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Abstract

In this paper, a new type of ultrasonic vibration de-gluing device has been de-
signed to remove the cured epoxy resin adhesive that overflowed from the
aluminum alloy structural parts in the high-speed train carriages. At present,
manual removal is used to remove the cured epoxy resin adhesive that over-
flows at the bonding site. This method has low removal efficiency and leads to
poor surface quality of the parts. The new type of ultrasonic vibration de-gluing
device can solve these problems. Modal analysis and harmonic response
analysis are carried out on the ultrasonic vibration oscillator system in the ul-
trasonic vibration de-gluing device, and the reasonable structure parameters
and resonance frequency of the ultrasonic vibration oscillator system are de-
termined. Finally, the impedance test and de-gluing effect test are carried out
on the prototype of the ultrasonic vibration de-gluing device to verify the fea-
sibility and practicability of the new type of ultrasonic vibration de-gluing de-
vice. The results show that the ultrasonic vibration de-gluing device’s stable
resonant operating frequency is 28,270 Hz, and the average error between the
simulation and experimental results of the resonant operating frequency is
less than 3%, which validates the simulation model.

Keywords

Ultrasonic Vibration, Epoxy Resin Adhesive, Finite Element Analysis,
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1. Introduction

Some of the aluminum alloy structures in the high-speed train carriages need to
be bonded with epoxy resin adhesive. However, the excess epoxy resin adhesive
will overflow and solidify at the bonding edge, which greatly affects the appear-

ance of the structures and leads to the inaccurate assembly of the aluminum al-
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loy structures. At present, manual removal is used to remove the cured epoxy re-
sin adhesive that overflowed from the bonding. This method not only consumes
a lot of labor, but also has low removal efficiency [1]. In addition, the surface
quality of the aluminum alloy structures removed manually is poor.

Laser cleaning technology is an industrial technology to remove epoxy resin
adhesive [2]. This technology utilizes the interaction between laser and material.
It has the characteristics of high machining precision and no contact with the
processed object, so that epoxy resin adhesive can be selectively removed. At
present, laser cleaning technology is mostly used for the removal of epoxy coat-
ings on aerospace equipment, and the equipment cost is relatively high. Howev-
er, the thickness of epoxy resin adhesive removal is usually below 0.1 mm, which
is much lower than the thickness of cured epoxy resin adhesive overflowing
from aluminum alloy structural parts in high-speed train carriages. In addition,
epoxy resin laser cleaning will generate harmful gas, which is not friendly to the
environment.

A set of ultrasonic vibration de-gluing devices was developed to remove the
cured epoxy resin adhesive that overflowed from the aluminum alloy structural
parts after bonding. In order to design and optimize the structure of the ultra-
sonic vibration oscillator system, finite element analysis was carried out on the
ultrasonic vibration oscillator system in the ultrasonic vibration de-gluing de-
vice. The impedance test and de-gluing test were carried out on the prototype of
the ultrasonic vibration de-gluing device. The feasibility and practicability of the
new type of ultrasonic vibration de-gluing device are verified. Compared with
the traditional manual removal and laser cleaning technology, the ultrasonic vi-
bration de-gluing device can achieve a balance of processing speed and preci-

sion, thus improving the removal efficiency and quality.

2. Overall Structure and Working Principle of the Ultrasonic
Vibration De-Gluing Device

Figure 1 shows the structure sketch of the new type of ultrasonic vibration
de-gluing device. The device mainly consists of ultrasonic transducer, amplitude
transformer, the cutter head, device housing and handle. The ultrasonic trans-
ducer, amplitude transformer and the cutter head are assembled into the ultra-
sonic vibration oscillator system. The ultrasonic vibration transducer is con-
nected to the rear of the amplitude transformer through a stud, the cutter head is
connected to the front of the amplitude transformer through a stud, and the am-
plitude transformer is connected to the device housing through a flange. The
amplitude transformer is a stepped structure with an arc transition [3]; the cut-
ter head is also designed as a stepped structure. The connecting section between
the cutter head and the amplitude transformer is a cylindrical section, and the
front of the cutter head is a flat edge structure. This structure can also amplify
the amplitude, which is conducive to amplifying the amplitude at the end of the
cutter head. The handle is connected to the device shell. The ultrasonic power

supply is connected to the electrodes of the ultrasonic transducer through wires.
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Figure 1. Structure sketch of the ultrasonic vibration de-gluing device.

When the transducer receives the alternating signal from the ultrasonic power
supply, it will generate axial high-frequency vibration. The amplitude transfor-
mer amplifies the vibration amplitude and transmits it to the cutter head, driv-
ing it to vibrate at high frequency [4]. When the cutter head comes into contact
with the overflowing epoxy resin adhesive, the cured epoxy resin adhesive will be
broken into powder by high-frequency vibration, which can be easily removed.

