding heads for welding with high frequent beam
oscillation. Further research is needed for laser beam welding of dissimilar metals to get results similar to electron
beam welding [6, 7]

The research on laser beam welding of dissimilar materials in the area of macro-materials processing primarily
focuses technologies and welding heads on potential applications in the automotive and aerospace industry for thin
sheet applications. A high potential for application of laser beam welding is shown, for example, for the material
combinations steel-aluminum and aluminum-titanium. With appropriate process control and the typical laser deep
welding effect, it is possible to form only a minimum intermetallic phase hem and thus achieve good mechanical
properties of the joint. The reduced heat input of pulsed Nd:YAG laser sources compared to cw-lasers shows
advantages when welding the material combination titanium-austenitic steel [8]. Currently only laser roll cladded
steel-aluminum transition joints are industrially used. By this technology the formation of intermetallic phases is
largely suppressed [9]. Laser beam welding of iron-based mixed compounds is industrially used for different steels
and cast iron, especially in the automotive powertrain.

Beam oscillation

An influence of the temperature field during welding can be useful for crack-sensitive materials. Beam oscillation
and power modulation allows the influence of the temperature field at the electron beam welding [8, 9]. For the
modulation of capillary geometry oscillation frequencies up to 2 kHz and oscillation amplitudes of up to 2 mm are
generally used [10]. Similar approaches to the high-frequency 1D-oscillation are pursued at the laser beam welding
for improved process stability [11]. First investigations of the 2D-oscillation at the laser beam welding with fiber
lasers and modulation frequencies up to 1.5 kHz system showed the technical feasibility [12].
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1.2. Objectives and Approaches

The overall objective is to develop an easy-to-handle integrated laser tool for solid state lasers with high beam
quality. In first studies, the process and system engineering requirements for quality—oriented and effective laser
welding of dissimilar materials was investigated by using a prototype. Commercially important material
combinations were selected, which are yet not conventionally weldable or are restricted as to weld. The objective
regarding the process technology is to be achieved by utilizing the extremely good focusing ability of the laser
beam. Brilliant fiber lasers enable extremely narrow welds with very high depth to width ratios at extremely short
lifetime of the melt pool. They also offer the possibility of a flexible material-optimized, high frequency temporal
and spatial beam manipulation and power modulation. Using these properties of brilliant fiber lasers, the process
parameters such as degree of mixing, turbulence of melt pool, the melting of the two parts, the heat input, the seam
geometry and the solidification sequence should be controlled so that current welding limits can be overcome. The
weldability is limited both by the formation of coarse brittle intermetallic phases and the formation of hot and cold
cracks. Very different thermophysical properties of the joining partners such as melting temperature, thermal
conductivity and thermal expansion coefficient also may restrict the weldability.

2. Technical System Development

The objective regarding the system development was to design and test a welding head with a control system,
implemented in the laser beam source. This welding head should have an integrated high dynamic seam finding
system, a high frequency 2D scanning and a highly accurate beam positioning unit. The requirements of the welding
head are to generate reproducible even at usual component tolerances the locally required degree of mixing. Also the
shape of melt pool and weld seam should be varied by a high frequency motion with keyhole simultaneously
superimposed sweeps.

The first step of the investigation for laser beam welding of dissimilar materials with high-frequency beam
oscillation was to develop a prototype system called “lasertronic® SAO-fast 1.0x (1D)” and corresponding software
for controlling the scanner and the power modulation (Figure 1). Using a multi-kW-single-mode-fiber-laser and with
respect to a desired image scale of 1:1, collimation and focusing each with a focal length of 200 mm was designed.
Adjustments are possible due to the modular design. The galvanometer scanner is used for the high-frequency beam
oscillation. The complete system includes an integrated mirror and optical cooling; hence the thermal design allows
appropriate laser sources with a power of 5 kW (Figure 1).
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Figure 1: Prototype system for high-frequency beam Figure 2: Software for scanner- and laser power control
oscillation“lasertronic®SAO-fast 1.0x (1D)” adapted on application
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The control of the scanner and the laser beam source was performed with software which can be adapted to the
specific application and the use of RTCS controller from scanner made by Scanlab. This software, developed at the
Fraunhofer IWS Dresden, is characterized by the following features (Figure 2):

e freely programmable scan-frequencies up to 2.5 kHz with power modulation or

freely programmable scan-frequencies up to 5 kHz without power modulation,

automatic adjustment of required and actual positions of the desired scan amplitude,

variable adjustment of laser power profiles,

visualization of the measured signals of required and actual values of scanner position and laser power.

