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Abstract
Machining of titanium alloy curved thin-walled parts, one of the challenges in aerospace engineering, has attracted much
attention. In this article, longitudinal-torsional composite ultrasonic-assisted milling (LTCUVM) was applied to the thin-
walled parts, and the stiffness characteristics were studied. Firstly, the cutting edge trajectory of LTCUVM was discussed.
Then, the dynamic equation of the thin-walled parts was established, and the stiffness characteristics were theoretically analyzed.
Finally, the influences of curvature and machining parameters on the stiffness of the thin-walled parts were studied through
experiments. The experimental results showed that the stiffness in LTCUVM was evidently higher than that in CM. With the
increase of curvature, the stiffness enhancement multiples of LTCUVM increased first and then decreased. In addition, larger
ultrasonic amplitude, smaller feed rate, radial cutting depth, and spindle speed could achieve better stiffness enhancement effect,
and the advantages of LTCUVM could be brought into full play. The findings of this research provide an important reference for
machining titanium alloy curved thin-walled parts.

Keywords Longitudinal-torsional composite ultrasonic-assisted milling . Titanium alloy . Curved thin-walled parts . Stiffness
enhancement analysis

Nomenclature
vf Feed speed of milling cutter (mm/s)
r Radius of milling cutter (mm)
n Spindle speed (r/min)
f Ultrasonic vibration frequency (Hz)
A Amplitude of ultrasonic longitudinal vibration (mm)
B Amplitude of ultrasonic torsional vibration (mm)
θ1 Initial phase of ultrasonic longitudinal vibration (rad)
θ2 Initial phase of ultrasonic torsional vibration (rad)
F0 Amplitude of the contact force (N)
ω Circular frequency of ultrasonic vibration (rad/s)
tl Effective cutting time in one ultrasonic vibration

cycle (s)

∅ Angle of tool rotation (rad)
M Mass matrix of thin-walled parts (kg)
Y Deformation matrix in the thickness direction of thin-

walled parts (mm)
C Damping matrix of thin-walled parts (N ∙ s/mm)
K Stiffness matrix of thin-walled parts (N/mm)
T The ultrasonic vibration period of milling cutter (s)
ky The structural stiffness of thin-walled parts (N/mm)
ωn The natural circular frequency of thin-walled parts (rad)
τ The damping ratio of thin-walled parts
φ The phase angle of contact force and displacement (rad)
kye The stiffness of thin-walled parts (N/mm)
f′ First-order natural frequency of thin-walled parts (Hz)

1 Introduction

Titanium alloy materials are widely used in aerospace, petro-
chemical, medical equipment, and other fields because of their
high specific strength, high-temperature resistance, good cor-
rosion resistance, and low density [1, 2]. In the field of aero-
space, more and more parts on aerospace vehicles adopt
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integral thin-walled structures [3]. This structure helps reduce
the number of parts, shorten the overall assembly cycle of the
structure, reduce the overall quality of the spacecraft, and im-
prove the reliability of the aircraft performance and service life
[4]. Therefore, the design and development of the part wall
thickness tend to be thinner and the shape tends to be more
complex, the requirements for the dimensional accuracy,
shape error, and surface quality of the critical surface of the
workpiece are higher [5]. However, on the one hand, titanium
alloys have small deformation coefficients, low thermal con-
ductivity, and low plasticity, resulting in poor relative cutting
performance [6]. In the milling process, there are shortcom-
ings such as large cutting force and short tool life, making it
typical difficult-to-machine materials; On the other hand, thin-
walled parts have poor process performance and low stiffness,
and are very prone to deformation and vibration during pro-
cessing [7, 8]. All of these restrict the further application of
titanium alloy and therefore the manufacturing technology of
titanium alloy curved thin-walled parts is a worldwide difficult
problem. For the processing of titanium alloys, many scholars
have studied it. Gürgen et al. [9] adopted a new multi-criteria
decision-making (MCDM) method to study the different turn-
ing processes of Ti6Al4V alloy. This study was helpful to
understand new non-traditional processing methods from the
perspective of MCDM. Mehmet et al. [10] applied various
soft computing methods to study different non-traditional
turning operations. This method was helpful to understand
the influence of various parameters in non-traditional machin-
ing methods and required less analysis time than finite ele-
ment simulation. Wang, J et al. [11] presented an optimization
algorithm to reduce the deformation of the workpiece, and the
effectiveness of the algorithm was verified by experiments.
Liu, C et al. [12] conducted experiments on jet-assisted mill-
ing of thin-walled titanium alloy parts, and the results showed
that jet-assisted could improve cutting stability and reduce
cutting force. Yi, J et al. [13] revealed the microscopic defor-
mation mechanism of thin-wall milling by comparing the re-
sults of experiments and finite element values. Zha, J et al.
[14] presented a milling method of thin-walled parts without
auxiliary milling, which could ensure the machining accuracy
and improve the machining efficiency by 40%. Sun C. al. [15]
considered the stiffness characteristics of the tool and the
workpiece, established a milling dynamics model, and veri-
fied the correctness of the model through experiments with
different cutting depths.

