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Abstract
In order to realize the compressive stress and antifatigue manufacturing of titanium alloy TI-6Al-4V, a compound processing of
longitudinal-torsional ultrasonic vibration and milling (LTUM) is proposed, a theoretical prediction model of machining-induced
residual stress (RS) is established, and it is validated by experiments. The trajectory model of cutting edge in LTUM is
constructed; furthermore, the undeformed chip thickness (UCT) model of LTUM is structured; The mechanical stress model
of LTUM is established from the shear stress and plow stress; the thermal stress model of LTUM is established from shear
thermal stress and plow thermal stress; Considering mechanical and thermal stress, the residual stress of longitudinal-torsional
ultrasonic milling is established by loading and releasing stress. From numerical simulation of mechanical stress and thermal
stress model, it shows that in LTUM, stress fluctuates with ultrasonic vibration, and mechanical stress absolute value is larger
than that of traditional machining (TM); thermal stress absolute value is less than that of TM. A series of experiments are carried
out to verify the RS model of LTUM. From present work, through theoretical prediction and experimental verification of
machining-induced residual stress, it is concluded that established theoretical model predicts properties, and distribution of
residual stress with high accuracy and the LTUM significantly increases surface compressive stress and compressive stress layer
depth. It lays a foundation for the compressive stress and fatigue resistance of titanium alloys.

Keywords Titanium alloy TI-6Al-4V . Longitudinal-torsional ultrasonic milling . Cutting edge trajectory . Undeformed chip
thickness . Residual stress . Theoretical model

Nomenclature
vƒ Feed speed
ϕs Shear angel
ƒ Ultrasonic frequency
hjlt UCT of LTUM

Rt Tool radius
qw-pl Heat source density
Al Longitudinal amplitude
λt Heat conductivity
At Torsional amplitude
at Heat loss density
n Spindle speed
τsfr Friction stress
ν Cutting speed
mƒ Friction coefficient
β Tool helix angle
Kt, Kr Cutting force coefficient
αl Tool lead angle
σxxme, σyyme, σxymeб Mechanical stress
ω n-t Tool actual turning angle
σxxs, σyys, σxys Shear stress
ω l-t Torsional vibration angle
σxxp, σyyp, σxyp Plow stress
φl-t Longitudinal-torsional phase difference
σxxth, σyyth, σxyth Thermal stress
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αp Depth of cut
σxxel, σyyel, σxyel Internal stress
ψl Axial hysteresis angle
RS Residual stress
ϕst, ϕex Cutting-in and cutting-out angle
LTUM Longitudinal torsional

ultrasonic vibration milling
re Cutting edge radius
UCT Undeformed chip thickness
αtl rake-ACT Actual cutting time
qs, ps Shear and normal stress

1 Introduction

Titanium alloy has become an indispensable material in
modern aerospace industry [1, 2]. However, as a typical
difficult-to-cut material, it has a poor cutting-perfor-
mance, and it is easy to distribute residual tensile stress
on the machined surface after machining, shortened ser-
vice life [3, 4].

Since MARTENS was proposed in 1912, machining-
induced residual stress (RS) has been paid enough at-
tention and taken as an important evaluation criterion of
machined surface quality [5, 6]. A multitude of results
has shown that appropriate RS is obtained through pro-
cess method, to improve fatigue strength, wear resis-
tance and corrosion resistance [7]. To get the mecha-
nism of RS generation, and improve the fatigue resis-
tance of parts, fruitful conclusions and results were ob-
tained by researchers.

Zeng [8] and Peng [9] presented analytical models to
predict machining induced RS, by considering tool geo-
metrical, material property, and processing parameters.
Zhou [10] based on mechanical loading and thermal
loading in cutting process, proposed an analytical model
of RS. Wan [11] presented a theoretical model to pre-
dict the machining-induced RS in milling process by
taking the 3D instantaneous contact status. Ji [12] de-
veloped a model of machining-induced residual.
Aliakbari [13] and Huang [14] have also been made
achievements about machining induced RS model.

Obtaining residual compressive stress on machined
surface is an effective method to realize anti-fatigue
manufacturing of components [15, 16]. Compared with
traditional machining (TM), one-dimensional ultrasonic
vibration machining, reduces cutting force and cutting
temperature, and improve the quality of machining
[17], but with the high-frequency vibration of the tool,
tool flank is extruded with the machined surface, it se-
riously affects the life of the tool and the surface qual-
ity of the machined surface. Contrastively, in the
longitudinal-torsional ultrasonic vibration-assisted

machining (LTUM), cutting edge moves in a 3D space,
the extrusion-friction between the flank and machined
surface is effectively avoided, while the shear angle is
increased, the average cutting force and cutting temper-
ature are further reduced, and the compressive stress
manufacturing of parts is realized, it plays an important
role in the antifatigue manufacturing technology [18,
19].

TRAVIESO [20] found that it was highly improved in
ultrasonic machining comparison with TM. Sharma [21] pre-
sented effect of cutting and ultrasonic parameters on RS gen-
eration, found feed rate significantly affected RS. Hu [22]
proposed the method of ultrasonic-assisted turning and made
a comparison with conventional turning; the effect of ultra-
sonic vibration on RS has been investigated by the finite-
element model. Zhou [23], Maurotto [24], and Ye [25] proved
that the ultrasonic-assisted machining greatly improved RS as
well.

Up to the literatures, fruitful researching achieve-
ments about RS have been open in traditional cutting;
however, for ultrasonic vibrations assisted cutting (espe-
cially LTUM), researches of RS were mainly based on
experiment and simulation; litter literatures explore a
theoretical model. Meanwhile, it proved that the
ultrasonic-assisted machining improved residual com-
pressive stress, but most of studies were focused on
one-dimensional ultrasonic method, and considered
workpiece as vibration carrier. Contrastively, it has
more advantages for LTUM than one-dimensional ultra-
sonic vibration; moreover, tool as vibration carrier, ma-
chinability of different sizes, and complex shapes are
improved, energy output is uniform and stable, and it
has a wider application prospect.

