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Abstract

In order to solve the problems of poor machining accuracy and surface quality of hard and brittle materials such as Ti2AINb
intermetallic alloy in conventional machining, the principle of apparent elasticity method was used to design a flat-plate vibra-
tion device. Firstly, the propagation characteristics of ultrasonic in inclined slot plate were analyzed by using the propagation
law of acoustic wave in different media. Secondly, the vibration characteristics were analyzed and discussed in detail by using
finite element software. Finally, the influence of the vibration characteristics of vibration platform on the cutting performance
of Ti2AIND alloy was studied through ultrasonic vibration cutting and common cutting (CC) experiments. The finite element
modelling (FEM) and test results showed that when the slot width was 2 mm and the inclination angle was 45°, the vibration
effect of the plate vibration device was the best, and the vertical upward vibration component was generated at the workpiece
installation area of the plate. The errors between the measured frequency and the results of theoretical calculation and finite
element analysis were 1.78% and 0.36%, respectively, which showed the reliability of finite element simulation. Compared
with the three-dimensional ultrasonic vibration cutting (3DUVC) and CC, the results of two-dimensional ultrasonic vibra-
tion cutting (2DUVC) based on flat-plate vibration device showed an obvious “drainage tank” microstructure in variable
speed cutting; when the rotating speed was 1700 r/min, the roughness value of 2DUVC was 54% and 57% lower than that of
3DUVC and CC, respectively. The amplitude along the feed direction was 8 pm, the surface roughness of 2DUVC decreased
by 64% and 65.9%, respectively, compared with 3DUVC and CC. The number of chip sawtooth increased with the increase
of ultrasonic amplitude and vibration dimension. The experimental results showed that for Ti2AIND alloy, ultrasonic vibra-
tion cutting can obtain higher surface quality, and the two-dimensional ultrasonic vibration platform was helpful to improve
the cutting performance of materials, and the 3DUVC can realize the rapid removal of materials.

Keywords Vibration platform - Simulation analysis - Vibration characteristics - Amplitude - Ti2AINb intermetallic alloy -
Surface topography - Sawtooth chip

1 Introduction

Ti2 AIND alloys, based on their higher specific strength,
heat resistance, and corrosion resistance than nickel-based
alloys, super-alloys, and titanium alloys, are widely used
in high-precision fields such as aviation, aerospace, and
modern national defense [1]. However, the problem of poor
machining performance coexists with the excellent service
performance of this kind of materials. When the common
cutting (CC) process is used for precision machining of this
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kind of materials, the disadvantages of high brittleness, easy
to stick to the tool, and high cutting temperature in the preci-
sion machining of this kind of materials lead to the adverse
consequences of tool damage and poor machining quality,
resulting in the CC process cannot get the ideal machin-
ing effect [2-4]. In recent years, the rapid development
of ultrasonic vibration cutting technology shows unique
advantages in the precision machining of hard and brittle
materials, especially in reducing cutting force, cutting heat,
and improving surface quality [5—8], which is widely used
in the machining of hard, brittle, and difficult-to-machine
materials.

With the rapid development of technology in the high-
tech field, the requirements of parts for machining qual-
ity are also increasing. The vibration mode of ultrasonic
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unidirectional vibration cannot meet the requirements of
actual machining. Therefore, ultrasonic multi-dimensional
composite vibration has become a research hotspot. At pre-
sent, the widely used ultrasonic composite vibration modes
mainly include longitudinal bending composite vibration [9],
longitudinal torsional composite vibration [10, 11], double
bending composite vibration [12] and elliptical ultrasonic
vibration [13], which have achieved good machining results.
However, these ultrasonic vibration machining processes
impose vibration on the tool, which limit the application
scope of ultrasonic machining to a certain extent and cannot
meet the needs of complex and changeable actual machin-
ing. Therefore, the ultrasonic vibration form of workpiece
becomes particularly important. Because the volume of the
workpiece is generally large, if it is directly used as a load
at the transmitting end of the ultrasonic vibration device, the
ultrasonic vibration effect will be greatly reduced, Until now,
there is less research in this field, but the high-frequency
vibration applied to the workpiece can cause fatigue dam-
age to the workpiece material, promote the grain slip in the
material, and then change the micro-mechanical properties
of the material, resulting in a reduction in the yield point,
strength, and plastic deformation resistance of the material,
which are conducive to improving the efficiency of cut-
ting [14, 15]. Meanwhile, the workpiece vibration is more
convenient for the application of vibration of the acoustic
system, and the coupling processing of multi-dimensional
vibration system can be realized.

