1. Literature survey: Ultrasonic welding

1.1.  Welding process

Ultrasonic welding (UW) is a ‘solid-state’ welding process that can be used to join similar
or dissimilar materials, by applying high frequency vibration and normal pressure to the
weld interface. In this thesis, the focus will mainly be on joining of dissimilar materials
more specifically on joining copper to aluminium. The major advantage of this method is
the low heat input at the weld interface. Because of the cold welding technique, UW can
be used to join thin foils to thick sheets and the properties related to the heat at the
weld interface are less significant. So welds such as aluminium to copper, aluminium to
steel, etc. can be made. [2]

This joining process has some variations based on the type of weld produced. These are
spot, ring, line and continuous seam welding. In this thesis, spot welding will be used.
Typical components of an ultrasonic welding system are given in Figure 1.1.
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Figure 1.1: frequency transformation UW [10]

The ultrasonic welding equipment consists of a power supply, converter, booster,
coupling, sonotrode, welding tip and anvil.

First of all, the user provides the correct clamp force to clamp the sheets together
between the sonotrode tip and the anvil. This force is perpendicular to the weld
interface. After the clamp force has been set, the power supply provides the conversion
of the net frequency (50-60 Hz) into high frequency (20-40 kHz) that is needed for the
welding process. The piezoelectric ceramics of the converter, mostly made of lead
zirconate titanate, use that voltage with high frequency to make high frequent
mechanical displacements, the ultrasonic vibration. A next step in the process is to
change the amplitude of the vibration. This is done by the booster. From there on, as a
result of the coupling system, the vibrations will be transferred to the sonotrode.
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Figure 1.2: weld development at the interface [13]

When the ultrasonic vibration arrived at the tip of the sonotrode (the component that
directly contacts the upper sheet), the texture of it will grip the upper sheet with the
help of the clamping force (as can be seen in Figure 1.2). Because of that, the sonotrode
and the upper sheet will vibrate with the same phase and amplitude. If not, the
sonotrode will be welded to the upper sheet. As a result of the vibration of the upper
sheet with respect to the bottom sheet (which is fixed), slippage occurs. As a result of
this friction, the oxides and contaminants layer will be dispersed and brings about metal
to metal contact. Then they become plastic so the upper sheet can bind with the bottom
sheet. [2]

The components that are mentioned above are similar for all UW systems. Yet, as said
earlier, there is a variety of UW processes: spot, seam and torsion welding. In this thesis,
the focus will be on ultrasonic spot welding. The most used systems for ultrasonic spot
welding are the lateral-drive and the wedge-reed ultrasonic welding systems. They are
illustrated in Figure 1.3.
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Figure 1.3: lateral drive (A) and wedge reed (B) ultrasonic spot welding systems [4]
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Lateral-drive ultrasonic spot welding is a system which uses a lateral sonotrode. The
clamping force will be created by a bending moment applied to the sonotrode or
because of the anvil that can move up and down. Due to the clamping force and the
ultrasonic vibration at the sonotrode tip, the sheets can be welded together as earlier
mentioned. This systemis illustrated in Figure 1.3A.

The other system, wedge-reed ultrasonic spot welding, is very similar. The difference
here is that the ultrasonic vibrations will be firstly transferred through a wedge and a
reed, before reaching the sonotrode tip. In this process, the clamping force can be
applied in two different ways. When the reed can move, it’s done with a force at the top
of the reed. Otherwise, the anvil will move up and down to produce the clamping force.
Finally, the usual UW bending method is being used. [4]

The geometry of the sonotrode is of importance on the weld shape and quality. As you
can see in Figure 1.4 any application can have different sonotrode shapes, dimensions
and texture to grip sheets. For example line welds need narrow, elongated shapes, ring
welds have circular, elliptical, square shapes and continuous seam welds use resonant
disks. Many sonotrodes have more than one side which they can use to weld. It is
obvious that the ‘teeth’ of the sonotrode are very important for the accuracy of the
welding cyclus. In this thesis spot welds were made.

