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Abstract

To explore the formation law and influence factors of three-dimensional geometry in axial turning surface, the turning experiment
of 7075 aluminum alloy was carried out by using double excitation three-dimensional ultrasonic elliptical vibration method.
Based on the theory of turning kinematics, the tool tip trajectory model of three-dimensional ultrasonic elliptical vibration turning
(3D-UEVT) was established, and the related mechanism in surface residual height, surface topography formation characteristics,
and turning transmission was given. Through single factor simulation and turning test, the influence of spindle speed, feed speed,
amplitude, and phase difference on the surface microstructure and roughness of workpiece was analyzed contrastively. The
results show that, compared with the traditional turning, the double excitation ellipse assisted turning can affect the surface
topography and quality of the workpiece by causing the dynamic change of the cutting angle of the tool tip and the residual height
of the material. Combined with the analysis of simulation and experimental results, it is found that the ideal microstructure and
roughness can be obtained with low speed, slow feed, small amplitude, and small phase difference. Meanwhile, the tool
workpiece separation characteristics, surface topography, roughness, and surface defect level can be effectively improved under
the three-dimensional ultrasonic elliptical assisted vibration.

Keywords 7075 Aluminum alloy - Double-excitation ultrasonic elliptical vibration method - Surface roughness - Surface
topography - Tool tip trajectory model

1 Introduction

Surface topography, also known as surface micro-geometry,
refers to the surface roughness, waviness, shape error, texture,
and other irregular micro-geometrical shapes [1, 2]. The spe-
cial machined surface topography can improve the wear
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resistance, reliability, and service life of the mechanical part.
Proper stipulation and control of the surface topography often
have no less effect than the use of new materials and new
structures [3, 4]. The requirement of surface topography with
special surface texture characteristics is growing with the de-
velopment of precision and ultra-precision manufacturing.
Therefore, seeking new processing methods is necessary.
Ultrasonic elliptical vibration cutting is a new type of spe-
cial surface texture processing method [5]. Ultrasonic ellipti-
cal vibration was attached to the tool to vibrate the tool tip in
an elliptical trajectory relative to the workpiece, thereby real-
izing high-frequency intermittent vibration cutting. In the ac-
tual machining process, the ultrasonic elliptical vibration cut-
ting trajectory is affected by the amplitude, tool shape, cutting
speed, and phase difference, which, in turn, affects the actual
machining quality [6]. The phenomenon of periodic separa-
tion of cutting workpieces has changed the existing traditional
cutting methods, and also overcomes the problem that the
cutting force can only be reduced by ultra-high-speed cutting
and tool sharpening in traditional cutting [7, 8]. Meanwhile,
ultrasonic elliptical vibration cutting (UEVC) also has the
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characteristics of improving the shape accuracy of the parts
with weak stiffness and the stability of the workpiece system,
inhibiting burrs and delaying tool wear [9—11]. The three-
dimensional (3D) ultrasonic elliptical vibration cutting can
produce surface morphologies with complex micro-nano
structures, making the workpiece have special mechanical,
physical, chemical, and biological properties, such as reflec-
tivity, adhesion, friction, and hydrophobicity [12—15].

Many scholars have explored the ultrasonic elliptical vibra-
tion cutting system. Luan et al. [16] used single excitation to
study the surface quality and topography characteristics of
unidirectional ultrasonic vibration turning of 7075-T6 alumi-
num alloy. They found that ultrasonic vibration cutting had an
ironing effect on the processed surface, thereby reducing the
residual area height and surface roughness of the machined
surface. Later, Tong et al. [17] used a single-excitation super-
elliptical vibratory turning system to study the surface topog-
raphy of aluminum alloy. They established a tool motion tra-
jectory model and found that the feed rate and amplitude had a
significant impact on the surface topography. Huang et al. [18]
established a machining model for elliptical vibration turning
brittle materials and analyzed the influence and mechanism of
ultrasonic elliptical vibration processing parameters on the
micro-groove insert cutting process. However, the geometric
mathematical model and finite element simulation analysis of
elliptical vibration cutting are insufficient. Lu et al. [19]
established a 3D micro-surface geometry model from a geo-
metric point of view. They analyzed the influence of relevant
cutting parameters on the surface topography of Ti6A14V
alloy and found that the surface topography showed a deteri-
orating trend with the increase in the feed rate in the X and ¥
directions. Zhang et al. [20] proposed an ultrasonic elliptical
vibration—assisted cutting technology based on a micro-
texture model to produce mixed micro-textures with different
geometric characteristics. The mathematical calculation of the
cutting trajectory and the analysis of the mixed notch shape
were performed to verify the correctness of the technology.