According to the different application positions of ultra-
sonic vibration, the ultrasonic vibration of workpiece can be
divided into two vibration forms. One is that the vibration
is directly applied to the workpiece, and the other is that the
vibration is indirectly applied to the workpiece; that is, the
vibration is applied to the workbench fixing the workpiece.
The second form is less affected by the workpiece shape and
the workspace of the workpiece in practical application. The
most common form of vibrating workbench is rectangular
plate. Many scholars used different methods to study its
vibration characteristics. Li and Cheng [16] studied the non-
linear vibration characteristics of rectangular plate by using
calculus method and found that when the length width ratio
of rectangular plate was equal to 1, the ultrasonic amplitude
was positively proportional to the frequency. Qu et al. [17]
deduced the general formula for steady-state and transient
vibration analysis of shell under arbitrary boundary condi-
tions and verified the effectiveness and accuracy of the for-
mula by comparing it with finite element simulation analy-
sis. Wang et al. [18] proposed a unified solution program
based on the first-order shear deformation theory to solve
the free vibration analysis of orthotropic medium and thick
plates. Li [19] studied the free vibration of rectangular plates
with general elastic constraints by using the Rayleigh—Ritz
method. The convergence and accuracy of the method were
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proved by numerical examples. Li et al. [20] used the energy
method to study the lateral vibration characteristics of stiff-
ened rectangular plates under typical boundary conditions
and performed numerical calculation analysis. The results
showed that the calculation accuracy of this method was bet-
ter than the finite element analysis, and the convergence was
better. Du et al. [21] studied the vibration characteristics of
stiffened plates fixed on four sides by using Rayleigh—Ritz
method, and the comparison between the calculated results
and the experimental values showed good consistency. Paula
et al. [22] studied the vibration form of welding thin plate by
combining simulation and test. Selicani et al. [23] designed a
vibrating plate with genetic algorithm and studied the charac-
teristics of airborne radio wave propagation in the plate using
linear acoustic theory. Wang et al. [24] substituted the strain
energy and kinetic energy of the plate into the Lagrange
equation for solution and studied the solution method and
vibration characteristics of the nonlinear vibration of sim-
ply supported stiffened plates on four sides. Podymova and
Karabutov [25] obtained the frequency correlation of longi-
tudinal and shear ultrasonic attenuation coefficients through
ultrasonic nondestructive testing of stainless steel, cast Bab-
bitt alloy, and brass.

The realization mode and vibration effect of two-
dimensional ultrasonic vibration have become the focus
of researchers, although the one-dimensional longitudinal
vibration device has high-power acoustic emission, simple
structure, and high mechanical strength and is widely used
in power ultrasound and underwater sonar detection applica-
tions [26-28]. However, the traditional one-dimensional lon-
gitudinal device has a single vibration form, which will limit
the direction of ultrasonic radiation in practical application.
Researchers have taken some measures to improve the pro-
cessing effect of one-dimensional longitudinal vibration
[29, 30]. For example, the longitudinal torsional vibration
produced by the combination of longitudinal and transverse
waves can achieve better processing quality than that of one-
dimensional longitudinal vibration in cutting and welding.
Yin et al. [31] set up a slot on the horn to obtain the output
of longitudinal torsional composite vibration through a sin-
gle longitudinal vibration. Through experimental research,
it was found that the inclination, width, and depth of the slot
will affect the size of reflected shear wave. Pi [32] based on
the reflection principle of the inclined slot on the stress wave,
the longitudinal vibration transducer of the unidirectional
mode was realized by using the ring inclined slot vibration
rod to realize the output of the ultrasonic longitudinal tor-
sional resonance mode. Although the longitudinal torsional
composite vibration with single excitation can be obtained
by setting a slot, the current research mainly focuses on the
horn, and few studies apply it to the rectangular plate. In
practical application, rectangular plate is generally heavy as
a load, and the amplitude obtained on the radiation surface
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after ultrasonic vibration is small, which limits its applica-
tion to a certain extent.

Some improvement measures have been proposed by
researchers in order to obtain a uniformly distributed large
amplitude on the radiation surface of the vibrating body. Lin
and Zhang [33] found through experimental research that slot-
ting at the vibration node of the rectangular vibrating body
can suppress the transverse vibration, and the vibration effect
was closely related to the length and width of the slot. Lu
and Lu [34] improved the amplitude of the working surface
of the vibrating body by opening small slots on the vibrating
body. The experiment found that the amplitude of the vibrat-
ing body was proportional to the number of slots. Lu et al.
[35] arranged two masses symmetrically on the basis of the
original Langevin-type transducer to form a transducer with a
new structure. Compared with conventional Langevin trans-
ducers, it had greater vibration speed, lower temperature rise,
and higher electroacoustic energy efficiency. Gao and Lin [36]
applied the apparent elasticity method to theoretically analyze
the three-dimensional coupled vibration of a large-size rectan-
gular cross-section oblique wedge-shaped horn. The results
showed that when the cross-section was relatively small, the
one-dimensional theory was closer to the simulation value,
while when the cross-section was larger, the three-dimensional
theory considering the coupling effect was closer to the sim-
ulation analysis result. Xu et al. [37] developed a new two-
dimensional dual-mode composite ultrasonic vibration device
excited by a single piezoelectric ceramic stack, and conducted
experimental research, and found that the vibration device can
generate two different resonance modes, which can be applied
to new ultrasonic processing technology such as phacoemul-
sification, ultrasonic defoaming, and ultrasonic sonochemis-
try. Azarhoushang and Tawakoli [38] invented an ultrasonic
vibration system with multi-resonance behavior for rectangular
plates, which can apply vibration to heavy parts of various
specifications, and conducted ultrasonic vibration grinding
experimental research on the workpiece. They found that com-
pared with the traditional grinding process. Compared with,
it can reduce about 20% of the grinding force and 30% of the
surface roughness.

It can be seen from the above research that the appropri-
ate slot can change the propagation direction of the wave and
realize the effect of single excitation and multi-directional
vibration. The improved rectangular plate can obtain large
amplitude, meet the second form of ultrasonic vibration of
the workpiece, and expand the application range of ultra-
sonic vibration machining.

