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Abstract
The processing deformation of thin-walled parts is di�cult to control under the traditional process
method because of the small rigidity of the parts and the large amount of removal. Simulation research
of various process parameter combinations and engineering test are carried out for the typical thin-walled
parts with 2mm wall thickness and diameter-thickness ratio more than 850 to solve the problem of
deformation. Based on the umbrella-shaped special tool of YG8 tungsten steel, the in�uence of process
parameters on the important indexes and distribution law of residual stress of thin-walled structure parts
were studied. Residual stress superposition mechanism of process parameter combinations of semi-
precision milling and �ne milling are revealed. A process design method considering the deformation
control objective of thin-walled parts is proposed. The method includes the principle of high-speed
machining, the design criterion of process allowance considering the location deviation, and the
optimization design method of process parameters and their combinations based on the high-speed and
allowance allocation criterion, in order to improve residual stress and its distribution, reduce cutting
deformation and the long-term stability of the thin-walled structure. The relative cross-section size,
thickness, roundness and concentricity of thin-walled parts with conical surface were measured by
roundness meter and CMM. Result reveals that the use of high-speed milling and the optimized
combination of process parameters can effectively control residual stress and deformation.

1 Introduction
The performance requirements for the processing of large thin-walled parts are getting higher in
aerospace industry, which includes indicators of surface integrity, and thin-walled parts processing
quality persistence in addition to the traditional processing accuracy and surface roughness [1]-[2]. The
processing of aerospace thin-walled parts with complex curved surfaces can hardly realize both high
precision and high e�ciency. Aerospace large thin-walled components, recognized as typical large, weak
rigid irregular parts, are mostly composed of irregular thin-walled pro�les and ring structure with the ratio
of diameter to thickness of mostly 800 or above, and both internal and external pro�les need to be
processed. The thin-walled parts are easily deformed by cutting force, machining path and other factors
when being machined, and it is di�cult to improve the machining accuracy, especially the long-term
retention of the machining accuracy [3]. Therefore, the control of distortion of thin-walled part is being
considered tough issues.

Aluminum alloy is widely used in the �eld of aeronautics and astronautics for its high strength and
cutting performance, especially for large thin-walled parts, such as the skin, which is one of the most
important parts of the wing and fuselage. Thin-walled aluminum alloy parts are easy to chatter and
deform, which greatly affects the processing quality and long-term retention of thin-walled parts[4]-[5].
Mohamed et al.[6] researched the in�uence of milling process on cutting heat by Taguchi method and all-
factor design technique, and the results show that the signi�cance or non-signi�cance of temperature
changes between different cutting zones and processing operations. Dejan, Luo et al. [7] researched the
multi-criteria selection of the optimal parameters for Al7075 thin-walled parts in high-speed machining.
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Researches on thin-walled parts processing technology, including the in�uence of cutting force, thermal,
deformation and residual stress, have been increasing in recent years[8]-[12]. The machining deformation
and vibration caused by the weak rigidity of thin-walled parts greatly affect the machining quality of the
products. Reasonable clamping can control the machining deformation and vibration, and effectively
improve the machining stability of thin-walled parts. Wu Baohai et al. [13] carried out research on the
development of intelligent clamping technology for thin-walled parts machining deformation and
vibration control, including the optimal design of clamping scheme, thin-walled Parts Processing Auxiliary
Support Technology and intelligent �xture system and its application. Zhuo et al. [14] developed a
surface topography prediction model considering cutting vibration and material removal effect for the
peripheral milling of thin-walled parts with curved surfaces, and results indicate that the proposed model
can predict the surface topography and roughness parameters accurately under the machining condition
of large axial cutting depth. Hao et al. [15] researched the actual geometric state of the deformed
workpiece by using a time-varying geometry modeling method, combining cutting simulation and in-
process measurement. Li et al. [16] researched the machining deformation change regulations of two
typical thin-walled parts and proposed a machining deformation control method based on enhancing the
equivalent bending stiffness. Jia et al. [17] established a de�ection prediction model of micro-milling thin-
walled parts.