Figure 1.4: different sonotrodes/shapes [11]

Another important part of the UW system is the anvil. The anvil has the important
function to fix the bottom sheet, so this sheet can’t move while welding. The contact
surface of such an anvil is most of the time flat. As a result, the bottom sheet doesn’t
have damage when clamping force is applied. A flat anvil has one disadvantage, slip can
occur between anvil and bottom sheet which can cause a weld between these two
surfaces. So when this happens, an anvil with serrated surface can be used. [2]
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There have already been several studies on welding sheets with UW. The material
combinations found in the literature are mentioned in Table 1.1. The different parameters
are the sheet thickness, the power range of the system, the pressure force, the welding
time and the vibration amplitude. Also the numbers of publications in the bibliography
are mentioned.

Material Thickness | Power range Static Welding | Vibration Source Nr.
combination (mm) of machine pressure | time(s) | amplitude
(kw) (MPa) (um)
Al-Al 0,01-2,5 2-3 0,14-0,20 | 0,005-2 10-100 [31[4),[6],
tot 60 [10],[11]
Al-Cu Al 1 3 0,5 0,11 12 [41,[18],[19]
Cu1
Al-Stainless Al o,3 2,4 0,2-0,4 0,1-0,5 30-60 [5]
steel 55 0,05
Al-Mg 1 2,5 ~35 0,3-1 10 [71,[12]
Mg-Mg 2 2 0,414 <0,5 30-60 [9]
Cu-Cu 0,2 2,5 0,2-0,3 2-2,5 40-50 [8],[13]
Al-Zn Al 0,05 3 1 10 [14]
Zn 0,25

Table 1.1: investigated material combinations UW

Besides a specific material combination can be welded, it’s important that every
parameter will be chosen correctly. This ensures the best weld quality. The important
parameters of UW are the welding time, the pressure force and the thickness of the
upper sheet. These parameters will be used in the DOE-study, so a certain set of
parameters ensures that the weld has the best possible weld quality.

1.2. Parameters

1.2.1.  Welding time

The welding time of UW processes is very short. It is in the range of several milliseconds
to a few seconds. This parameter is important, because overdone welding time ensures
the sonotrode penetrate deep into the material and this will damage or even cause
expulsion of the material at the weld interface (as can be seen on Figure 1.8). On the
other hand, too short welding time may cause that there were unbounded places so the
weld line is only partially bonded. Which has a high influence on the weld strength.
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The weld time is also related to the power and welding energy as can be seen in the
relation below. When a specified energy is needed by a given maximum power, the
control system changes the weld time in order to meet this energy. If the energy level is
reached, the cycle is completed. So the time can been determined by the power and
energy level, given by the relation:

E=P xt [7]
With:
E:energy [J]
P : power [W]

t: time [s]

1.2.2. Vibration amplitude

The vibration amplitude is of big importance. This parameter is related to the system’s
power as well as the gain provided by the booster/sonotrode. In some systems, the
vibration amplitude can be changed by the user. Other, similarly the machine of this
thesis, have a permanently set amplitude.

The amplitude varies by system, because of the design and different energy settings.
Nevertheless, the vibration amplitude has typical values between 10 - 100 micron.
Although micron doesn’t sound much, there will be a huge amount of stress. Because
the sonotrode vibrates at a very high frequency (=20 000 Hz) for a second. [3],[7]

1.2.3. Frequency

Most of the time, an ultrasonic welding machine has a nominal frequency. In almost all
the cases, the frequency is around 20 kHz. However, it is possible to have a UW system
which has a frequency somewhere between 15 and 75 kHz.

In UW, the frequency converter output must constantly match with the operating
frequency of the welding system. So, adjustment of the frequency converter output is
necessary to have a good performance and is automatically done. Imagine, there will still
be a deviation of a few hundred Hertz, the vibration amplification will be eliminated and
because of that the amplitude at the sonotrode will reduce significantly. [2],[13]
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1.2.4. Clamping force

The clamping force on the welding tip results in the static pressure applied at the weld
interface. The function of the clamping force is to clamp the two worksheets together,
between the sonotrode and the anvil. The size of this clamping force can be different
and in almost all the applications, it’s a parameter that is set by the user.