Regarding the influence of elliptical vibration cutting pa-
rameters on machining, Kong et al. [21] studied the perfor-
mance of American Iron and Steel Institute 1045 steel in el-
liptical vibration cutting using a finite element simulation
method to investigate the influence of elliptical vibration cut-
ting parameters on machining. They studied the influence of
frequency and amplitude on the cutting force, residual stress,
and temperature. Cao et al. [22] studied the micro-texture
simulation of aluminum alloy surface based on ultrasonic el-
liptical vibration—assisted turning, built a theoretical model
reflecting the micro-texture surface, and carried out simulation
experiments. They analyzed the influence of processing pa-
rameters and ultrasonic parameters on the micro-texture ge-
ometry size. Yuan et al. [23] studied the micro-texture and its
characteristics on the surface of 7075 aluminum alloy by el-
liptical vibration—assisted turning. They analyzed the variation
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law of micro-texture under different rotating speeds and feed
speeds, and found that the geometric size and surface rough-
ness of micro-texture changed regularly with the change in
processing parameters. In terms of turning tools, Zhang et al.
[24] studied the process of artificial polycrystalline diamond
(PCD) tool turning hardened steel with ultrasonic elliptical
vibration. They found that the cheap PCD tool could replace
the single crystalline diamond tool for experimental process-
ing under ultrasonic elliptical vibration cutting technology,
effectively obtaining a good surface quality.

In the experiment of elliptical vibration cutting phase angle
change, Zhu et al. [25] established a model of the influence of
phase difference on cutting performance in ultrasonic elliptical
vibration cutting. They found that the phase offset was sinu-
soidally related to the critical speed ratio and was not related to
other ultrasonic parameters. Jiang et al. [26] established the
model of the residual height along cutting direction caused by
the change in the elliptical vibration cutting track, the model of
the influence of dynamic cutting angle change on the ma-
chined surface quality. They found that the deflection change
in the ultrasonic elliptical vibration cutting path was an impor-
tant factor leading to the change in the cutting surface quality,
but the phase difference change in the turning experiment was
not fully analyzed.

In view of the aforementioned problems, this study ana-
lyzed the principle of double-excitation 3D ultrasonic ellipti-
cal vibration and the motion characteristics of the tool-tip tra-
jectory under different cutting parameters. A 3D turning pro-
file simulation model was established to verify the motion
characteristics of trajectory. Based on 7075 aluminum alloy
material, experiments were carried out by using the double-
excitation 3D-ultrasonic elliptical vibration turning (3D-
UEVT) system. Its results showed the influence and formation
mechanism of the tool-tip trajectory on the machined surface
quality of 7075 aluminum alloy under different rotational
speeds, feed speeds, ultrasonic amplitudes, and phase differ-
ence parameters. Also, the obtained machined surface topog-
raphy was analyzed.

2 3D-UEVT principle and topography
simulation

2.1 Double-excitation UEVT motion analysis

Ultrasonic elliptical vibration cutting trajectory is composed
of an ultrasonic tool vibration track and a spindle-driven
workpiece rotation trajectory, as shown in Fig. 1. In this ex-
periment, the 3D-UEVT was done in two vertical directions of
X and Y to give the tool two vibration sources. Therefore, the
vibrations in the two orthogonal directions were coupled to the
position of the tool tip, forming a third direction resonance,
thereby superimposing and synthesizing a 3D elliptical
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Double-excitation ultrasonic
elliptical vibration device

Fig. 1 Double-excitation 3D-UEVT model

vibration cutting trajectory. The motion trajectory equation is:

X = Asin(2nft + ¢,)
Y = Aysin(27fi + ¢,) (1)
Z = A,cos (27rft + qbz)

where A,, A,, and A, are amplitudes in X, ¥, and Z directions.
©x Py and @, are angular phase shifts in X, ¥, and Z direc-
tions. f'is the vibrational frequency of the tool, and ¢ is the
cutting time. The 3D-UEVT motion track is shown in Fig. 2
under the raw state. The shape and deflection of the elliptical
vibration cutting path could be changed by controlling the
amplitude and phase difference. By controlling only the phase
difference, the elliptical vibration cutting path of the tool tip
could be obtained, as shown in Fig. 3.

