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Abstract: Aluminum alloy (Al6061-T6) is an alloy with strong corrosion resistance, excellent dis-
assembly, and moderate strength, which is widely used in the fields of construction, automobile,
shipping, and aerospace manufacturing. Researching on the influence of machining precision and
surface quality on the micro-milling process of thin-walled structures of Al6061 is highly significant.
Combined with the two simulations (DEFORM-3D simulation and interactive finite element numeri-
cal simulation (FEM)) and milling experimental verification, the deformations, errors, and surface
quality of milling thin-walled Al6061 were analyzed. The simulations and experimental results show
that the deformation of milling a micro thin-walled structure was caused by the vertical stiffness of
the thin-walled structure and the cutting force. Surface micromorphology further characterized and
showed a poorer quality area, top burr, and concave defects, which directly affect machining quality.
It is necessary to improve the surface quality, reduce the surface defects, and increase the stiffness at
the top of thin-walled structures in future work.

Keywords: simulation; micro-milling; thin-walled; Al6061-T6; micro deformation

1. Introduction

Milling thin-walled structures has been widely used in numerous fields, such as
aerospace, microelectronics, and medical applications [1,2]. Therefore, the milling process
was studied using micro thin-walled structures of Al6061-T6. There are many problems
in milling micro thin-walled structures, such as deformations and bending in particular.
In 2007, Wan et al. [3,4] contrasted three methods to select the best feed per tooth and
depth of cut simultaneously: (1) attempting to obtain the largest feed per tooth ignoring
tolerance; (2) obtaining the suitable cutting parameters by solving the linear equation
problem; (3) using the method of symmetric error compensation. Finally, surface errors
were measured using the three methods. In 2008, the deformation model was conducted
using ANSYS [5], which can be used to analyze the deformation effect of different forces,
tool positions, and thicknesses of thin-walled structures. To analyze the deformations of
the thin-walled structures of Ti6AL4V, Gang et al. [6] established three-dimensional (3D)
finite element models of a helical end milling cutter and cantilever beam. Experiments
were conducted to verify the simulation results under the same conditions. Ning et al. [7]
used the finite element method (FEM) and control strategy to calculate the deformation of
typical thin-walled structures. The FEM model of multi-frame components was established
to predict deformations under different machining conditions [8,9].

Some scholars have machined thin-walled structures with a high aspect ratio with
different thicknesses and materials [10,11]. Kou et al. [12] found that a U-shape could reduce
the deformation. A low-melting point alloy was used to balance the radial cutting force
and improve the rigidity of the thin-walled workpiece, and a micro thin-walled structure of
15 um thickness was machined to verify the method. Sridhar et al. [13] studied the influence
of tool diameter and found that the deformations were too large with an incorrect tool.

Materials 2022, 15, 3568. https:/ /doi.org/10.3390/mal5103568

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma15103568
https://doi.org/10.3390/ma15103568
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma15103568
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15103568?type=check_update&version=1

Materials 2022, 15, 3568

2 of 14

The experiments were conducted with the same feed speed, spindle speed, cutting depth,
and cutting tool size. Guo et al. [14] analyzed the force signal in the time and frequency
domains and compared the effects of different machining parameters. Conditions, such
as the thickness of the thin-walled structure, milling method, and edge radius caused by
machining wear were analyzed [15]. In particular, the relationship between the machining
quality and cutting force was studied. The coupled dynamic response of a thin-walled
structure and tool, which was helpful in understanding the influence of the dynamic effect
and design of passive damping, was studied [16,17]. Finally, Rai et al. [18] systematically
introduced the FEM.

Some phenomena, which could not be seen easily in experimental machining, could
be observed by FEM simulation [19,20]. A software package for finite element analy-
sis was developed by Ratchev et al. [21], who researched the simulation deformations.
Cheng et al. [22] simulated the milling process of titanium alloys based on the charac-
teristics of the deformations and cutting forces. Huang et al. [23] studied the monolithic
component deformation combined with FEM simulations and experiments, and then at-
tempted to eliminate the residual stress on the surface. Li et al. [24] explored the relationship
between cutting parameters and cutting force using FEM. The influence of cutting heat
on the machining quality was analyzed using a simulation-aided machining method [25].
Thepsonthi et al. [26] simulated the cutting force and milling temperature, in contrast to
the results of the 2D and 3D simulations. They found that 3D simulation was better but
required more time. Titanium alloy millings with different coating tools were simulated by
Ozel et al. [27]. Arrazola et al. [28] pointed out that DEFORM-3D simulation could be used
to predict the surface roughness of a thin-walled structure.