The need of a well-set clamping force is important. Because from other thesis’, too high
clamping force ensure surface deformation. But insufficient clamping force can create
tip slippage which causes surface damage and heating.

By UW it’s important to have a sufficient welded area. Because of that, research to the
relation between the energy density (welding pressure divided by the pressurization
area) and the rate of welded area with different parameters are being carried out
(corresponds to the welding pressure and required duration). The results of A1050-H24
(0,3 mm)/A5052 can be seen in Figure 1.5. The legend shows the true joint of the
pressurization area. As can be seen on the figure, when the energy density (required
duration) increases, a smaller welding pressure is needed for a sufficient area. But pay
attention, when the values of the two parameters are too big, the welded sheets will
break or have cracks and hence will be a defective product. So the perfect combination
is needed to have a good welding rate/area. [15]
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Figure 1.5: relation between energy density E and welding pressure P [15]
In conclusion, the welding pressure and energy density have a big influence on the
welded strength. As a result, a relation was introduced:
E = KP" [6],[15]
With:
Eq: energy density [J/mm?]
P:: welding pressure [MPa]

K,n: material bonded coefficients
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1.2.5. Sheet thickness

For UW, there are some limitations on the thickness of the sheet that is in contact with
the welding tip of the sonotrode. The limitation depends on the delivered power of the
machine, the tool geometry and the material that is used. The bottom plate has not
really a limit, because it’s stuck on the anvil.

The limited thickness is obviously not the same for all the materials, as a result of the
different material properties. In Figure 1.6 can be seen which thickness of a particular
type of material can be welded with a specific machine power.
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Figure 1.6: relation between the sheet thickness and the power of the machine [2]
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1.3.  Material combinations

Before the experiments can start, information concerning the current knowledge of the

material combination was searched. In this thesis, the combination Aluminium to copper

will be examined. Previous researchers have already examined which combinations are

possible to weld. The results are shown in Figure 1.7. The combinations which are
indicated with black dots have been welded in the past, and the combinations with blank
spaces are either not weldable or not tried. As indicated in yellow on the image, the

combination Al-Cu has been welded with success.

Al Be Cu Ge Au Fe Mg Mo Ni Pd Pt Si Ag Ta Sn TI W Zr
ARG A MK BE BE AN AN K JR AF BE AR AR 2K 2R OF AK AR
Be Alloys | @ | @ ® ®
Cu Alloys | @ L AF BN 2N 2K 2K K ® o ® 0o
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Figure 1.7: possible material combinations UW [2]
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1.3.1.  Aluminium-Copper

Joining dissimilar materials such as aluminium-copper is attaining increasing importance
for some application. Because of that, new welding techniques are being tested to weld
these combinations. UW is one of those processes. Results of previous researchers
showed that welding aluminium to copper is possible to weld with good mechanical and
electrical properties. Y.Y. Zhao et al. show in their paper ‘Effect of welding energy on
interface zone of Al-Cu ultrasonic welded joint’ [18] that it’s possible to weld aluminium
to copper. Before some of their experiments will be explained, it’s important to know
that the welding energy, which they have used, from 200 to 2000 J corresponds to
welding time from 0,1t0 1,0 s.

In Figure 1.8, cross-sections of Al-Cu weld produced under different welding energies are
shown. In this image, the penetration of the sonotrode is visible and results in a serrated
external features. It is obvious that welds with larger energy (2000 J) have a deeper
weld indentation than the ones with smaller energy (200 J). Good indentation ensures
better gripping can take place and therefore more friction will occur. But on the other
hand, larger energies would lead to thinning of the sheets but also expulsion, which is
not good for the strenght of the weld. Another thing that stands out in this figure, the
join line remains flat macroscopically. A better look of this line is presented in Figure 1.9,
the microscopic examination.

