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Abstract

Manufacturing thin metal features at miniature scale with high precision milling represents some challenges for different applications such as
micro moulds, micro channels, micro gears, surgical instruments, etc. In order to enhance the cutting mechanism understanding and optimize the
machining of thin features, 3D finite element modeling (FEM) is applied for the micro end-milling process of thin features. In this study, FE
model was used to investigate the minimum wall thickness machinable in order to optimize the experimental machining and enhance the quality
of the machined features. Wall thickness uniformity and burr formation were evaluated to achieve the finest overall feature quality. Finally, the

FEM prediction results were compared against the experimental tests.
© 2019 The Authors. Published by Elsevier B.V.
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1. Introduction

Micro thin features or high aspect ratio (HAR) parts are
necessary to fulfill the increasing demand of miniaturization in
many industries. There are many methods could be employed
to manufacture miniature features in micro scale in different
materials with both additive and subtractive manufacturing:
Selective Laser Melting (SLM), etching, micro-EDM, Digital
Light Processing (DLP) micro milling, etc.[1][2][3][4].

Micro milling is a popular method as a low-cost and
efficient method for thin wall machining. Micro milling has
been studied intensively, by the means of experiments and
modeling/simulations [5][6][7]. The defects, such as wall
bending and burrs, keeping the micro mill stable during the
machining process (to reduce the tool wear and chattering) and
the lack of systematic control of feature quality are main
challenges in micro milling of thin walls. The defects including
burr formation, uneven thickness and poor surface quality of
the micro milled thin walls are critical issues in thin wall
manufacturing. The micro milling parameters and strategies are
the most important factors to control the quality. K Popov et al.
[8] studied the micro milling strategies to manufacture thin wall

2212-8271 © 2019 The Authors. Published by Elsevier B.V.

ribs and webs. They stressed that the support by the extra
fixtures or the un-machined materials should be considered
when designing the tool path and that it is very important to
minimize of the cutting edge radius in order to reduce the
normal component of the cutting force to the wall. Llano et al.
[5] investigated high aspect ratio micro milling for optimizing
the best machined surface quality, uniformity of the thin wall
thickness and burr presence on machining aluminium and brass
materials. Z-step strategy with a down milling machining
approach applied to achieve the best results.

Other literatures studied FE modelling of thin wall
machining with helical end mill in macro scales to investigate
physical interaction in the process [7]. Izamshah, et al. [9]
presented a FE model to predict the distortion or deflection of
the HAR features during the end milling process aiming to
determine the error compensation in short cycle times of
production. Zhang, et al [10] built a FEA model to investigate
the thermal effect of Ti-6Al-4V thin wall structures by micro
milling by taking into account of friction power, shearing
power and tool-material shear area. Scippa, et al. [11]
developed a FEM based model for milling process, to optimize
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cutting velocity by considering the effects of fixturing, tooltip
dynamics, and material removal, during machining.

The aim of this work is to apply a 3D FE based model of
micro end milling operation for predicting the main
fundamental variables of industrial interest, such as high aspect
ratio machining process. In order to control the various wall
thickness behaviour in different cutting conditions. This study
explore the cutting conditions prior to experimental tests to
obtain the high aspect ratio features in the micro milling range.

Nomenclature [unites]

a, axial depth of cut [wm]
ac radial depth of cut [wm]
f, feed per tooth [wm tooth/rev]
Ve Cutting speed [m/s]
o material flow stress [MPa]
£ plastic strain

g strain rate

& reference strain rate

T material temperature [°c]
T melting point [°C]
T, room temperature [°c]

A yield stress [MPa]
B pre-exponential factor [MPa]
C strain rate factor [MPa]
n work hardening exponent

m thermal softening exponent

2. Numerical procedure
2.1. FE Model

The 3D model for micro end-milling A16082-T6 alloy was
simulated using an explicit time integration method by
employing a Lagrangian formulation to perform coupled
thermo-mechanical transient analysis (AdvantEdge® by Third
Wave Systems). The workpiece was a viscoplastic material and
represented by the constitutive material model. The effect of
material deformation based on the applied load is calculated for
non-recoverable deformation. Fig. 1 shows the micro end mill
tool used in the experiment and simulation setup with boundary
conditions in red for the thin wall corner milling. The part
boundary were fixed in the XY and Z bottom directions and the
mill constrained in the Z top direction. The feed was applied in
the X direction. The tool was modeled with detailed geometry
and the CAD model was used for the FEM analysis. The actual
tool specifications were listed in Table 1. The tool was modeled
in the context of digital manufacturing by directly using the
exact geometry of the micro end mill from its cloud of points.
The detail of the tool measurement and modeling with cloud of
points can be found in the previous work [12]. In the FE
modeling of machining process due to the severe distortion of
the mesh, the continuous remeshing is a practical solution to
overcome this problem in Lagrangian formulation. The
continuous remeshing is able to remove the bulk deformation
induced the element distortion [13]. The tool and workpiece

were meshed with four node tetrahedral elements, for a total
number of 61879 and 60,916 elements, for corner milling.
Table 1 Specifications of MXH225.

