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Abstract 

The processed surface contour shape is extracted with the finite element simulation software. The difference value of 
contour shape change is used as the parameters of balancing surface roughness to construct finite element model 
of supersonic vibration milling in cutting stability domain. The surface roughness trial scheme is designed in the 
orthogonal test design method to analyze the surface roughness test result in the response surface methodology. The 
surface roughness prediction model is established and optimized. Finally, the surface roughness finite element simu-
lation prediction model is verified by experiments. The research results show that, compared with the experiment 
results, the error range of the finite element simulation model is 27.5%–30.9%, and the error range of the empirical 
model obtained by the response surface method is between 4.4% and 12.3%. So, the model in this paper is accurate 
and will provide the theoretical basis for the optimization study of the auxiliary milling process of supersonic vibration.
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1 Introduction
Nowadays, milling is deemed as one of the most com-
monly-used processing technologies in the manufac-
turing era. Milling is mainly used to process mold and 
other free-form surface parts. However, new materials 
such as high-strength aerospace alloy, etc., confront the 
following issues in milling: high cutting force, poor sur-
face roughness, and rapid cutter abrasion. To achieve 
high precision and improve the service life of cutter and 
material removal rate, scholars around the world con-
stantly explore new technology. Ultrasonic milling tech-
nology has been developed for many years, in which the 
supersonic vibration auxiliary milling is a kind of emerg-
ing unique milling technology. Compared with laser or 
electrical discharge milling, ultrasonic milling is more 

environmental-friendly. With the research breakthrough 
of scholars, the supersonic vibration milling has also 
obtained excellent progress in the actual application pro-
cessing field. Currently, supersonic vibration milling with 
an ideal processing effect. It is generally applied in mate-
rials which are difficultly to process.

Biermann et  al. [1] adopted the ultrasonic milling 
processing technology in the research on the milling of 
the thin-walled workpieces. They analyzed the research 
results to work out the influence rules and form-
ing reason of vibration milling to workpiece surface 
roughness. Wang et  al. [2] carried out the verification 
experiment of supersonic vibration auxiliary milling for 
optical glass K9, which concluded that the subsurface 
damage of materials is proportional to the change of 
cutting force and verified the accuracy of the prediction 
model. Shen et al. [3] established the tool trace model 
based on the transformation of tool trace character-
istics after supersonic vibration, deeply analyzed the 
relationship between the tool trace and the workpiece’s 
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surface quality from the theoretical perspective. Finally, 
through experimental verification concluded that 
the workpiece’s surface quality is related to the ratio 
between ultrasonic frequency and rotation speed of the 
main shaft, the larger the ratio is, the better the surface 
quality will be.

In recent years, with the gradual development of the 
finite element method, finite element analysis has been 
widely used in the field of cutting. The dynamic consti-
tutive model [4–6], residual stress of thin-walled parts, 
prediction precision machining and micro-cutting of 
finite element technology, etc., are researched a lot, with 
remarkable achievements [7–10]. Moaz et  al. [11] ana-
lyzed the influence of feed speed on surface roughness 
through the finite element simulation in the research on 
titanium alloy cutting, and concluded that the milling 
force is consistent with the surface roughness at different 
feed speeds; Thepsonthi [12] applied the finite element 
simulation method and utilized the finite element analy-
sis method in the research on cutter abrasion condition 
in titanium alloy milling process; Muhammed et al. [13] 
established the finite element simulation model of 3D 
ultrasonic milling and traditional milling, and expounded 
the change of cutting force based on two kinds of pro-
cessing technologies, and concluded that the vibration 
milling force reduces due to the increase of actual cutting 
speed and the continuous cutting of cutter; Sandipl et al. 
[14] conducted the modeling of 2D simulation model 
in the auxiliary processing process of rotary supersonic 
vibration, and in comparison to the traditional mill-
ing, concluded that the vibration milling process obvi-
ously improves the thermal softening effect of materials 
and the reduction of strength in clipping region based 
on finite element simulation of simulation model. Many 
research  results [15, 16] indicate that the finite element 
analysis was advanced and efficient in the vibration cut-
ting processing field and was deemed as one of the effec-
tive and necessary analysis and prediction methods. 
Finite element simulation analysis can optimize the pro-
cessing technology parameters and simplify the experi-
ment, especially playing an essential role in guiding the 
study of the coupling role among multi-factor parameters 
and the experimental result.