D1=0.111mm

D2=0.142mm

2000}

a 200 J; b 500 J; ¢ 1000 J; d 2000 J

Figure 1.8: macroscopic images of the cross-sections of Al-Cu weld produced with different welding energies [18]
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Figure 1.9 illustrates the plastic deformaton at the weld interface. Here, Y. Y. Zhao et al.
observed a wavy-like pattern because of the friction and sliding. At 200 J welding energy
(Figure 1.9a), they found that the plastic deformation is small (8,04 um) and there are
unbonded surfaces. So they experienced that the plastic deformation is not strong
enough and the weld line is only partially bonded. At higher welding energy, they have
observed a swirl-like structure and the intermetallic layer is much bigger. These swirls
would lead to higher joint strength and quality. When the welding energy becomes
higher and higher, the swirls become bigger but they will be accompanied with a lot of
voids. Their presence will reduce the joint strenght and ductility.

T 8.04um T

Unbonded Surface Bonding

Swirls I

25.69um

a 200 J; b 500 J; ¢ 1000 J; d 2000 J

Figure 1.9: microscopic images of the cross-sections of Al-Cu weld produced with different welding energies [18]

Figure 1.10 shows a SEM to detect the intermetallic compounds (IMC). At the yellow line,
a linescanning EDS was taken. This EDS is displayed in Figure 1.10. A smooth and
continuous line of atomic content from o0 to 100%. This means they haven’t found a
stable IMC. The cause of the continuous line can be attributed to the fast welding
method and lower temperatures compared with other techniques. This explains the
higher joint strength of ultrasonic welded sheets.

Cu particles

Figure 1.10: SEM and EDS [18]
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Regarding the tensile shear strength, the welding energy/welding time have an
important effect. As can be seen in Figure 1.12, the failure load increases until 1000 J and
reached its maximum that is corresponding to a strength of about 3,3 kN. But after that,
when the weld energy/time increase a rapid decline is observed.
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Figure 1.12: relation of tensile shear strength and Figure 1.11: the hardness at the weld interface [6]
weld energy [18]

S. Matsuoka et al. also succeeded in combining Al with Cu [6]. Figure 1.11 shows the
hardness of the welding interface. This figure clearly confirms that the hardness of both
the materials Al/Cu is increased at the weld interface. The main cause of the strain
hardening at the weld interface is owing to the crystals becoming fine after welding.
Further away from the weld interface, the hardness is lowered because of the annealing
effect. This effect is due to the temperature increases inside the welded material that
ensures recrystallization.

In addition, R. Balasundaram et al. have researched the effect of a zinc interlayer
between the Al and Cu [19]. Out of their experiments, they concluded Al-Cu joints with
Zn interlayer had larger lap shear tensile strengths and fracture energy than those
without Zn. This because the joints with Zn interlayer created an Al-Zn eutectic film and
IMC’s of CuzZns.

Literature survey: Ultrasonic welding | 11






Bibliography

[1]

[3]

[9]

K. Faes, "http://www.innovatienetwerk.be/projects/1937", Het Vlaams
Innovatienetwerk, [Online]. Available:
<http://www.innovatienetwerk.be/projects/1937>

[Accessed 31 12 2013].

Krause, P.C. et al., Welding Handbook. 8 ed. Amerika: American welding
society.

Tang, Y., Wan, Z. & Liu, S., 2003. Ultrasonic seam welding technologies of
copper plate and tube for collecting solar energy. [Online]

Available at:
<http://www.google.com/url?sa=D&qg=http://www.paper.edu.cn/scholar/dow
npaper/tangyong465199-200904-
6&usg=AFQjCNF22D3AMxQGYSRPT4kcREJRkKJ3N3OQ>

[Accessed May 2013].

Bloss, M. C., 2008. Ultrasonic metal welding: the weldability of stainless
steel, titanium, and nickel-based superalloys, Ohio: The Ohio State
University.

Kuckert, H., Wagner, G. & Eifler, D., 2006. Mechanical properties of
glass/metal-joints produced by ultrasonic torsion welding. [Online]
Available at: <http://kdsolution.com/pdf upload/Kuckert.pdf>
[Accessed May 2013].

