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Abstract- In today’s world, aluminium and its alloy is showing
promising characteristics for replacing other materials due its
excellent properties like light weight, corrosion resistance,
high strength and toughness. Conventional welding for these
materials creates some challenges like porosity, hot cracking
and void formation. Ultrasonic welding gives some ultimate
solution to these problems as the material experience only
30% of its melting point temperature. Ultrasonic welding is a
creative system for joining metals and composites rapidly and
safely owing to a high-frequency vibration consolidated with
pressure. The process has a widespread application in
electrical, automotive, aerospace, medical and packaging
industry. In the present research work, a numerical model is
proposed for the evaluation of heat generation due to
deformation and friction during welding. The developed model
is equipped for predicting the interface temperature and stress
distribution during ultrasonic welding and their impacts on
sonotrode, anvil and welded parts. The effect of tool
(sonotrode) shape also studied. Response surface methodology
(RSM) with Box-Behnken design has been implemented to
design the experimental setup and establish a co-relation
between process parameters viz. pressure, amplitude and
welding time with the output response as tensile strength. RSM
is coupled with desirability function is utilized to optimize the
parameters for a desired tensile strength of the joint. The
result of numerical model is compared with the experimental
value and found to be in good agreement.

Keywords- Ultrasonic welding; FEM; RSM; Desirability
function; thermocouple.

I. INTRODUCTION

Ultrasound is the oscillating sound wave having a
frequency more than 16 KHz which is well above the human
hearing. It can be used for welding of wide range of materials
with a frequency more than 20 KHz with vibrational
amplitude of more than 10 um resulting with an ultrasonic
energy. Substantial increasing in quality and performance
improvements is achieved by using ultrasonic energy in
machining technological.
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FUNDAMENTAL PRINCIPLE

Ultrasonic metal welding is a solid state joining
process used to weld thin metal sheets, foils and wire. The
principle of this welding operation follows from creation of an
oscillating shear force (ultrasonic vibrations) under moderate
pressure (normal force) at the interface between the mating
surfaces, to separate liquids contaminants, voids, oxide layer
and offer new contact at many points.

Principle of ultrasonic welding

The vibrations are applied parallel to the weld contact
area. As shown in figure a supply of 50 Hz electrical energy is
supplied to the ultrasonic generator which amplifies it up to 20
KHz — 60 KHz electrical energy and the same provided to the
piezoelectric transducer which converts electrical energy into
mechanical vibrations which is then enhanced by booster and
transferred up to the sonotrode. When the vibrations reached
to the contact area and results in oscillation causing an
increase in diffusion across the weld interface and produces
weld similar to that of diffusion welding.

WEDGE-REED SYSTEM

In the wedge-reed system demonstrated in Figure (a),
the components are the generator, transducer, and wedge and
reed arrangement of segments, used to deliver the ultrasonic
vibrational energy and provide it to the work piece that are
clamped between the sonotrode tip and anvil. A pneumatic,
pressure driven or electrical gadget can be utilized for
applying the normal force by controlling the upwards and
downwards motion of the sonotrode. Typically, the amplitude
which is in the range of 10 to 100 um can be varying as per
the tool design. The purpose of the wedge is to enhance the
amplitude and that is transfer by the reed to the sonotrode tip.
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LATERAL DRIVE SYSTEM

This type of ultrasonic welding system is more
commonly used, as shown in Figure (b) the system comprises
of a generator, transducer, booster and sonotrode. Sometimes,
the combination of sonotrode and booster which is then
connected to the transducer is termed as welding stack. In a
same way to the wedge-reed framework, the transducer creates
a vibration of the piezoelectric plates. The booster expands the
vibrational amplitude relying upon the input and serves as a
mounting for the welding stack. The sonotrode can further
expand the amplitude up to the welding range. In this system,
the sonotrode is attached parallel to the direction of vibration
of the tool. Hence, the vibration energy is transmitted to the
workpiece in a transverse way. The parts, generally sheets or
foils were clamped between moving sonotrode and stationary
anvil in lap configuration. The ultrasonic vibration of the
sonotrode is in the parallel direction to the part surface,
generating a scrubbing movement at mating surfaces. The
action creates heat due to friction caused by the relative
movement in the mating parts, as a result of which shear
deformation occurs at the zone with subsequent weld
formation.

Types of ultrasonic metal welding system, (a) Wedge reed

system, (b) Lateral drive system.
SUMMARY

The above chapter highlights the necessity of
Ultrasonic welding in the area of manufacturing. The chapter
also gives a brief idea about different types of ultrasonic
welding and their uses.

I1. MECHANICS OF ULTRASONIC WELDING
SHEAR FORCES ACTING AT THE SONOTRODE TIP

The chapter will be discussing the mechanics of the
ultrasonic metal welding. A numerical analysis has been done
for the applied loads and deformation of the workpiece,
sonotrode and anvil under the same load. The figure 3.1 shows
in more details about the process, where the only external
force applied is the clamping force applied at the top of the
sonotrode used the kept the materials in contact. As a result of
the applied clamping force, the knurl pattern made on the
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sonotrode were inserted into the top part and helps the system
to transfer vibration into the weld interface in synchronize
with sonotrode. From the figure, it is shown that the not only
the normal force Fy but also the net shear force F, is also
applied at weld interface as a result of the transverse vibration
of the sonotrode.