The distortion of thin-walled part is signi�cantly affected by the residual stress generated after the
material removal process, in which the relations between the redistributed residual stress and the
distortion are complex [18]-[19]. Investigation data have proved that residual stress has signi�cant
in�uence of the deformation of workpiece[20]-[24]. Luke Berry et al. [25]researched the residual stress and
fatigue life caused by machining of aluminum 7075, and proposed that the increase of residual
compressive stress can contribute to the improvement of fatigue life. Many researches are carried out to
study the residual stress mechanism in simulation and experiment methods. Li et al. [26] established a
prediction model for machining deformation considering machining-induced residual stress and initial
residual stress. Y Rahul et al. [27] established the Finite Element model to research the state of residual
stress at surface and sub-surface level and the effect of processing parameter on cutting force. Zhou et
al. [28] predicted the temperature �eld of workpiece induced by complex surface milling by the analytical
model for the generation of residual stresses. Most researches focus on the force, heat and residual
stress induced by single machining, while the superposition of multi-process machining is also important
because the actual machining is composed of multiple processes. Jiang et al. [29]-[30] constructed an
empirical model of milling residual stress superposition and quanti�ed the superposition relationship
between the residual stress induced by force and heat, and researched the effects of sequential cuts on
residual stress. Guo et al. [31] carried out the simulation models of the machining process and heat
treatment, and researched the redistribution mechanism of residual stress during multi-process milling.
Irfan Ullah et al.[32] presented a numerical and experimental method to study the effect of white layer of
high-speed milling on the relationship between nano-hardness and residual stress and residual stress
distribution. Therefore, the superposition of force, temperature and residual stress of thin-walled parts in
multi-process machining is an urgent research topic.



Page 4/29

This paper takes the aerospace 7075-T7451 aluminum alloy thin-walled rotational parts of "L" type as the
research object through Finite element simulation. The material removal model of single cutting edge and
multi-process model for semi-precision milling and �ne milling were constructed and the simulation
parameters were designed. The milling force, temperature and residual stress superposition mechanism
of parameter combinations of semi-precision milling and �ne milling were analyzed in this paper. The
milling experiment of thin-walled part was carried out to verify the parameter combination, and the
�atness deviation of the bottom plane and circularity deviation of the top, middle 1/3 height, middle 1/2
height, and bottom of the wall were measured. The optimization design method of process parameters
considering the deformation of thin-walled parts were given.

2 Mechanism Of Residual Stress In High Speed Milling Process

2.1 Material removal model of single cutting edge

2.1.1 Workpiece and tool model
The research object of this study is a thin-walled rotational part, and the ratio of the diameter to the
thickness of the part is larger than 850. Therefore, the workpiece was simpli�ed to a block with a preset
machined surface (colored by grey) in the material removal model of single cutting edge, as shown in
Fig. 1. The thickness of 2 mm was set in the radial direction of the revolving part (Y direction), and all
displacements at the bottom of the workpiece were �xed. The model of cutting edge with a �llet radius of
3mm was colored by yellow in Fig. 1, and the radial rake angle and axial rake angle were set to 10 degree.
The tool rotates in the direction of the green arrow in the �gure (downing milling) and feeds in the
direction of the red arrow. The material of workpiece model was set to 7075-T7451 aluminum alloy, and
the cutting tool of YG8 tungsten steel, set rigid, was established to the single edge of the milling cutter
with the diameter of 102 mm. The properties of workpiece and tool are shown in Table 1 [33]-[34].

Table 1
Properties of workpiece and tool

  Workpiece Tool

Density (kg·m− 3) 2800 14500

Poisson's ratio 0.33 0.20

Modulus of elasticity (GPa) 71 400

Thermal conductivity (W/m·K) 193 110

Thermal expansion coe�cient (10− 5/K) 2.45 /

2.1.2 Process parameter design



Page 5/29

Rotation speed and number of teeth, feed per tooth, depth of cut and linear velocity (vs) of the cutting
edge were the main factors effecting the processing quality and e�ciency, and were considered in this
study, which can be calculated in formula (1)

1

Where MRR is the material removal rate of milling, N is the number of the teeth, n is the rotation speed, ae

and ap are the radial and axial depth of cut, and fz is the feed per tooth of the cutter.

In this section, 12 simulations, divided into 4 semi-precision milling simulations (R-A1 to R-C2) and 8 �ne
milling simulations (F-A1 to F-C4), were completed by the 3D Corner Milling module of metal cutting
software AdvantEdge FEM, as shown in Table 2. In semi-precision milling simulations, radial depth of cut
of R-A and R-C were set to the same (6mm) to study the effect of rotational speed on the surface quality.
Rotation speed of R-A1 and R-A2 (R-C1 and R-C2) were set to the same to study the effects of axial depth
of cut and number of teeth on the surface quality with the same processing e�ciency. In �ne milling
simulations, rotation speeds of F-A, F-B and F-C were set to 5000, 7500 and 10000 rpm, and the numbers
of teeth of F-A1 and F-A2 was set to 8 and 4. The initial temperature was set to 20℃. The maximum and
minimum element size of the model were set to 2 and 0.3 mm, and the minimum edge length was set to
0.02 mm. The angle of rotation was set to 45° for the simulations of 8 teeth cutter and 90° for those of 4
teeth cutter. Finally, all the results were output every 30 frames, including the real-time values of
tangential force, radial force, axial force and temperature in the milling process, and the tangential, radial
and axial residual stress of the workpiece after cutting and cooling to the initial temperature.