In the present work, a model of cutting edge trajec-
tory and undeformed chip thickness (UCT) in
longitudinal-torsion ultrasonic–assisted milling (LTUM)
of titanium alloy Ti-6Al-4V has been explored, and a
theoretical prediction model of LTUM induced residual
stress has been proposed at first place. From presented
work, through theoretical prediction and experimental
verification of machining-induced residual stress, it is
concluded that established theoretical model predicts
properties and distribution of residual stress with high
accuracy. It lays a foundation for the compressive stress
and fatigue resistance of titanium alloys.

2 Characteristic analysis of LTUM

In LTUM, principle of LTUMwas shown in Fig. 1. Compared
with TM, the trajectory of LTUM has a great difference; it has
a directly impact on the cutting force, cutting temperature, RS,
and other processing processes and results.
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2.1 Kinematics analysis of LTUM

2.1.1 Trajectory model of cutting edge in LTUM

For TM, the cutting edge trajectory equation is the fol-
lowing:

x tð Þ ¼ v f t þ Rtsin 2πnt=60ð Þ
y tð Þ ¼ Rtcos 2πnt=60ð Þ

z tð Þ ¼ 0

8<
: ð1Þ

Furthermore, according to the characteristics of ultrasonic
vibration, cutting edge trajectory equation of LTUM is
established.

x tð Þ ¼ v f ⋅t þ Rt⋅sin ωn−tð Þ
y tð Þ ¼ Rt⋅cos ωn−tð Þ
z tð Þ ¼ Alsin 2πftð Þ

8<
: ð2Þ

where, ƒ is ultrasonic frequency, Al is longitudinal amplitude
in LTUM, ω n-t is actual turning angle of tool, calculated by
Eq. (3).

ωn−t ¼ 2π nt=60ð Þ þ ωl−t ð3Þ

where, ω l-t is torsional vibration angle in LTUM, calculated
by Eq. (4).

ωl−t ¼ At⋅cos 2πft þ φl−tð Þ ð4Þ
where, At is torsional amplitude in LUTM, φl-t is longitudinal-
torsional phase difference.

From Eqs. (1) and (2), trajectories of the cutting edges in
LTUM and TM were illustrated as shown in Fig. 2.

In Fig. 2, suppose A1, A2...An point is the starting separa-
tion position of tool-workpiece, B1, B2...Bn point is the
starting contact point, named feature point, it can be seen that
the cutting edge moves along the blue line in LTUM, and the
tool-workpiece undergoes periodic changes of separation-
contact-separation with ultrasonic vibration, caused quite dif-
ferent from TM.

2.1.2 Solving model of feature point in LTUM

Compared with TM, with periodic separation-contact of tool-
workpiece, actual cutting time (ACT), and its duty cycle have
changed dramatically in LTUM. Such as in Fig. 2, ACT is the
time when the cutting edge moves from B1 to A2, and its duty
cycle is the ratio of the time fromB1 toA2 to the time fromA1
to A2. Therefore, solving these feature points is meaningful
for evaluating ACT and its duty cycle.

From Fig. 2, feature point is related not only to the cutting
edge trajectory, but also to the tool geometry, the relationship
is the following:

ψl ¼
Ztanβ
Rt

ð5Þ

αl ¼ arc tan
ap
Rtψl

ð6Þ

β ¼ arc tan
Rtψl

ap
ð7Þ

where, β is the helix angle, αl is the lead angle, Rt is the tool
radius, αp is the depth of cut, ψl is the axial hysteresis angle,
calculated by Eqs. (5)–(7).

Fig. 1 Principle of LTUM

Separation point
Contact point

With ultrasonic
Without ultrasonic

Cutting edge

Fig. 2 Cutting edge trajectory
model of LUM and CM
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Then, discrete the cutting edge trajectory, as shown in
Fig. 3, the separation point is calculated by judging the rela-
tionship between space angleαl-n and tool lead angleαl of two
adjacent points An-1 and An-1. When αl-n >αl, tool-workpiece
separated, the separation point is obtained.

Discrete the cutting edge trajectory, as shown in Fig. 4, the
contact point solution is similar to that of separation point.
Separation and contact points solving process was shown in
Fig. 5.

2.1.3 Trajectory characteristic of cutting edge in LTUM

According to the solution model of feature point, the separa-
tion and contact points of LTUMwere calculated, as shown in
Fig. 6, A1, A2, and A3 are the separation points of tool-work-
piece, B1, B2, and B3 are the contact points. The cutting edge
is separated from the workpiece in the process from A1 point
to B1 point, contacting from B1 point to A2 point.

Further, it is concluded that for LTUM, the tool-workpiece
produces periodic separation; at the same time, it realizes the
movement of cutting edge in three-dimensional, effectively
avoids the extrusion-friction between the flank and machined
surface, reduces the cutting force and temperature, and im-
proves the quality of the machined surface.

Figure 7 is the cutting edge trajectory and feature
points under different parameters in LTUM; it found
that ultrasonic and machining parameters have a great
influence on cutting edge trajectory and feature points;
further, it affects the processing and results in LTUM.
Getting the calculation results of cutting edge trajectory
and feature points laid the foundation for establishing
the milling induced RS theoretical model.

2.2 Undeformed chip thickness of LTUM

Undeformed chip thickness (UCT) has a great influence on
the mechanical, thermal, and RS in milling process; however,

from analysis of cutting edge trajectory and feature points,
UCT is more complicated in LTUM than TM, and it is neces-
sary to establish UCT model, to reveal the mechanism of RS.

According to Fig. 1, the tool coordinate system is
established by taking the feed direction as X axis, the vertical
feed direction as Y axis, and the spindle axis direction as Z
axis, tool rotation center as the origin, then UCT model was
constructed, as shown in Fig. 8.

At time t, the position of the jth tool teeth was shown by the
solid line in the Fig. 8; angular displacement of the tool teeth
and the Yt axis was expressed as:

ϕ j tð Þ ¼
2πn
60

t− j−1ð Þ 2π
N

ð8Þ

Then, UCT hj(t) at time t, equal to the distance between the
position Q of the jth teeth and the position P of the j–1th teeth
at the time (t-ṷj(t)), where, ṷj(t) is the time delay of Jth teeth
and j–1th teeth.