The application of the finite element simulation method 
in analysis of supersonic vibration auxiliary milling 
mainly focuses on the milling force and residual stress, 
and there is rare research on surface roughness of work-
piece obtained through the supersonic vibration auxil-
iary milling processing in the finite element method. The 
3D finite element simulation model of axial supersonic 
vibration auxiliary cutting titanium alloy is established to 
analyze the influence on processing surface quality after 
vibration.

2  Analysis of Finite Element Simulation for Surface 
Roughness

2.1  Interrupted Cutting Phenomenon Generated by Axial 
Supersonic Vibration

Since the flat milling cutter’s side edge and blade helical 
angle mainly exert the axial supersonic vibration, in the 
axial vibration, the cutter and workpiece generate the 
relative radial motion, as shown in Figure 1. The analy-
sis results regarding the relationship between actual 
cutting speed and indirect cutting show that the cutter 
and workpiece have intermittent contact in axial super-
sonic vibration milling. The milling cutter is deemed 
as single blade milling for the convenience of research 
[17].

Based on Eq. (1), the cutter’s axial vibration velocity 
VZ and time t have the following relationship:

where A and f refer to the vibration amplitude and vibra-
tion frequency, respectively.

The milling processing is defaulted at stable cutting 
status, and the main shaft is deemed to have uniform 
circular motion. So, the cutting speed Vc equation of 
the milling cutter is:

where d and n refer to the cutter diameter and rotation 
speed of the main shaft, respectively.

Then, the X-Y coordinate system is established in Fig-
ure 1. The coordinate axis x is found in the direction of 
the cutting edge, and the coordinate axis y perpendicu-
lar to the cutting edge is established. The cutting speed 
Vc and cutter’s axial vibration speed Vz are decomposed 
in a new coordinate system. The rate in the direction of 
y can be transformed as:

where β is the helix angle.

(1)VZ = 2πAf · cos
(

2πft
)

,

(2)Vc = πdn/1000,

(3)Vy = Vc cosβ + Vz sin β ,

Figure 1 Relation drawings of separation speed for cutter workpiece
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Due to the cutting tool moves up and down, the com-
ponent velocity of Vz in the direction of y changes. When 
the Vccosβ and Vzsinβ have the same direction, and the 
resultant speed in y direction constantly increases to 
the maximum value, the cutter is at the impact state. 
To expound the impact condition of supersonic vibra-
tion more intuitively, the acceleration coefficient G is 
introduced.

In combination with the above analysis results, the cutter 
has the following shock cutting conditions in the ultra-
sonic milling processing based on the theoretical analy-
sis: ① The cutting tool is at the shock milling state when 
G > 0; ② The cutting tool is at the critical value of shock 
milling when G =  0; ③ The cutting tool is at the non-
impact milling state when G < 0.

When Vccosβ and Vzsinβ have the opposite direction, 
the resultant velocity direction will point to the path 
with a larger value, and the cutter and workpiece are 
separated.

So, to expound the separation condition of intermittent 
high-frequency intermittent contact caused by super-
sonic vibration better, the velocity coefficient P is intro-
duced as Eq. (5) [18].

In combination with the above analysis results, the cut-
ter has the following separation conditions for intermit-
tent cutting in the ultrasonic milling processing based 
on the theoretical analysis: ① The processing cutter 
for supersonic vibration is at the workpiece separation 
stage when P  >  1; ② The processing cutter for super-
sonic vibration is at the critical value of the workpiece 
separation state when P =  1; ③ The processing cutter 
for supersonic vibration is at the workpiece contact stage 
when P < 1.

2.2  Auxiliary Milling Mechanism of Axial Supersonic 
Vibration

Auxiliary milling device of supersonic vibration mainly 
includes the ultrasonic power supply, energy converter, 
ultrasonic handle, and milling cutter. When a supersonic 
vibration system starts operation, firstly, the ultrasonic 
power supply sends out a current signal and delivers it 
to the energy converter, then the energy converter con-
verts the current signal to the sine pulse signal. Finally 
the power amplifier in the ultrasonic handle amplifies the 
vibration amplitude and outputs the vibration informa-
tion matched with energy converter through the cutter, 

(4)G = (Vz sin β)
′
= −(2πAf )2 · sin(2πAf ) · sin β .