However, the working conditions of titanium alloy thin-
walled parts are very complicated, and it is necessary to find
a stable processing method that can reduce the vibration of
titanium alloy thin-walled parts. The composite processing
technology obtained through the combination of traditional
processing and special processing methods has become an
important processing method for difficult-to-machine mate-
rials, complex thin-walled parts, and other parts [16, 17]. In

recent years, ultrasonic machining technology has been ap-
plied to some difficult-to-machine materials because of its
excellent cutting characteristics for hard and brittle materials
[18]. Ultrasonic composite machining can not only realize
intermittent cutting, greatly reduce cutting force and cutting
heat, enhance the stiffness of the processing system, and im-
prove machining accuracy, but also suppress cutting chatter,
improve machining quality, reduce tool wear, and reduce pro-
duction costs [19]. Compared with high-speed milling, the
effect of LTCUVM is not at the cost of increasing the spindle
speed. Even at the conventional speed, it can still obtain higher
machining accuracy and better surface quality, which requires
a relatively low tool and machine tool spindle and greatly
reduces the production cost. Many scholars apply ultrasonic
machining to the milling of titanium alloy thin-walled parts.
Jiang X. et al. [20] proposed an ultrasonic elliptical vibration
milling method and proved that ultrasonic elliptical vibration
milling has the outstanding characteristics of reducing cutting
force, restraining tool offset, and improving cutting perfor-
mance. Jiao. F et al. [21, 22] presented an ultrasonic vibration
assisted (UVA) technology that made the workpiece vibrate
along the feed direction, and clarified the cutting force and
deformation characteristics in UVA milling. Experiments
had shown that the radial cutting force of UVA milling was
smaller than that of common milling (CM), and the thickness
of the thin wall error would be affected by deflection displace-
ment. Tong, J. et al. [23] developed the longitudinal-torsional
composite ultrasonic vibration-assisted milling and designed
experiments. The results showed that LTCUVM effectively
reduced the average cutting force, the surface roughness, and
the height of chatter marks. Zhang, M et al. [24] investigated a
high-speed ultrasonic elliptical vibration milling method and
conducted experiments. The results showed that compared to
the common milling processing, the cutting force reduction
and the relieving amount reduction were both about 20 to
30%, and the surface defects and roughness were also cut
down. It can be seen from the above literature that the research
on titanium alloy thin-walled parts mostly focuses on the mill-
ing force, the vibration displacement, and surface morphology
of the workpiece, while the stiffness of thin-walled parts in the
milling process is rarely studied. In addition, the shape of thin-
walled parts studied is relatively simple, while in practical
application, the thin-walled parts are mostly curved surfaces,
such as the blades of aero engines.

