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1. Waves

1.1 General
The propagation of waves in space and time is generally described by the

wave equation (one-dimensional X):

O°A() _ 1 8°AX1)

V. .2 2 (1.1)
with a solution for linear harmonics (fig. 1.1):
A(X,t) = Ay -sin(2af -t +¢), (1.2)

where f is vibration frequency, and ¢ is wave phase.
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Fig. 1.1. A harmonic vibration

The general wave parameters are [1]: amplitude A(X,t) with a maximum

start value Ao[m], period T[s], frequency f = :S_lz Hz], wavelength

1
=

_1_ (x is compressibility)

ﬁzg[m], propagation velocity ¢ = L[m-s
f Jol¥'

and density of the medium p[kg-m_gJ. Waves only transfer energy and no

mass as they propagate.



1.2 Sound waves
In contrast to electromagnetic waves and light, sound waves do not propagate

in empty space (vacuum), but only in matter. In that sense, the term “dark mat-
ter” introduced by astrophysicists for the hypothetical invisible part of cosmic
space is somewhat misleading, because if it were matter and not some "dark
field" it would be a medium for the propagation of sound waves from stars, their
explosions, implosions, collisions and all other catastrophes and cataclysms
throughout infinite space. The invisible matter would have made the entire uni-
verse or its past billions of “sound years” away audible for us. That wouldn't be

all that amusing for us, humans, I would say it.

1.3 Ultrasonic range
The sound waves are divided and defined based on the frequency range

audible to humans from 16Hz to 16000Hz =16kHz. Frequencies below the
audible range belong to infrasound. Although infrasound is not used in practice,
it is very present in the environment and affects the human organism [2]. The
infrasound waves can radiate through the surface of “calm” oceans, causing
seafarers to disembark from their fully intact ships. This is one of the

explanations for the notorious phenomenon of “ghost ships”.

Frequencies lying above the audible range are understood as ultrasound
(ultrasonic, US), which is well known in technology and medicine. Ultrasonic is
very common in both the human and animal world for locating and measuring
distances from objects. The sonar (for horizontal US propagation) and echo
sounding (for vertical US propagation) methods are based on reflection of the
US waves at interfaces of objects with a different density (impedance) than the

medium (air, water, solid).

US reflection is also the basis for material testing [3]. The reflection as well
as refraction, diffraction and interference are the basic wave properties that also

apply to US waves and are described by the wave theory (Huygens' principle).
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Thanks to diffraction, the US waves can penetrate into the shadow area of an

object under the appropriate ratios of their wavelength and the size of the object.

1.4 Generating US vibrations
The US vibrations are generated by a piezoelectric transducer due to the

piezoelectric effect. The direct piezoelectric effect is that a uniaxial mechanical
stress leads to the polarization of a dielectric crystal, i.e. to the formation of
electrical dipoles in this crystal oriented along the stress axis. This causes a
macroscopic electric field in and around the so-called piezo element
(transducer). PZT ceramics (piezo zirconate titanate) are usually used as piezo

elements.

The inverse piezo effect is used to generate mechanical vibrations, in which
mechanical stress or elastic deformation of the piezo crystal is generated by
applying an electrical voltage. In the case of ferroelectric piezoceramics, the
electric dipole moments below the Curie temperature are already present. The
dipole moments directed parallel to each other form chaotically oriented
electrically charged microdomains with a resulting electrical voltage, so-called
Weiss areas known from ferromagnetism, so that no resulting macroscopic

electrical moment is achieved in the entire piezoelectric crystal.

When the external electrical voltage is applied, the Weiss areas rotate in such
a way that all dipole moments are oriented in the direction of the external
electrical voltage. This polarization causes a deformation of the anisotropic
piezoelectric crystal, e.g. an extension. Processes similar to the formation of
chaotically oriented micromonodomains in ferromagnetic materials and
piezoelectric materials (ferroelectric materials) when the temperature falls below
the Curie temperature take place in shape memory alloys (SMA) with
martensitic transformations when the temperature falls below a characteristic

temperature [4].



Each such micromonodomain represents an elementary carrier of the lattice
deformation caused by the martensitic transformation. The resulting
macroscopic and reversible deformation of the entire SMA body consisting of
such micromonodomains is only caused by the orienting effect of the applied

external mechanical stress.

By changing the direction of the electrical external voltage acting on a
piezoelectric crystal, mechanical vibrations with frequencies up to the US range
are generated in such a piezoelectric crystal, which are used for many technical

and medical purposes.

1.5 US measurements of elastic constants in solids
The piezo transducers can fulfill both sensor and actuator functions in one

and can be used as such, e.g. when measuring the modulus of elasticity in metal
samples. The signal from a US transducer is sent into a flat, plane-parallel
polished sample, and the echo signals resulting from the reflection from the
opposite sample surface are captured by the same transducer and converted into

electrical signals.
The time 7 measured between two adjacent echo signals is used to calculate

the US velocity Vg in this crystal:

2d
Vus = (1.3)

where d is the thickness of the sample. Since this velocity depends on the

elasticity modulus G and the density p of the sample (81.1):

G
Vus = .|~ (1.4)
yo,

the elasticity modulus can be easily calculated:
2
G = VUS yor (15)
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If such US measurements are carried out on single-crystal samples with

different orientations, the values of individual components Cij of the elasticity

tensor HCij H are determined. The temperature dependencies of elastic constants

determined in this way are widely used for investigating the softening of the
determined elastic constants in the pre-martensitic temperature range in shape

memory alloys [5-8].

1.6 Acoustic emission measurements
The direct piezo effect is the basis of piezoelectric sensors for registering

acoustic signals (acoustic emission, AE). Acoustic emission occurs in solids as a
result of sudden changes in the inner field of elastic stresses, for example when

cracks form or during martensitic transformations [4].

In such AE-measurements [4, 9], a piezo transducer as a sensor with a

resonance frequency of 400kHz is attached directly to the polished surface of a

sample to be examined using a thermal paste that secures the acoustic contact.
The electrical signals generated by the sensor through acoustic pressure waves
are electronically amplified, digitized by an A/D converter and visualized on a

computer screen (fig. 1.2).

Depending on the type of transformation and heat treatment, the frequencies
of the acoustic signals during martensitic transformations of shape memory
alloys can range from audible, where one can hear the crackling of annihilating

phase or domain boundaries with bare ears [4], to the ultrasonic range.
The AE intensity | og is recorded as the number of acoustic signals (pulses)

per second N ag (T) \_imp-s_lj as the temperature changes at a constant rate

T = const in the transformation temperature range (A; =M ¢ '):



: U T
Ipg < Npg (T)oc =9 — - (1.6)
Ug A =My

where Uy is the elastic energy of the phase boundaries and U 4 is the elastic

energy dissipated as acoustic emission.
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Fi_g. 1.2. AE measurement curves of polycrystalline SMA samples
T1—55Wt%NI — 2Wt%Zr in the first cycle of the thermo-induced B2 — B19'

martensitic forward transformation (a - line 1) and Cu —14wt%Al —4.2wt%Ni
in the first cycle of the thermo-induced martensitic forwards and reverse B2 <> 9R
transformations (b). Decrease in AE intensity with the number of transformation cycles
(a- line 2).

The acoustic signals during the martensitic transformation arise from the

coalescence of martensite crystals growing during the transformation with the
formation of internal martensitic domain boundaries with much lower elastic
energy densities. During reverse transformation, splitting these internal
martensitic domain boundaries takes place into the coherent austenite-martensite

phase boundaries with much higher elastic energy density [4].

These abrupt changes in elastic energy density cause acoustic emission, SO
the number of acoustic pulses is approximately equal to the number of phase

boundaries:

Nag (T,2) » NAMP 2N M 21— 2), L7
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b : :
where N,\'\jlf is the number of martensite polydomains M P after complete

forwards transformation at the temperature T <M, and at martensite phase

fraction z(T) =1.

The decrease in AE intensity with the number of transformation cycles
shown in Figure 2a, line 2, which was also observed in other kinds of
investigations [10], is due to the stabilization of some martensite crystals by
changing their internal domain structure in the field of internal elastic stress [4]
and not to the loss of coherence of the phase boundaries by the faults, as is
claimed in most cases. Namely, reducing the density of twin boundaries in a
martensite crystal leads, as it has been prooved experimentally in [4], to an
increase in its reverse transformation temperatures, so that the martensite crystal

is eliminated from the reverse transformation cycles in this temperature range.
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2. US effects and their applications
The numerous US applications are based on the diverse properties of

ultrasonic as pressure waves and its effects on the propagation medium (gases,

liquids, solids).

2.1 Cavitation
Actually, cavitation is not explicitly a US specific phenomenon. The

formation of cavities (vapour bubbles) in liquids and their implosion on the
surfaces of obstacles generally occurs in strong turbulent flows with large
pressure drops, e.g. at the ship's propellers. The vapor bubbles form in liquids at
the points of minimum pressure, where the equilibrium between water and water

vapor can be reached on the (p —T ) —diagram already at room temperature.

The resistance of obstacles increases the pressure in the cavitated fluid,
causing the vapor bubbles to collapse suddenly. The explosively increasing
pressure and temperature causes erosion of the obstacle surface and significant
damage to them. However, this effect finds a positive use in US cleaning baths

(e.g. lenses cleaning).

In metallurgy, too, cavitation by ultrasonic effect on metal melts is an
important application, in which their US treatment has a positive influence on
the quality of cast parts. The process is based on the creation of cavitation
bubbles in the melt, which induces a dispersion and degassing effects. The
analysis of the structure and the determination of the mechanical properties of
the resulting cast parts are the basis for determining the quality of light metals

such as magnesium, aluminum and their alloys [11, 12].

2.2 Ultrasonic friction reduction
Static frictional force F; acts on the interfaces between two bodies pressed

against each other with a force Fy acting normal to the surface and is related to

the normal force as follows:
13



Fe=u-Fy, (2.1)
where u is a coefficient of friction determined by the nature of the interfaces
and body fabric.

The frictional force always opposes the force Fy trying to set the contacting

bodies in motion. Friction force depends on the velocity v of movement [13]:
Fi =—a-V, v<25m/s (2.2)

—

F; :—,B-vzx, (25<v<350)m/s (2.3)
v

If the US vibrations are applied to one of the bodies in contact, the friction

behavior changes. The pressure of a vibrating body counteracts the normal force

F\ at the contact points one wavelength A4 (fig. 2.1), thereby reducing friction.

wavelength

N \1‘-; Dkl N
vtk e 8 ¢35 et ntteel . NS c g e eSS 03 3¢ 3
AL LI TR Ll e v :.
A *vereees?
:::0' 0.::.-' peese”
aLongitudinal elongation wave b Transverse wave

Fig. 2.1. US wave kinds.

If you try it for example, to hold tight the blade of a switched-on US cheese
knife with your fingers, you can feel the fingers being pushed off and slide away
in the direction of wave propagation. Since the friction coefficient is not
changed, the US effect of friction reducing differs from the lubricants effect

reducing the friction coefficient 1 .
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US friction reduction is used very effectively in various metalworking
processes such as wire drawing, extrusion, deep pressing, etc. applied to reduce

the acting force and to avoid or to reduce the sticking of metal to the tools [14].

The friction created at the interface of two metal parts, if they are moved

relative each other with the force F; by ultrasonic action, can also produce a

positive grinding effect at the two rough interfaces.

2.3 Friction as the basis of ultrasonic grinding
The problem with the production of precision mechanical components is that

their surface roughness after milling/turning makes their precise use impossible
and is intolerable. To solve the problem, a lengthy and ineffective hand grinding

process is used.

The investigations [15] carried out on behalf of the companies “Leica Camera
AG” and “Ultrasonics Steckmann GmbH” showed a very satisfactory smoothing
of the microthreads of the lens parts screwed into each other by applying the US

vibrations to the lens of the photo camera.

Light micrographs of thread sections of the aluminum and brass lens parts

indicate that friction on the threads of the pairing parts is mainly caused by the

surface roughness of parts after thread milling/turning (figures 2.2 aand 2.4 a).

Fig. 2.3 a. The thread of the aluminum part Fig. 2.3 b. The thread of the aluminum part
after one-sided ultrasonic acting. after two sides ultrasonic acting.
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The hand grinding aluminum surface remains rough (fig. 2.2 b). However,
the aluminum particles created and deposited during processing are rounded off,
aligned along the thread (textured) and partially smeared into the surface, which

of course should result in a reduction in friction.