ReedSonctrode

Vibraton direction

Force morphology of the Wedge Reed System

The model developed in the study is for a spherical
sonotrode where the compressive stresses were not uniform
and is time dependent. The study can also be applied for other
shaped sonotrodes. To calculate the Shear force at weld
interface we first needs to concentrate on the few factors like
the component of the normal force Fy, heating of the
workpiece and sonotrode tip during welding, and the impact of
the part geometry on welding. The heating caused during
welding were calculated from heat flux equations at the
deforming area of weld interface and the frictional area where
the parts are in contact.

However, these complex stresses will be extinct
within a small distance leading to a uniform stress distribution
throughout the cross section but during welding the portion
subject to a shear stress. Hence, a combined compressive and
shearing model is assumed for the plastic deformation of the
material. To analyze this combined stress Tresca’s yield
criteria is used as stated below:

P
My (7 )
\l“r'l [ —‘-’] XA =7, %A @GN

, =7, %4,
2 ) |2y )

Fs=< |
I

Where:

Fs = Shear force at the sonotrode tip.

Y (T) = Temperature dependent yield strength
A = Sonotrode area in contact with the top part
Fyn = Normal force on the sonotrode

From the condition if Fs is less than R.H.S then top

part will vibrate with the sonotrode simultaneously, but if it’s
equal then tip sticking will occur.
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CONTACT STRESSES AT INTERFACE

Contact stress is nothing but the compressive stresses
generated by the sonotrode which is effectively distributed
over the larger area of the top part. The magnitude of the
contact stress depends upon the thickness of the top part as it
spreads out with larger area. In case of a spherical sonotrode
shape, the contact stress is maximum towards the center.

SHEAR FORCES AT WELD INTERFACE

For calculating the forces at the interface one first
needs to consider the dynamics of the part geometry, as we
know that at the mating part a combined shear-normal force is
applied, so let us first assume both the bottom and top part are
rigid and length is reduced up to the sonotrode contact area.
The bottom part is fixed with the anvil while the top part
moves with the sonotrode. This will allow the dynamics of the
part considered single body motion, without any chances of
resonance occurs for the case of the larger body. During
welding, a thin area of plastic deformation is resulted with
intense shearing and bonding occurs between the parts. It is
considered that the top part vibrates in same amplitude with
the sonotrode and same can be simply expressed as:

) =&y sin(fe) (3.2)

Where:

f = frequency of vibration

&, = sonotrode amplitude

As top part oscillates with the sonotrode, so their acceleration
is same and can be expressed as:

1.
- L

E?: -1 sinl) (33)

With the increase in deflection of the top part the
sonotrode forces are also increases, hence maximum
acceleration has to be considered.

mx§_=F-F

Asxdxpf*xé =Fs-F,

Where:

p = density of the material
m = mass of the top part
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As it said earlier that the anvil is fixed and so as the bottom
part is fixed to the anvil, so anvil force F, is equal to the
interface force F, Now let us consider for an extended length
of the part, which in a direction parallel to the vibration and
the force developed is in one direction. The force for extension
Fex has its maximum when the deflection is maximum at the
end.

mut., =Fr-F; -Fey

e

As top part moves with the sonotrode, so the
extension of the top part is also excited by sonotrode
frequency and velocity. So the force of extension as a function
of part length can be expressed as follows:

F, :Ex.th[x;fﬂxtml[ixi] (34)
c c

Where:

E = young’s modulus

A = area perpendicular to the vibration
¢ = wave velocity (longitudinal)

| = extension length

By solving the Eq 3.5 for calculating shear force Fs s
compare with Eq 3.1 which says the parts has a plastic limit
although it is considered to be rigid.

37)
Now for the interface forces
‘ 1 1
1my [F
F= | =2] 25 x4 -mxé, -F 38
1\[2J[2‘45} : ‘mx L HY H

From the R.H.S of the expression which has three
parts with the first part depends upon temperature and normal
force, while the second is constant for a given material and
geometry. Now Fgx will became very high for top part
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extension in anti-resonance case in return it will make
interface force F, very small by making the weld impossible. It
is essential to have some amount of interface force for the
welding to be accomplished.

FORCES AT WELD INTERFACE

The interface forces are hugely depends upon the
process of welding, so let us first discuss the welding process
in brief:

Before welding the parts when comes in contact
surface impurities present on surface which restricts the
bonding to take place with the application of static normal
force, which is not sufficient for the net plastic deformation
required in zone. When the ultrasonic vibration starts the
surface asperities comes in contact and undergoes a shear
deformation. The process generates an adequate amount of
localize heat resulting in softening of material and at the end
of the total cycle the deformation spreads upto the entire area
allowing metal to metal joining.