Summarizing the research above, majority of the studies are focused on the milling
process of conventional thin-walled structures with thicknesses of several millimeters.
However, until now, there have been few systematic investigations concerning micro
thin-walled structures that play an important role in many fields. Therefore, an attempt
was made in this study to establish a deformation prediction model using FEM. First, the
cutting force and surface location errors were analyzed. A deformation prediction model
using iterative FEM was established. Moreover, a DEFORM-3D simulation was conducted
to analyze both the thickness error and surface topography. Finally, the deformation,
machining error, and surface machining quality are discussed.

2. Modeling of a Micro Thin-Walled Structure by FEM
2.1. Modeling of the Cutting Force of Micro Thin-Walled Structures

The micro-milling tool can be divided into many pieces along the z-direction, as shown
in Figure 1. Within each slice, a model of one cutting edge can be established, and the
radial and tangential cutting forces on the rake face can be obtained by the model. The total
cutting forces of the end-milling tool can be calculated by integration.
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Figure 1. Different cutting model of peripheral milling [29].
dF =Kih(e)dz, (0 < ¢ < ) D)
dFE, =Knh(g)dz, (0 < ¢ < ) 2)

where

dFi—Tangential cutting force of each slice,

dFp—Radial cutting force of each slice,

Ki—Coefficient of the tangential cutting force,

Kn—Coefficient of the radial cutting force,

h—Cutting thickness at the cutting angle of ¢,

dz—Discrete axial cutting depth,

yp—Maximum cutting angle,

¢—Cutting angle at the present cutting state.

The actual path of any point at the milling tool was cyclic during the milling process.
The linear length was small relative to the tool radius. The path of the rotational speed can
be seen as a series of circles, therefore, the cutting thickness and feed per tooth f; can be
expressed almost as

h = fesin(g) ®)

where p—Rotational angle,
ft —Offset per tooth, which can be obtained by the linear feed speed f, spindle speed
), and the number of cutter edges Ni.
Here, the units are pm/tooth for the feed per tooth, mm-s~! for the linear feed rate,
rpm for spindle speed, and teeth/rev for the number of teeth.
60f
= ——x1 4
fi anN, x 1000 4)
The relationship among the coefficients of the cutting force, edge radius, and thickness
can be obtained by Jin [30].
Kt(h, 1") = Déthdt + IBthPter (5)

Kn(l, 1) = anh™ + BphPrpin (6)

Here, o, B, d, p, and g are the coefficients (these parameters are empirical values
obtained from previous extensive experiments and simulation work) relative to the materi-
als, and thus the cutting force coefficient can be obtained using mathematical calculation
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software. Subsequently, the material coefficients were converted to Al6061-T6, and the
coefficient of cutting forces was calculated, as shown in Table 1.

Table 1. Values of cutting coefficient for Al6061-T6.

Items Values Items Values
ot 490 On 128.8

dy -0.351 dn -0.3355
Bt 2123 Bn 894.8
pe -0.719 Pn -0.9272
qt 1.055 In 0.9696

Now that the total radial cutting force and tangential cutting force can be obtained
by integration, the forces in the x and y directions can be obtained. The force in the —y
direction was considered mainly because it can directly affect the deformation of the micro

thin-walled structure.
F = Ficos(¢) + Fasin(¢) (7)

Fy = Ficos(@) — Fysin(g) 8)

The tangential and normal force components can now be substituted in Equa-
tions (9) and (10).

F = Kibfisin(¢) cos(p) + Knbfi sin(¢) cos(¢) )
Fy = Kibfisin(¢@) cos(¢) — Knbfisin(¢) cos(g) (10)

2.2. Analysis of Surface Location Error

The effect of the helical end milling tool geometry is that the entire cutting edge cannot
be cut at the same instant. The lower part of the cutting edge cuts first followed by the
upper part. The geometry of the helical end-milling tool is shown in Figure 2.

%

Helical end milling tool

zf A

Il! ,’ Slice 1 o
=1
€ v ]| Slice2|s
, «
| . o
Enters cut later, :I: ' ory ! Slice 3| &
) 1 ) Q
Enters cut earlier db e 3ry, Slice 4
-, L. :
' ry=rde

Figure 2. (a) Helical end milling tool geometry causing cutting edge time delay; (b) discretized
version of unrolled helical end milling tool geometry.