MRR = N ⋅ n ⋅ ae ⋅ ap ⋅ fz
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Table 2
Parameters design

  Rotation
speed, n

(rpm)

Linear
velocity,
vs

(m/s)

Radial
depth of
cut, ae

(mm)

Axial depth
of cut, ap

(mm)

Feed per
tooth, fz

(mm/z)

Number of
teeth, N

MRR

(mm3/min)

R-
A1

5000 26.7 6 1 0.15 8 36000

R-
A2

5000 26.7 6 2 0.15 4 36000

R-
C1

10000 53.4 6 1 0.15 8 72000

R-
C2

10000 53.4 6 2 0.15 4 72000

F-
A1

5000 26.7 2 1 0.0625 8 5000

F-
A2

5000 26.7 2 1 0.15 4 6000

F-
B1

7500 40.1 2 1 0.0625 8 7500

F-
B2

7500 40.1 2 1 0.15 4 9000

F-
C1

10000 53.4 2 1 0.0625 8 10000

F-
C2

10000 53.4 2 1 0.15 4 12000

F-
C3

10000 53.4 1 1 0.0625 8 5000

F-
C4

10000 53.4 1 1 0.15 4 6000

2.2 Force and temperature analysis
Figure 2 gives the temperature distribution graph of the workpiece in and after the cutting process at 2
mm radial depth of cut, 1mm axial depth of cut and 10000 rpm. Figure 2 (a) shows the workpiece before
cutting, Fig. 2 (b) and (c) shows the shape of chips at angular cutting length of 20 and 40 degree, and
Fig. 2 (d) shows the workpiece after being processed and cooled to 20℃. The force in tangential, radial
and axial direction and temperature as a function of angular cutting length are given in Fig. 2 (e) and (f),
and the cutting process can be divided into three phases. In phase I (0 to 3 degree), both forces and
temperature rise rapidly to the near maximum values with the contact between cutting edge and
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workpiece. In phase II (3 to 35 degree), cutting edge moves along the arc-shape path, and its linear
velocity is parallel to the feed direction at the angular cutting length of about 35 degree. As a result,
tangential force and axial force retain their levels at the stable value of 110 N and 85 N, respectively, and
the radial force decreases from the largest value of 65 N to zero. Cutting temperature climbs in the �rst 10
degree and levels off at about 260℃. In phase III (35 to 45 degree), the chips were carried away from the
processed surface of the workpiece by the cutting edge. Tangential force and axial force decline to zero,
and radial force gradually increases to about 80% of the largest value in the opposite direction. The three
phases will be repeated as each tooth cuts into and leaves the workpiece in the milling process, therefore,
the average values of tangential force, axial force and maximum value of radial force in phase II, and the
average value of temperature of the stationary part of phase II are de�ned as the stable value.

Radial force is one of the most importance factors affecting the deformation of thin-walled rotational
part, as a result, reducing the radial force is given priority in parameter combination. The results of cutting
force and temperature of 14 simulations are given in Table 3. For semi-precision milling (R-A1 to R-C2),
increasing axial depth of cut from 1 mm to 2 mm will increase radial and tangential force by about 68%
and 27% at the rotation speed of 5000 rpm, and 58% and 22 at that of 10000 rpm, respectively. Increasing
rotation speed will increase the cutting temperature by about 14% and reduce the radial force by about 4–
10%. Comparing R-A1 and R-A2 (R-C1 and R-C2), smaller axial depth of cut and larger number of teeth
(higher feed speed to keep the feed per tooth unchanged) can reduce radial force effectively with few
increase in temperature (less than 2%) and the same processing e�ciency (MRR). For �ne milling (F-A1 to
F-C4), it can be observed that reducing the feed per tooth from 0.15 mm/z to 0.0625 mm/z can decrease
radial force, tangential force and temperature by about 27%, 40% and 12%, respectively. Increasing
rotation speed from 5000 rpm to 10000 rpm can reduce the radial force by nearly 50% and 25% for the
feed per tooth of 0.0625 mm/z and 0.15 mm/z. Comparing F-A1 and F-C3 (F-A2 and F-C4), to keep MRR
unchanged, smaller radial depth of cut and higher rotational speed can reduce radial force by about 50–
62% while the temperature increase by 4–12%.



