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Abstract
Milling of the titanium alloy thin-walled workpiece is a critical challenging task and the machining vibration is a major effect on
the accuracy of the final part due to difficult machining properties and low stiffness. The common milling (CM) is very hard for
titanium alloy thin-walled parts to get high-quality machined surface microstructure, so finding an effective way of processing to
obtain better surface microstructure is particularly important. In this article, the longitudinal-torsional composite ultrasonic
vibration-assisted milling (LTCUVM) is proposed to overcome the problems of the common milling. The cutting method of
the high-frequency vibration separation of a workpiece and the tool reduces an average cutting force. Thereby suppressing the
tool relieving and further providing a good machined surface. In this study, firstly, the kinematic model of LTCUVM was
established and the variations of the movement of the cutting edge flank with the spindle speed change were analyzed. Then
the finite element model (FEM) of the two processing methods was developed and significant differences between the CM and
LTCUVM in the micro-milling were revealed. Further, related experiments were designed and conducted. Finally, the experi-
mental analysis showed that the LTCUVM effectively reduced an average cutting force, and further reduced surface roughness
and height of chatter marks compared to the CM with the same processing parameters.

Keywords Ultrasonic vibration-assistedmilling . Titanium alloy thin-walled parts . Cutting force . Surfacemicrostructure . Flank
milling

1 Introduction

Titanium alloy material is one of the key materials with a range
of significant performance advantages, it is widely used in aero-
space, petrochemical and medical equipment, and other fields,
especially for a large number of applications in aerospace en-
gine manufacturing [1]. However, currently, there are two dif-
ficulties to be solved for the processing of titanium alloy work-
pieces. Firstly, titanium alloy materials have poor thermal con-
ductivity, thus the machining surface can easily form severe
work hardening, resulting in poor cutting performance, and this
is a typical difficult-to-machine material [2]. Secondly, the wall

thickness design and development of parts tend to be thinner,
the dimensional accuracy of the critical surface of the work-
piece, a position-shape error, and surface quality must be best
possible. However, in the machining of thin-walled parts, the
thin sections are elastically deformed under the cutting forces.
Therefore, it is quite difficult to maintain dimensional accuracy
and provide the required surface finish. The processing
methods of titanium alloy thin-walled parts are a bottleneck in
modern industry and cause concerns [3]. Although EDM, elec-
trochemical machining, and laser forming technology are also
the hot-spot machining methods, the cutting technology is still
the main manufacturing method for titanium alloy thin-walled
parts [4]. Meshreki et al. developed a new research model for
the dynamic analysis and deformation prediction of weakly
rigid structures based on the Barry-Rich method [5]. Bolar
et al. optimized the machining parameters in the process of
end-milling titanium alloy thin-walled parts, found optimal pro-
cessing parameters, and established the related prediction mod-
el [6]. Smith et al. proposed the distributed ring cutting method
and the large cutting depth method to process weak rigid struc-
tural elements to control the processing deformation [7].
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The ultrasonic vibration-assisted cutting (UVAC) is a ma-
chining method that applies ultrasonic vibration to the tool (or
workpiece) to achieve pulsed intermittent cutting based on the
common cutting, then achieves permanent macroscopic cut-
ting and tool-chip separation microscopically, thereby inter-
mittent cutting effectively reduces the cutting temperature and
improves cutting performance. Experimental studies also
showed that UVAC achieved significant breakthroughs in
the machining of titanium alloys [8, 9]. Sui et al. performed
a feasibility study of the high-speed ultrasonic vibration-
assisted cutting (HUVC) of titanium alloys and pointed out
that HUVC provided lower cutting force, increased the tool
life, reduced chip deformation, and increased the material re-
moval rate [8]. Shamoto et al. believed that elliptical vibration
cutting could differentiate the cutting trajectory and improve
the machining accuracy [10]. Xiao et al. found that ultrasonic
vibration cutting suppressed chatter of tools and improved
machining quality [11]. Nath et al. indicated that surface
roughness has a higher lift at lower cutting speeds by optimiz-
ing the UVAC process parameters and comparing with the
common cutting (CC) [12]. Shen et al. used ultrasonic
vibration-assisted micro-milling of titanium alloy materials
to study the effects of cutting parameters on the roughness
of the machined surface and obtained optimal processing con-
ditions [13]. Muhammed compared a change in the cutting
force between the ultrasonic vibratory cutting and ordinary
cutting based on the 3D FEM, and believed that the reason
for the reduced cutting force is an increase of the cutting speed
and the reduction of the tool working contact due to vibratory
cutting [14]. Patil modeled the ultrasonic vibration-rotation
machining and showed that the surface roughness in
vibration-assisted turning (UAT) is lower than in common
turning (CT), and the surfaces in UAT have matte finish as
against the glossy finish at CTwith 2D finite element analysis,
it was verified that the degree of thermal softening of the
material and the reduction of the shear strength of the material
during vibration machining exceeded those at ordinary cutting
[15]. Moaz used the finite element method to predict the effect
of the feed rate on surface roughness during the titanium alloy
milling and found an evident link between the feed cutting
force and surface roughness at different feed rates [16].
Thepsonthi [1] and Ducobo [17] predicted tool wear at titani-
um alloy processing by using the finite element method.Many
scholars have proved advances and effectiveness of the finite
element analysis method. At the same time, the finite element
analysis can simplify an experiment, find optimal theoretical
parameters, and guide an experiment. Especially in the multi-
parametric tasks, it has important guidance and prediction in
the coupling effect analysis of experimental results.