The interface area consists of three parts:

e Ay is the weld area, where the whole plastic
deformation of the material takes place and joint is
formed. It can also termed as deformation zone area
Apz.

e Aggis the frictional area situated adjacent to Ay, here
no welding occurs but plastic deformation takes
place.

e Ayc hon-contact area, where the surface are not in
contact.

At the deformation zone area the limit for the contact stresses
will be given as:

F:\" < F\ « F.\' ( 39)
)

From the Eq 3.9,

= 'GS
Apz . .
is the contact stress or normal stress applied at

the weld zone. A differential element is assumed from the
weld interface for the calculation of welding force Fy, now of
critical yield shear stress can be calculated as:
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From the above Eq it has been seen that stress
depends upon temperature, by integrating welding force can
be calculated

With integrating time dependent weld area, as the
normal stress depends upon the temperature and normal force
we can calculate the welding force depending upon time,
temperature and normal force:

There are two types of frictional forces arises in the
welded area and its surroundings, one is the shear force
responsible for welding and other is the friction force
responsible for heating the circumference but does not actively
involved in joining process.

As there is also a frictional force applied at welding
area along with the welding force, so the interface force will
be written as F, = Fy + Fgr but the frictional component of
the force is difficult to calculate as it depends upon the
vibration and coefficient if friction which increases with
increase in weld area. Now the frictional force can be termed
as:

FFR = us = g = AFR (3.13)

where:
s = coefficient f static friction.
It’s very difficult calculate the Eq 3.13 as neither the

exact value oy nor the frictional area were known. So the
frictional force can also be written as:
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Frr = Ms X Fy (3.14) When the thickness of the
material increases frictional area expands along with contact
stresses. As the top size reduces with both the parts considered
to be rigid and surfaces in contact were undergo plastic
deformation during yield conditions arrive. The expression for
the compressive stress can be deliberate by the ratio of normal
force to the sonotrode area/deformation zone area. The
extensions of both the parts were assumed to be elastic rods.
The forces acting on the surfaces are equal and opposite in
direction because the bottom part along with anvil was fixed.
Hence, the top part equation of motion can be written as:

m X &max = Fs — Fw— Frr — Fex
n

By substituting the value of Fs in Eq 3.1 and by
rearranging the Eq 3.15

(m X':ma:) +Fw t FFR + FB’ <

It is mandatory that the L.H.S of Eq 3.16 needs to be
smaller than the R.H.S; otherwise sticking of the sonotrode
will takes with the top part as a result of yielding.

HEAT GENERATION DURING WELDING

A substantial amount of heat is generated in the
material parts, sonotrode and anvil due to plastic deformation
at weld interface during ultrasonic metal welding. This
generated heat with the change in temperature has a significant
influence on material properties. The aim of this study is to
generate a governing equation with the required assumption to
give a good approximation for calculating the vibrational
power dissipated at the weld interface.

During the initial period of welding, when the knurl
pattern were engaged with top part plastic deformation also
occur but very small in magnitude as compared to plastic
deformation during welding so it is neglected. The heat
generation is divided into two parts for the suitable evaluation
of the model; one is the heat generation due to deformation of
the material at the welding zone and the other is the heat
generation due to friction which is confined to the surrounding
of the welded zone.

HEAT GENERATION AT THE WELD INTERFACE
DUE TO DEFORMATION OF THE MATERIAL
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Initially plastic deformation will start in small
patches and distributed randomly across the deformation zone.
Similarly the power is also distributed in evenly in patches
over the entire volume of the zone. If we consider the patches
are equal in size and dissipates an equal amount of power,
than the total power can be calculated by integrating:

(17

b [?
Iy Ty

For the calculation heat that is developed in
deformation patches. Its needs go for a thin layer of shear
elements at the plastic deformation zone. The shear element
which is elastic in property with the work done on strained
volume is given by product of shear angle and shear stress.
This can assumed to be highest stress for the case of perfectly
plastic material with no work hardening. Hence, the work
done on the deformed volume can be written as:

where:
y= angle of deformation

The work done on the deformation volume is for a
particular period of time is equal to the change in angle during
the same amount of time, which can be explained by the ratio
of top part deflection to the thickness of the deformed layer.

MR LA (1)
AdF T Ay

As we know that the rate of change of work done is
the power, similarly the rate of change of amplitude is the
average acoustic speed for amplitude of &y and frequency of f,,
id given by:

!
Vog = xyes(f)=duyx f,
-
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Where:

f = frequency Vibration
T = time period of vibration

By substituting the Eq 3.20 in Eq 3.19 and solving, we can get
the expression for power dissipated:

dP Fmg
=T =

P

As the deformed element thickness is constant, so the
differential volume dV can be substituted by dA x dy with
multiplying both side by dy one can get:

dP B _
—— =Ty, X Ve

dA

or
dP=1 xv, _ xdAd

(3.22)

Now, by substituting the value of average differential power
from Eq 3.22 in Eq 3.17:

P[5, v

(3.23)

Similarly for the Eq 3.10 the integration would be
applied for weld area A,, time and by replacing Vp; by Ap; %
dy and multiplying both side by dy:

P;arn{ T.‘-' * "‘111"[11‘?J >-< 1'1mg F:.; (f) X vm‘g
Apz Aps Ay
(3.24)

Now the expression 3.24 gives the amount of
vibrational power which generated due to plastic deformation
in the welding zone area. As we know that the heat flux is the
power dissipated over unit area, so the Eq 3.24 can be
rewritten by putting the value of weld force from Eq 3.12 and
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also the average speed from Eq 3.20, the expression for the
heat flux in the deformation zone area can be written as:

(3.25)

From the expression, the time dependence of the
amplitude is only for the initial period of the weld cycle,
during this period the amplitude of the sonotrode is not equal
to amplitude at the weld interface.

