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Abstract

The interaction effect of parameters to surface topography and cutting forces is investigated, and the magnitudes of
these parameters are determined in the micro-milling of AISI D2 steel. The results show that the feed per tooth has a
prominent impact on the surface topography. Due to the low feed per tooth to cutting edge radius ratio, a high surface
roughness and a high amount of burrs are obtained in micro-milling. In micro cutting, the cutting forces present are
small; in addition, the radial thrust cutting forces are greater than the principal cutting forces. This research proves that
the micro-milling process can be applied to the manufacturing of AISI D2 steel micro parts and presents experimental

evidence and possible solutions to the cutting parameters.
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1. Introduction

Mechanical machining processes such as cutting,
grinding, drilling, and polishing have been playing an
important role in manufacturing work pieces and have
allowed for more precision machining. Micro-milling
using end mills of diameters in the sub-millimeter
range, a process of creating features measured in mi-
crometers, is rapidly growing in advanced industries
[1]. This process can cost-effectively produce micro
parts because equipment costs are relatively low com-
pared with other processes [2]. The micro-milling
process is a flexible process and is able to create more
complex microstructures where the surface topogra-
phy and cutting forces are dependent upon the cutting
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parameters. In many applications, it is important to
improve the surface quality in the fabrication of micro
components.

Some researchers have made contributions related
to the surface topography and cutting forces. Chan et
al. [3] performed a series of cutting experiments while
cutting metal matrix composites by adopting different
process parameters. They concluded that the surface
roughness increases with an increased cutting speed.
Katayama et al. [4] studied the formation of the built-
up edge (BUE) and its effects on the machined sur-
face roughness by means of cutting various steel ma-
terials, and they observed that the surface roughness
of both dual-phase and multi-phase materials is worse
than that of single-phase materials. Kim and Kim [5]
showed the analytical differences in the cutting forces
between the macro- and micro-cutting processes.
Kang et al.’s cutting force model [6, 7], which con-
sidered the cutting edge radius of a micro tool, is
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simulated and investigated through the newly devel-
oped tool dynamometer for micro-end-milling. Tansel
et al. [8] studied the relationship between the cutting
force characteristics and tool usage (wear) in the mi-
cro-end-milling operation for aluminum and steel.
Most published papers concerned with micro-milling
are focused on ductile materials, such as brass, copper
and aluminum, and provide valuable results regarding
the micro-milling process. However, little research
has been published regarding the micro-milling of
steel with tungsten carbide tools, wherein an adapted
process strategy is very important to machine-
hardened steel. The mechanical properties of the
work-piece material are excellent toughness and out-
standing wear resistance. In this paper, the influence
of cutting parameters on the surface topography and
cutting forces is demonstrated in the micro-milling of
AISI D2 steel.

2. Cutting parameters analysis

Micro-scale milling is not simply downsized from
the conventional operation of milling but has its own
characteristics, such as size effect, cutting edge radius,
and minimum chip thickness [9]. In slot-end milling
operations, the complete set of cutting parameters is
constituted by the cutting speed and by the axial depth
of cut and feed per tooth, which defines the chip load.
In particular, an investigation of the minimum chip
thickness is very important in achieving more accu-
rate machining. In conventional cutting, cutting edge
radius is of no concern because it is so small com-
pared with a cut with a depth of a few millimeters. On
the other hand, the rake angle is a negative value
when the uncut chip thickness is less than the cutting
edge radius. This might cause ploughing and a poor
surface, or sometimes burnishing and a shiny surface,
depending on the uncut chip thickness. By reducing
the dimensions of the tool, the dimensions of the ma-
terial removed at each tooth pass are also necessarily
reduced. The grain size of the work material, however,
is not reduced accordingly. Therefore, in micro-
milling, the chip formation comprises several grains,
and the chip forms within a few or even a single grain
at a time, as is shown in Fig. 1. This phenomenon is
common to all micro-cutting processes and addressed
as the size effect of the grain to the uncut chip thick-
ness. When the grain size is greater than the uncut
chip thickness, the spring back of the work-piece
material becomes an important factor.
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Fig. 1. Simplification of the micro-milling process. (Fy: feed
direction cutting force; F,: normal direction cutting force; F.:
principal forces; F: thrust forces; f;: feed per tooth; r.: cutting
edge radius; o rake angle; o effective rake angle; and V:
cutting speed)