Many scholars significantly improved UVAC processing
accuracy, processing efficiency, and surface microstructure
of titanium alloy workpieces. However, the surface micro-
structure of titanium alloy thin-walled workpieces concerns

to a few research fields, and there is no clear theoretical anal-
ysis and qualitative analysis of experimental data related to the
influence of ultrasonic vibration on the surface microstructure
of thin-walled parts. Moreover, when the thin-walled part is
processed, a thin-walled element is elastically deformed by the
cutting force and the tool relieving is initiated. Therefore,
maintaining dimensional accuracy and imparting the desired
surface finish is quite difficult.

In this paper, we present theoretical-simulation and exper-
imental combined analysis of LTCUVM processing methods
for titanium alloy thin-walled parts, and explore the influence
of LTCUVM and CM on the cutter force and surface micro-
structure of titanium alloy thin-walled parts at different
speeds.

2 Modeling of the tooltip trajectory
in the LTCUVM

LTCUVM is a method that applies high-frequency periodic
vibrations in both the circumferential and axial directions of
the tool, and two-dimensional ultrasonic vibration-assisted
processing is performed on the basis of the common milling.
The schematic diagram of the ultrasonic vibration flank mill-
ing titanium alloy thin-walled system is shown in Fig. 1.

2.1 Principle of LTCUVM

In the stable cutting state, a tool performs regular rotation
machining on one side of a workpiece. The cutting edge only
has a feed speed in the X-direction, which is the feed direction.
Therefore, the machining method is flank milling. The Y-di-
rection is the radial depth, and the Z-direction is the

Z

Y

Fig. 1 The ultrasonic vibration-assisted flank milling system
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longitudinal depth. There are only longitudinal and torsional
harmonic vibrations in Y- and Z-directions, as shown in Fig.
1.The cutting edge motion equation of LTCUVM is the fol-
lowing:

x tð Þ ¼ v f ⋅t þ r⋅sin ϕð Þ
y tð Þ ¼ r⋅cos ϕð Þ
z tð Þ ¼ L⋅sin 2πftð Þ

8<
: ð1Þ

In Eq. (1), vf is the feed speed, mm/min, and can be
expressed by the formula as follows:

v f ¼ f z⋅n⋅z ð2Þ

where f is the longitudinal and torsional ultrasonic vibration
frequency, kHz; r is the tool radius, mm; mm/s; L is the am-
plitude of the longitudinal vibration in LTCUV, mm. fz is the
feed per tooth, mm/z. z is the number of cutter teeth. ϕ is the
actual corner of the tool, rad, which can be expressed by the
formula as follows:

ϕ ¼ 2⋅π⋅ n=60⋅tð Þ þ θ ð3Þ
where n is the spindle speed, r/min; θ is the angle of the
torsional vibration in LTCUV, rad, which can be expressed
by the formula as follows:

θ ¼ T ⋅cos 2πft þ φð Þ ð4Þ

T is the amplitude of the torsional vibration in LTCUV, rad; φ
is the phase difference between the longitudinal vibration and
the torsional vibration, rad.