US-treatment of the lens parts screwed into each other by applying the
sonotrode to one side of the lens smoothes both the aluminum surface (figures
2.3 a, b) and the brass surface (figures 2.5 a, b) extremely efficient. On the light

micrograph (fig. 5 a) there is absolutely no trace of said aluminum particles.

Fig. 2.4 a. The thread of the brass part after ~ Fig. 2.4 b. The thread of the brass part
milling/turning. after hand grinding.

The surface of the brass part after its production is relatively smooth (fig. 2.4
a) and changes only insignificantly with further treatments (fig. 2.4 b), although
here too there is a positive ultrasonic effect (figures 2.5 a, b) compared to hand
grinding (fig. 2.4 b) can be determined. When grinding by hand, not only the
roughness, but also the thread itself is somewhat smeared, while the thread

remains originally sharp after US treatment.

The US treatment by a semicircular sonotrode with the 180° rotation has the
same effect (figures 2.4 a and 2.6 b) as that with a planar sonotrode. US-
treatment by applying the sonotrode to the both lens parts (figures 2.3 b and 2.5
b) is less effective than applying the sonotrode to one side (figures 2.3a and 2.5

a). The surfaces are still smoother than those after hand grinding (figures 2.2 b

16



and 2.4 b), but in contrast to the other US methods considered here (figures 2.3 a

and 2.5 a), they show residual traces of granular particles.

Since these two US treatments are more complex and achieve the same or
even lesser effect, the use of these methods is not particularly sensible for

economic reasons alone and is not recommended.

Fig. 2.5 a. The thread of the brass part after ~ Fig. 2.5 b. The thread of the brass part after
one-sided ultrasonic acting. two-sided ultrasonic acting.

The influence of the US treatment on the roughness of the aluminum surface
is based on the metal plastification investigated here (chapter 5). The lens parts
screwed together exert mechanical pressure on each other, especially on the

rough areas of the thread surface.

o

I — . . - ,
Fig. 2.6 a. The thread of the aluminum part  Fig. 2.6 b. The thread of the brass part after

after ultrasonic acting through a semicircular  ultrasonic acting through a semicircular
sonotrode, rotated by 180°. sonotrode rotated by 180°.

The US vibrations lead to heat production on the contact surface. Through
the mechanical pressure, the tangential stresses and the heat, the aluminum yield
point is reached, i.e. the aluminum particles are plastificated and smeared into

the surface of the aluminum part, so that a perfect smoothing effect is achieved.

17



The weaker result of the US treatment when placing two sonotrodes on the
both parts is probably due to the fact that the two movements are
missynchronized and minimize the relative amplitude of the counter-vibration.

A better effect is achieved if one part serves as an anvil and remains immobile.

The friction generated by US vibrations under the pressing force and the
associated temperature increase in the contact zone also proved to be the basis of

US welding of thermoplastics and US metal joining in these investigations.

18



3. US welding and processing of thermoplastics

3.1 Viscoelastic properties of thermoplastics

US welding thermoplastics is used to join two different molded parts together
[16]. This is a welding process most commonly used for this purpose as it lasts
from a split second to few seconds, produces clean and strong welds, and it is

easy to automate and to integrate into mass production.

N nun; | ’ ] Y | ‘ [ K

Elasticity modulus

Mechanical dissipation factor

Temperature

a b

Fig. 3.1. Temperature dependence of the elasticity modulus and the mechanical loss (dissipa-

tion) factor tan o of one of the amorphous thermoplastics (a), the rheological Kelvin-Voigt
model (b) with an elastic component (spring) and a viscous component (damper) connected
in parallel..

During US welding of thermoplastics, the plastic molded parts are made to
vibrate. The continued vibration heats and softens the plastic and then mixes the
softened surfaces of the plastic together. This creates both a physical and, with

the right choice of plastics, a chemical connection between the moldings.

Thermoplastics as solids have an irregular amorphous molecular structure
with short-range order, like it in glass, or a mixed amorphous and crystalline

structure with long-range order, like it in all crystalline solids. Amorphous

19



thermoplastics lose their strength when heated up to the glass transition

temperature Tg (fig. 3.1 a), become plastic and easily mouldable.

Mixed structures show two softening areas: one for the amorphous

component at the temperature Tg and one for the crystalline component around

the melting temperature T, (fig. 3.2).
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Fig. 3.2. Temperature dependence of the elasticity modulus and the mechanical loss factor
tan o of one of the semi-crystalline thermoplastics.

The amorphous thermoplastics are viscoelastic materials which, when

deformed, have both an elastic, reversible component and a viscous, time-

20



dependent damping component. A viscoelastic material under an external
vibrational shear stress is represented in rheology by a complex elasticity

modulus as a complex number:
G*=G' +ic", (3.1)

where G' is the storage modulus, elasticity modulus of the elastic part, and

G is the dissipation modulus for the viscous part (fig. 3.1 b). The ratio of the

both modules determines mechanical energy losses:

tano = —— (3.2)

through internal friction [17-19].

3.2 Energy dissipation as internal heat and US joining principle
The longitudinal US vibrations with initial amplitude A(l)JS propagate in the

upper thermoplastic molded part as stress-strain cycles with viscoelastic

deformation:

us
top
and stress:
1
Ovel = Gtop (T)-&ver (3.4)
plast

where X is the thickness of the upper plastic molded part or the distance
top pper p

between the sonotrode and the welding surface.

The damping component with the dissipation modulus tholp(T) is

responsible for energy dissipation whose mass density (per unit mass)

corresponds to the area of the hysteresis loop in a one deformation cycle [4]:
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J 1
h {_}: pplast (T) veI (3.5)

kg top
m plast
where ,ot'O'alst = op Siast 1S density of upper molding with mass mt%'g‘“
SWeld ) Xtop

and welding surface Syq|q -

The density of the thermoplastic molded part should be checked before set-
ting the welding parameters, because it depends on the purity of the plastic and
increases in the presence of additives or glass fibers, which can make it difficult

to weld thermoplastics.
The total dissipated energy per unit mass is then calculated as the energy loss
in one cycle by multiplying the hysteresis area by the resonance frequency f,rUS

of the sonotrode (number of cycles per second) and by the welding time tq|q :

2
plast us
us| J Sweld ) Xtop us
edIS |:k :| = plast (T) 'szl)ast : fl’ .tWEId ' (36)
9 top top

The dissipated energy is transformed within the upper thermoplastic molding

plast

plast _ “<top
plast

Miop

into the heat with the mass density Otop required for heating the

molding from the room temperature T, to its softening range around the glass
transition temperature Tg (Fig. 3.1a) or its melting temperature T, in semi-

crystalline thermoplastics (fig 3.2):

| |
abe ™ =cB® - (Tym —T,) =€gi, (3.7)

where CS'aSt is heat capacity of the upper molding, Wg%ﬁ is the output power
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usS
gen

plast
top

of the US generator and eé’ig = 190 -tyelg 1S mass density of the

energy losses (3.6) for the US energy supplied into the molding by the US

generator.

The described dissipation mechanisms and transformation of US energy into
the heat is the basis for the US welding of thermoplastic molded parts. The same

fundamentals apply to all other US thermoplastics technologies:

- near field welding (direct US welding)
- far field welding (indirect US welding)
- welding with inserted gasket

- welding of various molded parts (casting, extrusion, blow molding, ther-
moforming)

- welding of combinations of different molded parts
- spot welding

- seam welding and stitching

- welding of coated cardboards and fabrics

- riveting

- flanging

- hammering in

- embedding

- joining of molded parts with textiles

3.3 US welding technique and technology
The US welding process was found to be particularly suitable for this purpose
in the 1950s and has been continuously developed since then, both in US tech-

nology and in the design of thermoplastic molded parts and weld surfaces.

An US welding system (fig. 3.3 a) essentially consists of a welding press that
regulates the pressing force required for US welding, a generator (or several in
complex block module systems), an US resonance module and welding tools: a
sonotrode as a supplier of US energy and anvil as an absorber.
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Fig. 3.3. Ultrasonic technology: welding system (a) and manual welding gun (b), which are
suitable for spot welding or for cutting foils and synthetic fabrics [15].

The mechanical US resonance module (fig. 3.4) consists of a piezoelectric
US transducer, an adapter (converter, booster) and a sonotrode (also called horn)

as a welding tool.

The US resonance module is the heart of every US welding system. In com-
plex, fully automated US welding systems (fig. 3.3 a), there is also a pneumatic
linear feed system (welding press) for automatic placement of the sonotrode on
the upper thermoplastic molded part to be welded normal to the welding surface
and for exercising a constant pressing force on that. In addition to the sonotrode,

the welding tool also includes the anvil, which absorbs and dampens the con-
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stant pneumatic pressure and US vibrations. In US manual welding machines
(fig. 3.3 b), the US converter is hidden in the housing with the handle and con-

nected to the generator by a cable.

zero position strain compression

compression

<— adapter (booster) '—=f=—US converter .

SR )

on

. u) . z
B '§ G =
23 . "B
] Z =

* strain compression A

Fig. 3.4. The mechanical resonance module and its behavior.
In practice, linear pneumatic feed systems are used as welding presses, as

shown in Figure 3.3a, but hydraulic or magnetic feed systems are also used in
special cases. Generator can either be built into the welding machine or placed

next to it, which makes the application more variable and the operation easier.

The following conditions are important for standard welding systems:
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- compressed air connection (usually 6bar)

- pressing force (up to 4000N )

- adjustable work routine

- adjustable US switch-on time

- adjustable feed and placement velocities

- mechanical adjustment of the US resonance module

- free space between sonotrode and table or between sonotrode and the system
frame

- precise control of the mechanical resonance module
- plane-parallel position of the sonotrode and of the anvil.

US generator transforms electrical energy from the electrical network into vi-

us
fr

brational energy with the resonance frequency required for the mechanical

resonance module. The preferred resonance frequencies for US systems is

20kHz. However, there are also systems (see appendix) that work with reso-
nance frequencies of 35kHz, 50kHz and 70kHz.

The output power ngéﬁ of a generator is adapted to its tasks. Power levels

from 100W to 4000W =4kW are used for US welding of thermoplastics.

The no-load power is the sum of the electrical system's own energy losses and
energy losses of the mechanical resonance module. This should be minimal and

always attuned to it.

Figure 3.4 shows the vibration behavior of the mechanical resonance module:
the module is at rest on the left, the sonotrode is in the expansion or strain phase

in the middle and the compression phase on the right. US vibration amplitude

A(l)JS is determined as one half of the vibration range (figures 1.1 and 3.4). It is

measured on the front side of the sonotrode using an indicator micrometer or an
electrical measuring device, while the vibration range is determined using a light

microscope.
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Converter (booster) directs the vibration energy from the US converter to the
sonotrode and transforms the vibration amplitude of the US converter to the val-

ue of (5+300)m required at the sonotrode.

The sonotrode is the tool used for ultrasonic welding, flanging, riveting etc.
of thermoplastics, which vibrates normal to the contact surface and has the fol-

lowing tasks:

- transfer of the US vibration energy into the workpiece
- transmission of the pressing force to the workpiece
- change in amplitude
- shape design at shape changes
Particular attention is paid to the sonotrode, because good quality can only be

guaranteed by correctly calculating the process parameters for the corresponding

molded parts.

The lower molded part on the other side of the joint area rests on an energy
absorbing anvil, ensuring that the ultrasonic energy stays in the weld zone. The
anvil is the second tool opposite the sonotrode, which is used to position the
lower molded part or as a guide for the upper molded part. Its surface is adapted
to the shape of the lower part. The anvil is preferably made from the following

materials:

- steel

- aluminum

- brass

- casting resin (mostly filled)

To protect sensitive molded part surfaces, anvil can be covered with elastic

materials, e.g. PTFE, corks, rubber, elastomers.

The control part of the US welding system gives the user the opportunity to

set all the necessary welding parameters. The following order is recommended:
- enter the amplitude
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- correlation of the pressing force with the amplitude and the output power of
the generator

- setting the switch-on time (dampening touchdown or touchdown of the
freely vibrated sonotrode)

- adjustment of the touchdown velocity of the sonotrode
- adjustment of welding and holding time under the pressure

usS
1:r

The US resonance frequency and the amplitude A(l,JS in (3.6) mostly

determine the amount of energy dissipated in the upper molded part and are
among the most important parameters of the US welding process. These are
generated and adjusted in the mechanical resonance module of the US welding

system.

3.4 US welding parameters and weldability of thermoplastics
Equations (3.6) and (3.7) contain all parameters relevant to the welding

process, both of the US resonance module and US welding system (A(l)JS , frléss,

plast
op

plast

C p ]

WéJef,) and of the thermoplastic molded parts to be welded (o

Tym: Gtgg"St (T,z), Spat th?ﬁ) and can be used to adjust welding

parameters or provide orientation (relationships between individual parameters)
for practical tests, through which the welding parameters are otherwise

determined empirically.