In order to realize the multi-dimensional ultrasonic vibration
machining of hard and brittle materials, based on the existing
research on the vibration characteristics of rectangular plates,
a plate vibration device was designed based on the principle
of apparent elasticity method. The ultrasonic vibration was
applied directly to the side of the platform; the refraction and

reflection phenomena of sound wave propagating in different
media were applied. Slots were set on the vibration device to
change the angle and width of the slot, and the finite element
software was used to analyze the vibration characteristics of
flat plates with different slot angles and widths. The designed
ultrasonic vibration platform was used as the transition device
between workpiece and machine tool, the multi-dimensional
ultrasonic vibration formed by coupling the longitudinal
vibration of the tool with the two-dimensional vibration of the
vibration platform; it can be used in ultrasonic vibration cut-
ting process of difficult-to-machine materials. Finally, Ti2ZAINb
alloy, which is currently difficult to machine in aerospace, was
selected as the workpiece material, and the multi-dimensional
ultrasonic vibration cutting test was designed, and the vibration
characteristics of the vibration platform were inversely verified
by analyzing the machined surface quality and chip shape.

2 Theoretical analysis of plate vibration
device

2.1 Theoretical design

It is difficult to obtain the analytical solution of the coupled
vibration of elastic bodies by using the three-dimensional
theory. Based on this, the Japanese scholar Mori Rongsi pro-
posed the apparent elasticity method [39]. Under the condi-
tion of considering only the expansion deformation but not the
shear deformation, the vibration of homogeneous elastomer is
equivalent to the coupling of vertical longitudinal vibration,
and the vibration in different directions corresponds to differ-
ent apparent elastic constants. Therefore, the coupled vibration
of the elastomer can be represented by one-dimensional lon-
gitudinal vibration in multiple directions, and the vibration of
the elastomer is the result of equivalent longitudinal vibration
coupling in multiple directions.

The coupled vibration is decomposed into three mutually
perpendicular longitudinal vibrations by the apparent elasticity
method. The elastic modulus is equivalent to three mutually
perpendicular elastic moduli Ex, Ey, and Ez through the Pois-
son coefficient v and the coupling coefficients n,, n,, and n;.
The frequency equation of any point in the vibrating hexahe-
dron of a rectangular section in all directions was given in [40].
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where A = (Cr/w)?, C= (E/p)V2, C (m/s) is the speed of sound
in a one-dimensional thin rod of ultrasonic wave, E (GPa) is
the elastic modulus of the material, n;, n,, ns is the coupling
coefficient, and n,n,n;=1.
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According to the research in reference [34], the overall
frequency equation of three-dimensional coupled vibration
of rectangular thick plate can be expressed as:

l'2 j2 m2 3 i2 j2 j2
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the flat-plate vibration device, the propagation path of the sound
wave will also change due to the existence of the slot. The propa-
gation principle diagram of the sound wave at the position of
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when i=j=m=1; Eq. (2) is the fundamental frequency
equation of rectangular thick plate. The research in literature
[33] shows that when the thickness [/, of rectangular plate is
less than (1/4)A, the thickness direction has little effect on
the overall resonant frequency of rectangular thick plate.
Considering the requirements of installation, fixation, and
workpiece clamping of rectangular vibrating plate, when the
plate thickness /, is 20 mm and [, =1/, n; =1, and n,=1/n;,
the resonant fundamental frequency of coupled vibration is
equal in x and y directions [41], i.e., f,= ]3 The rectangular
vibrating plate is made of 45# steel. According to the calcu-
lation of combined Formulas (1) and (2), [,= lyz 186 mm.

2.2 The motion of sound waves in a vibrating platform

In the elastic media, vibration energy can be transmitted by
sound waves. According to the stress wave theory, all particles
in the elastic solid medium are closely related to each other, and
the vibration energy of any particle can be transmitted to the
surrounding particles, resulting in the vibration of the surround-
ing particles. The reflection, transmission, and scattering will
occur in two media with different densities. In fact, the reflected
wave does not have half wave loss, but the result of resisting
the vibration source vector. The greater the density difference
of the interface medium, the greater the reflection while the
smaller the refraction of the wave. Therefore, after the inclined
slot and threaded hole are set at the position shown in Fig. 1 of

Ly

Workpiece
clamping area

N#

Fig. 1 Top plate of plate vibration device
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the flat-plate inclined slot and threaded hole is shown in Fig. 2.

The vibrating plate is divided into two media with extremely
different properties, metal and air, by the slot and threaded
holes. The sound wave follows its propagation law in different
media. When the slot width or hole is much smaller than the
wavelength of the ultrasonic wave, a series of transmission,
reflection, and scattering will occur when the wave is transmit-
ted to the slotted position. Since the characteristic impedance
of steel is about 5000 times that of air, the air can be assumed
to be a vacuum during the propagation of the stress wave in
the steel-air medium. At this time, there is only total reflection
and no transmission. When the propagation of sound wave P,
in the solid structure encounters the boundary of the plate slot
hole, as shown in Fig. 2, the reflected longitudinal wave sz and
reflected transverse wave Py, are generated in the material. The
normal strain caused by transverse wave is zero, which will
not cause the change of material density, but the shear strain
caused by transverse wave is not zero, so the shear force of
transverse wave exists. Because the gas and liquid cannot bear
the shear force, the effect of the transverse wave in the refracted
wave can be neglected. Therefore, there is only the refracted
longitudinal wave P, outside the boundary of the plate notch
AB. When the refracted longitudinal wave P,_ is transmitted to
the CD boundary, in addition to the reflected longitudinal wave
sz and the reflected transverse wave Pﬂ,, a refracted longitu-
dinal wave P’ is also generated. Since the two skew slots are
parallel and the distance between the slots is much smaller than
the wavelength, if the longitudinal waves are reflected at the
notch, and the reflected waves include longitudinal waves and
transverse waves, the output longitudinal wave normal stress
0, and the output shear stress T, will be superimposed between
the inclined slots, and the stress state at any micro-element in
the notch is shown in Fig. 3.

