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Abstract: Ultrasonic welding is a rapid process for thin sheet joining. The authors wanted to show the
aluminum-copper dissimilar joining by the ultrasonic welding process in this work. Ultrasonic welding is a suitable
and straightforward process to establish dissimilar joints between different metals. The goal was to investigate the
ultrasonic welding complex effect on the material properties. Ultrasonic welding is solid-state welding, which uses
pressure, friction, ultrasound effect to establish a metallic joint. The complex effects are the friction heat, the
pressure caused plastic deformation, and the ultrasound caused softening and hardening. The welding process used
three kinds of geometry were, with 5 mm, 10 mm, 15 mm wide, and 80 mm length test samples. The welding is
made by an ultrasonic welder machine (Branson Ultraweld L20 Spot Welder). The used parameters were the same,
and the ultrasound frequency was 20 kHz. The welded spot area depended on the test sample size and the anvil sizes
(12 mm x 14 mm). A microhardness tester tested the joint and the hardness of the heat-affected zone (HAZ). The
hardness after the welding process showed a difference from the original hardness value of the metals. The
measured results tendency is according to the literature. The ultrasound effect can cause crack propagation in the
welded sheet. It was detected based on the tests that the hardness in the joint and the heat-affected zone shows
differences as a function of the test sample sizes. Also detected that the crack inclination is stronger in the case of
the wider sheets whiles having a bigger welded spot area. Based on the research result, it can conclude that the
ultrasonically welded aluminum sheet's mechanical properties depend on the welding parameters and the welded
material geometry. The results are in harmony with ultrasound softening and hardening effects theories.
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,BEFEA 20 Fif. FBRERBATUHEFRRIMMERLST (12 22X x 14 2X). EW
BETMTKELNMAENMXNEE. BEENEESTRNRREEESEZR. NELRE
BENH—B. BFRHENZSERERPORLYT E. RIEMNDENE  #LNREmX
HREE B R B ENNEHFEAR NN ERHENESR. el ZEFRRNERERNBERT |
REMWRVRLMOER. RIEHRER | sIUFRHEIL |, BFRIERERVDZEEIUR
FIRESHAREEM BN/ VERR. ERSBERICAMEEUAIEIE—E.

X#iE - RAIEE BFREE ARRX

 REMX, BMERE.

1. Introduction

Ultrasonic welding nowadays is a standard process
in industrial applications. Ultrasonic welding is helpful
for microelectronic application manufacturing because
of the low temperature and suitable joint strengths [1].
Ultrasonic welding is a solid-state process that is very
rapid and environmentally friendly. The joining in the
case of different metals is also possible through the
ultrasonic welding process. During ultrasonic welding,
it can detect several effects, like plastic deformation,
friction heat, and ultrasound effects. The theoretical
background of ultrasonic welding is usually the plastic
deformation of the metals and the acoustoplasticity,
also known as the Blaha effect or ultrasonic softening
[1-3]. The ultrasonic effect can cause the modification
of the microstructure and the dislocation density [2].
The critical effect of the process is ultrasonic softening,
which helps to establish a bond with plastic
deformation. The welding process uses friction, which
initiates low heating in the bond. The heat generation
depends on several parameters, but it was detected that
the established friction heat could earn 250 °C [4]. The
technology's physical base is the electroacoustic and
plastic deformation effect, assisted by the heat
established from the friction-affected plastic
deformation in the metal crystal structure. The high-
frequency vibration of the ultrasound transmits energy
to the crystal structure [5]. Ultrasonic welding unit
several effects like high-frequency vibration, pressure
caused plastic deformation, and the vibration amplitude
limited friction. These effects establish a metallic joint
between the metal sheets. The ultrasonic welding
process modifies the crystal structure as a function of
the technological properties depending on the lattice
parameters and defects. The material plasticity and
mechanical properties of the materials are based on the
dislocation theory is well introduced and highlighted in
several scientifical articles. The plastic deformation
theories in the case of the FCC crystal structure mate-
rials are known [5-7]. The technical materials event the
metals have many defects in their crystal structure.
Taylor and independently the Orowan and Polanyi
theories for the phenomena of the plastic deformation

were the pioners applied concepts of the dislocation
theory. Dislocations are not stable formations the
density of the dislocation depends on several
parameters [8]. The thermal condition and the cold
working caused work-hardening can modify the
dislocation density. The ultrasonic process parameters
optimization needs to know the metal properties [8, 9].
The optimization can be complicated in dissimilar
welding processes.