(5)P =
Vz sin β

Vc cosβ
.

namely the supersonic vibration auxiliary milling, as 
shown in Figure 2.

2.3  Establishment of 3D Milling Simulation Model
The milling simulation through finite element software 
is relatively macro due to less surface roughness value, 
so the tiny element simulation is conducted to the mill-
ing, and the 3D bevel cutting simulation replaces the 3D 
milling simulation for the research on surface roughness. 
The surface roughness is the mean value of tiny displace-
ment variation for contour on the surface of the cutting 
processing workpiece in essence. Since the finite element 
software doesn’t have the module for direct measurement 
of surface roughness, the simulation measurement could 
be conducted to the infinitesimal displacement variation 
of contour on the surface of the processed workpiece 
as the parameters for predicting the surface rough-
ness value. The specific milling parameters are shown in 
Table 1.

2.3.1  Constitutive Model of Materials
The J-C constitutive model proposed by Jonson et  al. is 
widely applied in the metal cutting field, so the J-C con-
stitutive model is adopted upon the establishment of the 

Figure 2 Schematic diagram of auxiliary milling system of axial 
supersonic vibration

Table 1 Experiment parameters for verification of surface 
roughness empirical model

Serial 
number

Spindle speed 
(r/min)

Feed per tooth
(mm/z)

Depth of cut
(mm)

1 900 0.08 6

2 1600 0.09 6

3 1700 0.06 9

4 1800 0.07 4
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titanium alloy milling finite element simulation model, 
which considers the axial supersonic vibration, as shown in 
Eq. (6).

where σ is equivalent flow stress (MPa); ε is equivalent 
plastic strain rate; ε0 is the reference plastic strain rate. 
T is the absolute temperature of the workpiece material 
( ̇ε0 = 0.001s−1 ); Tr is room temperature (Tr = 25 ℃); Tm 
is melting temperature; A is yield strength; B is the hard-
ening modulus; C is strain rate sensitivity coefficient; m 
is thermal softening coefficient; n is the strain hardening 
index [19].

2.3.2  Material Failure Criteria
In the milling processing process, as the rack face con-
stantly extrudes the materials, the materials are con-
tinuously removed to form different shapes of chips. The 
damage coefficient is deemed as an essential parameter 
that can judge whether materials are invalid in the failure 
criterion of Johnson-Cook, and is indicated with D (mate-
rials are considered to be weak when D is more than 1) in 
general [20], with the calculation equation as Eq. (7).

where �εpl and εplf  refer to the equivalent plastic strain 
increments and the equivalent plastic strain upon unit 
failure, respectively. Its expression equation is shown in 
Eq. (8):

where ε0 refers to the reference strain rate; ε refers to the 
plastic strain rate; d1, d2, d3, d4, d5 refers to the material 
failure parameters.

2.3.3  Chips Contact Model
By the friction model [21] proposed by Zorev, the con-
tact segment between the cutter and cutting layer area is 
divided into the bonded area and slipping place in the 
established simulation model. In the slipping area, the fric-
tion coefficient is a constant, and its change scope meets 
the Coulomb Friction Law, as shown in Eq. (9).

(6)

σ =
[

A+ B(ε)n
]

·

[

1+ C ln

•
ε
•
ε0

]

·

[

1−

(

T − Tr

Tm − Tr

)m]

,

(7)D =
∑ �εpl

ε
pl
f

,

(8)

ε
pl
f = [d1 + d2epx(−d3)η]

[

1+ d4 ln(
εpl

ε0
)

]

(1− d5θ),

(9)τ=

{

µσn

τp

0 < x < lp,

lp < x < lc,

where σn refers to the normal stress; τp and μ refer to 
shear stress and friction coefficient, respectively.

2.3.4  Setting of Ultrasonic Motion Trial of Shank Cutter
In the established axial supersonic vibration auxiliary 
milling 3D model, the feeding direction of milling isn’t 
fixed, and the centrode of the cutter is a regular wavy 
curve. In ABAQUS software, the load function mod-
ule can control the amplitude value curve by setting up 
boundary conditions or load with the change of time and 
frequency, thus achieving the simulation condition of a 
non-linear cutter centrode.