According to Snell’s law:

sine sinf  sina  Sina,
V[’r V/’fh V[’f: VpIZ

where a is the longitudinal wave incident angle (rad); f is
the reflection angle of the reflected transverse wave (rad);
and ¢, is the transmission angle of the transmitted longitu-
dinal wave (rad).

According to the physical conversion relationship
between elastic wave velocity and medium parameters, it
can be known as:
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Threaded
hole

Fig.2 Propagation of sound waves at the slot hole of a flat plate

sina _ Vir 201w @
sinf -V, 1-2u

where u is the Poisson’s ratio, foz is the longitudinal
wave sound velocity, and Vg, is the transverse wave sound
velocity.

It can be seen from Eq. (4) that the wave speed of the
reflected longitudinal wave increases with the increasing of
the inclination angle a, so changing the incident inclination
angle can change the propagation characteristics of the lon-
gitudinal wave in the plate. The ultrasonic wave propagates
through the slot and the hole and converges at the O point

Fig. 3 Stress state of micro-element after longitudinal wave reflection
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and Q point area. At point Q, there is a longitudinal wave P,
refracted through the slot and a transverse wave P, formed
after refraction and reflection at the edge of the slot. The lon-
gitudinal wave P,_ and the composite of the transverse wave
P, form a torsional vibration perpendicular to the original
longitudinal direction. The transmission of the transverse
wave increases the vibration energy in the z direction and
the displacement around these slots. Therefore, the reason-
able distribution of slots and holes can help to change the
propagation direction of internal waves in the plate, and then
affect the vibration characteristics of the plate.

3 Composition of vibration platform

The plate vibration device is mainly composed of pedestal,
columns, vibrating plate, and ultrasonic oscillators. Figure 4
shows the distribution of stress and amplitude of the vibra-
tion platform.

Ultrasonic excitation at 28,000 Hz was applied to the
side points M and N of the plate in Fig. 1, and the inclina-
tion angle and width of the slot were changed to perform
the finite element modal harmonic response analysis. The
specific parameters are shown in Table 1.

3.1 Simulation results of the top vibrating plate

In order to study the vibration characteristics of the vibrat-
ing plate and the dynamic response under different fre-
quency loads, this paper used ANSYS Workbench software
to simulate and analyze the modal harmony response of
the theoretically designed 28,000 Hz top vibrating plate by
adjusting the slot inclination o and the width of the slot.
Among them, the FEM results of a vibrating flat plate with
a slot width of 2 mm are shown in Fig. 5. The cloud image

A
Amplitude distribution — — — Stress distribution
| - Ultrasonic oscillators
s S /\Y ~
L ’ \
| , N
~ N\ /
| ~_7 ~ 7
I g <
¥~ Columns Nodes
‘ Pedestal

Fig.4 Stress and amplitude distribution of vibration platform
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of the flat plate after ultrasonic excitation shows a certain
regular change, and the red area represents the position
of the strongest vibration. Since it is desired to obtain a
certain amplitude at the position where the workpiece is
clamped during processing, the finite element analysis
only pays attention to the vibration at the position where
the vibrating plate is mounted on the workpiece.

Similarly, FEM analysis was carried out for vibrat-
ing plates with slot widths of 1 mm, 3 mm, and 4 mm.
The histogram of simulation results is shown in Figs. 6
and 7. It can be clearly seen that when the slot width is
2 mm, the uniformity of both modal amplitude and har-
monic response amplitude distribution is better than the
other three groups. The main reason is that the refraction,
reflection, and scattering phenomena occurred when the
ultrasonic propagates at the slot position. According to
the propagation law of sound wave, the refraction phe-
nomenon does not change the frequency of the wave but
changes the wavelength and wave velocity. The scattering
phenomenon makes the sound wave propagate again after
losing part of its energy at the slot. When the slot is too
large, the energy lost by the sound wave is greater; if the
slot is too small, the refraction phenomenon is not obvi-
ous, and it is difficult to form a new emission point where
the sound waves are collected. Therefore, according to the
simulation results, the slot width was determined to be
2 mm.

According to the relationship between the inclination
angle and frequency of the slot in Fig. 8, when the slot width
is 2 mm, the vibration frequencies with incident angles of
30°, 45°, and 150° approach the design frequency most, and
the minimum deviation between the frequency with inclina-
tion angle of 45° and the designed 28,000 Hz value is 0.07%.

3.2 Simulation analysis of plate vibration device

From the analysis results of the modal harmonic response
of the vibrating plate, it can be seen that the dark blue posi-
tion in the plate cloud chart indicates that the vibration is
the weakest. This position is suitable for clamping and fix-
ing the workpiece. Therefore, the workpiece fixing hole and
pedestal positioning hole were set at the position with the
lowest amplitude. After the assembly of the top panel and
pedestal, the overall modal analysis and harmonic response
analysis were carried out, the solidworks model (Fig. 9) was
imported into the workbench for overall modal analysis and
harmonic response analysis.

