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This paper presents an investigation on the characteristics of damaged layer in micro-machin-
ing by using the ultrahigh-speed air spindle. The damaged layer in metal cutting is derived from
plastic deformation and transformation of metal structure. In this study, micro-cutting force,
surface roughness, and plastic deformation layer according to the variation of machining
conditions were investigated by experiments. The damaged layer was measured using optical
microscope for the samples prepared by metallographic techniques. Its scale was dependent on
cutting process parameters, especially feed per tooth. According to experimental results, it was
verified that the thickness of damaged layer was increased with increasing of feed per tooth and
cutting depth, also thickness of damaged layer was reduced in down-milling compared to up-

milling during micro-endmilling operation.
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1. Introduction of micro parts with high hardness and high pre-

cision decrease due to damaged layers in the pro-

The hardness, strength and abrasion resistance cess of machining. When such parts are used for
a long time, various problems are caused due to
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that of the base metal. When a metal material is
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depth. The causes of damaged layers can be clas-
sified into three types: (a) damage due to con-
tamination, absorbed layers (physical absorption
and chemical absorption), chemical compound
layers, mixing of foreign substances ; (b) damage
due to fine crystallization layers, increase in dis-
location density, generation of twins, fiber tex-
ture, abrasion transformations, transformations of
crystallization owing to machining, changes in re-
crystallization structure textures due to frictional
heat ; and (c) damage due to internal factors like
residual stress layers (Matsumoto and Barash,
1984 ; Jeon et al., 2003).

A damaged layer occurring between the surface
layer and the base metal in cutting is influenced
by cutting speed and feed rate. In particular, in
machining process in which the workpiece con-
tacts the tool directly, damage due to the working
force is notable. In this contact area, heat moves
from the surface of the workpiece to the inner
part. Then, a certain temperature gradient is created
and damaged layers occur in this zone (Chu and
Wallbank, 1998 ; Chou and Evans, 1998 ; Zhang
et al., 1999).

Thus far, many studies have been conducted on
damaged layers that take place on the surfaces of
turning, grinding and electrical discharge machining
(Chou and Evans, 1999 ; Klocke and Eisenblatter,
1997 ; Mohri et al., 1993 ; Park and Jeong, 2005) .

In endmill machining, however, the likelihood
of damaged layers is low due to the relatively low
cutting force and cutting temperatures. Thus,
there are many measuring difficulties, which hin-
der the progress of research. In addition, in the
evaluation of machining characteristics of micro-
endmilling, many studies have been carried out
on macroscopic precision but the studies on micro-
scopic precision are still very limited.

To minimize the influence of a damaged layer
occurring in micro-machining, this study uses an
ultrahigh-speed air spindle and performs cutting
experiments with a micro carbide flat endmill.
The rotation stability of the ultrahigh-speed air
spindle is obtained by analyzing the vibration char-
acteristics depending on spindle speed and select-
ing the stable conditions. By using a micro-ma-
chining system, the machining characteristics and

surface damaged layers of copper micro-endmill-
ing are evaluated depending on machining con-
ditions. Besides, to acquire and analyze the cut-
ting force of micro-machining, fine cutting force
is reliably evaluated by using a newly developed
tool dynamometer.

The characteristics of damaged layers is esti-
mated by an optical microscope and this study
demonstrates that the thickness of damaged layers
depend on the cutting process parameters and the
machining environments. Through these experi-
ments, this study evaluates the industrial appli-
cability of fine machining using an ultrahigh-
speed air spindle is evaluated in terms of micro-
scopic precision.

2. Dynamic Characteristics
of an Ultrahigh-Speed Air Spindle

The maximum rotation frequency of the ul-
trahigh-speed air spindle used in this experiment
is 160,000 rpm and the rotation precision of the
spindle is 1 #m or less. By evaluating the char-
acteristics of spindle air pressure, the stable con-
ditions were selected.

As for the experiment, the rotation frequency of
the spindle was measured for one minute for each
of the air pressures with an optical tachometer
using a jig and the measuring distance was set to
be 10 mm. In consideration of measuring errors,
measurement was conducted 10 times for each
condition and the measurement results were av-
eraged in order to obtain a reliable value. Through
the experiment, an optimal air pressure condition
(0.30~0.55 MPa) was selected for the spindle,
which led to the realization of rotation stability.
Fig. 1 shows the air pressure characteristics of the
ultrahigh-speed air spindle.