The joining of aluminum and copper thin sheets or
cables is an industrial request for
electronic applications and batteries. In these
applications, the high-temperature welding (fusion
welding) processes are not suitable to establish
dissimilar joints, as electronic devices can be damaged
by heat shock. During dissimilar welding, it needs
to consider a minimum of two different
materials.  These  materials  have  different
thermal, mechanical properties based on their
chemical composition and crystal structure.

Ultrasonic welding is complex effects united
solid-state process that can be understood based
on the physical and crystallography knowledge like
plasticity and vibration transmitted energy effects
[10-14]. The reason for the established joint
mechanical and microstructural properties is notable
by the results of material science [15-17]. This
work aims to find a relationship between the
technologies parameters, the workpiece geometry,
and the established joint mechanical properties.

2. Materials and Methods

2.1. Materials

A pure half hard aluminum sheet (EN
AW-1050A, H14/H24, WrN. 3.0255) and a pure rolled
copper sheet (EN Cu-DHP/CWO024A, DIN- WrN.
2.0090).

Table 1 shows the chemical composition of the used
metals. The aluminum test sample's measured hardness
(Zwick 3212 microhardness tester) was 33.63
HVo2, and the hardness of the copper was
74.43HVo,. The thickness of both sheets was 0,5 mm.
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Table 1 Three-line representation
Element of EN AW-1050A (w/w%o)

Fe Si Cu Mn  Zn Ti Al  Other

04 025 005 0.05 007 0.05 99.98 0.03

Element of EN Cu-DHP/CW024A (w/w%b)

Cu P Other

99.9 0.25 0.075

For the welding test, it was used rectangular test
samples were with different wideness; it is shown in
Fig. 1.
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Fig. 1 Test sample geometry

The sizes of the test samples are collected in Table 2.

Table 2 Test samples sizes (following Fig. 1.)

ID w(mm) a(mm) b(mm) axb(mm?
N3 15 14.5 14.5 210.25
N2 10 14.5 10 145

N1 5 14.5 5 725

2.2.Ultrasonic Welding

The ultrasonic welding process was carried out with
the Branson Ultraweld L20 welder machine (Fig. 2).
The used frequency was 20 kHz. The applicable pre-
pressure (TP) and welding pressure (WP) are between
10-80 Psi; maximal Power is 4 kW. For the welding
process, we determined the following welding
parameters; welding time t (s), amplitude A (um),
maximum 60 um pre-pressure TP (Psi), welding
pressure WP (Psi). The used welding parameters are
shown in Table 3.

Table 3 Used welding parameters

Welding parameters Value
welding time t (s) 0.7
amplitude A (um) 42

pre-pressure TP (Psi) 15

welding pressure WP (Psi) 15

Fig. 2 Branson Ultraweld L20 instrument (Branson Ultrasonics
Corporation USA)

It was used the same parameters in the case of all
welding tests. The welded joints are shown in Fig. 3. In
the case of the 15 mm wide test sample (Test sample
number 3), the aluminum side of the dissimilar joint
seems to have plastic deformation in the heat-affected

Fig. 3 The welded test samples

The HAZ determination is not the best expression
for this area because the temperature in this part is
lower than the recrystallization temperature (as we
concede the recrystallization temperature like the
bordering temperature of the HAZ). Nevertheless, it
can determine some heating. Also, it can determine in
this area some mechanical properties modification.