Table 1 Simulation parameters of vibrating plate

al® a/mm ¢/mm b/mm

30456075115 135 150 40 1234 20
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a) Modal and harmonious response of slot with inclination angles of 30° and 45°

o Modal

Harmonic Response

Sweeping.
Unisrom
202074714 1721

b) Modal and harmonious response analysis of slot with inclination angles of 60° and 75°

Fig.5 FEM results of a vibrating plate with a slot width of 2 mm.
a Modal and harmonious response of slot with inclination angles of
30° and 45°. b Modal and harmonious response analysis of slot with

According to the actual processing conditions, the bot-
tom plate of the vibration platform was fixed, and ultrasonic
vibration excitation was applied to the end faces of the two
horns, respectively. In order to improve the simulation effi-
ciency, the tetrahedral structure was used for mesh division,
as shown in Fig. 10. There were 79,668 mesh elements and
144,527 nodes, and the modal frequency range was set as
27,000 ~29,000 Hz. The overall vibration characteristics
of the vibrating plate when the inclination is 30°, 45°, and
150°, as shown in Fig. 11. Compared with the cloud dia-
gram of the simulation results, it was found that the vibration

inclination angles of 60° and 75°. ¢ Modal and harmonious response
analysis of slot with inclination angles of 115° and 135°. d Modal and
harmonious response analysis of slot with inclination angles of 150°

effect of the top panel with the frequency of 27,600 Hz was
the best when the inclination was 45°; the vibration effect
of the top panel in other frequency ranges was not ideal.
Therefore, it was preliminarily determined that the overall
frequency of the vibration platform was 27,600 Hz, with
a deviation of 0.14% from the 28,000 Hz in the theoreti-
cal design, which was mainly caused by the neglect of the
non-uniformity of materials and the error of software mesh
generation in the simulation calculation.

In order to quantify the platform vibration, the work-
bench software was used to simulate the amplitude along

@ Springer
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o Modal
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d) Modal and harmonious response analysis of slot with inclination angles of 150°

Fig.5 (continued)

the coordinate axis in three directions, as shown in Fig. 12,
where x—z is the amplitude along the z axis on the A -A,
(path A) path and y—z is the amplitude along the z axis on
the B-B, (path B) path. The simulation results show that the
amplitude is the largest at the position where the workpiece
is installed in the middle of the platform, and the vibration
in the vertical direction (i.e.z direction) is generated, which
is in line with the previous analysis of the motion of sound
waves in the flat plate (Sect. 2.2).

4 Amplitude test and cutting test of ultrasonic
vibration plate

4.1 Plate vibration performance test

In the finite element analysis process of the plate vibration

device, the dimensions of the ultrasonic vibration horn
and the vibration platform are theoretical values, and the

@ Springer

material parameters are standard values selected accord-
ing to the material characteristics. In fact, there are many
uncertain factors in the preparation and processing of
materials, which cause the final result to deviate from the
ideal state. In order to verify the reliability of the theoreti-
cal design and simulation analysis, and to further study the
vibration characteristics of the flat panel, it is necessary
to conduct impedance analysis and amplitude testing of
the basic performance of the flat panel vibration device.

1. Impedance analysis

The PV70A impedance analyzer was used to conduct
impedance analysis on the processed flat vibration device.
As shown in Fig. 13, it was found that the admittance round-
ness was good and has no parasitic circle. The value of the
impedance, the resonance frequency, and the quality factor
was 12.17 Q, 27,500 Hz, and 1266.8, respectively; these test
results met the design requirements. Therefore, the errors
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Fig.6 The modal amplitude distribution corresponding to different
slot widths

between the measured frequency and the results of theo-
retical calculation and finite element analysis are 1.78% and
0.36%, respectively.

The 28,000-Hz ultrasonic generator was connected to the
plate vibration device, and the LK-G10 laser displacement
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|~/,,] ~

7 N
10T ‘ Q?\) S
| "”r;

Es

<

2

26

o

(5]

-

Harmonic T

Fig.7 Harmonic response amplitude distribution corresponding to
different slot widths

sensor was used to test the amplitude of the vibration plat-
form. The measured maximum amplitude of the area where
the workpiece is installed on the vibration platform is 8 pm.
After processing the test data, the motion track of any point in
the area where the workpiece is installed is a spatial ellipse, as
shown in Fig. 14, indicating that there is an upward vibration
component in the position area; that is to say, the slot changes
the propagation direction of ultrasonic wave in the plate.
It can be seen from Fig. 14 that after ultrasonic vibration
is applied to the platform with a 45° slot, a multi-directional
simple harmonic vibration with a certain amplitude can be real-
ized at any point near the center of the vibrating plate. Since
ultrasonic vibration cannot be observed by human vision, in the
test of ultrasonic vibration effect, the atomization phenomenon
or sand jumping phenomenon on the radiation surface of vibrat-
ing body are often used to observe the macro performance of
vibration. By dropping water on the side of the plate to observe
its vibration, it was found that under the action of ultrasonic
high-frequency vibration excitation, when the power frequency
was adjusted to near the resonance point, obvious atomization
occurred on both sides of the plate (Fig. 15), indicating that
there was a strong ultrasonic longitudinal vibration on the side
of the plate. A layer of fine sand particles was evenly scattered
on the top of the plate. After vibration, the sand particles were
scattered and finally stabilized. It was found that the sand parti-
cles on the surface of the plate were redistributed. The position
with sand particles was the depressed point, and there was no
sand particles in the position of the workpiece installed on the
surface of the plate (Fig. 16), indicating that the slot changed
the propagation direction of ultrasonic longitudinal vibration,
and the vibration of the vertical component was generated.