Page 8/29

Table 3
Force and temperature results

  Radial force

(N)

Tangential

force (N)

Axial force

(N)

Temperature

(℃)

R-A1 125 110 95 245

R-A2 210 140 110 250

R-C1 120 115 95 280

R-C2 190 140 90 285

F-A1 60 50 75 200

F-A2 80 90 80 240

F-B1 55 55 75 220

F-B2 80 100 80 250

F-C1 30 70 80 235

F-C2 60 110 85 260

F-C3 30 60 75 225

F-C4 30 90 75 250

2.3 Residual stress analysis
Radial residual stress as a function of depth from milling surface for semi-precision and �ne milling are
given in Fig. 3, and the maximum values of radial residual tensile and compressive stress and the radial
residual stress range are given in Fig. 4(a) and (b). The positive value indicates the residual tensile stress,
and the negative value indicates the residual compressive stress. The radial residual stress (affecting
deformation) and the tangential residual stress (affecting power) are mainly investigated for thin-walled
parts. It is generally expected the value of residual tensile stress to be lower, and that of residual
compressive stress to be higher on this basis. The radial residual tensile stress is represented by + RRS,
and the radial residual compressive stress is represented by –RRS. In Fig. 3(a), it can be observed that the
value of surface + RRS of R-C1 is the lowest. The maximum + RRS of R-C1 (30MPa) is at 0.2 to 0.5 mm
depth from the surface, which is only about 25–40% of the surface maximum + RRS of R-A1, R-A2 and R-
C3. As a result, semi-precision milling R-C1 is a better combination of process parameter. The �ne milling
simulations with the same material removal rate (F-A1 and F-C3, F-A2 and F-C4) are analyzed and
compared in Fig. 3(b), and the values of surface + RRS of F-C3and F-A2 are lower.

The �ne milling simulations with the same depth of cut and different rotation speed (F-A1, F-B1 and F-C1,
fz = 0.0625 mm) are analyzed and compared in Fig. 3(c). The increase of rotation speed from 5000 rpm
to 7500 rpm can lead to the reduction of maximum + RRS by about 20%, and shallower radial residual
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stress distribution. When the rotation speed increases from 7500 rpm to 10000 rpm, the maximum + RRS
increases slightly (about 10%), the value of maximum –RRS changes slightly (4%). So �ne milling F-C1 is
a better combination than F-A1 and F-B1. The �ne milling simulations (F-A2, F-B2 and F-C2, fz = 0.15 mm)
are analyzed and compared in Fig. 3(d). Increasing the rotation speed can reduce the depth of radial
residual stress distribution, and the maximum + RRS are within 0.02 mm distance from the surface. The
location of maximum + RRS gets shallower with the increase of rotation speed. The maximum + RRS and
-RRS are less affected by the change of rotation speed (less than 20%) when over 7500 rpm, and reduce
by about 1/3 when the rotation speed increases from 5000 to 7500 rpm. As a result, F-B2 and F-C2 are
better parameter combinations than F-A2.

It can be observed from Fig. 3 that the residual stresses change in the direction of the depth from the
processed surface, and the thin-walled parts are extremely sensitive to internal stress distribution. The
value of surface residual stress and maximum residual stress cannot explain the stress distribution
comprehensively. Therefore, the thickness data of residual tension and compression stress is taken into
consideration. The values of + RSS and -RSS in the depth direction of thin-walled parts and their covered
thickness range are integrated respectively, that is, the area circled by each curve and the X axis in Fig. 3.
The radial residual tensile and compressive stress coverage coe�cients are calculated and recorded as
C+ RRS and C− RRS, respectively, and the unit is . The ratio of C+ RRS and C− RRS is calculated and
recorded as CRRS+/−, as shown in Table 4 and Table 5.

Comparing the semi-precision and �ne milling, the maximum surface + RRS of semi-precision milling is
lower than that of �ne milling, while the average value of C+ RRS of the workpiece after �ne milling is about
30% lower than that of semi-precision milling, and the average value of C− RRS of the former is about 10%
higher than that of the latter, when considering the stress coverage data. The surface and maximum + 
RRS of R-C1 is the best parameter combination of semi-precision milling simulations (25–40% of the
surface + RRS and 50–80% of the maximum + RRS for other combinations), while the CRRS+/− of R-A1 is
smaller than other combinations. The C− RRS of R-C1 is 0.2 MPa·mm, the surface and maximum + RRS of
F-C2 are 55% of those of F-A2, and the CRRS+/− is 75% higher than F-A2. The difference of surface + RRS
between F-C2 and F-B2 id within 7%, and the CRRS+/− of F-B2 is 24% of that of F-B2. The surface + RSS,
maximum + RRS and CRRS+/− of F-C2 are 60%, 50% and 50% of those of F-C4, respectively. Therefore, R-C1
and F-C2 are considered to be better process parameter combinations for semi-precision milling and �ne
milling after comprehensive analysis.