The geometric configuration of micro-milling tools
is different from that of conventional milling tools.
The shank diameter is absolutely larger than the cutter
diameter, and a soft connection is required in order to
avoid stress concentrations. Thus, a much longer por-
tion of the tool, than that required for the aspect ratio
of the features to be machined, is characterized by a
small diameter. While the machining accuracy in the
direction of the spindle axis (the Z direction in a
three-axis vertical milling machine) is determined by
the accuracy of the axial depth of the cut, the accu-
racy in the orthogonal plane to the spindle axis (the
X-Y plane in a three-axis milling machine) is primar-
ily governed by tool deflections [10].

In fact, the capabilities of the tool manufacturing
process are limited with respect to the minimum ob-
tainable cutting edge radius, which is in the order of 1
pm up to 4 pm [11]. Therefore, the cutting edge ra-
dius is not consistently scaled with the tool diameter,
and the cutting edge cannot be assumed to be per-
fectly sharp. This is commonly referred to as the size
effect of the cutting edge radius. As a result, the uncut
chip thickness is often smaller than the cutting edge
radius, causing a highly negative rake angle, as is
shown in Fig. 1. The effect of the cutting edge radius
on the shear angle has been investigated during or-
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thogonal cutting in [12], where it was found that the
blunt cutting edge increased the specific cutting
forces. Above a certain ratio of the uncut chip thick-
ness to the cutting edge radius, the ploughing action is
expected to dominate, and the thrust cutting forces are
increased. In micro-milling, the selection of cutting
parameters should be based on the estimation of sur-
face topography, cutting forces, and the accuracy of
the machined parts.

3. Micro-milling experiments

3.1 Experimental equipments

Fig. 2 illustrates the experimental setup for the ma-
chining tests. An air turbine-driven high-speed spin-
dle, which can provide a rotational speed of up to
120,000 rpm with a run out of less than 1 pm, was
mounted to the micro-milling stage. The Z-axis
moves vertically with respect to the work piece, and
the X-Y stage moves horizontally to achieve the de-
sired depth of cut and feed rate. The maximum posi-
tioning accuracy was limited to that of the micro-
milling stage. The applied micro- milling tools were
solid carbide micro -end mills with a diameter (D) of
200 pum, helix angle of 30°, and cutting edge radius of
1.0 pm (Fig. 3). The work-piece material was AISI
D2 steel (25 HRC).

3.2 Experimental purpose and method

The minimum chip thickness depends on the cut-
ting edge radius and the physical relationship between
a tool and a work-piece. According to different cut-
ting conditions, it is possible to obtain different sur-
face topographies and cutting forces in the micro-
milling of AIST D2 steel. These surface topographies
have a certain regulation, and the machined surfaces
are measured using a non-contact surface roughness
profiler along with a contact surface profiler. The
work piece was attached to a micro-tool dynamome-
ter, where the cutting force signals were digitized and
stored simultaneously using a digital oscilloscope and
a charge amplifier at the same sampling rates. Several
tests were then conducted to determine the stable
conditions.

Previously, the work-piece surface was completed
using a 1 mm milling tool. The machining strategy is
displayed in Fig. 4. To avoid ramping, the tool is po-
sitioned outside of the work piece, and then slots
were milled with the full tool diameter being engaged.

The cutting parameters used are shown in Table 1.
The experiments were performed without a lubricant.

