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Abstract

Helical milling as an eco-friendly hole-making process has various advantages comparing to conventional drilling process and
has been widely studied. But micro helical milling for small holes was not investigated. This paper focuses on preliminary studies
on micro helical milling of small holes with flat micro end mills. The cutting phenomena of the radial and axial cutting edges are
considered and discussed separately. Based on the size effect existing in microcutting processes, the minimum undeformed chip
thicknesses (/,,;,) for both radial and axial cutting edges are identified for work material copper C26000 by finite element method
and micro helical milling experiments. Since burrs are noticed during experimental studies, burrs at the hole entrance are analyzed
elementarily and it shows that the burr size has a relation with the critical conditions in micro helical milling. The study turns out
that the ratio of /,,;, to cutting edge radius in micro helical milling is from 0.6 to 0.68 and is larger than that of conventional
microcutting processes for various materials, which is usually in the range from 0.14 to 0.43. It is a good sign for micro helical
milling of small holes with higher productivities since the ratio of /., to tool cutting edge radius is larger than that of

conventional microcutting processes.
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1 Introduction

Helical milling is an eco-friendly hole-making machining
process with advantages such as flexible kinematics, low
cutting forces, low tool wear, and improved hole finish
quality compared to conventional drilling [1]. Due to
these advantages, helical milling has been studied widely
from kinematics [2], cutting forces [3], temperature [4],
wear and tool life [5], modeling [6], etc. However, macro
helical milling was mainly studied with hole diameters
from 4.77 to 35 mm [7-10]. Micro helical milling was
not investigated and there are a lot of requirements which
may be studies [11].

From the size of micro end mills used, micromilling
refers to milling by micro end mills with the cutting di-
ameter smaller than 1 mm [12]. Micro helical milling is
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within this definition. Size effect and the minimum unde-
formed chip thickness (MUCT) are well-known existing
in microcutting processes. Bissaco et al. have conducted
micromilling studies for microinjection molding molds in
hardened steel. They experimentally showed material was
subjected to an elastic-plastic deformation without chips
formation when the cutting thickness was less than the
MUCT due to the size effect [13]. This topic has been
studied widely.

For micromilling, it includes four key parameters as the
cutting speed V, feed per tooth f,, radial depth of cut a,
and axial depth of cut a,. Cheng et al. have created
micromilling models and evaluated by experimental data
[14]. It shows that radial cutting edge and axial cutting edge
work together to conduct microcutting in micromilling.
Therefore, the MUCTSs for both radial cutting edge and axial
cutting edge in micro helical milling are studied by conducting
finite element method (FEM) simulations and experiments in
this paper. First, the parameters and UCT associated with mi-
cro helical milling are discussed. Second, the MUCT is iden-
tified for both radial and axial cutting edges by FEM modeling
analyses taking chip generations and cutting force variations
as the judgment criteria, respectively. Third, micro helical
milling experiments have been conducted for the evaluation
of FEM analyses. Burr width at the hole entrance has also
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been measured and analyzed. Finally, both simulation and
experimental results are discussed.

2 Modeling and analyses
2.1 Parameters associated

In micro helical milling process, micro end mill proceeds a
helical path while rotates around its own axis. There are three
ratios of tool diameters to hole radii in helical milling, namely,
<1,=1,and > 1. Since stiffness is relatively low for micro end
mills, the last ratio is applied in this study. The following
parameters are included in micro helical milling: hole diame-
ter Dy, cutter diameter D, cutter orbits diameter D,, number of
cutter teeth z, spindle speed n;, cutter orbits speed n,, cutting
tangential feed speed V., tangential feed per tooth f,., cutting
axial feed speed V7, axial feed per tooth £, radial depth of cut
a., axial depth of cut ap, and the maximum axial depth of cut
in steady micro helical milling state @,max. The relationships
among them are as follows.