The surface location error along the tool is continuous, and it is cyclic in the z direction
if the variety of stiffness of the workpiece and milling tool are ignored. Similar to the
calculation of the cutting forces, it was also divided along the z direction. Each slice (whose
thickness was db) can be seen as an individual straight end milling tool.
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The surface location error can vary with the change in height, and it is always along
the cutting edge of the helical end milling tool. Here, the error in the y-direction is mainly
considered, and the delay angle x along the tool direction can be expressed as

2
_ 2|z[tan(y) a1
d
where |z|—Height from bottom to the calculative position,
d—Diameter of milling tool,
y—helix angle of the milling tool.
The corresponding time delay t is
60-x
t= 7.0 (12)

where ()—Spindle speed.

The coefficients of the Fourier transform can be obtained based on the parameters of
the milling tool and cutting condition, and the frequency response function (FRF) in the y
direction can be expressed as

1
. 2
ky (J) 4 2054 )

Why Wy

FRF, = (13)

where ky —Equivalent stiffness of the tool system,

wny and y-modal parameters of the system.

In the calculation of mathematical calculation software, we should sample the nodes,
calculate the tool pass time, and time increment, and calculate the surface location error.
The entire process is illustrated in Figure 3.

Calculate the tangential cutting
force coefficient K, | Compute FFT of Fourier-based y
calculate radial cutting force 7| direction force

coefficient K,
Calculate feed speed f;

\ 4
l Define y direction FRF

Give the tool description , w, k Compute y Qeflecnon_ln frequency domain
Convert to time domain

Tool parameters Nt, d, - .
P Y Get new time vector after inverse FFT

v 7

Set cutting parameters Q, b, ¢ Use automatic method to sample y
l Get the time for first surface location error point
Get the y direction vibration in time domain
Compute Fourier series Correct index to account for sampling frequency ratio
coefficients Get surface location error values of sampled position
vector
Sum contributions of all slices ¢
and all teeth ]
l Record surface location error

Define time vector

Figure 3. Calculation process of surface location error variation with axial location.
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2.3. Error Prediction of Cutting Deformation and Error

The micro thin-walled milling model is shown in Figure 4. In Figure 4a, the area
abed should be theoretically cut. However, only area a’bed was cut off because of the
low stiffness and deformation caused by the cutting force. In conclusion, points a and d
were pushed to points a’ and d’, and the area of a’bcd was cut. When there is no contact
between the tool and workpiece, the micro thin wall recovers slightly, and deformation and
error appear.

111 121

Micro helical end
milling tool

Thin wall
AL 6061

|
[
|
|

|
|

23 33
12 22

Material 1"
to be cut ! 23 6

Figure 4. Micro thin-walled milling model: (a) error analysis of the micro thin-walled structure;
(b) distribution of calculation points; (c) distribution of milling force.

If the deformations of the entire wall structure can be obtained, the residual part can
be cut using the digital control compensation method. However, it is important to obtain
the machining error values and reduce the error caused by the micro-milling tool as much
as possible under the given cutting parameters.

There are 100 units in the micro thin-walled model (Figure 4b), whose material prop-
erties and element sizes are similar. The cutting force was scattered on these nodes: 17,
28,39, 50, 61, 72, 83, 94, 105, and 116 (Figure 4c). The stiffness matrix [29] for each unit is
expressed as

k= / BTDB2dV (14)

where B is the strain matrix of each unit, z is the thickness of the micro thin-walled structure,
and D is the elastic matrix of each unit.

The total stiffness matrix of the entire thin-walled structure K can be obtained by
superposing the stiffness matrix of each unit. The cutting force matrix F can be obtained
based on the node numbers and location of the force. After the calculation, the deformations
of each node are obtained as follows:

-
I363x1 = (Kze3x363)  Fae3x1 (15)

Because the nodes from 1 to 11 are fixed, the deformations of these nodes are zero. The
cutting force and deformations affect each other during the machining process. Therefore,
the interrelationship between force and deformation is considered by the iterative FEM.
In this method, the total stiffness matrix K’ and cutting force matrix F” are modified after
each cyclic calculation based on the deformations of each node. The entire procedure is
illustrated in Figure 5.
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Give the values of Q, v, dp, a,
Calculate the initial cutting force

v

Solve the shape function of each unit, N
Solve the elastic matrix of each unit, D
Solve the stiffness matrix of each unit, k
Introduce the boundary condition

v

Calculate the initial deformations of each node

v

Take considered the relationship between
cutting force and deformation

Modify the cutting force matrix F’ and total
stiffness matrix K’

|

\ 4
Calculate the deforamtions

A

based on the modify matrix Fyj=0
i 7\
i=l+1 Fyi = Fy/10/a, % (ap, — Dy)
j=1~10

Record the deformations of selected nodes

Figure 5. Analyzed flow chart of micro thin-walled structure deformation.