HEAT GENERATION IN THE WELD INTERFACE
DUE TO FRICTION

Heat generation in the surrounding of the welded
zone can be calculated by the ratio of power dissipated per
unit frictional area. The power dissipated can simply
expressed by the product of average speed to the friction
force:

—=Fg XV, (3.26)

4

Now, substituting the value average speed from Eq
3.20 and the value of friction force form Eq 3.14, one can get
the expression for the heat flux due to friction as:

X Fyxdx & (0x f,
A

O

(3.27)

The heat flux due to friction is needs to be applied
outside the weld area at the friction area, which is assumed to
be twice the radius of weld area. The average interface speed
is also changes by the shear deformation which is used in both
the heat flux equations; the average speed needs to be
considered as constant for most part of the weld cycle.

I11. FINITE ELEMENT MODELLING OF
ULTRASONIC WELDING

Finite element modeling (FEM) is a numerical
method to find out the approximate solutions of the given
problem. It divides the complex problems into simpler parts
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called finite elements. It helps in getting to obtain the
appropriate solution for the define problem. There were
various FEM based software in the present scenario such as
ANSYS, SYSWELD, ABACUS, PROE, DEFORM, etc.

MODELING THE TEMPERATURE DISTRIBUTION

The temperature distribution modeling in weld
interface, sonotrode, anvil is attempted in this study. A Two-
dimensional rectangular Co-ordinate system was chosen due
to complexity of the model. The different material properties
(ASM Handbook volumes 1 and 2, 1998) considered in the
present study for work piece, sonotrode, and anvil are
presented in Table.1.

Table 4.1 Thermal and Physical properties for workpiece,
sonotrode, and anvil

Specifi Denzit Young ‘Poizza

Material  Thermal ¢ ¥ 5 n’ Co-gff O
conducti nmiodulu
w heat {glin = I ratio thermal
(&) in sxpansior
Wiae (C) in kg'm® (E) in in
JEe"e &GPa -1
Stzel{s onoto
da, 43 460 7800 210 03 151107
anvil)
Al{workpisc
&) 183 896 2700 70 035 243«10°

HEAT FLUX DUE TO DEFORMATION

The expression which has already been derived in Eq
3.25 is used for the calculation of heat flux in the deformation
Zone.

(=1

4y (1)

_ \[@] _[L%

A.DZ

X4X\f0(]‘)>§fw

As shown in Fig. 3.2, the variation of yield strength is
experimentally found out by De Varies. So the average
temperature dependent yield strength for a temperature limit
of 0 to 600 is given as follow:
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0

&S00
{ [{—G_649T+326.5)x105d1":|
Y.
' AT

(- 0.64972%/2)+ 326 57 )x10° )"
AT
=83.126x10° N/m’*

(4.2)

350
300
250 ‘k‘\A
200 \\
150 \
Y =(-0.8489°T + 226.45)"10"6

: SN
SN

5&0\ 800

Yield strength (MPa)

100 200 300 400
-50

Temperature (C)

Yield strength variation with respect to temperature

So the heat flux due to deformation for a clamping pressure of
1.8 bar is given by

f

W

[33_125»:106]2 (1.3:«105

g

] % 4x37x10™ % 20000

=12.30 x10° W / m?

The expression for heat flux due to friction is derived
in Eq 3.27, for a clamping force of 17.82 N, coefficient of
friction of 0.3 amplitude of 37 um corresponding to 80% dB,
by putting all these values:

_‘HXE_\‘:X':IX{:GX W
O i

_ 0.3x17.82x4x37x107 x 20000
99107

=2.82x10°W/mt*
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The above calculate value of heat flux due friction is
applied to the friction area which is two time the deformation
Zone area.

SIMULATION OF FE MODEL

Fig. 4.2 shows the dimension and boundary
conditions for the for the developed axisymmetry model used
for the analysis in ANSYS® APDL. It is shown in the figure
that deformation area from origin upto 2.5 mm where the heat
flux due to deformation is applied and from 2.5 mm to 5 mm
heat flux due to friction is applied. The thickness of the sheet
is chosen as 0.5 mm of commercial available Aluminum sheet,
while sonotrode and anvil material is chosen as mild steel. The
material properties for the required thermal analysis and
structural analysis are listed in Table 4.1.