The same-cycle amplitude curve is adopted in the 
model to control the motion mode of the cutter, which 
is calculated in the amplitude equation in the setting of 
the parameter process, in which the amplitude’s circular 
frequency has the following calculation equation:

where ω, f and t refer to the circular frequency, the vibra-
tion frequency of the cutter, and the period, respectively. 
The cutter’s vibration frequency and time span are 25 
kHz and 0.1 s, respectively.

In the amplitude value parameter setting module, in 
addition to setting up the circular frequency, the size 
of vibration amplitude shall be set, namely the setup of 
parameters A and B, whose specific relationship as below:

where u and A0 refer to the amplitude and the initial 
amplitude, respectively; A and B refer to amplitude con-
trol parameters.

The vibration amplitude needs to be set as 10 μm. So if 
we put the control parameter A of initial amplitude and 
amplitude as 0, the value of B is equal to the amplitude 
value. The specific parameter setting of amplitude value 
could be found at Figures 3 and 4.

2.4  Post‑treatment of Finite Simulation Model
The arithmetic average deviation Ra of contour refers to 
the arithmetic average of surface contour offset absolute 
value of manufacturing workpiece in the sampling length 
l, and can accurately and comprehensively reflect the 
microscopic unevenness of surface [22], as shown in Fig-
ure 5, with expression equation as below:

wherein, yi refers to the distance between the point and 
center line on contour.

(10)ω = 2π f t,

(11)u = A0 + Acos2πf + Bsin2πf ,

(12)Ra =
1

n

∑

∣

∣yi
∣

∣,
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Figure 6 is the imitated diagram of surface roughness 
after simulation processing. When the surface rough-
ness model is predicted through finite element simula-
tion, the infinitesimal element processing is conducted 
to the auxiliary milling of supersonic vibration, which is 
replaced with bevel chips.

To facilitate the research on the simulation result 
graph of surface roughness, the cutter and chips are 
hidden, as shown in Figure 7.

The bevel cutting simulation is conducted on the 
workpiece. The grid node is selected on the surface 
of the workpiece and is magnified to the maximum 
degree, and any point around it is set. The mean value 
between the workpiece radial coordinate values (coor-
dinate value Y) of extraction point in the actual cutting 
process and the absolute value of theoretical difference 
value of workpiece radial coordinate values is deemed 
to be the workpiece’s processing surface contour height 
Ra. The field output module selects the displacement 
field output to extract the surface roughness value. 
Twenty-one points on the processed surface after the 
stable cutting of the workpiece are chosen. The absolute 
value of the 21 groups of the extracted surface rough-
ness parameters is calculated, as shown in Figure 8.

The specific value of cutting parameters in Group 2 of 
Table 1 is shown in Table 2. Finally, the absolute value 

Figure 3 Load setting in ABAQUS software

Figure 4 Setting of vibration amplitude curve parameters

Figure 5 Diagram of arithmetic average deviation [23]

Figure 6 Imitated diagram of workpiece surface roughness

Figure 7 Simulation result graph after concealment of cutter and 
chips
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of yi in Table  2 is analyzed based on Eq. (12), and the 
surface roughness Ra is 0.509.

Likewise, the simulation results of milling parameters 
in Table are processed to work out the surface roughness 

of each group of processing parameters, as shown in 
Table 3.

3  Empirical Model of Surface Roughness Based 
on ANOVA

3.1  Construction of Test Platform
The equipment used in the experiment can be divided 
into the processing center, supersonic vibration system, 
and workpiece. As shown in Figure 9, the experimental 
machine tool adopts the VDL-1000E three-axis mill-
ing machine, the workpiece materials adopt titanium 
alloy, the ultrasonic power frequency is 25  kHz, and 
the cutter adopts the 4-blade φ10 cemented carbide flat 
milling cutter, with the specific parameters shown in 
Table 4. The workpiece connects its machine tool work-
bench, and the ultrasonic handle connects the main 
shaft.

3.2  Orthogonal Test Design and Specific Test Parameters
The test study adopts the orthogonal test method, which 
is a kind of commonly-used research method of inquiring 
about the multi-factor variables at present. The orthogo-
nal test can reduce test times as far as possible, rapidly 
obtain the representative test data, improve the test pro-
gress and guarantee the reliability of test results. The spe-
cific test parameters are shown in Table 5.