MPa ⋅ mm
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Table 4
RRS coverage coe�cient for semi-precision milling

  R-A1 R-A2 R-C1 R-C2

+RRSsurf (Mpa) 59.0 38.1 14.9 52.8

+RRSmax (Mpa) 59.0 38.1 30.0 56.1

-RRSmax (Mpa) -10.1 -12.6 -4.0 -18.1

RRS range (Mpa) 69.1 50.7 34.0 74.2

C+ RRS·t (Mpa·mm) 3.1 6.4 9.7 6.3

C− RRS·t (Mpa·mm) 9.2 3.6 0.2 8.7

CRRS+/− 0.3 1.8 42.2 0.7

Table 5
RRS coverage coe�cient for �ne milling

  F-A1 F-A2 F-B1 F-B2 F-C1 F-C2 F-C3 F-C4

+RRSsurf (Mpa) 98.5 74.8 79.2 44.0 84.0 41.1 73.7 70.1

+RRSmax (Mpa) 98.5 74.8 79.2 49.7 87.3 41.1 73.7 81.0

-RRSmax (Mpa) -36.1 -21.4 -26.4 -11.9 -24.8 -16.0 -36.8 -13.0

RRS range (Mpa) 134.6 96.2 105.6 61.6 112.1 57.1 110.5 94.0

C+ RRS·t (Mpa·mm) 4.3 4.5 3.0 6.7 3.4 3.6 6.9 3.9

C− RRS·t (Mpa·mm) 9.7 12.0 7.9 2.2 4.0 4.8 5.0 2.6

C+ RRS·t/C− RRS·t 0.4 0.4 0.4 3.1 0.9 0.7 1.4 1.5

3 Residual Stress Superposition Of Multi-process Simulation

3.1 Multi-process model for semi-precision and �ne milling

3.1.1 Multi-process design
The workpiece of the multi-process simulation was set to elastic-plastic material, and the tool was set to
rigid material. The properties of material are shown in Table 1. The workpiece model of multi-process
simulation is shown in Fig. 5. The milling surface of the workpiece was provided with an arc-shaped
preset groove with the same radius as the milling cutter. The unprocessed surface is marked by yellow
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solid line, the semi-precision milling surface is marked by red solid line, and the �ne milling surface is
marked by blue solid line. The depth of the preset groove was set to the value of radial depth of cut, the
distance between unprocessed and semi-precision milling surface was set to the value of axial depth of
cut of semi-precision milling, the distance between semi-precision and �ne milling surface was set to that
of �me milling, and the rest thickness of the workpiece was 2 mm (the thickness of thin-walled part). The
mesh window is marked by green dashed line in Fig. 5, and the region above the line is the material being
processed that needs local mesh re�nement. The size ratio to elements outside mesh window was set to
0.1. The maximum element size was set to 0.3 mm, and the minimum element size was 0.15mm, smaller
than fz (0.15mm/z). The velocity of the nodes on the bottom of the workpiece and the side surface
without contact with the tool (marked by black solid line) is �xed in boundary setting. The thermal
conductivity coe�cient of the workpiece material is 193 W/m·K, and the convection coe�cient between
the workpiece and the air is 1 N/(mm·s·℃) [35]. The friction coe�cient between the workpiece and the
tool is 0.2[36]. The initial temperature of the environment is 20°C.

The multi-process simulations were completed by Multiple Operation (Simple Forming) of Deform-2D/3D.
The whole simulation process was divided into 4 operations. In opeation I, set to the semi-precision
milling simulation, both workpiece and tool were loaded. The model of tool was established as the
cutting edge of cutter, and located at the preset slot (marked in red). The movement of tool was set to
rotary movement and linear movement in the feed direction. Material in the area marked by red dashed
line was removed in this phase. The iteration method of simulation was set to Newton-Raphson, and all
simulation results were output every 10 steps, and computational timestep was set to s. In
operation II, set to the cooling simulation, workpiece model was loaded from the data base with all units
information calculated in the previous operation. This operation was divided into rapid cooling phase and
stable cooling phase. The total time of rapid cooling phase was 0.0025s, simulation results were output
every 100 steps, and computational timestep was set to s. Timestep in this phase was set
smaller to calculate accurate cooling process data such as force, temperature and stress. The total time
of stable cooling phase was 3s, simulation results were output every 100 steps, and computational
timestep was set to 0.001 s. Temperature of the system have already dropped to the value close to the
initial temperature at the beginning of this phase, and larger timestep can increase the calculation speed
e�ciently. The residual stress information of workpiece after the material removal process of operation I
was obtained after operation II. In operation III, set to the �ne milling simulation, workpiece model was
loaded from the data base of operation II, and new tool model was loaded and located at the preset slot
of �ne milling process. Material in the area marked by blue dashed line was removed in this operation.
The simulation and output settings were the same as operation I. Operation IV, the cooling simulation of
operation III, was set the same as operation III.