In the actual machining process, the vibration of the tool in
the depth of cut and the theoretical cutting depth determines
the actual cutting depth of the tool. The vibration and cutting
speed of the tool in the cutting direction determine the actual
cutting speed of the tool on the workpiece. The vibration in the
feed direction and the theoretical feed rate determine the rela-
tive feed rate. Therefore, the 3D elliptical vibration trajectory

Cutting depth direction
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Fig. 2 Elliptic vibration cutting trajectory in the unprocessed state
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Fig. 3 Elliptic vibration cutting paths with different phase differences

of the tool due to the vibration in these three directions made
the turning surface produce a unique “fish scale” surface to-
pography. The cutting process is shown in Fig. 4. Therefore,
the trajectory equation of the double-excitation 3D-UEVT
tool could be expressed as:

X' = AsinQnft + 6,)—a,
Y = Asin(2nfi + ¢,) + Vet (2)
Z = Agcos(2nft + ¢.) + Vst

where a,, represents the depth of the cut, V. represents the
linear cutting speed, and V,represents the tool feed speed.

According to Eq. (2), the cutting speed components of tool
is expressed as:

V,(t) = 2mfA cos(2nft + ¢,)
Vy(t) = 2nfA cos (27ft + ¢,) + V. (3)
V.(t) = 2nfAsin(2nft + ¢.) + Vs

The instantaneous cutting speed V(?) of the tool is:

Vilt) = Vit + V, (07 + V.0 (4)

Equations (3) and (4) show that the cutting speed of the tool
movement could be determined by the combination of the
machine tool’s own cutting speed V. and feed rate V and the
ultrasonic elliptical vibration Eq. (1). The tool had a critical
instantaneous cutting speed Vyax. When the actual cutting
speed V; was greater than the critical instantaneous cutting
speed Vyvax, the tool was not able to effectively separate
and cut the workpiece.

As shown in Fig. 5, a simulation of the turning motion
trajectory of the tool tip in the machine tool coordinate system
was established by Eq. (2). The actual cutting depth of the
UEVT tool tip in the X direction was determined using the
amplitude and the deflection angle of the phase difference due
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Fig. 4 Schematic diagram of
ultrasonic elliptical vibration
cutting

to the dynamic change of the tool-entry angle, altering the
influence of the ultrasonic turning tool path and residual
height. When the actual cutting speed of the tool tip in the ¥
direction was greater than the theoretical cutting speed, the
tool-workpiece cycle separation characteristics disappeared.
The actual feed speed of the tool tip in the Z direction exhib-
ited a partial periodic retreat, thereby showing an ironing ef-
fect on the processed surface.

2.2 3D-UEVT tool tip trajectory analysis

Compared with the one-dimensional and two-dimensional ul-
trasonic turning cutting edge trajectories, the change in 3D
ultrasonic elliptical vibration cutting edge trajectory was more
complex, and the change in different parameters affected its
motion characteristics and cutting characteristics. Therefore,
according to Eq. (2), the 3D ultrasonic elliptical vibration tool-
tip motion equation, the change law of the tool-tip trajectory
was simulated using matrix laboratory (MATLAB).
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Fig. 5 Spatial motion trajectory simulation of knife tip
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As double-excitation UEVT tool tip motion trajectory is
complicate, it fails to accurately model the space topographic
by Boolean operations. Therefore, the workpiece meshing
method and “reduction approximation algorithm” [27] are
attempted to solve the issue.