Enlarge

Figure 8 Coordinate extraction figure

Table 2 Extraction data of surface roughness

Serial number yi (μm) Absolute 
value of yi 
(μm)

1 0.9886 0.989

2 0.8354 0.835

3 0.145 0.145

4 0.552 0.552

5 0.6107 0.611

6 0.6417 0.642

7 0.7232 0.723

8 0.401 0.401

9 0.46 0.46

10 0.6516 0.652

11 0.224 0.224

12 0.1885 0.189

13 0.435 0.435

14 0.55 0.55

15 0.6506 0.651

16 0.647 0.647

17 0.479 0.479

18 0.512 0.512

19 0.1057 0.106

20 0.1678 0.168

21 0.216 0.216

Table 3 Surface roughness value obtained through finite 
element simulation

Serial 
number

Spindle speed
(r/min)

Feed per tooth
(mm/z)

Depth of cut
(mm)

Ra
(μm)

1 900 0.08 6 0.327

2 1600 0.09 6 0.509

3 1700 0.06 9 0.346

4 1800 0.07 4 0.314

machine 
tool

Ultrasonic 
generator

Ultrasonic 
knife holder

Tool Artifact

Figure 9 Test Platform in this research

Table 4 Cutter parameters

Parameter Parameter 
value (°)

Helix angle 38

Front angle 8

Back angle 9

Interdental angle 90
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The test aims to research the surface roughness, the 
multi-factorial test, which involves four factors and three 
levels and considers the mutual influence among each 
aspect, is designed. The header design of the test scheme 
is shown in Table 6.

3.3  Test Results and Analysis of Surface Roughness Based 
on ANOVA

The single-factor analysis results of workpiece surface 
roughness in the last section show that the rotation speed 

and feed speed of the main shaft are the leading causes of 
influencing the surface roughness of the processed work-
piece. But in the actual milling process, their influence on 
the surface roughness of the workpiece is mutually influ-
enced. Based on that issue, the response surface method-
ology will analyze the impact of interaction among three 
cutting factors on surface roughness to seek the optimal 
milling parameter combination. The test result is shown 
in Table 7.

3.4  Surface Roughness Modeling Based on RSM
The variance method is adopted to analyze the rule of 
influence of milling parameters on the surface roughness 
of the processed workpiece. Still, the interaction among 
each milling parameter in actual cutting processing is 
excellent. Hence, response surface methodology shall 
be utilized to analyze the optimization results further. 
Response surface methodology (RSM) is a method to 
optimize statistical trials of random processes. It has the 
functions of test design, regression analysis, interaction 

Table 5 Multi-factorial test parameter table

Vibration frequency (kHz) 25 Amplitude (μm) 8
Factor Level

I II III

A- Spindle speed (r/min) 1000 1500 2000

B- Feed per tooth (mm/z) 0.05 0.07 0.09

C- Depth of cut (mm) 3 6 9

Table 6 Multi-factor header design

Factor A B (A*B)1 (A*B)2 C (A*C)1 (A*C)2 (B*C)1 (B*C)2

No. 1 2 3 4 5 6 7 8 9

Table 7 Experimental result

No. A B (A*B)1 (A*B)2 C (A*C)1 (A*C)2 (B*C)1 (B*C)2 Ra

1 I I I I I I I I I 0.275

2 I I I I II II II II II 0.326

3 I I I I III III III III III 0.403

4 I II II II I I I II III 0.553

5 I II II II II II II III I 0.564

6 I II II II III III III I II 0.864

7 I III III III I I I III II 1.130

8 I III III III II II II I III 1.231

9 I III III III III III III II I 1.310

10 II I II III I II III I I 0.225

11 II I II III II III I II II 0.255

12 II I II III III I II III III 0.317

13 II II III I I II III II III 0.374

14 II II III I II III I III I 0.420

15 II II III I III I II I II 0.452

16 II III I II I II III III II 0.742

17 II III I II II III I I III 0.745

18 II III I II III I II II I 0.957

19 III I III II I III II I I 0.234

20 III I III II II I III II II 0.300

21 III I III II III II I III III 0.321
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analysis, etc. Such analysis method considers the inter-
action effect and secondary effect among every process 
parameter, with the expression eqution as follows:

where Y refers to the response value of surface rough-
ness, xi and xj refer to the independent variable, Ra refers 
to the surface roughness; β0 , βi , βij and βii refer to the 
regression coefficient of each item.