The US parameters for a US welding process should be coordinated with the
nature of the thermoplastics (Table 3.1). The thermoplastics listed in Table 3.1
are of course best welded to themselves (diagonal in Table 3.1). The pairings
lying outside the diagonal can only be welded to a limited extent or not at all (or
if the experimental data is not available), but can be join using other US

methods such as riveting and flanging.

The amplitude A(l)JS should correspond to the material and construction of
the molded part and the geometry of the weld surface. In general, larger
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amplitudes are set for molded parts made from partially crystalline
thermoplastics than for those made from amorphous thermoplastics, because the

former require more energy for their softening. The orientation values are:
- for amorphous polymers A(%JS = (10=+30) um

- for semi-crystalline polymers A(l)JS = (25+50)um.

Table 3.1. Weldability of different thermoplastics with each other

Mod. PPC
POLYSULF
POLYIMID
| O | sutvrRATE
CELLULOS]

Oleve
PPO

PMMA Cen

>
&

_ ><P< ABS

XXX | pMma

,,
O
O
ix|0 0 |pc

PR | . A
Mod. PPO (NORYL) e SO | XX

POLYSULFONE e ieon | ily Nt
POLYIMIDE B X

b SO O G Gl WIS o AT T S SR
CELLULOSE - ACETAT 4 TRy K

x good weldability
o limited weldability

The correct input of the amplitude corresponding to the requirements can

usually only be determined by practical tests. The best way to determine them is
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us
to use boosters with different transmission ratios n2°° = w

andler

, starting

with the smallest value ntbrOOSt =1

The interplay between the vibration amplitude ACL,JS and the impact force of

the sonotrode F,,, can be estimated from the following considerations: the

attached vibrating sonotrode hits on the upper molded part according to

Newton's 2nd law with a force:

ti US UN) US\2
Fson [N]: mgolr:n *8son = Pson “Sson * Ao -16Ag - (F,77) , (3.8)

where mSi™M = 5 .S, - Ay° is the mass of the front part of the sonotrode,

Sson IS its surface, V =S¢, -A‘l)JS is the volume of the space between the

resting state and the maximum amplitude A(L)JS in the straining phase (fig. 3.4),

Ason :% —16A5° -(frUS)Z[m-S_Z] is acceleration of the sonotrode front
t
) . UsS . ) 1 1 .
side, which is on the way s = Ay~ during the time t==-T = (fig. 1.1)
I

IS reached.

With a counterforce that is somewhat reduced by damping (inelastic impact),
the molded part also acts back on the sonotrode according to Newton's 3rd law,
which simply allows the sonotrode to bounce back, if it touches down without

any pressing force. To avoid a destructive “hammering” effect, the pressing

force F;ﬂ,f, > F.op is needed.

With values of the steel density pgq, ~8-10%kg/m3, US resonance
frequency frUS =70kHz =7-10*Hz, amplitude ACL)JS =50umz5-10_5m,
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and the surface of the sonotrode front side Sg, ~107°m?, one can estimate

the impact force (3.8):
Feon =16-8-25-49-10 ~1700N (3.9)
and the pressure acting on the upper molded part:

Poon = Fson ~170000Pa =0,17MPa =1,7bar. (3.10)
S

son

These estimates good agree with empirically determined values of the force

F;,ﬁf, = 4000N and pneumatically generated pressure P =4bar (&§3.3) acting

on the weld surface, at least in order of magnitude, especially when considering

that a doubling of the amplitude leads to a quadrupling of the force
(Fson = 6800N ) and the pressure (P =6,8bar).

However, the formula (3.8) refutes the empirical assertion that the pressing

force FaL,J]?, relates to the amplitude as F;ﬂ]% > Feon <1/ Ags. According to

(3.8), the pressing force depends parabolically on both the amplitude and the

resonance frequency: F;%f’) > Fgon o€ (A(%JS)Z -(frus)z_ Though, the empirical

claim may be true for the pressure on the weld zone without considering the
"hammering"-effect. In any case, the pressing force should be set in accordance

with the both parameters, but also with the output power of the generator.

When optimizing welding parameters, you start with a small pressing force
and increase it until the necessary quality of the weld seam is achieved. After the
optimization, the output power of the generator should remain constant.

The switch-on time tgns depends on the touchdown time, the touchdown

distance and the pressing force. The ultrasonic can be switched on before the
sonotrode is placed, during the placement or after the sonotrode has been placed
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on the molded part. With time-dependent switching on, you can choose all three

options.

When switching on depending on the path, only the placement of the
vibraating sonotrode is possible. With pressure-dependent switching on, you can
choose from light touchi switching on as soon as the sonotrode touchs the

molded part, to switching on only after the full pressing force has been reached.

When US welding thermoplastics, however, it is advantageous to switch on
the generator only when the selected pressure is reached. When riveting,
embedding and flanging, an vibrating sonotrode should be attached so that the

molded part is plastificated more quickly and in good time.

The touchdown velocity of the sonotrode is determined empirically in tests, is
normally from 0,5mm/s to 50mm/s and plays a decisive role in the welding
quality. When riveting, embedding and flanging, you work with low placement

velocity.

The welding time as it follows from (3.6) and (3.7):

last last last
ch o -mbe™ - (Tg m —Tr) - Xiop

Lyeld = P e Us (3.11)
weld Gt (T) ( )2 fres
or
Cplast .mplast Ty =T,)
twelg = P 9T (3.12)
weld — uUsS '
Wgen -t9o
depends on:

- output power of the generator (Wgen )

- materials (Gyg, pSIaSt CSIaSt,Tg,m)
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- size of the welding area (S,yeq )

- molded part thickness (Xt'glélSt )

- switch-on time (t(L)JnS = t(l,Jf? —teld )

- amplitude (A;”>)
- pressing force (Féf]f) ) in (3.8)

and is usually determined empirically in test series. It is kept as short as

possible, normally around of (0.2+1.5)s, to avoid damage to the molding.

The sharp drop in elastisity modulus in the temperature ranges around of Tg

and T,, (figures 3.1 a and 3.2), causes intense attenuation of US vibration

energy on the way to the weld surface. In general, energy losses in semi-
crystalline thermoplastics are higher than those in solid amorphous
thermoplastics. Therefore US welding of semi-crystalline molded parts of the
same shape as amorphous ones requires greater output power of the generator
and greater amplitude so that the welding time for the two thermoplastics

remains comparably short.

As equations (3.6) and (3.7) show, the basic material characteristics such as
specific heat capacity, latent heat of glass transition and fusion, viscosity in the
softened state affect the US welding parameters both directly and indirectly.
Indirectly, they act by influencing the sound velocity and thus the supply of US
vibration energy to the contact surface (melting surface). The latter is
particularly important in far-field welding.

The distance of the sonotrode from the weld surface, which usually
corresponds to the thickness thlgm of the upper thermoplastic part,
distinguishes two welding regimes: near-field welding or direct welding (fig. 3.5
a) and far-field welding or indirect welding (fig. 3.5b).

33



Near field and far field designate two areas of the US field in the propagation
medium with very different physical properties. It applies to the near-field area,

Xt'gISSt <273 ie. an area in the immediate vicinity of the sonotrode, where

strong, uneven interference is at work. It applies thlém > 9% to the far field

range, i.e. far away from the sonotrode, where interference effects no longer

play a major role.

R AR Sonotrode

Senotrode |

' / \* —Formei

———Formeed

ow-—-—--—-—} Amboss

(
a b
Fig. 3.5. Examples of near field (a) and far field (b) welding

The boundary between the near field and the far field depends on the US

C i .
wavelength A5 = E and the size of the radiating surface of the US source
r

(sonotrode) [1].

Softening or melting the entire molded part during US welding and thereby
distorting or even destroying it is not the purpose of US energy input in a
welding process. The main task is to transport the maximum US vibrational
energy into the contact zone at the weld surface, to plastificate, soften or melt
the area of the upper molded part and the two thermoplastic molded parts

through the softened material and through the melt respectively to stick together.

For this purpose, the contact surface of the upper molded part will be made

extra rough or provided with unevennesses as energy directors (ED’s) and with a
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different seam design (fig. 3.6).

x § pinch seam \ \
cone tongue and groove

connection

Fig. 3.6. Design examples of thermoplastic molded parts for US welding with various
energy directors (ED’s).

The ED’s concentrate US energy at their peaks. These are also under

mechanical stress o' due to the pressing force F,n, and elastic deformation

&g Of the upper molded part during US vibrations:

F
OERG [M Pa] = anp +G I *Eq| s (313)
ERG

where Sggrg s the total area of all ED’s, which is very reduced at the spikes.

The material, which is initially softened/melted at the spikes, is squeezed into
the gaps by the pressure, fills these up and forms a weld seam when it solidifies

again, which ensures a firm join between the two molded parts.

In order to achieve high quality of a US welded joining, the necessary
prerequisites should already be created during the planning phase. Depending on
the requirement for a welded joint, the construction must meet the following

criteria among all other things:
- resilience of the weld
- water- and gas-tight welds

- aesthetic appearance
- absence of the melt leaked inside the molding.

In addition to the welding parameters discussed above, the final quality of the

weld is influenced by the following factors:
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- kind of material (Table 3.1)

- construction of molded parts

- location and design of contact surfaces
- design of ED’s

S\

2. pegs and holes R

.

sonotrode

the upper molding~_

the lower molding

anvil —

3. mntake tool (anvil) 4. sonotrode and intake tool
Fig. 3.7. Possibilities for centering molded parts.

- positioning and placement freedom of upper and lower molded parts

- adjustment of the sonotrode

- position in the intake tool (anvil)
- alignment of molded parts [21].
The ED’s design and the seam geometries are adapted to the nature and
construction of molded parts. In the case of pinch tongue and groove as well as
36



all other tongue and groove or step welds, the upper molded part is pushed down

by the pressing force on the vertical walls of the lower molded part (fig. 3.7).

This engenders additional frictional heat, which causes the two molded parts
to be joined. Even with the same thermoplastics (the diagonal in Table 3.1), the
production of molded parts in different processes such as pressure casting,
extrusion, blowing leads to different properties and thereby affects their
weldability. In order to ensure the joining such molded parts, US spot welding is

used, the principle of which is shown in figure 3.8 on the right.

With spot welding, the molded parts do not require a special design of the welding
surface. The sonotrode spike penetrates into the lower plate, melting it at the point so that the

plastic collects in the parting line and ensures a spotform joining.

~welding surface

_pressure cast

1‘/.'
( 7 )
J 7 molding
——— | S —- -
} \ N R N "N -
f u - SRR o
b N\ NN\ N\
P/ /i 7 /A g N
X ’ Y o,

blow molding

ot 3 ) -

Fig. 3.8. Spot welding of thermoplastics with different properties (example and principle).

Spot welding is simple, quickly, conforming to shape, does not require ED’s
and ensures safe, precise joining of molded parts, even with different properties

that make conventional US welding difficult.

Other US joining methods for non-weldable thermoplastics include riveting
and flanging, well-known in manufacturing. Thermoplastics can be joined to

metals or other non-weldable materials by riveting and flanging.

The rivet, which was already produced during the manufacture of the lower
molded part, is used during riveting in such a way that the rivet head (fig. 3.9),
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formed from the protruding pin through the sonotrode, securely fixes the upper

component part. After riveting, the two parts no longer require an additional

joining.

shapes of sonotrodes, |ri t head shapes of sonotrodes, |rivet head | rivet pin

moldings, rivet heads desien moldingts. rivet heads |design | diameter |
B |d>1-5
D

d>2

F | d>0.5
H

Fig. 3.9. Often used rivet head shapes and shank diameters.
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In US riveting processes, the rivet pins can be formed into rivet heads as
individual rivets or as several of them in one cycle. This creates a solid rivet
joining that does not require any further attachment. Figure 3.9 shows details

related to the riveting process.

|

] I thermoplastic

| 2. sonotrode

' 3. Metal part
to be flared

after flanging

Fig. 3.10. Examples of forming during flanging.
With these joints, the mechanical US vibration energy is conducted through

the sonotrode into the plastic, as is the case with US welding. This is
plastificated as the temperature rises and shaped by the pressure of the sonotrode

as a shaping tool.
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Flanging works on the same principle of plastification and forming. It is used
as an alternative to riveting when rivet pins are not available on components.
The sonotrode is specially shaped on the end face side and can reshape the
plastic part in such a way that it encompasses and fixes the second part (fig.
3.10). No energy directors are required for flanging. The US process enables the

joining of dissimilar materials with the plastics and large-format forming.