For the welding and system test trials a 2 kW single mode fiber laser FL020 by ROFIN SINAR with a 20 um
core fiber diameter was used. The laser is a diode-pumped Ytterbium single-mode fiber laser with a maximum
output power of 2 kW and a beam parameter product of < 0.4 mm x mrad. A measurement of the respective
intensity profiles was performed exemplary at a predetermined scan width of 1.0 mm and a scanning frequency of
1.5 kHz without and with laser power modulation (Figure 3).

System test trials (scanning width 1 mm / frequency 1.5 kHz)
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Figure 3: Influence of high frequent beam oscillation with power modulation on weld seam geometry at bead-on-plate welds

The higher local impact time of the laser beam at the turning points of the scanning movement leads to local
intensity peaks. This property is illustrated by the measured intensity profiles (Figure 3 b). A position-dependent
reduction of laser power in this area and the adjustment of laser power in the zero position allows the generation of a
uniform intensity profiles (Figure 3 f). This is possible up to a scanning frequency of 2.5 kHz. Figure 3 ¢, d, g, h
shows welding of structure steel S355 and the aluminum alloy AIMg3 respectively. The flanks of the weld seams
have the aspired parallel form and a homogenous weld depth over the whole seam width (Figure 3 g, h). The laser
welding system described above is also used for welding of the following material combinations and with respect to
possible applications:

e aluminum (A199.5) — copper (Cu99.50F) for electrically conductible joints, joints for heat sinks, a. s. o.
e stainless steel (1.4301) — copper (Cu99.50F) for heat exchanger, vacuum apparatus
e aluminum (5052) — magnesium (AZ31) for automotive or acrospace applications.
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A broad industrial applicability needs an easy-to-handle integrated system and parameter data base (see Figure 4).
The system (integrated laser tool) and process development during the WELDIMA-project shows first results.
Further development steps for evaluation of the system for industrial applications are in progress [7]. The
possibilities for the influencing of the welding process will be extended with the availability of the integrated laser
tool. This concerns the more reproducible and more precise positioning of the laser beam in relation to the joint by
means of high-resolution weld seam sensor system. It is also expected that due to high-frequency 2D beam
oscillation, the influence at the mixing ratio and at the element-distribution in the melting zone will be increased.
First welding trials with the new integrated laser tool confirm an advanced weldability of dissimilar materials.

Technical data:
e Fiber laser ROFIN SINAR FL020 S

— diode-pumped Ytterbium single-mode fiber laser

— maximum output power 2000 W

— beam parameter product < 0.4 mm x mrad

— fiber core diameter 20 pm

— integrated Controller for 2D Scanner

e 2D scan system SCANLAB inteliSCAN® 20 FC

— High-dynamic 2D beam oscillation and position
control > 2 kHz

— wavelengths 1030 nm — 1090 nm

— focussing focal length 245 mm

— collimation focal length 140 mm

— tolerable laser power 4000 W (single mode)

— scan field: 10 x 10 mm’
(high dynamic range: 1.5 x 1.5 mm®)

e optical weld seam tracking system FALLDORF

— custom lighting

— image analysis in real time

— high resolution and short processing time
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Figure 4: Integrated laser tool, developed in the WELDIMA-project

3. Results and Discussion: Laser beam welding of dissimilar materials with high frequency beam oscillation
on the example Al-Cu

Dissimilar joints between copper and aluminum are interesting for a variety of applications in the field of
electrical engineering and electronic as a replacement for mechanically joined connections. An improvement is
expected in the first place in terms of electrical conductivity and heat transfer. The material combination of
aluminum/copper is usually not weldable. This is caused by the occurrence of very brittle intermetallic phases which
have only a poor ductility. The suppression of the formation of intermetallic phases to a large extent improves the
chance of the weldability of such conventionally not weldable metal material combinations. By using a high-
frequency beam oscillation and lateral beam displacement it has been attempted to influence the formation of
intermetallic phases by varying the mixing ratio in the weld. At first, investigations were performed on Al/Cu
overlap joints to determine the degree of mixing for different parameters of beam oscillation (Figure 5). Furthermore
butt joints of Al/Cu have been welded, which were investigated in tensile tests concerning their static strength
(Figure 6). After optimization, the following parameters were used for the welding trials:

e laser power: 2000 W

o welding speed: 4000 mm/min

e scan frequency: 2500 Hz

e scan width (butt joint): 0.4 mm

e scan width (overlap joint): 0.7 mm /0.9 mm
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without Scanning Scan width = 0.7 mm Scan width = 0.9 mm without Scanning Scan width = 0.4 mm Scan width = 0.4 mm
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Figure 5: mixing ratio for different parameters of beam oscillation for Al/Cu overlap joints (a) and for butt joints of Al/Cu (b)