N frn)

Axisymmetry model with boundary conditions
BOUNDARY CONDITIONS

e The initial condition for temperature T, is assuming
room temperature as 30°.

e The heat loss due to convection to the surrounding is
applied at the surface areas of the material parts
which have not in contact with either sonotrode or
anvil are listed below, as shown in Fig. 4.3. The
convection heat coefficient is assumed as 5 J/m°C.

e Q(conv.)=Q(50,Y), 0<y<0.5

e Q(conv.)=Q(50,Y), 0<y<-05

e  Q(conv.)=Q(x, 1), 2.5<x<50
e Q(conv.)=Q(x, -1), 30<x<50

Elementary view of the FE model with applied loads.

TRANSIENT THERMAL ANALYSIS
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The contact resistance of the faying surface is a
component of burden, temperature and normal yield quality in
contact materials. A triangular six-noded 2D structural solid
element (plane 35) is chosen performing thermal analysis. The
triangular shape makes it appropriate to model unpredictable
mesh. Fig. 4.4 shows the shape, node position, and the
coordinate system of the element. It has one degree of
freedom, temperature change at every node. The 6-noded
thermal element is pertinent to a 2-D transient or steady state
thermal investigation. The mesh size picked was fine and
contact is created between sonotrode with the top surface of
workpiece, top workpiece with bottom workpiece, and bottom
surface of workpiece with anvil.

Y
(or axial)

————— 2 (or radial)

Shape and position of nodes for Plane 35 element

A surface to surface contact is established with the
help of a 2-D three noded contact element (CONTA172) and
2-D target segment (TARGE169) was utilized to denote the
respective contact surfaces. The simulation is first carried out
for conical shape sonotrode and then extended to exponential
shape and stepped shape.

As shown in Fig, the thermal loads like heat flux due
to deformation were applied in weld area of 20 mm? while the
heat flux due to friction was applied in frictional area 60mm>.
The loss of heat due to convection was applied on the borders
of the parts, which are not in contact with either sonotrode or
anvil. For 2-D geometry, the areas are assumed to be lines. A
full transient analysis was carried out for a time period of 0.5
sec with time steps of 0.1 sec.

TRANSIENT STRESS ANALYSIS

The clamping force is applied on the nodes of the
sonotrode as shown in Fig. 4.3, which are in contact with the
top surface of the workpiece. The displacementt of the anvil is
set as zero in all degrees of freedom. The element type is
switched from thermal to structural for the Plane 35 element,
and that is converted to a six-noded 2-D triangular structural
solid (plane 2). The node location, shape and geometry of the
plane are similar to the Fig. 4.4. Full transient analysis was
chosen with time step size of 0.001 for a time period of 0.5
Sec.
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The simulation was repeated for three different shape
of the sonotrode with constant material properties and
dimension of the work piece and anvil. The results gathered
from the structural and thermal analysis were presented in the
subsequent section.

IV. RESULT AND DISCUSSION
TEMPERATURE DISTRIBUTION IN THE MODEL

As discusseda earlier, the simulation was carried out
for three different models having different shape of the
sonotrode and the resultsware presented in this ssection. The
maximum temperature reached for the conical shape is
169.238 °C at the end of weld time for a pressure of 1.8 bars.
Fig. 4.5 shows the distribution of temperature for a conical
shape sonotrode. It shows that the temperature reaches its
maximum at the deformation zone and spreads more in the
workpiece as compared to the sonotrode and anvil; this is
because of the fact that the thermal conductivity of Aluminum
is more as compared to mild Steel. The sonotrode and anvil
experience a maximum temperature of 152.656 °C.

Temperature distribution in the model with conical shaped
sonotrode

Fig. shows the distribution of temperature in an
exponential shaped sonotrode with a maximum temperature of
171.439 °C at the end of the weld time. The maximum
temperature in the sonotrode and anvil have reached upto
154.612 °C.

Temperature distribution in the model with exponential shaped
sonotrode

Fig. shows the distribution of temperature in a
stepped shaped sonotrode with a maximum temperature of
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182.069 °C at the end of the weld time. The maximum
temperature in the sonotrode and anvil have reached upto
165.171 °C.

Temperature distribution in the model with stepped shaped
sonotrode

Fig. shows the temperature variation with workpiece
thickness. The variation ofttemperature from the center of the
weld to the top or bottom surface of the workpiece is around
18.019 °C along the vertical direction. This observation can be
used to forecast the area of heat affected zone in Y direction.

D

Temperature variation in the workpiece thickness

Fig. shows the change of temperature from origin to
distance of 30 mm along X-direction. It can be seen that
magnitude of temperature rapidly rises from a distance of 10
mm to the origin. The temperature in the figure is exactly from
the weld interface. Fig. 4.10 shows the rise in temperature
with each time step during welding in the weld interface. From
the figure it can be summarized that the rise in temperature is
directly proportional to the welddtime during welding.