”__metal part

deformed with ultrasonic

Fig. 3.11. Examples of joining in US impact method.
Joining of dissimilar materials with thermoplastics is also possible in a US

process similar to flanging, the impact-process (fig. 3.11). In this process, the
plastic, which has been plastificated by the sonotrode, penetrates under pressure
into the gaps, grooves and holes provided in the non-specific component, so that

an inseparable joint is created after the plastic has cooled and hardened.

Embedding metal parts in thermoplastics is a similar US process of

inseparably bonding thermoplastics to dissimilar materials. The process is used
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for embedding threaded inserts, set screws, anchor bolts or other metal parts in

the thermoplastic mold.

With special sonotrode combinations (fig. 3.12), several metal inserts can
also be embedded in different contact levels in one cycle. The main requirement
for product quality is tear and spin resistance. These are ensured by vertical and
horizontal notches in metal parts (fig. 3.13), which are filled with plastificated
plastic during US embedding. US embedding is performed at lower amplitudes

to avoid cracking and destruction of the thermoplastic molded part.

Fig. 3.12. Sonotrode combination for Fig. 3.13. Forming of metal
embedding metal parts at different contact  parts and receiving holes in
levels. molded parts.

The US welding process is also used to stitch together flat textiles with
thermoplastic fibers in an endless cycle (fig. 3.14). The connection is also made

by softened or melted thermoplastic material of the fibers.
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Fig. 3.14. Various possibilities of the endless seam welding process of textiles.

If one of the welding tools, sonotrode or anvil, is made in the form of a knife
edge, such textiles can be cut cleanly in a likewise endless separating seam
welding process. The edges of the cut are melted off so that no fraying takes
place. The same works with US welding of thermoplastic films with cardboard

and textiles with molded parts [22] etc..
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4 Metal joining in the ultrasonic welding process

4.1 Basics
In the case of large generator outputs, the US joining of metals or metal

alloys is even possible, even of those that are considered non-weldable in

conventional welding processes such as electrode or arc welding.

US joining of metal parts differs significantly from US welding of
thermoplastics. This is solely due to the different properties of the two materials.
The term “welding” itself, in relation to the conventional method of joining
metal parts, means the melting together of liquefied metal components at the
contact line to a weld seam. The same principle applies to the joining of

thermoplastics, as presented in the previous chapter.

The rapid softening or melting of thermoplastics occurs during heat
production at the contact surface due to intensive internal friction in the
amorphous molecular chain structure of the thermoplastics. The heat generated
also remains concentrated at the contact surface because the thermal

conductivity of plastics is negligible.

Metals, on the other hand, have properties that are unfavorable for their rapid
heating: a much lower internal friction [23], apart from special cases in

damping alloys, with tan o = —5 R 0 at a loss modulus G'' — 0 and a much
G

higher elasticity modulus (storage modulus) G = G! , @ much higher thermal

. wW : :
conductivity i[—K compared to thermoplastics, an one magnitude order
m-K |

higher density p|:k—93 , a much higher melting temperature T,,,[K] for most

m

43



metals and their alloys with comparable specific heat capacity values

ol J
Plkg-K |

So, the energy production (3.6) in metals and the heating (3.7) of metals at
the contact surface by US vibrations are much weaker than those of
thermoplastics, while at the same time a higher energy requirement to reach the
melting temperature. These characteristic differences actually exclude US metal
welding as the conventional melting together of components of the two metal

parts with the formation of mixed crystals at the contact zone.

4.2 State of research and technique
The joining of metal parts in a US welding process takes place despite the

unfavorable conditions outlined above and has now been used intensively in
various areas of technology for a long time, although the joining mechanisms
were used up to the 1990s, at the time of the investigations at the TU Berlin on
behalf of the company "Ultrasonic Steckmann GmbH" from 1999 [24] were still

poorly or incorrectly understood and clarified.

The ultrasonic welding process for joining metal parts [25-35], especially in
contact technology, has been studied and developed for around 70 years. Despite
the large number of different investigations in this field over the years,
mechanisms of ultrasonic joining of metal parts have not been clearly clarified,
as also confirmed by the citation from the recent literature review [36] on this
topic:

,,The study of post-welding microstructure, the formation of any intermetallic

compound at the interface and their effect on the joint strength, the presence

of heat affected zone in the ultrasonically joined sheets has been explored but
still, arguably the least understood.”

B. Sanga, R. Wattal, D. S. Nagesh. “Mechanism of joint formation and characteristics of
interface in ultrasonic welding”, 2018 [36]

The basic results on this method were determined in the works by D. Stockel
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[37-39]. Here the structural investigations of welds of various ultrasonically
joined metal pairings as well as adhesive strength measurements were carried

out and joining mechanisms in a US welding process were discussed.

The Adhesion or the cohesion, a metallic joining through the interaction of
the electron structures deformed on the surface of the metals to be joined, has
been mentioned for the first time as a joining mechanism for US metal joining,

with a clean metal surface and a tight contact being a prerequisite for this.

This mechanism was clearly proven as the main joining mechanism in 1999
[24] by scanning electron microscopic EDX analysis of the composition at the
joining boundaries of the various metal pairings, whereby the assumption with

the pure metal surfaces proved as redundant.

In the US welding process, two metal parts to be joined are pressed together
by a pressing force and at the same time exposed to the high-frequency US
vibrations oriented parallel to the contact boundary of usually 20kHz or
35kHz.

The parallel application of the US vibrations to the contact surface, in
contrast to US welding processes for thermoplastics, is due to the much lower
internal friction in metals and thus much lower heat production. When joining
metal using US welding, the two metal parts rub against each other at the
contact surface with a large shearing force, which produces more heat than when

US vibrations are normally applied.

Due to the high-frequency shearing force, oxide layers and impurities on the
metal surfaces are destroyed, crushed and thrown out of the joining surface or at
least transported to the edge [24, 40, 41]. Mechanical interlockings and
entanglements due to drastic plastic deformation and the turbulent flow of the
material into one another have been identified as secondary joining mechanisms

in light microscopic examinations of the contact boundary [24].
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The combination of three factors in the US welding process — static normal
pressure, high-frequency vibration shearing force and moderate temperature
increase due to the friction of the two metal surfaces in the contact area — enable
close contact of both metal parts and the interaction of their electron structures,

which ensures a strong and durable joint.

Sometimes the joining mechanisms for conventional metal welding are
simply transferred to US metal joining [42]. The phenomena typical of arc

welding at the contact boundary are speculative and not experimentally proven:

1. Melting of the contact surface: joining by mixing metals in the melting
zone, as in resistance welding, provided that at least one of the metals to

be joined rises in temperature above the melting point.

2. Diffusion: joining by mixing the metals to be joined at the atomic level,
their ability to form a chemical compound or a mixed crystal, large

diffusion coefficients, high temperature, sufficient time are required.

So, formation of welds by melting together and mixing of metal parts to be
joined is still considered as the joining mechanism in US metal joining up to

now, despite the basics outlined above and the investigations in [24, 37-39].

The term “welding” itself seems to mislead in this regard, as probably
happened to the author in [42], because it points to conventional welding

techniques based on melting together and forming a weld seam.

However, it can also be concluded from many other published research
results that in the top list the first mechanism in US metal joining is unrealistic
and even undesirable, because melting togethe leads to microstructural changes
or formation of brittle intermetallic compounds, which significantly weaken the

weld.

The diffusion mechanism is also out of the question in view of the usually

low temperatures in the contact zone of about (0,3+0,5)T,,, (T,, is the melting

46



temperature) and a very short US exposure time every second, although the
increase in the diffusion coefficient and an acceleration of the diffusion by

ultrasonic vibrations are possible.

In the US welding process, plastic deformation of metal parts to be joined
occurs [37-40, 43, 44], which is also considered as one of the joining
mechanisms. The degree of deformation depends on the adjustable ultrasonic
parameters, such as the US energy supplied by the generator, the US vibration
amplitude and the US exposure time, as well as the profile of the tool surface

and the shape and material properties of the metal parts to be joined.

In a normal contact welding process, the deformation of freely placed parts
can be insignificant (up to 5% [38]). Much larger deformations are observed in
the contact zone due to the high-frequency frictional movement of the metal
parts to be jointed [37, 38].

This stress on the metal surfaces leads to a wavy or, in extreme cases, a
whirling profile of the contact boundary and mechanical interlocking of the
pairing components. This plays a positive role in bond strength in US metal
joining. On the other hand, larger deformations can lead to the formation of
micro and macro cracks or even to total material destruction. Such metal

damage is to be avoided in US metal joining.

Despite this complex influence on the joint quality of ultrasonically joined
metal parts, there are only a few experimental investigations into the US effect
on the deformation behavior and on the deformation mechanisms of metals in
US welding processes [46]. Most can be found with theoretical models from

[47], such as e.g. the metallo-thermomechanically coupled model [48].

In other works, microstructure investigations of metals are carried out after
general ultrasonic treatment [49, 50]. In particular, earlier stages of plastic
deformation associated with the generation, multiplication and distribution of
dislocations are investigated.
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The advantages of the US welding process are obvious:

- no special surface cleaning
- no protective atmosphere

- low energy consumption
- short exposure time

- possibility of fully automating the welding process and integrating it into
other manufacturing processes or systems

- possibility of joining metals that cannot be welded using conventional
methods

- possibility to connect thin and thick, small and massive, round and flat
metal parts.

Despite these advantages, metal joining using the US welding process was
slow to gain acceptance in production engineering. In the beginning, such a
development was caused by the lack of powerful US generators, which could

ensure the US joining of large parts in a reproducible manner.

This also led to the focus of research being shifted to the development of
ultrasonic devices in the 1980s and 1990s [51-53]. Sufficiently powerful
ultrasonic devices and corresponding US procedures have been developed at
present. However, research into physical relationships, the joining mechanisms
in US welding processes and the behavior of metals under the influence of

ultrasonic has lagged behind.

The aim of this experimental research, carried out on behalf of “Ultrasonics
Steckmann GmbH”, is to study the structure and composition of the contact
zone of ultrasonically joined and the structure of ultrasonically stretched metal
parts and to bring the mechanisms of US metal joining up for discussion again,
as well as the plastification of metals in the US welding process is not only to be
regarded as one of the important joining mechanisms, but also as another

possibility of ultrasonic metal processing.

48



4.3 Experimental

Various metal pairings were selected for US joining (Table 4.1), which are

considered as difficult (copper-copper) or non-weldable (copper-aluminium,

copper-steel) in conventional electrode or arc welding processes.

Table 4.1. Metal pairings for US joining tests, shape and purity of their components as well
as their melting temperatures (Tm ) and stretching degree & during US joining calculated
according to formula (5.1).

No. | lower part upper part pairing

1 |aluminum plate 2,5mMm thick, |copper wire, &3,2mm, purity
purity 99,9% 99,9% (T,,, =1083°C), Al —Cu
(T =6359°C) &=500%~,

2 | copprr platte 1mm thick, purity |aluminum plate 1mm thick, purity
99,9% 99,9% (T,, = 659°C), Cu-Al
(Tm =1083°C) £=300%

3 | brass plate 1,5mm thick copper wire, J3,2mm,

(CuzZn37, (T, =920°C) |purity 99,9% (T,, =1083°C), |CU—Ad
coated (0,05mm thick) with £=80% Ag —Zn
fine silver Ag (T, =962°C)

4 | steel disc 1,3mm thick in its copper wire, J3,2mm
technical condition withoutany | hyrity 99,9% (T, =1083°C), Fe—Cu
surface cleaning, _ 0
T =1540°C) £=300%

5 | copper plate 1mm thick, coated |copper wires, <J0,05mm
(0,02mm thick) with hard (T, =1083°C) Ag —Cu
silver AQCu 3
(T, =938°C)

6 | brass plate O,5mm thick copper wires, J0,05mm Cu-Cu
(Ty, =920°C), coated (T, =1083°C) Cu—Ag —
(0,0Imm thick) with fine silver Ag — Zn
Ag (T,,=962°C)

7 | copper plate 0O,5mm thick copper wire, J3,2mm, purity
(T., =1083°C), £=110% |99,9% (T,, =1083°C) Cu-Cu

8 | copper wires 0,3mMm in bundle (T, =1083°C ) with one another Cu-Cu

The joining of the selected metal pairings or the stretching of metal samples

was carried out using a 3KW US metal joining machine (fig. 4.1 a). The
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construction of the US machine is shown schematically in figures 4.1 b, c.
Hardened steel was used as the material for the cone-shaped sonotrode. The
sonotrode had the resonance frequency frUS = 20kHz  (wavelength

98 =15mm) and an amplitude A(l)JS =30um. These mechanical vibrations

were introduced into the upper of the metal parts to be joined in the horizontal
axis (figures 4.1 b, ¢) by lowering the sonotrode with a pneumatically generated

pressure of 6bar onto the surface of the upper part.
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Fig. 4.1 a-c. Photo of the ultrasonic welding machine with an up to 3K\W' powerful generator
(a), schematic drawings of its construction (b) and the joining instruments (c).