At time t, Q point coordinate value could be expressed:

Qx
Qy

� �
¼ Otx tð Þ

Oty tð Þ
� �

þ x tð Þ
y tð Þ
� �

þ Rt⋅sin ϕ j tð Þ
� �

Rt⋅cos ϕ j tð Þ
� �� �

ð9Þ

Fig. 3 Solving principle of the separation point

Fig. 4 Solving principle of combination point
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where, [Otx Oty]
T is the coordinates of moving coordinate

system origin in the fixed coordinate system XOY,
[x(t) y(t) ]T is the coordinates of tool center in the moving
coordinate system O(t)X(t)Y(t).at time(t-ṷj(t)), point P coordi-
nate value can be expressed:

Px

Py

� �
¼

Otx t−u
∧ j

tð Þ
� �

Oty t−u
∧ j

tð Þ
� �

2
664

3
775þ

x t−u
∧ j

tð Þ
� �

y t−u
∧ j

tð Þ
� �

2
664

3
775

þ
Rt⋅sin ϕ j−1 t−u

∧ j
tð Þ

� �� �

Rt⋅cos ϕ j−1 t−u
∧ j

tð Þ
� �� �

2
664

3
775 ð10Þ

Meanwhile, P point coordinate value is expressed in mov-
ing coordinate system as well:

Px

Py

� �
¼ Otx tð Þ

Oty tð Þ
� �

þ x tð Þ
y tð Þ
� �

þ Rt−hj tð Þ
� �

⋅sin ϕ j tð Þ
� �

Rt−hj tð Þ
� �

⋅cos ϕ j tð Þ
� �� �

ð11Þ

Obviously, Eqs. (10) and (11) are equal, considering the
tool coordinate system moves along with feed direction, then:

Otx tð Þ ¼ Otx t−u
∧ j

tð Þ
� �

þ ∫tt−τ j
v f tð Þdt ð12Þ

Oty t−u
∧ j

tð Þ
� �

¼ Oty tð Þ ð13Þ

Substituted Eqs. (12) and (13) into Eq. (10) and subtract
from Eq. (11):

Fig. 5 Solving flow of feature
point

Separation point
Contact point
Cutting edge

Fig. 6 Cutting edge trajectory
characteristics in LTUM
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x t−u
∧ j

tð Þ
� �

y t−u
∧ j

tð Þ
� �

2
664

3
775þ

Rt⋅sin ϕ j−1 t−u
∧ j

tð Þ
� �� �

Rt⋅cos ϕ j−1 t−u
∧ j

tð Þ
� �� �

2
664

3
775 ¼ ∫tt−τ j

v f tð Þdt
0

� �

þ x tð Þ
y tð Þ
� �

þ Rt−hj tð Þ
� �

⋅sin ϕ j tð Þ
� �

Rt−h j tð Þ
� �

⋅cos ϕ j tð Þ
� �� �

ð14Þ

Left multiplication transform matrix at both ends of Eq.

(14)
sinϕ j tð Þ cosϕ j tð Þ
cosϕ j tð Þ −sinϕ j tð Þ
� �

, by substituting Eqs. (15) into

(14), the expression of UCT was shown in Eqs. (16).

ϕ j−1 t−u
∧ j

tð Þ
� �

¼ ϕ j tð Þ−
2πn
60

u
∧ j

tð Þ þ 2π
N

ð15Þ

h j tð Þ ¼ sin ϕ j tð Þ
� �

⋅∫tt−u
∧ j

v f tð Þdt þ Rt⋅ 1−cos
2π
N

−
2πn
60

u
∧ j

tð Þ
� �� �

þ x tð Þ−x t−u
∧ j

tð Þ
� �� �

⋅sin ϕ j tð Þ
� �þ y tð Þ−y t−u

∧ j
tð Þ

� �� �
⋅cos ϕ j tð Þ
� �
ð16Þ

where,

Rt⋅sin
2π
N

−
2πn
60

u
∧ j

tð Þ
� �

¼ cos ϕ j tð Þ
� �

⋅∫tt−τ j
v f tð Þdt

þ x tð Þ−x t−u
∧ j

tð Þ
� �� �

⋅cos ϕ j tð Þ
� �

− y tð Þ−y t−u
∧ j

tð Þ
� �� �

⋅sin ϕ j tð Þ
� � ð17Þ

u
∧
≈T ¼ 60

Nn
ð18Þ

Assuming that the tool moved uniformly with feed speed,
the UCT hj(t) was expressed as the static cutting thickness hjs

and dynamic cutting thickness hjd caused by the regeneration
effect, as following:

hj tð Þ ¼ hjs tð Þ þ hjd tð Þ ð19Þ
hjs tð Þ ¼ f zsin ϕ j tð Þ

� � ð20Þ
hjd tð Þ ¼ x tð Þ−x t−u

∧ j
tð Þ

� �� �
sin ϕ j tð Þ
� �þ y tð Þ−y t−u

∧ j
tð Þ

� �
cos ϕ j

�
tð Þ

� �
ð21Þ

For LTUM, cutting edge trajectory was shown in Eq. (2),
considering both linear feed and rotary motion of the tool,

Separation point
Contact point
Cutting edge

Separation point
Contact point
Cutting edge

Separation point
Contact point
Cutting edge

Separation point
Contact point
Cutting edge

Fig. 7 Cutting edge trajectory and feature points under different parameters in LTUM. (a. ƒ = 35 kHz,Al = 8 μm,At = 4 μm,φl-t = 90°,n = 400 r/min; b. ƒ =
35 kHz,Al = 8 μm,At = 4 μm,φl-t = 90°,n = 1200 r/min; c. ƒ = 49 kHz,Al = 8 μm,At = 4 μm,φl-t = 90°; d. ƒ = 35 kHz,Al = 5 μm,At = 4 μm,φl-t = 90°)

Fig. 8 Model of undeformed chip thickness
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actually, the cutting edge trajectory is still similar to the
subcycloid motion, the cutting edge generates the subcycloid
motion with a longer period as the spindle rotates, meanwhile,

the with a shorter period is as ultrasonic vibration. Then, at
time t, UCT of LTUM hjlt(t) is calculated by Eq. (22).