In this paper, LTCUVM was used to improve the stiffness
of titanium alloy thin-walled parts during the milling. The
article was structured as follows: Section 2 analyzed the tra-
jectory equation of cutting edge and the effect of stiffness
enhancement in LTCUVM. Section 3 described the experi-
mental devices and scheme. Section 4 detailed the analysis
of the stiffness, with different curvatures, amplitudes, spindle
speeds, feed speeds, and cutting depths, for titanium alloy
thin-walled parts. Eventually, the conclusions were presented.

268 Int J Adv Manuf Technol (2021) 117:267–277



2 Theory

2.1 Trajectory equation of cutting edge

In the composite process of ultrasonic vibration and milling,
the tool is used as the carrier of ultrasonic vibration, which can
not only realize the processing of parts with different sizes and
complex shapes but also make the ultrasonic vibration output
more uniform and stable. In this article, the LTCUVM refers
to a machining method that uses a tool as a vibration carrier.

In the milling of thin-walled parts, the cutting state of the
tool and the vibration of the workpiece are important factors
that affect the machining accuracy. Therefore, it is of great
significance to study the cutting edge trajectory of
LTCUVM. The milling model in LTCUVM was shown in
Fig. 1.

In the milling process, a unit on the milling edge was taken
to establish the milling edge path equation. In CM, the cutting
edge path equation was as follows:

x tð Þ ¼ v f � t=60þ r � sin 2πnt=60ð Þ
y tð Þ ¼ r � cos 2πnt=60ð Þ
z tð Þ ¼ 0

8<
: ð1Þ

Where, vf is the feed speed of milling cutter, r is the radius
of milling cutter, and n is the spindle speed.

LTCUVM was based on the CM, which applied periodic
vibration with the same frequency in the direction of tool axis
and rotation. The cutting edge path equation of LTCUVMwas
as follows:

x tð Þ ¼ v f � t=60þ r � sin 2πnt=60þ B � cos 2πft þ θ2ð Þ=rð Þ
y tð Þ ¼ r � cos 2πnt=60þ B � cos 2πft þ θ2ð Þ=rð Þ
z tð Þ ¼ A � sin 2πft þ θ1ð Þ

8<
:

ð2Þ

Where, f is the ultrasonic vibration frequency, A is the
amplitude of ultrasonic longitudinal vibration, B is the ampli-
tude of ultrasonic torsional vibration, θ1 is the initial phase of
ultrasonic longitudinal vibration, and θ2 is the initial phase of
ultrasonic torsional vibration. The comparison of cutting edge
trajectory between CM and LTCUVM was shown in Fig. 2.
vf = 300 mm/s in Fig. 2 was to illustrate the torsional vibration
phenomenon in LTCUVM more conveniently.

It can be seen from Fig. 2 that the trajectory of the cutting
edge in LTCUVM had an obvious revolving phenomenon
compared to CM. The cutting edge path of LTCUVM was
projected to XOY plane to obtain Fig. 3.

It can be seen from Fig. 3 that the movement of the cutting
edge of the milling cutter from point A to point D was a cycle.
At point A, the ultrasonic torsion speed was equal to the spin-
dle speed (but the tool had a tendency to reverse), and then the
cutting edge moved from point A to point B. It could be seen
that point A was the separation point between the tool and
workpiece. When the cutting edge reached point B, the ultra-
sonic torsion speed was equal to the spindle speed again (but
the tool tended to rotate forward), then the cutting edgemoved
from point B to point D. In the process of moving from point
B to point D, the tool and workpiece would contact again,
which was point C. If the feed rate was not taken into account,
the point C and point A would coincide. Due to the effect of
ultrasonic high-frequency vibration, the cutting edge and the
workpiece were periodically separated and contacted. This
movement can achieve the effect of reducing cutting heat
and cutting force [25].