When joining compact metal parts (Table 4.1, no. 1-4, no. 7), the sonotrode

surface had eroded wave corrugation with a period of 1,8mm perpendicular to

the vibration axis. The anvil surface had eroded cross corrugation.

When joining wires (Table 4.1, no. 5, no. 6, no. 8), they were held in place
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laterally by a mold. The sonotrode entered this mold with both the sonotrode and
the anvil having fine eroded corrugation. The power consumed by the US

generator from the electrical grid was 3kW . The welding time was (0,3+3)s.

The influence of the grain structure during US joining or US stretching was
examined using a light microscope (LM) on sanded, polished and etched sample
surfaces. All samples were cut perpendicular to the US vibration direction from
the joined place (contact zones) or from the stretched wire in a cutting machine.
To examine the effect of sonotrode corrugation on the surface of the upper part,
a cut of sample 1 along the vibration direction was also examined

microscopically.

Distribution of components within the contact zones of the metal pairings and
the possible diffusion processes constituting the diffusion transition zones were
examined on the same cut samples using energy-dispersive X-ray spectroscopy

(EDX) in a scanning electron microscope (SEM).

The EDX is based on the fact that the components in the surface of the metal

sample bombarded by high-energy electrons in the SEM emit their characteristic

(K, ) X-rays with a wavelength determined for each component.

The ratio of the radiation intensity of individual components to the total
radiation intensity gives very precisely the concentration of individual
components in a metal sample, which is the basis for the compositional analysis

of metal alloys.

If the detector is set to the characteristic wavelength (window) of a one of the
components, the distribution of this component in the surface can be observed
immediately on the SEM image as brightly illuminated areas, while the areas
with other components or with unknown extraneous elements remain dark. The
window method was used here to verify component mixing through their

diffusion in the contact zone.
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4.4 Structure of the contact zone in metal pairings
The overall EDX image of a surface in the SEM is created when recording

the complete X-ray spectrum without a window filter. Such an SEM image of

the contact zone sample 1 on a cut along the vibration axis of the sonotrode is

shown in figure 4.2 a.

Fig. 4.2 a-c. Profile of the contact boundary on the sample 1 cut
along the vibration axis (a, SEM). LM-micrographs of the Al —Cu
contact boundary and of structureless CU surface (c, upper left the
contact boundary).

53



The surface of the Cu upper part is imprinted to a wave form with the
wavelength of 1.8mm of the sonotrode corrugation. The Cu wire has been
crushed into a thin layer on the surface of the Al lower part.The deformation of
the upper part is more than 500% (see the calculation formula (5.1)). The light
microscopic image (figures 4.2 b, c) of the etched surface shows traces of the

turbulent plastic flow of the copper in the contact zone.

The grain boundaries can hardly be seen on the LM image (fig. 4.2 b). This is
due to strong metallographic texture, grain orientation equalized during plastic
flow. With the turbulent plastic flow of the metal, it is even possible that the

individual fractions of the metals to be connected are enclosed in one another.

The Cu— Al contact boundary has a wavy structure shifted to half a period
from the tool ripple wave on the Cu surface. This irregular and displaced wave
can be explained as follows. The material of the Cu upper part is displaced into
the vales of the corrugation by the wave crests of the tool, which exert
maximum pressure on the surface of the upper part. Through this intense
turbulent flow, the maximum pressure is transferred to the surface of the Al
lower part in the peak areas of the corrugation wave, forcing the material of the
lower part up towards the valley areas of the tool corrugation with such a force
that the aluminum even pushes up through the Cu sheet on its surface (fig. 4.2

a, above right).

Despite the intense plastic flow of the copper and the low melting
temperature of aluminum, no features of the crystallized melt in the contact zone
can be detected in the light microscope (figures 4.2 b, c). The melting of metal
pairing components at the contact interface would have led to the mixing of
these metal components, which do not show any mixed crystals at all, but only

various intermetallic Hume-Rothery phases on their equilibrium (Al —Cu)

state diagram and to the formation of a weld seam. The contact boundary thus
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remains sharp along its entire length without any trace of component mixing or a

diffusion transition zone (figures 4.3 a, b).

The EDX microanalysis of the composition of the joined Al —Cu metal
pairing shows a sharp boundary between the joined metal parts (fig. 4.3 a, b)
where no component mixing, either by melting or diffusion, is observed. On the
other hand, a step (points marked with arrows in figures 4.3 a, b) with a height

of about 3um in the surface shows how the two metals adapt to one another

through plastic deformation at the contact surface.

Fig. 4.3 a, b. SEM images of the CU — Al contact zone sample 1: Al window,
(@), CU window (b). The arrows show the same step at the contact surface. The cut
here is perpendicular to the vibration direction..

r

Figures 4.3 a, b represent the images of the Al —Cu contact boundary in the
Al K, —X-ray (Al window) and Cu K_ —X-ray (Cu window), respectively.
Accordingly, the Al pairing component is bright in the Al window and the Cu

pairing component is brightly lighted in the Cu window, while the other

components remain unlighted (black).

Some diffuse contrast at the contact boundaries is due to electron beam
cutting off at these boundaries, resulting in asymmetric intensity distribution and

thereby diffuse contrast around ca. 0,24m at the contact boundary. For these
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reasons it is difficult to draw any conclusions about the local melting and
amorphization in this boundary region. Such amorphization was detected at the

interface of (0,002+0,02)m in an ultrasonically joined Al oxide/ Al

composite using transmission electron microscopy (TEM) and SEM

microanalysis [54].
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Fig. 4.4 a, b. LM-micrographs of the contact zone sample 3: CuZn37 — Ag —Cu (a)
and Cu — Ag (b).

The results obtained from the junction at the Al —Cu contact boundary of
US joined pairing components sample 2 are similar to those described above and
support the conclusion that there is no merging or mixing of malting
components through their diffusion at the contact interface in the US joining

process.

In contrast to sample 1, the corrugation wave of the sonotrode embossed on
the surface of the Al upper part (sample 2) is not transferred to the contact
surface of the Cu lower part. This contrast is due to the difference in hardness

and the temperature dependence of the hardness of copper and aluminum, so
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that the soft aluminum cannot exert by its plastic flow enough pressure on the

surface of the harder copper to print it in a wavy manner.

v

Fig. 4.5 a-d. SEM images of the CuZnAl — Ag —Cu contact zone
Sample 3: total radiation (a), Ag window (b), CU window (c), Zn
window (d).

In the next test, the CuZn37 — Ag —Cu contact boundary (sample 3) was

examined (figures 4.4 a, b). This boundary is also sharp, without any trace of

weld seam formation. The grain structure is the same at both contact interfaces
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and in the volume of two metal parts. Only a few interlockings between Ag and
Cu pairing components can be observed.
The EDX microanalysis (figures 4.5 b-d) shows neither the mixing of pairing

components in a molten weld nor their diffusion into each other. This applies to

the two contact boundaries: for the Cu — Ag one created by ultrasonic joining
and for the CuZn37 — Ag boundary existing previously (the brass coated with

fine silver).

The Ag and Cu windows show no diffusion between the upper part of the

copper wire and the silver layer (figures 4.5 b, c). Likewise, no diffusion of
silver into the brass in the lower part or of zinc and copper from the brass into

the silver layer can be determined on the same Ag, Cu and additionally the

Zn windows. Since brass contains both copper and zinc, it remains light gray
both in Cu and in Zn windows.

Fig. 4.6 a, b. LM-micrographs of the Fe —CuU contact boundary of sample 4
(a, bright on the left is CU ) and CU polished surface (b).

The steel-copper contact boundary of sample 4 exhibits the same properties.

It is sharp (figures 4.6 a and 4.7 b), although not flat. Despite the unevenness, it

58



shows no traces of weld formation or diffusion of Cu and Fe atoms between
the upper and lower parts (figures 4.7 b, ¢). The etched surface of the upper part
crushed on the steel disk is completely structureless because of the large plastic
deformation (above 500%).

Fig. 4.7 a-c. SEM images of the Fe —CuU contact zone sample 4: total
radiation (a), CU window (b), F& window (c).

The unevennesses are due to inclusions on and under the surface of the steel

disk (fig. 4.7 a, right). Most of them are ferrous (Fe oxides, Fe carbides)
inclusions, which do not differ in the Fe window against the iron background

59



and are therefore not visible. The few dark inclusions do not contain iron and are

impurities of some kind.

The constitution of the steel disc is irrelevant here. It is only relevant that the
inclusions escaping onto the surface of the steel disc at the contact boundary are
abraded by the US vibrations and thrown away, resulting in a clean adhesive
joint between the two parts. The abrasion is not uniform due to the different
hardness of the inclusions and the steel matrix, which on the one hand makes the
contact boundary uneven, on the other hand enlarges the contact surface and

thereby makes the adhesive bond stronger.

So, also here as in all EDX investigations in the SEM, no traces of oxygen
from the oxide layers or other contamination of the contact boundary were
detected. However, because of the small amount of oxygen from the thin,
destroyed surface oxide layers, it is not possible to assess whether the oxide
residues and contaminants have been thrown away from the contact surface or

are included in the interface material.

A pairing of the same metals (Cu —Cu) represents sample 7. The test is
interesting because of the fixed connection of two metal parts of different
shapes. The round wire as the upper part makes contact with the planar copper
plate as the lower part at one line only. The pressure of the pressing force on the

line is enormous, which leads to strong plastic deformation (&£ =110%) of the

lower part.

The LM images (figures 4.8 a, b) clearly show a sharp contact boundary. In
some boundary areas, fragments of the metals to be joined are observed (fig. 4.8
a). EDX microanalysis shows that these are the particles of pure copper.
Maximum destruction takes place at the boundary edges (fig. 4.8 b). At this

relation the thickness of lower part (0,5mm) to the diameter of Cu wire

(3,2mm) as the upper part, the lower part is mostly deformed. The metal of the
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lower part flows away from the contact zone to its edges, resulting in a
“pancake-shaped” grain structure of the lower part, i.e. a strong metallographic
texture (fig. 4.8 a, left), while the round upper part is hardly deformed (fig. 4.8 a,
uniform grains on the right). Such an alignment of metal parts increases the
contact area, creating an even stronger cohesive joint between the two metal

pairing components.

Fig. 4.8 a, b. LM micrographs of the surface sample 7 (lower part on the left, upper part

on the right): Cu — CU joint boundary with enclosed CU fracture particles in the
middle (a) and several microcracks at its edge (b).

The LM images show here, too, that the grain structure in the boundary area
does not differ from the grain structure in the metal volume. The grains of both
metal parts are cut through the join boundary and there are no grains grown

through the boundary.

This proves that neither primary recrystallization — grain enlargement due to
their coalescence like that at growing of the martensite crystals [4], nor
secondary recrystallization — grain reduction due to nucleation and growth of

new grains within the coalesced grains, are caused by ultrasonic. All observed
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changes in the grain structure in the metal parts are only due to their plastic

deformation.

Due to the continuing vibrations of the sonotrode, either the metal
connections created by cohesion (connecting bridges) or the metal itself in the
joining area are repeatedly destroyed. This leads to multiple microcracks and
fractures, as well as crushing of the metal parts to be joined at the contact
interfaces (figures 4.8 a, b) and weakening of the join strength. The observed
metal fractures in the interface also indicate that the cohesive forces are not
smaller than the strength of the grain boundaries in the bulk of the metal where

the fracture appears to occur.

Fig. 4.9 a, b. LM micrographs of the CU plate, Ag layer, and wires contact zones of

sample 5 (a, bottom to top) and of the plate, film, and CU wires of sample 6 (b, bottom
to top). The arrow (b, top right) shows a tooth or hook-shaped Ag part between the CU

wires.