In order to verify the feasibility of such structure theoretically, a finite element

analysis of the device model is required.

3. Finite Element Analysis of the Ultrasonic Vibration
Oscillator System in the Ultrasonic Vibration De-Gluing
Device

3.1. Model Analysis of the Ultrasonic Vibration Oscillator System

After the preliminary design of ultrasonic vibration de-gluing device is com-
pleted, the modal analysis of the ultrasonic vibration oscillator system in the ul-
trasonic vibration de-gluing device is carried out using ANSYS Workbench. The
natural frequency and vibration model of the ultrasonic vibration oscillator sys-
tem can be determined through modal analysis.

The materials of the parts in the ultrasonic vibration oscillator system mate-
rials are defined separately. The anisotropic elastic parameter matrix of PZT-8 is
added to the material library, and its density is defined as 7500 kg/m”’. The fas-
tening studs in the ultrasonic transducer are defined as 45 steel, the four piezoe-
lectric ceramic plates are defined as PZT-8, the four electrode plates are defined
as brass, the rear cover plate of the ultrasonic transducer and the amplitude
transformer are defined as 304 stainless steel, the front cover plate of the ultra-
sonic transducer is defined as hard aluminum 2021, the connecting bolts be-
tween the amplitude transformer and the cutter head are defined as 45 steel, and
the cutter head is defined as titanium alloy TC4 [5]. The mesh element size is set
to 1.5 mm, the frequency solution range is 0 - 30,000 hz, the solution result is set
as total deformation, and the limitation of modal solutions is set up to 100. Fi-
nally, 50 modes are found, and 3 longitudinal vibration modes are extracted. The
natural frequency of the oscillator system is shown in Table 1.

The third-class modal shape diagram of the ultrasonic vibration oscillator sys-

tem is shown in Figure 2. It illustrates that the node with the largest amplitude is
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A: Modal
Total Deformation 50
Type: Total Deformation
Frequency: 28491 Hz
Unit: m

2021/3/119 22:35

12.186 Max
10.832

9.4786

8.1251

6.7715

5.418

4.0644

27109

1.3573
0.0037848 Min

Table 1. Three-class modal frequency table.

Class Frequency
1 402.1
2 12,212
3 28,491

0.000 0.045 0.090 (m)

I ..

0.022 0.068

Figure 2. Vibration mode of the ultrasonic vibration oscillator system.

located at the front edge of the cutter head. This modality’s frequency is 28,491
Hz, which is close to the ideal operating frequency of 28,000 Hz, with an error of
1.75%. Besides, the frequency obtained by analysis is basically consistent with
the theoretical design frequency. Through the post 1 processing program in
ANSYS APDL, the node displacement vector diagram of the ultrasonic vibration
oscillator system is obtained, as shown in Figure 3. This graph can visually dis-
play the displacement direction and displacement size of each node in the ultra-
sonic vibration oscillator system. The frequency of the modality and the node
displacement vector diagram can provide a certain reference value for the struc-
tural optimization of the device.

Figure 4 shows the amplitude curve of the ultrasonic vibration oscillator sys-
tem along the axis. The left end is the output side of the ultrasonic vibrator sys-
tem, which mainly vibrates axially along the Y direction, and the amplitudes in
the X and Z directions are both less than 0.4% of the amplitudes in the Y direc-
tion. It indicates that the ultrasonic vibrator oscillator system mainly vibrates
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Figure 3. Vector displacement diagram of the ultrasonic vibration oscillator system.
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Figure 4. Amplitude curve of the ultrasonic vibration oscillator system along the axis.

axially in the Y direction in this modality. In addition, the oscillator system can
obtain a large amplitude ratio, which can reach 24. It shows that the structure

can effectively amplify the amplitude from the ultrasonic transducer.

3.2. Harmonic Response Analysis of the Ultrasonic Vibration
Oscillator System

To determine the steady-state response of the ultrasonic vibration oscillator sys-
tem electrified by voltage signal, it is necessary to perform harmonic response

analysis based on the modal analysis of the ultrasonic vibration oscillator system.
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B: Harmonic Response
Total Deformation 75
Type: Total Deformation
Frequency: 28700 Hz
Sweeping Phase: 0
Unit: m

2021/5/14 16:48

2.2176e-5 Max
1.9713e-5
1.725e-5
1.4787e-5
1.2324e-5
9.8611e-6
7.3981e-6
4.9351e.6
2.4721e-6
9.0924e-9 Min