hjlt tð Þ ¼ f z⋅sin At⋅cos 2πft þ φl−tð Þ− j−1ð Þ⋅ 2π
N

� �
þ sin At⋅cos 2πft þ φl−tðð Þ− j−1ð Þ⋅ 2π

N

� �

⋅ v f ⋅t þ Rt⋅sin ωn−tð Þ−v f ⋅ t−Tð Þ
þRt⋅sin ωn−t t−Tð Þð Þ

� �
þ cos At⋅cos 2πft þ φl−tðð Þ− j−1ð Þ⋅ 2π

N

� �
⋅ v f ⋅t þ Rt⋅sin ωn−tð Þ−v f ⋅ t−Tð Þ þ Rt⋅sin ωn−t t−Tð Þð Þ� 	

ð22Þ

Fig. 9 Stress and its direction
under the action of mechanical
load

Fig. 11 Geometric relationship of shear force model in oblique cuttingFig. 10 Model of oblique cutting
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3 Stress distribution in LTUM

3.1 Mechanical stress in LTUM

In LTUM, the mechanical stress mainly comes from
two aspects: chip-forming force and plow-cutting force,
the relationship was shown in Eq. (23). Chip-forming
force, mainly comes from shear action, occurs in the
shear zone. Plow-cutting force is mainly caused by ex-
trusion friction between cutting edge radius and work-
piece. The stress properties and directions were shown
in Fig. 9.

σme
xx

σme
yy

σme
xy

2
4

3
5 ¼

σs
xx

σs
yy

σs
xy

2
4

3
5þ

σp
xx

σp
yy

σp
xy

2
4

3
5 ð23Þ

3.1.1 Shear stress in LTUM

Based on the cutting force model MERCHANT, it was mod-
ified to solve the shear stress in LTUM. Firstly, the LTUM
was transformed into oblique cutting model, as shown in
Fig. 10, and geometric relationship was given in Fig. 11.

From Figs. 10 and 11:

sinθsi ¼ sinβsf sinη f ð24Þ
tan θsn þ αsnð Þ ¼ tanβsf cosη f ð25Þ

According to Stabler’s criterion, there is a relationship be-
tween chip flow direction angle and inclination angle (helix
angle):

η f ¼ β ð26Þ

where, βsf is friction angle, the direction of cutting speed and
force is determined by ϕsn, ϕsi, θsn, and θsi.

Then, the normal force Fn in the shear zone was obtained:

Fn ¼ Fxcosβsinϕsn þ Fycosϕsn ð27Þ

Fig. 12 Slip-line field for plow

Fig. 13 Model of an oblique moving band heat source in a semi-infinite
medium Fig. 14 Heat transfer model of plow heat source
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where, Fx and Fy respectively represent the cutting forces in
the feed direction (X direction) and the vertical feed direction
(Y direction).

From the previous analysis, LTUM alters UCT and cutting
force, a nonlinear cutting force model [26] is adopted. For any
teeth j, the instantaneous cutting forces are related to the UCT.
The expressions are the following:

Ftj ¼ Ktaphjlt tð Þq
Frj ¼ Kraphjlt tð Þq



ð28Þ

then, Fx and Fy were solved by:

Fx

Fy
� ¼ ∑

N

j¼1
g ϕ j tð Þ
� � −cos ϕ j tð Þ

� �
−sin ϕ j tð Þ

� �
sin ϕ j tð Þ
� �

−cos ϕ j tð Þ
� �� �

Ftj

Frj

� ��
ð29Þ

where, g(ϕj(t)) is window function, to judge whether the teeth
are in cutting or not, calculated by Eq. (30).

g ϕ j tð Þ
� � ¼ 1;ϕst ≤ϕ j tð Þ≤ϕex

0; otherwise



ð30Þ

where, ϕst, ϕex is cutting-in and cutting-out angle.
From Eqs. (28)–(30), cutting force at any time can be

obtained:

Fx tð Þ
Fy tð Þ ¼ ap ∑

N

j¼1
g ϕ j tð Þ
� � −Ktcosϕ j tð Þ−Krsinϕ j tð Þ

Ktsinϕ j tð Þ−Krcosϕ j tð Þ
� �

� hjlt tð Þ
� �q� �

ð31Þ

where, Kt, Kr is cutting force coefficient, solved by Eq.
(32).

Kt ¼ τ sf cosθsn þ tanθsitanβð Þ
cos θsn þ ϕsnð Þcosϕsi þ tanθsisinϕsi½ �sinϕsn

Kr ¼ τ sf sinθsn
cos θsn þ ϕsnð Þcosϕsi þ tanθsisinϕsi½ �cosβsinϕsn

ð32Þ

In the shear plane, the shear stress qs and the normal stress
ps:

qs ¼ τ sf ð33Þ

ps ¼
Fncosβsinϕsn

aphjlt
ð34Þ

Then, the shear stress in the workpiece is calculated by the
contact theory [27].

σs
xx ¼ −

2z
π
∫a−a

ps x−sð Þ2

x−sð Þ2 þ z2
h i2 ds− 2

π
∫a−a

qs x−sð Þ3

x−sð Þ2 þ z2
h i2 ds

σszz ¼ −
2z3

π
∫a−a

ps

x−sð Þ2 þ z2
h i2ds− 2z2

π
∫a−a

qs x−sð Þ
x−sð Þ2 þ z2

h i2 ds
σsxz ¼ −

2z2

π
∫a−a

ps x−sð Þ
x−sð Þ2 þ z2

h i2 ds− 2z
π
∫a−a

qs sð Þ x−sð Þ2

x−sð Þ2 þ z2
h i2 ds

8>>>>>>>>><
>>>>>>>>>:

ð35Þ

where, ɑ is about one-half of the shear plane length:

a≈
lsp
2

¼ hjlt
sinϕsncossi

ð36Þ

3.1.2 Plow stress in LTUM

In the shear force calculation model, it was assumed that the
tool was absolutely sharp, and the influence of cutting edge
radius was neglected, but actually, it does not meet the cutting
edge radius of 0. For LTUM, it is often used in finishing, and
the cutting force is smaller. Therefore, plow stress caused by
cutting edge radius cannot be neglected in the analysis of
machining induced RS. At the same time, with the increase
of the radius, the contact area between the cutting surface and
cutting edge is smaller; the region is in a higher stress state.
Therefore, the influence of plow stress is not ignored to the RS
in LTUM.

The plow stress of LTUM is calculated on the basis of
Waldorf plow slip line model [28], as shown in Fig. 12, re is
cutting edge radius, ϕs is shear angle, hjlt is UCT of LTUM,
solved by Eq. (22).