Figures 6 and 7 show the influence of machining parame-
ters with different rotational speeds and different feed speeds,
respectively, on the trajectory of cutting edges in unit time.
Figure 6 shows that when the spindle speed was low, the
turning phenomenon of cutting edge motion track was more
obvious. The rotation of the cutting edge gradually weakened,
the length of the path from the tool-workpiece separation to
the combination gradually reduced, and the net cutting time
during the ultrasonic vibration cycle gradually increased with
the increase in the spindle speed. When the cutting speed
exceeded the critical cutting speed Vyax, the motion path of
the cutting edge no longer appeared to rotate, and the tool—
workpiece no longer had the characteristic of separation.
Figure 7 shows that when only the feed rate is increased, the
span of the tool nose trajectory in the feed direction (Z direc-
tion) increases. When the feed speed was low, the workpiece
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Fig. 6 Tool tip trajectory at different speeds
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Fig. 7 Tool nose motion path at different feed speeds

underwent high-frequency elliptical turning in the circumfer-
ential unit area many times. When the feed speed increased,
the turning times in the circumferential unit area decreased,
and the feed speed had no change in other directions. This
finding confirmed that the change in the feed rate only affect-
ed the cutting edge path in the feed direction.

Figures 8 and 9 show the influence of acoustic parameters,
such as different vibration amplitudes and phase differences,
on tool tip trajectory in unit time, respectively. Figure 8 shows
that as the amplitude increased, the tool-workpiece separation
phenomenon became more obvious. As the amplitude of the
tool changed in all directions, ultrasonic elliptical vibration
cutting showed periodic changes from elliptical cutting to
round cutting, and the range of actual cutting depth increased
as the amplitude of the cutting tool increased in all directions.
Figure 9 shows that when the phase difference changed, the
trajectory of the cutting edge changed greatly. Moreover, dif-
ferent phase differences also affected the dynamic change in
the cutting angle of the tool, combined with the “ironing”
effect of the edge of the tool, thereby affecting the residual
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Fig. 8 Tool tip motion trajectory at different amplitudes

height and surface roughness. Under the phase difference
change, the tool vibration trajectory and the cutting angle
changed the actual cutting depth, as shown in Fig. 10.

2.3 3D shape simulation of double-excitation UEVT

The formation process of turning surface topography is the
process in which the cutting edge reproduces the tool contour
to the machined surface along a certain motion path. Its es-
sence is the process in which the cutting edge moves on the
machined surface and forms the surface topography. It follows
the principle of edge shape remapping and the cutting inter-
ference effect of cutting tools. The tool and its enveloping
surface move in the volume of the workpiece, and any inter-
section volume between the tool and the workpiece is
subtracted from the volume of the workpiece, leaving the path
of the cutting edge in the workpiece. The MATLAB software
is used to simulate the microstructure of a 3D-UEVT surface,
and different vibration modes and processing parameters are
simulated and verified.

Through MATLAB simulation, some 3D surface maps
were extracted; the simulation results under different parame-
ters are shown in Fig. 11.

As shown in Fig. 11a—c, the spindle speed parameter grad-
ually increased from n = 200 to n = 600 r/min. The analysis
shows that the distance between the surface micro-texture
remnants gradually increases in the cutting direction, and the
width of the joint of the residual height of the micro-textured
unit also increased obviously. As shown in Fig. 11b, d, and e,
the feed speed gradually increased from V=10 to V=30 pum/
r. The analysis shows that the residual height of machined
surface topography gradually increased, and the cutting times
per unit area decreased accordingly. As shown in Fig. 11b, f,
and g, the amplitudes were A, =2 um, A, =3 um, and A, =4
pm, respectively. The analysis shows that the surface micro-
texture size became larger, and the actual cutting depth grad-
ually increased. As shown in Fig. 11b, h, and i, the phase
angles were 60°, 30°, and 90°, respectively. The analysis
shows that the micro-texture shape in the cutting direction
and the feeding direction and the angle of the central axis of
the elliptical groove changed with the change in the phase
angle, which affected the actual cutting depth.