3.1.2 Process parameter design
The process parameters including the rotation speed of the tool, the feed per tooth, the radial and axial
depth of cut are mainly investigated in the multi-process simulation. Due to the complexity of the

4 × 10−8

2.5 × 10−6
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calculation process of multi-process simulation, and the limitation of computing equipment, the
simulation parameters are simpli�ed to reduce the size of simulation model size and the number of units,
and effectively shorten the calculation time. The linear velocity of cutting edge is one of the main factors
that affects the temperature (which has an important in�uence on the residual stress). Therefore, the tool
diameter of multi-process simulation was reduced to 1/10 of the original size, and the rotation speed was
increased proportionally to keep the linear velocity of the cutting edge and feed per tooth unchanged.
According to the results of section 2, M1 takes two sets of parameters from R-C1 and F-C2 (10000 rpm,
0.15 mm/z), keeps the axial depth of cut unchanged (1 mm), and reduces the radial depth of cut to 1/3 of
the original value (2 mm and 0.67 mm for semi-precision milling M1-R and �ne milling M1-F,
respectively). The values of radial depth of cut of the M2 and M3 are 1/2 and 1/4 of those of the M1, as
shown in Table 6.

The results of 3 groups of multi-process simulations with semi-precision and �ne milling process for each
group were output and analyzed by using Deform – 2D/3D Post, including the real-time values of
tangential force, radial force, axial force and temperature of operation I and III, and the residual stress of
workpiece after operation II and IV.

Table 6
Parameters design

  M1-R M1-F M2-R M2-F M3-R M3-F

Linear velocity of cutting edge, vs (m/s) 53.4 53.4 53.4 53.4 53.4 53.4

Radial depth of cut, ae (mm) 2 0.67 1 0.33 0.5 0.17

Axial depth of cut, ap (mm) 1 1 1 1 1 1

3.2 Force and temperature
Tangential force (X direction, along the feed direction), radial force (Z direction, perpendicular to the
processed surface), and axial force (Y direction, parallel to the cutter axis) are read on the tool. The
temperature of 3 nodes on the processed surface near the cutting edge is read every 100 steps, and the
real-time surface average temperature is calculated. Figure 6 gives the real-time radial force of the tool
and average temperature of processed surface of semi-precision and �ne milling of M2. The average
temperature increase rapidly in the �rst 0.05 to 0.1 mm distance of milling and level off at about 260℃ in
the rest distance of the process. The stable value of tangential, radial, axial force and temperature are
given in Table 7. The force in three direction of semi-precision milling is larger than that of �ne milling
because of larger radial depth of cut. The difference of temperature of M1-R to M3-R is within 10% as a
result of the same linear velocity of cutting edge.
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Table 7
Force and temperature results

  M1-R M1-F M2-R M2-F M3-R M3-F

Radial force (N) 60.0 45.1 30.0 26.5 32.6 18.1

Tangential force N) 110.0 88.0 90.0 83.5 131.2 72.2

Axial force (N) 85.0 74.9 75.0 73.7 112.8 65.7

Temperature (℃) 262.3 276.9 253.3 261.3 257.9 224.8

3.3 Residual stress superposition analysis
Figure 7 gives the radial residual stress graph after semi-precision and �ne milling of M2. The semi-
precision milling surface is marked by red (as shown in Fig. 7(a) ), and the �ne milling surface is marked
by blue (as shown in Fig. 7(b) ). It can be observed that the location where the data is read may have a
great impact on the results obtained as a result of uneven distribution of residual stress on the processed
surface. Therefore, cross sections (marked by black dashed line) at 0.2 mm intervals in the location of
two processing surfaces to obtain the overall residual stress state of workpiece. The stress values of the
nodes in the distance of 0 to 2 mm from the surface on all sections are read, and the average value is
calculated every 0.1 mm depth. The radial residual stress as a function of distance from surface for semi-
precision and �ne milling are given in Fig. 8.

Figure 8 gives the Radial residual stress as a function of the distance from the processed surface. It can
be observed from Fig. 8(a) and (b) that the surface + RRS of �ne milling is signi�cantly reduced
compared with semi-precision milling (the surface + RRS of M1-F is about 10% of that of M1-R), and + 
RSS moves to the subsurface (0.3 to 1mm distance from the surface) after �ne milling when the radial
depth of cut is over 0.5 mm (M1-R, M1-F and M2-R). The values of RSS reduce signi�cantly when the
radial depth of cut is less than 0.5 mm (M2-F, M3-R and M3-F). Comparing M2-R and M2-F, the RSS within
0.75mm distance from the surface tends to be tensile stress after the semi-precision milling with 1 mm
radial depth of cut, and that within 0.75mm-1.9mm distance tends to be compressive stress. The range of
maximum + RSS and -RSS is 55 MPa after semi-precision milling, and reduces to 7 MPa after �ne milling
with 0.33mm radial depth of cut. The radial depth of cut of M3-R and M3-F is within 0.5 mm, and the
values of range of maximum + RSS and -RSS are 7.5 MPa and 6.8 MPa, respectively. The values of
maximum + RRS of M3 are within 7 MPa, which are about 10–25% of those of M1-R, M1-F and M2-R.