3.3 Initial contact detection

Various micro-tools have to be used during the ex-
periments on the micro-milling of AISI D2 steel. The
origin coordinates of the X and Y axes may not be
affected by a tool change because the machine gener-
ally stores the coordinates. In addition, the center of
all the applied tools can be reasonably assumed to be

High-speedair-turbine spindle

Fig. 3. The applied micro-cutting tool with a high-speed
spindle.

Up-milling

”
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=,

Measuring base
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Fig. 4. Machining method.
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Table 1. Experimental cutting parameters.

No. |Aq4(um) (155;3;3:) f: (um/tooth) Spin((irllc):;[;eed
1 10 60 0.25 120,000
2 10 120 0.5 120,000
3 10 240 1 120,000
4 10 360 1.5 120,000
5 10 480 2 120,000
6 20 60 0.25 120,000
7 20 120 0.5 120,000
8 20 240 1 120,000
9 20 360 1.5 120,000
10 20 480 2 120,000
11 25 60 0.25 120,000
12 25 120 0.5 120,000
13 25 240 1 120,000
14 25 360 1.5 120,000
15 25 480 2 120,000

the same with a precision tooling set. However, when
a tool is changed, the origin coordinate of the Z axis is
lost, and resetting the relative Z axis coordinate takes
significant time and effort. Current available com-
mercial touch probes are not capable of handling mi-
cro-scale resolution. Therefore, it is critical to find a
reliable and easy method for setting the reference
point. In this study, an AE sensor was built and pre-
liminary tests demonstrated promising results. This
detection system is easy to set up and has a high sen-
sitivity because the sensor mounting and other setup
procedures cannot interrupt the machining set up.

4. Results and discussion

4.1 The relationship between surface topography
and cutting parameters

Fig. 5 shows the effects of the feed per tooth f (un-
cut chip thickness) and the axial depth of cut Ay on
the surface roughness for down-milling. For AISI D2
steel, the surface roughness (R,) values vary in the
range of 50 nm up to 850 nm. For an A4 of 20 um
(0.1 D), the surface roughness generally increases
with f{ and was the lowest at the optimum f; of 0.25
pm. Fig. 5 also shows that the A4 has influences on
the surface roughness. For Ay of 20 um (0.1 D), the
effect of f; on the surface roughness is different from
the others because the width of the uncut chip
changed. Meanwhile, Fig. 6 shows the machined
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Fig. 5. The relationship between R, and f;
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Fig. 6. Machined surface topography.

surface topography at f; of 0.25 um and A4 of 10 pm
(0.05 D). For other A4 values (0.05 D, 0.125 D), the
effect of f; on the surface roughness is not obvious as
fi exceeds 0.5 um for a larger A, At higher f; values,
the surface roughness values all tend toward a con-
stant value and are the lowest at the optimum f; of 0.5
pm. A low ratio of the feed per tooth to the cutting
edge radius (f/r.) influences the surface topography.
When this ratio is too low, the ploughing at the cut-
ting edge action dominates instead of the shearing
action. This results in a relatively large fraction of the
material, corresponding to the uncut chip volume,
bulging to the side and in front of the cutting edge,
remaining attached to the milled surface, and appear-
ing as burrs.
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(c)f;=2um, Ag=10pm

Fig. 7. SEM pictures of the machined surface.

Fig. 7 shows the SEM pictures of the machined
surfaces with burrs visible on the top edges. The burr
size of the left side is larger than the right side be-
cause the right side is in an up-milling state. Likewise,
a low f/r. increases the burr size and surface rough-
ness. The increase of the rounding radius with the tool
wear further increases the extent of the ploughing
action along the slot, but this higher surface rough-
ness might not be acceptable in the manufacturing of
micro parts. When £ is too small (0.25 pm), the sur-
face roughness is increased because the effective rake
angle at the cutting edge becomes negative due to a
lower fi/r. (< 1), which causes ploughing with the
elastic recovery instead of the shearing [13]. On the
other hand, cutting efficiency is best when f; is 1 pm.
The process parameters are optimized to reduce the
burr size and improve the tool life. The spindle speed
is 120,000 rpm, f is 1 um, and Ay is 10 um with an
achievable surface roughness of 0.06 um R,.