4.2 Test conditions

The Ti2 AIND intermetallic alloy, a difficult-to-process aer-
ospace material, was selected for the experiment, and its
chemical composition is shown in Table 2. Combined with
the self-developed ultrasonic tool holder, the plate vibra-
tion device was fixed to the machine tool station, and the
Ti2 AIND intermetallic alloy was subjected to ultrasonic
vibration milling experiments on a three-axis vertical
machining center, so as to study the impact of the vibration
characteristics of the vibration platform on the cutting pro-
cess. The test site is shown in Fig. 17, and the test conditions
are shown in Table 3. Besides, the vibration of machining
center was ignored in actual processing.

Ultrasonic vibration excitation was applied along the
tool feed direction and radial direction. The main factors
affecting cutting performance are spindle speed, ultra-
sonic amplitude, feed rate, and depth of cutting. This
experiment took the spindle speed and the amplitude of
the plate vibration device as the research object. The sin-
gle factor test was designed to study the influence of the
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Fig. 8 Modal frequency distri- 28200
bution of 2-mm slot width

281004

280004 €2

27900+

f/Hz

278004

27700~

27600+

27500 —
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vibrating plate on the cutting performance of the work-
piece. The test parameters are listed in Table 4.

5 Experimental results and discussion

5.1 Surface topography

5.1.1 The influence of speed on surface topography

The surface quality of the workpiece and the changes

in chip breaking and chip morphology were used to
reversely characterize the cutting performance of the

Fig.9 Modeling of the slot-type vibration platform

@ Springer

workpiece. Figures 18, 19, 20, 21, 23 and 24 showed
the surface topography of the workpiece under different
parameters observed under the white light interferom-
eter. It can be seen that there were obvious differences
between the surface topography obtained by ultrasonic
vibration cutting and common cutting. The surface topog-
raphy after ultrasonic vibration cutting showed stronger
regularity and artistic beauty. Due to the special mechan-
ical properties of workpiece materials, there were also
great differences between the results after the 2DUVC

T
i el

0.00 50.00 100.00 (mm)

25.00 75.00

Fig. 10 Meshing diagram
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Fig. 11 Overall modal analysis of 2-mm slot width

and 3DUVC. When the spindle speed was 1700-3100 r/
min, the surface topography processed by the plate vibra-
tion device was a unique “drainage tank” (as shown in
Fig. 20), which is very similar to the hydrophobic tiles on
the roof of Chinese classical buildings. This microstruc-
ture topography is conducive to the use of the workpiece
surface in special occasions. The research showed that
the regular micro-texture on the surface of the friction
pair not only reduces the actual contact area between the
surfaces of the friction pair but also realizes the stor-
age of lubricating fluid, which can effectively reduce
friction, reduce wear, and improve the bearing capac-
ity [42]. Bionics and tribology research showed that the
material with surface texture has better friction reduction

Amplitude /pm

0.00 100.00

200.00 (mm)

50.00 150,00

Fig.12 Overall modal analysis of 2-mm slot width
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and wear resistance [43, 44]. The similar microstructure
was obtained by 3DUVC at the speed of 3100 r/min, but
its roughness value was about 15.2% higher than that of
2DUVC. The topography of CC was relatively poor, and
there was a certain degree of scratch. It was found from
the histogram in Fig. 22 that the surface roughness value
obtained after the processing of the flat-plate vibration
device was relatively small, and when the spindle speed
was 1700 r/min, the roughness value of 2DUVC was 54%
and 57% lower than that of 3DUVC and CC, respectively.
Therefore, when the spindle speed was 1700 r/min, the
designed flat-plate vibration device exhibited better
vibration characteristics under the condition of only two-
dimensional ultrasonic longitudinal excitation.

100 150 200

Distance / mm
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Fig.13 Impedance test site and results

Therefore, compared with CC process, ultrasonic
vibration cutting can obtain better surface morphology.
2DUVC process can obtain certain micro-texture when
the spindle speed was 1000-3100 r/min, but the micro-
texture morphology was the best when the speed was
1700 r/min, and then the quality of surface morphology
became worse with the increase of speed. The spindle
speed was closely related to the cutting speed. When the
cutting speed was low (i.e., the speed was 1000-2400
r/min, as shown in Fig. 19a—c), the micro-texture mor-
phology of 3DUVC was not obvious and the quality was
poor. When the cutting speed was high (i.e., the speed
was 3100 r/min, as shown in Fig. 19d), the obvious
micro-texture morphology can be obtained, but when
the cutting speed was high, the separation characteristics

\
\
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Fig. 14 Movement track of a point in the center of the platform
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Fig. 15 Atomization effect of platform

of ultrasonic vibration were weakened; therefore, the
obtained surface roughness value was larger.