The joint point and separation point of the cutting edge and
a workpiece are solved by the discretization of the cutting
edge trajectory. The path of the cutting edge trajectory was
discretized and the value of the spatial angle corresponding to
each discrete point was calculated. Moreover, the separation
point was determined by solving the corresponding spatial
spiral angle β of each point along the tool path, and then the
spiral angle formed by the line connecting each point after the
separation point was solved, whether the two spiral angles are
equal to the tool helix angle β to solve the separation point and
joint point between the cutting edge and the workpiece. The
comparison between the actual spatial angle of the discrete
points in the cutting edge trajectory and the tool helix angle
was basic for judging whether the cutting edge participates in
the cutting to obtain the contact between the tool and the
workpiece. The separation of the tool path is shown in Fig. 2.

The three-dimensional tool tip trajectory of LTCUVM is
shown in Fig. 2. A1, A2, and A3 are the separation points
between the tool and the workpiece. B1, B2, and B3 are the
joints between the tool and the workpiece. The cutting edge is
separated from the workpiece during the movement from A1
to B1, and contact with the workpiece is started from B1 until
it is separated from the workpiece again by the movement to

A2. The LTCUVM cutting process is thus formed and repeat-
ed. Among them, B1 to A2 segments, and B2 to A3 segments
are the cutting edges involved in the cutting process, then A1
to B1 segments, A2 to B2 segments, and A3 to B3 segments
are processes of the cutting edges separation from the work-
piece. The percentage of the actual cutting time of the tool in a
separation-joint cycle is called the duty cycle.

2.2 Duty cycle

The duty cycle is one of the most important parameters de-
scribing the LTCUVM process and its separation characteris-
tic. The duty cycle varies substantially at spindle speed
change. Taking the simulation parameters in Table 1 as the
cutting conditions, the cutting edge trajectory at 1200 r/min,
1600 r/min, 2000 r/min, 2400 r/min, 2800 r/min, and 3200 r/
min was studied (as shown in Fig. 3a–f).

From Fig. 3a–h, it can be clearly seen that point A was
gradually combined with point B, which means that the real
cutting time of the cutting edge at the ultrasonic vibration
cycle increases, and the separation time decreases. From a to
c, it can be seen that the cutting edge path rotates during the
cutting process, but after the d (rotation speed 2400 r/min), the
cutting edge no longer cuts rotary. The spindle speed exceeds
the critical revolving speed of 2100 r/min. After this critical
value, the tool does not rotate. When the rotation speed
reaches 3200 r/min (Fig. 3f), the separation points A and the
next joint points B basically coincide. So, when the spindle
critical speed exceeded, the cutting edge no longer exhibits
tool-chip separation during the cutting process. The critical
speed of LTVUVM is 3208 r/min under these parameters.

The duty cycle calculation of LTCUVM is very complex,
the corresponding fitting curve can be obtained by calculating
the value of the duty cycle at different speeds. As shown in
Fig. 4, as the spindle speed was increased, the duty cycle
increased as well, meanwhile, the actual cutting time in-
creased within a single ultrasonic vibration cycle. With the
spindle speed increase, the milling cutter-workpiece separa-
tion time of the LTVUVM during the cutting will be reduced,
even down to 0, thereby the cutting state of the LTVUVM
changes.

This special vibration-separated tool path undoubtedly
makes the flank milling of titanium alloy thin-walled parts
more delicate (n is within the critical value), which is directly
reflected in the cutting force signal output. Variation in the
cutting force changes the state of the cutter relieving during
milling the rigid thin-walled parts.

3 FEM and results

The cutting force is a key factor affecting deformation of a
workpiece, it affects the microstructure of the machined
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surface. The cutting force during the flank milling titanium
alloy thin-walled workpieces was estimated and analyzed by
the finite element model (FEM) cutting simulation. The result
explained the reasons for the variation in the force of experi-
mental cutting force measurements at micro-level and further
explained reasons for the appearance of the surface micro-
structure features in LTCUVM and CM.We developed a tran-
sient dynamical cutting model based on the universal finite
element software ABAQUS. Then a finite element simulation
was performed using the thermal-heat coupled iterative algo-
rithm. Finally, the cutting force signal was simulated by the
corresponding historical variables.