Severe metal destruction at edges of the contact interface can be caused by
high tangential stresses and microslips. Under a microslip is to understand
sliding between rubbing bodies when rolling, e.g. a sphere on a flat plate. Such
phenomena as well as the adhesive coupling of metal pairing components in

rolling friction were examined in detail in work [55].
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Another test series relates to the ultrasonic joining of thin wires to one
another (sample 8) or to solid, compact carrier metal parts (samples 5, 6). Also
in samples 5 and 6 it is proven by the EDX analysis that there is no melting
togethe or diffusion into each other between the metal components and no weld

seams occur accordingly.

The boundaries both between the silver layer and the copper plate and
between the silver layer and the copper wires show no diffusion zones from
either side of the silver layer (figures 4.9 a, b). In the some boundary areas,
silver has penetrated the pores between the copper wires of the upper part due to
the plastic flow (fig. 4.9 b). This creates additional joining mechanisms through
interlocking, as is the case when joining compact metal pairings. The copper

wires of the upper part are compactly joined to each other (figures 4.9 a, b).

Fig. 4.10 a, b. LM-micrographs of contact segments from 4 (a) and 3 (b) wires in sample
8 bundle.

The grain structure changes due to recrystallization in the joining area cannot

be determined either. Despite the strong plastic flow of the silver, there is no

direct contact between the copper wires of the upper part and the copper (fig. 4.9
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a) or brass plates (fig. 4.9 b) of the lower part. The lower plates do not show any
deformation or destruction, although the copper wires themselves are pressed

together compactly and firmly joined.

The coating of one of the metal parts to be joined with a metal of lower
hardness seems to play a dampening role at the contact boundary, as can also be
observed in sample 3 (fig. 4.4 a). The US vibration energy is absorbed in this
layer and causes the layer metal to heat up and plastic flow, creating a tight
adhesive joint between the upper and lower parts. The upper and lower parts are
spared from plastic deformation and from intensive plastic flow in the boundary

area.

The US metal joining mechanism of thin copper wires into a bundle is
observed in sample 8 (figures 4.10 a, b). The wires, which are initially round in
cross-section, are plastically deformed by nearly hydrostatic pressure from all
sides into an almost symmetrical hexagonal cross-section (fig. 4.10 b), so that a
maximum contact surface between adjacent wires is formed, and the same as in
compact solid metal parts arises also cohesive metal joining at these contact

surfaces.

The metallographic texture developed by such plastic deformation has axial
symmetry, as in wire drawing. Cigar-shaped grains are oriented along the wire
axis and can be seen on the cut as round grains or as grain conglomerates. Due
to the irregular pressure distribution in the wire bundle during ultrasonic joining,
holes or pores can remain between the wires to be joined (fig. 4.10 b). A

recrystallization does not take place in this case either.
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4.5 Conclusions
The experimental results presented and discussed above allow clear

conclusions.

The processes that take place in metals during their joining in the ultrasonic

welding procedure and lead to metal firmly joints include:

1. Cleaning the metal contact surfaces of oxide layers, if present, by rubbing
them together under constant pressing force and ultrasonic vibrations.

2. A rapid but limited temperature rise in the contact zone due to the friction of
the two pairing components at the contact interface and the dissipation of US
vibration energy as heat.

3. Plastification of metal parts beyond the yield point up to the breaking point in
the contact bondary area.

4. Shape adjustment of non-uniform metal parts through their plastic
deformation until a sufficient contact surface is formed.

5. Interaction of surface electrons of the two metal parts to be joined and
formation of adhesive or cohesive contact connection bridges at the
roughness peaks of the contacting metal surfaces.

6. Smoothing of surface roughness by destroying the formed contact connecting
bridges.

7. Formation of a solid, firmly adhesive or cohesive joints between metal contact
surfaces.

Processes that have not been determined with certainty in these investigations of

the ultrasonic metal joining:

1. Volume melting and mixing of the metal parts to be joined.
2. Melting of the metal parts at the contact boundary.

3. Formation of a weld seam by mixing molten metal components or by
chemical reactions between metals or alloy components to be joined.

4. Diffusion of the metals or alloy components to be joined through the contact
boundary into one another and formation of a diffuse transition zone.

5. Changes in grain structure due to primary or secondary recrystallization.
Based on these findings, the adhesive or cohesive metall joining of the metal
parts to be joined turns out to be the main mechanism of ultrasonic metal
joining.
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The mechanical interlocking of plastificated metal contact surfaces occur as
secondary mechanisms that are important for the adhesive strength. With such a
mechanical joining of the metal parts to be joined, however, the increase in the
overall adhesive or cohesive force due to the increased contact surface caused by
such turbulences is said to play a more important role for the adhesive strength

than a purely mechanical adhesion of individual teeth or hooks.
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5. Plastification of metal parts in US welding process
As the results of the structural investigations of the ultrasonically joined

metal pairings discussed above show, the plastic deformation of metal parts
occurs to a greater or lesser extent in all cases, depending on the test conditions.
The plastification and plastic flow of metals under the influence of ultrasonic
thus play an important role in US metal joining as well as in US welding of
thermoplastics [16]. They also open up new US metal processing opportunities

such as embedding foreign substances in metal parts or embossing.

The change in shape of a metal part during ultrasonic metal joining takes

place within a time interval of (1+3)s from the simultaneous switching on of

the ultrasonic vibrations tangential to the surface of the metal part and the
pressing force perpendicular to this surface. It happens as a sudden collapse of

the metal part in the direction of the pressing force.

For the detailed examination of the plastification, the copper wire used in
metal pairings (Table 4.1) with the same diameter d = 3,2mm was stretched in
the US welding process to plates with different thicknesses t, which were

measured in the light microscope after stretching.

The stretching degree &, in the direction normal to the surface is calculated

by the initial diameters d and final thickness t of the plate:

& =$-100%. (5.1)

The unusual representation of the strain (5.1) corresponds to the tensile strain of

the stretched specimen to its original thickness d .

Such a representation enables a magnitude-wise comparison of the elongation
degree after compression with that of tension. According to this calculation

(5.1), the stretching degrees were &, =0% (the original sample 10a),
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&y, =14% (sample 10b), &, =48% (sample 10c), &, =110% (sample 10d)
and &, =195% (sample 10e). The structurless surface of the Cu —wire

samples 1, 3 and 4 (Table 4.1) stretched over &, =500% during US metal
joining has been shown (figures 4.2 ¢, 4.4 b, 4.6 b) and discussed in the previous
chapter.

The structure of the undeformed sample 10a shows a uniform distribution of
grains with a size of (5+20)um (fig. 5.1 a). This distribution through the

polished and etchied surface of sample cutted transversely to the wire axis

corresponds to the axial texture of cigar-shaped grains formed during wire
drawing. With the deformation &, =14% the grain size does not change (fig.
5.1 b). The deformation twins already appear within the grains.

Strain twinning during deformation by generation and movement of partial

dislocations is a well-known mechanism of copper plastic deformation at earlier

stages. At the strain &, =48%, the strain twins disappear and the grain size
still remains unchanged (fig. 5.1 c). At deformations &, =110% and
&, =195%, grain conglomerates are formed, the size of which increases with
deformation from (10+20)um (&, =110%, fig. 5.1 d) to (30+50)um
(en =195%, fig. 5.1 ¢).

The coarsening grain structure is associated with rotation of adjacent grains
and formation of metallographic texture, as discussed above. The

crystallographic texture known for copper corresponds to the orientation of the

crystallographic axis <112 > in the direction of strain.

Identical changes in grain structure are also observed in other ultrasonically
joined metal pairings. For example, the grain structure of the ultrasonically

joined brass and copper can be clearly seen on the polished and etched cut
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surface sample 3 (figures 4.4 a, b).

Fig. 5.1 a-e. LM-micrographs of grain structure sample 10: undeformed 0% (a) and

ultrasonically stretched to 14% (b), 48% (c), 110% (d) and 195% (e).

The grain structure of brass before joining is the same as after joining and

shows no changes due to US welding process (fig. 4.4 a), which also proves the
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dampening role of the silver layer. The grain structure in the middle of the
copper wire stretched to 80% during US joining is similar to that at the contact
boundary (fig. 4.4 b). This structure is also similar to the structure of the copper

wire stretched in the US welding process (fig. 5.1 d).

The grain enlargement and the formation of grain conglomerates in the
ultrasonically joined samples compared to the grain structure of the undeformed
copper wire (fig. 5.1 a) is due to the formation of a strong metallographic
texture, which arises at deformations over 50% due to the rotation of grains

during plastic metal flow.

The grain boundaries between grains with the same or similar orientation
have a much lower energy and are not etched out, so you no longer see
individual grains, but only the large conglomerates of like-oriented grains in a
sample that has been strong textured by ultrasonic deformation. In the case of a
very large deformation, as in the case of the upper copper part sample 1 and
sample 4, no grain structure can be seen at all, but only the traces of the

turbulent plastic metal flow.

The deformation distribution in the material volume in the direction from the
sonotrode to the anvil (figures 5.2 a-d) is not homogeneous. Maximum
deformation is observed below the surface of the upper part on the sonotrode
side. Even with a deformation of 110%, an almost structureless surface can be
seen on the sonotrode side (fig. 5.2 a), because grain boundaries are hardly
etched out due to the strong turbulent plastic metal flow. At the deformation of

195%, several microcracks form at the invisible grain boundaries (fig. 5.2 b).

The grain structure on the anvil side (figures 5.2 c, d) is similar to that in the
middle of the sample (figures 5.1 d, e). Although there is no friction between the
upper and lower parts when the Cu —wire is stretched and there are hardly

sources of internal friction, the wire heats up rapidly during US action.
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The heat production in small metal parts with thickness t<1OOA(l,J S (ABJ S

is the initial amplitude of US vibrations) is related to the dissipation of the US

vibration energy in the volume of the metal part by plastic shear deformation.

§ SRR, ST AR 2
Fig. 5.2 a-d. LM-micrographs of the grain structure of the ultrasonically stretched sam-
ple 10 on the sonotrode side: 110% (a), 195% (b) and on the anvil side: 110% (c),

195% (d).
The tangential shear strain &, inflicted by the vibrating sonotrode to the

surface of the sample can be calculated as the ratio of the vibration amplitude to

the sample thickness t:

us
£, = Aft’ .100%. (5.2)
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For the initial diameter of 3,2-10_3m of the sample 10 and the US

amplitude of 30 .107%m , the shear strain amounts accordingly to (5.2) to about
0,93% and lays still at the elastic limit of copper. When the sample is stretched

with normal deformation &, =195%, the shear strain increases to &, = 3,1%.

This shear strain value is well within the plastic range, with the shear direction

changing with the frequency of 20kHz.

Due to the non-linear distribution of the deformation amplitude through the
cross-section of the sample, the plastic deformation is localized in a thin surface
layer on the sonotrode side. The diagram of such a plastic shear deformation
represents a hysteresis loop [56] (fig. 5.3), the area of which reflects the energy

dissipated mainly as heat.
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Fig. 5.3. Mechanical hysteresis of cyclic Fig.5.4. Temperature dependencies of the
elastic or plastic tension-compression yield point of a metallic alloy and its
deformation. plastificaton in the US welding process

(general representation).

Due to the strain localization, the shear strain and, accordingly, the
temperature in the thin upper layer of the sample increases drastically. It is
estimated that this layer is approx. 100um thick (figores 5.2 a, b), which

corresponds to the normal deformation &, ~100%.

The non-elastic relaxation components of the micro-deformation cause US

vibration energy dissipation and the hysteresis (fig. 5.3, dashed loop) also in the
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elastic range [56], i. e. in metal parts with thickness t >100A,. In figure 5.3,

the relationships to the corresponding fracture limits are indicated as relative

external stress and shear strain.

Although the amount of heat is an order of magnitude smaller than that in the
plasticity area, even in this case the time-dependent relaxation components of
the strain lead to a non-linear distribution of the strain amplitude through the
sample depth and localization of the strain increasing in the plasticity area in the

surface layer of the metal part.

Most of the heat is also produced in this surface layer and conducted into the
sample volume. Depending on the thickness of the metal part and the vibration
amplitude of the sonotrode, the heating time or the time up to a plastic implosion

of the metal part is shorter or longer.

The increase in temperature leads to a decrease in the yield point of metal
part (fig. 5.4), so that the constant pressing force at a critical temperature in this
sample area exceeds the yield point. At this moment, when the US joining, e.g.
from Cu wires observed an abrupt lowering of the sonotrode by the plastic
implosion of the metal part, in which the material begins intensively plastically
to flow. In figure 5.4, the relative temperature is the ratio of the sample current
temperature to its melting temperature and the relative yield point is the ratio of
the yield point of a metal sample at the current temperature to its yield point at

the room temperature.