According to the theory of slip line field by Dewhurst [29],
friction stress in CA τsfrregion is:

τ sfr ¼ mf ⋅k f ð37Þ

Fig. 15 Stresses and its direction from mechanical and thermal loading Fig. 16 Model of stress loading process in workpiece
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where,mf is friction coefficient, kf is function of unidirectional
yield stress Yu

The angle ηsp between the slip line and the bottom of the
extrusion zone is obtained:

ηsp ¼ 0:5⋅arccos mf
� � ð38Þ

The radius of the circular fan field centered Rsp is solved by
Eq. (39),

Rsp ¼ sin ηsp
� �

⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
re⋅tan

π
4
þ αtr

2

� �
þ

ffiffiffi
2

p � Rsp � sin ρsp
� �

tan π
2 þ αtr
� �

0
@

1
A

2

þ2 � Rsp � sin ρsp
� �h i2

vuuuuuuut ð39Þ

where,

θsp ¼ π
4
−ρsp−ϕsp ð40Þ

γsp ¼ ηsp þ ϕsp−arcsin
ffiffiffi
2

p
⋅sin ρsp
� �

⋅sin ηsp
� �� �

ð41Þ

Shear angel ϕs is solved by Eq. (42).

tan ϕsð Þ ¼
hjlt
h
⋅cos αtrð Þ

1−
hjlt
h
⋅sin αtrð Þ

ð42Þ

where, αtr is rake angle.
Then, plow force is obtained from Eqs. (43) and (44).

Pcut ¼ qs
cos 2ηsp
� �

cos ϕs−γsp þ ηsp
� �

þ
1þ 2θsp þ 2γsp þ sin 2ηsp

� ��
sin ϕs−γsp þ ηsp
� �

2
4

3
5CA ð43Þ

Pthrust ¼ qs

1þ 2θsp þ 2γsp þ sin 2ηsp
� ��

sin ϕs−γsp þ ηsp
� �

−

cos 2ηsp
� �

sin ϕs−γsp þ ηsp
� �

2
6664

3
7775CA ð44Þ

where, qs is solved by Eq. (33), CA is solved by Eq. (45).

CA ¼ Rsp

sin ηsp
� � ð45Þ

Plow stress can be calculated by Eq. (46):

pe ¼
4Pthrustcosβ

πap � CA
qe ¼

mf Pcutcosβ

ap � CA

8>>><
>>>:

ð46Þ

Then, the plow stress in the workpiece can be calculated:

σpxx ¼ −
2z
π
∫a−a

pe x−sð Þ2

x−sð Þ2 þ z2
h i2 ds− 2

π
∫a−a

qe x−sð Þ3

x−sð Þ2 þ z2
h i2 ds

σp
zz ¼ −

2z3

π
∫a−a

pe

x−sð Þ2 þ z2
h i2ds− 2z2

π
∫a−a

qe x−sð Þ
x−sð Þ2 þ z2

h i2 ds
σp
xz ¼ −

2z2

π
∫a−a

pe x−sð Þ
x−sð Þ2 þ z2

h i2 ds− 2z
π
∫a−a

qe sð Þ x−sð Þ2

x−sð Þ2 þ z2
h i2 ds

8>>>>>>>><
>>>>>>>>:

ð47Þ

3.2 Thermal stress in LTUM

In LTUM, thermal load will also have a greater impact
on the RS. In presented work, it is considered that the
temperature in the workpiece mainly comes from two
aspects: the shear heat θs-Pt in the shear zone and the
plow heat θp-Pt in the plow zone, in which the shear
heat plays a major role. The temperature at any point Pt

in the workpiece was expressed as:

θtotal−Pt ¼ θs−Pt þ θp−Pt ð48Þ

when the time increment of ultrasonic vibration is dt,
the temperature change at any point can be obtained by
Eq. (49).

dθPt ¼ θtotal−Pt t þ dtð Þ−θtotal−Pt tð Þ ð49Þ

Table 1 Workpiece material and tool geometry parameters [32]

Density 4400 kg/m3 Conductivity 6.8 Young’s modulus 11,200 N/mm^2

Poisson ratio 0.34 expansion coefficient 9.32E-006 specific heat capacity 611 J/(kg*°C

tool rake angle 5° Too relief angle 12° Cutting edge radius 0.01 mm

Table 2 Numerical simulation
processing parameters Group Cutting speed m/min Feed per tooth mm/z Width of cut (mm) Depth of cut (mm)

(a) 25 0.008 0.15 2

(b) and (c) 40 0.005 0.1 2
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3.2.1 Shear thermal in LTUM

For dry milling, air can be assumed to be an insulator, due to
the thermal conductivity of air is much smaller than that of
workpiece material. Therefore, the shear surface heat source
actually propagates in semiinfinite medium. It is assumed that
the adiabatic boundary is taken as the mirror surface, and a
heat source is mirrored above the shear heat source band; heat
source and shear zone heat source have the same thermal
intensity. In LTUM, infinite medium heat model consists of
workpiece-chip-air; the heat flux from air medium returns to
the workpiece-chip; that is, the air is an adiabatic boundary,
and the workpiece-chip and air form a semiinfinite medium,
as shown in Fig. 13.

In the Fig. 13, OX axis is parallel to feed speed direction,
while OY axis is vertical to machined surface. Suppose the
coordinate system XOY moves with the feed speed, the tem-
perature at any point Pt (x, y) affected by two aspects: the shear
heat source band and its mirror heat source band. Each heat
source can be composed of countless microelements dli, and
each microelement can be solved as an infinite heat source
line. So that, point Pt (x, y) temperature is mainly determined
by the moving heat source line. For any moving heat source
line dli:

qw−l ¼ qw−pldli ð50Þ

where, qw-l is the heat source density of moving heat source
line, calculated by Eq. (51):

qw−l ¼
sinφt FX cosφt−FY sinφtð Þ v f cosasn

cos φt−asnð Þ
ap � hjlt ð51Þ

Distance from point Pt to heat source line is:

Rts1 ¼ X tð Þ−lisinφtð Þ2 þ Y tð Þ−licosφtð Þ2
h i

ð52Þ

Distance from point Pt to mirror heat source line is:

Rts2 ¼ X tð Þ−lisinφtð Þ2 þ Y tð Þ þ licosφtð Þ2
h i

ð53Þ

Thus, point Pt temperature caused by moving heat source
line was obtained from Eq. (54).

