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Abstract

A transducer is a device that plays a very important role in the ultrasonic vibration system. It has the function
of converting electrical energy into mechanical energy. Today, the process of optimal design of this device has
been aided by computers through finite element analysis software. In this study, a finite element model of the
transducer is built to study the effect of meshing on the vibration amplitude of the transducer. The results show
that the mesh size of the element in the FEM model has an influence on the vibration amplitude at the resonant
frequency of the transducer. The research results are the basis for expanding related research in the field of
ultrasonic vibration.
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I INTRODUCTION

Ultrasonic vibration is applied in many different fields such as modern medicine and medical
diagnosis, chemical and food processing, metal joining and machining, etc. In addition, ultrasonic vibration is
also used in fields that require high sensitivity such as maritime, safety and defense sector. During material
processing, ultrasonic vibrations reduce energy consumption and process costs. In these different fields, the
purpose of ultrasonic vibration application is either primary or secondary. The main purpose of ultrasound
application involves the fields of medical diagnosis, food processing, and ultrasonic welding, etc. where
ultrasonic vibration plays a major role in the finishing process. The secondary purpose involves applying
ultrasonic vibration to aid the process to improve process efficiency. The application of ultrasonic vibrations in
metalworking has been around since the first decades of the 20th century. Various manufacturing processes
such as machining, forming, joining, etc. assisted by ultrasonic vibration to improve the properties of the
finished product. These ultrasonic vibrations themselves are physical vibrations of molecules in the medium
through which the sound is transmitting. The frequency range from ~20 kHz to several GHz is often referred to
as the ultrasonic range. The effects of ultrasonic vibrations on metals and alloys are mainly used for
manufacturing purposes. The results of the integration of ultrasonic in metal processing are fully available in the
literature [1-8] The effects of ultrasonic energy are similar to using heat to soften materials; however,
experimental results show that the ultrasonic energy required to produce the same amount of softening is 107
times smaller than the thermal energy required. Some researchers in their research have used ultrasonic
vibrations to metal working and the results show that the force required for machining is significantly reduced
compared to the force used in other conventional pressure machining method. Nowadays, ultrasonic metal
machining is increasingly widely used because it has a number of advantages such as: The ultrasonic process is
clean, reliable, consistent and affordable; Does not use any consumables and is user and environmental friendly,
fast and repeatable; Utrasonic eliminates subjective factors in the welding process, ensuring stable quality; Low
energy consumption; Setup is quick and easy. The versatility of the ultrasonic method allows changing from
one setting to another within minutes; The tool has a long life and requires little or no maintenance [9]. It is also
known as green technology for the reason that it can be applied to many processes without harming the
environment or humans. With these advantages, ultrasonic method is being applied more and more widely in
many fields. For effective application, studying the characteristics of ultrasonic vibration is essential. The finite
element method is a useful tool in these studies. In study of D. A. DeAngelis et al, the finite element method
was used to check the selection of loading bolts when designing Langevin type transducers [10]. In addition,
many studies also use the finite element method to calculate and analyze ultrasonic vibration equipment and
systems [11,12]. However, the effect of element mesh size on vibration amplitude has not been mentioned. In
this study, the effect of element size on longitudinal vibration amplitude of the transducer will be carried out.
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1. THEORETICAL ANALYSIS
Based on studies on ultrasonic vibrating heads [13-15], a transducer model was selected for research (Figure 1).
The transducer works at a resonant frequency of 20 kHz and a longitudinal oscillation amplitude of 10 um.
Component sizes and material specifications are given in Table 1 and Table 2.

Pre-stress bolt Back mass Electrode Front mass

o

Piezoceramic ring

Figure 1: Components of an ultrasonic transducer

Table 1: The dimensions of ultrasonic transducer parts

External .
- Bore size Length .
Component diameter (mm) (mrgn) Material
(mm)
Back mass 38 12 36 Steel
Piezoelectric ceramic ring 38 16 8 PZT4
Pre-stress bolt 12 60 Titanium
Electrode sheet 38 16 0.5 Copper
Front mass (Cylindrical segment 1) 38 12 15 Titanium
Front mass (Conical segment) 45 Titanium
Front mass (Cylindrical segment 2) 20 10 Titanium
Table 2: Material parameters
Material Density (kg.m'3) Elastl(((:Br;’lg)dulus Poisson ratio
PZT-4 7600 65 0.31
Copper 8900 115 0.31
Titanium 4418 110 0.34
Steel 7800 209 0.3

In the structure of the transducer, the ceramic ring plays a very important role in converting electrical energy
into mechanical energy. Therefore, it is necessary to accurately calculate the values that need to be provided to
the FEM model. The basis for calculating the parameters of ceramic materials is as follows:
Linear electrical behavior of ceramic materials:

D=¢E=D, :gijEj (D)
D is the electric charge density displacement, € is permittivity, and E is electric field strength. The Hooke’s law
for elastic materials:

S=sT => Sij = SijkITkI (2)
Where, S is strain, s is compliance under short-circuit conditions T is stress. These relations may be combined
into so-called coupled equations, of which the strain-charge form is:

S=sT+d'E

D=dT+¢E (3)
Where d is the matrix for the direct piezoelectric effect. The piezoelectric coefficients can be defined as follows:

E T E T D T D S
oD, 0S, oD, oT, OE, oS OE. oT
d.. =| —L = —- e. = —1 =— —_J g = —L = _ h = —L =— _ 1
VoL, oE; ) " | oS oE; ) 7" oT, b, ) .| oS oD, @