Temperature variation in weld interface along X-direction
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Temperature variation in the weld interface with each time
step

STRESS DISTRIBUTION IN THE MODEL

Similar to the thermal analysis, the simulation was
carried out for three different shape of the sonotrode and the
resultsware presented in this ssection. The maximum Von

Mises stress reached for the conical shape is 5.3110° N/m2
at the end of weld time. Fig. 4.11 shows distribution of stress
for a conical shape sonotrode. It shows that the stress is
maximum at the point of action of the clamping force, where
the sonotrode meets with the top surface of the work piece and
also in the bottom part where it touches the top surface of the
anvil.

Stress distribution in model with conical shaped sonotrode

It can be seen, with the application of force the
bottom work piece moves away from the anvil during
welding. This could be because of improper clamping method
adapted during welding. So a proper fixture needs to be design
to hold the parts during welding. Fig. 4.12 shows the
distribution of Von Mises stress in an exponential shaped

sonotrode with a maximum of 5.82 7110° N/m? at the end of
the weld time.

rrrrr 7 ezs0z.1 = | s ani® s
Stress distribution in model with exponential shaped sonotrode
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Fig. shows the distribution of Von Mises stress in an
exponential shaped sonotrode with a maximum of 6.27 [110°

N/m2 at the end of the weld time. It can be seen from the
figure that the Von Mises stress is more intense at the
sonotrode because of the complexity of the model.

Stress distribution in model with exponential shaped sonotrode

Table 4.3 Temperature and stress distribution from the
numerical model

"onmMfizes Stresq

Sonotrode Shape [Temperatore in "C [in N

Conical Shapa 169,238 5.31x10®
[Exponential Shaps [171.439 582 xI0F
Steppad Shaps 182.069 6.27 =107

V. EXPERIMENTATION AND OPTIMIZATION
TECHNIQUE

RESPONSE SURFACE METHODOLOGY

It is a statistical tool used to establish a relationship
between several controllable variables with one or more
responses. The method was introduced by G.E.P. Box and
K.B. Wilson. A series of experimental run are performed
within the selected range to identify the best set of parameters
which gives the optimum result for response variables. It
assumes a second-degree polynomial consists of factors with
coefficients for analysis. If the response variable linearly
depends upon the factors, then it can be articulated by a first
order polynomial but if there is any curvature in response
surface then a second order model should be followed. A
second order polynomial with Z as response variable is
expressed by:

Z=ta,raxta,ytax ta,y taxyte

(5.1)

where:
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Z = response variable

X, y = controllable factors
e = experimental error
o, a1, &y ... = coefficients

In this work, from the vast literature survey three
controllable factors such as pressure, amplitude, welding time
at three levels were selected for conducting the experiment. A
Box Behnken Design (BBD) is considered which gives a total
of 17 experimental runs with 5 center points. Tensile strength
of the welded joint is chosen as the response. The Factors and
their levels are listed in Table 5.1.

Table 5.1 Factors with levels

Factor  [Unit Levels

1 o ]
Pressure  [Bar 14 16 15
Amplitude [* 21 4 b7
Weld time |5=c 0.4 043 035

EXPERIMENTAL PROCEDURE

The experiments were performed on 3000 W, 20
KHz ultrasonic welding machine on a 0.5mm thickness
Aluminum sheet, the experimental setup is shown in Fig. The
pressure required for the welding is received from a
compressor, where the maximum limit is set up to 18 bar prior
to the welding. The holding time for the experiment is set as
0.3 sec. On the contact surface of the anvil and sonotrode
knurl pattern were made to prevent sliding of the workpiece
during welding. Fig. shows, specimens prepared for welding
as per ASTM standards (D1002-01). Prior to the welding, the
specimens were thoroughly cleaned with acetone to remove
the surface impurities which can affect the joint strength. For
each factorial combination, two trails of welded specimens
were generated and the average of both the trials were also
calculated and tabulated in Table 5.2. Fig. shows the
ultrasonically welded specimens of 0.5 mm Aluminium sheet.
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Weld Area

100

_,r
i

All dimensions in mm

ASTM Standard (D1002-01) specimen

ultrasonically welded specimens

Table 5.2 Experimental table

Exp. no Pressure Amplitude Weld Tensile Strength
Time
Tral 1 Tral 1 Avg

L 14 i 043 4 43.0¢ TL0E
1 1d i 043 a0 143 1M
k| 14 17 043 KN 1338 aLat
4 13 7 043 313 s 1247
3 14 L 04 212 1135
& 1d L 04 3839 315 137

14 bl 03 LR 1084 436
i 13 L 03 it 4.7 3311
4 L6 i 04 L i3l 119
10 L6 7 04 m i6.33 2084
1t L6 i 03 9021 1834 L EE]
12 L6 7 03 il9 LR} 1244
13 L6 u 043 T4l 5.7 111
14 L6 L 043 i1 4 el
13 L6 u 043 LY} 4 3631
L& L& L 043 g 3
L7 1.6 14 .43 3844 .31 3547

The tensile strength of the joint is measured in a
Computerized Tensile testing Machine with a constant cross
head displacement of 5 mm/min. It was observed that, a
ductile fracture occurs at the periphery of the weld except a
few specimens which have poor weld quality. Some of the
fractured specimens are shown in Fig.
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[ ]

5

Poor Weld

Good Weld

Fractured specimens
RESULT AND DISCUSSION

An extensive analysis is carried out for both the trails
values and the average value and it was found out that the
average of the response gives the optimum result. The analysis
is carried out in popular Design Experts® software. Table 4
shows the analysis of variance (ANOVA) table for tensile
strength of the joint. Process variables like A, B, C, B and
A*B are significantly affects the model. After eliminating the
insignificant process variables those are having a p-value more
than 0.05, it was observed that the value of Predicted R-
Squared 0.8068 is in reasonable agreement with the value of
Adjusted R-Squared 0.8966 which advocates that the variation
in the observed value can be explained by the chosen model
satisfactorily.