2.3.Materials Characterization

Samples for metallographic examination through
the cross-section were prepared using the standard
metallography procedure and etched by ammonium
persulfate ((NH4)2S:0s). The cross-section of the
dissimilar Al-Cu joint was visually tested using a
Neophot 2 Optical Microscope (Jena, Germany, Carl
Zeiss) after etching.

2.4.Hardness Test
The microhardness tests were achieved by Zwick
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3212 microhardness tester; the used load was 0.2 kg
and standard Vickers diamond indenter. The hardness
was determined in the center point of the joint and the
HAZ (10, 20, 30 mm from the center point) on
dissimilar joints' sides.

2.5. Transmission Electron Microscopy (TEM)

The TEM investigation was carried out by TEM-
JEOL, Model- JEM 2100F, Specification- Resolution:
Point: 0.19 nm Line: 0.1. TEM images are formed
using transmitted electrons (instead of the visible light)
which can produce magnification details up to 50 x -
1.5M x with accelerating Potential: 200 kV
Attachment Systems: EDS, STEM. The images can be
resolved over a fluorescent screen. Furthermore, the X-
ray analysis produced by the interaction between the
accelerated electrons with the sample allows for
determining the sample's elemental composition with
high spatial resolution.

The following processes made TEM samples
prepared:

» Samples cutting:- One piece of Al or Cu
substrate size 3 x 3mm small disc is cut with the help
of a holder an ultrasonic cutter. The tool's shape is
circular to produce a disk 3 mm in diameter. Substrate
parallel to the cutting tool, a spring-loaded platform
helps to apply a constant force by pressing the sample
up against the samples.

» Mechanical grinding:- After cutting out 3mm
discs, mechanical polishing is used to thin the substrate
and produce smooth, scratch-free surfaces before
dimpling. Samples rotate in a circular direction on wet
diamond paper using a disc grinder with large grit size
500, 1200, 2400, and 4000. The samples must be
checked under an optical microscope to determine
scratches or defects.

» Punch grinding machine:- After mechanical
grinding, substrates are kept in the front of the
punching machine, and the grinding disc is parallelized
so that the grinding process can be performed in the
center part. First, open the pressing handle and place
the punch between the rotating roller and the pressure
bearing. The screws with the pressing handle adjust the
pressure bearing so that the pressure bearing can touch
the center of the punch on the substrate. Due to the
pressure of the punch being slightly depressed then, the
direction of the substrate keeps rotating 60-100 times in
1min. During the rotation, the sharpening stone touches
the punch and gradually grinds.

» Dimpling/Polishing:-After maintaining 80um
thin samples, one side part is only dimpled with a 15
mm diameter SS wheel for the grinding stage using oil-
based diamond paste. Polishing occurs in 2 stages with
a soft felt wheel: extra grind-ing/polishing using 1 and
0.25 pum oil-based diamond paste as long as required,
followed by a short polishing stage using 0.05 um
alumina suspension. With the application of the same

soft felt wheel, the flat side is polished only using a
sequence of 1 um diamond paste for 120 s, 0.25 m to
60 s, finalized by polishing with an alumina suspension
for 2 min.

» Final prepared all substrate ~20um should be
carefully deposited on a 3 mm carbon-coated
commercially available copper grid. Then grid could be
fixed on the TEM sample holder for characterization.

3. Results and Discussion

3.1. Microscopy of the Joint Cross-Section

The microscopy picture is shown in Fig. 4, which
shows that the typical solid-state welded joint evolved.
The joint wave follows the clamping anvil surface
geometry. Therefore, it cannot detect any inclusion,
imperfection, or crack.

I 20.0 pm |

Fig. 4 The welded test samples

3.2.Hardness Test Results

We made a hardness test to determine the ultrasonic
welding effects in the welded joint and the HAZ. Also, we
wanted to determine the effect of the joint area. Because
we observed that the process results depend on the test
sample sizes. The ultrasonic softening wanted also
verified. The hardness test results are assembled in Table
4. The hardness of the welded samples is different from
the original material hardness. (The aluminum test sample
was 33.63 HVo., and the hardness of the copper was
74.43HVy2.).