There are multiple methods for the harmonic response analysis of the ultra-
sonic vibration oscillator system. In the current work, a simple and adaptable
approach that combines the commands and the MEMS ACT plug-in is used.
The analysis type is set as harmonic response analysis, and the calculate method
is set as full method. By installing MEMS ACT plug-in, the four PZT-8 piezoe-
lectric ceramics in the ultrasonic transducer are defined as piezoelectric bodies
to simulate the vibration state of the ultrasonic transducer after obtaining sinu-
soidal AC power. The polarization directions of the piezoelectric ceramics are set
by changing the polarization of different direction reference system. The four
positive polar surfaces of piezoelectric ceramics are defined as the name selec-
tion “Volt”, and the three negative polar surfaces are defined as name selection
“Ground”. To accurately simulate the sinusoidal voltage that energizes the
transducer, the 1400 V sinusoidal alternating current with a frequency of 28,000
Hz and a current of 0.08 A is energized to the name selection “Volt” by inserting
APDL commands. The number of search sub steps is set to 100. After solving,
the vibration displacement of the ultrasonic vibration oscillator system at 28,700
hz is extracted from all the results, as shown in Figure 5. The vibration dis-
placement frequency of the ultrasonic vibration oscillator system is close to the
vibration modal frequency, and the amplitude in Y direction at the tool tip of the
oscillator system is 22.18 um, which is consistent with the expected result of the
designed ultrasonic vibration de-gluing device.

The frequency response post processor in the Workbench is used to obtain the
variation curve of the amplitude of the node at the output end of the ultrasonic
vibration oscillator system with the frequency, as shown in Figure 6. When the

frequency reaches 28,700 hz, the amplitude of the node reaches the peak value,

¢
Y
0.000 0.050 0.100 (m)
I 0200 a0 )
0.025 0.075
Figure 5. Harmonic response deformation of the ultrasonic vibration oscillator system.
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Figure 6. Amplitude curve at output of the ultrasonic vibration oscillator system.

which is 22.18 um. This amplitude can meet the needs of theoretical design and
practical use. By using the piezo attachment plot post processor in workbench
for analysis, the Y admittance curve of the ultrasonic vibration oscillator system
is obtained, as shown in Figure 7. Through the post-processing function of pie-
zo impedance plot, the positive impedance diagram of the oscillator system is
obtained, as shown in Figure 8. The impedance and admittance data obtained
by the finite element analysis of workbench have certain reference value for the

impedance matching for the oscillator system and ultrasonic power supply [6].

4. Experimental Study on Machining of Ultrasonic Vibration
Glue Removal Device

4.1. Impedance Test Experiment of Ultrasonic Vibration Glue
Removal Device

Since the finite element analysis has fully validated the theoretical feasibility of
the ultrasonic vibration oscillator system in the ultrasonic vibration de-gluing
device, the prototype of the ultrasonic vibration de-gluing device was manufac-
tured for experiments, which can verify its practical feasibility.

The impedance test experiment is used to measure the impedance parameters
of the ultrasonic vibration de-gluing device in the ultrasonic vibration de-gluing
device, to provide a basis for the impedance matching between the ultrasonic vi-
bration de-gluing device and the ultrasonic power supply. The admittance circle
(Figure 9) and impedance curve (Figure 10) of the ultrasonic vibration de-gluing
device are measured by the “pv90a” impedance analyzer. The measured imped-
ance data of the ultrasonic vibration de-gluing device is very close to the finite

element analysis results, and the error is less than 4.5%. It is verified that the
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Figure 7. Y-admittance curve of the ultrasonic vibration oscillator system.
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Figure 8. Impedance simulation curve of the ultrasonic vibration oscillator system.
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Figure 9. Admittance circle.
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Figure 10. Impedance curve of the ultrasonic vibration de-gluing device.

finite element analysis results can guide the design of the ultrasonic vibration

de-gluing device and circuit impedance matching [7].

4.2. Test of the Ultrasonic Vibration De-Gluing Device

Figure 11 shows the processing schematic diagram of the ultrasonic vibration
de-gluing device. The blue irregular solid is the epoxy resin adhesive remained
to be processed. The ultrasonic vibration de-gluing device vibrates along the axis
of the device and forms an angle of 25° with the horizontal plane. The thickness
of the cured epoxy resin adhesive overflowed from aluminum alloy structural
parts is within 3 mm, which is mainly removed horizontally during de-gluing.
Therefore, the vertical force required for de-gluing is less than the horizontal
force. The results measured with an electronic dynamometer show that when the
epoxy resin adhesive is removed at an angle of 25°, the kinetic energy of the axial
vibration of the unit can be utilized to the maximum. The epoxy resin adhesive
can be removed at a speed of 1.2 m’/h with a thrust of only 28N at such an angle.
The epoxy resin adhesive in Figure 11 is removed along the side of the alumi-
num alloy, and the red part is the processed surface.