3.1 Cutting simulation model

The workpiece of TC4 titanium alloy was machined with
YG8 milling tool for flank milling in FEM cutting simulation.
The parameters of the tool, workpiece, and processing are
shown in Fig. 5. The finite element cutting simulation algo-
rithm was based on a force-thermal coupled iteration explicit
algorithm. The X-direction (feed direction) speed and the cir-
cumferential speed around the Y-axis was given for the tool,
while the harmonic vibration amplitude function in Y-direction

was imparted to the tool and X-direction (equivalent for a tool
torsional vibration) of the workpiece. The remaining loads at a
speed direction were set to 0.Workpiece meshing was divided
into sub-regions to reduce the calculation time. The grid unit
used a simplified four-node temperature-displacement
coupled reduction unit with good stability (as shown in Fig.
5; unit mm; αp is the axial depth;αe is the radial depth; β is the
tool helix angle).

The flowchart of the dynamic thermal-coupled iterative
algorithm is shown in Fig. 6. Firstly, the geometric model,
boundary conditions, and initial conditions were defined.
Secondly, four models: a material plastic constitutive model,
damage model, friction model, and a heat transfer model were
combined and dynamic algorithm of the FEM cutting model
was displayed. Then the magnitude of plastic deformation at
the cutting process, the corresponding stress-strain, flow
stress, and strain energy were obtained, and it was further
fed back to the tool, chip, workpiece, and environment in
the form of heat. Moreover, it was iterated through the consti-
tutive model after heat distribution and heat conduction steps.
Finally, the cutting force was simulated taking into account the
force-thermal coupled effect.

Used in this study Johnson-Cook plastic constitutive model
[18] (Formula 4) added the heat softening temperature param-
eter in FEM. It better reflects the parameter of plastic consti-
tutive changes with the temperature rise at material process-
ing. J-C damage model was adopted for the fracture criterion
of TC4 material [19, 20] (Formula 5). The friction model and
the cutting heat conduction model refer to references [21, 22].

σ ¼ Aþ Bεnð Þ 1þ Cln
ε
•

ε0
•

� �� �
1−

T−T room

Tmelt−T room

� �m� �
ð5Þ

where σ is the equivalent stress; ε0 is the equivalent elastic
strain; ε• is the equivalent elastic strain rate; and ε0• is the
reference equivalent elastic strain rate. T, Troom, and Tmelt

are the deformation temperature, room temperature, and

Fig. 2 Tooltip trajectory of
LTCUVM

Table 1 Simulation parameters at a different spindle speed

Simulation parameters

Tool radius (r) 4 mm

Helix angle (β) 30°

Feed per tooth (fz) 0.09 mm/z

Frequency ( f ) 35 kHz

Amplitude of the longitudinal wave(L) 8 μm

Amplitude of the torsional wave (T) 0.001 rad

Phase difference (φ) pi/2

Spindle speed (n) 800 r/min

Teeth (z) 4
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melting temperature of a workpiece. A is the yield stress, B
is the hardening modulus; C, m, and n are the material’s
characteristic factors, thermal softening factor, and the work

hardening index, which can be obtained through the com-
pression rod tests [23]. The simulation parameters are
shown in Table 2.

(b)

(a)

(c)

(e)

(f)

(d)

Fig. 3 Effect of rotational speed on the tooltip trajectory at LTCUVM

Fig. 4 Duty cycle vs. spindle
speed
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The fracture value of each unit in the J-C damage model
can be determined by the following formula:

D ¼ ∑
Δε

p

ε
pf ð6Þ

where Δεp is the equivalent plastic strain increment at the

material integration point; εpf is the material failure strain. If
D > 1, all materials at the integration point fail, the grid will be
broken, the material unit fails, and chip separates from the

workpiece. The failure strain can be obtained by the following
formula:

ε pf ¼ D1 þ D2expD3σ
*� �

1þ D4ln
ε p�

ε
�

" #
1−D5

T−T0

Tmelt−T0

� �m� �
ð7Þ

where D1, D2, D3, D4, and D5 are the damage parameters of
the TC4 material, as shown in Table 3.