3. DEFORM-3D Modeling and Simulation
3.1. Three-Dimensional Modeling of Milling Micro Thin-Walled Structure

The milling of thin micro-wall structures using a diamond-coated micro-milling cutter
was studied. The tool and micro thin-walled structures were modeled by real measurements
and then modeled using 3D software, as shown in Figure 6. The geometric models of the
tool and workpiece were based on the parametric modeling of the 3D drawing software,
and then imported into the deform software. The machining material was used an elastic
model, and the cutter was used a rigid model. The thickness, height, and length of the
thin micro wall were 75, 600 and 800 pum, respectively. Tetrahedral mesh was used in the
model. The number of the elements was about 100,000. 1 week (7 x 24 h) was taken to
calculate. The axial cutting depth, rotation direction, and feed speed were h, clockwise,
and f, respectively. In the coordinate system, the center of the milling cutter is the origin
of the coordinate, the feed direction for the —y direction, the tool axial direction for the z
direction, and the x axis is perpendicular to the plane of the y and z axes. In the milling
simulation, the starting point of the cutting angle was zero. The entire workpiece was fixed,
except for the part of the thin-walled structure. The feed speed was 0.5 mm-s~! along the
-y direction, the axial cutting depth was 600 pm, and the spindle speed was 15,000 rpm.
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Figure 6. Geometric model of the tool and micro thin-walled structure.

3.2. Material Properties

The constitutive model of the Al6061-T6 work material is used as given by Johnson-
Cook [31]:
T-T,

(7=(A+B£”)(1—I—Cln§> [1— (ﬁ) ] (16)
where

e—Equivalent plastic strain,

e—Equivalent plastic strain rates

eo—Reference plastic strain rates

T—Material temperature of cutting zone,

T,—Melting temperature,

Tm—Room temperature,

n—-Strain hardening index,

m—Thermal softening index.

A—Yield strength of the material,

B—Strength coefficient of the material,

C—Strain-rate sensitivities of the material.

The material constants of Al6061-T6 were adjusted by Jin [30] and are given in Table 2.
The other physical properties of the materials used in the simulation are summarized in
Table 3. The geometric parameters of the micro-milling tool are listed in Table 4.

Table 2. Johnson-Cook model parameters of Al6061-T6 [30].

A (MPa)

B (MPa)

C N m Tm (K) T: (K) go(s™1)

324

114

0.011 0.35 1.34 293.15 923.15 1

Table 3. Mechanical and thermal properties of A16061-T6 and tool materials [32].

Density Elastic Modulus Poisson’s Conductivity Specific Heat Inelastic Heat
(kg-m—3) (GPa) Ratio (W-m~-1.K-1) (J-kg~1.K-1) Fraction

2700 68.9 0.33 167 896 23.6
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Table 4. Geometric parameters of the micro-milling cutter.

Rake Angle (°) Relief Angle (°) Edge Radius (um)  Cutter Diameter (um) Helix Angle (°)
-2 17 4 500 30

3.3. Friction and Heat Transfer

The friction heating phenomenon occurs severely during the milling process. The
stress flow properties vary with the increase in temperature of the workpiece material,
and this affects the cutting force in the simulation. The contact between the cutter and the
workpiece is divided into two types: adhesive contact and sliding contact. Therefore, the
corresponding friction types are shearing friction f; and Coulomb friction f.; as shown in
Equation (17), the friction coefficients of a and b are 0.9 and 0.7, respectively. The values of
a and b are obtained based on processing parameters and a large number of experimental
values. To simulate the process of chip production, the contact method was set to adhesive
contact, and the contact factor was 0.2.

The unit of the heat transfer coefficient, which is used to simulate the heat transfer
phenomenon of the contact area in the milling process, is 10° (W/(K m?)). The initial
temperature of the cutter and workpiece were both 20 °C, and the value of the heat transfer
coefficient was 0.02.

{fszaxk(axk>b><j) 17)

fe=bxjlaxk<bxj)

a—Friction factor in the adhesive friction zone
k—Shear yield stress of workpiece material,
b—TFriction factor in the sliding friction area,
j—Contact stress between cutter and workpiece.