The structure of the sample in the bulk is determined by the strain under the
pressing force and calculated by the change in sample thickness, while the
structure on the sonotrode side is determined by the two, the high-frequency

shear strain and the normal strain under the constant pressing force.

This combined exposure of a constant pressing force normal to the surface

and an oscillating shear force that occurs in the ultrasonic welding process is
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also much more informative in studies of ultrasonic effect on the deformation

behavior of metals than pure ultrasonic effect [46, 49, 50].

The friction reduction bei the ultrasonic action which leads to decreasing the
yield poibt, was also observed experimentally in shape memory alloys [57]. In
this case, the friction of the phase boundary moving under an external stress [4]
Is reduced. However, the movement of phase boundaries is nothing other than

the movement of partial dislocations.

All the mechanisms of metal plastification in US welding process considered
above play an important role in US metal joining process, whereby the
additional heat is also produced at the contact interface by the friction of the

metal parts to be joined.

The metal plastification observed in all US joining tests can in principle be
used for embedding non-metallic materials such as e.g. glass or ceramic parts
can be applied in a piece of metal. The ceramic piece can first be freely inserted
into a hole in the metal part and then embedded into the metal that has been
plastificated in the US welding process, in that the plastificated, flowing metal
encompasses and encloses the exposed piece, as is also the case in the US

process when embedding metal parts in plastics happens (Chapter 3).

The wavy contact boundary of the pairing and the imprints of the tool ripples
on both surfaces (fig. 4.2 a) show another possible application of metal
plastification in the US welding process, namely the stamping different profiles

into the surface of a metal piece.

When joining the copper wire to a steel plate (sample 4, Figures 4.6 and 4.7),
the wire was stretched to 300%. The Fe —Cu contact boundary in this case
remains planar with no wave structure from the sonotrode corrugation in both
the vibration and perpendicular directions. This means that the steel plate was

not plastificated during US joining because it has a higher hardness and yield
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point than copper. Nonetheless, a firmly permanent joint between the both metal

parts has been established.

The experiment shows that the hardness, the yield point and his temperature
dependence of a material to be ultrasonically stretched or ultrasonically joined
play an important role in its plastification or in the adhesion strength between
the joined metal parts. This data must be known and measured, if necessary, in
order to set correct US process parameters such as US generator power,

operating time, vibration amplitude and frequency.

The metal plastification identified and discussed here is one of the most
important processes in US joining as a high frequency shear stress combined
with a constant normal pressing force. Plastic deformation begins shortly after
switching on the ultrasonic and during this time it passes all deformation stages
from easy sliding by formation of deformation twin in copper due to dislocation
splitting and movement of partial dislocations, through plastic flow by the
multiplication and propagation of full dislocations as well as plastic turbulent
flow by grain rotation and formation of metallographic deformation texture, to
the fracture limit as it prove the microcracks in the metal part on the sonotrode

side.

The deformation behavior is therefore time-dependent with constant external
stress and with the lowering of the yield point on the one hand due to the
temperature increase and on the other hand due to a direct effect of the

ultrasonic on the dislocation generation and dislocation mobility.

For further development in this direction, investigations of the deformation
behavior of various metals under an axial external stress with the simultaneous
ultrasonic effect and at different temperatures are to be carried out in order to

obtain the appropriate parameters.
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6. US residual stress reduction in metallic workpieces

6.1 Building of internal stresses

With every kind of production and processing of metallic workpieces,
internal stresses arise in these, which balance each other out within the volume
of the workpiece. These internal stresses remain completely or partially after the
end of the technological process and are therefore also referred to as residual

stresses. The residual stresses are of an elastic nature, i. e. they are below the

critical stress of plastic flow, the yield point Ty.

- rolling direction

Fig. 6.1. Development of internalstresses in a metal band due to different height
decreases in the central and side layers of a metal band compressed by barrel
rollers (scheme): 1 - initial length, 2 - final shape and length, 3 - central layer
during free compression (without interaction with its neighboring layers).

Development of internal stresses in a metal strip due to different height
decreases in the central and surface layers of a metal band compressed by barrel
rollers is shown schematically in figure 6.1. These macroscopic internal stresses,
so-called first-order stresses, arise as a result of unequal plastic deformation or

an unequal change in specific volume in different areas of the metal band.

If the metal band consisted of different free strips, each strip would have
shown different sprains. Since the metal band is monolithic-uniform and all its
layers are interconnected, compressive stresses will arise in the central layers
and tensile stresses in the edge layers of the band due to their elastic interaction.
The stresses balance each other out within the band and remain as residual

stresses after the rolling.

The internal stresses also build up in many other cases and are differentiated
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according to process-related stress kinds. They arise with temperature changes
of a heterogeneous metal body, which consists of phases with different
coefficients of thermal expansion, with phase transformations between phases
with different specific volumes, with heat treatment with temperature gradients,
e.g. during quenching, welding, grinding, turning, milling, etc. Depending on the
process, these stresses are referred to as casting, quenching, welding, etc.

residual stresses

The residual stresses affect the behavior of a metallic workpiece during
processing, use and even storage. They can cause a change in shape (warping),
an intolerable change in size, or sometimes even the destruction of a workpiece,
e.g. of an Al alloy casting. A distortion by bending or torsional deformation
occurs during chip-forming such as cutting, turning, milling, etc. of a metal
workpiece. This kind of processing disturbs the balance of residual stresses
inside the volume. If, for example, an edge layer is cuted off the band in figure
6.1, the compressive stresses on this side will predominate and the band will be

distorted by the corresponding bending deformation.

A spontaneous shape or size change can take place through the time-
dependent relaxation of residual stresses. The relaxation also depends on the
initial level of residual stresses, which can variy in different areas of a
workpiece. Due to a different degree of relaxation in different areas of the
workpiece, the initial balance is also disturbed, and a new balance of internal
forces and moments of force is achieved, which inevitably leads to distortion of

the workpiece.

The residual stresses are algebraically added to the operational external
stresses and are able to reinforce the latter in such a way that even a small load

on a workpiece can result in its breakage.
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6.2 Reduction of residual stresses
The excess energy in elastic deformed areas of a workpiece can be minimized

without distorting it or destroying its integrity, if a reduction in harmful residual
elastic stresses occurs through local plastic deformation. So, in order to achieve
full or partial reduction of residual stresses, the plastic flow must be induced by

some treatment.

This condition is the basis of every known treatment method of metallic
workpieces with residual stresses before their final machining. One of the classic
processes is annealing: a heat treatment in which mainly the elastic residual
stresses are completely, but usually only partially, relieved. This happens in two
ways:

- by plastic deformation, when the elastic residual stresses 7| exceed the

plastic yield point 7, at least in local areas (supercritical internal

y
stresses):

7 (T)>7zy(T), (6.1)

- by creep when these stresses are less than the yield point (subcritical
internal stresses):

@ (T) <Ty(T)- (6.2)

6.2.1 Reduction mechanism of supercritical residual stresses

The elastic residual stresses 7, are proportional to the elasticity modulus G
and the magnitude of the elastic deformation &, they cause, according to

Hooke's law 7, =G - g .

. dG dzy "
The difference E<F between the temperature coefficients of the
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dr
elasticity modulus 3—? < 0 and the yield point d—Ty < 0 makes it possible that

when a workpiece is heated, the initially subcritical residual stresses at a

temperature T, exceed the vyield point 7,(T,)>zy(Ty) and become

supercritical stresses (fig. 6.2). When the workpiece is heated above the

intersection temperature T =T, , the internal stresses 7 (T >Ty), which are

now supercritical, are reduced over time to this yield point due to plastic flow

and creep.

Stress
/

' internal L T —
stress ' Ry

Temperature

Fig. 6.2. Schematic representation of the effect of temperature on the internal
elastic stresses and on the yield point.

_ dG dzy . o
The difference — <d—T Is based on the fact that the yield point is not
only determined by the elasticity modulus and its temperature dependence, but

above all by the dislocation structure, its mobility, activation energy, etc.

Dislocations are generated by the local residual stresses that are above the
yield point at these temperatures, i. e. a mass generation and multiplication of
dislocations takes place. Their sliding leads to rapid plastic deformation, so that
stress relief is determined more by the annealing temperature than by the

annealing time (holding time). The residual stresses are only partially reduced
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down to the yield point corresponding to the annealing temperature and reach

their new equilibrium distribution or their new equilibrium state.

6.2.2 Reduction mechanism of subcritical residual stresses
Creep at temperatures T <T, (fig. 6.2) or at 7, (T) <z, (T) is the only

possible mechanism for reducing elastic residual stresses in a workpiece that are
smaller than the yield point. Creep allows the elastic deformation that causes

residual stresses in the workpiece to transform over time into the plastic

deformation Epl without affecting the overall deformation & or shape of a

workpiece:
£=¢g +&p (6.3)

At these smaller subcritical residual stresses, there is no mass generation and
no mass slipping of dislocations. Slow plastic flow is caused by the sliding of a
limited number of easily mobile dislocations, which is possible even at room

temperature.

However, thermal fluctuations also activate the slipping of dislocations in the
other slip systems that are not so favorably oriented. The thermal fluctuations
also help to overcome obstacles (point defects, dislocation meshes, crystalline

boundaries, etc.) where dislocations got stuck while sliding.
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6.3 Relaxation of residual stresses by thermally activated processes
The time-dependent relaxation of residual stresses (fig. 6.3) in crystals or in

preloaded metal samples takes place through creep. Creep is the time- and
temperature-dependent viscoelastic or plastic deformation under constant load or

the time- and temperature-dependent reduction of residual stresses o (t):
o(t)[MPa]= ope " (6.4)
where o is the initial stress and  is a coefficient with frequency units [s_lJ.
The stress reduction with a velocity:
. -1]_ -t _
G[MPa- S J— —w-0pe " =—w-o(t) (6.5)

take place through movement of dislocations, diffusion of vacancies and other
defects in the internal stress field. These processes only set in after thermally

activated overcoming of energetic barriers such as Peierls-Nabarro barriers [59].

o Arrhenius-Diagramm
——  initial stress T InSIGMA2
| N
= 2
E, |- — Ea-Eyg) .
£ =
Ea
i
InSIGMA1
glow duration — 1T —
Fig. 6.3. Reduction of residual stresses Fig. 6.4. Arrhenius diagram In & vs.
with increasing holding time at two 1 o o
energy.
(T2 >Ty). VY

The kinetics of thermally activated relaxation is subjected to the Arrhenius

law: the rate v[s_lJ of a chemical thermally activated process has an exponential

character:
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dn _Q
v=—=K.e RT (6.6)
dt
where n is the number of individual reaction steps (e.g . change of position of

atoms), K[s_lj Is the pre-exponential factor or Arrhenius pre-factor,

R[J : K_lJ is the universal gas constant, Ea[J] is activation energy or energy

of the barrier to be overcome, T[K | is absolute temperature.

Thermal activation means the supply of energy to the substance by increasing
the temperature until this activation energy exceeds the energy barrier
responsible for the start of a process. Any heat treatment to reduce internal

stresses in metal alloys, such as annealing or tempering, is based on this.

The tempering temperature T, in the tempering process for reduction of
residual stresses in metals is related to the melting temperature T,

approximately as T, = 0.4T,,, [4]. Below the tempering temperature, residual

stresses can only be reduced by thermal fluctuations. At temperatures above the
tempering temperature, intensive movement of dislocations begins, i. e. plastic
deformation leading to stress reduction. The activation energy serves to

overcome Peierls-Nabarro barriers for dislocations.

The reduction rate of residual stresses can also be represented in Arrhenius
form (6.6):

E
F=3. S— 6.7
’ exp( kB 'TJ ( )

J : : :

where Z{k— is the pre-exponential factor, Kg is Boltzmann constant and
g-s

Ea[J] is the activation energy required to overcome lattice friction and allow

dislocations to slide.
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The activation energy E, and the pre-exponential factor X~ are obtained
from the plot In & vs. % (Arrhenius diagram, fig. 6.4) by taking the logarithm

of equation (6.7):

In6=—"2.=—InX (6.8)
B I

- : E
The slope of the Arrhenius line determines the exponent ——2- and the
B

ordinate (Fig. 6.4) results InX . The & values are calculated graphically as the

tangents (derivatives do(t)

) from the relaxation curves (Fig. 6.3) determined

experimentally at different annealing temperatures T; > T, .

So, the higher the initial stress and the annealing temperature, the greater the
rate of stress relaxation. After rapid dissipation, the internal stresses reach a
saturation level that hardly depends on the annealing time (fig. 6.3). However,
an increase in temperature for the complete reduction of residual stresses is

limited by the occurrence of possible undesirable structural and phase changes.