5.1.2 The influence of amplitude on surface topography

According to the effect of machine speed on surface rough-
ness, the influence of vibration platform amplitude on sur-
face quality was studied when the spindle speed was 1700
r/min, the feed speed was 210 mm/min, and the cutting
depth was 0.1 mm (where A, was 6 pm, refer to Figs. 18
and 19, and the appearance of common cutting, refer to
Fig. 21). The test results in Figs. 23, 24 and 25 show that
the surface after ultrasonic vibration cutting showed a more
delicate surface topography, and the micro-texture topog-
raphy was more obvious when the amplitude was relatively
small. Since the radial direction is perpendicular to the
direction of movement of the tool, in this direction, the tool
is always in contact with the workpiece material, so the
edge of the microstructure of the workpiece is continuous

Turn on the
ultrasound power

Modal of 45°

Fig. 16 Sand vibration effect of platform
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Table 2 Chemical composition of the Ti,AINDb alloy (wt%)

Table 3 Test conditions

Al Nb Mo Fe Si C Ti

Key parameters Numerical value

10.0 41.4 0.9 0.05 0.03 0.12 Bal

in the radial direction. The vibration in the feed direction
is parallel to the moving direction of the tool. The ultra-
sonic vibration in this direction promotes the separation
of the workpiece material and the matrix, and the cutting
edge contacts the workpiece material periodically. When
the amplitude is large, the ultrasonic impact is strong.
Therefore, the overall topography after machining is in the
shape of high and low undulating gullies along the feed
direction. Compared with the results of CC, the surface
fluctuation after 2DUVC was smaller, which indicated that
the workpiece was subjected to vertical upward reaction
during cutting, so that the slot edge of the workpiece sur-
face was ironed and the surface roughness was reduced.
It verified the theoretical analysis and simulation results
of vertical vibration at the slot position in this paper. The
topography of 3DUVC and CC was random and had no
strong regularity. The analysis reason was that the 3DUVC
in this test had one more longitudinal vibration along the
tool axis than the 2DUVC. After the vibration in the verti-
cal direction of the vibration platform was superimposed

BT N
Tool longitudinal
vibration system

Fig. 17 Test site

2DUVC
platform

Charge amplifier

Computer

Tool diameter d / mm 8
Tool material/type WC/Bull nose milling cutter

Tool longitudinal vibration frequency 35,000

fi/Hz
Tool longitudinal vibration amplitude 8
A,/pm
Platform vibration frequency f,/Hz 28,000
Platform longitudinal vibration 2468
amplitude A /pm
Platform longitudinal vibration 1.63.24864

amplitude A /pm
Workpiece material Ti2 AIND intermetallic alloy
Cutting type Dry

Ultrasonic vibration dimension 0(CC) 2(2DUVC) 3(3DUVC)

in this direction, it had a large impact on the machined
surface of the workpiece; the surface topography of the
workpiece was destroyed by this impact force to a certain
extent. It can be seen from the histogram in Fig. 25 that
among the three processing processes, the surface rough-
ness of the workpiece after 2DUVC processing was lower,
and its surface roughness value was the smallest when the
amplitude was 8 pm along the feed direction, which was

Power of 2DUVC Power of tool vibration

@ Springer
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Table 4 Single-factor test cutting parameters

Spindle speed Longitudinal vibration Depth Tool
n/(t/min) amplitude of platform  a,/mm  longitudinal
vibration
A, A, amplitude A,/pm
1000 17002400 O 0 0.1 8
3100 6 4.8
1700 0 0 0.1 08
2 1.6
4 32
6 4.8
8 6.4

about 64% and 65.9% lower than that of 3DUVC and CC,
respectively. This was mainly due to the increase of the
amplitude in the feed direction, the increase of the sepa-
ration characteristics between the tool and the workpiece
along the feed direction, the shortening of the net cutting

178.077.
89.038

¢ n=2400r/min

time, the periodic participation of the cutting edge in cut-
ting, the improvement of the heat dissipation in the cutting
area, and the reduction of the formation of chip buildup to
a great extent; thereby, the quality of the machined surface
was improved. Therefore, when the spindle speed and feed
speed are determined, the vertical amplitude within a cer-
tain range is helpful to improve the vibration characteristics
of the vibration platform.

According to the roughness value obtained from vari-
able amplitude cutting test, the expression of the relationship
between amplitude and surface roughness in 2DUVC and
3DUVC were obtained as Eqs. (5) and (6), respectively; the
formulas can be used to predict the influence of ultrasonic
amplitude on surface roughness.

Ra = (—0.00531 + 0.00254)A?
+(0.04327 + 0.002584)A 5)
+ (0.21425 + 0.05665)

@
356.156um T
267.115 %

d n=3100r/min

Fig. 18 Surface topography of 2DUVC. a n=1000 r/min. b n=1700 r/min. ¢ n=2400 r/min. d n=3100 r/min
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¢ n=2400r/min d n=3100r/min

Fig. 19 Surface topography of 3DUVC. a n=1000 r/min. b n=1700 r/min. ¢ n=2400 r/min. d n=3100r/min

Ra = (~0.0005625 + 0.00204)A> 5.2 Chip morphology
+(0.03717 £ 0.02073)A 6)

In the process of cutting, the change of chip length repre-
+ (0.37125 + 0.04544) p g g p leng P

sents the difficulty of chip breaking of workpiece material,

Fig.20 Micro-texture of
2DUVC

Drainage tiles
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¢ n=2400r/min

i e 4
356.154

el 237.436
: ]
5 Nt 148,718

=

d n=3100r/min

Fig. 21 Surface topography of CC. a n=1000 r/min. b n=1700 r/min. ¢ n=2400 r/min. d n=3100 r/min