Title Value

Tool manufacturer NS Tools®
Code MXH225
Diameter 0.5mm
Material u grain carbide
Coating TiAIN
Helix angle 25°
Number of flutes 2

Relief angle 8°

Flute length 0.5 mm
Cutting edge radius 341 pm

o

Axial depth
of cu

Fig. 1. Workpiece and tool meshing (a) FE model setup; (b) side view; (c)
fine mesh region.

2.2. Material Model

In order to make a reliable FE model material constitutive
behavior is a key issue in the machining conditions. Johnson-
Cook (JC) constitutive material model is considered as a
trustworthy model (Eq. 1) [14] which was used in many in the
previous literatures. Where o is the material flow stress, € is
the plastic strain, € is the strain rate, €', is the reference strain
rate. T is the material temperature, T, is the melting point and
T, is the room temperature. The JC constants are as follows: 4
is the yield stress, B is the pre-exponential factor, C is the strain
rate factor, n is the work hardening exponent and m is the
thermal softening exponent. The thermo-mechanical properties
of the workpiece is presented in Table 2 and the material
constants used for modelling the plastic behaviour of A16082-
T6 can be seen in Table 3.

. &, T-T ,
o=(A+B() )1+ Chn(—=)1-(——)"] (D
g, T -T.

Coulomb friction, (Eq. 2) applied in the cutting area. A
constant value of friction coefficient used is assigned in this
study, as p = 0.7. This value is selected basing on previous
experimental identification made by Medaska [15] on A16061-

T6 with carbide tools Al6082-T6 and Al6061-T6 are two
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popular aluminum alloys where sometimes replacing each
other in the industrial practice due to the similar characteristics.

7= po, @

Table 2 Material properties for A16082-T6 [16].
Parameter Value
Young’s modulus, (GPa) E 70
Poisson ratio v 0.33
Density (g/cm?) p 2.70
Thermal conductivity (W/mK) K 180
Specific heat (J/KgC) Cp 700
Thermal expansion coefficient 24x10°®
Melting temperature (°C) T 582

Table 3 Coefficients of the JC model for A16082-T6 [17]

A B &9 Tm Ta
C m n
(MPa)  (MPa) () (O (O
21425 3277 0.00747 131  0.504 1.0 582 21

3. Experimental details and machining strategy

In the experiments, the effects of machining strategies have
been explored in order to optimize the final quality of the thin
walls in the initial phase of the experiments therefore Table 4
presents the final cutting condition employed in the
experiments. A five-axis milling machine (MIKRON HSM
400U LP, 5-axis, control unit: Heidenhain iTNC 530 HSCI)
were employed to conduct the experiments. The HyperMILL
program was used to generate the code. The tool tip geometries
were inspected and measured in order to obtain the cutting edge
radius and to be compared with CAD model tool.

Table 4 Micro end-milling parameters employed

Parameter Value
Spindle speed, (rpm) 40000

Feed per tooth (um tooth/rev) 8

Axial depth of cut (um) 10, 20, 40
Radial depth of cut (um) 20

Cutting approach Down milling

The workpiece was designed in a way to machine three
different wall thicknesses 100, 50 and 20 um with 500 um
height as shown in Fig 2(a) experimental setup. Different
machining strategy applied prior to final machining however,
better results obtained with the rectangular loop around the wall
with down milling approach (Fig. 2(b)). Therefore, the selected
depth of cut (10, 20, and 40 um) was applied for each thickness
to evaluate the corner milling process for manufacturing of
high aspect ratio features. Fig. 3 shows the experimental results
of thin wall top view with 10 pm axial depth of cut. The
machining was carried out in dry condition. All the conditions
were replicated two time for the consistency of the results.
Alicona 3D optical microscope was used for the inspection of
the wall quality. The measurement of the wall angle also
carried out in the same depth of cut as the initial cut in the
simulation to make an equivalent comparison between

experiment and simulated conditions.