EDX color spectral images were performed in a SEM to visualize the distribution of elements in the melting zone
of overlap joints (Figure 5, a). In this case, a 20-fold split color scale (copper = blue, aluminum = red) is used. A
color change occurs when the local mixture ratio changed by 5 at%. The recordings show that without scanning an
adequate mixture into the weld zone is not achieved. The recordings also show that using high-frequency beam
oscillation and increased scan width can produce welds with homogeneous mixed melt zone, however with
increased porosity. The butt joints were welded with high frequency scanning with a scan width up to 0.4 mm as
well as without scanning. Additionally, the relative position of the weld seam to the joint was varied in defined steps
in a lateral direction for both materials. Since aluminum has a lower yield strength compared to copper, welding
residual stress can be better absorbed. This leads to a drastically reduced cracking during the cooling of the melt and
a higher static strength can be achieved.

Geometrie of the welding trials
Copper +Aluminum sheet: 80 x 50 x 1 mm
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Figure 6: Static strength of laser beam welded Al/Cu-butt joints depending on scan width and depending on a lateral beam displacement relative
on the gap
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With increasing lateral beam displacement in the direction of the copper material, the welding process behaves
more anxious, which leads to a correspondingly irregular formation of final pass and weld root. The maximum static
strength of the welded dissimilar joints was achieved with a minimum of copper in the melting zone. The lowest
mixture ratio of Cu/Al with 5:95 at% was measured without scanning and a lateral beam displacement from 0.1 mm
in aluminum (Figure 5, b). The highest strength of approximately 80 % of the base material level of aluminum was
measured in tensile test for welding samples with these parameters. The location of failure in the tensile test was
always in the area of the intermetallic phase hem. For central welding position and lateral beam displacement in
direction of aluminum, the location of the intermetallic phase hem can be observed at the fusion line on the side of
the copper material and springs with increasing lateral beam displacement in the direction of copper, to this material
side.

The welding without scanning of dissimilar materials with brilliant beam sources, in accordance with the
conditions of the industry, can not be realized for usual component tolerances due to the very small spot diameter <
40 microns. The high-frequency beam oscillation ensures sheet edge engagement also for very small spot diameter
and allows a reproducibly welding. The welding results with the 1D prototype system show, that the static strength
of approximately 80 % of the base material level of aluminum can be achieved in principle. In the tensile test
measured fluctuations in strength can be explained by the limited possibilities of 1D beam oscillation with respect to
the influence of mixing ratio and element-distribution in the melting zone as well as problems with the precise laser
positioning.
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Figure 7: Influence of high frequent beam oscillation with power modulation of weld seam geometry at bead-on-plate welds

In detailed electron microscopically investigations were proven, that the crack starts at the small intermetallic
phase hem at the fusion line at the Cu side. Figure 7 shows the aluminum-rich side of the phase diagram Al-Cu.
Aluminum solid solution (o) and the intermetallic phase Al,Cu (9 ) occur as solid phases. The phase diagram Al-Cu
shows a decreasing solubility of aluminium solid solutions on copper with dropping temperatures. With heating
above 660 °C all copper atoms in the aluminum solid solution are dissolved. During the cooling process after
welding, the brittle intermetallic phase Al,Cu will be precipitated, according to the phase diagram, after falling
below the solubility line. In the border range of the weld the brittle intermetallic phase Al,Cu is extreme fine
disperse embedded in the ductile Al-matrix (see Figure 7 eutectoid range of binary phase diagram), followed by
ductile Al with eutectoid phase mixture.
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The static strength of approximately 80 % of the base material level of aluminum is to achieve, when the
intermetallic phase hem is located at the fusion line on the copper side, at a thickness lower than 5...10 pm. For this
conventionally non-fusion weldable material combination, normally the strength level of fusion-welded Al-Cu is
quite low or failed brittle after welding. The metallographical results also show that regardless of positioning the
laser beam to the joint, the formation of small pores could not be suppressed.

4. Conclusions

For the material combination Al-Cu crack-free welds were achieved (Figure 5). The static tensile strength of laser
welded material combination is at the same level like the weakest material A199.5. Tensile tests show, that the laser
welded Al-Cu joints failed directly at the fusion zone on the copper side. At the overlap configuration for laser beam
welding of Al-Cu, the element distribution in the weld zone strongly depends on the scanning parameter like shown
in figure 5. In both cases, brilliant fiber laser and the use of high speed scanning head with power modulation offers
possibilities for crack free welding of dissimilar metals comparable to the electron beam. Examples for different
combinations of conventionally non-weldable dissimilar metal combination are given [7].
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