Due to a low fy/r,, both high surface roughness and
high burrs are obtained during micro-milling. The
overall improvement of the process performance
could be obtained, in principle, by increasing f,/r.. In
general, r, has to be smaller to improve the surface
quality. However, it is difficult to reduce ., but it is
possible to increase f; by increasing the feed rate. The
increase in fi/r. would lead to a beneficial value of the
average rake angle and improve the material removal
geometry.

4.2 The relationship between cutting forces and
cutting parameters

Fig. 8 shows the relationship between the experi-
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Fig. 8. The relationship between cutting forces and f;.

mental feed direction and the normal direction cutting
forces at the spindle speed of 120,000 rpm according
to the increase in Ay. The cutting forces at f; of 0.25
um are larger than that of £; of 0.5 um, and the cutting
forces above f; of 0.5 um increase rapidly. This value
is the transition point for the cutting forces. The tran-
sition of the cutting force is observed according to the
increase in A4 According to literature, the minimum
uncut chip thickness is about 40% of r. [14, 15].
Therefore, these results indicate that the sliding and
the ploughing at the cutting edge increase the cutting
forces for a smaller f; due to a lower f/r. = 0.25. In
addition, it is shown that the magnitude of the cutting
forces increases as Ay increases at the same f;. The
main reason for this trend is that the increase in the
chip cross-sectional area would lead to higher total
cutting forces.

Fig. 9 shows the variations of the forces in the X, Y,
and Z directions for a single rotation of the milling
tool. The spindle speed is 120,000 rpm, meaning that
the time scale associated with each revolution is 0.5
ms. The cutting parameters are f; of 0.5 pm and A4 of
20 pm. The normal direction cutting forces are higher
than those of the feed and axial direction cutting
forces. In micro machining, the cutting forces are
smaller compared with conventional machining, and
it can be seen from the Fig. that the cutting force
gradually increases at each cycle. The gradual in-
crease in the cutting force reveals that the tool wears
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Fig. 9. Cutting force for a single rotation in micro-milling.

Fig. 10. SEM pictures of micro-milling tool wear: f; = 2um,
Aq4=20pm, cutting length = 20mm.

as the cutting progresses, which can be clearly ob-
served from the cutting force. The chipping of the
cutting edge has also been observed during micro-
milling experiments, as shown in Fig. 10. This indi-
cates that the chips of the work-piece material either
might have clogged the flutes before they were depos-
ited on the surface of the work piece in the next en-
gagement of the tooth or led to the breakage of the
cutting tool.

5. Conclusions

This study conducts micro-milling of AISI D2 steel
using two-flute WC micro-milling tools at various
cutting conditions. The characteristics of the cutting
forces and the surface topography are also investi-
gated.

The cutting forces are small in micro-cutting while
the radial thrust cutting forces are greater than the
principal cutting forces in micro-milling of AISI D2
steel. A low ratio of the feed per tooth to the cutting
edge radius increases the burr size and surface rough-
ness. The determination of the cutting parameters for
micro-milling should be based on the surface topog-

raphy and cutting force, taking into account the role
of the cutting edge radius. The solution is proposed
consisting of the increase in the feed per tooth. After-
wards, the implications on the cutting force compo-
nents are evaluated. As the ratio of the feed per tooth
to the cutting edge radius is larger than 1.0, the sur-
face roughness values all tend towards a constant
value, while the cutting forces rapidly increase. When
the feed per tooth is less than the minimum uncut chip
thickness, the sliding and the ploughing at the cutting
edge increase the cutting forces due to the lower ratio
of the feed per tooth to the cutting edge radius. More-
over, an AE sensor is used to find the relative position
of the tool and work piece for improving the dimen-
sional accuracy, reliability, and easy set up of the
micro-tools.
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