A vibration accelerometer and an amplifier that
can measure efficiently the vibration characteris-
tics of spindle were used. In the experiment, ten-
dencies for each condition were identified from
the acceleration signals depending on spindle
speeds. Fig. 2 indicates the vibration characteris-
tics of the ultrahigh-speed air spindle. As the state
of the main spindle has the dominant influence on
the state of the tool, the acceleration signals were
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measured by attaching an accelerometer to the
spindle housing in the feed direction (X axis) and
the radial direction (Y axis).

The results of vibration acceleration signals de-
pending on the spindle speeds show that the vi-
bration acceleration values in the feed direction
increase more rapidly than those in the radial di-
rection ; in addition, the peak value can be found
between 120,000 rpm and 130,000 rpm.

3. Experimental
Devices and Methods

3.1 Experimental equipment and composi-
tion of devices

In this experiment, a flat-type endmill was mount-

ed on the ultrahigh-speed air spindle and the spin-

dle was attached to the main shaft of a high-speed

Micro endmilling

Mounting

PC Optu:a] microscope system

Fig. 3 Schematic diagram of experimental setup

Table 1 Specifications of experimental instruments

Instrument Specification

MAKINO V55
Max : 20,000 rpm, 50 m/min

160,000 rpm (0.6 MPa)
2-flutes flat endmill, @800 pm
(TiAIN-coated tool)
Neocom (x1~450)/
PULNIX (x150)

Machining center

Air spindle

Micro-endmill

CCD camera

Optical microscope STM-MJS2 [OLYMPUS]
system

Surface tester Taylor Hobson, Surtronic 3+

Workpiece Cu (Copper)

machining center (MAKINO V55) for machining
experiment. To estimate the thickness of damaged
layer, the layer was observed visibly using an
optical microscope system. For measurement of
the cutting force, the system was constructed to
measure the micro cutting force by clamping the
workpiece to an exclusive jig.

Figure 3 shows the composition of the overall
experiment device diagram and Table 1 indicates
the equipment and specifications used in the ex-
periment.
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Table 2 Machining conditions of experiment

Spindle speed 60,000~ 160,000
[rpm] (Step : 20,000)

Feed per tooth

3,456
[ #m/tooth] >
Copper (Cu) | Cutting depth 50, 100, 150, 200

[¢em]

Cutting fluid Dry cutting

3.2 Micro-machining experiment method

A copper material was manufactured in the
form of a block to identify the characteristics of
damaged layer depending on micro-endmilling con-
ditions. For the machining experiment, fine ma-
chining condition is selected with a ©0.8 mm micro
tool at a speed of 150 m/min or above. That is,
the spindle speed is set at 60,000~ 160,000 rpm
with an increase of 20,000 rpm each time and ma-
chining was conducted depending on feed per
tooth. The thickness of the damaged layer and the
burr were measured through an optical micro-
scope. For the characteristic experiment of the
damaged layer, the samples were machined by 10
passes depending on the machining conditions
and the machined face of the samples was mea-
sured. Table 2 shows the machining conditions
applied to the micro-endmilling experiment.

When resin selection is not made properly in
sample mounting, it becomes difficult to observe
the edge part in the compression and rounding
phenomena of the resin following mounting. There-
fore, the machining process was performed by se-
lecting the epomet resin which has a high abor-
tion force and a high level of hardness for the
samples. As for etching, natal was adjusted at 6~
9% depending on the material characteristics and
corrosion was made to take place for about 10
seconds. Then the thickness of damaged layer was
measured by the visual differences of textures.

4. Characteristics of Damaged
Layers

4.1 Shapes and sizes of damaged layers
To examine the correlations between the me-
chanical and thermal influences and microscopic

T pm 8

6.78um |

6.26m -

(a) Spindle speed : 60,000 rpm, Cutting depth : 100
pm, Feed per tooth : 3, 4, 5, 6 um/tooth

(b) Spindle speed : 120,000 rpm, Cutting depth : 100
pm, Feed per tooth: 3, 4, 5, 6 um/tooth

4.96.m £

(c) Spindle speed : 160,000 rpm, Cutting depth : 100
pm, Feed per tooth: 3, 4, 5, 6 pm/tooth
Fig. 4 Thickness variation of damaged layer accord-

ing to machining conditions (up-milling)

7.0
- —u— Feed per tooth: 3pm/tooth

—_ 551 S & Feed per tooth: 4um/tooth
E 6.0 e 4 Feed per tooth: Sum/tooth
T T ¥ Feed per tooth: 6um/tooth
% 5.5
7 50 ——y
g A
= 4.5
g AN ~ -
= NS —
Z 40 N A ~— g
Do \ - .
=] hY L L]
S s \
@ b A A "
% 3.0+ e