D, = DD, (1)
S Xz xn
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Fig. 1 Undeformed chip formations in micro helical milling at steady
state
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Fig. 2 FEM modeling for micro helical milling

2.2 Modeling

Kinematic motions of micro helical milling are the same as
macro ones. But the study viewpoints are quite different. For
macro ones, cutting edges are considered as fully sharp. Cutter
geometrical features such like rake angles and clearance an-
gles are always taken into consideration. However, for micro
ones, cutting edges radii must be taken into consideration
regardless of rake and clearance angles since the sizes of both
the radial and axial depths of cut are commensurate with those
of the cutting edges radii. Therefore, cutting edge radii are the
key cutter geometrical features to be studied. Consequently,
the undeformed chip thicknesses dominate the micro helical
milling process as that in micromilling applications.
Undeformed chip formation is always changing from the be-
ginning to the steady micro helical milling state. Then, the
undeformed chip formation remains unchanged. Hereafter,
the minimum undeformed chip thickness refers to the critical
UCT when micro helical milling is in the steady state. Figure 1
shows the undeformed chips at the steady state.

From Fig. 1, the UCT of radial and axial cutting edge is the
value of tangential feed f,. and axial feed f,,, respectively.

Workpiece is pre-processed to shorten the simulation time
and to make sure the micro helical milling is at the steady
state. The FEA software Deform 3D has been used for the

Table 1 FEM analyses parameters for radial cutting edge

No. fza (},LII’]/Z) fz,c (Hm/Z) Apmax (Hm)
1 4 2.8 449

2 4 3.0 419

3 4 32 393

4 4 34 370

5 4 3.6 349

6 4 3.8 331
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Fig. 3 Chips generation by radial
cutting edge. a f,.=2.8 um/z. b
Joe=3.0 u/z. ¢ f,=3.2 um/z. d
fre=34 um/z. e f,.=3.6 pm/z. f
Jre=3.8 um/z

(a) fz=2.8 um/z

(d) foe=3.4 pm/z

FE modeling. Material properties of the workpiece and the
end mill are selected from the material library of the software.
The model uses tetrahedron elements with a pre-defined side
length of 1 um at the cutting zone. The adaptive meshing
method has been applied and the mesh can be refined accord-
ing to the real-time calculating demands. The classical
Johnson-Cook constitutive material model is applied. The
meshed tool-workpiece assembly in the software Deform 3D
is shown in Fig. 2.

Since radial and axial cutting edges are under different
cutting conditions in micromilling processes as mentioned in
[14], the MUCT analyses are conducted independently for
radial and axial cutting edges.

Due to the size effect in microcutting [13], chips will be
created along the engaged cutting edge and the cutting force
will be the smallest when MUCT is reached. Therefore, in the
FEM analyses, chips and cutting forces are selected as the
judgment criteria for MUCT separately.
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Fig. 4 Micro helical milling forces vs. f,.

(b) f2=3.0 pm/z

(e) fa=3.6 um/z () f2c=3.8 pm/z

2.3 FEM analyses for radial cutting edge

In FEM analyses and experiments for micro helical milling,
Dy=0.7 mm, D;=0.6 mm, z=2, D,=0.1 mm, n; =
80,000 minfl, a.=D;=0.6 mm, and radii of radial and axial
cutting edges Ry = Rgr =5 um. Work material is copper
C26000.

In the simulation, axial feed f,, is fixed and tangential feed
1 varies as shown in Table 1. Based on previous studies, f;, is
fixed at 4 pm/z, which is large enough to make sure the axial
cutting edge can generate chips with the edge radius of 5 um.
The unit “um/z” is the feed per tooth per revolution.

Figure 3 shows the simulated chip generation process.

From Fig. 3, chips are not created when £, is equal to and
smaller than 3.0 wm/z. Chips are created by radial cutting edge
when £, is equal to and larger than 3.2 um/z. Therefore, the
MUCT is 3.2 pum for radial cutting edge according to the size
effect theory in microcutting.