As shown in Figure 12, an epoxy resin adhesive de-gluing platform has been
built, and an ultrasonic power supply with a rated frequency of 28,000 Hz is used
to power the ultrasonic vibration de-gluing device. The rated power of the power
supply is 800 W, the default output frequency is 28,000 Hz, and the frequency
can be tracked within the range of £5000 Hz.

The ultrasonic power supply generates a sinusoidal voltage power with a peak
voltage of 1400 V to the ultrasonic vibration de-gluing device, so that the ultra-
sonic vibration de-gluing device can continuously and stably perform the
de-gluing operation. The working current of the ultrasonic vibration de-gluing
device is 0.08 A, and its stable resonant working frequency is 28,270 Hz, which is
close to the finite element analysis results. The error of natural frequency of the
finite element analysis is within 3%, which can verify that the finite element
analysis results have a guiding role in the design, manufacture, and application

of the ultrasonic vibration de-gluing device.
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Figure 12. Platform for the de-gluing test of the ultrasonic vibration de-gluing device.

The experimental sample is a 700 mm x 120 mm X 32 mm hollow aluminum
alloy structural part, the overflow area of the cured epoxy resin adhesive to be
processed is 25 mm x 80 mm, and the thickness of the epoxy resin adhesive is
2.5 mm. The ultrasonic vibration de-gluing device is used to remove the cured
epoxy resin adhesive in this area. After 30 s of de-gluing operation, the appear-
ance comparison of the samples before and after de-gluing is shown in Figure
13. The 2.5 mm thick cured epoxy resin adhesive is removed, and the processing
surface is relatively smooth. For the manual removal method, it is almost im-
possible to remove the overflow cured epoxy resin adhesive when using 50N
thrust. When using 200N thrust, it can only remove the cured epoxy resin adhe-
sive with low efficiency. For the cured epoxy resin adhesive with a thickness of
2.5 mm, it can only remove at a speed of 0.01 m*/h, and the removal surface
quality is poor. The ultrasonic vibration de-gluing device with a thrust of only
28N can quickly remove the cured epoxy resin adhesive. For the cured epoxy re-
sin adhesive with a thickness of 2.5 mm, it can remove the epoxy resin adhesive

at the speed of 1.2 m?’/h. The ultrasonic vibration de-gluing device can break the
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Figure 13. Comparison of the sample before and after de-gluing. (a) Top view before
de-gluing; (b) Top view after de-gluing; (c) Main view before de-gluing; (d) Main view
after de-gluing.

overflowing cured epoxy resin adhesive into powder through high-frequency vi-
bration. With the dust collection system, it can ensure the health of operators,
improve the removal efficiency of the epoxy resin adhesive and reduce environ-

mental pollution [8].

5. Conclusions

In this article, a new type of ultrasonic vibration de-gluing device with a reso-
nant frequency of 28,270 hz was developed to solve the problem of removing the
overflowed and cured epoxy resin adhesive on the aluminum alloy structural
parts in the high-speed train carriages.

Herein, the structure of the new ultrasonic vibration de-gluing device was de-
signed and optimized through finite element analysis. The vibration mode, am-
plitude-frequency curve, admittance, impedance, and other data of the new ul-
trasonic vibration de-gluing device have been obtained through experiments,
which can provide references for the design and manufacture of the new ultra-
sonic vibration de-gluing device. At the same time, it provided a theoretical basis
for the impedance matching for the ultrasonic power supply and ultrasonic vi-
bration de-gluing device. Through the impedance analysis and the working fre-
quency test of the ultrasonic vibration de-gluing device, the guiding function of

the finite element analysis method on the design of the ultrasonic vibration
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de-gluing device is verified.

The new type of ultrasonic vibration de-gluing device is used to remove 2.5
mm thick cured epoxy resin, and the de-gluing speed can reach 1.2 m*/h. It can
be seen that the use of the ultrasonic vibration de-gluing device can not only
greatly improve the de-gluing efficiency, but also improve the surface quality of
de-gluing, which verifies the feasibility and practicability of the new ultrasonic
vibration de-gluing device.

The ultrasonic vibration de-gluing device can remarkably increase the pro-
cessing efficiency of the aluminum alloy structural parts in high-speed train car-
riages. In addition, it can save lots of labor and make the aluminum alloy struc-
tural parts beautiful and practical. In addition, it can also be applied to other ve-
hicles other than high-speed trains, such as e de-gluing work of aluminum alloy

structural parts in buses and light rail cars.
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