From the analysis in Fig. 3, the time taken for point C to
point D was the effective cutting time. The effective cutting
time was calculated as follows (Fig. 4):

Then, the value of T/tl varies with torsion amplitude and
spindle speed as shown in Fig. 5. It could be seen from Fig. 5
(a) that with the increase of ultrasonic torsional amplitude, the
effective cutting time decreased, and the value of T/tl

Fig. 1 Milling model in LTCUVM

Fig. 2 Comparison of cutting edge trajectory between LTCUVM and
CM. (r = 3 mm, n = 1500 r/min, vf = 300 mm/s, A = 0.004 mm, B =
0.003 mm, f = 33000 Hz , θ1 = 0, θ2 = 0)
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increased. As shown in Fig. 5 (b), with the increase of spindle
speed, the effective cutting time increased, and the value of T/
tl decreased.

2.2 Stiffness enhancement analysis of LTCUVM

As shown in Fig. 6, compared with ultrasonic longitudinal
vibration, ultrasonic torsional vibration had more influence
on the thickness direction of thin-walled parts. Then in
LTCUVM, the high-frequency contact force of the thin-
walled part in the direction of weak stiffness can be expressed
as [26]:

F tð Þ ¼ F0 0≤ t≤ tl
0 tl < t≤T

�
ð3Þ

Where, F0 is the amplitude of contact force, tl is the effec-
tive cutting time in one ultrasonic vibration cycle, and T is the
ultrasonic vibration period of the milling cutter.

The high-frequency contact force F(t) was expanded ac-
cording to Fourier series:

F tð Þ ¼ tl
T
F0 þ 2

π
F0 ∑

∞

n¼1

1

n
sin n

tl
T
π

� �
cos nωtð Þ

h i
ð4Þ

Then, the dynamic equation of thin-walled parts in the di-
rection of weak stiffness could be expressed as follows:

M
::
Y þ CẎ þ KY ¼ tl

T
F0

þ 2

π
F0 ∑

∞

n¼1

1

n
sin n

tl
T
π

� �
cos nωtð Þ

h i
ð5Þ

Where, M is the mass matrix of thin-walled parts, Y is the
deformation matrix in the thickness direction of thin-walled
parts, C is the damping matrix of thin-walled parts, K is the
stiffness matrix of thin-walled parts, and ω is the circular fre-
quency of ultrasonic vibration.

According to the above equation, the deformation of thin-
walled parts in the direction of weak stiffness could be obtain-
ed as follows:

y ¼ tl
T
F0

ky
þ ∑

∞

n¼1

F0

ky
� 2

nπ
sin

ntl
T

π
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− n2ω2

ω2
n

� �2
þ 4nτ2

ω2

ω2
n

s sin nωt þ φð Þ ð6Þ

Fig. 4 Calculation flow chart of
effective cutting time

Fig. 3 Cutting edge trajectory of LTCUVM on XOY plane
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Where, ky is the structural stiffness of thin-walled parts, ωn

is the natural circular frequency of the thin-walled parts, τ is
the damping ratio of thin-walled parts, and φ is the phase
angle of contact force and displacement.

Then, Eq. (6) was modified as follows:

kye ¼ ky

tl
T
þ 2

π
� ∑∞

n¼1

1

n
sin

ntl
T

π
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− n2ω2

ω2
n

� �2
þ 4nτ2

ω2

ω2
n

s sin nωt þ φð Þ

ð7Þ

Where, kye is the stiffness of thin-walled parts.
In LTCUVM, ω ≫ ωn, and then the series term in Eq. (7)

would tend to zero. Therefore, Eq. (7) could be approximately

expressed as:

kye≈
T
tl
ky ð8Þ

As shown in Eq. (8), the stiffness was inversely proportion-
al to the effective cutting time (tl) , and the stiffness (kye) could
be increased by T/tl times compared with its structural stiff-
ness. Further, the stiffness increased with the increase of ul-
trasonic torsional amplitude and decreased with the increase
of spindle speed.