Table 4 Hardness results

1D Hardness HVo..
distance 0 mm 10 mm 20mm 30 mm
N3 Al 25.12 24.48 23.2 20.91
N3 Cu 106.52 76.4 72.03 68.02
N2 Al 59.92 40.1 40.44 314

N2 Cu 78.64 80.58 74.96 76.4
N1 Al 60 37.83 37.08 40.23

N1 Cu 103.57 80.19 83.43 74.6
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Hardness of the N3 test sample
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Fig. 5 The hardness of the test sample N3

The hardness of the test sample N3 decreased due to
the distance from the joint center point (Fig. 5). The
hardness of the dissimilar joint on the aluminum side
was lower than the original hardness of the aluminum
sheet. The copper side of the joint showed higher
hardness than the original one.

Hardness of the N2 test sample
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Fig. 6 The hardness of the test sample N2

The hardness of the test sample N2 decreased due to
the distance from the joint center point (Fig. 6.). The
hardness of the dissimilar joint on the aluminum side
increased. The copper side of the joint showed higher
hardness than the original one.

Hardness of the N1 test sample
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Fig. 7. The hardness of the test sample N1

The hardness of the test sample N2 decreased due to
the distance from the joint center point (Fig. 7). The
hardness of the dissimilar joint on both sides hardened,
and the hardness decreased was different than in the

case of the N2and N3 test samples.

Hardness of all test samples
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Fig. 8. The hardness of all test samples

Fig. 8 shows the tendency as a function of the joint
distance the hardness.

3.3.TEM

The TEM results show the dislocations after the
ultrasonic welding. It can compare the HAZ structure
of the welded metals. The TEM test was made on test
sample N3.

Fig. 9. N3 sample HAZ of the aluminum side (10 mm from the joint
center point)

Fig. 10. N3 sample HAZ of the copper side(10 mm from the
joint center point)

The TEM results show different dislocation forms in
the aluminum and the copper HAZ. The dislocation
density is higher than in the case of the unwelded
metals. The plastic deformation [6] and the ultrasound
effect [2] increase dislocation density. The
investigation results are in harmony with the literature
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[2, 6].

4. Conclusion

Based on the investigation results, it can conclude
that the complex ultrasonic effects modified the
mechanical properties of the welded metal.

1. The microscopy evaluation showed that the
ultrasonic welding parameters are suitable for
establishing a joint between the half-hard aluminum
sheet (EN AW-1050A, H14/H24, WrN. 3.0255) and a
pure rolled copper sheet (En Cu-DHP/CW024A, DIN-
WrN. 2.0090). The established joint straightness in the
case of the optimal welding parameters was higher than
the base metal.

2. The hardness test results showed that in the
HAZ, the hardness is lower than in the welded joint.
The reason for the softening in the HAZ can be the
ultrasound softening effect. The heating caused by
friction is lower than the recrystallization temperature
cannot be the reason for the softening.

3. The hardness is smaller than the used original
aluminum sheet hardness in the case of the most
significant spot area and more significant in the case of
the smaller spot area under the same welding process
parameters. These results are explicable by the complex
effect of ultrasonic welding. The heating from the
friction and the ultrasound softening effects are higher
in the case of the higher surface area.

4. The hardening effect reason is not defined; it
needs more tests to understand this effect. Although,
ultrasound softening and hardening effect depends on
the contact area. The earned hardness results confirm
the theory.

5. Probable that the joint hardness depends on the
spot area size. The experimental results are in harmony
with the theoretical background. The ultrasonic
welding complex effects, the used test sample
geometry, and the metal's basic mechanical properties
collectively result in the joint and HAZ mechanical
properties. Therefore, it can conclude that the used
parameters in the used welding instrument are suitable
for industrial applications.
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