Table 5.3 ANOVA for Tensile strength

Samwree

Sum of df Man F Value pralne
Squares Square Mk = F
Madel 34517 i 43.13 14l L2 sipificant
Afressune 4718
B 033 L 033 0073 07
Amplitude
C-mald tima pER) L 158 &3 i1
A*E nm L am 1422
BC D0IF*E3 DO25*E3 138 E 0984
k|
AMC 15 L 15 07 0437
& 148 L 148 041 03518
3 11438 L 1143 117 a4
o 234 L 234 147 0.l34¢
Residuzl 24 i 1m
Lek of Fa Pl 4 525 117 02236 act shmificant
Pure Ereer 92 4 15
Cese Teeal 37342 L&
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Fig. shows the surface plot of tensile strength with
pressure and amplitude. It illustrates that with the increase in
pressure tensile strength increases as surface asperities come
closer which helps the Vander Waal forces act better which
leads to better bonding. With the increase in amplitude the
strength also increases but after a certain level it slightly
decreases as the heat energy is directly proportional to the
square of the amplitude. The relation between amplitude and
heat energy is given below:

=& <E"
Qa'tg = D—.)

(5.2)
where:

Qavg = Heating rate

f = frequency

&y = applied strain (proportional to amplitude)
E = Complex loss modulus of the material

Hence, a little increase in amplitude causes a
substantial increase in the heat and material in the deformation
zone gets softer which sometimes leads to the joining of the
parts with the anvil or sonotrode results in improper welding.
Fig. 5.5 and Fig. 5.6 shows the surface plot of tensile strength
with welding time and pressure and tensile strength with
welding time and amplitude, it can be seen that with increase
in welding time and pressure strength increases, this is
because as weld time increase it gives sufficient time for
scrubbing action and disrupt the contaminants results in better
weld. The developed regression equation for maximizing
tensile strength of the joint in terms of coded form is given as
below:

Tensile strength = +85.62 + 4.72*A + 2.2*B + 1.80*C -
3.67*A*B

-0.B0*A*C - 0.94%4% -4 15*B" +1.49*=C"  (3.3)

Tensile Strength

Surface plot of Tensile strength with Amplitude and Pressure
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Tensile Strength

Tensile Strength

Fig. 5.6 Surface plot of tensile strength with Weld time and
Amplitude

Residuals vs. Run Residuals vs. Predicted

ernally Studentized Residuals

Run Nunber Fredicted
m)

Normal Plot of Residuals
Predicted vs. Actual

mal % Probabiily

Norn

Internally Studentizea Residuals Actsgl
©

Residual plots for Tensile strengths (a) Residuals vs. Run, (b)
Residuals vs. Predicted,Normal plot of residuals, (d) Predicted
vs Actual

Fig. shows the residual plots for tensile strength of
the joint. The residuals versus experimental run plot indicate
that the runs are evenly scattered around the mean line, this
helps in checking for the hidden variables that may influence
the response during welding. The residual versus predicted
graph shows a random scattering of the values, it checks for
constant variance. In the normal plot, the runs are arranged in
a straight line which indicates that the residuals are following
a normal distribution. The plot between predicted values
versus actual value of responses indicates that the values are
very close to each other and distributed near the man line.
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OPTIMIZATION USING DESIRABILITY FUNCTION

The method was introduced by Derringer and Suich.
In this method, the individual responses are altered into a
corresponding desirability value and the range of desirability
value varies between zero to one. When the value of the
response is at its target value, which is the most desired place,
then the desirability value is assigned to one. If the value of
response is outside recommended tolerance range which is not
desired, then its desirability value is assumed as zero.

In this study higher-the-better criterion is chosen for
the tensile strength of the joint. The individual desirability
value for this criterion can be calculated by the formula given
below:

If vy . ] =
f 3 Vi =0
[y <3<y =] e
.Yumx_.rmm
(5.5)
If v=y,,. d =1
j J .11311?{ i (56)

Here y* represents the value of responses, min Y
represents the lower acceptable limit of y* , max y represents
the upper acceptable limit of y* and r represents desirability
function index, which needs to assign formerly as per the
consideration of optimization solver. So when the equivalent
response is estimated to be nearer to the target, then the
function index is set to a higher value. In this study, VYmax IS
taken as the highest observed value of the response 93.21 MPa
and ymin is taken as the lowest observed value of the response
71.065 MPa. The calculated value of process variables and the
response is tabulated in Table 5.4 as per the descending order
of the calculated desirability value. It was observed that the
optimal parameter setting for tensile strength of the joint is
pressure 1.8 bar, amplitude 22.75 pm, weld time 0.5 sec. The
calculated value of tensile strength of the joint at optimal
parameter setting is 92.6065 MPa having a desirability value
of 0.973.
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Table 5.4 Desirability Table