3 Experimental setup

3.1 Acoustic system of LTCUVM

The system of LTCUVM employed in the test was composed
of the ultrasonic generator, ultrasonic longitudinal-torsional
composite horn, and wireless transmission system, as shown
in Fig. 7.

The horn used in the experiment was a single excitation
ultrasonic longitudinal-torsional composite horn with a spiral
groove. When the longitudinal ultrasonic wave propagated in
the horn and reached the spiral groove, the wave reflection and
refraction would occur, and the longitudinal component and
torsional component would be produced at the tooltip. The
finite element software ANSYS was used to carry out modal
analysis and modification. It could be seen from Fig. 8 that the
vibration of the ultrasonic longitudinal-torsional horn at the
flange was almost zero, the ultrasonic amplitude at the tooltip
was the largest, and obvious longitudinal-torsional composite
vibration was produced. In modal analysis, the resonant fre-
quency is a very important modal parameter. It is considered
that the connection between the horn, the transducer, and toolFig. 6 Ultrasonic-assisted milling of thin-walled parts model

(a) The influence of torsional amplitude on (b) The influence of spindle speed on 
Fig. 5 The influence of torsional amplitude and spindle speed on T/tl (a)The influence of torsional amplitude on T/tl. (b)The influence of spindle speed
on T/tl
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is ideal, and there is no energy loss in the theoretical design
and simulation of the horn. However, it is inevitable to be
affected by many factors during processing, which makes its
performance change. Therefore, it is necessary to test the horn
system. An impedance analyzer (PV70A) was used to test the
resonant frequency of horn system (Table 1). The test results
were shown in Fig. 9, and the resonant frequency was 33.15
KHz. Compared with the resonant frequency (30.875 KHz)
obtained bymodal analysis, the error was 6.8%, consequently,
the design was feasible.

3.2 Description of experimental conditions

The machine tool employed in the test was a VMC850E ver-
tical machining center. Figure 10 was the milling test platform
of LTCUVM. The ultrasonic device was a self-developed

wireless transmission system and ultrasonic horn equipment.
A cemented carbide end mill with a diameter of 3 mm, a blade
length of 25 mm, and a total length of 75 mm was selected to
mill titanium alloy thin-walled parts with different curvatures.

During the test, the Kistler system was used to collect cut-
ting force, and the intelligent signal acquisition and processing
analyzer (INV306DF) was used to collect vibration accelera-
tion signals.

3.3 Experiment scheme

The chemical composition of titanium alloy used in the exper-
iment was shown in Table 2. Titanium alloy curved thin-
walled parts with a wall thickness of 1 mm, length of 50
mm, the height of 30 mm, and maximum curvature of K =
0, K= 0.02, K = 0.04, and K = 0.06 were used in the test. To

Fig. 7 System of LTCUVM

Fig. 8 Modal analysis of
LTCUVM
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study the stiffness characteristics of LTCUVM, curvature sin-
gle factor test was designed, as shown in Table 3. According
to the characteristics of the machine tool and previous tests
[23], the appropriate processing parameters were selected, and
the single factor test was designed, as shown in Table 4.

4 Test results and analysis

4.1 The influence of curvature on stiffness

The experimental results were shown in Table 5. Both the
milling force and the deformation of the thin-walled parts in
LTCUVM were less than those in CM. Also, as can be seen
from Fig. 11, the stiffness of thin-walled parts in LTCUVM
was always greater than that in CM, no matter how the curva-
ture changed. This was because the high frequency “cutting
separation” state of LTCUVM reduced the average cutting
force on the thin-walled parts, and then the deformation weak-
ened; thus, the stiffness of thin-walled parts was improved.
Moreover, the stiffness of LTCUVM and CM increased with
the increase of curvature, which was because the structural
stiffness of thin-walled parts also increased. It can also be seen
from Fig. 11 that the enhancement multiples (compared with
the stiffness of CM) of thin-walled parts increased first, then
decreased and tended to be stable, and reached the maximum
value when the curvature K = 0.02, the enhancement multiples
were 2.23. The reason for this trend was when the curvature
was less than a certain value, the structural stiffness of the
thin-walled parts was small, and the ultrasonic strengthening
effect on the thin-walled parts was obvious, then the curve
showed an upward trend; while the curvature exceeded this
value, the structural stiffness of the thin-walled parts was larg-
er, and the strengthening effect of ultrasonic on the thin-

walled parts was weakened, then the curve showed a down-
ward trend and tended to steady.