Shin-ichi, M. & Hisashi, 1., 2008. Direct welding of different metals used
ultrasonic vibration. Journal of materials processing technology, 209(2), pp.
954-960.

Shakil, M. et al., 2013. Effect of ultrasonic welding parameters on
microstructure and mechanical properties of dissimilar joints. Materials &
Design, Volume 55, pp. 263-273.

Kim, T.H. et al., 2011. Process robustness of single lap ultrasonic welding of
thin, dissimilar materials. CIRP Annals-Manufacturing technology, 60(1), pp.
17-20.

Zhou, B., M.D., T. & S.M., W., 2006. Predicting the failure of ultrasonic spot
welds by pull-out. International journal of solids and structures, 43(25-26),
pp. 7482-7500.

[10] Anon., 2011. Ultrasonic metal welder. [Online]

Available at: http://www.51hanjie.com/e/metal.htm
[Accessed 2013].

[I1]STAPLA Ultraschall-Technik GmbH, Ultrasonic welding of non-ferrous

metals. Schunk group

Literature survey: Ultrasonic welding | 13



[12] Hetrick, E. T. et al., 2009. Ultrasonic Metal Welding Process Robustness in
Aluminum Automotive Body Construction Applications. Welding Journal,
Volume 88, pp. 149-158.

[13] Vries, E. d., 2004. Mechanics and Mechanisms of Ultrasonic Metal, Ohio:
The Ohio State University.

[14] Wagner, G., Balle, F. & Eifler, D., 2012. Ultrasonic welding of hybrid joints.
[Online]
Available at: <http://link.springer.com/content/pdf/10.1007%2Fs11837-012-
0269-5.pdf#fpage-1>
[Accessed May 2013].

[15]Imai, H. & Matsuoka, S., 2005. Finding the optimum parameters for
ultrasonic welding of aluminum alloys, Japan: Toyama prefectural university.

[16] "MatWeb," [Online]. Available:
<http://www.matweb.com/search/datasheet.aspx?matguid=b1aa69c0528a407
29478403542a8c94a>
[Accessed 12 july 2014].

[17] "MatWeb," [Online]. Available:
<http://www.matweb.com/search/DataSheet.aspx?MatGUID=ef38978fb59a4
887948a717dcbacdfeb>
[Accessed 12 july 2014].

[18]Zhao, Y. Y., Li, D. & Zhang, Y. S., 2013. Effect of welding eneergy on
interface zone of Al-Cu ultrasonic welded joint, Shanghai: Shanghai Jiao
Tong University.

[19] Balasundaram, R., Patel, V., Bhole, S. & Chen, D., 2014. Effect of zinc
interlayer on ultrasonic spot welded aluminum-to-copper joints. Materials
Science & Engineering A, Volume 615, pp. 277-286.

[20] Tomokatsu Aizawa et. al., "application of magnetic pulse welding for
aluminium alloys an SPCC steel sheet".

[21]S. Kore, J. Imbert, Y. Zhou and M. Worswick, "Characterisation of electro-
magnetic pulse welds of Al to Al and Al to Z31 sheets," IIT Guwahati
(India); University of Waterloo (Canada).

[22]S. Kore, P. Date and S. Kulkarni, "Effect of process parameters on
electromagnetic impact welding of aluminum sheets," International Journal
of Impact Engineering 34, no. 34, pp. 1327-1341, 2007.

[23] Yuan Zhang, "Investigation of Magnetic Pulse Welding on Lap Joint of
similar and dissimilar materials," The Ohio State University, 2010.

[24] Tomokatsu Aizawa and Mehrdad Kashani, "Magnetic Pulse Welding (MPW)
Method for Dissimilar Sheet Metal Joints," 1-10-40 Higashi-Ohi, Shinagawa-
Ku, Tokyo 140-0011, Japan.