Relationships between electrical and elastic mechanical behavior.
Strain — Charge Form: S=s.T+d'E;D=d.T+¢,E (5)
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Stress- Charge Form: T=c.S-e'E;D=eS+¢E (6)
Strain-Voltage Form: S=s,T+g'D;E=-gT+¢;'D )
Stress — Voltage Form: T=c,S-q'D;E=-q.5+¢;'D (8)

The linear relationship between the mechanical and electrical fields in the matrix is provided in Abaqus
dlll dl 22 d133 d112 dll3 d114

[d]: d211 d222 d233 d212 d213 d214 (10)

d311 d3 22 d3 33 d312 d313 d314_

€ € €z € €3 €y
[e]= €11 € €33 €1 €5 Eyyy (11)

322 eS 33 e3 12 eS 13 e3 14 |

@D

e3 11

where dips, Op3, dsgq, dsp, and dasz are provided by the manufacturer. Besides, the constant
piezoelectric charge [€] is also calculated according to the formula (12).

[e]=[d][D] (12)

With Dy, is a fourth-order elastic tensor of the elastic stiffness parameter evaluated at a constant electric field

_Dllll DllZZ D1133 0 O 0 1
D2222 D2233 0 O O
D 0 0 0
[B]= (13)
DlZlZ 0 0
symmetric Dy, O
L D2323_
s, ] [sE st s 0 0 0 ] 7o o0 dy]
S, | |s5, S5, s, 0 0 0 T, 0 0 d, E
1
Sy | _|Sa S5, s, 0 0 0 T, . 0 0 dg E (14)
S, s;, O 0 T, 0 d, Ez
S, symmetric SE, 0 T,| |ds 0O 0[-°
_SG_ L 556:2(351_552__1—6_ _O 0 0_
T
T2
D, 0 0 0 0 dg 0" [ea O O]FE
D,|l=f0 0 0 d, 0 O T3 + 0 g, O|[E, (15)
D,| |dy dy dy O 0 O *| |0 0 eg4]lE,
T5
_TS_

. NUMERICAL SIMULATION ANALYSIS

Meshing and element type selection greatly influence the numerical simulation results. Finite element
models with small mesh sizes will give accurate results. In particular, ultrasonic vibration devices work at very high
frequencies while the amplitude is tiny. However, using a mesh size that is too small will increase the number of
elements in the model, leading to a very long calculation time. The finite element model of the transducer, used in
this study, was created in Abaqus software as shown in Figure 2. The model uses C3D20 elements for conventional
material parts, and C3D20RE for ceramic material. PZT8 ceramic material parameters, calculated according to the
theoretical basis above, the results obtained are as shown in Table 3 and Table 4.

A series of numerical simulations, corresponding to model mesh sizes of 1 mm, 1.5 mm, 2 mm, 2.5 mm,
and 3 mm, respectively, were performed to determine the effect of mesh size on vibration amplitude vibration and
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resonant frequency of the ultrasonic transducer. The results obtained are shown in Figure 3 (in case the mesh size is
1.5 mm) and Table 5. From Table 5, it can be seen that the smaller the mesh size, the more accurate the amplitude
and resonance frequency values are. However, it is necessary to choose the mesh size to match accuracy and
calculation time. Compared with the theoretical values of resonance frequency and amplitude, it is reasonable to
choose a mesh size of 1.5 mm for the transducer used in this study. Resonance frequency error is 1.2%, vibration
amplitude is 9.7%.

Table 3: Piezoelectric elastic properties of material

D D Diiss Dyps3 Ds333
9.02E+10 -5.75E+09 2.18E+10 2.18E+10 8.09E+10
D1212 D1313 D2323 D2222
4.15E+10 4.15E+10 4.15E+10 9.84E+10
Table 4: Charge constants matrix in the strain of material
dl 11 dl 22 d] 33 dl 12 dl 13 dl 23 d2 11 d2 22 d2 33
0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.25E-10 0.0E+00 0.0E+00 0.0E+00
din dai3 da g 3 d3» d333 d3 2 ds 13 d3 23
0.0E+00 | 3.25E-10 0.0E+00 -9.1E-11 -9.1E-11 2.41E-10 0.0E+00 0.0E+00 0.0E+00
Table 5: Piezoelectric charge of material
€ €122 €133 €12 €113 €123 €11 €22 €233
0.0E+00 0.0E+00 | 0.0E+00 | 0.0E+00 0.0E+00 1.37E+01 0.0E+00 0.0E+00 0.0E+00
€12 €13 €223 311 €322 €333 €312 €313 €323
0.0E+00 1.37e+01 | 0.0E+00 | - -1.87E+00 1.370E+01 | 0.0E+00 0.0E+00 0.0E+00
1.87E+00
Figure 2: Finite element model of transducer
Resonance frequency
20242 Hz
U, U3
+7.293e-01
+5.932e-01
+4.572e-01
+3.211e-01
+1.851e-01
+4,905e-02
-8.69%e-02
-2.230e-01
-3.591e-01 :
& 31ze01 -'
sreal |
9.032 um
Figure 3: Vibration amplitude of the ultrasonic transducer
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Table 6: Comparison of simulation results for different mesh sizes

Mesh size Resonance Vibration Time CPU
(mm) frequency (Hz) amplitude (um) (s)

1 19986 9.45 2728

1.5 20242 9.03 1799

2 21983 8.76 1382

2.5 23278 8.45 978

3 25378 7.87 563

Iv. CONCLUSION
In this study, the influence of mesh size on the longitudinal vibration amplitude of the transducer was

studied through numerical simulations for models with many different mesh sizes. The results show that the
vibration amplitude is very sensitive to changing the mesh size. The results of this study can be used as a basis to
research and evaluate the influence of mesh size in the complete model of an ultrasonic vibration system.
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