Based on the Design-Expert 8.0.6 software, the step-
wise regression analysis method is utilized for the 
repeated optimization processing of test data in Table 7 
to process the platform. The stepwise regression anal-
ysis is conducted to the test data in Table  7 through 
Design-Expert 8.0.6 software, and the repeated con-
sequent selection and reverse removal are completed 
to the test data to work out the Level-II response sur-
face analysis model equation of titanium alloy surface 
roughness based on three cutting factors:

(13)

Y = Ra− ε = β0 +

k
∑

i

βixi +

k−1
∑

i=1

k
∑

j=i+1

βijxix +

k
∑

i=1

βijx
2
i ,

(14)

Ra = 0.49− 0.15A+ 0.32B

+ 0.088C − 0.082A ∗ B

− 0.064A ∗ C + 0.027B ∗ C

+ 0.14A2
+ 0.046B2

+ 0.025C2
,

where A, B and C refer to the rotation speed of the main 
shaft, feed speed and cutting depth, respectively.

3.5  Optimization and Inspection of Surface Roughness 
Regression Model

To improve the accuracy of the established regression 
model of surface roughness, the Design-Expert 8.0.6 soft-
ware is adopted for significance analysis of all independ-
ent variables in the model. If the value P of the tested 
objects among analysis results is no more than 0.05, such 
thing is significant. Otherwise it is non-significant.

As shown in Table  8, B of the primary item is highly 
significant, A2 of direct item, the interaction item, and 
the quadratic term are substantial, and B2 and C2 of 
the interaction item and the quadratic term are not 
significant.

To obtain the optimal surface roughness model, the 
optimal principle of the regression equation is utilized 
to eliminate the non-significant value in the significant 
analysis module and optimize the established model. The 
response surface analysis model of titanium alloy surface 
roughness is:

To verify the accuracy of the optimized model, a signifi-
cance analysis is needed for the model to judge the reli-
ability of the model, as shown in Table 9.

3.6  Optimization of Auxiliary Milling Auxiliary Titanium 
Alloy Process Parameters for Supersonic Vibration

The visual processing analysis is conducted to the opti-
mized surface roughness regression model through 
Design-Expert 8.0.6 software. Based on the fixed param-
eter, the rule of influence of interaction between any 
two milling parameters on titanium alloy surface rough-
ness is shown; the optimal value of surface roughness is 
Ra =  0.277  μm, and the corresponding milling process 
parameters A  =  1403.29  r/min, B  =  319.75  mm/min, 
C = 3.1 mm, as shown in Figure 10.

As shown in Figure 10, the surface roughness changes 
a little with the increase in rotation speed of the main 

(15)
Ra = 0.49− 0.15A+ 0.32B+ 0.088C

− 0.082A ∗ B+ 0.14A2
.

Table 8 Significance analysis of surface roughness regression 
model

Source of 
variance

Sum of 
square

Degree of 
freedom

Mean 
square

F value P‑value

A 0.17 1 0.17 41.84 0.0009

B 0.84 1 0.84 208.97 ≤ 0.0001

C 0.059 1 0.059 14.86 0.0130

AB 0.028 1 0.028 7.01 0.0331

AC 0.017 1 0.017 4.12 0.0818

BC 0.003042 1 3.042×10−3 0.76 0.4790

A2 0.057 1 0.057 14.30 0.0071

B2 1.980×10−3 1 1.980×10−3 0.49 0.353

C2 1.698×10−3 1 1.698×10−3 0.042 0.5100

Table 9 Significance verification of surface roughness regression model

Source of variance Sum of square Degree of freedom Mean square F value P value

Regression model 1.27 9 0.14 25.99 ≤ 0.0001

Residual 0.038 7 5.441×10−3

Lack of fit 0.024 3 8.100×10−3 2.35 0.2137

Pure error 0.014 4 3.447×10−3

Sum 1.31 16
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shaft; surface roughness would rapidly increase with the 
addition in feed rate of every gear. The feed rate of every 
equipment becomes the most critical factor in influenc-
ing the surface roughness of the workpiece, because the 
remaining height of the processing surface is mainly con-
trolled by the tool nose’s radius and feed rate. When the 
radius of the tool nose is fixed, the remaining size of the 
processing surface will increase with the increase of the 
feed rate of every gear.

