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Abstract

For joining lightweight frame structures, two welding methods are within the focus of the Transregional Collaborative Research
Centre SFB/TR 10. The first one is the friction stir welding (FSW) and the second one is the bifocal hybrid laser welding (BHLW).
To compare the properties of joints manufactured using these techniques with tungsten inert-gas welding (TIG), representing a
conventional joining method, a benchmark was performed. This benchmark includes a comparison of the microstructure, the pore
distribution, the microhardness and the mechanical behavior at quasi-static and high-speed tensile loading. The results reveal that

the BHLW and the FSW processes outperform the TIG process regarding the mechanical properties of the joints produced.
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1. Introduction

Currently the weight reduction of motor vehicle body
components is mostly reached by using lightweight
materials like aluminum and thin-walled structures.
Therefore, joining technologies are demanded which can
produce joints of high strength for the manufacturing of
lightweight frame structures. Inside the Collaborative
Research Center SFB/TR10 “Integration of forming,
cutting and joining for the flexible production of light-
weight space frame structures”, one focus lies on two
joining technologies to achieve this aim. The first one is
the friction stir welding (FSW), a solid state joining
technique. Advantages here are low residual stress and
distortion, a reduced amount of defects like cracks and
pores and the ability to join hardy weldable materials
[1]. The second technology is the bifocal hybrid laser
welding (BHLW). The combination of a Nd:Y AG-laser
and a high power diode laser allows a high welding
speed [2] with a low pore density and a small heat im-
pact.

In the present work, a comparison between these two
relatively novel techniques with a long established one,

the tungsten inert-gas welding (TIG), will show their
advantages. The used material, EN AW-6082 T6, makes
high claims to these techniques due to the problems of
pore formation and hot cracks [3]. Another problem is
the loss of hardness and strength caused by the micro-
structural instability in the heat affected zone (HAZ) [4].

2. Material and experimental procedure
2.1. Material and welding processes

The base material were rolled, 2 mm thick sheets of
EN AW-6082 (AlSiMgl) in the state T6 which means,
they were solution-annealed, water quenched and artifi-
cially aged. For this work, these sheets were butt welded
with different methods. The chemical composition is
shown in Tab. 1.

The joining processes FSW [5] and BHLW [6] were
performed at the Institute for Machine Tools and Indus-
trial Management of Technical University of Munich
(Germany). The parameters used for FSW were a weld-
ing speed of 400 mm/min and a pin rotation speed of
1500 rpm. The pin features an average diameter of
2 mm, the shoulder diameter was 13 mm at a pitch of 2°.
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Table 1. Chemical composition of EN AW-6082 [8] and EN AL-4047 A [9]

Si Fe Cu Mn Mg Cr Ni Zn others Ti  Rest
unit % % % % % % % % % % %
EN AW-6082 0.7-1,3 0.5 0.1 0.4-1.0 0.6-1.2 0.25 - 0.2 0.15 0.1 AL
EN AL-4047A 11.0-13.0 0.6 0.3 0.15 0.1 - - 0.2 0.15 015 AL

To reduce porosity content in the BHLW weld seam, the
edges of the sheets were cleaned with a scraper and
polishing fleece before joining [7].

The Nd:YAG-laser power was set to 3 kW, the HPDL
power to 4.1 kW. The used welding speed (v,,) was 3.75
m/min and the filler wire of EN AL-4047A (AlSil2)
with a diameter of 1 mm had a speed (vs,) of
4.13 mm/min. The alloy composite of the filler wire is
given in Tab. 1. The TIG welds with the same filler were
performed by a certified welding operator.

2.2. X-ray micro-computed tomography

In order to get information about the pore density and
their distribution as well as the presence of hot cracks,
3D CT-scans were performed. An Yxlon-CT precision
computed tomograph with an open micro-focus X-ray
transmission tube with tungsten target and a flat panel
detector with 2048x2048 pixels from Perkin Elmer®
was used for imaging. Each scan consists of 2010 pro-
jections during a 360° rotation along the vertical axis
(i.e. one projection every 0.18°) with an integration time
of 700 ms. The accelerating voltage was set to 140 kV
and the accelerating current to 0.06 mA. With Avizo®
Fire from VSG and ImagelJ, a segmentation of pores and
solid material was possible. This allows the determina-
tion of the volume fraction of pores in the fusion zone.