θs−Pt ¼
qw−pldli

2πλt
� e

−v f X tð Þ−li�sinð φtð Þ½ �
2at � Kto

v f
2at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2

þ Y tð Þ−licosφtð Þ2
s" #

ð54Þ

Point Pt temperature caused by mirror heat source line was
obtained from Eq. (55).

θs−Pt ¼
qw−pldli

2πλt
� e

−v f X tð Þ−li�sin φtð Þð½ �
2at � Kto

v f
2at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2

þ Y tð Þ þ licosφtð Þ2
s" #

ð55Þ

Point Pt temperature caused by two heat source line can be
obtained from Eq. (56).

θs−Pt ¼
qw−pldli

2πλt
� e

−v f

�
X tð Þ−li�sin φtð Þ

h i
2at Kto � v f

2at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2 þ Y tð Þ−licosφtð Þ2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2 þ Y tð Þ þ licosφtð Þ2

q
2
4

3
5

ð56Þ

By integrating Eq. (56), point Pt temperature subjected to
moving heat source band and its mirror heat source band can
be obtained from Eq. (57).

θs−Pt ¼
qw−pl
2πλt

∫Lli¼0e
−v f X tð Þ−li�sin φtð Þð½ �

2at Kto � v f2at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2 þ Y tð Þ−licosφtð Þ2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X tð Þ−lisinφtð Þ2 þ Y tð Þ þ licosφtð Þ2

q
2
4

3
5dli

ð57Þ

Fig. 17 Numerical simulation
results of mechanical stress model
a: comparison results of LTUM
and TM in less than single tooth
cycle, parameters group (a); stress
δyy simulation results in
LTUM (b)

Table 3 Numerical simulation
ultrasonic parameters Group Longitudinal amplitude (μm) Torsional amplitude (μm) Frequency (kHz)

(c) 5 4 35
(a) and (b) 4 3.2
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3.2.2 Plow thermal in LTUM

According to the literatures of contact angle between cutting tool
andworkpiece [30], the contact angle is usually small. Therefore,
the plow thermal source of LTUM is approximated to a horizon-
tal thermal source. Similar to shear thermal model, air is regarded
as an adiabatic body. Workpiece-tool and air form an adiabatic
boundary,Mirror a plow thermal source on the horizontal surface
of plow thermal source, as shown in the Fig. 14.

Then, point Pt temperature caused by plow thermal and its
mirror thermal source can be solved by Eq. (58).

θp−Pt ¼
qp−pl
2πλt

∫CA0 γpe
−v f li−X tð Þð Þ

2at � Kto
v f
2at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
li−X tð Þð Þ2 þ Y tð Þð Þ2

q� �
dli ð58Þ

where, γp is proportion of cutting thermal transferred
to workpiece in machining process, solved by Eq.

(59); qp − pl is plow thermal source density, solved by
Eq. (60).

γp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kwρwCw

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kwρwCw

p þ ffiffiffiffiffiffiffiffiffiffiffiffi
ktρtCt

p ð59Þ

qp−pl ¼
Pcutv f

ap � CA
ð60Þ

3.2.3 Thermal stress in LTUM

From the Eqs. (48), (49), (57), and (58), point Pt temperature
caused by shear and plow thermal can be solved; then, the
thermal stress at any point in the workpiece can be calculated
by Eq. (61).

Fig. 19 Longitudinal-torsional
ultrasonic vibration system

Fig. 18 Numerical simulation
results of thermal stress model. a
Thermal stress comparison results
of LTUM and TM; b distribution
of the cutting temperature stress in
LTUM
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σthxx ¼ −
aeEY

1−2νp
∫∞0 ∫

∞
−∞ Gxh

∂θtotal−Pt x; yð Þ
∂x

þ Gxv
∂θtotal−Pt x; yð Þ

∂y

� �
� dxdy

þ 2y
π
∫∞−∞

pw tð Þ t−xð Þ2

t−xð Þ2 þ y2
h i dt− aeEYT x; yð Þ

1−2νp

σthyy ¼ −
aeEY

1−2νp
∫∞0 ∫

∞
−∞ Gyh

∂θtotal−Pt x; yð Þ
∂x

þ Gyv
∂θtotal−Pt x; yð Þ

∂y

� �
� dxdy

þ 2y3

π
∫∞−∞

pw tð Þ
t−xð Þ2 þ y2

h i2 dt− aeEYT x; yð Þ
1−2νp

τ thxy ¼ −
aeEY

1−2νp
∫∞0 ∫

∞
−∞ Gxyh

∂θtotal−Pt x; yð Þ
∂x

þ Gxyv
∂θtotal−Pt x; yð Þ

∂y

� �
� dxdy

þ 2y2

π
∫∞−∞

pw tð Þ
t−xð Þ2 þ y2

h i2 dt

8>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>:

ð61Þ

where, ɑe, EY, νp is thermal expansion coefficient, Young’s
modulus and Poisson’s ratio of workpiece materials, respec-
tively; Gxh, Gxv, Gyh, Gyv, Gxyh, and Gxyv are Green’s
function of plane strain, calculated from literatures [31],
pw(t) can be solved by Eq. (62).

pw tð Þ ¼ aeEYT x; y ¼ 0ð Þ
1−2νp

ð62Þ

3.3 Milling-induced residual stress in LTUM

For LTUM, the stress at any point Pt in the workpiece is
mainly composed of mechanical stress and thermal stress,
while the mechanical stress includes shear stress and plow
shear stress, as Eq. (63), the RS properties and directions were
shown in Fig. 15.

σel
xx

σel
yy

σel
xy

2
64

3
75 ¼

σs
xx

σs
yy

σs
xy

2
4

3
5þ

σp
xx

σp
yy

σp
xy

2
4

3
5þ

σth
xx

σth
yy

σth
xy

2
64

3
75 ð63Þ

3.3.1 Stress loading process

As shown in Fig. 16, assuming any point Pt in the workpiece,
the tool coordinate system XOY moves along the feed direc-
tion, and the origin O is located at the cutting edge. When the
tool is far away from point Pt (such as point A), it is mainly
affected by elastic stress. As the tool moves, the stress at the
point Pt gradually accumulates. When the tool moves to point
B, plastic deformation occurs. When the tool moves to point
C, the elastic-plastic deformation disappears. The cutting pro-
cess can be equivalent to elastic-plastic rolling contact model.