Wall Thickness

Fig. 2 Machined thin walls of A16082-T6

(a) Experimental setup

Mill-MXH225

t=100 ym t=50pm  t=20pm

(¢) Wall thickness

(b) Machining strategy

Fig. 3 Machining setup and strategy
4. Results and discussions,

All the cutting conditions were simulated prior to the
experiments and the stresses distribution during machining
process was predicted. The thin wall quality was evaluated by
inspection of the wall with a 3D microscope. Fig. 4 shows the
side view of the stress distribution during micro end milling
simulation of thin wall and the experimental machining for
three different wall thicknesses and axial depth of cuts. The
failure of the wall observed in different cutting conditions. Test
1 to 3 the lowest axial depth of cut (10 pm) was applied and
minor deformation was observed in the 20 um wall in
comparison to other conditions with the same thickness. The
distortion is more noticeable in the simulations however, in the
50 um and 100 pm walls the deformation was not detected.
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Simulated Experiments Simulated Experiments

Mises Stress (MPa)

500.00
| 444.44

Test 1:Wall thickness 20 um Test 2: 1:Wall thickness 50 um
A 10 um, 2 20 um 10 um A 20 um

Mises Stress (MPa)

Test 3:Wall thickness 100 pm Test 4: 1:Wall thickness 20 um
2 10pm a, 20 pm ap 20 pm @ 20 pm

I
Mises Stress (MPa)

Test 5:Wall thickness 50 um Test 6: 1:Wall thickness 100 um
a, 20 pm  a, 20 pm A 20 um e 20 pm

Test 7:Wall thickness 20 um Test 8: 1:Wall thickness 50 pm
A 40 um A, 20 pm A, 40 um @ 20 pm

Mises Stress (MPa)
500.00
444.44
388.89

- 333.33
27778
22222
166.67
111.11

55.56
0.00

Test 9: 1:Wall thickness 100 pm
A 40 ym A 20 pm

Fig. 4 Von Mises equivalent stress distributions along the thin wall
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Respectively, by increasing the axial depth of cut (20 um
and 40 pm) only 100 pum wall was not deformed though, in Test
4,5, 7 and 8 the walls were distorted or warpage occured along
the machined wall. The maximum stress distributed in the wall
area was around 200 MPa, which increased near the cutting
zone. The highest stress distribution was observed in a cutting
condition with higher axial depth of cut 40 um and 20 pm
respectively mainly along the thin wall in the contact region of
cutting edge. Fig. 5 illustrate the residual stress distribution in
the machined surface at the end of cut (after four teeth
engagement 720 °). The maximum stress produced in the wall
area was around 500 MPa, which increased with tool
movement in the cutting zone. Furthermore the top and
entrance burr formation is visible in the machined area. Fig. 6
shows the comparison between numerical and experimental
results of the wall angle, along the tool cutting engagement at
the beginning of the cut. The closest value to the nominal angle
of the wall was observed with a,=10 pm in 50 and 100 pm wall
thickness and a,=20, 40um in 100 pm wall thickness. The
maximum error at the top of wall angle was about 8.5% and
most of the conditions were comparable with experimental
results with well matching variations trends.

| Mises Stress (MPa)

Machined surface 277.78
2222
ul 16667
% 1111
55.5¢

Test 3: 1:Wall thickness 100 um

% 10um @ 20 pm
z
Mises Stress (MPa) I
500.00 1
X

Machined surface

Test 9: 1:Wall thickness 100 jm
a, 0pm  a, 20 im

Fig. 5 Stress distribution on the machined surface at the end of cut

me Simulations

e Experiments ----- Nominal angle
120

100

60

40

Wall angel (%)
—
_i?
i
_
i i |
e
. :l
[
_I
_i
—
: |
_i

20

Test 1 2 3 4 5 6 7 8 9

. 20 30 100 20 30 100 20 50 100
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Ag [pm] 20 20 20 20 20 20 20 20 20

fz
8 8 8 8 8 8 8 8 8
[nmtooth/rev]

Fig. 6 Comparison of numerical and experimental maximum wall angle

5. Conclusion

In this work, a reliable 3D FE model applied to predict the
complex process of thin wall micro machining of aluminium
alloy. The simulated conditions are verified against
experimental tests. The wall quality and uniformity during
milling process has been evaluated. In a lower axial depth of
cut (10 and 20 pm), a better wall condition and a lower wall
angle error observed. Concerning the stress distribution along
the machined wall larger stress spread in the cutting zone in
higher cutting conditions. Regarding wall angle error with
cutting conditions a linear trend of deformation recognized in
higher condition. A comparable error ~8.5% at the top of the
wall angel between experiment and simulation calculated. This
model reduces the basic of costly, and time-consuming initial
micro scale experiments for machining high aspect ratio
features.
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