[25] Mitsuhiro Watanabe and Shinji Kumai, "Interfacial Morphology of Magnetic
Pulse Welded Aluminum/Aluminum and Copper/Copper Lap Joints,"
Materials Transactions, no. vol.50 No. 2, pp. 286-292, 2009.

[26] S. Desai, K. Satendra, P. Satyamurthy, J. Chakravartty and D. Chakravarthy,
"Scaling relationships for input energy in electromagnetic welding of similar
and dissimilar metals," Electromagnetic Analysis & Applications, no. 2, pp.

563-570, 2010.

[27]S. Kore, P. Date, S. Kulkarni, K. Satandra, D. Rani, M. Kulkarni, S. Desai, R.
Rajawat, K. Nagesh and D. Chakravarty, "Electromagnetic impact welding of
copper-to-copper sheets," International Journal of Material Forming, no. 3,
pp. 117-121, 2010.

[28] Kore et. al., "Application of electromagnetic impact technique for welding
copper-to-stainless steel sheets," International Journal of Advanced
Manufacturing Technology, no. vol.54 issue 9-12, pp. 949-955, 2011.

[29] T. Aizawa, M. Kashani and K. Okagawa, "Application of magnetic pulse
welding or Aluminum alloys and SPCC steel sheet joints," Welding Journal,
no. VOL.86, pp. 19-124, 2007.

[30] T. Aizawa, "Methods for electromagnetic pressure seam welding of Al/Fe
sheets," Journal of light metal welding and construction, vol. 42, no. 2, pp.

79-84, 2004.

[31]S. Kore, P. Date, S. Kulkarni, S. Kumar, S. Desai, R. Rajawat, K. Nagesh and
D. Chakravarty, "Electromagnetic impact welding of Al-to-Al-Li sheets,"
Journal of manufacturing science and engineering, no. 131, 2009.

[32] A. Berlin, "Magnetic pulse welding of Mg sheet," university of waterloo,
Ontario (Canada), 2011.

[33]S. Kore, P. Date and S. Kulkarni, "Electromagnetic impact welding of
aluminium to stainless steel sheets," journal of materials processing
technology, no. 208, pp. 486-493, 2008.

[34]Y. Zhang, G. Dachn, P. L'Eplattentier and S. Babu, "Experimental study and
numerical simulation on magnetic pulse welding for pre-flanged AA6061-T6
and Cul01 sheets," Ohio state university (USA) and Livermore (USA).

[35] K. Faes, "Tube Welding," BIL, Ghent (Belgium).

[36]Y. Zhang, S. Babu and G. Daehn, "Impact welding in a variety of geometric
configurations," in 4¢h international conference on high speed forming, 2010.

[37] Schunk-Ultrashall, Bedienungsanleitung: Ultraschall-Metallschweissanlage
Type DS-20. Wettenberg

[38] M. Marya, S. Marya, D. Priem, 2004. On the Characteristics of
Electromagnetic Welds between Aluminum and Other Metals and Alloys.
International institute of welding , Osaka, Japan.

Literature survey: Ultrasonic welding | 15



[39] G. Gobel, J. Kaspar, T. Herrmannsdorfer, B. Brenner, E. Beyer, 2010.
Insights into intermetallic phases on pulse welded dissimilar metal joints.
Germany

[40]Rymen, S., 2014. Magnetic pulse welding - experimental research on the
process parameters, Belgium: KU Leuven.

[41] Bakavos, D. & Prangnell, P., 2010. Mechanisms of joint and microstructure
formation in high power ultrasonic spot welding 6111 aluminium automotive
sheet. Materials Science and Engineering, 527(23), p. 6320-6334.

[42] Lu, B. et al., 2013. Quantification of Thermal Resistance of Transient-Liquid-
Phase Bonded Cu/Al/Cu Interfaces for Assembly of Cu-Based Microchannel
Heat Exchangers. Journal of Micro and Nano-Manufacturing, 1(3).

[43]V. Shribman, A. Stern, Y. Livshitz, and O. Gafri., 2002. Magnetic pulse
welding produces highstrength aluminium welds. In: Miami: American
welding society.