Axial cutting force I, and radial cutting forces F and F in
micro helical milling are to be analyzed. At the steady state of

Table 2 FEM analyses parameters for radial cutting edge

No. Jre (Wm/z) Joa (WM/Z) Apmax (Lm)
1 4 26 204
2 4 28 220
3 4 3.0 236
4 4 32 251
5 4 34 267
6 4 3.6 283
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Fig. 5 Chips generation by axial
cutting edge. a f,,=2.6 um/z. b
fra=2.8 ym/z. ¢ f,=3.0 um/z. d
fra=32 um/z. e f,,=34 um/z. f
fra=3.6 pm/z

(a) f=2.6um/z

(b) fr=2.8um/z (¢) f=3.0um/z

(d) fu=3.2um/z

micro helical milling, these three forces are recorded. F, is
relatively stable since continuous cutting is conducted by axial
cutting edges with constant axial feed f,,. But radial cutting
edge always cuts in and out; F and F, vary with the variation
of f,.. Therefore, their maximum values are recorded and re-
sultant radial force F; is calculated by

F, = Fxmax2 + Fymax2 (6)

The simulated cutting forces are shown in Fig. 4.

From Fig. 4, axial cutting force F), is slightly fluctu-
ated since the microcutting by axial cutting edge is sta-
ble. The slight fluctuation is mainly caused by the fric-
tion between side cutting edge and the workpiece in
axial direction. Radial cutting force F, becomes small

(O]

(9]

—

B mF,
nF,

Cutting

2.6 2.8 3 32 34 3.6
Jza (MM/Z)

Fig. 6 Micro helical milling forces vs. f;,
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first and large then before and after f,.=3.4 pm/z with
the increasement of f,.. The reason has been explained
as the well-known size effect in microcutting. It is
mainly caused by the tool-workpiece engagement situa-
tions of radial cutting edges. Based on the cutting force
analyses, it can be concluded that the MUCT for radial
cutting edge is approximately 3.4 pum, which is almost
in accordance with that identified from chip generation
analyses.

2.4 FEM analyses for axial cutting edges

In the simulation, tangential feed f,. is fixed and axial
feed f,, varies as shown in Table 2. Based on the above

Fig. 7 Micromilling machine tool 3A-S100
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studies, f,. is fixed at 4 um/z, which is large enough to
make sure the radial cutting edge can generate chips
with the edge radius of 5 pum.

Figure 5 shows the simulated chips generated in
process.

From Fig. 5, chips are not created when f,, is equal
to and smaller than 2.8 pum/z. Chips are created by axial
cutting edge when f,, is equal to and larger than
3.0 um/z. Therefore, the MUCT is 3.0 um for axial
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cutting edge according to the size effect theory in
microcutting.

The simulated cutting forces are shown in Fig. 6.

From Fig. 6, axial cutting force F, becomes small
first and large then before and after f,,=3.0 um/z with
the increasement of f,,. The reason has been explained
as the well-known size effect in microcutting. It is
mainly caused by the tool-workpiece engagement situa-
tions of axial cutting edges. Based on the cutting force
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Fig. 8 Microcutting forces recorded by radial cutting edge. a f,. =3.0 um/z. b f,. =3.2 um/z. ¢ fo. =3.4 pm/z. d f,. = 3.6 um/z. e f,. = 3.8 um/z. ff,. =

4.0 um/z
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Fig. 9 Average microcutting forces by radial cutting edge

analyses, it can be concluded that the MUCT for axial
cutting edge is approximately 3.0 um, which is in good
accordance with that identified from chip generation
analyses. Since radial cutting force F, is a coupling
effect of both radial and axial cutting edges, the varia-
tion of F, is irregular with the increasement of f,.

Fig. 10 Burrs measurements by
SEM. af,.=3.0 um/z. b f,. =
32um/z. efye =34 u/z. d f,. =
3.6 uv/z. e f,. =3.8 um/z. f f,. =
4.0 um/z
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Fig. 11 Burr width measurements

3 Experiments
3.1 Experimental setup

A desktop three-axis micromilling machine tool 3A-S100
shown in Fig. 7 is used for the experiments [15]. Each axis
is driven by a linear motor and has the final positioning accu-
racy of 0.6 um. The 3A-S100 uses an air-driven and air-

(e) fa=3.8um/z () fu=4.0um/z
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bearing spindle, whose maximum speed is 80,000 min .