Besides, the surface vibration patterns of thin-walled parts
under different curvature were observed by VHX-2000, and
the results were shown in Fig. 12. Under different curvature,
there was a lot of uneven vibration ripple, but the vibration
ripple inclination had a great change. With the increase of
curvature, the vibration ripple inclination gradually decreased,
and the vibration ripple also gradually weakened. Under the
same curvature, the surface chatter marks obtained by CM and
LTCUVM were quite different; compared with CM, the sur-
face chatter inclination of LTCUVM was relatively small.
Similar chatter marks appeared on the surface of LTCUVM,
and these chatter marks weakened with the increase of curva-
ture. Compared with the CM, especially when the curvature K
= 0.06, the chatter marks almost disappeared completely. This
showed that under the same processing parameters, the larger
curvature of thin-walled parts would improve its stiffness and
reduce the deformation of the parts.

4.2 Influence of milling parameters on stiffness

As shown in Fig. 13 (a), the stiffness of thin-walled parts in
LTCUVM was always greater than that in CM. With the in-
crease of ultrasonic amplitude, the stiffness had been increas-
ing, and the maximum enhancement multiples could reach 3
times. This was because in a vibration cycle, with the increase
of ultrasonic amplitude, the ultrasonic separation time in-
creased, the corresponding effective cutting time decreased
and then T/tl increased. This was consistent with the analysis
in 2.2. Therefore, the effective cutting time played a signifi-
cant role in strengthening the stiffness of the system.

As given in Fig. 13 (b), with the increase of spindle speed,
the stiffness of thin-walled parts in CM increased but de-
creased in LTCUVM, and the ultrasonic enhancement

Fig. 9 Impedance analysis of
horn system

Table 1 Material properties of
ultrasonic longitudinal-torsional
horn

Material Density

ρ(kg/m3)

Yang’s model

E/(GPa)

Poisson’s ratio Yield strength (MPa)

45# Steel 7800 210 0.28 355
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multiples showed a downward trend. The reason for this phe-
nomenon was that with the increase of spindle speed, the
cutting force decreased, the deformation of thin-walled parts
decreased, and the stiffness increased in CM. However, in
LTCUVM, the effective cutting time increased, the effective
cutting time increased, and then T/tl decreased. Therefore, the
enhancement multiples decreased gradually.

As illustrated in Fig. 13 (c) that with the increase of feed
rate per tooth, the stiffness of thin-walled parts in CM and
LTCUVM showed a downward trend, but the enhancement
multiples were stable at about 2.3. This was because the ma-
terial removal rate per unit time increased with the increase of

feed rate per tooth, the cutting force was gradually increasing,
and the deformation was also increasing, but the increase was

Fig. 10 Test platform of LTCUVM

Table 2 Chemical composition of titanium alloy

Element Ti Al V Fe C H N O

%wt. 90.348 5.820 3.710 0.016 0.016 0.004 0.010 0.002

Table 3 Single factor test of curvature

No Maximum
curvature

Spindle speed
(r/min)

Feed per tooth
(mm/z)

Ultrasonic
amplitude
(μm)

K1 0 2400 0.03 3

K2 0.02 2400 0.03 3

K3 0.04 2400 0.03 3

K4 0.06 2400 0.03 3

Table 4 Single factor test of processing parameters

No Ultrasonic
amplitude
(μm)

Spindle
speed
(r/min)

Feed per
tooth
(mm/z)