According to the results of MATLAB simulation, when
selecting different processing parameters, the surface micro-
texture in the feeding direction and the cutting direction and
the cutting depth was affected to a certain extent. When the
parameter changes had a great influence on the trajectory, the
tool-workpiece separation characteristic appeared in the tra-
jectory, leading to a self-intersecting superimposed removal
phenomenon. The formation mechanism and change the law
of the surface topography of 3D-UEVT processing could be
effectively predicted by changing different processing
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Fig. 9 Tool tip motion trajectory 5.006 T prrmer—
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parameters and acoustic characterization parameters for sim-
ulation calculation.

3 Experimental verification
of double-excitation UEVT

3.1 Experimental equipment and conditions

The experiment was performed using a self-developed single
double-excitation ultrasonic generator to realize ultrasonic vi-
bration with double-excitation sources at the same frequency
to verify the accuracy of the tool-tip trajectory and surface
topography simulation in Section 2. The experimental device
of UEVT is shown in Fig. 12. The machine tool used in the
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Fig. 10 Elliptic vibration cutting trajectory deflection
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experiment was SPHERE 360, the cutting method was cylin-
drical cutting, and the ultrasonic vibration directions were
feeding direction vibration, cutting direction vibration, and
cutting depth vibration. The experimental conditions are
shown in Table 1. The turning test was used to study the
surface topography and surface characteristics of 3D-UEVT,
and the single-factor test was used to study the influence of
vibration and processing parameters of 3D-UEVT on the ma-
chined surface topography. The experimental parameters are
shown in Table 2.

This article selects the laser displacement sensor model
KEYENCE LK-G10 to measure the amplitude of the UEVT
device. The system mainly includes a LK-G10 series laser
main controller, laser displacement sensor, the LK-Navigator
operating software, and computer terminal. When testing the
amplitude and the tool tip vibration trajectory, focus the laser
beam on the tool tip X, ¥, and Z planes respectively. After the
ultrasonic vibration system is started for 15 min and stabilized,
the vibration measurement is carried out: once every 5 min,
the measurement is conducted three times. The measurement
site is shown in Fig. 13.

The processing material is 7075 aluminum alloy for avia-
tion, and the material performance parameters are shown in
Table 3.

After the processed workpiece is cleaned by an ultrasonic
cleaning machine, the quality of the processed surface is mea-
sured with optical inspection equipment. The micro-
morphology of the machined surface was observed by
KEYENCE kearns VHX-500FE ultra-depth microscope, and
the roughness value Ra of the machined surface was measured
and the surface profile data was collected by Taylorsurf
CCI6000 noncontact 3D white light interference surface pro-
filer. The optical inspection equipment is shown in Fig. 14.
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Fig. 11 Simulation diagram of surface topography with different
parameters. a n=200 r/min, b #n=400 r/min, ¢ #=600 r/min, d V,=20
unr, e V, =30 pm/r, f A,=3 um, g A,=4 um, h ©=30°, i ©=90°. The
common parameters are the following: a, b, ¢ a,=10 um, V=10 um/r,

3D-UEVT device

e PCD tool l

Double-excitation

ultrasonic generator

Fig. 12 3D ultrasonic elliptical vibration-assisted turning experiment
platform

A=2 um, ©=60°; b, d, e n=400 1/min, a,=10 um, A,=2 pm, ©=60°; b, f,
g n=400 r/min, a,=10 um, V; =10 pum/r, ©=60°; b, h, i n=400 r/min,

a,=10 um, V,=10 pum/r, A,=2 pm)

3.2 Experimental verification and comparison

Under the above experimental

conditions, observe and ana-

lyze the processed surface. Under the same parameters, the

Table 1 Experimental conditions
Designation Parameters
PCD tool Hook angle 0°
Relief angle 11°
Tool cutting edge angle 62. 5°
Corner radius 1.0 mm
f/KHz 24.95
Workpiece material 7075 Aluminum alloy
Cutting fluid Kerosene oil mist
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Table2  The parameters of the 3D-UEVT experiment
Serial number n/(r~min’1) V/(},Lmr’l) ay/(um)  AJ/(um)  @/(°)
1 200 10 10 2.0 90
400
600
800
2 800 10 10 2.0 90
20
30
40
3 800 10 10 2.0 90
4 800 10 10 1.5 90
2.0
25
3.0
5 800 10 10 2.0 30
60
90
120