The coverage coe�cient results of radial residual tensile and compressive stress for multi-process
simulations are given in Table 8. For M1 (2mm and 0.67mm radial depth of cut for semi-precision and
�ne milling), the C+ RSS increases and CiRSS decreases about 70% after �ne milling compared to those
after semi-precision milling, while the surface RSS condition of �ne milling is better. For M2 (1mm and
0.33mm radial depth of cut for semi-precision and �ne milling), the depth of RSS distribution is reduced
signi�cantly after �ne milling. For M3 (0.5mm and 0.17mm radial depth of cut for semi-precision and �ne
milling), the surface and maximum + RSS reduced by about 4% and 2% respectively after �ne milling. The
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C+ RSS of the parameter combinations with the radial depth of cut shallower than 0.5 mm (M2-F, M3-R, M3-
F) are far smaller than those with the radial depth of cut larger than 0.5 mm (M1-R, M1-F, M2-R). The
result reveals that the parameters of �ne milling process play an important part in the �nal residual stress
distribution, and reasonable parameter combination for �ne milling is the effective method to reduce the
radial residual stress to control the deformation of thin-walled parts.

Table 8
Radial residual stress coe�cient for Multi-process simulations

  M1-R M1-F M2-R M2-F M3-R M3-F

Radial depth of cut (mm) 2 0.67 1 0.33 0.5 0.17

+RRSsurf (Mpa) 3.1 0.3 15.2 3.1 2.6 2.3

+RRSmax (Mpa) 25.2 30.5 26.2 3.1 6.4 6.3

-RRSmax (Mpa) -16.5 -12.0 -29.0 -3.7 -1.2 -0.6

RRS range (Mpa) 41.7 42.5 55.1 6.8 7.5 6.8

C + RRS·t (Mpa·mm) 9.7 16.2 16.5 0.5 7.0 5.2

C-RRS·t (Mpa·mm) 15.0 4.1 22.2 4.4 0.2 0.1

CRRS+/- 0.6 3.9 0.7 0.1 30.6 37.5

4 Milling Experiment And Accuracy Measurement

4.1 Milling experiment design
Milling experiments were carried out for typical cantilever beam thin-walled parts with wall thickness of 2
mm and diameter–thickness ratio larger than 850. The original diameter of the typical thin-walled part is
over 3000 mm, which is beyond the size range of machining and measuring equipment. Therefore, the
diameter and the thickness of the typical thin-walled part and the radial depth of cut were reduced by
1:10, and the irregular pro�le surface were simpli�ed into a parabolic conical surface, and the cross-
section is designed as circle and ellipse. The measurement accuracy of circular cross-section will be
higher than that of elliptical or irregular cross-section with the same methods and instruments, because
the in�uence of cross-section measurement point position deviation is eliminated. The inner and outer
contour surfaces were milled alternately with the active positioning method and the principle of high-
speed machining, and by using of 20 mm diameter umbrella-shaped special cutter, as shown in Fig. 12.
The semi-precision and �ne milling parameters and their material removal rate are given in Table 9.
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Table 9
Experiment parameters

  Rotation
speed, n

(rpm)

Radial depth
of cut, ae

(mm)

Axial depth
of cut, ap

(mm)

Feed per
tooth, fz

(mm/z)

Number of
teeth, N

MRR

(mm3/min)

Semi-
precision
milling

10000 0.6 2 0.075 8 7200

Fine milling 15000 0.2 2 0.05 8 2400

4.2 Precision measurement method for thin-walled parts

4.2.1 Measurement method
The thin-walled part before semi-precision milling, during contour milling, extra part removal process, and
after �ne milling process are given in Fig. 10. It is necessary to remove the extra part of the workpiece
after the semi-precision and �ne milling, The HEXAGON three-coordinate measuring instrument is used to
measure the milling deformation of the workpiece. The �atness deviation measurement site is shown in
Fig. 11(a).