2.0

60000 80000 100000 120000 140000 160000
Spindle speed [rpm]

Fig. 5 Relationship between thickness of damaged

layer and spindle speed (up-milling)



248 Jong Whan Lee, Dong Hee Kwon, Jeong Suk Kim, Duck Whan Kim, Myung Chang Kang and Bok Kyu Lim

precision in ultrahigh-speed micro-endmilling the
shape and thickness of damaged layers depending
on spindle speed and feed per tooth were eval-
uated in terms of up-milling (upward cutting)
and down-milling (downward cutting). In addi-
tion, the damaged layer of the sample was mea-
sured by the corrosion method through an optical
microscope. Measurement was conducted for the
upper, middle and lower parts of the damaged
layers occurring on each lateral face and the av-
erage value was obtained. Figs. 4 and 5 show the
shape and the thickness of damaged layers de-
pending on feed per tooth in up-milling, while
Figs. 6 and 7 indicate those depending on feed per
tooth in down-milling.

The thickness of damaged layer was smaller in
the down-milling of Fig. 7 than in the up-milling
of Fig. 5. This can be attributed to the fact that
down-milling receives less specific cutting resist-
ance and compressive residual stress than up-
milling. In Figs. 4 and 6, as the damaged layer
became thicker, burrs increased consistently. As
to the machined side shape of micro-endmilling,
the upper part was wide and the lower part was
narrow. As shown Figs. 4 and 6, burrs increased
due to the runout errors on the upper machined
face ; and there was an increase in damaged lay-
ers. Therefore, to ensure stable machining and
improve machining quality, it is necessary to mini-
mize the tool runout.

The thickness of damaged layer showed a ten-
dency to decrease in both up-milling and down-
milling, as the spindle speed is increased. This
characteristic of damaged layer can be explained
by the decreased specific cutting resistance in case
of high-speed cutting. As the feed per tooth in-
creased, the thickness of damaged layers decreas-
ed in both case. This can be also attributed to the
phenomenon in which the specific cutting resist-
ance decreases in small-scale cutting when the
feed per tooth increases.

4.2 Characteristics of cutting force

In micro-machining using an ultrahigh-speed
air spindle, cutting force signals of very high fre-
quency are generated due to the high spindle speed.
Such signals cannot be acquired by an existing
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tool dynamometer of low natural frequency and
therefore it is necessary to develop a new tool
dynamometer suitable for such signals. To meet
such a need, a new tool dynamometer with higher
response frequency was developed and applied to
actual micro-machining.

In this experiment, the maximum rotation of
160,000 rpm is 5.3 kHz under the condition of
using a two-teeth flat endmill. So, to measure a
cutting force in stable frequency range a tool
dynamometer with a resonance frequency of 10
kHz is introduced. Figs. 8 and 9 show the char-
acteristics of cutting forces in the feed and radial
directions by using this dynamometer. It is found
that the cutting force characteristics depending on
spindle speed are closely related to the dynamic
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spindle speed

characteristics of the spindle in Fig. 2. Therefore,
the occurrence of a damaged layer is not closely
related to the dynamic characteristics of spindle
and cutting force.

4.3 Characteristics of surface roughness

The roughness of the machined surface was
measured using a Taylor Hobson three-dimen-
sional surface roughness tester. The machined
surface of the groove was measured three times
and the average value was indicated in the avera-
ge roughness of the central line. Fig. 10 shows the
surface roughness of machined surface. The char-
acteristics of the surface roughness are similar to
that of the cutting force in the feed direction and
their correlations. In macro-machining experi-
ments, the surface roughness is often correlated
with the damaged layers (Ahn et al., 2005 ; Kwon
and Hong, 2005). In this micro-machining of
copper, the correlation between surface roughness
in Fig. 10 and damaged layers in Fig. 7 was not
found.

5. Conclusions

In micro-endmilling of copper using an ultra-
high-speed air spindle, the evaluation experiments
of the damaged layers led to the following con-
clusions :

(1) Damaged layers and burrs are strongly cor-
related and the occurrences of damaged layers are
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less frequent in down-milling than up-milling.

(2) As the spindle speed is increased, damaged
layers decreased in both up-milling and down-
milling and it decreased as the feed per tooth
increased under the same conditions.

(3) Damaged layers occurred more frequently
in the upper side surface than in the lower side
surface and this seems to be caused by the con-
straint of the tool and runout errors.

(4) The thickness of damaged layers are not
correlated with the dynamic characteristics of spin-
dle and surface roughness of machined surface.
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