Radial
cutting
depth(mm)

Curvature

A1 1 2400 0.03 0.3 0.02

A2 2 2400 0.03 0.3 0.02

A3 3 2400 0.03 0.3 0.02

A4 4 2400 0.03 0.3 0.02

A5 5 2400 0.03 0.3 0.02

S1 3 1500 0.03 0.3 0.02

S2 3 1900 0.03 0.3 0.02

S3 3 2300 0.03 0.3 0.02

S4 3 2700 0.03 0.3 0.02

S5 3 3100 0.03 0.3 0.02

F1 3 2400 0.01 0.3 0.02

F2 3 2400 0.03 0.3 0.02

F3 3 2400 0.05 0.3 0.02

F4 3 2400 0.07 0.3 0.02

F5 3 2400 0.09 0.3 0.02

C1 3 2400 0.03 0.1 0.02

C2 3 2400 0.03 0.25 0.02

C3 3 2400 0.03 0.4 0.02

C4 3 2400 0.03 0.55 0.02

C5 3 2400 0.03 0.7 0.02
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the mainly tangential force, the increase of normal force was
not very obvious, which led to a slight drop of stiffness. The
increase of feed rate per tooth had no significant effect on the
effective cutting time, for this reason, the enhancement multi-
ples of ultrasonic stiffness were relatively stable.

As presented in Fig. 13 (d), with the increase of radial
cutting depth, the stiffness of thin-walled parts in CM and
LTCUVM showed a downward trend, and the enhancement
multiples were about 2.3. This was because, with the increase
of radial cutting depth, the normal force of thin-walled parts
would increase, and the thin-walled parts were more prone to
deformation, which made the stiffness of thin-walled parts
decrease. However, the increase of radial cutting depth had
little effect on the effective cutting time, the stiffness enhance-
ment multiples thus only fluctuated in a small range.

Table 5 Curvature single factor
test results No CM LTCUVM Enhancement

multiples
Milling
force

Deformation Stiffness Milling
force

Deformation Stiffness

K1 74.75 2.61 28.64 50.5 1.08 46.75 1.63

K2 71.75 2.06 34.83 44.37 0.57 77.84 2.23

K3 69.62 1.64 42.45 38.25 0.49 78.06 1.83

K4 70.37 1.36 51.74 42.5 0.43 98.84 1.91

Fig. 11 The effect of workpiece curvature on stiffness

Fig. 12 Vibration marks under
different curvatures. (vf = 4.8 mm/
s,n = 2400 r/min, A =
0.004 mm,B = 0.003 mm,
f = 33000 Hz)
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5 Conclusions

The stiffness enhancement characteristics of titanium alloy
curved thin-walled parts in LTCUVM were discussed in this
paper. The specific conclusions were summarized as follows:

(1) The cutting edge trajectory of LTCUVM was discussed.
The continuous cutting of CM was transformed into in-
termittent cutting by LTCUVM. The torsional vibration
of LTCUVM can improve the force and deformation of
thin-walled parts in the direction of weak stiffness.

(2) The stiffness of thin-walled parts was derived theoreti-
cally. In LTCUVM, the stiffness of the thin-walled parts
can be increased by T/tl times compared with its struc-
tural stiffness. In addition, with the increase of ultrasonic
torsional amplitude, the effective cutting time decreased,
and the value of T/tl increased. With the increase of spin-
dle speed, the effective cutting time increased, and the
value of T/tl decreased.

(3) The experimental results showed that the stiffness of
thin-walled parts in LTCUVM was always larger than

that in CM, but the enhancement multiples were differ-
ent.With the increase of curvature, the stiffness enhance-
ment multiples of thin-walled parts first increased and
then decreased. In addition, the stiffness enhancement
multiples of LTCUVM increased with increasing ultra-
sonic amplitude and decreased with increasing spindle
speed. But with the increase of the feed per tooth and the
radial depth of cut, it showed a stable state.
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