KEYENCE kearns VHX-500FE ultra-depth microscope is
used to observe the surface of traditional machining and 3D-
UEVT workpieces at x1000 magnification. It can be found
that the micro-surface textures formed by the two machining
methods are quite different. The cutting marks on the surface
after traditional processing appear as parallel lines, while the
cutting marks on the surface after 3D-UEVT processing ap-
pear as periodically distributed fish-scale lines, as shown in
Fig. 15 aand b. In order to further compare and observe these
two processing methods, a Taylorsurf CCI6000 noncontact
3D white light interference surface profiler was used to ob-
serve the 3D surface topography. Compared with traditional
machining, the surface after three-dimensional ultrasonic el-
liptical vibration turning has an “elliptical groove”-like micro-

Laser Displacement
Sensor

Double-excitation

ultrasonic generator

Fig. 13 Ultrasonic elliptical vibration measurement site diagram
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Table 3 Properties of 7075AL

Density Extension Hardness Yield Tensile Thermal

plkg/ (HB) strength ~ strength  coefficient of

m®) (MPa) (MPa) expansion
2800 11 15 503 527 23.6E-006

texture, and it is evenly distributed on the current measure-
ment surface. As shown in Fig. 15c and d.

Figure 16 presents the micro-topography of the machined
surface with different spindle speeds, n=200, 400, 600, and
800 r/min, measured using a digital microscope ( KEYENCE,
Japan, VHX-500FE). Compared with the second section 2.3,
the ultrasonic vibration turning presents a interferes between
three-dimensional elliptical harmonic motion and the tool tip,
by only changing spindle speed. That resulted in the regular
mesh shape on the machined surface, as well as the sharp
wave peaks at the intersection of the grids. However, as the
cutting speed exceeded the critical cutting speed, the actual
cutting time increased gradually within an ultrasonic vibration
cycle. The tool, therefore, failed to separate against the work-
piece. It led to the ironing effect of the tool primary flank face
on the machined face, thereby reducing the residual height,
and that was supported by the simulation results. It is verified
that the model could more accurately indicate the changing
trend of surface topography in the actual cutting.

When the spindle speed n=400 r/min, the cutting depth
a,=10 pm, the feed speed V,=10 um/r, the X-direction ampli-
tude A,=2.0 um, and the phase difference =60°, the 3D
simulation surface of the machined surface and the machined
surface are shown in Fig. 17. The microstructure of the ma-
chined surface is basically consistent.

4 The influence of tool tip trajectory
on surface topography

The aforementioned model showed that both processing and
ultrasonic parameters affected the formation of surface topog-
raphy. The influence mechanism of the tool-tip trajectory on
surface topography has been analyzed in this section.

The arithmetic mean deviation Ra parameter was used to
characterize and measure the surface roughness. The
Taylorsurf CCI6000 noncontact 3D white light interference
profilometer was used to measure the surface roughness of
the workpiece. Under each parameter condition, three measur-
ing areas were taken, and the average value of Ra in the three
sampling areas was taken as the reference data value.
Figure 18 shows the influence of each parameter on the sur-
face roughness Ra under the condition of single factor.
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Fig. 14 Optical inspection equipment

4.1 The influence of processing parameters
on the microscopic morphology

In Fig. 18, the measurement results show that the surface rough-
ness of the workpiece increased first and then decreased with the
increase in the spindle speed when the other parameters remained
unchanged. The workpiece surface roughness increased from
316.712 to 400.214 nm and then decreased to 308.531 nm, with
a maximum change rate of 29.7%. The analysis shows that when
the cutting speed increased gradually, the cutting length per unit
time of the tool-tip path in the cutting direction increased, and the
distance between the two adjacent micro-texture elements also
increased. The rotary phenomenon of the cutting edge gradually
weakened, and the tool and workpiece showed periodic contact
and separation effect. However, when the cutting speed was
higher than the critical cutting speed, the net cutting time in the
ultrasonic vibration cycle increased gradually. The residual
height of the machined surface decreased and the surface