It is assumed that the stress is an invariant, i.e.,

σxx ¼ σel
xx;σyy ¼ σel

yy;σxy ¼ σel
xy ð64Þ

Table 5 Ti-6Al-4V mechanical
property parameters Tensile strength Elongation rate Impact toughness Fracture toughness Fatigue limit

961 MPa 16.5% 473.8 KJ/m2 58.9 MPa m1/2 522.7 MPa

Table 4 Tool parameters

Diameter Flute number Flute Length length overall Helical angle

10 mm 4 25 mm 70 mm 30°

Fig. 20 Experimental devices
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Assuming that the workpiece is isotropic and follows Von
Mises yield criterion, the yield surface is defined as follows:

Fy ¼ 1

2
Sij−aij
� �

Sij−aij
� �

−kys2 ¼ 0 ð65Þ

where, kys is the shear yield strength of the workpiece material,
Sij is the deviation stress, ɑij is the back stress. And it has the
following relationship:

aij ¼ Sklnklh inij ð66Þ

Sij ¼ σij−
1

3
σkkδij ð67Þ

where, δij is a Kronecker symbol, nij is unit normal vector in
the direction of plastic strain rate, 〈〉 is MacCauley symbol.

From the previous analysis, Z direction strain can be
regarded as plane strain. At the same time, with the tool mov-
ing, the point Pt temperature also changes dθpt, it satisfies the
following relationship:

dεzz ¼ dεelzz þ dεthzz þ dεplzz ð68Þ

That:

dεxx ¼ 1

Ee
dσplastic

xx −υp dσplastic
zz þ dσel

yy

� �h i
þ aedθPt þ 1

hp

nxxnxxdσplastic
xx þ nyynxxdσplastic

zz þ nyynxxdσel
yy

þ2nxynxxdσel
xy þ 2nyznxxdσel

yz þ 2nxznxxdσel
xz

 !

dεzz ¼ 1

Ee
dσplastic

zz −υp dσplastic
xx þ dσel

yy

� �h i
þ aedθPt þ 1

hp

nzznxxdσplastic
xx þ nzznzzdσplastic

zz þ nyynzzdσel
yy

þ2nxynzzdσel
xy þ 2nyznzzdσel

yz þ 2nxznzzdσel
xz

 !
¼ 0

8>>>><
>>>>:

ð69Þ

Equation (69) can be converted to:

dεxx ¼ ψm
1

Ee
dσel

xx−υp dσplastic
zz þ dσel

yy

� �� �
þ 1

hp

nxxnxxdσel
xx þ nzznxxdσplastic

zz þ nyynxxdσel
yy

þ2nxynxxdσel
xy þ 2nyznxxdσel

yz þ 2nxznxxdσel
xz

 !" #

dεzz ¼ 0

8>>><
>>>:

ð70Þ

where

ψm ¼ 1−exp −
3κmhp
2Gs

� �
ð71Þ

κm is the coefficient of the algorithm; hp is the plastic mod-
ulus function; Gs is the shear modulus, solved by Eq. (72).

Gs ¼ Ee

2þ 1þ υp
� � ð72Þ

3.3.2 Stress-releasing process

From the previous analysis, the stress after loading in the
material is obtained, but it does not accord with the RS.
Therefore, it is necessary to consider stress distribution after
the release process.

In unloading process, a boundary conditions conversion
model proposed by Merwin, that:

εr−xx ¼ 0; εr−zz ¼ 0; εr−yz ¼ 0;
εr−yy ¼ f 1 yð Þ; σr−zz ¼ f 2 yð Þ; σr−yz ¼ f 3 yð Þ;

σr−yy ¼ 0; σr−xy ¼ 0; εr−xz ¼ 0;
εr−xy ¼ f 4 yð Þ; σr−xx ¼ f 5 yð Þ; σr−xz ¼ f 6 yð Þ

8>><
>>: ð73Þ

where, ƒi(y) is the projection of a point Pt on the Y axis.
In unloading process, each stress component is gradually

released to zero stress state. Assuming that there are n times
stress releases, when reach zero stress, then:

Δεxx ¼ ε f −xx

Nr
;Δσyy ¼ σ f −yy

Nr
;Δσxy ¼ σ f −xy

Nr
;Δθr ¼ θr

Nr
ð74Þ

where, θr is temperature before stress release.
When there is only elastic deformation in the release pro-

cess, the change rate of stress follows Hooke’s law.

Δσxx ¼
Ee Δεxx þ atΔθrð Þ þ υp 1þ υp

� �
Δσzz

1−υp2

Δσzz ¼
υpEe Δεxx þ atΔθrð Þ þ υp 1þ υp

� �
Δσyy

1−υp2
Δσxz ¼ 2GsΔσxz

8>>>><
>>>>:

ð75Þ
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In the process of elastic-plastic release, from Eqs. (69),
(70), and (74):

Δσzz ¼
−
vp
Ee

þ nxxnyy
hp

� �
Cs−atΔθð Þ− 1

Ee
þ nxx2

hp

� �
Ds−atΔθð Þ

− vp
Ee
þ nxxnyy

hp

� �2
−

1

Ee
þ nxx2

hp

� �
1

Ee
þ nyy2

hp

� �

Δσxx ¼
Ds−

1

Ee
þ nyy2

hp

� �
Δσyy−atΔθ

−
vp
Ee

þ nxxnyy
hp

8>>>>>>>>>>><
>>>>>>>>>>>:

ð76Þ

where:

Cs ¼ Δεxx þ vp
Ee

−
nxxnyy
hp

� �
σzz−

2

hp
σxynxynxx

Ds ¼ vp
Ee

−
nyynzz
hp

� �
σyy−

2

hp
σxynxynzz

8>><
>>: ð77Þ

After the release process is completed, the RS is regarded
as the initial condition of the next cycle stage. According to
such a cycle process, when the stress and strain are in steady
state, the stress in the workpiece is the RS in LTUM.