In order to complete the reduction of residual stresses, temporal overloading
of a workpiece, e.g. knocking off a cast ingot. The overload stresses are added to
the residual stresses and lead to their plastic relaxation. These methods also
include treatment through heat cycles or temperature shocks or through

vibrations (vibrating table).
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6.4 Reduction of residual stresses by ultrasonic treatment
All of the mechanisms for reducing residual stresses through plastic

deformation considered above can certainly be implemented during the US

treatment of a workpiece.

6.4.1 Physical requirements
Ultrasonic effect on reducing residual stresses as thermally activated

generation and propagation of dislocations consists in reducing friction and
lowering energetic barriers by the magnitude of US vibration energy E g
introduced into a metall workpiece. In view of this, the ultrasonic effect can be

naturally incorporated into the kinetic Arrhenius equation (6.7) and thereby

analyzed:

E,—-E
Gus = 2Us -exp(— %} (6.9)
5 -

Equation (6.9) describes the direct US effect as a reduction in the activation

energy and the resulting increase in the reduction rate of internal stresses &g .

The other ultrasonic-specific effects considered below also increase this rate by

increasing the pre-exponential factor 2,5 (fig. 6.4).

The direct influence of the US energy on the energetic barriers assumed in
(6.9) can easily be tested experimentally by comparing the slopes of the
Arrhenius straights determined in the experiments described above with and
without ultrasonic (fig. 6.4). Unfortunately, there are still only a few
experimental results [46, 50, 59, 62], but many models and simulations in this
direction [48, 63-69].

The decreasing the activation energy and increasing the dislocation velocity
have been experimentally proven in semiconductors [62]. Cleaning the grain

volume from dislocations by their movement to the grain boundaries and
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reducing internal stresses by 20% depending on the amplitude of US vibrations
by restructuring dislocation distribution, i.e. plastic deformation, have been
evaluated in numerical simulations [63-65]. Increased creep deformation and a
general increase in dislocation density or plastic deformation are discussed in
theoretical models [66-68], whose theoretical results agree well with

experimental ones.

The extended constitutive model [69] also gives the decreasing the yield

point z-ys <7y during deformation under the US action, referred to as US

softening, in good agreement with experimental results. This effect can be used
in  manufacturing processes based on the plastic deformation of metal
workpieces, such as rolling, wire drawing, deep drawing, etc., in order to avoid

or reduce the metal from sticking to the tools.

The addition of US vibration energy thus reduces the exponent in (6.4) and
thus has a similar effect to an increase in temperature (fig. 6.3), with the upper
line as stress reduction at a constant temperature T; without ultrasonic and the
lower line as stress reduction at the same temperature T; with ultrasonic can
become. The effect is the greater, the greater the amplitude and frequency of the
US vibrations, because the US vibration energy E 5 depends parabolically on
the amplitude and linearly on the frequency (3.6).

The assumption shown analytically in (6.9) about the direct ultrasonic effect
on the energetic barriers applies equally to all thermally activated processes
taking place in solids, which contribute directly or indirectly to the stress

reduction by influencing the mobility of dislocations such as diffusion of

defects.

The diffusion coefficient D(T) represented in Fick's laws J = D? and
X
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oc o°c

— =D —— also shows an exponential form of temperature dependence
ot ox>
similar to the Arrhenius equation (6.7):
_Es
D(T)=Dy-e *&T, (6.10)

where Dy is the initial diffusion coefficient (e. g. at room temperature) and Eg
Is energy barrier for the individual diffusion jumps.

Similar to eq. (6.7), one can postulate the effect of the US vibration
energy Ey5 on the diffusion coefficients in solids as a direct decreasing the

energetic barriers for the individual diffusion acts:

_Epg—Eys

D(T)=D,-e 6T . (6.11)

The diffusion of defects (vacancies, interstitials, etc.) in the internal stress
field itself can lead to the reduction of these stresses. But even more important is
the US effect on the mobility of dislocations, which leads to overcoming
obstacles, climbing and cross-slipping of dislocations and thus promoting

internal stress-relieving creep deformation.

6.4.2 Heat and stress effects by US vibration
The relaxation of internal peak stresses in a workpiece by plastic flow, even

at room temperature, can be achieved simply by adding these local peak stresses

Tg to the elastic stresses 7yg of ultrasonic vibrations, which induce elastic

deformations in this workpiece with an amplitude A&yg and contribute to the

fulfillment of the follow condition:
Tg +7ys =G '(8e| +A8US) ZTy (612)
where 7, is the yield point, the critical shear stress limit of plastic flow.
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The further reduction of internal stresses occurs through the plastic
deformation with lowering the yield point (fig. 6.2) due to the temperature
increase, so that the condition (6.1) or (6.12) for smaller internal stresses is
fulfilled [24].

stress amplitude

deformation amplitude

Fig. 6.5. Energy dissipation during ultrasonic vibrations of a metal body in the
elastic range (see also fig. 5.3).

The experimentally measured [41, 58], even though relatively small, increase
in temperature by the ultrasonic effects on metals is caused by heat production.
Even in the elastic range of a metal body, US vibrations are accompanied by

time-dependent relaxation processes that lead to energy dissipation (fig. 6.5):
1 us
eﬁ’ig[%g}—mus A s, (6.13)
yo, d

where eé’ig is US dissipated energy per mass unit, Azg is amplitude of US

us
shear stresses, Agyg = o is amplitude of US shear strain, d is thickness of

workpiece normal to the US vibration axis, t is duration of US action.

The dashed area of the (visco)elastic hysteresis loop drawn in figure 6.5

corresponds to the energy dissipated as heat during one oscillation period [4, 24,
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56]. At an ultrasonic resonance frequency ereJSS in the KHz range, even such a

us

: : : edi
small heat production leads to a rapid temperature rise AT[K]:ﬁ of a
C
p

workpiece with a heat capacity Cp-

Since the rapid plastic deformation hardly depends on time, but above all on
temperature and elastic stresses, as shown above, this short exposure time is

sufficient for the effective reduction of elastic residual stresses.

6.4.3 Ultrasonic-specific plastiification effects
Much more important for the complete reduction of subcritical elastic

residual stresses is the less well-known effect of ultrasonic, namely creep
acceleration. Apart from the thermal activation caused by the temperature
increase, this acceleration of the plastic deformation through creep has the

following purely ultrasonic-related reasons:

- friction reduction [16, 55] of the sliding dislocations by the elastic US
vibration energy, which appears as an additional term in the exponent of
equation (6.7), reducing the Peierls-Nabarro barriers

- bulk multiplication and generation of dislocations [45, 46, 59, 60] by
activating Frank-Read and other dislocation sources under the tangential
ultrasonic stresses

- mass sliding of dislocations by including the dislocations blocked by
obstacles and lying in unfavorably oriented slip systems and mobilized
by the overall US action

- ultrasonic-initiated polygonization and grain structure shrinkage through
the formation of dislocation walls of various types (similar to
recrystallization in heat treatments)

- diffusion accelerated by ultrasonic in gradients of the internal stresses,
which leads to the reduction of these gradients and thus to a reduction in
internal stress

So, the physical principles and the experimental results already available
speak in favor of the ultrasonic treatment of metall workpieces as the treatment
method for the close to complete reduction of elastic residual stresses.
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6.5. US technique for the US treatment of metallic workpieces
In order to exhaust all the reduction mechanisms considered above for

relieving residual stresses, it is desirable to simultaneously subject the
workpiece to the tangential US vibrations that generate the shear stresses in the
workpiece, as in US metal joining, and to the normal US vibrations, as in US

welding of thermoplastics.

The application of the US treatment of metallic workpieces naturally requires
specific ultrasonic technology such as ultrasonic generators, vibrating systems,
etc. that correspond to the objective. This technology was developed for years
by the company Ultrasonics Steckmann GmbH” (see appendix) for US welding
and US processing of plastics [15] as well as for US metal joining and US
treatment [16, 20].

Powerful generators:
In order to create the ultrasonic effects described above for the reduction of

elastic internal stresses, sufficient US-energy must be added to a metallic work-
piece in particular. The powerful generators developed by “Ultrasonics Steck-
mann GmbH” are presented in photos in the appendix. The power consumed
from the electric power grid is up to 3kW at resonance frequencies of
(20+70)kHz.

Ultrasonic resonance systems:

An US vibration or resonance system generally consists of an ultrasonic
transducer, a transformation piece (booster) to adjust the vibration amplitude
and a sonotrode to transfer the US-energy to the workpiece to be treated. The
resonance systems were developed by “Ultrasonics Steckmann GmbH” for vari-
ous purposes (see appendix).

Since the treatment of large workpieces such as cast ingots requires large

amounts of US-energy, the sonotrode should afford a high resonance frequency,
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e. g. of 70kHz and a large amplitude e.g. of 200um . These mechanical vibra-

tions are applied to the metallic workpiece to be treated.
Procedure:

In addition to the US technique shown in the attached photos, the US-process
for the treatment of metallic workpieces generally includes a few more

technological steps.
These include:

- setting the amplitude

- adjustment of the pressing force to the amplitude and the generator output
power

- setting the ultrasonic switch-on time
- setting the impact velocity of the sonotrode
- setting the treatment time.
The whole process has to be developed for the specific metallic workpieces and

process-specific kinds of stress.
Kinftige Aufgaben und Perspektiven:

All of the aspects considered above indicate that ultrasonic treatment of metal
workpieces not only reduces residual elastic stresses, but also improves
mechanical properties, e. g. is to be expected by a refinement of the grain
structure. The US-reatment is also less expensive and much faster than
conventional methods, and can easily be automated and integrated into other

production processes.

The plastic deformation necessary for the reduction of residual stresses and
accordingly the degree of stress reduction in the metallic workpieces treated
with ultrasonic depends both on the adjustable US-parameters and on the shape
and material properties of the workpiece to be treated, such as hardness, yield

point and their temperature dependence, etc.
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The data must be known, if necessary determined experimentally, in order to set
the correct US-parameters such as the power supplied by the generator, the
effective time, and the vibration amplitude. Above all, the resonance frequencies
of a workpiece must be calculated or determined in advance and avoided,
because the resonance can lead to rapid cracking and even destruction of the

workpiece to be treated [49].

So, there is still a great need for research and development for the application

of US-treatment of metallic workpieces to reduce elastic residual stresses.
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7. Appendix. Ultrasonic devices and systems

In this appendix, US devices and US systems are presented, which were de-
veloped and used by the company “Ultrasonics Steckmann GmbH” in many

years on behalf of various global industrial companies:

US generator with a power of 3kwW
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US resonance systems
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US method for metal joining
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Der Priizise Der Preiswerte
Mit einer Aufiosung von 51000 mm |ast neralor versont zwel
sich die SchweiBtiefe vorprogrammieren. (WE&G.MM Ober
Dabei kann das SchweiBteil bellebige einen Umschalter nacheinander
Toleranzen haben. Der solide Maschinenbau mit Energie. Gleichgultig ob bei

20 KHz ~ 35 KHz oder 40 KHz.

The precise and the inexpensive US welding systems
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35kHz standard linear feed system with US vibrating head, consisting of converter,
booster and sonotrode
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A 35kHz transducer The base, to which an adjustable mounting plate is screwed, and
system in a "mother- the stand, to which the feed system is slidably attached, are made

daughter arrangement of solid cast aluminium
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35kHz welding system with path control for welding

intricate contours
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US system for embedding brass nuts in plastic parts
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US generator witha X —Y path control for following any curves and radii
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Cylinder welding machine for simultaneous welding at two positions

for a household appliance
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Machine for US welding of synthetic textile fabric to small diameter hoses or
tapes with plasticized edge protection
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Fully automatic US welding system for welding valves to
vehicle filler pipes
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US installation for the fully automatic removal of lost heads in
a production plant
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35kHz standard linear feed system with US vibration head,
consisting of converter, booster and sonotrode
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35kHz us welding machine for ribbons
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Working table for US welding of ribbons

with precise adjustment of the welding zone using a micrometer screw
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35kHz Us roll seam welder for welding synthetic fabric and films
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US plant for cutting polyester hoses
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STECKMANN G

US generator cabinet for folding Titanium sonotrode for US edge
cover fabrics onto molded plastic welding
parts

111



The sonotrode (previous picture) moves into the plastic molding and welds the cover fabric
to the carrier material
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Tuning device for US vibration system (10-+100)kHz
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Clean US removal of the lost heads of US-knife for cutting highly
blow molded parts made of polypropylene tough materials with
or polyethylene without chips reduced friction
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