238.389 um|
178,753 wim 178.792

134.094 119.195
89.396

44,598 c

1000 magnification

a

Workpiece

Taylorsurf CCI6000 noncontact 3D white
light interference surface profiler

roughness value decreased accordingly because of the “ironing”
effect on the edge of the tool flank. In Fig. 18, the measurement
results show that the roughness increased with the increase in the
feed speed. The roughness increased from 270.651 to 486.042
nm, with an increase of 79.6%. Some experimental results are
shown in Fig. 19. The analysis shows that when the feed speed
was different, the tool nose trajectory presented different feed
rates in the feed direction, which was reflected in the cutting state
of the surface topography, which was the number of times of
different elliptical turnings per unit area of the machined surface.
‘When the feed speed was low, the unit area underwent multiple
elliptical turnings, and the surface micro-texture self-inter-
section phenomenon occurred, which effectively reduced
the residual height of the surface and the processed sur-
face roughness value. When the feed speed increased, the
number of turning times per unit area in the feed direction
reduced, reducing the self-intersection of the micro-tex-
ture, and thus, the surface roughness value increased.

<
178.792 om

134.094

d 89.396

- L L _—

-‘. 1000 magnification [ —»m

Fig. 15 Surface topography of CT and UEVT. a CT of micro-surface, b UEVT of micro-surface