Radial and axial runout of the spindle is smaller than 1 pm.
The dynamometer Kistler 9257B is used for cutting force
measurements. Work material is copper C26000. Tool mate-
rial is tungsten carbide. The micro end mill has the cutting
edge radius of 5 pm and cutting diameter of 0.6 mm. Since
the cutting diameter is small, in order to reach a reasonable
cutting speed, spindle speed is fixed at 80,000 min '. The
depth of the machined small hole is 1 mm in the experiments.
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Fig. 12 Microcutting forces recorded by axial cutting edge. a f,, =2.8 um/z. b f,,=3.0 um/z. ¢ f,, =3.2 um/z. d f,, = 3.4 um/z. e f, = 3.6 um/z. f f,, =
3.8 um/z

3.2 Micro helical milling by radial cutting edges

Micro helical milling parameters for experiments by radial
cutting edges are that the axial feed f,, is fixed at 4 um/z
and the tangential feed f,. varies from 3.0 to 4.0 um/z
with the increment of 0.2 um/z. Microcutting forces are
collected as shown in Fig. 8. Microcutting forces are av-
eraged from the collected data of three experiments and
summarized in Fig. 9.
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Fig. 13 Average microcutting forces by axial cutting edge

From Fig. 9, axial cutting force F,, has a slight fluctuation
since the microcutting by axial cutting edge is stable when f,, is
fixed. Radial cutting force F; is larger than axial cutting force
F,. There exists an inflection point of F; when £, is 3.4 pm/z.
The MUCT is 3.4 um for radial cutting edge, which is in

Fig. 14 Burrs measurements by
SEM. a f,,=2.8 um/z. b f,, =
3.0 um/z. ¢ f,=3.2 pm/z. d f, =
34 um/z. e f,=3.6 um/z. f £, =
3.8 pm/z
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Fig. 15 Burr width measurements

accordance with that identified by simulations. The difference
is that the force values from experiments are larger than those of
simulations. One of the possible reasons is that the radial stiff-
ness of the micro end mill is small and tool chatter introduces
extra forces into the experimental measurements.

(e) fu=3.6pm/z

() fa=3.8um/z
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Table 3  Summarization of the identified MUCT

Analytical method Analytical item Cutting edge Ratio of MUCT

to edge radius

FEM simulation Chip Radial 0.64
Axial 0.60

Force Radial 0.68

Axial 0.64

Micro helical milling Force Radial 0.68
experiment Axial 0.64

Furthermore, burrs are analyzed as shown in Fig. 10 based
on scanning electron microscope (SEM) measurements,
where only the larger burr width portions are shown.
Figure 11 shows the variation tendency of the maximum
width of burrs of each experiment with the tangential feed f,,..

From Figs. 10 and 11, burr width varies from 63.3 to
89.1 um. It becomes small first and large then with the
increasement of f,.. The interesting point is that burr width
reaches the minimum value when f,.=3.2 um/z, which is
the same inflection point as that in chip generation analyses
for radial cutting edge.

3.3 Micro helical milling by axial cutting edges

Micro helical milling parameters for experiments by axial cut-
ting edges are that the tangential feed £, is fixed at 4 um/z and
the axial feed f,, varies from 2.8 to 3.8 um/z with the incre-
ment of 0.2 um/z. Microcutting forces are collected as shown
in Fig. 12 and averaged from the collected data of three ex-
periments and summarized in Fig. 13.

From Fig. 13, both radial cutting force F, and axial cutting
force F, become small first and large then with the
increasement of f,. The inflection point for F, and F; is 3.0
and 3.2 um/z, respectively. The MUCT is 3.0 um for axial

Table 4 The MUCT for microcutting [16]

cutting edge, which is in accordance with that identified by
simulations.

Furthermore, burrs are analyzed as shown in Fig. 14 based
on scanning electron microscope (SEM) measurements.
Figure 15 shows the variation tendency of the maximum
width of burrs of each experiment with the axial feed f,,,.