Fig. 22 Rotation speed-surface roughness change graph
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which can be used as one of the judgment conditions of
cutting performance of workpiece material. Based on
the research on the influence of machine speed and plate
amplitude on surface quality in this experimental, the
number of sawteeth at the edge of chip with the same
length was selected as the statistical object when the spin-
dle speed was 1700 r/min, the feed speed was 210 mm/
min, and the cutting depth was 0.1 mm. The experimental
results are shown in Fig. 26, the influence of vibration
platform on the cutting performance of Ti2AIND inter-
metallic alloy is studied. Due to the excitation effect of
ultrasonic vibration, in the cutting process, the workpiece
material is not only subjected to the extrusion force of
the tool rake face and the friction force of the tool rake
face, but also subjected to the high-frequency impact force
of ultrasonic vibration. In the process of chip formation,
ultrasonic vibration accelerates the deformation of the cut-
ting layer material to produce multiple stress concentration
points, and many “tear zones” are formed at the stress
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267.115 < L 267.115

178.077 ’ ik 118.718 5 > 178.077 118.718

=~

¢ A=8um, 4,=6.4um, 4,=8um

Fig. 23 Surface topography of 2DUVC. a A, =2 pm, A;=1.2 pm, A;=8 pm. b A,=4 pm, A;=3.2 ym, A;=8 pm. ¢ A,=8 pm, A;=6.4 pm,
A =8 pm
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b 4,=4um, 4,=3.2um, 4,=8um

89.038

¢ A=8um, 4,=6.4pm, 41=8um

Fig. 24 Surface topography of 3DUVC. a A, =2 pm, A;=1.2 pm, A;=8 pm. b A,=4 pm, A;=3.2 ym, A;=8 pm. ¢ A,=8 pm, A;=6.4 pm,

A =8 pm

Fig. 25 The effect of amplitude on surface topography

@ Springer

concentration points. The macroscopic performance is the
sawtooth phenomenon at the edge of the chip, and the chip
is easy to separate and fracture from the matrix material
at the sawtooth.

The number of serrations on the chip edge reflects the
degree of deformation and the ease of chip breaking when
the material is removed. The distribution of the number
of chip sawteeth with equal length after the three cutting
processes is shown in Fig. 27. The results showed that the
sawtooth number generated by ultrasonic vibration cutting
is more than that generated by common cutting, and with
the increase of ultrasonic amplitude and vibration dimen-
sion, the sawtooth number also showed an increasing trend,
it showed that 3D ultrasonic vibration cutting was easier to
remove material. To a certain extent, it also confirmed the
effect of speed and amplitude on surface quality under the
same conditions in this experiment.
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a; 2DUVC 4,=2pm a; 2DUVC 4,=4pm

by | ¢
b3 3DUVC 4,=6pum bs 3DUVC 4,=8um A8

Fig.26 Number of saw teeth of equal length chip after cutting by three processes. a; 2DUVC A, =2 pm. a, 2DUVC A, =4 pm. a; 2DUVC
A, =6 pm. a, 2DUVC A =8 pm. b, 3DUVC A, =2 pm. b, 3DUVC A, =4 pm. b; 3BDUVC A =6 pm. b, 3DUVC A, =8 pm. ¢ CC
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Number of sawteeth

Fig. 27 The number of saw teeth of equal length after cutting by three
processes

6 Conclusions

In order to solve the problems existing in the preci-
sion machining of typical difficult-to-machine materials
(Ti2AIND alloy), a two-dimensional ultrasonic vibration
platform was designed by using the apparent elasticity
method. The two-dimensional ultrasonic vibration platform
was developed by combining theoretical design with finite
element simulation and experimental study. The vibration
characteristics of the platform were verified and studied by
analyzing the surface quality and chip morphology after
machining in CC and ultrasonic vibration cutting tests. The
following conclusions were obtained based on the test pro-
cess and test results:

1. According to the propagation characteristics of waves in
different media, the influence of slot on the propagation
path of waves in the flat plate was theoretically analyzed.
The vibration characteristics of the vibration platform
were simulated by the finite element software. The reli-
ability of theoretical analysis was verified by vibration
test and cutting test.

2. Compared with 3DUVC and CC, the cutting results
of the vibration platform showed an obvious “drain-
age tank” microstructure in variable speed cutting. At
1700 r/min, the roughness value of 2DUVC decreased
by 54% and 57% compared with that of 3DUVC and
CC, respectively, so the 2DUVC showed better cutting
characteristics. During variable-amplitude cutting, when

@ Springer

the amplitude in the feeding direction was 8 pm, the
surface roughness value of 2DUVC was about 64% and
65.9% lower than that of 3DUVC and CC, respectively.
According to the experimental data, the expression of
the relationship between the amplitude of 2DUVC and
3DUVC and the surface roughness value was fitted,
which can be used to predict the surface roughness value
of the two processing technologies.

3. Under appropriate machining conditions, the machin-
ing results of 2DUVC of workpiece were better than
other two machining processes, indicating that the plate
vibration device exhibited better vibration characteris-
tics under these conditions, while 3DUVC made it easier
to remove materials, which is helpful for the promotion
and application of multi-dimensional ultrasonic vibration
cutting technology in high-precision fields of difficult-to-
machine materials, and expands the application scope of
ultrasonic vibration cutting technology.
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