3.2 Analysis of simulation results

The comparison of the cutting force sign in LCTVUM and
CM are shown in Fig. 7a, b. In the case of LCTVUM, the
radial force Fr and feed force Ff show a peak in single vibra-
tion cutting cycle, and the cutting force decreased up to zero
when the tool-workpiece was separated, while the cutting
force Fr and Ff underwent small range fluctuations within a
single cut without drops to zero in CM. This results provide an
explanation for the smaller chatter marks appeared on the
surface of the workpiece because the local peaks of the instan-
taneous cutting force exceed the force in CM under the same
working condition.

These were the FEM cutting force simulation results of the
single-tooth milling thin-walled parts in a short time interval.
In order to compare simulation results with experiments, the
accuracy of FEM was verified, and the difference between

Fig. 5 Finite element cutting
simulation model

Ini�al 
condi�ons

Iteration

Dynamics simulation

Boundary 
condi�ons

 Flow stress

 Heat 

conduction

Heat transfer 

model
Heat loss

Cutting force

Plastic deformation

stress strain

Friction 

model

 Material 

model

Geometric 
model

Damage 

model

Constitutive 

model

Fig. 6 Flowchart of the dynamic thermal-coupled iterative algorithm

Table 2 Johnson-Cook plastic constitutive parameters of TC4

A (Mpa) B (Mpa) n C m Tmelt (°C)

876 793 0.01 0.386 0.71 1560
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LCTUVM and CM in Fr and Ff was further studied, the cut-
ting force signal was processed to obtain the average milling
force during the single-tooth milling. The average radial force

Fr and average feed force F f are shown in Fig. 7c, d (n = 1.2,

1.6, 2.0, 2.4, 2.8, and 3.2 (1000 r/min)). Fr and F f in
LTCUVM have been significantly reduced compared to the
milling force in CM. The data analysis showed that the aver-
age radial cutting force was reduced from 17.4 to 31.3%, in
Fig. 7c, and the average feed cutting force was reduced from
25.4 to 38.7% in Fig. 7d.

From the results of the cutting simulation FEM analysis,
the reduction in the cutting force in LTCUVM due to the high-
frequency separation of the workpiece and tool, so that the
average cutting force is less than the cutting force in CM.

4 Experimental and measurement procedure

The primary objective of the present experimental studies was
to analyze cutting forces and the effect of LTCUVM and CM
on the surface microstructure of titanium alloy thin-walled
parts at different rotation speeds. Two sets of comparative tests
were designed and carried out, then the obtained surface mi-
crostructure was compared and analyzed using the relevant
testing equipment.
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Fig. 7 Comparison of the finite element cutting simulation results. aRadial forceFr at n = 1200 r/min (FEM). b Feed forceFf at n = 1200 r/min (FEM). c
Average radial force Fr vs. spindle speed (FEM). d Average feed force F f vs spindle speed (FEM)

Table 3 J-C damage
model parameters D1 D2 D3 D4 D5

− 0.09 0.25 − 0.5 0.0014 3.87
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4.1 Experimental procedure and parameters

As shown in Fig. 8, the workpiece of TC4 titanium alloy was
machined with the YG8 tool in flank milling. The workpiece
and tool-related parameters are shown in Table 4. Experimental
equipment: a three-axis vertical machining center (MC-850);
dynamometer (Kistler, sampling frequency: 30 kHz); and ultra-
sonic parameters: longitudinal amplitude L = 6 μm, torsional
amplitude T = 5 μm, and tested ultrasonic resonance frequency
34.14 kHz. The experimental procedure is shown in Fig. 9. In
order to study the changing trend of the surface appearance of
the two flank milling operations with the change of the spindle

speed, a single factor experiment was designed. The relevant
processing parameters are shown in Table 5.

4.2 Experimental results and analysis

4.2.1 Analysis and comparison of cutting forces

The original partial cutting force signals in LTCUVM and CM
are shown for comparison in Fig. 10; the signals of the radial
feed forces were collected during rotation of the four-tooth
milling cutter. There are two peaks and troughs in each graph
representing the peak of the tool in both directions during

Fig. 8 Schematic diagram of
flank milling

Table 4 Characteristics of the
workpiece and tool Workpiece Milling tool

Material TC4 Material Carbide

Elastic modulus [GPa] 113.8 Teeth 4

Density [kg/m3] 4430 Tool radius (mm) 4

Tensile strength [MPa] 950 Cutting edge length (mm) 24

Thermal conductivity [w/m•°C] 7.3 Tool length (mm) 60

Specific heat [J/(kg°C)] 526 Helix angle (°) 30

Size (mm) 40 × 20 × 1

Fig. 9 The experimental system
of LTCUVM
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Table 5 Experimental parameters
No. Feed per tooth,

fz (z/mm)
Spindle speed,
n (r/min)