Fig. 1. Sample geometries of the quasi-static (top) and the high-speed
(bottom) tensile tests (unit: mm)

2.3. Microstructural studies and hardness measurement

A sample of each welding process was extracted in
order to determine the weld seam geometry as well as
the microstructure inside the weld seam and in the HAZ.
These samples were anodically etched with Barker's
reagent [10] and observed by an light optical microscope
(LOM) from Carl Zeiss using polarized light.

Information about changes of the heat treatment
through the welding processes was obtained by determi-
nation of micro hardness profiles perpendicular to the
welding direction with a Qness Q10A+. Therefore,
Vickers HV 0.2 indentations with a distance of 0.5 mm
were set until the origin hardness of the base material
(116-118 HV 0.2) was reached.

2.4. Mechanical tests

In order to determine the quasi-static tensile proper-
ties of the welds, specimens were taken from every pro-
cess with geometry according to DIN EN ISO 4136 [11]
(Fig. 1. top). In each case the weld seam was located in
the middle of the sample’s measuring section and per-
pendicular to the test direction. These tests were carried
out in a 200 kN Zwick Roell machine with a strain rate
(€) 0of 0.005 1/s.

Furthermore high-speed tensile tests with a strain rate
(€) of 200 1/s were carried out in an Amsler HTM 5020
Zwick Roell machine. The weld seam is located in the
middle of the sample’s measuring section which is ana-
logue to the quasi-static tensile tests. Fig. 1. bottom
gives the geometry of these sarmples.

3. Results
3.1. Pore distribution and cracks

As expected, in the whole volume of the FSW weld
seam, no pores or cracks can be found (Fig. 2. top).

The highest pore density with 0.83 % of the fusion
zone volume can be found in the BHLW weld seam
which contains two types of pores. There are a few larg-
er ones close to the upper surface with a volume up to
0.00652 mm’® and some smaller ones, mostly near the
lower surface (Fig. 2. middle). These pores might result
from entrapped hydrogen or shielding gas. The median
pore volume was determined to 4.14*107 mm?’. The
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3.2. Microstructural studies and hardness measurement

The microstructure of the FSW joined sample can be
separated into three zones, in the middle a nugged zone
followed by a thermo-mechanically affected zone
(TMAZ) and the HAZ. Due to high plastic deformation
and high temperature during the welding process inside
the nugged zone, recrystallization occurred, resulting in
a very fine grained microstructure (Fig. 3. a middle) [1].
Inside the TMAZ, deformed grains from the parent ma-
terial can be found (Fig. 3. a left). In the HAZ no micro-
structural changes are with a LOM. The grain structure
and the grain size are unchanged compared with the
parent material (Fig. 3. a right).

The shape of the fusion zone from the BHLW process
is defined by the power distribution of the combined
lasers [12]. In the center of the zone, a typical micro-
structure of a fusion welded sample with big grains and
very fine dendritic structures can be seen (Fig. 3. b mid-
dle). The top surface displays a smooth transit between
the fusion zone and the base material. At the bottom

Fig. 2. Pore distribution in the FSW (top), BHLW (middle) and TIG
(bottom) weld seam (unit: mm)

absence of cracks in the complete scanned sample
shows, that the amount of filler wire is sufficient.

There are also two types of pores in the TIG fusion
zone with a volume fraction of 0.52 %, a seam of small
ones near the lower surface close to the non-melted
material and some large pores in the middle of the weld
seam (Fig. 2. bottom). The largest pore has a volume of
7.96*10* mm’® and the median volume of all pores is
3.65%107 mms.'lee' in the BHLW joined sample, no 1 3 \ficrosucture of the FSW (a), BHLW (b) and TIG weld
cracks could be identified. seam (c)
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Fig. 4. Hardness profile of the FSW (top), BHLW (middle) and the
TIG sample (bottom)

surface a notch can be found on both sides. Inside the
material, this intersection is very sharp and no influence
to the grains nearby can be found (Fig. 3. b left). In the
HAZ no microstructural change compared to the parent
material can be determined (Fig.3. b right).