@ Springer



1410 Int J Adv Manuf Technol (2021) 113:1401-1414

U
U
U
12
0 {

n=200r/min

»
-

U
U
U
U
U

U4
Uy
Uy
Uy
Uy

8
U

{
IRIR'A'RAIA

(M

(M

(M

(M

Direction of feed

{

|
{
{
{

Direction of feed

3
8

20 30
Cutting direction

1000 : 1000
magnification [ magnification

a b
¥ a2 2 2 2 2 2 ] 50 R ——————
N=6001 MmN B o I et
@ w0 D q i ———
-
2 e | [ O EEE—
‘s ‘s -
O 10 —————————————— 0 30 .0.026
c I . eeeeeoea
(¢} e g 2| 1-0.027
e B K mm
) A ————————" @ -0.028
=y I ) e
~~~~~~~~~~~~ (=] S S - s e e o
& 0 -0.03
0 20 40 60 80 100 20 40 60 80 100

Cutting direction Cutting direction

1000
magnification

1000 T Sy
magnification

1000 magnification

c d

Fig. 16 Comparison of surface topography simulation results and experimental results

-0.0265

f
/
/
/
/
/

-0.027

/
/
/
/
f
/

-0.0275

!
/
/
/
/
/

Direction of feed

MM
Ity
ala!
afa!
MM
Iy

1-0.028

4
f
f
'
f
'

/
f
/
/
/
/

-0.0285

0
0
f
f
f

-0.029

'
=
|

-0.0295

n
=

-0.03

1

=

0 60 40 20

80
Cutting direction v

a b

Fig. 17 Machining surface microstructure of 3D-UEVT. a Surface topography of simulate. b Surface topography of turning

@ Springer



Int J Adv Manuf Technol (2021) 113:1401-1414

1411

Fig. 18 Influence of parameters
on arithmetic mean deviation Ra
of surface contour
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4.2 The influence of ultrasonic parameters on the
microscopic morphology

In Fig. 18, the measurement results show that the surface
roughness of the workpiece also increased with the increase
in the ultrasonic amplitude. The surface roughness of work-
piece increases from 174.583 to 376.956 nm, with an increase
of 115.9%. Some experimental results are shown in Fig. 20.
The analysis shows that when the ultrasonic amplitude in-
creased gradually, the tool-tip trajectory showed that the turn-
ing area of forming a 3D ellipse increased, and the cutting
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width in the feeding direction increased accordingly. As the
ultrasonic amplitude changed, the actual cutting depth also
changed, thus affecting the formation of machined surface
topography. When the other parameters remained unchanged,
the tool vibration trajectory and direction changed the actual
cutting depth with the change in the phase angle. Therefore,
the workpiece surface roughness increased first and then de-
creased. The analysis shows that when the phase difference
changed, the motion trajectory of the cutting edge showed that
the cutting edge of the tool presented different cutting states,
and the cutting angle changed dynamically. In the cutting
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Fig. 21 Surface topography and profile curve with different phase differences. The rest of the parameters are the following: #=800 r/min, a,=10 um,
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process, a certain self-intersection existed to repeat the
cutting process, and the actual cutting depth of the tool
also changed with the change in the phase difference, as
shown in Fig. 10.

According to the above analysis, the surface profile quality
in the cutting direction was affected by the cutting speed and
phase difference. The surface profile quality in the feed direc-
tion was affected by the feed speed and ultrasonic amplitude.
The analysis showed that better ultrasonic topography and
roughness could be obtained with low spindle speed, low feed
speed, low amplitude, and low phase angle, and the correct-
ness of the analysis of surface topography formation mecha-
nism was verified.

4.3 Analysis of surface roughness profile curves under
different phase differences

In order to better analyze the influence of parameters on the
surface roughness curve, the surface roughness profile curves
with different phase differences are extracted and analyzed.
Figure 21 shows the 3D surface topography and profile curve
observed using a Taylorsurf CCI6000 noncontact 3D white
light interference surface profiler with phase differences of
©=30°, ©=60°, ©=90°, and ©=120°. The measurement results
show that when other parameters are unchanged, with the
change of ultrasonic phase difference, in the circumferential
direction of the workpiece, the difference of periodic fluctua-
tion of the contour curve is small. With the increase of phase
difference, the periodic fluctuation interval of profile curve
has not changed greatly. When the phase angles are respec-
tively p=30°, 60°, 90°, and 120°, the periodic intervals of the
contour fluctuations are measured. The periodic fluctuation
intervals between the contour curves are 67 pm, 60 pm, 64
pm, and 61 um on average. However, the maximum peak
value of the contour per unit length shows a regular change
that first increases and then decreases. The maximum peak
values of the contour curve per unit length are 555 nm, 754
nm, 1002 nm, and 1164 nm respectively. In the workpiece
feed direction, with the increase of the phase angle, the peri-
odic fluctuation interval of the contour curve changes obvi-
ously and regularly, and the contour height shows a law of
first decreasing and then increasing. The maximum peak
values of the contour per unit length are 490 nm, 490 nm,
672 nm, and 691 nm. It shows that during the 3D-UEVT
processing, the change of the phase difference will cause the
surface profile fluctuation curve and the maximum profile
peak value to change.

5 Conclusions

The simulation model of the tool-tip trajectory and the predic-
tion of surface topography in UEVT were established, and the

formation mechanism of machined surface topography was
studied and analyzed based on the trajectory kinematics model
of ultrasonic elliptical vibration. The experiment of turning
7075 aluminum alloy was carried out using a double-
excitation UEVT system, and the influence of the tool-tip
trajectory on surface roughness under machining parameters
and ultrasonic parameters was studied. The following conclu-
sions were drawn:

(1) The trajectory of tool tip was analyzed in terms of ma-
chining parameters and ultrasonic parameters, and then,
the prediction model of the machined surface topography
was established. The tool tip and workpiece were
discretized, by “reduction approximation algorithm,”
and the regular three-dimensional elliptical vibration mi-
cromorphology could be obtained. The analysis of the
experimental results shows that the micro-morphology
of the machined surface has the same change trend with
the simulation results. The turning experiment verifies
the correctness of the micro-morphology model of the
double excitation ultrasonic elliptical vibration turning
surface.

(2) The simulation results of double-excitation UEVT
shown that the change in the tool-tip trajectory in
double-excitation UEVT resulted in the change of the
residual height along the cutting direction, as well as
the actual cutting time, and the cutting depth.

(3) The mechanism of the spindle speed on the surface to-
pography was the tool-workpiece separation character-
istic in the cutting direction. In the feed direction, the
mechanism of the feed speed on the surface topography
was the self-intersection of the micro-texture per unit
area. Ultrasonic amplitude changing the actual cutting
depth was proportional to the surface roughness of the
workpiece.

(4) In double-excitation UEVT, the tool vibration trajectory
and direction changed the actual cutting depth with the
change in phase difference, causing the surface
roughness to increase first and then decrease. When
the phase difference ¢ = 30°, an inhibitory effect on
the residual height and burrs of the surface topogra-
phy was observed, which had a positive effect on the
surface microtopography.
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