Radial cutting
depth, ae (mm)

Axial cutting
depth, ap (mm)

1 0.01 1000 0.05 5

2 0.01 1200 0.05 5

3 0.01 1400 0.05 5

4 0.01 1600 0.05 5

5 0.01 1800 0.05 5

6 0.01 2000 0.05 5

7 0.01 2200 0.05 5

8 0.01 2400 0.05 5

9 0.01 2600 0.05 5

10 0.01 2800 0.05 5

11 0.01 3000 0.05 5

12 0.01 3200 0.05 5
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Fig. 10 Comparison of the partial original cutting force signal between LTCUVM and CM (n = 1800, 2800 r/min). aRadial force Fr at n = 1800 r/min. b
Feed force Ff at n = 1800 r/min. c Radial force Fr at n = 2800 r/min. d Feed force Ff at n = 2800 r/min
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flank milling in LTCUVM and CM. As shown in Fig. 10a, b,
at the spindle speed n = 1800 r/min, both radial force Fr and
feed force Ff in LTCUVM were significantly smaller than in
CM. A similar trend occurred when the speed was n = 2800 r/
min as shown in Fig. 10c, d; meanwhile, there was an increas-
ing trend both in the radial force Fr and feed force Ff.

4.2.2 Analysis and comparison of surface microstructure

There was an expected response of the surface microstructure
to the different cutting edges trajectories in the cases of
LTCUVM and CM. In this study, the surface microstructure

of two workpieces with different processing conditions was
observed by a white light interferometer (Talysurf CCI 6000)
and an ultra-depth microscope (KEYENC: VHX-2000C). The
test results are shown in Figs. 11, 12, and 13.

Figure 11a, c, and e shows the surface microstructure of the
workpiece 3D machined in LTCUVM with rotation speeds
n = 1000, 2000, and 3000 r/min, respectively. The 3D surface
microstructure of the workpieces machined at the same work-
ing conditions in CM are shown in Fig. 10b, d, and f. The
comparison displayed that the spatial frequency of the contour
lines obtained in LTCVUMwas higher, but the amplitude was
smaller, while the contour lines in CM had the larger range of

(a)

(a)

(d)(c)

(b)

(f)(e)

Fig. 11 3D Surface morphologies
on white light interferometer (n =
1000, 2000, 3000 r/min)
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fluctuations, pits, and other defects than in LTCUVM. From
the results of the measurements, it can be clearly identified
that density and the height of the chatter marks on the surface
microstructure of the thin-walled parts in the case of
LTVUVM was lower than in CM; moreover, the surface was
more flat and smooth from the overall view.

A partial enlarged area of the surface microstructure ob-
tained after two processing methods is shown in Fig. 12.
The spindle speed was 1200 r/min. Compared with the ×
100-enlargement figure, we can clearly see that fine chatter
marks and shallow grooves were obtained in LTCUVM,
and the relatively large fluvial spacing in the observation
area is 91 μm, while the machined relief is relatively coarse
and the grooves are deeper, and the area of the streaking
pattern varies from 168 to 195 μm after CM. From the ×
500-enlargement view, the surface microstructure after
LTCUVM showed a relatively dense fish scale shape, while
the surface microstructure obtained by CM is an approxi-
mate straight strip shape that followed the cutting tool di-
rection. The relevant literature pointed out that such ma-
chined surfaces can improve the oil-locking property of
the workpiece surface, improve the quality of machined
surfaces, and reduce the tool wear during the machining
process [24, 25]; this special microstructure will be inves-
tigated in the future to lay the foundation for the develop-
ment of the field [26].

Three typical machined surface microstructures of a thin-
walled workpiece after LTCUVM and CM are shown in
Fig. 13 for comparison. The most obvious is an appearance of
large deformation and deep chatter marks on the machined
surface after CM, which has a negative effect on the finished
surface quality. In LTCUVM process, the smaller deformation
was obtained with a lower cutting force. Moreover, because of
the vibrating separation between the workpiece and tool, the
cutting process becomes more delicate, and the tool relieving
is weakened; thereby, the shallower chatter marks were obtain-
ed. As the spindle speed was increased, there was a trend for the
deformation and height of chatter marks increase. The specific
analysis and law of change are presented in Section 5 below.