Nuny
ber FPressure Amplitude weld time Tensile Strength| Desirability

1 180 1.7 0.50 047
2 180 1280 0.50 47
3 1.80 i 0.50

4 1.80 0.50

5 1.80 nm 0.50

& 1.80 Pk} 0.50 948
T 1.80 nn 0.50 0947
g 1.80 0.50 0.9¢7
o 1.80 0.50 0964
10 1.80 0.50 094
11 1.78 0.50 043
12 180 0.40 0434
13 1.80 k| 0.40

14 1.80 nmn 0.40

15 1.80 2408 0.40

16 1.80 a1l 0.40

17 1.80 nm 0.40

18 1.80 159 0.40

1% 1.80 14 0.41

20 1.80 nm 0.41

a1 1.80 M1 0.41

a2 180 2160 0.41

3 180 18 0.43

4 1.80 1148 0.42

15 1.80 1.7 0.43

Fig. 5.8 shows the surface plot for desirability with
amplitude and pressure, it can be seen that the maximum
desirability value reached at pressure of 1.8 bar and amplitude
of 22.75 pm.

Desirability

B: Amplitud T 2200 e 180 A Pressure

Surface plot for Desirability with Amplitude and Pressure

VALIDATING THE FE MODEL FOR TEMPERATURE
DISTRIBUTION

The temperature at the weld interface is measured
during welding with the help of a data acquisition system. The
data acquisition system consists of a K-type thermocouple
(sensor), a DAQ card, a computer with analyzing software.
The thermocouple is capable of measuring a temperature
range from -180 °C to +1260 °C. Fig. shows, the set up for
ultrasonic metal welding with temperature measurement
attachment.
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Experimental set up with temperature measurement
attachment

The experiments were conducted at the optimum
parameter setting which is evaluated in next chapter. The
parameters were set as pressure of 1.8 bar, amplitude at 80%
(37.08 W), and weld time at 0.5 sec. The experiment at same
level of parameter is repeated for 3 times and the maximum
value of temperature observed is 176.223 °C with comparing
to the model result of maximum temperature 182.069 °C
which was generated in stepped sonotrode shape, a relative
error of 3.32% observed. The data gathered from the software
is listed in Table 5.5. A graph is plotted for temperature
against time in Fig.

Table 5.5 Temperature readings with time from lab view
software

Temperature (C)

Trial 2

20300207
20333434
20 336303
30730548
15431504
11344427
DR.276223
21.043058
63.612423
55117937
47.973032
42.203805

[T [F N W P

1| e

30405711 44297941
31.201903 d4T4EE
34032067

32636755

31418423
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Observed temperature variation with time
VI. CONCLUSION
SUMMARY OF THE FINDINGS

After carrying out a systematic study the following
extrapolation can be summarized:

1. An FEM based analysis is done for ultrasonic
welding by taking Aluminium as workpiece material
and mild steel as sonotrode and anvil material. The
model can predict the temperature and stress
distribution with different shape of the sonotrode.

2. It can be also understood from the study that the
temperature distribution at the work piece is more as
compared to the sonotrode and anvil as the thermal
conductivity of Aluminum is more as compared to
steel and thermal load is applied at the center of the
weld.

3. If we compare between different sonotrode shapes
then we can see that the temperature generated by
stepped shape 182.069°C is maximum as compared to
exponential and stepped shape. Similarly, stress
generated due to clamping force for the stepped
shape 0.627x10" N/m? is maximum.

4. The proposed RSM model gives the importance of
the process variables such as pressure, amplitude, and
weld time on the tensile strength of the joint.

5. From the desirability function the optimum parameter
setting is obtained as pressure 1.8 bar, amplitude
22.75 um, weld time 0.5 sec with a desirability value
of 0.974.

6. The temperature generation from the FE model is
validated by conducting experiment and found out as
176.22 °C, with a relative error of 3.32%.

7. The research work offers an effective guideline to
select optimum parameter settings for achieving
desired tensile strength.

RECOMMENDATION AND FUTURE SCOPE
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From the current work it was found out that the
conical shape generates minimum value of temperature and
stress, so the shape of the tool is recommended when a
welding required for soft and thin material. Whereas stepped
shape sonotrode is recommended for relatively thick material.
For the joining of 0.5 mm Aluminium foil in 3000 W machine,
it is recommended that the value of amplitude should be less
than 22 um.

The present research work is carried out for
Aluminium as workpiece material and mild steel as sonotrode
and anvil material. Still there is a vast area to explore for this
novel welding process. Hence, future work can carried out in
the following direction:

1. Ultrasonic welding of dissimilar materials with
suitable experimental design and parameter setting.
2. Effect of shape of the anvil on the welding process.
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