4. Experimental Processes

The processing equipment used in the experiments is shown in Figure 7a. The max-
imum speed of the air-cooled electric spindle was 24,000 rpm. A digital microscope can
observe the geometry of the micro-milling tool and measure the edge radius. The workpiece
was fixed at PCB260A01, the cutting force signal in the cutting process can be collected
in real time by NI19234, and finally, the signal is analyzed and shown by the ME’scope.
A VHX-1000E digital microscope was used to measure the size of the tool-edge radius
(Figure 7b), observe the milled surface and top morphology (Figure 7c,d) of the thin-walled
structure after processing, and measure the thickness of the micro thin-wall before and
after processing from the top view. It has two lenses with different magnifications, which
are 20-200 times and 500-5000 times, respectively. According to the observation results,
it can be found that the edge radius of the diamond-coated micro-milling tool is 4 um
approximately, there are still some defects and burr on the milled surface, and the thickness
and top burr of the thin-walled structure can be observed.



Materials 2022, 15, 3568 10 of 14

M1 Tine Vaveforn

T.,_Z -7

Defects and burrs
'S

Figure 7. (a) Experimental setup and milling force measurement system; (b) measure the size of tool-
edge radius and observe the tool geometry; (c) milled surface morphology and defects; (d) measure
the thickness of micro thin-walled structure before and after processing from the top view.

5. Results and Discussion
5.1. Deformation of Iterative FEM

In the iterative FEM simulation of deformation, the entire micro thin-walled structure
was divided into 100 quadrilateral elements, and there were 121 nodes. In this study, the
thickness of the thin-walled structure was 75 pm, and the nominal radial cutting depth was
8 um. In the calculation process, the cutting force is divided into nodes on the vertical line
to approach the actual processing (nodes 17, 28, 39, 50, 61, 72, 83, 94, 105, 116).

The deformations of the nodes with force were mainly considered. Based on the
calculation method in Figure 5, the nominal radial cutting depth was modified, and the real
radial cutting depth was obtained according to the deformations of the nodes in the current
cycle. The relationship between the deformations of nodes with force and the iterative
calculation frequency is shown in Figure 8a.

AT e e w1 b

— 17 28—39—-50 —61
r ——72—83 ——94 — 105 —— 116 | ,
5
T N " | Ih 1 50
£ { nMn’\u.wur'\, AAAAAAA A A A ettt 45
35 | '|H.< ]'J”‘y‘v VWA 4 "GE
2 Hl :f\l‘l("ﬁﬂ i
° ar Illt‘l&" 7 :05
.'.‘. i'-"ﬁ:" S§
£ I [‘k MN . 20?
5 Hg 53
s ,[ | ‘”.\Mff ’ '
(=] - 1k b
i l h

0 20 40 60 80 100
Calculation times with iterative FEM (time)

Figure 8. (a) Deformations of parts nodes in the iterative calculation process; (b) all node deformations
in horizontal and vertical direction.

Figure 8a shows that the deformations fluctuate considerably and are unstable at
the beginning of the iterative loop. This illustrates that the maximum deformation is
too large without iterative FEM and even larger than the nominal radial cutting depth.
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The deformation cannot be larger than the radial cutting depth, thus demonstrating the
importance of the iterative FEM. After several iterative loops, the deformations of the
selected nodes tended to be stable one by one. From top to bottom of the thin-walled
structure, the deformations gradually approached zero, and the steady calculation period
became shorter. Figure 8b shows the deformations of all the nodes. Deformations increase
from the bottom to the top in the horizontal direction, and the maximum deformation,
which is approximately 5.5 um, is located in the top corner. The deformations in the
vertical direction are very close because of the small deviations in the calculation of the
element stiffness.

5.2. Deformations of Deform-3D Simulation and Experiments

To verify the thickness error of the micro thin-walled structure, experiments and
DEFORM-3D simulations were conducted. The results are shown in Figure 9a. The
left diagram shows the measurement results of the DEFORM-3D simulation, and the
right diagram shows the experimental results. The thicknesses of the five positions were
measured randomly, and the average value was considered as the maximum thin-walled
thickness after machining. Multiple tests and repeated measures were performed to reduce
errors. The results show that the thicknesses of both the experiments and the simulation
are larger than the ideal thickness. The average thickness of the DEFORM-3D simulation
was 71.2 um, and the experimental average thickness was 73.5 um.