5 Experimental results analysis

Several contrast experiments were carried out to estimate the
cutter force and surface microstructure of the workpiece being
machined in LTCUVM and CM. A number of the cutting
force bands were extracted from the experimental cutting
force signal to calculate the average value of the cutting force,
and the variation trend of the cutting force with the change of
the spindle rotation speed in the two machining modes was
analyzed. From the results of the white light interference anal-
ysis and the super-depth optical microscopy, it could be

LTCUVM(X100) CM(X100)

LTCUVM (X500) CM(X500)

Fig. 12 Surface microstructure
on ultra-depth microscope. a
LTCUVM (× 100). bCM (× 100).
c LTCUVM (× 500). d CM (×
500)
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preliminarily inferred that the surface microstructure obtained
in LTCUVM was superior to the surface microstructure after
CM. Then in order to further study the differences in surface
microstructure obtained under the two processing methods in
a limited area, and explore the changes in surface microstruc-
ture with the spindle speed variations, we investigated surface
roughness and the height of chatter mark. The experimental
dependencies are shown in Figs. 14, 15, and 16.

Figure 14 shows comparison of the spindle speed trends of
average cutting forces in the cases of LTCUVM and CM. It
can be clearly seen that both radial and feed average cutting
forces increase with the speed increase in CM. In the
LTCUVM, both cutting forces changed a little with the in-
crease of the rotational speed, and fluctuations took place in
a small range at n < 2400 r/min, but after the speed exceeded,
the cutting force rose significantly. Further, the reduction ratio

increased with the increase of the rotational speed at n <
2400 r/min. Compared with CM, the effect of reducing the
cutting force by the vibration processing strengthened, but
after n exceeded 2400 r/min, this effect began gradually
lessen.

This cutting force change trend is consistent with the
change in average cutting force obtained by FEM simulation
analysis. This trend also verifies a certain accuracy in the FEM
simulation of the cutting force. In general, the FEM cutting
force simulation provides forecasts for the experiment, helps
exploration of the vibration cutting mechanism, and the anal-
ysis of the surface microstructure. Compared to CM, reduction
of average cutting forces in LTCUVM undoubtedly changes
the state of the workpiece and a tool, the cutter relieving are
attenuated, resulting in better surface roughness and micro-
structure of the machined.

(a) n=1000 r/min

(b) n=2000 r/min

(c) n=3000 r/min

CM

LTCVUM CM

LTCUVM

LTCUVM CM

Fig. 13 3D depth composite
photos of the surface
microstructure. a n = 1000 r/min.
b n = 2000 r/min. c n = 3000 r/
min
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The roughness variation is shown in Fig. 15. It can be clearly
found that the surface roughness of the titanium alloy thin-walled
parts obtained by LTCUVM was significantly less than that ob-
tained by CM. With the speed increase, the surface roughness
rose at both processing methods; however, rising was not signif-
icant in the case of LTCUVM. The feed rate of the tool rise, with
the cutting speed increase also, thus causing the self-excitation of
vibrations of the workpiece with increasing amplitude. As a
result, more obvious cutter relieving occurred in CM. While, in
LTCUVM, high-speed vibration separation cutting can be
achieved for workpiece and tool, thus reducing the cutting force.
The cutting condition was more delicate at LTCUVM due to
special tooltip trajectory, and the overall degree of the cutter
relieving was reduced due to the cutting force decrease.

The height of chatter marks on the workpiece surface mea-
sured after machining at various speeds is shown in Fig. 16.
Obviously, the height of the chatter marks on the surface ob-
tained in the LTCUVM is less than after the CM. With the
increase of the rotational speed, there was such a general trend

in CM, while until n = 2400 r/min there was not an obvious
trend in LCTVUM. The results proved that LTCUVM could
reduce the height of chatter marks on the workpiece surface.

Comparing with the theoretical part, we found that when
n > 2400 r/min, the trajectory of the LTCUVM tooltip was no
longer displayed a gyration phenomenon. Therefore, it can be
inferred that the rotary cutting of the tool in LTCUVM is the
main reason for a reduction in the height of surface chatter
marks on the surface of the titanium alloy thin-walled part.