The circularity deviation measurement site, measuring points and results are shown in Fig. 11(b) to (d).
The thin-walled part is divided into 4 regions including the top, middle 1/3 height, middle 1/2 height, and
bottom, and evenly distributed measuring points are measured for each region. Due to the in�uence of
residual stress, the thin-walled parts after �ne milling will still be deformed for a period of time. Therefore,
the surface processing accuracy of the �nished workpiece was measured and analyzed twice. In
measurement I, 8 points evenly distributed on the outer contour of the thin-walled part were measured. In
measurement II, which was carried out after a month, 16 evenly distributed points were measured. The
measured coordinate data is processed and analyzed through least squares estimate based on the ellipse
�tting algorithm. The undetermined of elliptic equation are converted into the feature vectors of the
matrix, and the feature vectors are �ltered to calculate the coe�cients. The general elliptic equation is
given in formula (2)

2

The geometric center, the radius of the major and minor axis and other data of the ellipse can be
calculated as shown in formulas (3) to (6).

3

Ax2 + Bxy + Cy2 + Dx + Ey + F = 0

Xc =
BE − 2CD

4AC − B2
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4

5

6

4.2.2 Measurement result
The �atness deviation results of outer, middle and inner circle are given in Table 10, and the tolerance
grade of the bottom plane of thin-walled parts can be recognized as IT9. It can be observed that the
�atness deviation of inner circle of the bottom plane is the largest because of the effect of pressure plane
when clamping. Therefore, controlling the pressure of clamping is one of the method to improve the
�atness of bottom plane of the thin-walled part.

The �t ellipse is calculated from the coordinates of the points measured on the outer contour surface of
the thin-walled part, and the circularity deviation is calculated from the distance between the inscribed
circle and circumscribed circle of the �t ellipse, as shown in Fig. 12. It is important to investigate the
machining accuracy of the top of the thin-walled part because the top is the weakest region.

The measured circularity deviation of measurement I is 0.040mm, and the tolerance grade is recognized
as IT 10. The measured circularity deviation of measurement II is 0.087mm, and the tolerance grade is
recognized as IT 11. The circularity deviation increases in second measurement because the deformation
resulting from the residual stress of the thin wall. The increase of deviation is within the stable range for
the workpiece. The change of number and location of the measuring points will also lead to the
difference of result. Moreover, attention should be paid to the storage and handling of thin-walled parts
because of their characteristics of being easily deformed, similar to a spring coil.

Yc =
BD − 2AE

4AC − B2

a2 =
2 (AX2

c +CY 2
c + BXcYc − F)

A + C + √(A − C)
2

+ B2

b2 =
2 (AX2

c + CY 2
c + BXcYc − F)

A + C − √(A − C)2 + B2
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Table 10
Flatness deviation results

Location Measured �tting value (mm) Tolerance grade Standard tolerance

Outer circle 0.04034 8 0.05

Middle circle 0.05442 9 0.08

Inner circle 0.06814 9 0.08

5 Conclusions
The simulation and experiment work for single and multiple milling process is carried out in this paper,
and the results reveal that:

(1) High-speed milling and relevant parameter combination are bene�cial to reduce the residual tensile
stress and the depth of the residual stress distribution, and reduce the processing deformation and
accuracy retention of thin-walled parts.

(2) The consistency of the machining allowance of the thin-walled surface can be improved through the
active positioning method based on the processed contour surface of the thin-walled parts and the
alternate cutting method of the inner and outer contour surfaces, thereby reducing the variability of
cutting force and thermal, and effectively improving machining accuracy.

(3) The force and temperature of two consecutive milling process of thin-walled parts is researched, and
the superimposition mechanism of the surface residual stresses and their range are revealed. Reasonable
parameter combination of semi-precision and �ne milling can obtain controllable residual stress and
deformation of thin-walled parts. The surface radial residual stress after �ne milling (M-F1 of Table 6) is
about 10%of that after semi-precision milling (M-R1 of Table 6).
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Figures

Figure 1

Material removal model of single cutting edge 
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Figure 2

Temperature distribution graph at the (a) 0°, (b) 20°, (c) 40°angular length of cut and (d)after cutting, (e)
force and (f) temperature results at 2 mm radial depth of cut, 1mm axial depth of cut and 10000 rpm.
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Figure 3

Radial residual stress as a function of depth from milling surface
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Figure 4

Radial residual stress extremum values for semi-precision and �ne milling.

Figure 5

Multi-process simulation model (a) before processing, (b) after rough simulation, and (c) after �nishing
simulation.
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Figure 6

Real-time radial force and temperature of M2
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Figure 7

Radial residual stress of (a) semi-precision and (b) �ne milling of M2.

Figure 8

Radial residual stress as a function of distance from processed surface
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Figure 9

The workpiece schematic diagram.

Figure 10
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Thin-walled part (a) before milling, (b) during contour milling, (c) extra part removal process, and (d)after
�ne milling.

Figure 11

Thin-walled part (a) �atness, (b) circularity measurement site, (c) measuring points and (d) results
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Figure 12

Outer contour (a), (b) measuring point �tting and (c), (d) deviation calculation