The TIG joined sample shows also a microstructure
with large grains and dendritic structures inside the weld
seam (Fig. 3. ¢ middle). These structures are not as fine

as in the BHLW weld seam. Fig. 3. ¢ —left shows the
intersection between the parent material and the fusion
zone. The microstructure in the HAZ (Fig. 3. c right)
does not feature any changes from the welding process.

The hardness profile of the FSW joined sample shows
a significant softening in the welding zone (Fig. 4. top).
A minimum of hardness can be found inside the HAZ.
This softening can be explained by the reduction of
needle-shaped precipitations caused by the process tem-
perature [13]. Outside the HAZ, the origin hardness of
the base material is reached again.

As shown in Fig. 4. middle, the center of the weld
seam represents the hardness minimum at the BHLW
sample. This minimum is followed by a plateau until the
border of the HAZ is reached at a distance from 4.5 mm
to the weld axis. In this region, overageing leads to a
reduced hardness. The original hardness of the parent
material can be measured outside the HAZ.

Fig. 4. bottom shows the hardness profile of the TIG
joined sample up to a distance from the weld axis of 15
mm. Inside the HAZ the hardness is reduced compared
to the base material. Inside the HAZ, hardness is highest
between the melted zone and 9.5 mm from the weld axis.
Here, the heat from the process was high enough for a
solutionizing and the cooling rate from self-quenching
was fast enough to form fine precipitates [14]. The big
grains in the melted zone, up to 2.5 mm from the weld
axis, are leading to a lower hardness. Between 9.5 mm
and 11 mm from the weld axis, due to overageing, the
hardness declines to a value lower than in the melted
zone. Outside this low hardness zone, the hardness is
continuously rising and the origin hardness of the base
material is reached after 24 mm.

3.3. Tensile Tests

Representative stress-strain plots of the quasi-static
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Fig. 5. Quasi-static stress-strain curve
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Fig. 6. Fractured quasi-static tensile samples, from left: Base Material,
FSW, BHLW, TIG

tensile tests are presented in Fig. 5. An explicit order can
be seen, both for the yield strength and the ultimate
tensile strength. Despite the fact that joining by FSW
produces a pore- and crack-free weld seam with a small
grain size, the samples joined by BHLW have a higher
strength. As expected, the TIG joined samples show the
lowest strength. As seen in Fig. 6., the fracture location
can be correlated to the decline of hardness in the HAZ.
This effect is already described in [4]. Necking occurred
on both sides of the weld seam. Because of the notch
effect, the FSW joined samples fracture at the intersec-
tion between the weld seam and the base material at the
retreating side similar to [15]. Also the majority of the
BHLS joined samples are failing at the intersection, but
some samples are breaking in the HAZ. The failure point
does not have a significant influence to the reached
strength.

If the strain rate (€) is increased to 200 1/s, the ulti-
mate tensile strength rises in all samples compared to the
quasi-static test (Fig. 7). This is due to viscous-drag and
already observed for non-welded EN AW-6082 T6 [16].
In contrary to the quasi-static load, FSW joined samples
have a higher strength than the BHLW joined ones. This
can be an effect of the modified composition in the fu-
sion zone by the filler wire or the modified microstruc-
ture by the fusion. The point of failure is similar to the
quasi-static load.
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Fig. 7. Strain rate influence on the ultimate tensile strength

4. Summary

The present work shows, that the FSW and the
BHLW process have advantages compared to the TIG
process. With FSW, joints free of pores and cracks can
be produced with a minimum of heat impact. Both fu-
sion welding processes do not achieve a weld seam
without pores, but cracks can be avoided.

The BHLW produces the joints with the highest qua-
si-static tensile strength followed by the FSW and the
TIG process. If a high strain rate is used, the BHLW and
the FSW process change their ranking order. The heat
impact and the associated overageing and hardness lost
are reduced compared to the TIG process.

A further reduction of pores in the BHLW weld seam
would not lead to a significant higher quasi-static tensile
strength, because the samples that failed in the HAZ do
not lead to better results. Hence, just a change of the
location of the fracture from the intersection to the HAZ
would be expected.
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