As shown in Figure  11, the surface roughness value 
changes a little with the increase of cutting depth, and 
the surface roughness decreases before increasing with 
the growth in rotation speed of the main shaft. The sur-
face roughness reduces mainly because the increase of 
rotation speed of main shaft improves the contact rate 
between cutter and workpiece and reduces the sur-
face roughness Ra; later, with the promotion of rotation 
speed of the main shaft, the strengths of vibration milling 
reduce, and secondary “ironing” becomes poor, causing 
the surface roughness becomes poor.

As shown in Figure  12, with the increase of the feed 
rate of every gear, the growth trend of surface rough-
ness isn’t apparent, which indicates that the interaction 
between the feed rate of every equipment and the cutting 
depth doesn’t generate a significant influence on surface 
roughness.

3.7  Experimental Verification of Regression Model 
and Optimal Milling Parameters

To verify whether the milling parameter correspond-
ing to the optimal value of workpiece surface roughness 
through model analysis is accurate, the optimal combina-
tion of supersonic vibration milling process parameters 
is adopted for the milling process of titanium alloy. The 
number of terms and the times of independent variables 
contained in the surface roughness empirical model 
can be adjusted sharply. The model precision can be 
improved by increasing the number of high-order terms 
[21]. So, the established surface roughness empirical 
model has made good progress.
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The finite element simulation model and surface rough-
ness prediction model are verified and analyzed by exper-
iment. The comparison result can be found in Table 10.

As shown in Figure  13, the predicted error range of 
the surface roughness model of the workpiece and the 
finite element simulation model is 4.4%–12.3% and 
27.5%–30.9%, respectively, and the surface roughness 
empirical model has higher fitting precision. The com-
parison results between the predicted value and the 
experiment value show that experiment value is more 
significant than the predicted value, and the error is 
mainly generated due to the following causes:

(1) For simulation research For the simulation pro-
cess is ideal, the inevitable external factors such as 
the vibration of the machine tool and the clamp-
ing error between tool and workpiece in the actual 
machining process are not considered. In the ultra-
sonic vibration-assisted machining process, the 
amplitude is minimal. Slight vibration may have 
a relatively significant impact on the experimental 
results, and there are measurement errors in the 
experiment. Also, for the process of FEM simula-
tion, with the continuous cutting of the tool, the 
mesh elements on the workpiece will be distorted, 
which will also affect the simulation results.

(2) For empirical model research On the one hand, 
the influence of tool wear on surface roughness was 
not considered in the test process. On the other 
hand, due to the vibration of the machine tool in 
the machining process and the inherent processing 
characteristics of the material, making the model 
prediction has an error. In ultrasonic vibration mill-
ing, the fracture of the chip and the forming mech-
anism of the machined surface have changed dra-
matically due to the introduction of axial vibration. 
Due to the action of ultrasound, the cutting edge of 
the tool is intermittently separated from the work-
piece in high frequency and cycle, which makes the 
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Table 10 Comparison between experimental result and 
simulation result

Serial 
number

RSM model 
prediction result 
(μm)

FEM simulation 
result (μm)

Experimental 
result (μm)

1 0.432 0.327 0.451

2 0.686 0.509 0.726

3 0.430 0.346 0.483

4 0.423 0.314 0.455

Figure 13 Comparison Diagram of Surface Roughness
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cutting edge have a reciprocating "ironing" effect on 
the machined surface, so there is deviation com-
pared to the actual measurement process.

4  Conclusions
The auxiliary milling surface roughness of axial super-
sonic vibration is researched by simulation and experi-
mental methods. The conclusions are as follows:

(1) The finite element software is used to simulate 
the micro displacement variation of the machined 
workpiece surface contour. The surface roughness 
obtained by the finite element simulation model 
is verified by experiments, and the error range 
is 27.5%–30.9%. The empirical model of surface 
roughness obtained by the response surface method 
is verified by experiments, and the error is between 
4.4% and 12.3%.

(2) Under the premise of not considering the influence 
of cutter abrasion on the surface roughness, the 
predicted value of the surface roughness empirical 
model obtained in the test method is more accu-
rate than that of surface roughness by finite element 
simulation, mainly because the processing environ-
ment of finite element simulation is relatively ideal. 
The test method is more suitable for the actual pro-
cess in comparison to the finite element simulation 
method.
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