As a whole, the basic trends in Figs. 14, 15, and 16 from the
experimental results are the following: the cutting force and
surface microstructure obtained by LTCUVM is better than by
CM. While the increase of spindle speed caused increase in
the titanium alloy thin-walled workpiece surface roughness,
chatter, and cutter force, however, LTCUVM reduced the im-
pact of the speed increase on the surface microstructure of the
machining to some extent, and the gyration cutting of the tool
tip may be an important factor in reducing the roughness and
height of workpiece chatter marks.

Fig. 16 Comparison of the chatter marks height on the surface vs. spindle
speedFig. 15 Comparison of the surface roughness vs. spindle speed
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(a) Radial force Fr vs. spindle speed (b) Feed force Ff vs. spindle speed 

Fig. 14 Comparison of the cutting forces in LTCUVM and CM vs. spindle speed. a Radial force Fr vs. spindle speed. b Feed force Ff vs. spindle speed
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The reduction in the cutting force at LTCUVM provides
the cutter relieving reduction that improves the accuracy in the
processing of titanium alloy thin-walled parts. As we men-
tioned above, it was possible to obtain a higher quality surface
of the thin-walled workpiece of the titanium alloy by reducing
the cutting force on the basis of the gyration and high-
frequency cutting in LTCUVM.

6 Conclusion

In this paper, we investigated the surface microstructure of the
titanium alloy thin-walled parts in flank milling by LTCUVM
processing. The theoretical model of the tooltip trajectory of
LTCUVM and the duty cycle are proposed, which help to
explain the reason why experimental parameters vary with
the spindle speed change. Then the cutting simulation FEM
was established, and the obtained cutting force signal provid-
ed an explanation why the vibration processing reduces the
cutting force. Moreover, a specific comparative experiment
was designed to verify the accuracy of the FEM. Finally, the
machined surface of the titanium alloy thin-walled part was
measured and analyzed. According to the analytical model
and experiment, the following main research contents and
conclusions can be drawn.

1. According to the theoretical model of the tooltip trajectory
in the LTCUVM, the duty cycle rises, the rotary and vi-
bration separation cutting as well as the critical speed
change with the increase of the spindle speed. Under the
parameters set by the simulation, when the spindle speed
exceeded 2400 r/min, the rotary cutting of the tool was not
generated; when the spindle speed exceeded 3200 r/min,
the tool and the workpiece were not separated in
LTCUVM.

2. The FEM simulation of the cutting force signal in
LTCUVM and CM indicated that the average cutting
force at LTCUVM would be reduced by high-frequency
vibration separation between the workpiece and tool.

3. The average cutting force variation in the experiment is
basically consistent with the results of FEM simulation.
The accuracy of the FEM was verified and it provides an
exploration of the variation of the cutting force in the
vibration cutting mechanism. Therefore, it can be con-
cluded that FEM simulation is an effective and necessary
prediction and analysis method for titanium alloy thin-
walled parts cutting.

4. The comparison of experimental results obtained by
LTCUVM and CMprocessing showed a less cutting force
and smoother machined surface in the case of LTCUVM,
and the surface defects were effectively reduced; more-
over, the surface of fish scales was observed after

LTCUVM. This particular microstructure lays the foun-
dation for the future research.

5. It is possible to weaken the influence of the force defor-
mation of titanium alloy thin-walled parts due to the cut-
ting force reducing, then the cutter relieving reduces by
the high-frequency vibration separation cutting in
LTCUVM. In turn, better surface roughness and
shallower chatter marks were obtained on the surface ma-
chined by LTCUVM than by CM.

6. The variation of the cutting force has a good consistency
with the roughness and chatter marks height of the ma-
chined surface. The cutter force increased and machined
surface microstructure of titanium alloy thin-walled parts
worsened with an increase of the spindle speed; however,
this effect could be reduced by LTCUVM. The rotary
cutting of the tooltip is an important factor for the cutter
force reducing and for obtaining better surface micro-
structure in the LTCUVM. The cutting force and ma-
chined surface topography changed a little with the
change of the spindle speed in the tool rotary cutting re-
gime. When the tool rotary cutting regime finished, the
cutting force and machined surface topography changed
significantly with the change of the spindle speed in
LTCUVM. The advantage of LTVUVM method
weakened.
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