4 Numerical simulation and verification
of theoretical model

4.1 Numerical simulation and analysis of mechanical
stress

According to the established stress model and direction in
Fig. 10, the stress distribution in the workpiece was calculated.
The workpiece material was Ti-6Al-4V, material properties

and tool parameters were shown in Table 1. Cutting and ul-
trasonic parameters were shown in Tables 2 and 3. The shear
and plow stress were combined by Eq. (23) to obtain the stress
of the workpiece under mechanical load. The mechanical
stress calculation results were shown in Fig. 17.

Figure 17a shows the comparison result of LTUM and TM
in less than single tooth cycle with parameters group (a),
where, for TM, ultrasonic parameters (in Table 3) are equal
to 0. It can be seen that δxx stress fluctuated greatly with
ultrasonic vibration in LTUM, but it is closer to a smooth
curve in TM; meanwhile, the stress absolute value is larger
than that of TM. Figure 17b is stress δyy simulation results in
LTUM; as seen, the stress values have an imparity distribution
under different parameters.

4.2 Numerical simulation and analysis of thermal
stress

According to the established thermal stress model, through
parameters in Tables 1–3, workpiece temperature and thermal
stress were calculated, as shown in Fig. 18.

Figure 18a is thermal stress comparison result of LTUM
and TM with parameters group (c), where, for TM, ultrasonic
parameters (Table 3) are equal to 0. It can be seen that thermal
stress fluctuates greatly with ultrasonic vibration in LTUM,
but it is closer to a smooth curve in TM, meanwhile, the stress
absolute value is less than that of TM.

Figure 18b is distribution of the cutting temperature stress
in LTUM with parameters group (a); it can be seen that
highest temperature is located near the cutting edge and radi-
ated in LTUM, but the temperature distribution is relatively
concentrated. Therefore, the influence of thermal stress should

Fig. 21 Simulation results and
verification of RS in workpiece: a
with TM; b with LTUM

Table 6 Measuring parameters of
RS. Tube voltage 25–30 KV Tube current 25 mA

Target material /radiation type Copper target/K-Alpha Filter Ni

Aperture size 1*5 mm rectangle Diffraction crystal/Bragg angle Ti-213,142°

Beta angle range ± 19° Normal slope range ± 42°

Elastic constants 1/2*S2 = 11.8879 × 10
−6 − S1 = 2.97 × 10−6
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be taken into account when analyzing the machining induced
RS on the workpiece surface. In the subsurface layer, the
effect of thermal stress on the RS is weak. For simplified
calculation, the influence of thermal stress can be neglected.

4.3 Numerical simulation and experimental
verification of residual stress

4.3.1 Experimental setup

The side-down milling of Ti-6Al-4V experiments were car-
ried out on vertical machining center VMC-850E with dry
cutting condition. Self-developed wireless transmission ultra-
sonic vibration system (as shown in Fig. 19) and cemented
carbide UNION four-flute end mill (C-CES 10*25) were
adopted, the parameters were listed in Table 4, and Ti-6Al-
4V mechanical property parameters were given in Table 5,
experimental devices were shown in Fig. 20.

RS was measured with helping of the PROTO X-ray by
using XRDmethod, and Cu target was been chosen; the RS in
feed direction is used to evaluate the physical property of
machined quality; the average of two measurements results
was taken as the results; main measuring parameters of RS
were listed in Table 6. Meanwhile, the subsurface RS was
measured by stripping the layer through electrolytic polishing
method.

4.3.2 Results and analysis

According to the established RS model, the parameters of (a)
group were selected, and the distribution of RS in the work-
piece was calculated by numerical simulation. Firstly, it was
compared with the experimental results in TM, as shown in
Fig. 21a; secondly, comparison in LTUM was shown in
Fig. 21b.

From Fig. 21, the surface RS of workpiece is compressive
stress in LTUM and TM, it increases first and then decreases
along with depth of workpiece, similar to the “√” shape dis-
tribution. Comparing the simulation results of the theoretical
model with the experimental results, there are some errors
between them; it is mainly due to model cannot cover all the
physical parameters in the experiment; on the other hand, the
material properties, processing conditions, and tool parame-
ters in model are all in ideal state. However, the properties and
distribution trend of RS obtained from the analytical model
are well matched with the experimental results in both TM and
LTUM; it proves that theoretical model of RS for LTUM is
reasonable and reliable for judging and analyzing the proper-
ties and distribution of RS.

Moreover, compared with TM, it could be seen that it ef-
fectively improved the RCS on surface of workpiece and max-
imum RCS in the workpiece by LTUM. Meanwhile, it also

increased the depth of the maximum RCS layer to a certain
extent.

5 Conclusions

In presented work, a machining method of longitudinal-
torsion ultrasonic assisted milling (LTUM) is put forward to
realize the antifatigue manufacturing of Ti-6Al-4V; for
machining-induced residual stress, it is still difficult to
predict by theoretical models, especially in ultrasonic-
assisted milling. Therefore, a theoretical prediction mod-
el of LTUM-induced residual stress is established for
the first time, through establishment model of cutting
edge trajectory, undeformed chip thickness, mechanical
stress, and thermal stress in LTUM. From validation
experiments, it is concluded that predicted results are
high agreement with experimental results.

(1) Through cutting edge trajectory model, compared with
TM, in LTUM, besides the intermittent cutting
caused by tool multiteeth, the workpiece-tool un-
dergoes periodic separation-contact, caused quite
different from TM.

(2) Through undeformed chip thickness model, in LTUM, it
is quite different from TM, and it has a great influence on
the mechanical, thermal, and residual stresses.

(3) In LTUM, mechanical stress comes from shear and plow
stress; meanwhile, thermal stress comes from shear and
plow stress; the biggest difference of mechanical and
thermal stress between LTUM and TM is due to the
difference from cutting edge trajectory and UCT.

(4) Based on the elastic-plastic rolling contact model and
considering the interaction of mechanical stress and ther-
mal stress, a theoretical model of residual stress in
LTUM is established by loading and releasing stress,
and the formation mechanism of residual stress in
LTUM is revealed.

(5) From numerical simulation of mechanical stress and
thermal stress model, it shows that in LTUM, stress fluc-
tuates with ultrasonic vibration and mechanical stress
absolute value is larger than that of TM; thermal stress
absolute value is less than that of TM.

(6) Through experimental verification, it shows that
established theoretical model of residual stress predicts
properties and distribution of residual stress with high
accuracy.
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