Step 10,000

| :
M&& Top l}\uns r

Figure 9. Comparison of milled thin-walled structures between simulation and experiments:
(a) thicknesses and (b) surface quality.

It is difficult to measure the surface roughness and position error using a 3D profile-
measuring instrument because of the small area of the thin-walled structure. Therefore,
in this study, the DEFORM-3D simulation was used to observe the surface quality, and
experiments were conducted to observe the surface topography using a VHX-1000E digital
microscope, as shown in Figure 9b. The left picture shows the surface topography obtained
by simulation. The poorer surface quality area can be seen clearly; the convex or concave
areas appear on the front of the thin-walled structure, and there are large burrs on the
top of the thin-walled structure. These defects directly affect the machining quality. The
right picture shows the elevation view of the thin micro wall after machining. There are
two poorer surface quality areas and several convex or concave areas located on the entire
surface, verifying the results of the DEFORM-3D simulation. In the real experiments, there
are many burrs, especially top burrs, as shown in the right picture of Figure 9b. The surface
quality is very poor at the top of the thin-walled structure, and this may be because the top
burr or sharp high-temperature chips remain and scratch the top side of the thin-walled
structure. Therefore, it will be an important project to reduce the top burr and separate
chips in the future.

Considering the above three analysis methods, including iterative FEM, DEFORM-3D
simulation, and experiments, the different thicknesses after machining are shown in Table 5,
where the nominal radial cutting depth is 8 um and the thickness before the final machining
is 75 pm. The results show that the thicknesses are all larger than the ideal thickness of



Materials 2022, 15, 3568

12 of 14

67 um. Since the material is not rigid, the milling force causes the thin-walled structure to
bend slightly, so the actual milling width is less than ideal width. The error range between
obtained results and ideal values is about 7.5%. The result is basically the same as the
research results of Jia [33], even smaller than their error range. This phenomenon illustrates
that there is indeed a decrease in material stock removal when milling micro thin-walled
structures. The experimental results are slightly larger than those of the DEFORM-3D
simulation and iterative simulation, which may be because of cutter run-out. Sometimes,
the tool is too far away from the workpiece, and sometimes the radial cutting depth is too
large, causing it to bend and reduce the amount of material removal.

Table 5. Final machining thickness comparison among different methods.

Methods DE.FORN.[-SD Iterative Simulation Experiment
Simulation
Thickness (pm) 71.2 72.5 735

The surface location error can be obtained based on Figure 3. Here, the axial cutting
depth bis 600 um, the spindle speed (2 is 15,000 rpm, and the helix angle y is 30°. According
to the modal testing and ME’scope software analysis, the equivalent stiffness ky is 0.01,
and the modal parameters of the system wny and {y are 4035 Hz and 2.1425 x 10° N-m~1,
respectively. Therefore, the relationship between the surface location error and the axial
height is shown in Figure 10. In the micro thin-walled structure, the surface location
error is large due to the low stiffness at the top of the micro thin-walled structure. On the
contrary, the micro thin-walled stiffness at the bottom is higher and the deformation is
smaller, so the surface location error is small. The surface location error increased slightly
with decreasing micro thin-walled stiffness along the vertical direction. There are several
methods to improve the milling quality, including reducing deformation, optimizing
processing parameters, controlling chatter, and increasing support.

600

500

400 -

300

z (um)

200

100

0 1 1 1 1
-020  -045  -00  -0.05  0.00 0.05 0.10
surface l1ocauon error (4m)

Figure 10. Surface location error variation with axial length.

6. Conclusions

The numerical iterative FEM prediction model and Deform-3D simulation model of
micro-milling process are established in order to predict the thickness of a Al6061-T6 thin-
walled structure. By comparing the results of simulations and experiments, the conclusions
were obtained as follows.
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1. The thickness of the thin-walled structure obtained by the iterative FEM simula-
tion, DEFORM-3D simulation and experiments are all larger than the ideal value,
illustrating that there is a deformation in the process of micro-milling processing.

2. The final machining thickness error among the three methods is less than 2.5 pm,
providing a reference for calculating the deformation and final thickness of thin-walled
structures according to the milling force.

3. Affected by the vertical stiffness, the deformation at the top of the thin-walled structure
is smaller than that at the bottom. The weak stiffness at the top of the thin-walled
structure leads to a higher surface location error.

4. Some defects (convex or concave poorer surface quality area, and top burr) appears
on the thin-walled structure surface, which directly affect the machining quality.
Decreasing the deformations and defects is necessary to improve the surface quality
and processing accuracy.
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