From Figs. 14 and 15, burr width varies from 63.1 to
102.9 pum. It becomes small first and large then with the
increasement of axial feed f,,. There also exists an inflection
point when f,, = 3.2 um/z, which is slightly larger than that at
the inflection point in chip generation analyses for axial cut-
ting edge.

3.4 Discussions

From the above analyses by FEM simulations and experi-
ments, the identified MUCT is summarized in Table 3.

From Table 3, the MUCTS: identified by FEM simulations
and experiments show a good agreement. It testifies that FEM
simulation can be solely applied to micro helical milling for
identifying the MUCT. The MUCT for radial cutting edge is
larger than that for axial cutting edge in micro helical milling
by micro flat end mills. The ratio of MUCT to tool cutting
edge radius (5 um) is from 0.6 to 0.68 for micro helical milling
of small holes on copper C26000. By conventional
microcutting processes for various materials, the ratio of
MUCT to tool cutting edge radius is in the range from 0.14
to 0.43 as summarized in Table 4 from literature [16].

From Tables 3 and 4, the MUCT for micro helical milling is
larger than that for conventional microcutting. It is a good sign
for micro helical milling of small holes since the ratio of
MUCT to tool cutting edge radius is larger and it is possibly
promising for higher productivities.

Burrs at the hole entrance are analyzed by single-factor
experiments for radial and axial cutting edges. Both experi-
ments by the variation of tangential feed f,. and axial feed f;,

Author Year Method Work material Ratio of MUCT to edge radius
Oliveira 2015 Micromilling AISI 1045 steel 0.22-0.36
Vogler et al. 2004 FEM Ferrite-pearlite steel 0.14-0.43
Liu et al. 2006 Molecular-mechanical AISI 1040 steel 0.20-0.35
Liu et al. 2006 Molecular-mechanical 6082-T6 aluminum 0.35-0.40
Malekian et al. 2012 Modeling 6061 aluminum 0.23
Ramos et al. 2012 Orthogonal turning AISI 1045 steel 0.29

Lai et al. 2008 FEM OFHC copper 0.25
Kang et al. 2011 Micromilling AISI 1045 steel 0.30
Woon et al. 2008 FEM AISI 4340 steel 0.26

Son et al. 2005 Modeling Aluminum, OFHC copper, brass 0.20-0.40
Kim et al. 2004 Micromilling 360 Brass 0.30
Yuan et al. 1996 Turning Cu-Mg-Mn aluminum alloy 0.25-0.33
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show that there exists an inflection point of the burr width
variations. The UCT at the inflection point is just the critical
one (MUCT). It preliminarily shows a contradiction between
microcutting efficiency and burr size since the optimized mi-
cro helical milling parameters will be definitely larger than the
critical ones in actual cutting applications for higher machin-
ing efficiency. Further studies are needed for this topic.

4 Conclusions

Considering the size effect of microcutting processes, micro
helical milling is preliminarily studied by FEM simulations
and experiments. From the microscopic view of micro helical
milling, the cutting phenomena of the radial and axial cutting
edges are considered and discussed separately. Both quantized
and qualitative analyses show a good agreement. The MUCT
ofradial cutting edge is slightly larger than that of axial cutting
edge. There exists a distinct difference in microscopic view
between micro helical milling and conventional micromilling.
The MUCT in micro helical milling is 0.6 to 0.68 of cutting
edge radius, which is larger than that, namely 0.14 to 0.43, in
conventional microcutting. Burrs at the hole entrance are also
analyzed elementarily. The minimum burr size at the hole
entrance is approximately 63 pm while the MUCT is reached.
Otherwise, burr size becomes larger with the decrease or
increasement of single-factor ;. or f,, at two sides of its critical
value. In conclusion, microcutting efficiency of micro helical
milling is theoretically larger than that of conventional
microcutting processes. This study suggests both radial and
axial cutting edges should be investigated separately in micro
helical milling processes. Further studies are needed to mini-
mize the burr sizes and to achieve optimized micro helical
milling parameters.
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